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Ⓔ

Seismic Rupture on an Oceanic–Continental Plate Boundary: Strike-Slip

Earthquakes along the Queen Charlotte–Fairweather Fault

by K. Aderhold and R. E. Abercrombie

Abstract We investigate the 2013 Mw 7.5 Craig, Alaska, earthquake and nearby
seismicity to understand better how temperature and composition may control the depth
of seismic rupture along a strike-slip fault offsetting contrasting lithosphere types. The
Queen Charlotte–Fairweather (QCF) fault lies between the oceanic lithosphere of the
Pacific plate and the accreted Insular superterrane of the North American continent.
We use point-source and finite-fault modeling of teleseismic body waves to characterize
the focal mechanism and the depth extent of seismic rupture of five Mw 5.9–7.5 earth-
quakes. Four of the five earthquakes are consistent with rupture on the QCF fault. We
find that these four earthquakes have centroid depths between 11 and 18 km (!3 km)
and aftershocks with an order of magnitude less than typical continental earthquakes.
Finite-fault modeling of the 2013 Craig earthquake favors bilateral rupture along a
150 km fault with a depth range of slip between 5 and 25 km, with faster rupture
(4–5 km=s) to the north than the south (1 km=s). These results suggest that the transition
of brittle to ductile deformation along this section of the Pacific–North American plate
boundary is thermally controlled by a more mafic rheology than average continental
crust, exhibiting behavior consistent with that of an oceanic strike-slip fault.

Online Material: Figures of best-fitting point-source focal mechanism and waveform
fits, dip sensitivity, directivity tests, aftershock distributions, and finite-fault results.

Introduction

Stretching along the coast of Alaska and Canada, the
Queen Charlotte–Fairweather (QCF) fault forms a transform
boundary between the continental North American plate to
the east and the oceanic Pacific plate to the west (Fig. 1). This
affords an opportunity to examine the behavior of seismicity
along a strike-slip fault with different material properties on
either side that can influence the depth extent of seismicity,
focal mechanisms, and aftershock sequences.

This boundary has hosted large strike-slip earthquakes,
including Canada’s largest earthquake, an Mw 8.1 on 22 Au-
gust 1949, and the 1958Mw 7.9 event further north (Gutenberg
and Richter, 1954; Page et al., 1991). The 1949 earthquake had
a rupture length between 300 and 500 km in length, outlined
by the aftershock sequence (Rogers, 1986). The 1958 rupture
to the north enabled the identification of a possible seismic gap
on the QCF fault between 56° and 57° N (Sykes, 1971; Rogers,
1986). In 1972, the Ms 7.6 Sitka earthquake ruptured 150 km
of the QCF fault, though the bilateral rupture made it difficult to
determine the extent of slip south of the epicenter (Schell and
Ruff, 1989). The 1972 earthquake was thought to have rup-
tured the entirety of the northern seismic gap, and the obser-
vation by Sykes (1971) was cited as a successful earthquake
forecast (Schell and Ruff, 1989).

The most recent large earthquake on the QCF fault is the
5 January 2013 Mw 7.5 Craig, Alaska, earthquake occurring
to the southeast of the 1972 epicenter, initiating on the south-
ern end of the northern seismic gap and confirming the
remarks of Sykes (1971) that this gap could be as long as
300 km. Yue et al. (2013) determined supershear rupture for
the 2013 Craig earthquake using regional waveforms and the
Global Positioning System, attributing this behavior to the
differing material properties of the fault. This study used tele-
seismic waveforms to identify two slip asperities along the
fault with rupture limited from the surface to a depth of 9 km
(Yue et al., 2013). Also using teleseismic waveforms, Lay
et al. (2013) found an average rupture velocity of 2:5 km=s,
with slip extending to 15 km in depth, but were not able to
rule out higher rupture velocities. Rapid finite-fault modeling
performed and distributed through the U.S. Geological Sur-
vey (USGS) and the National Earthquake Information Center
(NEIC) reported a rupture velocity of ∼2:5 km=s for the main
slip asperity, with slip extending to 20 km in depth (see Data
and Resources).

Seismic observations and laboratory experiments agree
that the brittle–ductile transition is around the 350° C iso-
therm for continental quartzite-rich crust and between the
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600° C and 800° C isotherms for oceanic olivine-rich litho-
sphere (Wiens and Stein, 1983; Kohlstedt et al., 1995;
Boettcher et al., 2007). It is not known which side would
control the depth extent of seismic rupture on a fault-plane
joining oceanic and continental compositions. If controlled
by the western side of the QCF fault, the depth of seismic
rupture would likely be limited by cooling of the young,
12.5–20 my old lithosphere. The depth of the 600° C iso-
therm would increase from 17 km in the younger southern
fault section (54° N) to 22 km in the older northern fault sec-
tion (57° N), assuming a half-space cooling model with man-
tle potential temperature of 1350° C (Müller et al., 2008).
The depth of seismic rupture if limited by the eastern side
of the QCF fault would be between 10 and 15 km, if we
assume it is controlled by the limit of brittle failure of quartz-
ite and use a measured surface heat flow of 60 mW=m
(Hyndman et al., 1982; Kohlstedt et al., 1995).

