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. . faster than the S-wave (supershear). Theoretical studies suggest that a bimaterial interface, such as
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that along the QCF, which separates oceanic and continental crust with differing elastic properties, can

Editor: M. Ishil promote supershear rupture propagation. We deployed short-period ocean-bottom seismometers (OBS)
Keywords: as a part of a rapid-response effort less than four months after the Craig earthquake mainshock. During
seismicity a 21-day period, 1,133 aftershocks were recorded by 8 OBS instruments. Aftershock spatial distribution
tomography indicates that the base of the seismogenic zone along the QCF approaches ~25 km depth, consistent with
supershear a thermally-controlled fault rheology expected for igneous rocks at oceanic transform faults. The spatial
earthquake distribution also provides supporting evidence for a previously hypothesized active strand of the QCF
aftershock system within the Pacific Plate. Tomographic traveltime inversion for velocity structure indicates a low-
strike-slip velocity (Vp and Vs) zone on the Pacific side of the plate boundary at 5-20 km depths, where Neogene
Pacific crust and upper mantle seismic velocities average ~3-11% slower than the North American side,
where the Paleozoic North American crust is seismically faster. Our results suggest that elastic properties
along the studied portion of the QCF are different than those of a simple oceanic-continental plate
boundary fault. In our study region, velocity structure across the QCF, while bimaterial, does not support
faster material on the west side of the fault, which has been proposed as one possible explanation for
northward supershear propagation during the Craig earthquake. Instead, we image low-velocity material
on the west side of the fault. Explanations could include that part of the rupture was subshear, or that
fault damage zone properties or fault smoothness are more important controls on supershear rupture

than a bimaterial contrast.
Published by Elsevier B.V.
1. Introduction ern end of the QCF is marked by an offshore-onshore transition to

the Fairweather Fault, with the offshore length of the Fairweather-

The Queen Charlotte Fault (QCF) is a NW-striking, right-lateral Queen Charlotte strike-slip system totaling ~900 km (Fig. 1). His-

strike-slip fault that forms the plate boundary between the Pacific torical seismicity indicates that the QCF is a seismically active fault

and North American tectonic plates offshore of western Canada system capable of rupturing in magnitude >7 events and thus

stretching northward to southeastern Alaska (Fig. 1). The north-  poses a hazard to communities in western Canada and southeast-

ern Alaska. The offshore QCF has ruptured in several large earth-

v quakes in the past century, including the My 8.1 Queen Charlotte
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Fig. 1. Map showing Craig earthquake area. Background shows grayscale bathymetry from Smith and Sandwell (1997) and the United Nations Convention on the Law of
the Sea (UNCLOS). North America terranes are shown as transparent overlays (Colpron and Nelson, 2011): AT - Alexander Terrane, CT - Chugach Terrane, WT - Wrangellia
Terrane. Aftershock epicenters used in this study are colored by depth (warm = shallow, cool = deep). An orange star and focal mechanism (U.S. Geological Survey (USGS),
earthquake.usgs.gov) highlight the My 7.5 Craig mainshock epicenter. Labeled black triangles are the passive-source stations used in this study, including land stations and
the 8 rapid-response OBS instruments (labeled CG*). Dashed black lines are fault traces mapped from legacy data by Walton et al. (2015), including a potentially active fault
within the Pacific Plate as indicated by aftershocks identified in this study. White lines indicate tracklines from the USGS seismic reflection survey L378EG, and red lines show
the locations of the profile in Fig. 2 and the cross-section in Fig. 3. A red box outlines the location of Fig. 6. Inset shows the regional setting and major tectonic features: QCF
- Queen Charlotte Fault, FF - Fairweather Fault, DF - Denali Fault, CSF - Chatham Strait Fault, TF - Transition Fault, and AAT - Alaska-Aleutian Trench. (For interpretation of

the colors in the figure(s), the reader is referred to the web version of this article.)

the northernmost 1949 rupture near Craig, Alaska in 2013 (e.g.,
Yue et al., 2013). Although the QCF sustains events of comparable
moment release to the San Andreas Fault (e.g., Fletcher and Frey-
mueller, 2003), much less is known about the QCF margin in large
part due to its remote offshore location.

The 5 January 2013 Craig earthquake was a My 7.5 right-
lateral, strike-slip event that ruptured ~150 km of the mapped
plate boundary (e.g., Aderhold and Abercrombie, 2015). Regional
shear wave analysis and high-rate GPS were used to infer that the
Craig rupture propagated northward at speeds of 5.5-6 km/s (Yue
et al, 2013), assuming a seismogenic depth range of 0-10 km.
A rupture propagation velocity of 5.5-6 km/s would exceed the
S-wave velocity and approach the P-wave velocity along the fault
between 0-10 km depths (Horn et al., 1984), creating a supershear
rupture in the northward direction (Yue et al., 2013).

Supershear rupture has rarely been observed during real earth-
quakes (e.g., Dunham and Archuleta, 2004), and there are several
hypotheses for the conditions under which supershear ruptures oc-
cur. Numerical models of unilateral supershear ruptures, in which
fault rupture nucleates and then propagates in mostly one direc-
tion, suggest that supershear ruptures may occur along bimaterial
interfaces. A bimaterial interface is a fault plane with a signifi-
cant contrast in elastic properties on either side of the fault (Xia
et al., 2005; Shi and Ben-Zion, 2006). Alternatively, Bouchon et al.
(2010) compiled available global observations of supershear rup-
ture, noting that documented supershear ruptures always occur
along geometrically simple, smooth, linear faults with highly local-
ized and narrow deformation zones. Supershear transients along
geometrically smooth fault segments have also been successfully
modeled in numerical simulations (Bruhat et al., 2016), potentially

supporting the hypothesis that smooth fault geometry is important
for promoting sustained supershear rupture.

