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Seismic surface waves from large, distant earthquakes commonly trigger smaller earthquakes.
However, delay times of hours to days between the surface waves and the triggered earthquakes
weaken the causal connection. Furthermore, when there is no delay, the triggered earthquakes are
typically too small or too obscured to obtain reliable source mechanisms. We present observations of
instantaneous triggering of a strike-slip earthquake in central Alaska. Shear strain from the optimally
aligned teleseismic Love wave induced a 24 s exponential foreshock signal leading to the triggered
earthquake. This nucleation phase, and the alignment of the triggered earthquake source mechanism
with the teleseismic stress field, reveal the behavior of an existing fault under well-calibrated strain
conditions. The Alaska earthquake provides the first observation of combined nucleation and triggering,
and it suggests that transient stresses during nucleation may influence the subsequent earthquake
rupture. Laboratory and theoretical studies of nucleation and triggering may help discriminate between
different interpretations for the Alaska earthquake.

© 2012 Elsevier B.V. Open access under CC BY-NC-ND license.

1. Introduction

The process and timing of earthquake nucleation is unknown,
in part due to lack of information describing the heterogeneity
of structure and stress at seismogenic depths (~5-25 km).
Borehole measurements provide direct constraints on the state
of stress at isolated locations and depths (Zoback et al.,, 1987,
Lockner et al., 2011), while exhumed faults provide insight into
the length scales of complexity that might be more relevant to
nucleation processes (Scholz, 2002; Sagy and Brodsky, 2009).
However, a complete characterization of subsurface faults is
untenable; indeed, even in controlled laboratory experiments it
is challenging to characterize frictional properties between two
materials (Ben-David et al., 2010).

Observational evidence for nucleation and triggering provides
insights into the physical conditions under which an earthquake
occurs. There has been limited observational evidence for a
nucleation phase, that is, for waveforms prior to the P arrival
that hint at the earthquake to occur (lio, 1995; Ellsworth and
Beroza, 1995; Beroza and Ellsworth, 1996; Mori and Kanamori,
1996). Using a single station, Bouchon et al. (2011) reanalyzed the
foreshocks from the 1999 M,, 7.6 Izmit earthquake reported by
Ozalaybey et al. (2002). They identified a 44-min foreshock
sequence and attributed it to repeated rupturing of the same
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patch by fault creep. The final foreshock preceded the M,,
7.6 mainshock (P) by 0.07 s.

There has been ample evidence of smaller (M < 3), remotely
triggered earthquakes following the passage of surface waves
from larger events (Hill et al., 1993; Gomberg et al., 2004; West
et al., 2005; Freed, 2005; Hill, 2008; Velasco et al., 2008; Parsons
and Velasco, 2011; Wu et al., 2011). A global survey revealed that
dynamic triggering of earthquakes from surface waves, notably
Love waves, is common (Velasco et al., 2008). Seismologists have
identified triggering of related sources such as creep and tremor
from volcanic and non-volcanic regions (Rubinstein et al., 2007;
Miyazawa and Brodsky, 2008; Shelly et al., 2011). Results from
triggering studies indicate that dynamic stresses of a few kilo-
pascals are sufficient to initiate earthquakes on critically loaded
faults. The delay times between the stress perturbation and the
triggered event have led to a variety of proposed mechanisms
(e.g., Brodsky and Prejean, 2005).

Observational studies of triggering have made inferences
about earthquake processes either by measuring a few observa-
bles (e.g., delay time) for large number of events (Velasco et al.,
2008; Parsons and Velasco, 2011) or by measuring several
observables from a limited number of events (e.g., Gomberg and
Bodin, 1994; Hough and Kanamori, 2002; Wu et al., 2011). Our
study is an example of the latter: a single, well-recorded triggered
earthquake whose observations allow for the determination of its
source mechanism, as well as its temporal relationship to the
stress field of passing seismic waves. Here we report the occur-
rence of a M,y 3.9 strike-slip earthquake near Nenana, Alaska, that
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was triggered by Love waves from the M,, 8.6 offshore Sumatra
earthquake. The ‘Nenana’ earthquake was preceded by a >24s
foreshock signal that exhibited exponential growth. We interpret
this foreshock signal as a nucleation phase.

Laboratory experiments of nucleation (Dieterich and Kilgore,
1996; Ohnaka and Shen, 1999; Nielsen et al., 2010; Ben-David
et al., 2010) and triggering (Savage and Marone, 2008), as well as
theoretical models of nucleation (Dieterich, 1978; Lapusta and
Rice, 2003; Rubin and Ampuero, 2005; Kaneko and Ampuero,
2011) and triggering (Gomberg et al., 1998; Perfettini et al., 2003),
have explored how nucleation and subsequent ruptures are
influenced by external forcing conditions. The Nenana earthquake
provides the first observation of combined nucleation and trigger-
ing, and it suggests that transient stresses during nucleation can
influence the subsequent earthquake rupture. We analyze the
seismic observations in Sections 2 and 3. In Section 4 we pose
three questions framing several possible scenarios. Our preferred
interpretation is that the fault was unloaded with the arrival of
the positive stress perturbation from the Sumatra Love wave. This
initiated a slow, creep-like nucleation phase with exponential
growth. The nucleation phase transitioned into a M,y 3.9 earth-
quake under a negative stress perturbation. Further theoretical
and laboratory studies, as well as a search for nucleation phases in
catalogs of triggered earthquakes, should help discriminate the
interpretation scenarios for the Nenana earthquake.

