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[1] Supershear rupture, in which a fracture’s crack tip expansion velocity exceeds the elastic
shear wave velocity, has been extensively investigated theoretically and experimentally and
previously inferred from seismic wave observations for six continental strike-slip earthquakes.
We find extensive evidence of supershear rupture expansion of an oceanic interplate
earthquake, the 5 January 2013Mw= 7.5 Craig, Alaska earthquake. This asymmetric bilateral
strike-slip rupture occurred on the Queen Charlotte Fault, offshore of southeastern Alaska.
Observations of first-arriving Sn and Sg shear waves originating from positions on the fault
closer than the hypocenter for several regional seismic stations, with path calibrations
provided by an empirical Green’s function approach, indicate a supershear rupture process.
Several waveform inversion and modeling techniques were further applied to determine the
rupture velocity and space-time distribution of slip using regional seismic and geodetic
observations. Both theoretical and empirical Green’s functions were used in the analyses, with
all results being consistent with a rupture velocity of 5.5 to 6 km/s, exceeding the crustal and
upper mantle Swave velocity and approaching the crustal Pwave velocity. Supershear rupture
occurred along ~100 km of the northern portion of the rupture zone but not along the shorter
southern rupture extension. The direction in which supershear rupture developed may be
related to the strong material contrast across the continental-oceanic plate boundary, as
predicted theoretically and experimentally. The shear and surface wave Mach waves involve
strongly enhanced ground motions at azimuths oblique to the rupture direction, emphasizing
the enhanced hazard posed by supershear rupture of large strike-slip earthquakes.
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1. Introduction

[2] Seismological observations indicate that most earth-
quakes have an average rupture front expansion velocity
slower than the elastic S wave velocity (subshear), typically
at or below the medium Rayleigh wave velocity. However,
both theoretically [Burridge, 1973; Andrews, 1976, 1985;
Burridge et al., 1979; Dunham et al., 2003; Dunham, 2005;

Dunham and Bhat, 2008] and experimentally [Rosakis et al.,
1999; Xia et al., 2004; Xia et al., 2005; Passelègue et al.,
2013], it is established that rupture can propagate faster than
the S wave velocity (supershear) for mode II fractures with
rupture propagation direction parallel to the fault slip direction,
as is typical of strike-slip earthquakes. Dynamical models of
supershear rupture indicate that high prestress and low static
friction may be important to the initiation of supershear rupture
process [Burridge, 1973]. The transition from subshear to
intersonic (between S and P wave velocities) occurs when S
wave energy ahead of the rupture front is sufficient to over-
come frictional resistance on a preexisting fault surface, initiat-
ing a second rupture front ahead of a subshear front [Andrews,
1985; Dunham and Bhat, 2008; Dunham et al., 2003; Festa
and Vilotte, 2006; Liu and Lapusta, 2008; Kaneko and
Lapusta, 2010]. The supershear transition can be abetted by
the existence of stress heterogeneity and by proximity to failure
stress along the fault [e.g., Day, 1982; Olsen et al., 1997;
Dunham et al., 2003; Mena et al., 2012].
[3] Geophysical inferences of supershear ruptures have

been reported for six large strike-slip (mode II) earthquakes
in continental crust and one strike-slip event within an oceanic
plate [e.g., Archuleta, 1984; Bouchon et al., 2001; Bouchon
and Vallée, 2003; Choy and Boatwright, 2004; Frankel,
2004; Dunham and Archuleta, 2004; Robinson et al., 2006;
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Walker and Shearer, 2009; Wang and Mori, 2012]. The 1979
Imperial Valley MS 6.9 earthquake was the first event for
which supershear rupture was inferred [Archuleta, 1984].
By analyzing near-field data, an overall rupture velocity of
2.7–3.2 km/s was estimated [Spudich and Cranswick, 1984]
with significant rupture velocity variation that included
localized supershear rupture of a fault segment transected
by nearby strong motion instruments [Archuleta, 1984].
In 1999, two strike-slip earthquakes struck the north
Anatolian fault zone, the Mw = 7.4 İzmit and Mw = 7.2
Düzce events. Strong ground motions recorded directly
along the Anatolian fault were used in source analyses,
which indicate that both events had bilateral ruptures with
supershear only on their eastern segments. A rupture veloc-
ity of ~5 km/s was reported for both events [Bouchon et al.,
2001, 2002], close to the value of 1.414 times the shear
velocity which is found to be a stable supershear rupture
velocity in some theoretical calculations [Freund, 1979].
Additional studies of the Turkey events indicate a range
of rupture velocity estimates, but all involve supershear
rupture [e.g., Sekiguchi and Iwata, 2002; Birgören et al.,
2004; Bouin et al., 2004; Konca et al., 2010]. Although
ground motion amplification related to Mach waves is
expected for supershear ruptures, ground motion simula-
tions for supershear rupture models of the İzmit event did
not produce significant peak ground velocity enhancements
[Aochi et al., 2011], likely because the length of supershear
rupture was fairly short.
[4] The 2001 Mw 7.8 Kokoxili (Kunlunshan), China event

appears to have had a more extensive supershear rupture.
Although on-fault observations are not available for the
Kokoxili event, eastward rupture along a 300 km long
segment produced significant directivity effects, allowing
supershear rupture to be identified in seismic data collected
at regional distances (<2000 km) [Bouchon and Vallée,
2003]. Mach waves produced by the supershear rupture
segment have coincident arrivals from the finite-source
toward particular directions [Vallée and Dunham, 2012] and
exhibit significant amplitude enhancement due to constructive
interference. Supershear rupture of the Kokoxili event is also
apparent in teleseismic P wave back projections [Walker and
Shearer, 2009], which indicate an initial subshear rupture
velocity over a distance less than 40 km, then increase to
supershear rupture velocity of ~5.6 km/s.
[5] Using teleseismic back projections,Walker and Shearer

[2009] also identified a similar rupture process for the 2002
Mw 7.9 Denali, Alaska event. For the Denali event, one strong
motion station, deployed 3 km from the fault, recorded
unusual ground motions attributed to supershear rupture based
on dynamic source simulations [Ellsworth et al., 2004;
Dunham and Archuleta, 2004]. A strong Mach wave and a
trailing fault surface Rayleigh wave were detected in the
near-field record; this complexity has also been observed in
laboratory experiments [Mello et al., 2010]. The moderate size
Mw 6.9 2010 Yushu, China earthquake is the smallest event
interpreted as having supershear rupture, based on one near-
field observation along the fault and teleseismic short-period
waveform back projections [Wang and Mori, 2012]. The
rupture is relatively short, so teleseismic inferences of
supershear rupture are marginal for events of this size.
[6] The 2012Mw 8.6 Indo-Australia intraplate oceanic earth-

quake is the largest strike-slip event yet observed [Yue et al.,

2012]. The rupture process of the Indo-Australia event is very
complex, involving rupture of no less than four segments. No
near-field data are available, but supershear rupture was
inferred using teleseismic P wave back projections in one
study [Wang et al., 2012] while other back projections indi-
cate relatively low rupture velocities [Meng et al., 2012; Yue
et al., 2012]. The evidence for supershear rupture of this
event is marginal despite its size, mainly due to the com-
plexity of the process. Generally, rupture velocity is easier
to determine for a long unilateral rupture like the Kokoxili
event [e.g., Antolik et al., 2004; Bouchon and Vallée, 2003]
or when near-regional ground motion recordings are located
directly along the fault rupture as for the Imperial Valley,
Denali, İzmit, Düzce, and Yushu events [e.g., Bouchon
et al., 2001; Dunham and Archuleta, 2004].
[7] Supershear rupture produces horizontally expanding