The eastern side of the QCF fault near the 2013 Craig
earthquake is formed by the confluence of three accreted ter-
ranes: the Wrangell to the south, the Alexander to the east,
and the Chugach to the north (Colpron and Nelson, 2011;
Nelson et al., 2012) (Fig. 1). The depth to the Mohorovičić
discontinuity is also different on either side of the QCF fault,
with the eastern accreted terranes forming a thicker crust than
what would be expected for the oceanic lithosphere to the
west (Rohr and Tryon, 2010). Using a seismic survey across
the QCF fault at 54.3° latitude, Rohr et al. (2000) imaged a
cross section of these accreted terranes and concluded that
the high P-wave velocity at depth indicated a higher mafic
composition than typical continental crust (Mooney et al.,
1998); they measured a Moho depth that smoothly increased
from 7 km on the oceanic side to 18–20 km on the con-
tinental side. A more mafic lower crust was also suggested
for the continental side of the QCF fault by Spence and Asu-
deh (1993), who used a previous seismic survey further south
in 1977 along the 53° and 52° N lines of latitude, with an
interpreted Moho depth of 21 km near the QCF fault and
26–28 km further to the east. If the behavior of the eastern
side of the QCF fault north of these seismic surveys is not
controlled by quartzite but by more mafic feldspar or olivine
rheology, then seismicity would be expected to extend
deeper than 15 km. It is still likely that the eastern side of
the QCF fault is less mafic than oceanic lithosphere to the
west, especially in the northern section of the QCF fault
where the Alexander terrane did not experience the same al-
teration as the Wrangell terrane to the south (Gabrielse and
Yorath, 1991). Regardless of composition, oceanic mantle to
the west meets continental crust to the east along the QCF
fault at depths greater than 7 km. The sudden but inevitable
change in lithosphere from one side of the QCF fault to the
other should have an effect on the behavior of seismicity,
particularly in the depth extent of seismic rupture.

The depth of earthquakes outside regional networks is
difficult to determine and is often fixed in catalogs or found
to be in error of 10–20 km (Maggi et al., 2000). A few studies
have been performed to improve on these errors in depth of

seismic slip on oceanic strike-slip faults. Well-determined
depths of earthquakes along the Romanche and Chain trans-
form faults in the Atlantic Ocean and the Blanco transform
fault in the Pacific Ocean were consistent with a limit to
brittle failure near the 600° C isotherm (Abercrombie and
Ekström, 2001; Braunmiller and Nábělek, 2008). Recent
studies have identified factors in addition to thermal structure
to explain the depth of seismic rupture. McGuire et al. (2012)
used an ocean-bottom seismometer deployment to investi-
gate the depth of earthquakes along the Gofar transform fault
and found them to vary beyond the first-order thermal control
of the 600° C isotherm. They hypothesized that higher poros-
ity in a specific fault section along strike, consistent with 3D
P-wave velocity models, could increase fluid circulation and
extend the depth of the seismogenic zone. Exceptionally
deep brittle rupture was also reported for the two April 2012
Mw 8" Indian Ocean earthquakes, rupturing the oceanic
lithosphere to a depth of 54 km at temperatures between
600° C and 800° C, perhaps due to a thermal runaway mecha-
nism (McGuire and Beroza, 2012). We improve upon the
depth errors for the largest well-recorded earthquakes along
the QCF fault to determine the extent of seismic slip. The
nature of slip will be influenced by the thermal and composi-
tional characteristics of the two sides of the QCF fault.

The largest aftershock in a typical continental sequence
is an average of 1.2 magnitude units smaller than the magni-
tude of the mainshock according to Båth’s Law (Båth, 1965;
Felzer et al., 2002). The typical sequence is well described
using an epidemic-type aftershock sequence model with a
triggering exponent α of ∼0:8 and a Gutenberg–Richter
frequency-size distribution (Gutenberg and Richter, 1944;
Helmstetter and Sornette, 2002; Boettcher and Jordan, 2004).
Oceanic transform faults generally have at least an order of
magnitude fewer aftershocks than continental faults (Boettcher
and Jordan, 2004; McGuire et al., 2005). Strike-slip oceanic
intraplate earthquakes have also been observed to have very
few aftershocks, similar to the behavior of oceanic transform
faults (Abercrombie et al., 2003). It has been suggested that the
low aftershock productivity points to tectonic loading and sub-
seismic slip as the primary aftershock triggering mechanism,
rather than triggering by mainshock (Helmstetter and Sornette,
2003; Boettcher and Jordan, 2004). The differences between
aftershock sequences of continental and oceanic are not fully
understood but can still be used to determine the influence of
the oceanic and continental shelf sides of the QCF fault.