1.1. Triggering terminology

Earthquakes produce static stresses due to elastic deformation,
as well as dynamic stresses due to transient conditions from
passing seismic waves. Both dynamic and static stresses can
trigger smaller earthquakes (Freed, 2005). The relative impor-
tance of these effects can be quantified (Gomberg and Bodin,
1994; Gomberg et al., 1998; Belardinelli et al., 2003); in general
terms, static stresses are dominant close to the mainshock event,
whereas dynamic stresses are dominant in regions far from the
mainshock event.

Remote triggering refers to dynamic triggering of events at
distances where static stresses are minimal and dynamic stresses
dominate. Based on an analysis of global seismicity following
M > 7 earthquakes, Parsons and Velasco (2011) identified a
“mainshock region” of 1000 km for triggering large (5<M <7)
earthquakes. Furthermore, they noted that the distance limit for
triggering large earthquakes is “within ~ 2—3 mainshock rupture
lengths”. However, Pollitz et al. (2012) documented that
5.5 <M <7 earthquakes at remote distances can be triggered by

Table 1

the largest earthquakes (M >8.5). Their findings suggest that
there may be no magnitude limit for remotely triggered earth-
quakes, as previously suggested (Parsons and Velasco, 2011;
Parsons et al., 2012).

Instantaneous triggering refers to the coincidence in time
between the triggering stresses and the triggered event.
Antonioli et al. (2006) defined instantaneous triggering to be
when an event “occurs within the time interval during which the
transient seismic signal is above the background noise level in
that location”. Instantaneous triggering can occur within the
mainshock region (e.g., Antonioli et al.,, 2006) or beyond the
mainshock region (e.g., Gomberg et al., 2004). However, by this
definition the time interval of instantaneous triggering for the
2012 Sumatra event is approximately 5000s (1.4 h) in Alaska
(Table 1). Other studies have taken a more conservative view of
“instantaneous”. For example, using bin widths of 300 s, Velasco
et al. (2008) analyzed delay times between the onset of passing
Love waves and the origin time of triggered earthquakes.
Other studies have identified delay times on the order of tens
of seconds by showing the coincidence between cycles of the
perturbing wave and the triggered earthquakes (e.g., West et al.,
2005). The high-quality observations in our study allow us to
interpret the events on a time scale on the order of seconds.

Our study documents a triggered earthquake that contains two
parts: (1) a foreshock signal, interpreted as a nucleation phase
and (2) a M,, 3.9 event, which we refer to as the mainshock.
The triggered earthquake is unequivocally remote and instanta-
neous. The distance between the triggered event and the Sumatra
event is 11,000 km, which is 37 times the source dimension of
~300 km inferred from finite slip models (Meng et al., 2012).
The triggered sequence of nucleation phase and mainshock
occurred within a single cycle of the dominant 130-s period
Sumatra Love wave.

2. The Sumatra earthquake in Alaska

The April 11, 2012, offshore Sumatra earthquake (Meng et al.,
2012) generated one of the largest global Love waves ever
recorded. The large Love waves resulted from a combination
of the magnitude (M,, 8.6), the shallow depth, and the near
horizontal slip vector associated with the predominantly strike
slip mechanism (Fig. 1a). The Love waves were particularly strong
in Alaska, which was in the direction of maximal radiation and
along a path that was purely continental and therefore less
attenuating, relative to oceanic paths or mixed continental-ocean

Key times and durations in this study. Station MDM is the closest station (32 km) to the triggered Nenana earthquake. By “at Nenana”, we mean at the epicenter of the
Nenana earthquake. For estimated times at Nenana we use the observed arrival time on MDM and apply an appropriate time shift. This time shift depends on the seismic
phase of interest (P, Love, Rayleigh), the bandpass filter for the phase, and the earthquake generating the phase (Nenana or Sumatra). The Sumatra origin time is the PDE

origin time listed in the GCMT catalog (www.globalcmt.org).

i Event t;, UTC ti—t ti—t7
11-April-2012 (s) (s)