The setting of the Craig earthquake along an oceanic-continental
strike-slip fault suggests that supershear rupture could occur along
bimaterial interface (Yue et al., 2013). Along a bimaterial interface,
supershear ruptures may propagate in the direction of motion of
the seismically faster side of the fault (Xia et al., 2005). In the
case of the Craig event, if one assumes that Pacific Plate oceanic
crust is stiffer at seismogenic depths, supershear rupture propa-
gation would be expected in the northward direction (Yue et al.,
2013). Such an assumption of relative seismic velocities might be
expected for a simple oceanic-continental boundary.

Our study utilizes aftershocks of the 2013 Craig earthquake to
test the broad-scale structure and the degree to which the QCF
zone may consist of a bimaterial interface, consistent with the-
oretical conditions for supershear rupture. Sparse reflection and
refraction studies, largely conducted before 1990 (von Huene et al.,
1979; Horn et al.,, 1984; Dehler and Clowes, 1988; Mackie et al.,
1989; Spence and Asudeh, 1993; Rohr et al., 2000), and geologic
mapping throughout southeast Alaska (Plafker et al., 1989) pro-
vide somewhat limited information on the crustal structure along
the offshore QCF in our study area. We provide new constraints
on seismogenic zone geometry and crustal seismic velocities in
the vicinity of the Craig rupture, utilizing a dataset of aftershocks
recorded from the 2013 Craig event on an array of 8 ocean-bottom
seismometers (OBS; Fig. 1). We use these data to invert for a
model of P- and S-wave seismic velocity structure across the QCF
in the region of the Craig earthquake. Our results shed light on the
physical conditions along the QCF that may influence earthquake
ruptures.
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Fig. 2. Reprocessed USGS 2D seismic reflection profile L378EG_954. Interpreted faults are indicated by dashed lines in the subsurface, with the QCF and other potential fault
strands dashed. The two nearest OBS instruments (black and gray triangles) are plotted for context. Box zooms highlight potentially active shallow crustal faults. Line location
shown in Fig. 1. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

2. Regional setting

The QCF is unusual in that it separates continental crust from
oceanic crust; many strike-slip plate boundary fault systems go
through the weaker (i.e., continental) side (e.g., San Andreas; ten
Brink et al., 2018). At the plate boundary, the QCF system ac-
commodates somewhere from ~44 mm/yr to over 50 mm/yr of
right-lateral offset between the Pacific Plate and the North Ameri-
can Plate according to tectonic and geologic models (Fig. 1; Elliott
et al.,, 2010; DeMets and Merkouriev, 2016; Brothers et al., 2017).
To the north, where the QCF extends onshore at approximately
~58.5°N, the Fairweather Fault accommodates ~50 mm/yr right-
lateral offset between North American and the Yakutat Terrane,
a thick oceanic crustal plateau, which is wedged in between and
generally traveling with the Pacific Plate (Fig. 1; Christeson et al.,
2010; Elliott et al., 2010; Gulick et al., 2013). The southern end of
the QCF is located at a triple junction associated with the Explorer
Plate. At its southern extent, the QCF meets the Revere-Dellwood
Fault, another right-lateral strike-slip system (e.g., Rohr, 2015).
Some form of transform motion has existed along the Queen Char-
lotte plate boundary since a major plate reorganization ca. 50 Ma
(Haeussler et al., 2003). When the Yakutat Terrane began moving
concurrently with the Pacific Plate ca. 20 Ma, the QCF assumed its
current form as a right-lateral strike-slip fault (e.g., Hyndman and
Hamilton, 1993).

The QCF is a near-vertical fault located within the Queen Char-
lotte Terrace, the deformed slope at the seaward limit of the North
American shelf (e.g., Rohr et al., 2000; Fig. 2). The main trace of
the QCF is visible in GLORIA sidescan sonar data (Bruns et al.,

1992), which constrain the fault maps we present here (Fig. 1), but
several additional fault strands are also evident in seismic reflec-
tion data within and south of our study area (Tréhu et al., 2015;
Walton et al., 2015; Fig. 1, Fig. 2). The dominantly strike-slip north-
ern segment of the QCF, which includes the 2013 Craig earth-
quake rupture zone, extends between 53.2°N and the transition
to the onshore Fairweather Fault. A slight clockwise shift in the
vector of the Pacific Plate, which likely occurred sometime be-
tween ~12 and ~6 Ma (Doubrovine and Tarduno, 2008; DeMets
and Merkouriev, 2016), led to increased convergence along the
QCF, particularly in the south, potentially leading to splay faulting
and Pacific Plate underthrusting as a way to accommodate conver-
gent stress (e.g., Hyndman and Hamilton, 1993; Rohr et al., 2000;
Tréhu et al., 2015; Walton et al., 2015). The 2012 My 7.8 Haida
Gwaii thrust earthquake occurred in the southern region offshore
of Haida Gwaii, and several recent studies (e.g., Lay et al., 2013)
attribute this event to Pacific underthrusting.

The Pacific side of the QCF is geologically young, with age in-
creasing northward from zero-age crust at the actively extending
Explorer triple junction to ~20 Myr old crust near the Yakutat
Terrane. There are thick sedimentary deposits overlying the Pacific
crust due to the Baranof deep-sea fan system (Walton et al., 2014),
and adjacent to the continental slope, a topographic “trough” along
the central QCF has been associated with past convergence in this
area (Walton et al., 2015; Fig. 2). Downwarping of the Pacific Plate
due to underthrusting possibly led to increased accommodation
space for sedimentary accumulation, introducing further load onto
the plate and preserving Pacific Plate flexure (Walton et al., 2015).
The thickest sedimentary deposits are therefore atop the Pacific
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Plate nearest the QCF, within the Queen Charlotte Trough and the
deformed Queen Charlotte Terrace slope sediments (Rohr et al.,
2000; Tréhu et al., 2015; Fig. 2). Near the 2013 Craig event, the
seismic velocities of the Pacific crust and sedimentary deposits are
only constrained by a few local refraction profiles (von Huene et
al.,, 1979), which show faster Pacific crustal velocities and support
a thick sedimentary deposit within the Queen Charlotte Trough.