planar S and surface wave Mach waves that enhance ground
shaking and damage at small oblique angles to the direction
of rupture propagation, affecting wave energy distribution
[Das, 2007; Kaneko and Lapusta, 2010; Andrews, 2010].
Near the Mach cone azimuth, which is determined by the
rupture velocity, the waves from along the supershear portion
of the rupture interfere constructively to resemble the plane
waves, effectively spreading from a line source rather than
a point source, giving significantly enhanced amplitude
[Vallée and Dunham, 2012]. The strong directivity effect of
supershear rupture may cause severe damage in the forward
rupture direction [Das, 2007; Wang and Mori, 2012]. For
several supershear events, aftershock distributions have been
found to be absent on the supershear rupture segment but
abundant in splay faults. This may be caused by nearly total
stress release on the main fault plane with the branch fault
being activated by significant ground shaking and static
stress loading [Bouchon and Karabulut, 2008]. Occurrence
of supershear rupture is thus important for ground shaking
modeling and seismic hazard estimation, along with revealing
fundamental physics of rupture initiation.

2. The 2013 Mw 7.5 Craig, Alaska
Strike-Slip Earthquake

[8] On 5 January 2013, a large strike-slip event struck along
the Queen Charlotte Fault (QCF) offshore of southeastern
Alaska (55.4°N, 134.7°W, depth= 10 km, 08:58:19 UTC;
http://comcat.cr.usgs.gov/earthquakes/eventpage/pde2013010
5085819330_10#summary). This is called the Craig, Alaska
earthquake. The fault is the main plate boundary between the
Pacific (oceanic) and North America (continental) plates and
experiences right-lateral shearing on a steeply dipping plane
at a long-term rate of about 47 mm/yr. The strike-slip focal
mechanism (Figure 1) of the 2013 event is consistent with
shallow rupture of the plate boundary. Approximately 300
aftershocks within 1 month after the main shock were located
by the Alaska Earthquake Information Center (AEIC) and are
distributed ~100 km to the north and ~30 km to the south of
the epicenter, indicating an asymmetric bilateral rupture with
predominantly northward extension. The earthquake seismic
moment is ~2.2 × 1020 Nm and the magnitude is Mw 7.5
[Lay et al., 2013]. Supershear rupture has been reported for
comparable size earthquakes, such as the Mw 7.6 1999 Izmit
earthquake [Bouchon et al., 2001], but the offshore location
of the 2013 Craig, Alaska earthquake precluded near-fault
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groundmotionmeasurements. Fortunately, the fault runs along
the continental margin, and numerous seismic and geodetic
stations in Alaska and western Canada located at near-
regional (<400 km) to regional distances (<1500 km) provide
>180° azimuthal coverage of seismic radiation and static
ground deformation for the event.

3. Direct Supershear S Wave Observations

[9] The most straightforward evidence for a supershear
rupture is observation of S waves at positions along the
rupture direction that arrive earlier than the S wave from the
hypocenter, with ensuing arrivals coming in reverse chrono-
logical order of the rupture process. Figure 2 shows that for
a subshear rupture, the initial shear wavefront arriving at all
directions originates from the hypocenter. For a supershear
rupture, the rupture front precedes the S wavefront from

the hypocenter at azimuths near the rupture direction, pro-
ducing initial arrivals (designated pre-hypocentral S waves)
from the end of the supershear segment at small oblique
angles to the rupture propagation direction. At larger
oblique angles in the forward rupture direction, the energy
from the entire rupture sequence arrives together, constitut-
ing a locally planar S Mach wave. Such Mach waves are
observed in supershear rupture experiments using laser
image snapshots [Rosakis et al., 1999; Xia et al., 2004,
2005] or recorded accelerograms [Passelègue et al., 2013],
providing the main supershear detection criteria in experi-
mental measurements. However, it is challenging to identify
such a Mach wave for earthquakes, because the wavefront
from the hypocenter is always distorted by local structure
heterogeneities (Figure 2c), and the distribution of seismic
stations is usually inadequate to resolve the continuous
wavefront. The detailed velocity structure controlling the
arrival times is usually not well known; therefore, it is difficult
to precisely calculate the hypocentral S arrival time to
differentiate it from any pre-hypocentral S wave. Furthermore,
regional S wave signals tend to be very complex due to
crustal waveguide interactions, making it difficult to identify
pre-hypocentral arrivals and Mach waves.
[10] To address these challenges, we use signals from a 14

January 2013 (Mw 5.5) aftershock (Figure 1) as empirical
Green functions (EGFs). This small event has negligible
rupture complexity and short-period regional S wave (Sg)
arrivals can be picked reliably at stations that also record
the main shock. Because the EGF event locates close to the
main event hypocenter, the EGF wavefront resembles the
shape of main event hypocentral wavefront even though
distorted by propagation effects (Figure 2d). After determin-
ing the relative location of the two hypocenters, we correct
for the Sg or Sn arrival time differences expected due to the
differential hypocenter locations, aligning waveforms for
both events, which effectively aligns the EGF Sg or Sn
wavefront with the corresponding main event hypocentral
wavefront (Figure 2d). Then, observation of any significant
energy ahead of the hypocentral/EGF arrivals can be attributed
to supershear rupture of the larger event.

3.1. EGF Relocation

[11] Precise relative locations of the EGF and main shock
hypocenters are needed for our analysis. We manually mea-
sured the initial Pn phase arrival times of both the main shock
and the EGF event at regional stations. The differential travel
times from 26 stations located within 1000 km are used in our
relative location determination, with both southern and north-
ern stations being important for constraining the along-fault
location (Figure 3). We held the main shock location fixed
at 55.2280°N, �134.8591°E, 10 km deep, as located by the
AEIC using regional networks. The initial time of the main
shock is 08:58:15 in the AEIC catalog, which is 4 s earlier than
the initial time reported by the USGS National Earthquake
Information Center. Such an origin time discrepancy origi-
nates from differences in velocity models or differences in
picking of small initial phase arrivals. The USGS location
predicts ~3 s arrival time discrepancies with the closest
stations, so for the regional data, we prefer the AEIC parame-
ters. Only Pn phase data are used in our relative relocation,
since the shear wave phases may be influenced by supershear
rupture effects.

Figure 1. The inset indicates the regional plate tectonic
setting with the Pacific and North America plates shearing
horizontally at 47 mm/yr (black arrows) along the Queen
Charlotte Fault (black line) and converging along the
Aleutian trench. The map shows the focal mechanism solu-
tions of the 5 January 2013 (Mw 7.5) main event and three
aftershocks. The 14 January 2013 (Mw 5.5) aftershock is used
to provide empirical Green’s functions (EGFs) in the pre-
hypocentral S wave and Mach wave analyses. The 31
January 2013 (Mw 5.9) event is also used as an EGF in the
pre-hypocentral S wave analysis. Near-field high-rate GPS
and seismic stations are shown as blue and red solid trian-
gles, respectively. The locations of aftershocks in the first
month following the main shock are small red solid circles.