1 Sumatra origin time 08:38:37 —-830.1 —2600.1
2 Start Sumatra P wave at Nenana 08:52:27 0.0 —1770.0
3 Qualitative end Sumatra P wave at Nenana 09:00:18 471.1 —1298.9
4 Sumatra Love wave positive shear strain at Nenana 09:20:44 1697.1 —-72.9
5 Nenana foreshock signal rises above noise level 09:21:33 1746.0 —-24.0
6 Sumatra Love wave max. negative shear strain (T > 120 s) at Nenana 09:21:50 1763.5 —6.5
7 Nenana mainshock origin time 09:21:57 1770.0 0.0
8 Sumatra Love wave max. negative shear strain at Nenana 09:22:03 1776.1 6.1
9 Nenana P arrival at MDM 09:22:04 1777.3 7.3
10 Qualitative end of Nenana waveforms at MDM 09:22:27 1800.0 30.0
11 Sumatra Love wave max. positive shear strain at Nenana 09:22:56 1829.5 59.5
12 Sumatra Rayleigh wave arrival at Nenana 09:28:18 2150.9 380.9
13 Qualitative end of Sumatra wave train at Nenana 10:13:56 4888.9 3118.9
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Fig. 1. Love waves in Alaska from the April 11, 2012 M,, 8.6 Sumatra earthquake. (a) Propagation path from Sumatra to central Alaska, at an azimuthal angle of ¢ =22.3°.
The beachball symbol depicts the predominantly strike-slip rupture of the Sumatra earthquake (Dziewonski et al., 1981). (b) Horizontal displacement field in Alaska at the
origin time of the M, 3.9 Nenana earthquake in central Alaska. The epicenter of this event is marked by the white dot at the center of the thick gray lines. The large gray
arrow denotes the wave propagation direction from Sumatra. The grid lines represent increments of 1° in o and 1° in A from the Nenana epicenter. (c) Expanded view of
(b) in the region of the triggered event. Major active faults are labeled as Denali, Tintina, and MFSZ, the Minto Flats seismic zone. (d) Shear strain computed from the

displacement field in (b).

paths (Dziewonski and Steim, 1982). By comparison, the M,, 9.2
2004 Sumatra-Andaman thrust earthquake, whose seismic
moment was eight times that of the 2012 earthquake, generated
Love wave amplitudes in Alaska that were half as large.

The ground motion in Alaska from the Sumatra earthquake
was dominated by Love waves, with peak-to-peak amplitudes
exceeding 4 cm (Tape, 2012). The dominant pulse was consistent
in terms of its amplitude, its period content (100-160 s), and its
velocity within Alaska (4.5 km/s; Fig. S1); the corresponding
wavelength was approximately 580 km. Normal-mode synthetic

seismograms for a radially symmetric (1D) Earth model and a
point-source representation contain the basic features present in
the seismograms in Alaska: a long-wavelength, cm-scale domi-
nant Love wave followed by a Rayleigh wave 400 s later (Tromp
et al., 2010). Rupture complexity or structural complexity need
not be invoked to explain the dominant Love wave pulse that is
central to this study.

We used the long-period Love wave to estimate a time-
dependant displacement field across Alaska (Fig. 1b). We time-
shifted all the Love wave recordings using the 4.5 km/s velocity,
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then stacked the waveforms to obtain a single time series Love wave and therefore constitute instantaneous triggering.
representative of the dominant transverse displacement across A physical connection between the Love wave and triggered
Alaska (Fig. S1). The constant velocity can then be used to earthquake is likely, considering that a M,, 3.9 is expected to
transform the displacement seismogram into a time-dependent occur once every 3 yr in this seismic zone and once every 13 yr on
spatial wavefield. By selecting a particular time, we can plot an this particular fault. (We determined these rates from frequency-
estimated snapshot of the transverse displacement field. Fig. 1b magnitude distributions of earthquakes within the fault zone.)

shows the observed horizontal vector field superimposed on the The closest station to the Nenana earthquake was MDM
estimated transverse displacement field, plotted at the origin time (Murphy Dome), at 32 km (Fig. 2). Filtering the MDM seismogram
of the M,, 3.9 Nenana earthquake. At this moment in time, the at high frequencies reveals the Nenana earthquake (Fig. 2b).

region of Alaska to the northwest of the Nenana epicenter was By time-shifting and stacking seismograms from nearby stations,
displaced by more than 2 cm to the northeast, and the region to we are able to determine the relative timing between the Sumatra
the southeast of Nenana was displaced by approximately 2 cm to Love waves and the Nenana triggered earthquake. The Nenana

the southwest. earthquake occurred almost exactly between the maximal dis-
The estimated wavefield associated with the Love wave can be placement peaks of the Love wave (Figs. 1c and 2c), and coin-
used to directly compute a strain tensor field (Appendix A and cident with the maximally negative strain (Figs. 1d and 2d).
Fig. 1d). The corresponding Love wave from Sumatra exhibited The Nenana earthquake provides a rare opportunity to derive a
three shear strain pulses (A, B, C in Fig. 1d), the middle of which robust source mechanism for an instantaneously triggered earth-
was negative in sign and coincided with the triggered Nenana quake. For the Nenana earthquake, periods above 4 s are domi-
earthquake. The strain associated with each pulse was 0.79 x nated by the Sumatra waves, especially on the vertical and radial
1077 (A), —1.0 x 10”7 (B), and 1.0 x 1077 (C). components. We were able to obtain a high-quality focal mechan-

ism for the event by fitting full-length waveforms filtered

between 0.3 and 0.6 Hz. The full waveforms on all three compo-

3. The Nenana earthquake nents at the closest six stations were well fit by our synthetic

seismograms (Fig. 3). An additional eight stations had high

At 09:21:57 UTC the M,, 3.9 Nenana earthquake occurred enough signal-to-noise for the (Nenana) Love waves to be fit as

within the Minto Flats seismic zone in central Alaska (Fig. 1c). The well. A grid search revealed a depth of 19 km, near the base of the