East of the QCF, the North American crust is composed of
a complex series of late Paleozoic accreted terranes, namely the
Alexander and Wrangellia terranes, with the Chugach Terrane lo-
cated to the north of these (Plafker et al, 1989; Colpron and
Nelson, 2011; Fig. 1). Basement outcrops exist nearest the QCF
at Haida Gwaii, a group of islands located just to the south of
the Craig event and on the North American side of the plate
boundary; the islands are largely composed of exposed Wrangel-
lia Terrane (Coney et al., 1980; Colpron and Nelson, 2011). The
Alexander and Wrangellia terranes were contiguous by at least
the mid-Pennsylvanian and accreted to North America during the
Mesozoic (Gardner et al., 1988). These accreted terranes likely have
faster seismic velocities than typical granitic continental crust.
The Alexander and Wrangellia terranes, together often called the
Insular Superterrane, contain low-grade metamorphic and Meso-
zoic basalts overlain by carbonate and chert (Coney et al., 1980;
Plafker et al.,, 1989). Morozov et al. (1998) utilized rock-type ve-
locity studies (e.g., Christensen and Mooney, 1995) to estimate
compressional seismic wave velocities in the range of 5.7-6.0 km/s
for the upper 5 km of Insular Superterrane crust, with higher ve-
locity estimates at deeper crustal depths and where plutons were
present. A refraction study south of where the Craig event oc-
curred (Spence and Asudeh, 1993) found velocities of 6.5-7.2 km/s
in the lower continental crust, also suggesting mafic composition.
The North American side of the plate boundary may therefore ap-
proach or exceed the seismic velocity of the much-younger mafic
oceanic crust in the location of the Craig earthquake (e.g., Rohr et
al., 2000).

3. Data and methods
3.1. Aftershock data

A total of 12 GeoPro Sedis-V OBS instruments owned and main-
tained by the University of Texas Institute for Geophysics (UTIG)
were deployed for this experiment; eight instruments with usable
data were recovered (Fig. 1). The instruments are short-period OBS
typically used for offshore active-source experiments; the three-
component sensors have a natural frequency of 4.5 Hz and a
sample rate of 50 Hz (20 ms). The instruments recorded for 21
days from 28 April 2013 through 19 May 2013, beginning about
4 months after the Craig mainshock. The array covered the south-
ern ~100 km of the ~150 km-long Craig rupture with instru-
ments spaced ~20 km apart (Fig. 1). While the OBS station clocks
were dead when they were retrieved, we were able to adjust for
clock drift using a linear correction from a previous deployment
of the same instruments (Table A1). An individual linear correction
for each specific instrument was applied in order to reduce the
uncertainty introduced by non-constant drift between clocks (Ta-
ble A1). Although clock drifts are known to be non-linear (Gardner
and Collins, 2012; Gouédard et al., 2014), this timing adjustment
seemed sufficient based on a comparison of predicted arrival time
versus actual arrival time for a single recorded teleseismic event.
The single My 6.8 teleseismic event was recorded on 6 OBS sta-
tions and occurred on 14 May 2013 at 00:32:25 UTC with an epi-
center at 18.728°N, 145.288°E (near the Northern Mariana Islands).
Because the instruments were short-period, no other teleseismic
arrivals were well-recorded. We further discuss the potential im-
pact of clock drift on our analysis and uncertainty at the end of

section 4.2. OBS data were imported into an Antelope database
(www.brtt.com/software) and analyzed using the Antelope soft-
ware, along with passive data from several nearby land stations
from the Alaska Earthquake Center (AEC) and National Earthquake
Information Center (NEIC) (Fig. 1).

Using the continuous waveform data from the OBS instruments
and land stations, we detected aftershock events using the short-
term average/long-term average (STA/LTA) detection algorithm and
an automatic event associator and locator. Although our final in-
versions utilized a total of 1,147 events (of which 1,133 were relo-
cated due to 14 “air” locations), we began by generating a starting
catalog of ~100 aftershock events, which were determined using
automated detection/location; each of the original events had at
least 6 arrivals in the catalog. The initial catalog events were rig-
orously examined with P and S arrivals re-picked manually using
a filter of 3-15 Hz. We then ran a network matched-filter tech-
nique (e.g., Walter et al., 2016), which cross-correlates each of the
starting catalog events with continuous data to make additional
detections. Possible new events with high network correlation co-
efficients were visually identified and re-picked (yielding a total
catalog of 222 events), and the cross-correlation was run again
with all 222 events as template events. New detections were again
added to the catalog and the network waveform matched-filter
was re-run. Using this method and repeating the step with the
network waveform matched-filter technique, we were able to de-
tect an order of magnitude more events for a total final, relocated
catalog of the aforementioned 1,133 events (e.g., Fig. 1, Fig. 3). We
note that our catalog has a similar number of events, despite a
significantly shorter time period, than the 2013 Craig aftershock
study by Holtkamp and Ruppert (2015), which found 1,785 events
during ~5 months following the Craig mainshock using primar-
ily land-based network seismic data. The Holtkamp and Ruppert
(2015) catalog is only ~30% complete to magnitude 1.2, while the
majority of our events are in the magnitude ~1 range; however,
due to poor magnitude calibrations and because magnitudes and
moment release are not the focus of this study, we do not further
discuss or analyze magnitude data here (see supplementary Fig. Al
and caption for more detail).