YUE ET AL.: 2013 CRAIG EARTHQUAKE SUPERSHEAR RUPTURE

5905



[12] The Pn differential arrival times are calculated through
a 1-D layered model, extracted from a nearby active source
reflection profile that includes a velocity contrast across
the oceanic/continental plate boundary [Horn et al., 1984].
Given that the near-field stations are all located on the land-
ward side and the raypaths all traverse landward structure,
we averaged the velocity structure on the landward side to
obtain the 1-D structure shown in Table 1. A Vp/Vs ratio for
layered structure obtained from a nearby receiver function
study [Morozov et al., 1998] is used to estimate S wave veloc-
ities from the P wave velocities.
[13] A classical Newton inversion method was applied to

search for the relative location and initial time of the EGF event,
avoiding local minima effects by usingmultiple initial locations.
The relocated EGF hypocenter is 55.0469°N, 134.7303°E,
about 20 km southeast of the main shock hypocenter. The main
shock and EGF are assumed to be at the same depth because in
Pn phase location the initial time trades-off with the hypocenter
depth. The average differential time residual is <0.5 s, which
indicates relative location error of <4 km (Figure 3). The lack
of stations to the west limits resolution of the location in the
EW direction, but the similarity of the focal mechanisms for
the EGF and main shock (Figure 1) indicates that they are both
on the Queen Charlotte Fault. A summary of main shock and
aftershock locations is shown in Table 2. We also list the
AEIC location of the 31 January 2013 Mw 5.9 event, which
we used as a second EGF (EGF2) for regional S wave analysis.

3.2. Sg Wave Alignment and Pre-hypocentral Sg
Wave Observations

[14] With the relative locations between the main shock
and EGF being well determined, we can shift the Sg arrival
time of the EGF signals to correspond to the main shock
hypocenter using our 1-D velocity model and corresponding
computed Sg raypaths. Because the distance between the rel-
ative hypocenters is small, ~20 km, the Sg travel time error
produced by correcting for the differential path length to each
station is<0.5 s, even allowing for 10% inaccuracy in the
reference model. After correcting to a common hypocenter,
the EGF waveforms identify when signals from the main
shock hypocenter should arrive in the main shock wave-
forms. The arrival time of the relatively simple Sg phases
for the shifted EGF waveforms is picked and both sets of sig-
nals are aligned on the hypocentral phase arrival times. The
waveforms are filtered with a causal band-pass filter with corner
frequencies of 1 and 10 Hz to remove low-frequency energy
from preceding Sn phases and to emphasize the Sg arrivals.
[15] Figure 4 shows that the main shock and EGF hypocen-

tral short-period vertical component Sg arrivals are well
aligned at the southern stations, FSB, BNB, MASB, and
NDB, but the main shock has clear large amplitude arrivals
before the hypocentral Sg arrival at the northern stations JIS
and BESE. Corresponding energy is not present in the EGF
waveforms, reducing the possibility of any propagation effect
such as P wave scattering or multipathing, which should be in

Figure 2. (a) The S wavefronts from the hypocenter and three locations along the leftward propagating
rupture front are indicated by orange and blue semicircles, respectively. For subshear rupture velocity,
the initial S wave observed at all locations originates at the hypocenter. (b) In a supershear rupture, the
S wave arrives earlier than the hypocentral wavefront along the rupture propagation direction and a
Mach wave (cyan dashed line) develops at oblique angle to the rupture direction. (c) For actual earth-
quakes, the rupture front is always distorted by heterogeneities, which makes it difficult to identify any
pre-hypocentral arrival or a Mach wave, which will be distorted from planar by the heterogeneities. (d)
The EGF wavefront (red curve) resembles the shape of the main shock hypocentral wave front (orange
curve), because the signals travel through similar structures. When corrected for the differential arrival
times due to the epicentral shift for the corresponding specific phase, the EGF wavefront (red dashed
curves) closely matches the main shock hypocentral wavefront. Because the EGF wavefront is easier
to identify, this operation helps to detect any pre-hypocentral S wave arrivals and Mach cone behavior
for stations in the supershear rupture direction.
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common for both sources. We attribute this energy to super-
shear rupture. For more distant northern stations, the Sgwaves
are not confidently identified in the EGF waveforms so this
procedure cannot be applied to more data.
[16] We also made similar Sg waveform comparisons of

the main shock and EGF recordings for various band-passes
for tangential component ground displacements. Because the
close southern stations on Haida Gwaii, including BNB,
MASB, and NDB, are all short-period (< 1 s) vertical
component stations, only stations to the north are used for
the tangential component analysis. A similar hypocentral
equalization process was also applied to records for EGF2,
for which we corrected for the Sg arrival time caused by the
differential locations reported by AEIC (Table 2). The
comparison of the main shock, EGF, and EGF2 tangential
displacement Sg arrivals is summarized in Figure 5a. The
main shock broadband tangential components at northern
stations consistently show 3 to 5 s early initial Sg arrivals to
the north relative to both EGF and EGF2, compatible with
the results in Figure 4. This is apparent in all bandwidths
for the tangential component signals.
[17] The main shock/EGF amplitude ratios of the Sg signals

in Figure 4 show 1 order of magnitude difference between the
southern and northern stations, indicating a strong directivity
effect of the main shock rupture process. It proves difficult
to fully model the short-period amplitude ratios because of
the uncertain propagation effects, as discussed below.

3.3. Sn Wave Alignment and Pre-hypocentral Sn
Wave Observations

[18] Sn waves refract along the continental crust-mantle
(Moho) boundary and arrive earlier than the Sg phase at
regional distances, with lower frequency content (Figure 5).
If the rupture velocity surpasses the upper mantle shear
velocity (~4.5 km/s), we should also observe a pre-hypocentral

Sn arrival at the northern stations. We corrected the Sn phase
arrival times in EGFwaveforms for the differential path lengths
relative to the main shock, using the Sn slowness for our 1-D
model. The waveform comparisons, again aligned on the
hypocentral arrival for the main shock and EGF, are shown
in Figure 5b, for two high-quality recordings. Here we
use relatively broad band-pass filters to capture the low-
frequency content of the Sn headwaves. The main shock
has ramp-like onsets of Sn for which it is difficult to measure
absolute arrival times, but the EGF signals have sharper onsets
and the differential times can still be confidently measured.
The main shock Sn initial phases arrive about 5 s earlier than
the hypocentral Sn time, similar to the Sg data. As tangential
component Sn is the first expected arrival on the tangential
components, these observations are not subject to possible
contamination from earlier S arrivals (whereas Sn precedes
Sg in the data in Figures 4 and 5a).
[19] With this EGF alignment technique, we have clearly

identified Sn and Sg waves that arrive earlier than the hypo-
central Sn and Sg shear waves. These observations clearly
demonstrate the existence of supershear rupture. Since
pre-hypocentral waves are observed in both Sg and Sn
phases, the rupture velocity exceeds both the crustal and
upper mantle shear velocity and thus is>4.5 km/s. The initial
pre-hypocentral arrivals originate from the terminus of the

Figure 3. (a) In the inset, positions of stations used for relative location are shown as red solid triangles. In
the main map, the AEIC main shock location, AEIC and USGS reported EGF locations, and our relocated
relative EGF location are plotted with red, green, black, and blue solid dots, respectively. The Queen
Charlotte Fault is plotted with a black solid line. (b) Differential Pn wave arrival times between the main
shock and the EGF event at each station sorted by their respective latitude. The curves are the observed
differential arrival times (red), the predicted differential arrival times for the AEIC location (green), and
for our relative relocation (blue).