P wave from Sumatra had arrived 29.5 min earlier, the peak Love relatively thin (25 km) crust in the region (Veenstra et al., 2006)
wave displacement occurred 53.6s previously, and the zero (Fig. S3b).

displacement between Love wave peaks occurred 3.6 s previously The Nenana focal mechanism indicates strike-slip faulting on

(Fig. 2c and Table 1). The Nenana earthquake and its nucleation the western fault of the Minto Flats seismic zone (Fig. 4). The

phase occurred within the duration of the 130 s period Sumatra Minto Flats seismic zone accommodates left-lateral faulting
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Fig. 2. The occurrence of the M,, 3.9 earthquake near Nenana, Alaska, coincident in time and space with 4 cm horizontal displacement Love wave from the Sumatra
earthquake. (a) Representative three-component ground motion of the Sumatra earthquake in Alaska. This recording at MDM is the closest station (32 km) to the triggered
Nenana earthquake. The Love wave is the dominant waveform throughout Alaska. (b) High-frequency filtered version of the same seismogram in (a) showing the
M,, 3.9 Nenana earthquake. (c-d) Transverse displacement (c) and corresponding shear strain (d) at the Nenana epicenter, computed by stacking waveforms from the 13
closest stations (Fig. S1). The dashed black lines denote the positive shear strain pulses A and C (Fig. 1d). The dashed red line denotes the emergence of the foreshock signal
from the noise at t=—24 s (Fig. 6).
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Fig. 3. Source inversion for the Nenana earthquake, using the method of Zhu and Helmberger (1996). Subset of observed three-component seismograms (black) compared
with synthetic seismograms (red), both filtered between 0.3 Hz and 0.6 Hz. Stations are ordered in increasing distance from the source. Synthetic seismograms are
computed using a frequency-wavenumber method Zhu and Rivera (2002). Synthetic seismograms are time-shifted for maximal cross-correlation, which accounts for
(some) unknown 3D structure (Fig. S3a). The labels for each row list the azimuth of the station (relative to source) and the distance (to source). Below each seismogram
pair are labels for the time shift required for maximum cross correlation (top), as well as the maximum cross correlation. See Fig. S2 for a complete display of all stations

used in the inversion.

within a broad shear zone between the right-lateral faults of the
Denali and Tintina-Kaltag system (Fig. 1b) (Page et al., 1995).
Regional GPS measurements indicate minimal strain across the
region (Freymueller et al., 2008), but seismicity reveals a con-
centration of consistent left-lateral deformation. The fault zone
produced a M,, 6.0 in 1995 to the north of the Nenana event
(Fig. 4) and a M,, 5.8 in 2000 to the south. These larger events, and
the prevalence of similar focal mechanisms from smaller events
(Ratchkovski and Hansen, 2002), allow us to infer a southwest-
northeast fault plane for the Nenana earthquake. This is in
agreement with the orientation of the western strand of the
Minto Flats seismic zone (Fig. S4).

At 09:21:57, at the Nenana epicenter, we have good estimates
for both the strain field and the radiation pattern of the triggered
earthquake. The estimated Sumatra Love wave displacement field
is perpendicular to the great circle path and approximately
parallel to the strike-slip fault (Fig. 4). The fault is therefore
nearly optimally oriented to slip under positive stresses imparted
by Love waves from Sumatra. The principal axes of the Nenana
earthquake are in agreement with fault slip in a direction
comparable to the Sumatra Love wave displacement direction.
The principal axes of the strain tensor associated with the
Sumatra Love waves — at the Nenana origin time - differ from
the horizontally projected principal axes of the Nenana earth-
quake by 13° and a change of sign (Fig. 4).

The Love wave can be used to estimate the stress perturbation
at the origin time. The shear strain from the Sumatra Love wave at
the Nenana epicenter is s=—1.0 x 1077, with the negative sign
representing right-lateral motion across a northeast-striking fault.
Given the depth sensitivity of the ~ 500 km Love wave, the strain
at the hypocenter is nearly the same as at the surface. Our layered
model used for synthetic seismogram modeling has a rigidity of
1 =35.2 GPa at the hypocentral depth of 19 km. The shear stress
perturbation due to the Sumatra Love wave at the Nenana
hypocenter and origin time is

0=2pus=—6.8KkPa, (1)

where s is the shear strain (Eq. (A.3)).

We can estimate the approximate size of the fault using the
relationship between seismic moment and stress drop for a
circular fault (Shearer, 2009). The seismic moment for the Nenana
earthquake was 8.1 x 10'* N m. We were unable to obtain reliable
stress drop estimates for the earthquake, but if we assume “end
member” stress drops of 0.2 MPa and 20 MPa (Shearer et al,
2006), then the corresponding fault radius is 1.21 km and 0.26 km.