While our phase arrivals could have simply been determined
from the template event, manual picking after each network wave-
form matched-filter step was necessary to reduce errors associated
with phases for tomography analysis. These phase picks were
further improved by computing cross-correlations between cut
waveforms of the same components. In this way, cross-correlation
travel-time information can be incorporated into the double-
difference tomography to improve event locations and the tomog-
raphy results. Supplement A (Fig. A1) includes a detailed diagram
of steps described in this section, including the earthquake catalog
generation, network waveform cross-correlation, and phase-arrival
time cross-correlation. Phase picks, our starting earthquake cata-
log, and other data are included as supplementary files with this
publication.

Earthquake locations were first determined using a simple grid
search algorithm, assuming a 1D velocity model derived from von
Huene et al. (1979) appropriate for the Queen Charlotte Terrace
(Table A2). This step produced starting hypocenter locations that
were then used as input for joint inversion of velocity structure
(described in section 3.2) and double-difference location using the
conjugate gradient method (LSQR) algorithm. Due to slowness val-
ues converging faster than earthquake locations in the joint in-
version (Zhang and Thurber, 2003), an iterative double-difference
LSQR location-only inversion was run following joint inversion to
further improve earthquake locations. In order to best constrain
hypocenter depth and location uncertainties, as a separate analysis,
we relocated a 21-event subset of events using singular value de-
composition (SVD) within the HypoDD software (Waldhauser and
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Fig. 3. Spatial distribution of aftershocks used in this study; circles represent events in both plots. Top plot shows the 1,133 relocated events used in this study binned
hourly through time, with rainbow colors scaled to indicate time since the 5 January 2013 mainshock. Bottom plot shows a subset of aftershocks located within 15 km of
a fault-normal cross-section (cross-section orientation shown in Fig. 1), with color indicating time of the event (as in the top plot). (For interpretation of the colors in the

figure(s), the reader is referred to the web version of this article.)
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Fig. 4. Histogram showing depth distribution of all 1,133 relocated aftershock events
used in this study, with 2 km bins from 0-30 km depths.

Ellsworth, 2000) and the same starting 1D velocity model (von
Huene et al,, 1979; Table A2). Depths for the 21-event subset of
SVD-located events, which are generally some of the largest and
best-located events, span ~16-21 km; these depths are consistent
with the dominant depths calculated for smaller events included in
our 1,133-event LSQR-located catalog (Fig. 4). SVD-located events
within the 16-21 km depth range have calculated uncertainties of
4+1-3 km in depth and ~1 km in the horizontal directions. These
uncertainties should also include any clock drift error. Spatial relo-
cation uncertainty, particularly in depth, should be expected to be
higher for events located outside the OBS instrument array, and for
smaller events, which may have higher error in traveltime phase
picks and/or be observed by fewer stations. All hypocenter relo-
cation data are included with this publication as supplementary
files.

3.2. Tomography

To solve for crustal velocities, we use a double-difference
arrival-time tomography method (tomoDD) which iteratively at-
tempts to minimize the residual between absolute and predicted
arrival times by updating both the relative location between pairs
of earthquakes and the 3D velocity model (Zhang and Thurber,
2003). The tomoDD software performs a joint inversion by using
double-differencing to relocate event hypocenters, subsequently
utilizing the relocated events to solve for 3D velocity structure at
user-defined nodes. We weigh catalog and cross-correlation trav-
eltimes following methodology described in recent studies using
similar datasets (Froment et al., 2014; McGuire et al.,, 2015) but
use weights tested specifically for our dataset.

TomoDD requires a user-defined starting velocity model, which
is then updated during the inversion. Our 1D starting Vp model
(Fig. 5, Table A2) was based on Queen Charlotte Terrace velocities
from von Huene et al. (1979), which provides a synthesized veloc-
ity model from several smaller-scale refraction studies and gravity
modeling nearest to our study area. We chose a 1D starting model
to avoid introducing an additional variable of poorly constrained
lateral heterogeneity, which could possibly influence the results.
A constant Vp/Vs ratio of 1.73 was chosen to define S-wave ve-
locities in the initial model. Input velocity models and tomoDD
parameters have been provided as supplements with this publica-
tion.

A 3D velocity grid used for the inversion process was con-
structed with a horizontal spacing of 5 km in x and y direc-
tions centered directly over the OBS instrument array, with coarser
spacing of 10-20 km at the edges of the model outside of the
OBS array. The relatively coarse velocity grid was chosen to solve
for regional changes in velocity structure, with a focus on the
contrast in properties across the fault. We began by inverting
for P-wave velocity for catalog events only, introducing cross-
correlation events and S-wave arrivals as we reduced traveltime
residuals (the time difference between predicted and observed
traveltimes). Model node spacing, weighting, smoothing, and other
inversion parameters were iteratively tested and re-tested as new
data were introduced. Convergence on a relatively smooth veloc-
ity model, location errors, and residuals were all considered when
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determining final inversion parameters (Table A3). Our final pre-
ferred inversion parameters weigh catalog and cross-correlation
data equally, and weigh S-wave arrivals more heavily than P-
wave arrivals in order to impose a smoother P-wave velocity
model (Table A3). Table A4 details the double-difference data
used for the inversion. Absolute RMS traveltime residuals were re-
duced from 1.11 to 0.02 s for cross-correlation events and from
125 to 0.28 s for catalog events during the course of the in-
version process. Here, we present Vp and Vs slices through the
final tomography model at 2.5, 5, 7.5, 10, 15, 20, and 26.5 km
depths (Figs. B1-B4). Derivative Weight Sum (DWS) values at
each node are a proxy for ray coverage and resolution, and were
used to determine the relative sampling of different areas of our
model space and identify portions of our model space where we
lack resolution (Figs. B5, B6). Here, we only present model re-
sults with DWS > 4, a somewhat arbitrary threshold selected
so as to eliminate obvious outlier data points but still include
data interpreted to be reliable (i.e., data consistent with regional
trends). Finally, we also calculate Vp/Vs (Fig. B7) and mean ve-
locities (Table B1) for our tomography models. All output veloc-
ity data, DWS data, and residuals have been provided as supple-
ments.