Table 1. Regional 1-D Velocity Model

Layer Thickness (km) Vp (km/s) Vs (km/s) Density (kg/m3)

7.0 6.30 3.53 2600
8.0 6.50 3.54 2790
7.0 6.50 3.56 2900
6.0 6.80 3.67 3000
22.0 7.80 4.50 3500
Inf 8.10 4.50 3500
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supershear rupture segment, but locating that depends on the
rupture expansion history of the event. Fully quantifying the
rupture velocity history requires constraints on the spatiotem-
poral slip distribution along the fault, which must be deter-
mined using azimuthally distributed observations.

4. Finite-Fault Model Inversion

[20] Space-time evolution of a large earthquake rupture is
usually determined by finite-fault model (FFM) inversion,
quantifying the rupture velocity, Vr, and slip distribution.
Supershear rupture velocity has been identified using FFM
inversion for some previous events [e.g., Bouchon et al.,
2002; Konca et al., 2010]. Joint inversions including near-
regional ground motions provide improved sensitivity to
the rupture velocity compared to using only teleseismic data
sets [Yue and Lay, 2013; Yue et al., 2013]. Thus, we include
both teleseismic and near-field seismic and geodetic records
in our FFM inversion. Ground motion recordings at near-
regional epicentral distances <400 km from the 2013 event
are available from five high-rate GPS (hr-GPS) stations and
three broadband seismic stations (Figure 5). Resolving Vr
still depends on the geometry of the station distribution, which
is one-sided for the 2013 Craig, Alaska event, with most
stations being located along the northern extent of the rupture.
Fortunately, the rupture is predominantly toward the north.

For a well-determined hypocenter and good regional velocity
model, the main parameter controlling the initial S wave
arrival time for any northward supershear radiation at stations
along the rupture is the rupture velocity. For stations in the
south, the initial motion comes from the hypocenter, so the
rupture velocity does not affect the timing of the initial motion.

4.1. Model Parameterization

[21] The finite-fault model is parameterized with 16 nodes
along strike with 10 km increments and 3 nodes along dip
with 5 km increments (Figure 6). The total size of the FFM
is 160 km along strike and 15 km along dip. The strike is
335° and dip is 63°, given by the USGS W-phase point
source focal mechanism. We found that this geometry fits
the data slightly better than using the global centroid moment
tensor (g-CMT) solution, but using the g-CMT solution does
not produce significant differences in rupture velocity or
slip patterns. The hypocenter is 45 km from the southern end
of the model and 115 km from the northern end. We use a
multi time-window linear inversion technique [Hartzell and
Heaton, 1983], in which the source time function of each
subfault is parameterized with eight symmetric triangles with
2 s rise times and 2 s shifts, allowing up to 18 s long source
time functions for each subfault. We use two slip-vector orien-
tations for each subfault to allow rake-varying slip, applying a
nonnegative least squares inversion [Lawson and Hanson,

Figure 4. Regional vertical component seismic records of the main shock (blue traces) and the EGF event
(red traces) aligned on the manually selected Sg arrivals from the EGF. All records are band-pass filtered
between 1 and 10 Hz and normalized by their maximum amplitudes. Station names, azimuths, and distances
are indicated along with observed ratios of peak Sg amplitudes (main shock/EGF). For the northern stations,
very large Sg arrivals for the main shock (green solid triangles) arrive earlier than arrivals from the hypo-
center, requiring close source locations that can only be reached by supershear rupture, as in the example
in Figure 2.

Table 2. Earthquake Locations

Event Date Time (UTC) Latitude Longitude Depth (km) Mw Source of Information

Main shock 5 Jan 08:58:15 55.228 �134.859 10 7.5 AEIC
EGF1 14 Jan 18:45:49 55.047 �134.730 10 5.5 Relocated
EGF2 31 Jan 09:53:43 55.437 �134.963 14 5.9 AEIC
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1995] in which the rake of each subfault is allowed to vary
between 135° and 225°. We apply Laplacian regularization,
which constrains the second order gradient for each parameter
to be zero.
[22] Three data sets are used in the FFM inversions: near-

regional hr-GPS, near-regional seismic, and teleseismic data.
The near-regional records are all from stations located within
400 km of the hypocenter. For these, we use 1-D Green func-
tions computed for our regional model.

4.2. Hr-GPS Data Set

[23] We used five hr-GPS stations with three-component
recordings of full ground displacements including time-
varying seismic motions and static offsets. The GPS stations
are part of the Earth Scope Plate Boundary Observatory,
operated by UNAVCO. We produce displacements from 1

sample per second GPS phase and pseudorange observa-
tions in a PPP solution [Zumberge et al., 1997] with the
GIPSY software and JPL final orbits and clocks. The JPL
clock estimates were linearly interpolated from 30 s to 1 s
sampling. We estimate position variations using a random
walk noise model in GIPSY’s Kalman filter; aside from
the kinematic solution approach, other models applied were
the same as those used for daily position estimates [Fu and
Freymueller, 2012]. This process produces a position time
series for each site in the ITRF2008 reference frame. A side-
real filter was applied to each record to remove the noise
introduced by local multipathing, and we used the 20 min
before the earthquake to define the zero point for the
displacement seismograms.
[24] For inversion, the hr-GPS data are filtered with a

causal low-pass Butterworth filter with a corner frequency

Figure 5. (a) Regional tangential component ground displacement records of the main shock (blue traces)
and the two EGF events (red traces and green traces) aligned on the manually selected Sg arrivals from the
EGFs for station BESE. Records are band-pass filtered between 0.01–10, 0.2–10, and 0.5–10 Hz and nor-
malized by their maximum amplitudes. Station names, azimuths, and distances are indicated. The stations
shown here locate north of the hypocenter. The hypocentral/EGF Sg arrivals are aligned at 0 s and marked
with an orange dashed line. The Sg pre-hypocentral arrivals for the main shock traces are marked with green
solid triangles. (b). Regional tangential component ground displacement records of the main shock (blue
traces) and the EGF1 event (red traces) aligned on the manually selected Sn arrivals from the EGF.
Records are band-pass filtered between 0.01–1.0 and 0.05–1.0 Hz and normalized by their maximum
amplitudes. Station names, azimuths, and distances are indicated. Stations locate to the north of the
hypocenter. The hypocentral/EGF Sn arrivals are aligned at 0 s and marked with an orange dashed line.
The Sn pre-hypocentral energy arrivals are marked with green solid triangles.
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at 0.2 Hz. A 160 s time window is applied to the data span-
ning the dynamic waveforms and static ground displace-
ments in all records. The same low-pass filter is applied to
the Green’s functions. The Green’s functions are generated
by a frequency-wave number integration method including
all near-field terms (Robert Herrmann, Computer Programs
in Seismology). The velocity structure is that in Table 1.
We also used Green’s functions for a model with a 3 km thick
water layer. The latter inversion results are not significantly
different and are not included in this paper. The vertical com-
ponents are downweighted by a factor of 0.2 to compensate
for the higher noise level in the vertical records.

4.3. Near-Regional Seismic Data Set

[25] We used three near-regional broadband seismic
stations with three component recordings from the Alaska
Regional Seismic Network (ARSN). The instrument re-
sponses were removed to recover ground displacements fil-
tered with a causal band-pass filter in a band of 0.02–0.2 Hz.
A 200 s long time window was used for the seismic data,
spanning the main seismic energy in these records. The F-
K integration algorithm was used to compute Green’s func-
tions for the seismic data. The same band-pass filter was
applied to the Green’s functions.

