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Two end-member earthquake preparations
illuminated by foreshock activity on a meter-scale
laboratory fault

Futoshi Yamashita® "™, Eiichi Fukuyama'?, Shiging Xu® '3, Hironori Kawakata® "*, Kazuo Mizoguchi® > &

Shigeru Takizawa'

The preparation process of natural earthquakes is still difficult to quantify and remains a
subject of debate even with modern observational techniques. Here, we show that foreshock
activity can shed light on understanding the earthquake preparation process based on results
of meter-scale rock friction experiments. Experiments were conducted under two different
fault surface conditions before each run: less heterogeneous fault without pre-existing gouge
and more heterogeneous fault with pre-existing gouge. The results show that fewer fore-
shocks occurred along the less heterogeneous fault and were driven by preslip; in contrast,
more foreshocks with a lower b value occurred along the more heterogeneous fault and
showed features of cascade-up. We suggest that the fault surface condition and the stress
redistribution caused by the ongoing fault slip mode control the earthquake preparation
process, including the behavior of foreshock activity. Our findings imply that foreshock
activity can be a key indicator for probing the fault conditions at present and in the future, and
therefore useful for assessing earthquake hazard.
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egarding the earthquake preparation process on a fault

surface, two end-member models have been proposed!.

One is the preslip model: quasi-static slow slip initiates
first, the slipped area expands at an accelerated rate, and it
eventually leads to an unstable fast rupture over the whole fault
area. This process has been well studied in theory, modeling?-,
and laboratory experiments’~!2. The other one is the cascade-up
model: one small earthquake spontaneously occurs, its stress
transfer triggers another larger earthquake, and eventually the
mainshock is triggered!>!3. So far much debate has been made on
which model can better explain the observed foreshock activity
and whether the characteristics of foreshocks are related to those
of the mainshock!-14-16, On the other hand, an actual earthquake
preparation process may involve both models and the prevailing
one can depend on the detailed fault conditions, such as the
distribution of asperities and frictional properties>!”. For con-
venience, we extend the definition of the cascade-up model from
its original form!, by allowing for concurrent slow slip and fore-
shocks but without the expansion of a single prominent slow slip
patch. This can avoid the unresolved debate on the existence of
aseismic slip!>19, and will facilitate our subsequent comparison.

In addition to natural observations, acoustic emission and
foreshock activity have been extensively studied in the
laboratory!®1°, One main purpose of those studies was to
understand the physical process toward the macroscopic failure.
Especially, various studies reported that the b value, which
represents the relative frequency-size distribution of seismicity,
decreased toward the macroscopic failure and recovered
afterward?0-24, Foreshocks triggered by preslip were observed on
a large-scale laboratory fault®, which might be an analog to the
foreshock sequence preceding some natural earthquakes2>27,
The cascade-up process thought to be assisted by preslip was also
observed in the laboratory®!7, but the related details such as the
relation between seismic activity and local stress on the fault, the
statistical characteristics of seismic events, or the influence of fault
surface condition were not reported there.

In the current study, we prepare two different types of surface
condition on a meter-scale laboratory fault, contrasted by the
degree of heterogeneity and gouge configuration. We investigate
the preparation process, including the evolutions of fault stress
and foreshock activity, toward the mainshock under each con-
dition. Finally, we elucidate the connection between fault surface
condition and foreshock activity, and further highlight the
potential of foreshocks for assessing earthquake hazard.

Results
Experimental setup and basic results. We conducted rock fric-
tion experiments using a large-scale shear apparatus (Supple-
mentary Fig. 1a). This apparatus uses a large-scale shaking table
as the driving force to apply shear load to the simulated fault,
which enables us to use a meter-scale rock specimen. We used a
pair of rectangular metagabbro blocks as the experimental spe-
cimens. The metagabbro blocks were sampled from Tamil Nadu,
south India. The nominal contact area (fault area) was 1.5-m long
and 0.1-m wide. This large laboratory fault can be used to
simulate different types of fault surface condition. It also allows us
to monitor the ongoing process on the fault in detail by dense
measurement arrays: 32 triaxial rosette strain gauges and 64
piezoelectric (PZT) acoustic sensors (Supplementary Fig. 1b, ¢).
See “Methods” for the detailed methodology of the experiment.
We repeatedly conducted experiments with the same pair of
rock specimens (Supplementary Table 1), causing an evolution of
fault surface condition?8. To minimize the impact of the total
cumulative displacement, we focus on two experiments succes-
sively conducted under the same loading condition (normal stress

of 6.7 MPa, constant loading rate of 0.01 mm/s, and total slip
amount of ~7 mm) but with different fault surface conditions
before each run: the experiment LB12-011 preserved the gouge
generated from the previous experiment under fast-rate (1 mm/s)
and long-slip (~400 mm) loading, while the experiment LB12-012
started with all gouge removed. Note that the distribution of pre-
existing gouge (PEG) for LB12-011 was heterogeneous, because
we did not manipulate the generation or distribution of fault
gouge. Effectively, LB12-012 represented a less heterogeneous
(LH) condition and is referred to as “LH without PEG”, while
LB12-011 represented a more heterogeneous (MH) condition and
is referred to as “MH with PEG”.

Difference in gouge distribution between the two experi-
ments is shown by Fig. 1a, b, and Supplementary Fig. 3 (see also
Supplementary Fig. 2 as a gray-scale version of Fig. 1):
indicating more gouge patches over the entire length of the
fault for MH with PEG than LH without PEG. Note that the
gouge distributions before and after the experiment LB12-011
(Fig. 1b) were almost the same (Supplementary Fig. 3g, h), due
to the small amount of total slip (~7 mm) during LB12-011
(Supplementary Table 1). Difference in local stress between the
two experiments is shown by Fig. 1c, d: indicating a stronger
spatial heterogeneity of local shear stress for MH with PEG
than LH without PEG.