3.3. Complementary data

In addition to the OBS aftershock data described above, we
utilized several supplementary geophysical datasets to inform our
interpretations. GLORIA sidescan sonar data allowed us to inter-
pret the seafloor trace of the QCF (Bruns et al, 1992; Walton et
al., 2015). Legacy seismic reflection data were used for both sub-
surface mapping of QCF-related fault structures (see Walton et al.,
2015 for detailed methods and surveys) and for interpretation of
structures suggested by the aftershock distribution. One survey of
note is USGS survey L378EG, which crosses the fault and OBS array
at several locations. We reprocessed line L378EG_954 for this study
(Fig. 2; Supplement C), implementing an improved post-stack time
migration that provides further detail for structural interpretation.

L378EG processing steps included geometry definition, trace edit-
ing, 5-8-60-70 Hz tapered bandpass filter, v? gain, multichannel
windowed deconvolution, velocity definition, stack, and F-K mi-
gration (see Figs. C1 and C2 for uninterpreted before and after
images).

4. Observations
4.1. Aftershock distribution

In map view, most seismicity appears to align with the QCF
main trace as mapped on the seafloor (Walton et al., 2015), with
deeper seismicity lying east of the primary fault strand (Fig. 1).
In cross-section, hypocenters indicate a cluster of aftershocks cen-
tered around ~18 km depth that are likely occurring along the
QCF itself (Fig. 3). There is a significant trend of seismicity off
of the main trace and on the Pacific Plate side of the boundary
(Fig. 1, Fig. 3), which appears to dip steeply away from the main
QCF trace. Seismic reflection data indicate the presence of several
possible fault strands in the region of the focused Pacific after-
shocks (Fig. 2). The 1,133 aftershocks presented in this study occur
predominantly at depths from 12-22 km (Fig. 4).

We note that our study time period occurred ~4 months af-
ter the Craig mainshock and only covers 21 days, limiting our
ability to detect and interpret regional and temporal patterns of
aftershock occurrence. Holtkamp and Ruppert (2015) notice some
temporal variation in a longer ~5 month aftershock catalog fol-
lowing the Craig event, namely clusters of events over very short
time periods that are aftershocks of larger aftershocks. Despite the
short time window of our deployment, our dataset has the dis-
tinct advantages of 1) having instruments within close proximity
to the source region, and 2) improved azimuthal coverage; namely,
instruments located west of the source region. As such, our dataset
should provide more reliable spatial information and reduced un-
certainties as compared to land-only earthquake catalogs.
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Fig. 6. Vp (left column) and Vs (right column) tomography slices (slice geographic location shown in Fig. 1) showing difference from the starting 1D velocity model value,
which is indicated in the bottom right of each panel. Figure highlights 7.5 km (top row), 10 km (middle row), and 15 km (bottom row) depth slices over the survey area.
Velocity data corresponding with DWS > 4 are displayed and have not been interpolated, extrapolated, or otherwise filtered in these images. Tomography data are overlain
by interpreted seafloor faults (black dashed lines; bold is primary QCF strand) from Walton et al. (2015), aftershock hypocenters (white dots) within 1.25 km (7.5 km slice)
and 2.5 km (10 and 15 km slices) of the depth slices, user-defined nodes utilized in velocity inversion (small black dots), and OBS stations (white triangles). Color versions

available in Supplement B (Figs. B1, B2).
4.2. Velocity structure

Quantifiable lateral variation in Vp and Vs at depth occurs from
5-20 km (Fig. 5, Fig. 6). Slower Vp and Vs velocities appear dom-
inantly on the Pacific side of the QCF and faster velocities on
the North American side through this depth range (Fig. 6). Al-
though the 1D starting model did not include fault geometry, the
modeled velocity contrast correlates well with aftershock locations
and seafloor fault geometry (Fig. 6). Between depths of 5-20 km,
mean Vp and Vs values vary ~6% at most from the starting ve-

locity models (Fig. 5) and total variation across the QCF has a
mean of ~3-11% (Fig. 5, Table B1). When interpreting fault rhe-
ology from our models, we note that previous refraction models
(e.g., von Huene et al., 1979; Spence and Asudeh, 1993) and seis-
mic reflection interpretation (Rohr et al., 2000) indicate the depth
of Mohorovici¢ discontinuity to be at ~18-28 km for the North
American Plate (shallowest at the QCF) and ~7-13 km for the Pa-
cific Plate near the QCF. Depth to Moho beneath the Pacific crust
is likely on the deeper end in our study area due to Pacific Plate
downwarping and a significant sediment layer; the top of Pacific
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basement has been mapped as deep as 8 s two-way traveltime
(TWTT; something like ~8 km depth) just south our study area
(Walton et al.,, 2015). In our tomography models at 20 km and
deeper, we observe mantle velocities on the Pacific side of the
plate boundary and start seeing a slower North American Plate
(Fig. 5, Figs. B1-B4). This depth range may be around the lower
depth limit of resolution (Figs. B5-B6, Supplement D).

Our results are ultimately limited by the size and quality of
our dataset, and we note several limitations and sources of un-
certainty. Shallow (<5 km) and deep (>20 km) tomography re-
sults exhibit the least amount of variation from the starting model
(Figs. B1-B4). Shallow slices indicate locally fast or slow velocities
around OBS instrument locations (generally on the North Ameri-
can and Pacific sides of the QCF, respectively), which lessen or are
nonexistent at depths of 7.5 km and deeper (Fig. 6, Figs. B1-B4).
These shallow anomalies could be related to a relatively large
number of shallow events (Fig. 4) with poorly resolved depths or
limited shallow ray coverage indicated by DWS (Supplement B).
Below the source region of most of the aftershocks (~20 km),
model resolution decreases rapidly (Supplement D), leading to
little change in velocity structure in tomographic inversion re-
sults (Figs. B5, B6). Due to generally lower resolution and/or poor
ray coverage in the shallow and deep portions of our model,
we only consider depths of 5-20 km in our interpretations. We
are able to resolve broad-scale results of our velocity model at
5-20 km depths based on a simplified resolution test (Supplement
D, Figs. D1-D8; see also supplementary data files with preferred
results); these are also the depths most relevant for understanding
the seismogenic zone associated with the 2013 Craig event. Abso-
lute model velocities at these depths are well within reasonable
ranges for crystalline oceanic crust, continental crust, and mantle
(Fig. 4).