4.4. Teleseismic Data Set

[26] Ninety-three teleseismic records were used in the
joint inversion, including 64 P wave and 29 S wave records,
from global stations of the Federation of Digital Seismic
Networks (FDSN), accessed through the Incorporated
Research Institutions for Seismology (IRIS) data center.
The data were selected from hundreds of available FDSN
seismograms to have good azimuthal coverage (Figure S1
in the supporting information) and high signal-to-noise
ratios for epicentral distances from 40° to 90°. The instru-
ment responses were removed from the raw data to recover

ground displacement records. A causal band-pass filter in a
band 0.005–0.9 Hz was applied to the data. To align with the
absolute time of the local data, the teleseismic P wave onsets
were shifted by 4 s, as the visible initial motion of the
teleseismic records is consistent with the 4 s late initial time
reported by the USGS-NEIC. The teleseismic Green’s func-
tions were generated with a reflectivity method that accounts
for interactions in 1-D layered structures on both the source
and receiver sides [Kikuchi et al., 1993]. A 3 km deep water
layer was added to the 1-D source region structure to compute
the teleseismic surface reflected phases accurately. A 90 s long
data window with 10 s leader before the initial motion was
used. The S waves were downweighted by a factor of 0.2 to
compensate for the very large S wave amplitudes.

4.5. Inversion Results

[27] In multi time-window inversion, a maximum rupture
velocity (Vr) is imposed, so inversions were conducted for
different values of Vr. In all cases shown here, the rupture
initially expands bilaterally at a subshear velocity of 3 km/s
to 20 km from the hypocenter, and then Vr increases to a spec-
ified value, ranging from subshear to supershear (3 to 7 km/s),
on the northern segment. As Vr on the northern segment
increases, the spatial extent of the slip pattern expands
(Figure 6), leading to significant improvements in wave-
form fitting (Figures 7 and S1). If the prescribed Vr exceeds
the actual rupture velocity and the data are sufficient to spa-
tially resolve the slip distribution, the slip pattern stabilizes,
and the waveform fitting residual has no significant reduc-
tion with further Vr increase. For our FFM inversions, the
slip models and waveform misfit stabilize for Vr = 5.5 to
6.0 km/s (Figure 7c), indicating that range as a reasonable
upper bound on rupture expansion velocity. We find that
the results do not depend strongly on the assumed initial
subshear velocity or the length for the first stage of subshear
rupture. The acceptable Vr of 5.5 to 6 km/s is supershear

Figure 6. (a) Hr-GPS and seismic station locations are shown as green and red solid triangles. Three com-
ponent ground motions from each station are inverted jointly with teleseismic P and SHwaves to give finite
fault models for slip distribution. The model grids are shown as black dots along the rectangle with the
hypocenter location marked as a red dot. (b) Slip pattern of finite fault models inverted with different
prescribed rupture velocities, Vr. Grid points and the hypocenter are shown as green and red solid dots,
respectively. Magnitude of the predominantly right-lateral slip is contoured for each case.
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relative to the local crustal S wave velocity of 3.8 km/s and
upper mantle S wave velocity of 4.5 km/s [Morozov et al.,
1998], compatible with the Sn and Sg pre-hypocentral ar-
rival observations. The FFM inversions indicate that the
fault slip extends from the seafloor to ~15 km deeper,
extending below the oceanic crust (~6 km thick) to the west
but still against the continental crust (~25 km thick) to the
east. For our preferred FFM rupture model (Vr = 6 km/s;
Figure 6b), the slip distribution extends ~110 km to the
north and ~40 km to the south of the hypocenter. The north-
ern terminus of the rupture is not tightly constrained, and
we specify it based on the aftershock distribution. Two
large slip patches are located ~20 km and ~70 km north
of the hypocenter; the maximum slip of these two patches
is from 8 to 10 m, varying slightly with different input pa-
rameters, but the locations of these two patches are stable.
The total seismic moment is 3.2 × 1020 Nm, corresponding
to Mw 7.6.

5. Linear Fault Model Inversion

[28] Effects of errors in the velocity structure increase as
distance to a recording station increases, making it difficult
to include regional seismic data beyond 400 km distance in
the FFM using theoretical Green’s functions. In FFM inver-
sions, the rupture velocity can trade off with model velocity,
such that apparent supershear Vr could be produced as an
artifact of having too low of a velocity model. To overcome
the uncertainty of the regional wave propagation, we use
broadband Love and Rayleigh surface waves from the 14
January 2013 (Mw 5.5) aftershock as EGFs to invert for
the rupture process. The EGF waveforms account for the
first-order complexity of surface wave propagation along
the path from the source to each regional station. EGF-based
waveform inversion will diminish the potential bias caused
by inaccurate wave propagation effects, enhancing sensitivity
to the along-strike source rupture process.

5.1. Empirical Green’s Function Corrections

[29] In the EGF analysis, the path to each station for the
EGF event is similar to that for each position along the main
shock rupture, except for differences in path length near the
source region (Figure 8). Assuming that the EGF and the
main shock have the same average focal mechanism, giving
identical initial phase at a particular azimuth, the phase dif-
ference between the EGF and the Green’s function for any
node on the main shock model is proportional to the differ-
ential propagation distance. Assuming the heterogeneity of
structure from the EGF to the main shock nodes is small,
we use the local 1-D model to correct for the phase differ-
ences, giving empirical Green’s function at each model
node as perturbations of the EGF waveforms (Figures 8b
and 8c). High-frequency data may not be well corrected in
this way, since at regional distances the high-frequency
energy involves body waves with multiple interfering phases
with different slowness. But the low-frequency energy of the
regional records is mainly fundamental surface waves that
can be corrected with a dispersion curve.
[30] Our phase velocity correction technique involves the

following steps:
[31] 1. The spectra of the EGF waveforms are computed

from the recorded waveforms.

Figure 7. Representative observed and predicted wave-
forms for finite-fault models are shown for (a) hr-GPS
records and (b) near-regional seismic records. Three-com-
ponent records are used and shown in columns. In both
cases, observed waveforms are plotted in red, and modeled
waveforms for input rupture velocity of Vr = 4.0, 5.0 and
6.0 km/s are plotted in green, blue, and black, respectively.
Station names, epicentral distances, and azimuth of each re-
cord are labeled for each case. (c) Trade-off curves indicat-
ing normalized inversion residual versus assumed rupture
velocity for each data set for joint inversions. Red, blue,
and green curves are normalized residuals of hr-GPS, seis-
mic, and teleseismic data sets, respectively. The range of
preferred rupture velocity (5.5–6.0 km/s) is shaded. All ob-
served waveforms and inversion predictions are shown in
Figure S1.
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[32] 2. A phase correction is applied to each frequency by
the differential epicenter distances and the theoretical Love
and Rayleigh wave fundamental mode dispersion curves.
[33] 3. An inverse Fourier transform recovers the time

domain signal from the corrected spectra.