Clear differences between the two experiments can also be
observed in other aspects (Supplementary Fig. 4a, b). While both
experiments have hosted many stick-slip events, more but smaller
stick-slip events occurred for LH without PEG than MH with
PEG. There existed a gradual increase in shear stress with loading
time during LH without PEG, whereas this process was skipped
and the stick-slip cycles were almost stable during MH with PEG.
Inter-mainshock fault slips measured by a laser displacement
transducer (LDT) at the fault edge also show a clear difference:
insignificant fault slip was detected for LH without PEG
(Supplementary Fig. 5a, ¢) whereas an accelerated fault slip was
detected for MH with PEG (Supplementary Fig. 5b, d).

Characteristics of foreshocks. We used the PZT array for ana-
lyzing seismic events that radiated waves with high enough signal-
to-noise ratio (Supplementary Fig. 4c). Accordingly, all other
processes not registered by the PZT array are termed aseismic in
the current study. We located the hypocenters of the recorded
seismic events and plotted only those considered as foreshocks
(see “Methods” for the details of event detection and relocation).
Their moment magnitude (M,,) and relative time to the following
mainshock are shown in Fig. le, f. Here the relative time means a
normalized time-to-mainshock defined by #* = (tm—1)/(tm—tpm)
where t is time, #,, is the time for the next mainshock and ¢, is
the time for the previous mainshock. The number of identified
foreshocks was 459 and 1120 for LH without PEG and MH with
PEG, respectively, indicating a positive correlation between fore-
shock productivity and the amount of gouge. An even stronger
correlation can be found between the distribution of foreshock
hypocenters and that of gouge patches (Fig. 1a, e).

The statistical characteristics of the observed foreshocks differ
between the two experiments: b value is 0.46 + 0.03 and 0.33 + 0.02 for
LH without PEG and MH with PEG, respectively (Fig. 1g,
Supplementary Table 2). Here we applied a tapered Gutenberg-Richter

(TGR) model® and estimated each b value by the maximum-
likelihood method?®. For the estimation of M,, we adopted the ball
drop calibration technique proposed by McLaskey et al.30 (Supple-
mentary Fig. 6). The smallest M,, estimated for the two experiments is
—7.0. The observed foreshocks during the two experiments seem to
follow a general scaling law for earthquakes (Supplementary Fig. 7). See
“Methods” for the detailed methodology.
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Fig. 1 Distributions of gouge, shear stress, and foreshocks. Distribution of gouge after the experiment a LH without PEG (LB12-012) and b MH with PEG
(LB12-011). The distribution map was estimated from the image analysis of pictures taken just after each experiment (the original pictures are shown in
Supplementary Fig. 3). Note that the distribution of gouge shown in (b) was dominated by the PEG generated from an earlier test (LB12-010). The color of
grid indicates the gouge density and procedure for constructing these images can be found in “Methods”. Distribution of local shear stress estimated from
the strain gauge array just before each stick-slip event for ¢ LH without PEG and d MH with PEG. The color of lines indicates event ID. Hypocenters of
foreshocks for e LH without PEG and f MH with PEG. The size of circles scales with the moment magnitude (M,,) of foreshocks. The color of circles
indicates the normalized time-to-mainshock t* (see main text). g Frequency-size distribution of foreshocks for the two experiments. The estimated b value,
moment magnitude of completeness, and corner moment magnitude, under the assumption that the detected foreshocks obey a TGR distribution, are
listed in Supplementary Table 2. Red lines show the best-fit curves to a TGR distribution.
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Process leading up to the mainshock. The dense strain and
acoustic measurements reveal the detailed preparation process
leading up to the mainshock. For LH without PEG, temporal
increase and subsequent decrease in shear stress were observed
(Fig. 2a, b; see also Supplementary Fig. 8 as a gray-scale version of
Fig. 2). The boundary separating the increase and decrease of

shear stress propagates outward with a slow but accelerated rate
(from ~2 to ~50m/s). These features indicate an underlying
process known as precursory slow slip or preslip, common to
some other laboratory experiments”-%1%17. Further analysis by
back-tracking the slip front?® shows that the slow slips initiated
before the last quarter of the recurrence time (Fig. 2d) in many
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Fig. 2 Spatiotemporal variations of shear stress and foreshock activity prior to the mainshock. a Typical evolutions of local shear stress and foreshocks
just before a mainshock in LH without PEG. The color indicates the normalized shear stress change; the displayed shear stress in each location has been
normalized by the maximum value after subtracting the initial value in the corresponding time period. See Fig. 1c, d for the absolute values. Open star

indicates the time and location of the precursory slow slip initiation. b Zoom-in view of (a) for the last 50 ms. ¢ Evolution of foreshock number in LH

without PEG. d Histogram of the slow slip initiation times in LH without PEG. e Typical evolutions of local shear stress and foreshocks in MH with PEG. The
displayed shear stress has been normalized in the same way as (). f Zoom-in view of (e) for the last 50 ms. g Evolution of foreshock number in MH with
PEG. Seismic events that occurred at t* larger than 0.9 (gray bars in (¢) and (g)) were considered as aftershocks and were excluded from the analysis.
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Fig. 3 Evolutions of b value, macroscopic shear stress, and seismic moment in MH with PEG. a Frequency-size distribution of foreshocks for five
windows of normalized time-to-mainshock t* (defined in Supplementary Table 3) in MH with PEG. Different colors and symbols represent data in different
time windows. The width of each time window was determined to ensure an equal number of foreshocks therein (N =224). The estimated b value and
corner moment magnitude are listed in Supplementary Table 3. Gray lines show the best-fit curves to a TGR distribution. b Evolutions of macroscopic shear
stress and b value in MH with PEG. The displayed shear stress has been normalized by each peak stress after subtracting each residual stress. Horizontal
bar indicates the time window for calculating the related b value of foreshocks, while the horizontal location of colored symbol (following the same color
code and symbol as in (a)) represents the corresponding median of t* of foreshock within each time window. Vertical bar indicates the standard error
calculated with the maximum-likelihood method proposed by Kagan2® (see Supplementary Table 3). The dashed light blue and magenta curves represent
the best fit between b value and t* during P1-P3 and P3-P5, respectively (see main text). ¢ Evolution of cumulative seismic moment Mg in MH with PEG.
Gray scale of each curve follows that for Event ID in (b).

cases (32% of the total events). In contrast, most of the foreshocks
occurred just before the mainshock, e.g., within 10% of the
recurrence time (Fig. 2c).