Finally, we acknowledge that our linear clock drift correction
may not be optimal; however, based on maximum clock drift cal-
culated from a previous deployment of the same OBS instruments
(Table A1), we note that maximum clock drift during our exper-
iment is likely to be considerably less than ~50 ms, and that
our traveltime residuals can exceed this value, thus encompassing
clock-drift errors (Fig. D9). The short duration of our experiment
would not allow for significant clock drift to affect the results
compared to studies involving months- to year-long OBS deploy-
ments. Our residuals are less than the range of worst-case clock
drift errors on the order of ~100 ms (Gouédard et al., 2014). OBS
residuals (Fig. D9) are also Gaussian and zero-mean, suggesting
that errors are random and have a similar residual distribution,
indicating that clock errors are not biasing the model. OBS resid-
ual distributions are similar to residuals on the land instruments,
which have GPS-synced clocks, again suggesting that OBS clock er-
rors are not playing a big role in model errors.

5. Discussion
5.1. Implications of event distribution

The Craig centroid was calculated to be at a depth of 13.5 km
using a W-phase inversion (Lay et al., 2013) and at a depth of
11-18 km using teleseismic finite fault modeling (Aderhold and
Abercrombie, 2015). Our catalog shows aftershocks extending to
depths greater than these centroid depths, and deeper than most
previously published hypocenter depths for seismicity on the QCF
(i.e. USGS; www.usgs.gov). Seismicity deeper than ~5 km generally
appears to the east of the main fault strand (Fig. 1), supporting a
steep eastward dip on the fault; this observation is consistent with
the 78° dip on the fault plane found for the Craig event’s moment
tensor solution (USGS; www.usgs.gov). Aftershocks in our catalog

generally occur at depths of 12-22 km (Fig. 4). The depth distri-
bution suggests stick-slip behavior at depths greater than those
observed for most continental strike-slip faults, which tend to have
a maximum locking depth of ~10-15 km; for example, a ~9 km
locking depth has been observed at the onshore Fairweather Fault
(Fletcher and Freymueller, 2003). Observed aftershock hypocenters
are more consistent with the finite-fault modeling of Aderhold and
Abercrombie (2015) in which slip during the Craig event occurred
in the zone between 5 and 25 km depths. Our results are less con-
sistent with the rupture model presented by Yue et al. (2013), in
which the supershear Craig rupture occurred along a seismogenic
zone confined between 0-10 km.

It is possible that the Craig mainshock slipped shallower
(<15 km) areas of the fault interface, consistent with Yue et al.
(2013), and that afterslip processes following the Craig event are
driving aftershocks at deeper than normal seismogenic depths. Due
to our short 21-day deployment ~4 months after the mainshock,
it is also possible that our dataset is missing trends of shallower
seismicity that may have occurred prior to our deployment. How-
ever, our catalog provides reliable event locations due to the good
azimuthal coverage of our OBS instruments, so our preferred inter-
pretation is that the deeper aftershocks represent deeper stick-slip
behavior characteristic of the QCF. The dominance of deeper af-
tershocks (12-22 km) in our study supports the hypothesis of
Rohr et al. (2000) and Aderhold and Abercrombie (2015) that the
maximum depth of stick-slip behavior along the QCF is thermally
controlled, similar to an oceanic transform fault (e.g., Roland et
al., 2010). Our results are therefore more consistent with the ex-
pected temperature-dependent rheology of mafic rocks (Boettcher
et al., 2007), supporting a fault zone composed of mafic Pacific
Plate rocks adjacent to mafic-intermediate North American crustal
composition. A deeper, thermally controlled frictional transition
out of the seismogenic zone and the occurrence of deeper seismic-
ity along the QCF together might imply that co-seismic slip during
the Craig earthquake occurred below 10 km, again consistent with
the analysis of Aderhold and Abercrombie (2015).

The aftershock distribution shows evidence for at least one ac-
tive fault strand within the Pacific crust in the region of the 2013
Craig earthquake (Fig. 1, Fig. 3). Seismic reflection data confirm the
presence of offset sedimentary rocks near the seafloor along sev-
eral faults in this area (Fig. 2). One of these Pacific Plate faults
has been interpreted on adjacent seismic reflection profiles along
the margin, and seismic reflection data indicate that fault strand
could be as long as ~200 km (Walton et al., 2015). The mini-
mal vertical sedimentary rock offsets and steep dip of the fault
or faults apparent in seismic reflection data (Fig. 2) would suggest
a strike-slip or transpressive fault. Holtkamp and Ruppert (2015)
identify Craig aftershocks and calculate moment tensor solutions
within the Pacific Plate in the region of this same secondary fault.
The moment tensor solutions indicate a thrust focal mechanism
for at least one of the intra-Pacific Plate events, supporting a
transpressional structure here. Other studies (Tréhu et al., 2015;
ten Brink et al., 2018) have also interpreted reactivation of Pacific
fault strands in order to accommodate regional convergence. The
aftershock locations from this study alone are insufficient to infer
if or how this or other Pacific fault strands relate structurally to the
QCF, and it is also unclear whether this fault played a role in the
2013 Craig mainshock. The clear presence of off-axis aftershock lo-
cations, however, provides evidence that various structural features
(Fig. 1) may contribute to fault zone heterogeneity and/or strain
partitioning in the vicinity of the 2013 Craig rupture. We speculate
that these observations of Pacific Plate faulting may also suggest
that deformation is preferentially accommodated within the Pacific
crust, possibly supporting the hypothesis that the margin consists
of a relatively weaker Pacific crust and stronger North American
crust along this segment (Tréhu et al., 2015).
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5.2. Implications for velocity structure