[34] 4. A geometrical spreading factor, involving the square
root of the differential epicentral distance, and an azimuthal
radiation ratio are applied to the corrected Green’s functions
to adjust the amplitudes.
[35] As a test, two theoretical Green’s functions were

calculated for two nodes separated by 40 km. Then the wave-
forms for one node are corrected to the other node location
using the differential path distances to several stations using
the theoretical dispersion curve. The corrected Green’s func-
tions show good phase consistency with the Green’s functions
at the target node (Figure 8c). Any small amplitude discrep-
ancies due to radiation pattern differences will not impact
our conclusions about rupture velocity since the rupture
velocity is mainly related to the timing or phase, in contrast
with the absolute moment scale, which is more related to the
waveform amplitude.
[36] The EGF correction accounts for the propagation on

the main portion of the raypath for ~1000 km. However, a
model-based correction is still needed to adjust the differen-
tial travel times near the source. One concern about the phase
correction accuracy comes from uncertainty of the dispersion
curves. The corrected Green’s functions span 160 km along
the fault strike, involving 0–135 km differential travel dis-
tances from the EGF. If our reference model is inaccurate,
the northernmost node will suffer the maximum phase error.
Assuming a maximum 135 km differential travel distance,
the differential travel time is ~45 s at 0.05 Hz and ~30 s at
0.01 Hz. If we assume our reference model has an average
error of 5%, then the travel time discrepancy introduced by
the reference model uncertainty is ~2 s for 0.05 Hz and
~1.5 s for 0.01 Hz. Thus, our phase correction suffers at most
10% phase error and will be much smaller for the dominant
frequency and the majority of nodes.

5.2. Model Parameterization

[37] Because no depth correction is applied to the EGF (the
vertical finiteness of that event is uncertain), the inversion
with EGF-corrected Green’s functions is constrained to a
“linear” fault model (LFM), without along-dip parameteriza-
tion. The LFM is parameterized with the same along-strike
parameters as the FFM, with 16 nodes having increments of
10 km extending 160 km along strike. The source is again
selected to be the fifth node along strike from the south,
allowing for a northward dominated rupture. The same multi
time-window inversion is applied to the LFM, in which the
source time function of each node is parameterized the same
as in the FFM inversion.

5.3. Regional Surface Wave Data Sets

[38] Fifty-six Love wave (G1) records and 46 Rayleigh
wave (R1) records at regional distances <1000 km are used
in a joint inversion. An azimuth window is applied to preselect
the data, to exclude stations within 30° from Love or Rayleigh
wave nodal directions. We do not invert the data jointly with
near-regional data or teleseismic data, given the different
nature of the Green’s functions. G1 signals are extracted
from transverse components and R1 signals from vertical
components for both the EGF and main shock. A theoretical
dispersion curve of the fundamental G1 and R1 modes is
computed from the local 1-D model. A 1000 s long time
window is used to extract the raw data and Green’s functions,
starting from the earthquake initiation time. A group velocity

Figure 8. (a) Regional distance stations used for linear fault
model inversions and forward modeling of Love and
Rayleigh waves. Stations providing G1 and R1 records are
shown as red and blue triangles, respectively. Stations locate
within 30° from the nodal directions are excluded in both
data sets. The linear fault plane is marked with a black solid
line, and the hypocenter is marked with a red solid dot. (b)
For a station at regional distance, the EGF wave path length
a, and the path length from a model node b differ as a func-
tion of the station location. After correcting the EGF phase
spectrum at each station for the path difference, a� b, we
have path-specific Green’s functions for each node. (c) The
top panel shows the theoretical waveforms for two point
sources (red for the northern node and green for the southern
node) separated by 40 km and recorded at six regional
distances. The bottom panel shows a comparison of the
theoretical Green’s functions of the northern node (green
waveforms) and the path difference corrected signals (red
waveforms) using the southern node as an EGF corrected to
the northern node position. Stations are selected from those
used in LFM inversion, with station names, azimuths, and
distances marked ahead of each trace.
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window from 3 to 5 km/s is used to isolate the energy of the
fundamental mode wave packages. Both Green’s functions
and data are filtered with a causal band-pass filter, with corner
frequencies at 0.01 and 0.05 Hz.
[39] For each node, the corrected Green’s functions are

used in a nonnegative least squares inversion, which imposes
the assumption that the focal mechanism produced in the
main shock inversion is identical to that of the EGF, so no
rake variation along strike is allowed. Similar to FFM inver-
sion, when imposing a Vr, the inversion is constrained to the
solution space with rupture velocity no larger than that Vr.

5.4. Inversion Results

[40] For Vr of 4 to 5 km/s, the source time function of each
node is delimited by the specified rupture front and the length
of the slip distribution increases with Vr, indicating underesti-
mation of Vr. In contrast, for Vr of 6 to 7 km/s, the source func-
tions indicate lower apparent rupture velocities in the range 5.5
to 6.0 km/s and the inversion residual waveform mismatch

does not reduce much with increasing Vr (Figure 9). All wave-
form fits are shown in Figures S2a and S2b. The moment
distribution on the linear fault model is very similar for inver-
sions with Vr=6.0 km/s and 7.0 km/s, with strong similarity
to the slip pattern of FFM inversions that used completely inde-
pendent data sets for Vr=6.0 km/s and 7.0 km/s. The preferred
LFM has Vr=6.0 km/s, as for the FFM inversion, with rupture
extending ~30 km to the south and ~100 km to the north of
the hypocenter. Regions of large slip are located ~10 km and
~70 km north of the hypocenter, similar to what was found in
the FFM inversions. The total seismic moment for the LFM
is 2.6 × 1020 Nm, giving a magnitude of Mw=7.54.
[41] The peak-to-peak surface wave maximum amplitude

ratio between the main event and the EGF event shows signif-
icant contrast between the northern and southern stations
(Figure 10) due to the rupture propagation effect. At the north-
ern stations, both Love and Rayleigh waves indicate an ampli-
tude ratio of 800–1000, which is close to the moment ratio
between the main event and the EGF event. At the southern

Figure 9. (a) Along-strike moment rate patterns for linear-fault model (LFM) inversions with different
rupture velocities, Vr. The inversion used 46 Rayleigh wave (R1) and 56 Love wave (G1) recordings.
The hypocenter is marked with a blue line. Prescribed rupture fronts are shown as green-dashed lines.
Reference rupture front curves for Vr= 4, 5, 6, and 7 km/s are shown as black dashed lines. For the
Vr= 6.0 km/s and 7.0 km/s cases, the inverted solutions yield effective rupture velocity of 5.5 km/s and
6.0 km/s, respectively, marked with red dashed lines. (b) Trade-off curves for normalized inversion residual
versus input rupture velocity. Red and green curves are residuals of G1 and R1 waves, respectively, normal-
ized by the maximum residual at Vr= 3 km/s. The range of preferred rupture velocity (5.5–6.0 km/s) is
shaded. (c) Examples of waveform fitting improvements when model rupture velocity increases from
3 km/s to 6 km/s. The observed and predicted waveforms are plotted in red and black, respectively. The
complete set of waveform fits for the LFM are shown in Figures S2a and S2b.
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stations, the amplitude ratio is ~300, which is 3 to 4 times
smaller than for the northern stations as a consequence of the
northward directivity. The amplitude ratio was also calculated
between the LFM inversion synthetics and the EGF surface
waves. The amplitudes are generally well matched at southern
stations for different Vr, but the fit improved with increasing
rupture velocity for the northern stations. The Love wave
amplitude ratio could be fit well with a rupture velocity of 6
or 7 km/s; however, these models underestimate the Rayleigh
wave amplitudes by about ~20%. Part of the differential fitting
behavior may be attributed to the different station distributions
between Love and Rayleigh waves used in the inversion. The

Love wave stations are distributed along both sides of the
strike direction and are particularly sensitive to the in-plane
rupture propagation; however, nodal along-strike stations are
removed for the Rayleigh waves, so the Rayleigh waves are
less sensitive to the rupture propagation. Only a few northern
stations are used in the LFM inversions for Rayleigh waves;
thus, the inversion results are mainly controlled by the Love
waves. The preferred rupture velocity is primarily determined
from the Love wave trade-off curve. The strong amplitude
variations are generally compatible with generic modeling
of supershear rupture [e.g., Bizzarri and Spudich, 2008;
Bizzarri et al., 2010] and clearly demonstrate the enhanced
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Figure 10. The misfit residual versus Vr trade-off curves produced by full waveform linear fault model
(LFM) inversions (blue curves) and finite-fault model (FFM) based forward predictions (red curves), using
EGF signals at each station corrected for grid location using theoretical phase velocities for (a) Love waves
and (b) Rayleigh waves. Residuals are normalized by the squared norm of the waveforms. (c) Love wave
and (d) Rayleigh wave peak-to-peak amplitude ratios (main event/EGF event) at each station are plotted for
synthetic and observed (red) G1 and R1 waves. Stations are sorted by their azimuths. Amplitude ratios for
input rupture velocities of 3 to 7 km/s are compared with observations. Station names and azimuths are
indicated to the left of the curves.
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seismic shaking hazard presented by supershear faulting of
strike-slip events.