The corresponding preparation process for MH with PEG was
quite different: a sudden decrease in local shear stress accompanied
by foreshock occurrence was observed (Fig. 2e, f). Moreover,
foreshocks occurred at an accelerated rate toward the mainshock,
as can be observed from both the stacked results over all events
(Fig. 2g) and the results for each individual event (Fig. 3c,
Supplementary Figs. 9 and 10, note time is plotted on a logarithmic
scale in Fig. 3¢ and Supplementary Fig. 9). Investigation of foreshock
activity revealed a decreasing trend of b value toward the mainshock
(Fig. 3a, b). In addition, the detailed decreasing behavior of b value
evolved: following a linear trend with time b=0.6806 t* +0.3135
during P1-P3 whereas displaying a logarithmic trend b = 0.05069 log

(£*) 4 0.4877 during P3-P5. Time windows P1-P5 were defined in
Supplementary Table 3.

Discussion

Our study indicates that foreshock activity is closely connected to
fault surface condition, because more foreshocks were generated
under the condition with PEG and because the locations of
foreshock hypocenters coincided well with the distribution of
fault gouge (Fig. 1a vs. le and 1b vs. 1f). Therefore, we suggest
that gouge patches represent one type of asperities on the fault,
which normally resist frictional slip but can radiate elastic waves
when broken. As shown in Fig. 1g, b value is also affected by fault
surface condition. Previous studies of seismicity reported a
negative relation between b value and differential stress
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721232431 b value mapped on a laboratory fault also showed a
low b value around asperities!8. Our study shows that a hetero-
geneous distribution of PEG can cause a heterogeneous state of
shear stress, which is featured by local stress concentrations
around gouge patches (Fig. 1d). While fault gouge may also
distinguish itself from host rocks in other aspects, such as elastic
and frictional properties3233, our analyses suggest that the gouge-
induced stress heterogeneity should play the dominant role in
determining the behaviors of foreshocks (see “Methods”). Speci-
fically, the highly stressed gouge patches can shrink the size of
rupture nucleation zone?3* (keeping everything else the same),
and hence can promote the generation of foreshocks there. Once
nucleated, these events tend to grow bigger due to the availability
of more energy (per unit area) and extra seismogenic area
(Supplementary Fig. 3¢, g), which could explain the relatively low
b value for MH with PEG (Fig. 1g).

We note that some previous studies3>3¢ have reported a higher
b value on a rough fault (presumably more heterogeneous) than
on a smooth fault (presumably less heterogeneous), which is
opposite to our finding (Fig. 1g). This discrepancy may be
explained by the different ways of realizing fault heterogeneity. In
those previous studies, heterogeneity most likely reflects the
structural complexity of a fault network. The existence of fault
stepover, bend, or discontinuity can easily stop the growth of a
local rupture, and hence can lead to a high b value. In our MH
case, heterogeneity is associated with a heterogeneous gouge
distribution along a macroscopically continuous fault (Fig. 1b).
Under this condition, stress amplitude can still fluctuate in space
(Fig. 1d) but the failure planes of foreshocks will be restricted
close to the pre-existing fault surface. Accordingly, one local event
can expand its size or trigger another larger event by stress
transfer projected along the same plane (Fig. 2e, f), which explains
the relatively low b value as we observed. To clarify, the prepared
fault in our study may be considered similar to a well-established
plate interface at a subduction zone, where heterogeneity in the
form of a patchy fault surface has been inferred from seismic and
geodetic observations37-38.

In addition to shedding light on b value, our experimental
results clearly demonstrate that different fault surface conditions
lead to different types of preparation process toward the main-
shock. Under the LH condition without PEG, typical precursory
slow slip was observed (Fig. 2a, b). Slip measurement by the LDT
at the fault edge indicates that the fault edge remained locked
until slow slip reached there (Supplementary Fig. 5a, c). The
spatiotemporal variations of local shear stress and foreshock
activity further show that foreshocks were triggered during the
later stage of slow slip, just after the passage of the slip front. We
conclude that a gradually enhanced in situ stressing rate gener-
ated by an accelerated slip propagation, as confirmed by other
experimental observations®?, is required to trigger foreshocks
under the LH condition without PEG (Fig. 4a). Therefore, fore-
shock activity, whose emergence depends on the availability and
readiness of local asperities®(, just represents a by-product of the
ongoing slow slip under the LH condition without PEG. Mean-
while, the LH fault surface condition without PEG could facilitate
the expansion and acceleration of the slow slip front. The con-
centration of foreshock occurrence just before the mainshock
(Fig. 2c) should stem from such a situation. This implies a pos-
sibility for short-term prediction of the hypocentral location and
in some cases the timing of the mainshock®’. In nature, a similar
scenario involving long-lasting aseismic slip, short-term slow slip
transient, and immediate foreshocks has been observed before the
2011 Tohoku earthquake2>41,