One of the primary observations of this study is that the Pa-
cific crust is on average ~3-11% slower in Vp and Vs than the
adjacent continental crust at interpreted seismogenic depths well-
resolved by our dataset (5-20 km; Table B1), with this contrast
particularly sharp across the QCF in the 7.5-15 km depth range
(Fig. 6). Consistent with ten Brink et al. (2018), we interpret that
the QCF seems to separate the North American crust from the Pa-
cific crust and that we are imaging primarily crustal material in
the 7.5-15 km depth range. With a relatively thick (up to ~2 km)
sedimentary package atop a downwarped Pacific Plate (Walton
et al., 2014), these depths likely represent a crust/crust interface
across the seismogenic portion of the QCF, or possibly an upper
oceanic mantle-continental crust interface at the deeper end of the
7.5-15 km range. We observe mantle velocities on the Pacific side
that are similar to North America velocities at 20 km and deeper
(Fig. 5, Figs. B1-B4, Table B1). If it were not for the presence of
North American accreted terranes, we would expect mafic oceanic
rocks, especially deeper gabbroic rocks, to be significantly (up to
~1 kmy/s) faster than granitic continental rocks at an equivalent
depth (e.g., Christensen and Mooney, 1995). The crustal architec-
ture of the North American Plate at the location of the Craig event
could explain this unexpected velocity contrast across the QCF. The
Insular Superterrane makes up the North American crust here and
contains higher-velocity mafic rocks (Spence and Asudeh, 1993;
Rohr et al., 2000); our study area straddles an area containing pri-
marily Alexander Terrane on the North American side (Colpron and
Nelson, 2011; Fig. 1). Although the results of Morozov et al. (1998)
describe Insular Superterrane velocities south and inland of our
study area, our tomography results are consistent with their find-
ings at shallower crustal depths (5 km; Fig. 5), where our mean
continental velocities (6.2 km/s at 5 km) are only slightly above
their average values of 5.7-6.0 km/s. Rock type alone could sug-
gest a seismically faster North American crust than was previously
presumed in the analysis of possible supershear rupture on this
fault (Yue et al., 2013).

Somewhat independent of lithology, the ages of crust on op-
posing sides of the QCF may also contribute to changes in elastic
properties within the crustal rocks of both plates; older, colder
crust on the North American side are likely stiffer than the young,
warm Pacific crust. The North American crust at the site of the
2013 Craig earthquake is at least Pennsylvanian age (Gardner et al.,
1988), and south of the city of Craig, Alaska the Alexander Terrane
is as old as Neoproterozoic (Gehrels, 1990). Thus, North American
rocks are significantly older than the ~15 Ma Pacific Plate oceanic
crust here. Relatively low heat flow measurements in the continen-
tal crust ~350 km south of our study area support an older, colder
North American crust (Smith et al., 2003). Considering lithology
and age, it is feasible that the North American crust is seismically
faster than the Pacific crust in our study area as our results sug-
gest.

There are two alternative explanations for lower Pacific ve-
locities: 1) increased porosity from damage and/or faulting, and
2) mineral alteration (e.g., serpentinization), which generally oc-
curs in higher porosity zones, allowing fluids to influence the
chemistry of the upper mantle. Our raypaths may be sampling a
broad deformational or damaged zone along the QCF, with defor-
mation preferentially accommodated in a weaker Pacific crust. The
QCF cuts through the Queen Charlotte Terrace, which has been de-
formed by dextral shear and strike-slip faulting during the long
history of the QCF (e.g., Rohr et al., 2000). In the region of the
2013 Craig earthquake, the Pacific crust has been deformed and
faulted with transpressional splays of the QCF as well as deeper
plate-bending faults (Tréhu et al., 2015; Walton et al., 2015). If de-
formation favors the Pacific crust because it is inherently weaker,

then the deformed terrace and/or Pacific crust could have devel-
oped large damaged zones with increased porosity and therefore
lower seismic velocity (particularly lower Vs), which could yield
velocities significantly slower than the surrounding rock across a
broad (~5-10 km) zone (Roland et al., 2012). S-waves appear to
travel predominantly through the North American side of the plate
boundary (as indicated by DWS; Figs. B5, B6), potentially sup-
porting higher Pacific deformation, fault-related fracturing, and/or
porosity. We also note that Vp/Vs is generally higher on the Pacific
side (Fig. B7).

5.3. Implications for supershear rupture

On the basis of regional S-wave observations, the 2013 Craig
earthquake was suggested to be a dominantly unilateral rupture,
propagating northward at supershear velocities up to 5.5-6.0 km/s
(Yue et al,, 2013). Theoretical results indicate that supershear rup-
tures can occur at fault zones where there is a strong material
contrast to either side of the fault (e.g., Xia et al., 2005). Based
on numerical and physical experiments, the “preferred” slip direc-
tion for subshear ruptures (which are generally also sub-Rayleigh,
or “normal” earthquakes; e.g., Bouchon et al., 2010) is in the direc-
tion of slip of the seismically slower material. Supershear ruptures,
however, tend to propagate in the “non-preferred” direction, or the
direction of slip of the faster material (Xia et al., 2005). The 2013
Craig earthquake ruptured dominantly northward (Yue et al., 2013)
slipping right-laterally between the Pacific crust to the west and
North American crust to the east. If our results are correct and the
Pacific crust is slower at seismogenic depths relative to the North
American crust within the Craig rupture area (Fig. 6), then this re-
lationship would indicate that the 2013 Craig rupture propagated
in the opposite direction than that expected for a supershear rup-
ture if the bimaterial interface controls rupture direction.