The Nenana earthquake was preceded by an intriguing fore-
shock signal originating from the same location. A high-frequency
filtered record section of velocity seismograms shows a charac-
teristic decrease in amplitude with distance from the Nenana
epicenter (Fig. 5). At 16.4s before the mainshock there is a
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Fig. 4. Earthquake source mechanism for the 2012-04-11 M,, 3.9 Nenana earth-
quake in comparison with the orientation of Sumatra Love waves. The comparison
is made at the Nenana earthquake epicenter at the origin time of the Nenana
earthquake. The Sumatra Love waves propagate along the great-circle path from
Sumatra (solid cyan line) and impart horizontal ground motion in the perpendi-
cular direction (dashed cyan line). The principal axes of the associated strain
tensor are shown as cyan arrows. The principal axes for the Nenana source
mechanism are plotted as red arrows and white arrows. Inward-pointing arrow-
heads for P-axis directions are hidden beneath the beachball. The 1995-10-06
M,, 6.0 earthquake source mechanism is plotted for comparison. Both earthquakes
are consistent with left-lateral strike slip fault motion on the western of the two
faults comprising the Minto Flats seismic zone (MFSZ; Fig. S4).

coherent pulse visible at multiple stations. The tremor-like signal
grows in amplitude and then abruptly transitions into the main-
shock P waveform. The foreshock signal is best viewed in a log-
scaled plot of the envelope of the seismograms (Fig. 6), which
reveals three important time intervals: background noise, the
foreshock signal, and the mainshock. The seismograms reveal a
start time of the foreshock signal that is at least 24 s before the
mainshock.

The amplitude of the foreshock signal grows exponentially
over the 24 s period. The exponential growth can be expressed as
A(t) =Age™ =)t < tp, )
where tp is the P onset of the mainshock, Ay = A(tp) is the amplitude
of the signal just before the P arrival, and m is the slope in log space
that describes the growth of the foreshock signal. For the two
stations in Fig. 6, we obtain m values of 0.22s~! and 0.21s~".
All ten other stations analyzed (Fig. 5) exhibited a foreshock signal
with exponential growth. For more distant stations, the signal is
weaker, as expected, and therefore the time at which the foreshock
signal rises above the noise is later.

foreshock signal

MDM.AK (34 ki)

COLA.IU (51 ki)

CCB.AK (62 kn)

AN
VIV

WRH.AK (65 kin

|

MLY.AK (85 knf)

PS08.PS (109 km)

HDA.AK (111 Km)

MCK.AK (132 Km)

BPAW.AK (134 km)

PPD.AK (173 km

TRF.AK (176 km

| | | | | | ‘ |
-30 -25 -20 -15 -10 -5 0

Time relative to Nenana earthquake P arrival (s)

Fig. 5. Record section of the 24 s foreshock signal prior to the Nenana earthquake.
The seismograms are the vertical component of velocity, filtered 2-8 Hz, ordered
by distance from the Nenana epicenter, and aligned on the P onset of the
mainshock. The vertical line at —24 s is the time at which the foreshock signal
rises above the pre-Sumatra background noise level, as shown in Fig. 6. At time
—16.4 s is the first visible pulse that is present on multiple stations. The alignment
of this pulse, in addition to the decrease in amplitude with distance, indicate that
the foreshock signal is in the same region as the mainshock.

KTH.AK (213 ki

The decay of the foreshock signal with distance from the Nenana
epicenter (Fig. 5) can be used to obtain a rough estimate for the
location of the foreshock signal. We performed a grid search for
possible source locations, while fitting a linear model to the values
of log Ap (Fig. S5). This analysis assumes that attenuation of the
signal is constant everywhere, which is unlikely in such a region
with a large sedimentary basin (Van Kooten, 2012), crustal varia-
tions (Veenstra et al., 2006), and complex upper mantle hetero-
geneities (Rondenay et al.,, 2010). Nevertheless, we are able to use
the amplitude variations of the foreshock signal to show that the
Nenana epicenter is a plausible source location (Fig. S5). We did not
identify unequivocal, locatable sub-events within the foreshock
signal.

3.1. One event versus two events

A fundamental question is whether the foreshock signal in
Fig. 6 occurs at or near the Nenana hypocenter, or whether it is a
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Fig. 6. Envelope of velocity seismograms for two representative stations. The amplitudes are plotted on a log scale so that the noise level, foreshock signal, and mainshock
are all visible. The linear slope of the foreshock signal represents an exponential growth in amplitude. MLY.AK is 86 km northwest of the Nenana epicenter; COLA.IU is

51 km east of the Nenana epicenter.
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Fig. 7. Comparison between the 2012-04-11 M,, 3.9 and 2004-11-17 M,, 3.6 earthquakes, recorded at COLA.IU. The 2004 event has similar hypocenter, magnitude, and
source mechanism to the 2012 event. The striking difference between these two records is the 2012 foreshock signal, interpreted as a nucleation phase.

separate process occurring in a separate place. The preceding
attenuation analysis shows that the foreshock signal must be
within 20 km or so of the Nenana epicenter. Next we examine the
temporal variation, considering the possibility of two simulta-
neous signals. Fig. 7 compares the high-frequency envelope of
seismograms recorded at COLA.IU for the 2012 Nenana earthquake
and for a 2004 comparison event with similar source parameters
(Table S1). The two time series show striking similarity in their
amplitudes for the earthquakes (t > 0). (Note that no amplitude
scaling has been applied.) The foreshock signal in the 2012 event is

the obvious difference, and the comparison shows that the
foreshock signal could not have continued on the same
linear trajectory for more than 20 s after the mainshock; otherwise
we would see it manifested within the earthquake coda of the
2012 event. The comparison suggests that the foreshock signal
‘stopped’ close in time to the mainshock initiation. The most
plausible explanation is that there was one event in the same
location, with the foreshock signal ‘becoming’ the mainshock
signal. Our subsequent interpretation is based on the one-
event model.
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4. Interpretation