6. Finite-Fault Model and Linear Fault
Model Comparison

[42] A forward modeling technique was applied using FFM
results to predict waveforms using the phase-velocity-corrected
empirical Green’s functions. We computed a corrected EGF
(c-EGFs) database for each grid of the FFM, then the
moment distribution of FFM results for a given rupture
velocity is used to weight the c-EGFs and sum them to
give a simulated waveform. This yields broadband wave-
forms for comparison with each observation that allow
direct comparison between the FFM and LFM results.
The waveform misfit residuals are normalized by the
square norm of the observed waveforms, indicating the
percentage of misfit signal (Figures 10a and 10b). The for-
ward modeling approach gives higher residuals than the
inversion because the inversion more fully explores the
source parameter space, improving the waveform fitting.
The Love wave modeling approach produces similar de-
creasing residuals as rupture velocity in the FFM increases
to 5.5–6.0 km/s. The Rayleigh wave modeling residuals
are less pronounced but also decrease as Vr increases. In
both modeling and inversion results, the residual decrease
as Vr increases is clear, indicating consistent supershear
rupture velocities.
[43] The rupture velocity estimated from the residual trade-

off curves of both the FFM and LFM inversions is in the
range 5.5–6.0 km/s. The Vr could also be directly measured
from the along-strike moment distributions. The along-strike
moment distribution shows a similar pattern between the
LFM and depth-stacked FFM results. When the input Vr is
smaller than the real Vr, the moment abuts the allowed
rupture front; when the input Vr is larger than the true Vr,
the inversion tends to define an effective rupture velocity

that is lower than the maximum allowed. For Vr = 6 km/s
and 7 km/s, the effective rupture velocity is measured as
5.5 to 6.0 km/s from the LFM inversion results (Figure 9a)
and the same values are found for FFM inversions. This is
consistent with the rupture velocity estimated from the
waveform mismatch trade-off curves (Figures 7c and 9b).
It is important to note that minor moment still abuts the
allowed rupture front for Vr = 7.0 km/s, so tracing the first
nonzero moment will recover the input rupture velocity of
Vr = 7.0 km/s. How to select the initial significant moment
on each node presents challenges for evaluating the moment
rate functions of each node objectively. Measuring the
rupture velocity gives an indication of how apparent rupture
velocity differs from the input rupture velocity but may not
provide a precise measurement of true rupture velocity.
[44] Local rupture velocity varies over the northern seg-

ment, but detailed measurement for each segment does not
yield consistent rupture velocity patterns for different inver-
sions. Such rupture velocity details may not be resolved
stably in either FFM or LFM inversions, but the overall
supershear rupture with an average rupture velocity of 5.5
to 6.0 km/s is robust.

7. Modeling With Group Velocity Corrections

[45] Waveform inversion of regional surface waves with
the phase velocity correction may slightly suffer from refer-
ence velocity model inaccuracy since a theoretical dispersion
curve is used for EGF correction. One technique that can
eliminate reference model inaccuracy involves using empiri-
cal group velocity corrections, which relies on the measured
group velocity at each station to compute a group arrival time
shift for different passbands. Our group velocity correction
procedure follows these steps:
[46] 1. Measure the group velocity for each path using the

peak amplitude arrival time of different narrow band-pass fil-
ters, obtaining group velocity dispersion curves for regional

Figure 11. Trade-off curves of forward modeling normalized misfits to narrow-band Love wave (G1)
and Rayleigh wave (R1) signals for varying rupture velocities for different central period passbands, plot-
ted with different colors. Observed average group velocity curves provide group velocity corrections for
the corresponding narrow-band filtered EGF signals for differential path lengths from each grid node to
each station. The finite-fault model (FFM) inversion results for each Vr are used to predict the narrow-
band filtered main shock waveforms with the corrected EGF signals being used as Green’s functions
along the fault.
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Love and Rayleigh waves. Dispersion curves are extracted
from both main shock and EGF signals, and we find
good consistency.
[47] 2. Band-pass the EGF waveform with a sequence of

narrow frequency windows that produce EGF wave packets
at different band passes.
[48] 3. Apply station and wave-type-specific time correc-

tion to the multiband-passed EGF wave packets, correcting
for the differential propagation lengths from each node on
the main shock model relative to the EGF path lengths.
[49] 4. Use surface wave geometric spreading factors to

correct for differences in propagation length of the Green’s
function databases.
[50] In this way, the EGF signals are corrected to any

location in the near source region, giving a corrected EGF
(c-EGF) database for a range of narrow band filtered win-
dows. The seismic moment of the FFM results for different
assumed Vr is then used to produce synthetics for a given
passband using the c-EGF signals along the fault model.
Comparison of the modeled and observed waveforms for
different band passes provides an evaluation of the FFM
result reliability for an independent data set. The wave-
form-mismatch residual versus FFM Vr trade-off curves for
rupture velocities from 3 to 7 km/s are computed (Figure 11).
A consistent residual reduction with increasing rupture velocity
from Vr=3 to 7 km/s is found over all passbands from 20 s to
100 s. The minimum residual is found for Vr=5 to 6 km/s,
which produces an 80%–60% residual reduction relative to
the residual for Vr=3 km/s.
[51] This procedure relies only on observed information,

such as the EGF waveforms and the measured group velocity
dispersion curves, so it reduces uncertainty introduced by a
reference model other than that affecting the FFM. The resid-
ual trade-off curve provides an independent and objective

evaluation of the FFM results for a distinct data set, giving
supportive evidence for a supershear rupture velocity.