There are several possible explanations that can reconcile the
seemingly incompatible observations of northward Craig supers-
hear rupture and our tomography results. A rupture propagating at
4 km/s within a depth range of 5-25 km, which is the preferred
northward rupture model for Aderhold and Abercrombie (2015),
would actually be propagating at subshear wave speeds for the
seismogenic zone below 15 km based on our tomographic results
(Fig. 5, Fig. 6). Thus, one possibility is that the 2013 Craig event
may have ruptured at a subshear propagation rate deeper than
15 km, assuming the North American crust is indeed higher veloc-
ity at seismogenic depths. We emphasize that the depth range of
the Craig event is not well resolved in either the Yue et al. (2013)
or Aderhold and Abercrombie (2015) models, and a subshear inter-
pretation relies on coseismic slip deeper than 15 km.

Another possibility is that we are imaging a localized low-
velocity, damage, or heterogeneous zone rather than bulk crustal
velocities in our tomography model. The limited number of rays
from 8 OBS stations may not adequately sample the model domain,
such that a thin damage zone may appear wider in the veloc-
ity model output. Similarly, small, localized low-velocity anomalies
within a heterogeneous regime may appear wider than reality.
Understanding the location of the low-velocity zone(s) in rela-
tion to the plate boundary is important when considering super-
shear processes. Numerical models of earthquake ruptures (Harris
and Day, 1997) have simulated supershear ruptures under condi-
tions where a fault bisects a low velocity zone. In these models,
stress perturbations near the crack tip interfere with waves re-
flected within the low-velocity zone, generating a complex stress
environment for certain dimensions of fault damage zones. Our to-
mography and fault mapping results, however, are too coarse to
determine conclusively whether the QCF bisects any part of the
imaged low-velocity zone, a heterogeneous zone, or simply sepa-
rates low-velocity material from higher-velocity material.
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Finally, it is possible that deformation zone width and geomet-
ric simplicity play a more significant role in promoting supershear
rupture than bulk velocity contrast across the seismogenic zone.
For example, the Craig mainshock may have gone supershear due
to propagation along a geometrically smooth segment of the QCF
(Bouchon et al., 2010; Bruhat et al., 2016). Based on initial results
from recent high-resolution geophysical mapping (Brothers et al.,
2017), a substantial improvement on the mapping presented here
which is based on low-resolution seafloor and legacy seismic re-
flection data, the main strand of the QCF appears extremely linear
with slip highly localized along a single surface trace in the re-
gion of the Craig earthquake. Along smoother segments of the QCF,
highly localized deformation may potentially produce geometric
and stress conditions similar to those observed in other supershear
events (Bouchon et al., 2010), allowing the S-wave energy ahead of
the crack tip to overcome friction and initiate the secondary, super-
shear rupture (e.g., Yue et al,, 2013).

In any case, our findings suggest that geologic conditions in the
region of the Craig earthquake are different from theoretical su-
pershear rupture models requiring a specific contrast in seismic
velocity across a bimaterial fault zone. Exceptions to theoretical
predictions of rupture propagation direction have been previously
noted in the Parkfield region of the San Andreas Fault (Zhao et al.,
2010); there, for example, it has been hypothesized that rupture
directionality may instead be influenced by structural and stress
heterogeneities along the fault. If the 2013 Craig event is also an
exception to theoretical propagation of a supershear event along a
bimaterial interface, it highlights a need for better understanding
of the mechanisms driving supershear rupture and directionality.

6. Conclusions

Our study utilizes a unique OBS earthquake catalog of 1,133
events to examine crustal architecture in the vicinity of the 2013
Mw 7.5 Craig, Alaska earthquake. Using tomographic and seismic-
ity analysis, we find that:

1. The majority of 2013 Craig earthquake aftershocks in our study
occur between 12 and 22 km depths (£3 km), implying that
the fault zone is seismogenic at those depths and supporting
previous hypotheses that elastic deformation along the QCF is
controlled by mafic rheology.

2. Aftershocks within the Pacific Plate highlight possible fault
heterogeneity and off-axis seismicity on at least one fault
strand within the Pacific crust. The aftershock locations cor-
relate with fault(s) mapped in legacy seismic reflection data.

3. In the vicinity of the 2013 Craig, Alaska earthquake, the Pacific
Plate demonstrates P- and S-wave velocities that are ~3-11%
slower on average than the North American Plate at seismo-
genic depths (5-20 km). The contrast in velocity across the
fault is especially evident in the 7.5-15 km depth range, co-
incident with the best-resolved portions of our velocity model
and the zone through which the mainshock likely ruptured.

4. The low-velocity zone on the Pacific side of the QCF is consis-
tent with the presence of deformed, faulted rocks within the
Pacific Plate and/or Queen Charlotte Terrace, but may also in-
dicate an actual contrast in crustal lithologies across the fault,
possibly associated with the Paleozoic-Mesozoic Insular Su-
perterrane accreted to North America.

5. If bimaterial interfaces control supershear rupture direction-
ality, our observation of slower Pacific crust at seismogenic
depths is inconsistent with a modeled northward-propagating
supershear rupture associated with the Craig event (Yue et al.,
2013). This discrepancy may imply a) that the Craig rupture
speeds did not exceed the shear-wave speed within the seis-
mogenic zone, b) that the rupture interface is more complex

or deformed than a single fault plane separating relatively in-
tact Pacific and North American crustal material, or c) that
there may be controls other than bimaterial contrast, such as
fault smoothness, deformation zone width, or the presence of
a fault-bisected low-velocity zone, affecting supershear rupture
propagation.
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