The foreshock signal indicates that the Nenana earthquake
nucleated as a slow creep-like process at least 24 s before the
mainshock. Two aspects of the Nenana earthquake need explana-
tion: the exponential growth of the foreshock signal (Fig. 6) and
the coincidence of the M,, 3.9 mainshock with the peak negative
stress perturbation (Fig. 2d). Observations alone cannot discrimi-
nate among several possible interpretations. Below we outline
three key questions, which frame eight possible scenarios. Further
evidence from additional observations and from theoretical and
laboratory studies may help discriminate among the different
scenarios for the Nenana earthquake.

4.1. Key questions

We pose three questions associated with three time periods:
(1) the time before the nucleation phase, (2) the time during
which the nucleation phase is visible, and (3) the time of
triggering of the M,, 3.9 mainshock. Fig. 8 serves as a guide to
these time intervals.

There are eight possible scenarios, each of which is some
combination of the letters E/F, I/], and R/S (Fig. 8). After posing the
key questions, we discuss three scenarios: FIR, FIS, and EIS.

4.1.1. When did nucleation start? (E or F)

The nucleation phase was underway at least 24 s before the
M,, 3.9 event was triggered. Prior to —24 s we can only speculate
what occurred. In Fig. 8 we suggest two possibilities, labeled E and
F. With E, the nucleation phase begins just before —24s. The
starting point for path E is unknown, since we do not know the size
of the first asperity that slipped. The nucleation could have started
earlier, as suggested by path F. We propose path F based on the
timing of the peak positive stress perturbation from the Sumatra
Love waves, at —72.9s. We show two possible paths for how
nucleation proceeded. Exponential nucleation growth could have
started at the outset (F1) or at some time later (F2).

If nucleation started at —72.9 s, then the principal axes of the
Love wave stress field are quite similar to the principal axes of the
triggered earthquake. Using the time of —72.9 s instead of 0 s, when
stresses were negative, would have the effect of flipping the direc-
tions of the Sumatra strain axes in Fig. 4. In this case, the 3D rotation
angle between the two sets of principal axes would be &, =34°,
which is statistically small (e.g., Fig. 11. of Tape and Tape, 2012).

4.1.2. Was exponential nucleation growth influenced by the Sumatra
stresses? (I or J)

The exponential growth in nucleation occurred during the time-
varying stress perturbation of the Sumatra Love wave (Fig. 2d).
However, we cannot determine if the Sumatra stresses influenced
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Fig. 8. Guide to interpretation scenarios for the Nenana earthquake (Section 4). (Bottom) The example time series is the MLY record in Fig. 6. The vertical line at t=—-72.9 s
is the peak positive shear stress perturbation from the Sumatra Love wave. (Top) Shear stress perturbation due to the Sumatra Love waves (Eq. A.3), in kilopascals. This is

the shear strain time series in Fig. 2d, scaled to shear stress.
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the exponential growth (case J), or not (case I). In the three example
scenarios below we have assumed case I, in part because there is no
direct correlation between the time variations of the Sumatra
stresses and the (constant) signal of the nucleation phase. Further-
more, exponential nucleation has been predicted from theoretical
models of slip-dependent friction (e.g., Campillo and Ionescu, 1997;
Ampuero et al., 2002).

4.1.3. What caused the M,, 3.9 mainshock? (R or S)

We propose two possibilities for the occurrence of the main-
shock, labeled R or S. With case R, the mainshock triggering is not
influenced by stresses from the passing Sumatra Love waves; with
case S, it is.

4.2. Scenario FIR: nucleation occurs during positive stress
perturbation; triggering unrelated to stress

The Nenana earthquake occurred under shear stress perturba-
tions of |g| ~ 5 kPa from the Sumatra Love wave. These perturba-
tions are small relative to the range of typical stresses of 20-
40 MPa on strike-slip faults (Brune and Thatcher, 2002). Therefore
we infer that the fault was critically loaded and near failure.

Because we have the unusual circumstance of having the
source mechanism of the triggered earthquake, we must also
reconcile the sign of the perturbation stress with the stresses
implied from the triggered earthquake. The left-lateral strike-slip
mechanism of the Nenana earthquake is consistent with the
predominant mode of faulting in the region (Fig. 4). If this fault
had been critically loaded, then a positive shear stress perturba-
tion would have been most likely to unload the fault. A negative
stress perturbation would have lessened the loading and there-
fore impeded triggering. Thus, case F places the onset of nuclea-
tion at the peak of the positive stress perturbation from Sumatra
(Fig. 8).