The above scenario primarily driven by a single expanding slip
patch was not observed under the MH condition with PEG.
Although the LDT detected a seemingly smooth fault slip with an

accelerated rate (Supplementary Fig. 5b, d), the near-fault strain
gauge array showed that the actual slip was partitioned into
numerous small patches and the local slip activity was essentially
intermittent (Fig. 2e, f). We infer that the MH condition with
PEG impedes the development of a well-connected large slip
patch, and that the LDT-detected slip reflects a collective behavior
(which tends to be smooth) of seismic/aseismic slips over many
small fault patches*2. The result shows a clear acceleration pro-
cess of foreshock activity toward the mainshock, manifested by an
increasing rate of seismic moment release (Fig. 3¢ and Supple-
mentary Fig. 9a), an increasing foreshock magnitude (Fig. 2e, f),
and an increasing foreshock number (Fig. 2g). Assuming that the
LDT-detected slip is representative for the entire fault area, we
further estimated the ratio of seismic moment M to the total
precursory moment release M5, which showed a distribution
around 4% for the stage right before the mainshock (Supple-
mentary Fig. 9b). If correct, such low ratio would imply that most
of the precursory moment release was actually occurring aseis-
mically. The aseismic slip may occur spontaneously like the slow
slip in the preslip model (but now distributed over numerous
small fault patches). Alternatively, it may represent afterslip
triggered by the intense foreshock activity. However, we must also
bear in mind that M} could be overestimated due to the unjus-
tified assumption of uniform slip over the entire fault area.
Moreover, some very large foreshocks were not included in the
PZT-based computation of M}, because of the signal saturation or
unclear wave arrivals. Taken together, it is likely that the above
reported ratio of M to M} could be underestimated. Future work
by installing slip sensor arrays*3 or by employing digital imaging
correlation*# can better constrain the estimation of M.

The continuously decreasing b value prior to the mainshock
(Fig. 3b) should be related to the acceleration process of foreshock
activity. Decrease in b value prior to natural earthquakes has been
reported*>4°. Decreasing b value toward the mainshock was also
reported in the laboratory and was explained by the increase in
background shear stress?1:23. The decreasing b value during
P1-P3 should stem from the same mechanism, because both the
decrease in b value and the increase in background shear stress
show a linear trend with time during this time period (Fig. 3b and
Supplementary Fig. 4b). Similarly, the relatively low b values (0.46
for LH condition and 0.33 for MH condition) with respect to a
standard value around 1 can also be explained, because most of
the foreshocks occurred just before the mainshock when the
background shear stress had already become high. Alternatively,
the relatively low b values could be derived from a smaller fractal
dimension?’, since in the current study foreshock locations were
confined to the vicinity of a pre-existing fault, where two-
dimensional effect could prevail (Fig. e, f). In nature, comparably
low b value of 0.47 was reported around the upcoming mainshock
hypocenter just before the 2011 Tohoku earthquake®>.

Besides confirming an expected behavior of b value, Fig. 3b also
shows an unexpected feature in that b value kept decreasing as
log t* even after the background shear stress saturated at around
P3. Moreover, the seismic moment released by foreshocks con-
tinued to increase during the same stage (Fig. 3c). We suggest that
these evolutionary features during P3-P5 could result from the
following cascade-up process via a positive-feedback mechanism
and an increasing range of stress correlations (Figs. 2f and 4b):
under a critical level of constant background loading, the local
shear stress released by one foreshock is instantaneously redis-
tributed at the residual fault area hosting other unbroken gouge
patches; then the shear stress on the residual fault area is quickly
increased every time a new and larger foreshock occurs, which
can facilitate the triggering of more and even larger foreshocks in
the future. We do not have enough resolution to reveal the exact
triggering process, but we expect it could manifest as direct inter-
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Fig. 4 Schematic illustrations of two end-member earthquake preparation models. Earthquake preparation and related foreshock activity toward the
mainshock driven by a a preslip process and b a cascade-up process. The fault surface contains fragile gouge patches (denoted by red ellipses) that can
radiate seismic waves (denoted by yellow star) once they are broken. Magnitude of background shear stress is indicated by the intensity of the gray color.

event triggering!®48, correlate with rock damage®’, or may be
assisted by aseismic slip!”. In any case, it appears that the evo-
lutionary process during P3-P5 is mainly driven by the foreshock
activity on gouge patches, which itself could interact with aseis-
mic slip in the surrounding region. In a broad sense, the above
interpretation is consistent with the concepts of critical point>’,
intermittent criticality®!, and finite-time singularity®. In parti-
cular, the cumulative square root of foreshock-contributed seis-
mic moment, called cumulative Benioff strain, can be well fitted
to a power-law time-to-mainshock relation, with an exponent
value similar to that observed for many natural earthquakes>?
(Supplementary Fig. 10, Supplementary Table 4, see “Methods”).
This suggests a possibility to predict the timing of the
mainshock*%0. Although previous studies have further suggested
a possibility to predict the magnitude or size of the mainshock,
testing the related hypothesis in the laboratory is not trivial,
because properties of the simulated mainshocks (e.g., final rup-
ture area, final slip, total source duration) are often influenced by
artificial boundaries and the external apparatus®34,

We have successfully reproduced both preslip and cascade-up
processes toward the mainshock on a meter-scale laboratory fault.

Especially, we have also demonstrated how the degree of fault
heterogeneity can influence the selection between the two end-
member preparation processes. It follows that the various debates
or ambiguities on the earthquake preparation process!>1%27 may
be resolved by incorporating in situ complementary observations
(e.g., near-field acoustic, strain, and slip measurements), like what
we have done in the laboratory. On the basis of in situ observa-
tions, we have further shown that several features of foreshock
activity, such as timing, location, and statistical characteristics,
can hint about the evolutionary process toward the upcoming
mainshock. Therefore, monitoring the spatiotemporal pattern of
seismicity and its evolution can help us to predict when and how
the next major earthquake will occur.