8. Back Projection of Teleseismic P Waves

[52] Teleseismic P waves from three regional groupings of
global broadband seismometers were back projected to the
source region [Xu et al., 2009] in order to image the short-
period rupture properties of the 5 January 2013 Craig, Alaska
earthquake. In each case, the NEIC location of 55.394°N,
134.650°W, h=7.1 km, 08:58:19 UTC was used as a reference
for aligning the waveforms. The source area was gridded in
increments of 0.1° in latitude and longitude and depth was held
constant at the nominal hypocentral value. Power was calculated
from a 10 s long, taperedwindow that slides along beams created
with fourth-root stacking. Traces were band-pass filtered
between 0.5 and 2 s prior to being stacked, and the AK135
reference Earth model was used to calculate travel times.
[53] All the data used in the back-projection analysis were

downloaded from the IRIS DMC. A multichannel cross-
correlation analysis [VanDecar and Crosson, 1990] was
used to select similar waveforms. For the Asia array 46
traces with mean correlation coefficients above 0.85 were
retained, for the North America array 104 traces with mean
correlation coefficients above 0.87 were retained, and for
the Europe array 63 traces with mean correlation coeffi-
cients above 0.8 were retained (Figure 12). The cross corre-
lations were performed on unfiltered, vertical component
velocity waveforms using a window that started 5 s before
the theoretical P arrival and extended for either 15 or 20 s.
[54] Time-integrated images of the back-projected power for

each station array are shown in Figure 13. Animations of the
time-varying sequences are in Animation S1. Comparison of
the Asian back projections for the main shock and EGF event

Figure 12. Locations of seismic stations recording teleseismic P waves used to back-project the space-
time history of short-period radiation for the 2013 Craig earthquake. The stations are grouped into three
arrays based on azimuth from the source and the data from each array are back-projected separately.
Unfiltered, vertical component Pwaves from each array are shown along the plot border after being aligned
and normalized with a multichannel cross-correlation algorithm. The high signal coherence of the broad-
band P arrivals allows stable initial alignment of the short-period arrivals.
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is shown in Animation S2 to convey the degree of space-time
smearing of the image for a relative point-source event
(the EGF), compared to the finite rupture of the main shock.
The teleseismic back-projection images have limited resolu-
tion of rupture velocity, but are compatible with up to 6 km/s.

9. Discussion

[55] The seismic and geodetic ground motion analyses
discussed here all indicate that the 2013 Craig earthquake
had supershear rupture velocity in the range 5.5 to 6.0 km/s
along the northern portion of the rupture and subshear rupture
expansion to the south. Theoretical and experimental studies
of bimaterial mode II ruptures, with a velocity contrast across
the fault, indicate that supershear rupture will be more likely in
the direction of motion of the high seismic velocity side of the
fault, with a velocity slightly lower than the Pwave velocity of
the slow side [Xia et al., 2005; Cochard and Rice, 2000]. For
the Queen Charlotte Fault (Figure 1), the fast side is the
oceanic plate, which is moving northward, consistent with
observed northward supershear rupture direction. Our
estimates of rupture velocity 5.5 to 6.0 km/s approach the P
wave velocity of 6.6 km/s in the midcrust (10 km) of the
continental side [Horn et al., 1984].
[56] In a few previous studies of supershear rupture, after-

shocks are inferred to be activated on off-fault branches, and
there is relatively low aftershock production on the main fault
plane as a result of large stress drop [Bouchon and
Karabulut, 2008]. The Mach waves can also cause off-fault
damage patterns that could be diagnostic of supershear
rupture [Bhat et al., 2007], but this will not be accessible
for an offshore event. For the 2013 Craig earthquake, most
aftershocks locate along the plate boundary, but some are
located away from the trace of the Queen Charlotte Fault.
Three aftershocks with Mw> 4.5 have focal mechanism
determinations (Figure 1), two of which are consistent with
rupture on the Queen Charlotte Fault, whereas the largest
aftershock, Mw 5.9 event on 31 January 2013 (Figure 1),

ruptured a differently oriented fault. It is important to notice
that the previous supershear events mostly involve intraplate
or continental events, where complex stress and structure het-
erogeneities may be present near the fault zone. For the Craig
interplate event, the shear loading is released along a major
plate boundary. The aftershock behavior may be affected
by the strong material contrast across the ocean/continent
boundary or the absence of preexisting fault branches.
[57] It is also indicated in previous studies that supershear

rupture may be related to a full stress release that prevents af-
tershocks on the main fault plane [Bouchon and Karabulut,
2008]. Theoretically, the supershear rupture may be related
to a high stress drop relative to the strength drop near the
crack tip [Andrews, 1976]. For our finite fault model of the
2013 Craig event, it is hard to resolve dynamic stress drops,
but the average static stress drop is approximately 9 MPa,
measured from the final rupture pattern. Such a stress drop
is about 3 times the average stress drop of interplate events
and close to typical intraplate event stress drop [Kanamori
and Anderson, 1975]. It is hard to tell whether this slightly
elevated stress drop is complete because the prestress state
is not known. Aftershocks do occur along the primary slip
area laterally, but these could locate beneath or above the
coseismic slip area given the uncertainties in depth distribu-
tion. Further relocation efforts will be needed to determine
whether any aftershocks colocate with the coseismic slip
regions. This would help to determine whether total stress
drop occurred in this supershear event.
[58] The 2013 Craig, Alaska event is the first oceanic

interplate event reported to have involved supershear rupture,
and it is the first offshore event for which multiple data sets
independently indicate supershear rupture. Occurrence of
supershear rupture has been associated with straight fault
segments and termination of supershear with fault bending
and splaying [Das, 2007; Robinson et al., 2010; Bouchon
et al., 2010]. The Queen Charlotte Fault does appears to be
relatively straight in the northern supershear rupture area,
but the geometry is not known precisely and there is not a

Figure 13. Time-integrated images from back-projection results for the three teleseismic arrays consid-
ered in this study. In each panel, the star represents the epicenter and the dashed line represents the bound-
ary between the North American and Pacific plates. All three analyses indicate a dominantly northern
rupture, with energy extending at least as far north as 56° N, similar to the extent of aftershocks occurring
in the first month after the main shock (Figure 1). Weaker energy is observed just to the south of the
epicenter. The time evolution of peak beam power shown atop the panels is influenced by a 10 s long
smoothing window and the actual duration of short-period energy release is less than 40 s.
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readily apparent explanation for the termination of rupture in
the north other than it is near the southern end of the rupture
zone for the 30 July 1972 Sitka, Alaska (Mw 7.6) earthquake,
so the prestress may be low north of the rupture zone. Stress
heterogeneity on the fault likely plays a role in enabling and
delimiting supershear [Schmedes et al., 2010], but the off-
shore location of the fault limits our understanding of fine
structure that might be manifestations of such stress hetero-
geneity. While measurements very close to the fault were
not possible, the combined geodetic and seismic observa-
tions for the 2013 event still give one of the most robust char-
acterizations of supershear rupture to date.

10. Conclusions

[59] The 2013Mw 7.5 Craig, Alaska event is found to have
had a supershear rupture velocity using several independent
modeling and inversion techniques.
[60] Sg and Sn pre-hypocentral arrivals have been detected

with a EGF reference time technique and indicate that the
northward rupture velocity of >4.5 km/s for the Craig event
surpassed the crustal and upper mantle shear velocity. The
northward supershear rupture process produced significant
short-period shaking enhancement, almost 1 order of magni-
tude larger to the north, consistent with models of Bizzarri
and Spudich [2008].
[61] Finite-fault model inversions with regional geodetic/

seismic and teleseismic observations and linear fault model
inversions using regional seismic observations indicate a
rupture velocity of 5.5 to 6.0 km/s. Forward modeling proce-
dures, using theoretical phase velocity or group velocity
corrections, indicate significant waveform fitting residual de-
creases with increasing rupture velocity. The rupture velocity
is consistent with that resolved by the inversions.
[62] The 2013 Craig, Alaska event rupture extends about

100 km northward from the hypocenter, with about 80 km of
supershear rupture. Two significant energy release peaks have
been identified along the strike direction located 20 km and
70 km north of the hypocenter. The rupture initially extended
~20–30 km to the north and south with subshear rupture.
The northward supershear rupture direction may be related
to the strong material contrast across the continental-oceanic
plate boundary.
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