In scenario FIR, the Sumatra Love wave unloads the fault at
—72.9 s, and there is no further connection between the Sumatra
Love wave and the sequence of events. That is, the ensuing slow
nucleation and mainshock triggering would have occurred any-
way. (Unfortunately, we cannot repeat this experiment.) A slow-
slipping, growing patch on the fault could expand in both area
and slip, resulting in a cascading of microearthquakes and an
exponential growth in moment. This might be related to fore-
shock acceleration observed in non-triggered settings (Peng et al.,
2007; Bouchon et al.,, 2011). The rapid acceleration from the
foreshock signal to the mainshock could occur without any
external transient stress perturbations, as demonstrated in
laboratory and theoretical studies (Dieterich, 1978; Lapusta and
Rice, 2003; Kaneko and Ampuero, 2011), and suggested from
observations of earthquakes triggered by creep events (Peng and
Gomberg, 2010; Shelly et al., 2011).

4.3. Scenario FIS: nucleation and triggering both caused by stress
perturbation

Our preferred scenario differs from the previous scenario only
in the interpretation of the mainshock triggering (R versus S). Our
preferred interpretation posits that the mainshock occurrence at
peak negative stress (Fig. 1) was not a coincidence. The dominant
long-length-scale peak negative shear stress occurred during the
growing foreshock signal and ~ 6 s before the Nenana mainshock
(Table 1). We speculate that the mainshock occurred at the time
when the resisting shear stresses started to diminish. Thus the
Love wave strain pulse A in Fig. 2d nucleated the earthquake, and
pulse B triggered the mainshock, 73 s later (Table 1).

4.4. Scenario EIS: nucleation and triggering occur during negative
stress perturbation

From a purely observational standpoint, the simplest explana-
tion is that the nucleation phase started “close” in time to when
the signal exceeded the noise level, at —24 s, labeled as E in Fig. 8.
This interpretation requires the least extrapolation of the nuclea-
tion phase to earlier times. The mainshock coincided with peak
negative stresses, as in scenario FIS. The key distinction from FIS is
that with EIS we have no physical mechanism for how the fault
could be unloaded under negative shear stresses. Nevertheless,
it is possible that other factors could be significant, such as
normal stresses or the prolonged shaking and stressing of the
entire fault zone.

5. Discussion and conclusion

The Love wave from the 2012-04-11 M,, 8.6 offshore Sumatra
earthquake triggered a M,, 3.9 strike-slip earthquake in central
Alaska that was preceded by a slow, creep-like nucleation phase
with exponential growth. The sequence of events, including the
nucleation phase, was well-recorded by 12 stations within
200 km of the epicenter near Nenana, Alaska. Despite the quality
of the observations, it is impossible to isolate the physical
processes responsible for the observations, at least from observa-
tions alone. In Section 4 we use three questions to frame the
different interpretation scenarios.

The nucleation phase of the Nenana earthquake is a rare
observational example of earthquake nucleation. The closest
analog to the Nenana earthquake foreshock signal is the foreshock
signal of the 1999 M,, 7.6 Izmit earthquake. Using a single
discontinuous seismogram, Bouchon et al. (2011) identified a
44-min long nucleation phase comprised of several repeating,
nearly identical waveforms. The four largest Izmit foreshocks
occur at 43 min (4th), 20 min (3rd), 12 min (2nd), and 2 min (1st)
before the mainshock, indicating an acceleration and growth of
the largest foreshocks. The Nenana foreshock signal (Fig. 5) may
represent a sequence of many microearthquakes in the Nenana
hypocentral region, but, unlike the Izmit foreshock sequence,
the events are not separated in time enough to attribute all
the waveforms to distinct events. The amplitude growth of the
foreshock signal is better quantified in the case of Nenana than in
the case of Izmit (Section 3). All 12 stations for the Nenana
earthquake exhibit exponential growth during nucleation
(Eq. (2)), whereas with Izmit the growth is somewhat qualitative.

A second connection between the Izmit and Nenana nucleation
phases is in their comparably deep hypocenters. The Izmit hypo-
center was at a depth of 15 + 2 km (Bouchon et al., 2011), near the
base of the 17 km crust (Ozalaybey et al., 2002). The Nenana
hypocenter was at a depth of 19 + 1 km (Supplementary Fig. S3b),
also near the base of the 25 km crust (Veenstra et al., 2006).
Bouchon et al. (2011) attributed the Izmit nucleation phase to
fault creep in the area surrounding a patch that repeatedly failed
and that ultimately started the M,, 7.6 earthquake. We, too,
attribute the Nenana nucleation phase to fault creep. However,
we do not have evidence that the same patch is repeatedly failing.
Therefore we prefer an interpretation in which the creep patch
is growing radially, with the foreshock signal manifested by
tiny asperities breaking at the boundary of the growing patch.
This patch eventually breaks a much larger asperity associated
with the M,, 3.9 mainshock. In Section 4 we speculate as to
whether this process was influenced by the dynamic stresses
from Sumatra.