Performing in situ observations for natural faults may seem
difficult, but attempts and progress are being made. For the off-
shore region, seafloor observations implemented with multiple
types of sensors are now available for the Nankai trough and the
Japan trench®. For the inland region, the Southern California
Earthquake Center has pushed for installing near-fault arrays of
complementary sensors along major seismogenic faults, including
the San Andreas fault®. Although the absolute scales differ
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between nature and laboratory, what really matter for earthquake
prediction are the relative scales and the feasible instrumenta-
tions, thanks to the many power-law relations in seismology*?
(e.g., the Gutenberg-Richter law, cumulative Benioff strain vs.
time). In general, for studying the preparation process of a great
earthquake (M,, > 8), up to 100 Hz seismic recordings may be
needed for analyzing foreshocks with a magnitude of complete-
ness around 3 (ref. 26). Meanwhile, daily-to-monthly GPS
recordings may be needed for capturing the acceleration onset of
slow slip*!, while hourly or high-rate (>1Hz) GPS recordings
may be needed for analyzing the final evolution of slow slip right
before the mainshock®. With these ongoing efforts, we believe
our understanding of the preparation process of natural earth-
quakes will be improved as well.

Methods

Experimental setup. Supplementary Fig. 1 shows a schematic diagram of large-
scale friction apparatus, which was installed on the large-scale shaking table at
National Research Institute for Earth Science and Disaster Resilience (NIED),
Tsukuba, Japan. The shaking table was used as a driving force to shear the
simulated fault and it can generate fast (up to 1 m/s) and long (up to 0.4 m) fault
slip. One rock specimen was vertically stacked on another rock specimen on the
shaking table. The lower specimen was fixed by the frame and therefore moved
with the shaking table. The upper specimen was supported by the reaction force
bar, which is connected to the reaction force support on the outer floor isolated
from the shaking table, so that the upper specimen stays against the frictional force
on the simulated fault. The normal load was applied with three jacks above the
upper specimen, and the amount of the load was measured with three load cells
(TORD-S-400KN, Tomoe Research & Development, Ltd.) serially connected with
each jack. The shear load was measured with a load cell (CLP-2MNS006, Tokyo
Measuring Instruments Laboratory Co., Ltd.) installed between the eastern edge of
the reaction force bar and the upper specimen. Relative distance between the upper
and the lower specimens was measured with a laser displacement transducer, LDT
(LK-G150, Keyence Corp.) installed at the western edge of the specimens. See
Yamashita et al.”8 for more detailed information about the apparatus.

Specimen and fault surface. A pair of metagabbro blocks sampled from Tamil
Nadu, south India was used as the rock specimens. The dimension of the upper
specimen is 1.5-m long, 0.5-m wide, and 0.5-m high and that of the lower one is
2.0-m long, 0.1-m wide, and 0.5-m high. Therefore, the nominal contacting area
(simulated fault area) is 1.5-m long and 0.1-m wide. Before the first experiment,
every surface of the specimen was polished as flat as possible by a large-scale
surface grinder in a rock company, so that the undulation over each surface is no
more than 10 pm. Frictional slip during the experiment generated grooves and
gouge on the simulated fault as shown in Supplementary Fig. 3. At the end of each
experiment, the upper specimen was lifted up and then shifted back to its original
position (without touching the lower specimen). Therefore, there was no reversed
slip to disturb the generated gouge or grooves on the fault. Generated gouge was
removed after each experiment except for LB12-010, whose loading rate and total
amount of slip were 1 mm/s and 0.4 m, respectively. Therefore, the next experiment
LB12-011 began with a lot of pre-existing gouge (PEG) on the fault as shown in
Supplementary Fig. 3c. The conditions for other experiments can be found in
Supplementary Table 1. Pictures of the fault surface were taken before and after
each experiment (Supplementary Fig. 3). By differentiating the pictures before and
after the gouge collection, the distribution of gouge can be estimated as shown in
Fig. 1a, b. The procedure is the same as our previous studyS. First, the differential
picture was binarized with 0.1-mm resolution. Then, the fault surface area was
divided into 5 mm x 5 mm elements and the number of counted data points was
divided by all data points (50 x 50 = 2500) in each element. The obtained value
should be proportional to the amount of gouge in the element and is defined as
gouge density in this study. More details can be found in our previous study®$. The
P (Cp) and S wave velocities (Cs) of the specimen are 6.92 and 3.63 km/s,
respectively. Detailed material parameters of the specimen can be found in
Fukuyama et al.>°.

Local measurements. In order to monitor local phenomena during the experi-
ments in detail, dense measurement arrays were installed along the fault (Sup-
plementary Fig. 1b, c). Thirty-two three-component semiconductor strain gauges
(SKS-30282, Kyowa Electronic Instruments Co., Ltd.) were glued on the northern
side surface of the lower specimen. Signal from each component was individually
processed by signal conditioner (CDA-700A/CDA-900A, Kyowa Electronic
Instruments Co., Ltd.) and continuously sampled at 1 MHz with 16-bit resolution.
Since each strain component of the three is individually recorded, normal and
shear strain can be calculated at each location. For monitoring seismic activities,
64 shear mode piezoelectric transducers (PZTs) were glued on both side surfaces of
the lower specimen. Resonance frequency of the used PZT (Fuji Ceramics Corp.)

was 500 kHz. The signals were amplified 20 times by custom-made amplifiers
(Turtle Industry Co., Ltd.) and continuously sampled at 10 MHz with 12-bit
resolution.