Shelly et al. (2011) demonstrated that seismic waves from
large events can trigger slow creep events at depths of 20-30 km
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on the San Andreas fault. These triggered creep events can be
thought of as a collection of repeating microearthquakes that
migrate at rates of tens of meters per second over a time period of
hours to days. Shelly et al. (2011) acknowledged that a creep
event could possibly trigger earthquakes secondarily; in other
words, seismic waves from distant earthquakes trigger a slow
creep event, which in turn can trigger earthquakes in the
immediate vicinity. In the case of the Nenana sequence, we see
that the nucleation phase (or ‘creep event’) led directly into the
M,, 3.9 mainshock (Fig. 6). However, as discussed in Section 4,
this might be better thought of as a natural progression of
nucleation from a slow stage to rapid slip, rather than as a
creep-like nucleation event that triggers a larger earthquake.
Regarding the exponential growth of the Nenana nucleation
phase, it would be interesting to see whether any of the creep
events in Shelly et al. (2011) exhibited growth in amplitude as the
event evolved.

The 2012 M,, 8.6 offshore Sumatra earthquake triggered
several large (5.5 < M,y < 7) earthquakes. These earthquakes were
preferentially strike-slip mechanisms and within the maximal
radiation region of the Sumatra Love waves (Pollitz et al., 2012).
Some of the events occurred during the passage of the Sumatra
waves, while others occurred days later. The key point is that the
M,, 8.6 earthquake elevated the global seismicity rate of My >5.5
earthquakes. However, with the larger delay times it is challen-
ging to determine exactly which earthquakes were triggered and
which earthquakes would have occurred anyway, in the absence
of the Sumatra earthquake. The Nenana earthquake was also
strike-slip and favorably oriented for large dynamic shear stresses
from Sumatra (Fig. 1a). What is special about the Nenana earth-
quake is that it was instantaneously triggered and it exhibited a
tremor-like nucleation phase. It remains to be seen whether a
nucleation phase is associated with other triggered events, such
as those in Pollitz et al. (2012) or Velasco et al. (2008), or whether
there is something particularly special about the crustal setting
near Nenana, Alaska. If it is the latter, then seismic stations will be
needed in the Minto Flats seismic zone (there are none), in order
to detect any tremor-like signals and to better characterize the
fault structure.

The Nenana earthquake raises hypotheses that can be tested
with numerical models, laboratory experiments, and earthquake
observations. The first question is whether exponential growth of
a nucleation phase requires a time-varying stress perturbation.
Based on laboratory and theoretical studies (e.g., Campillo and
Ionescu, 1997; Ampuero et al., 2002; Kaneko and Ampuero, 2011)
and observations (Bouchon et al., 2011), it seems plausible that a
time-varying stress perturbation is not required; however, in this
case we would expect to find many more observational examples
of exponential nucleation. The second question is whether a time-
varying stress perturbation can accelerate a ‘minor’ event, such as
the interpreted nucleation phase, into a mainshock, once a
dynamic rupture is underway. Theoretical and laboratory studies
have explored how various forcing parameters influence trigger-
ing (e.g., Gomberg et al., 1998; Perfettini et al., 2003; Savage and
Marone, 2008). The Nenana earthquake poses a challenge to
theoretical and laboratory studies to include the physics of
nucleation and dynamic triggering within the same framework,
and it motivates seismologists to reexamine remotely triggered
earthquakes for the presence of a nucleation phase.
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Appendix A. Computing the strain wavefield

We consider a #-A-a’ reference frame, where r is the radial
(upward) coordinate, A is the arc distance from Sumatra, and
o' = —o is the azimuthal angle from Sumatra but in the opposite
sense. The basis £-A-o is right handed, —&’ is the same direction
as positive transverse component, and toroidal motion is there-
fore given by u=u, & = —u,d = —urd’.

The gradient of the displacement field, L=Vu, is directly
computed in A-o coordinates (with Sumatra at A =0 at the pole)
The estimated strain tensor is the symmetric part of
L, £=05(L+L"). Considering the dominant Love waveform in
this study (Fig. 2), we can approximate the wavefield in Alaska
by pure toroidal motion. We neglect changes in the vertical
direction that are associated with the depth variations of the
toroidal displacement eigenfunction, and we neglect changes in
the transverse direction that are associated with the Sumatra
source radiation pattern. The time-dependent symmetric strain
tensor (Malvern, 1969) then reduces to

1
0 0 ?(ua’)
&(r,4,00) = — 1/ Oy (A1)
0 0 5 Uy, cot A A
€ror  EAw 0
1
0 0 Z(UT)
&(r,4,00) = 1 _our) |, (A2)
0 0 o ut cot A A
Cror EAy 0

where ut = —uy.
The shear strain term, with explicit dependence on 4 and t and
evaluated at the Earth’s surface (r=R), is
_ 1 our
S(A4,t) = epy (A ) = 5R <uT(A,t) cot A— A (A,t)). (A3)
The magnitude of shear strain, |s|, will differ from the matrix
norm of the strain tensor, llel=(g:¢&'/2. In our case, ur| ~
0.01|6uT/6A , and we can neglect the non-derivative terms of
ur. In that case the strain tensor has only two non-zero entries,
€y (represented by s), and the norm is llgl = v2s2 = v2]s|.

Appendix B. Supplementary material

Supplementary material associated with this article can be
found in the online version at http://dx.doi.org.10.1016/j.epsl.
2012.11.060.
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