Determination of origin times and hypocenters of seismic events. Supple-
mentary Fig. 4 shows seismic activities observed during the two experiments. In
order to pick the time when a seismic event occurred, we first calculated the sum of
squared amplitude over all PZT channels during a 0.1 ms time interval. Supple-
mentary Fig. 4a, b shows the evolution of the calculated sum of squared amplitude
as the selected time interval shifts. We next specified the event times by detecting
local peaks of the calculated sum, and then pick up each time-window like Sup-
plementary Fig. 4c. To locate hypocenters of seismic events, we picked arrival times
of P/S waves by applying a STA/LTA (short-term average-long-term average ratio)
signal detection technique. Distance between the hypocenter (xo, yo, 2o) and the
location of i-th PZT station (x;, y;, z;) can be written as follow:

D, = /5 =30 + (= yo) + (& — 20 &)

We then searched the optimum parameters by a grid search technique so that
the following L2 norm becomes minimum:

,_ X D)\’

where N is the number of PZT stations, t; is the arrival time at i-th PZT station, ¢, is
the origin time, and V is the wave velocity. Here we treated the hypocenter, the
origin time, and the wave velocity as unknown parameters and searched them
under the assumption that the seismic events occurred on the fault surface (z, = 0).
To precisely locate the hypocenter, we picked the arrival times of P and/or S wave
(s) again within a shorter time-window expected from the first located hypocenter
and the origin time, and then we repeated the same procedure of grid search.
Figure le, f shows the hypocenters of foreshocks finally located.

Now we can know when these seismic events occurred in each stick-slip cycle.
From the time, we distinguished foreshocks from aftershocks: we investigated the
normalized time-to-mainshock defined by t* = (£, —1)/(tm—tpm), Where ¢ is time,
tm is the time for the next mainshock, and .y, is the time for the previous
mainshock (Fig. 2¢, g), and then we treated the seismic events whose normalized
time-to-mainshock ¢* is larger than 0.9 as aftershocks, because they should occur
just after the previous mainshock.

We next estimated a relative magnitude My, of seismic event as an experiment-
specific scale based on the amplitude of PZT outputs calibrated with distance® as
follows:

3)

My, = logjA )

where K is the number of PZT stations, r; is the distance between the hypocenter
and i-th PZT station, and A; is the maximum amplitude of seismic wave at i-th

PZT station in volt. A; was mainly derived from S wave.

Estimation of moment magnitude. As a method for estimating the seismic
moment M, of a seismic event like acoustic emission observed in laboratory, a ball
drop calibration technique has been proposed by McLaskey et al.3’. In the current
study, we followed their technique. Because this technique needs a record of ball
drop impact as a reference source or empirical Green’s function, we carried out the
ball drop tests and recorded the associated acoustic data using the same mea-
surement system as the main experiments. A steel ball with a diameter of 3 mm was
dropped from a height of 0.5 m onto the top surface of the lower specimen. The
ball was dropped at 16 different locations (BD01-BD16) shown in Supplementary
Fig. 1b and the drop procedure was repeated four times at each location. The four
waveforms recorded at each PZT station were individually transformed to four
Fourier spectra and were stacked together. Before the Fourier transform, the
waveform record was tapered with a Blackman Harris window as done by
McLaskey et al.30. We further averaged the Fourier spectra obtained at eight PZT
stations adjacent to each ball drop location (the spectra at adjacent four stations
were averaged in the case of ball drops at both edges BDO1 and BD16). Supple-
mentary Fig. 6a shows the averaged spectrum generated by the ball drop impact at
BDO1. In addition to these 16 reference spectra by the practical ball drop, we
computed 15 extra reference spectra by virtual impact in the intermediate point
between each ball drop location. For example, in the case of virtual ball drop
between BD01 and BD02, we averaged the spectra by the ball drop impact at BDO1
recorded by PZT02 and PZT34 as well as that at BD02 recorded by PZT03 and
PZT35. As a result, we obtained 31 reference spectra by the ball drop impact in
total. Since the location of the ball drop impact and the hypocenter of the seismic
event to be calibrated should be close to each other, we used the reference spectra at
the ball drop location closest to the hypocenter of the seismic event for each
calibration. For this reason, we did not analyze those seismic events located outside
of the PZT array. Typical uncalibrated spectra of three different foreshock events
are shown in Supplementary Fig. 6a. The time window of waveform record was
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arranged so that both P and S waves are included, and the waveform record was
tapered with a Blackman Harris window in the same manner as the ball drop
record. These spectra were obtained by averaging the spectra recorded at four/eight
PZT stations, which were the same stations used to calculate the relevant reference
spectrum. In the case that no more than four individual records were available
because of a trouble (e.g., saturation of signal), the moment magnitude of that event
was not estimated. Supplementary Fig. 6b shows those source spectra calibrated by
using the reference spectra of practical or virtual ball drop impact. As a scale factor
to calibrate from the change in momentum to the moment, we used twice the
average of the P and the S wave velocity by following McLaskey et al.?. It equals to
2(Cp + Cg)/2 =10.55 km/s for the metagabbro case. The flat level of spectrum at
low frequency corresponds to the seismic moment. In order to robustly estimate
the seismic moment M, and the corner frequency f. from the spectrum, we sear-
ched the optimum combination of M, and f, that minimizes the following residual
$2 by a grid search technique:

]
§ = X {log,o(S(f)) — logio(L(N)* 5)

where ] is the number of the data points in the frequency domain, S; is the
calibrated source spectrum, and I; is the omega-squared curve represented as Mo/
(14 f2/f2). Three best-fit curves are shown in Supplementary Fig. 6b. In this curve
fitting, we ignored the data points whose signal to noise ratio at each frequency is
<6 dB and those at troughs in the roll-off section (open square symbols shown in
Supplementary Fig. 6b) for fitting precisely. We estimated the seismic moment of
274 seismic events (foreshocks and aftershocks) in LB12-011 and 226 ones in
LB12-012 in total. Other seismic events could not be directly calibrated because
their hypocenters were located outside of the PZT array or the quality of the
associated source spectrum was not high enough. We then calculated the moment
magnitude by using the following relation®!:

M, = %logm(Mo) — 6.067 (6)

Now we can compare the relative magnitude M, obtained from the waveform
amplitude with the calibrated moment magnitude M,,. Supplementary Fig. 6¢
indicates that they are well correlated with each other. The best-fit relationship
shown with a red line was obtained by the principal component analysis®? and is
represented as

M,, = 1.0523M,,, — 5.8085 ?)

We used this empirical relationship to obtain M,, of the seismic event that could
not be directly calibrated.

Supplementary Fig. 7 shows the relationship between the seismic moment and
the corner frequency of the foreshocks in LB12-011 and LB12-012. The error bar
represents uncertainty on the omega-squared curve fitting evaluated as follows: we
searched the combinations of M, and f. whose residual S defined in Eq. (5) is <1.5
times of the minimum S$? for the best-fit curve, and defined the range from the
minimum to the maximum of M, or f. that satisfies the above conditions as each
uncertainty range. The dashed lines in Supplementary Fig. 7 show the constant
stress drops 0.1, 1, and 10 MPa assuming the Brune’s model®3. The amount of
stress drop is estimated from the following relation:

7 _
Ao = EMO“ 3 8)
where a is the source radius and is represented as
a = 2.34Cg/(2nf ) ©9)

As shown in Supplementary Fig. 7, most of the estimated stress drops of the
foreshocks in both LB12-011 and LB12-012 fell between 0.1 and 10 MPa, which
means that those foreshocks follow a general scaling law for seismic events in
nature and laboratory®4.

Estimation of b value. It is well known that the frequency-size distribution of
earthquakes obeys a power law called Gutenberg-Richter law given by log;oN(M) =
A—bM, where N(M) is the number of earthquakes greater than or equal to mag-
nitude M, and A and b are constants®®. The parameter A represents the number of
earthquakes with magnitude larger than zero. The parameter b is usually referred to
as the b value and it represents the relative size distribution. This law is also known
to be applicable to seismic activity observed in laboratory24. The amount of b value
corresponds to the slope of the frequency-size distribution plotted in the semi-log
scale. It is also known that the frequency-size distribution has an exponential taper
when there is an upper bound of seismic event?®. Such distribution is called the
tapered Gutenberg-Richter (TGR) distribution, and its cumulative complementary
function ®(M,) is given by
c
D(My) = (M5/M,)F exp (w) for M < My<o0, (10)
0

where M{j and M{’ are the moment of completeness and the corner moment (in
Nm), respectively. f8 is the index parameter of the distribution and 8 = 3b. Since the
fault area was finite, an upper bound of seismic event should exist in the current
experiments. We applied the above distribution to the experimental data and then
estimated 8 and M’ with the maximum-likelihood method following the procedure

proposed by Kagan?. We determined M so that the misfit between the observed
and modeled distributions becomes minimum®. The moment magnitude of
completeness M, and the corner moment magnitude M¢’, converted from the
estimated M{j and M{’, are listed in Supplementary Table 2. M¢; is —4.7 for LB12-
012 and —4.3 for LB12-011. If we apply the Brune’s model with an assumed stress
drop of 1 MPa, the corresponding source dimensions will be 73 and 116 mm in
diameter, respectively, quite comparable to the width of the simulated fault (100
mm). Therefore, we conclude that it is appropriate to apply the TGR distribution to
the current experimental data.

Generally, in order to examine temporal variation of b value toward the
mainshock, time window including enough number of foreshocks is set and then b
value in each time window is computed with shifting the window in a single
seismic cycle?!23, However, the number of foreshocks observed during a single
stick-slip cycle is not large enough even for the experiment MH with PEG. If one
looks at the stick-slip cycle of the experiment MH with PEG (Supplementary
Fig. 4b and Fig. 3b), one can find that the cycles are stationary almost over the
whole experiment because the gouge generation process was skipped by the PEG.
Therefore, we stacked the data with the normalized time-to-mainshock #* over
different stick-slip cycles; we assumed that the fault state is the same with the
normalized time-to-mainshock #* even among different stick-slip cycles. So, we
made five data sets with five *-time-windows, and then computed b value using
each data set by fixing the moment magnitude of completeness at —5.5. The t*-
time-window was determined so that 224 foreshocks are equally included in each
window. Periods of each t*-time-window, b value, and the corner moment
magnitude are given in Supplementary Table 3.

Possible roles of fault gouge. To understand the differences between the LH fault
without PEG and the MH fault with PEG, it is necessary to clarify the roles of fault
gouge. It is known that fault gouge can exhibit reduced elastic moduli relative to
host rocks®2. One possible outcome is that fault gouge may reduce the critical
nucleation zone size of foreshocks (often termed h*)%7. However, one cannot just
discuss reduced elastic moduli without mentioning the related length scale. In the
current case, the naturally generated gouge layer is very thin: a few microns to tens
of micron meters on average32. On the other hand, the source radius of the smallest
foreshock in the well-calibrated range (M,, ~ —6.75, see Supplementary Figs. 6 and
7) is estimated to be 3.5 mm (Egs. (6) and (8), assuming 1 MPa stress drop), about
100 times larger or more than the thickness of fault gouge. We acknowledge that
there could be fluctuation in gouge layer thickness from one place to another, and
hence we cannot rule out the possibility that in some places the gouge layer
thickness can be comparable to the foreshock source dimension. But on average, we
expect that the reduced elastic moduli of fault gouge did not help much in reducing
h* of foreshocks, according to the non-local relation discussed in previous
studies3267.

Regarding the frictional properties of fault gouge, we did not perform any
specific analysis for the current study. However, the observed coincidence between
gouge patch location and foreshock location (Fig. 1) clearly suggests an overall
velocity-weakening behavior for metagabbro fault gouge. This conclusion is also
supported by our new experimental tests, in which metagabbro fault gouge of a
uniform thickness was artificially distributed before the experiments. Specifically,
Shimoda et al.33 estimated the macroscopic frictional properties of metagabbro
fault gouge (3-mm thick before compaction), based on an isolated homogenized
spring-slider model governed by a rate- and state-dependent friction law. They
found that the rate- and state-dependent frictional parameter b-a (~0.001) was
similar to that of metagabbro host rock®, whereas the other frictional parameter L.
(the critical slip distance) was about 2 orders of magnitude larger than that of
metagabbro host rock. If we assume the above results are applicable to a gouge
patch surrounded by other fault patches and can be extrapolated to an even thinner
gouge layer (e.g., on the order of micron meter thick), then we would expect no
significant difference in frictional properties between metagabbro gouge and
metagabbro host rock, except for a somewhat larger L. for the former because of
the positive correlation between L. and gouge layer thickness®. This suggests that,
keeping everything else the same, fault condition with PEG could increase h* of
dynamic ruptures?, and hence tends to impede the development of foreshocks.

Despite some uncertainties, our above analyses indicate that neither the elastic
nor the frictional properties of fault gouge could satisfactorily explain the relative
abundance of larger foreshocks under the condition with PEG (Fig. 1g). Then, we
consider that the gouge-induced local stress concentration, as clearly revealed by
our local strain measurements (Fig. 1d), must play a crucial role in causing those
foreshocks as explained below. Earthquake nucleation model? has predicted an
inverse relation between h* and normal stress. It is also known that normal stress
and shear stress are coupled along a frictional fault. Therefore, the local high
normal and shear stresses around gouge patches could reduce h* of dynamic
ruptures, and hence tend to promote the generation of foreshocks there.
Theoretical expression of h* under a heterogeneous condition is still unknown.
Nevertheless, a recent numerical study’® successfully simulated foreshock-like
microseismicity on highly stressed patches embedded in an overall velocity-
weakening fault section, which confirms the feasibility of local stress concentration
for generating foreshocks.

In conclusion, although elastic and frictional heterogeneities also exist on the
fault, the gouge-induced stress heterogeneity should play the dominant role in
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causing the foreshocks in MH with PEG. We note that the emergence of stress
heterogeneity itself could stem from the property contrast between gouge patches
and their surroundings, such that one should consider the interaction and feedback
between different fault sections. For example, since the total amount of normal load
was fixed during the current experiments, the local normal stress applied to the
neighboring areas around the highly stressed gouge patches must be reduced. This,
in turn, may explain the long-lasting aseismic slip (Supplementary Fig. 5b, d)
observed in MH with PEG, because the corresponding h* could be quite large in
those areas.

Acceleration of seismic moment release. The seismic moment of each foreshock
was estimated from the calibrated displacement spectra as explained in the section
“Estimation of moment magnitude”. For the foreshock whose M,, was indirectly
estimated from M ,;, and the relation (7), we used the relation (6) to calculate the
seismic moment. Then we integrated the seismic moment for different foreshocks
to obtain the cumulative seismic moment Mj, which monotonically increased as a
function of time toward the mainshock (Fig. 3¢ and Supplementary Fig. 9a). To
calculate the total precursory moment release M} over the entire fault area, we used
the formula M§ = #D,S, where y is the shear modulus (39.3 GPa for metagabbro in
the current study), D, is the mean value of the precursory slip, and S is the fault
area (1.5 x 0.1 m2). Here we assumed that the entire fault slipped uniformly by an
amount equal to that measured by the LDT (Supplementary Fig. 5b). The total
amount of D, during the precursory stage was obtained from the average at the
final stage just before the mainshock (1073 < £* < 1074).

After the above calculations, we could evaluate the ratio of M to M} at the final
stage just before the mainshock (Supplementary Fig. 9b). Care must be taken for
interpreting the result shown in Supplementary Fig. 9, because the LDT
measurement was most sensitive to the slip activity near the western edge of the
fault (Supplementary Fig. 1a), and hence may not properly reflect the true state
along other portions of the fault. In addition, the amount of M} could be
underestimated due to the exclusion of some very large foreshocks. Those
foreshocks often caused signal saturation of the nearby PZT sensors, or could not
be located due to unclear wave arrivals. Taken together, we remark that the ratio of
M, to M shown in Supplementary Fig. 9 can be largely underestimated.

It is known that large/great earthquakes are sometimes preceded by an
accelerated seismic activity as reviewed by Jaumé and Sykes?V. It is also known that
the cumulative square root of seismic moment, called cumulative Benioff strain, of
those activities follows a power-law relation represented as

(11

where t is the time, Ay, B, and m are the parameters describing the acceleration of
phenomenon, and ¢, is the time of mainshock. The exponent parameter m was
reported to range from 0.1 to 0.55 for the case of natural earthquakes®2. We also
investigated the evolution of the cumulative Benioff strain toward the mainshock in
the experiment MH with PEG. In order to obtain robust result, we focused on 14
accelerated sequences in which many (>20) foreshocks occurred during P3-P5. We
applied the Nelder-Mead simplex algorithm”! to fit the relation (11) to the
observed data and then estimated the parameters Ao, B, and m following Bufe and
Varnes’2. Supplementary Fig. 10 and Supplementary Table 4 clearly demonstrate
that the cumulative Benioff strains of foreshocks can be fitted to the relation (11) so
well that the coefficient of determination R? is 0.92 at least. Moreover, the
estimated exponent parameters m are similar to those in natural earthquakes,
which may suggest that the underlying mechanism of accelerated foreshock activity
observed in the experiment MH with PEG is also similar to the one proposed for
natural earthquakes.

SMY(t) = A, + B(t,, — )"

Data availability

The source data (seismic event catalogs, preslip, and mainshocks) for reproducing the
results of this study can be found in the Supplementary Information. The original
laboratory data are available from the corresponding author upon request, because the
file size is too large (4 TB in total). Source data are provided with this paper.
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