We focus on the largest (Mw ≥5:5) earthquakes in the
region since 1990, which are well recorded by modern global
networks. Five earthquakes of Mw ≥5:5 occurred along the
QCF fault after 1990: the 5 January 2013Mw 7.5 Craig earth-
quake, itsMw 5.9 aftershock on 31 January 2013, the 28 June
2004 Mw 6.8 earthquake, the 12 July 2003 Mw 5.9 earth-
quake, and the 17 February 2001Mw 6.2 earthquake. Source
parameters for these earthquakes from the Global Centroid
Moment Tensor (Global CMT) catalog and the NEIC catalog
are summarized in Table 1 and Figure 1. The earthquake hy-
pocenters progress northward over time, with the 2001 earth-

1130 K. Aderhold and R. E. Abercrombie



Figure 1. The study area near the Queen Charlotte–Fairweather (QCF) fault showing bathymetry (top) and the tectonic setting (bottom). In the
top map, the leftmost double-couple mechanisms are the best-fitting point-source models from this study using an oceanic structure, the middle
mechanisms are using a shelf structure, and moment tensors for all earthquakes in the Global Centroid Moment Tensor (Global CMT) catalog
between 1990 and 2013 are plotted on the right (Ekström et al., 2012). Small circles are aftershocks within 30 days of the Craig mainshock, and
the largest fault used for the finite-fault modeling of the Craig earthquake is the rectangle. Centroid locations from the Global CMT catalog
(diamonds) and the National Earthquake Information Center (NEIC) hypocenter of the Craig earthquake (star) are in bothmaps, along with known
faults in solid lines (Colpron and Nelson, 2011). In the lower map, the oceanic lithospheric age and the accreted terranes make up the two sides of
the QCF fault (Müller et al., 2008; Colpron and Nelson, 2011). Terrane abbreviations are CG, Chugach; AX, Alexander; WR, Wrangellia; ST,
Stikinia; m, Coast complex; and YT, Yukon–Tanana. Fracture zones are in dashed white lines, and the velocity and the direction of the Pacific
plate relative to the North American plate is indicated (DeMets et al., 2010; Matthews et al., 2011). Rupture extents of the 1949, 1958, and 1972
earthquakes as determined from their aftershock sequences are plotted in dashed ellipses and labeled, after Page et al. (1991). Color scales are for
water depth (top) and lithospheric age (bottom) of the Pacific plate. The color version of this figure is available only in the electronic edition.
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quake having the most southern NEIC hypocenter, followed
by the 2002 earthquake and so on up to the 2013 aftershock.
We model and calculate the depth, mechanism, and produc-
tivity of the aftershock sequences of these earthquakes to de-
termine whether they are influenced by oceanic or continental
lithosphere on the QCF fault.

Point-Source Modeling of Mw ≥5:5 Earthquakes

We obtain waveforms from the Incorporated Research
Institutions for Seismology Data Management Center (IRIS-
DMC) for body-wave modeling of theMw ≥5:5 earthquakes
(Table 1). We select seismograms from stations at distances
30°–90° from each NEIC hypocenter. The first arriving P
waves are carefully hand picked, and the seismograms are
downsampled to 1 sample=s and cut to 10 s of prearrival and
40–80 s of postarrival, depending on the size of the earth-
quake. Swaves were identified based on their estimated TauP
travel times, processed like the P waves, and then the hori-
zontal components were rotated to obtain the tranverse com-
ponent. We invert for a point-source model, first with only P
waves. We use this to forward model the SH waves, then we
align the modeled SH waves with the recorded SH waves to
improve on the TauP arrival times that do not account for
spherical asymmetries in the Earth’s velocity structure (Crot-
well et al., 1999). The SH waves are included in all later
models but down weighted due to their higher amplitude.

We use the program MT5 based on the algorithm by
McCaffrey and Abers (1988) to invert for teleseismic body
waves from a point source (McCaffrey et al., 1991). Depth is
particularly hard to calculate for oceanic strike-slip earth-
quakes, because the P waves are highly nodal compared to
thrust and normal earthquakes, with larger-amplitude pP and
sP depth phases sometimes incorrectly picked as the first ar-
rival (Abercrombie et al., 2003; Schramm and Stein, 2009).
We use the Global CMT catalog mechanisms as a starting
point and determine the first-motion focal mechanisms to use
as a limit on the model. Direct P waves have a small weight in
the overall inversion, and we take care to ensure that the fits of
the synthetics to the data are not only quantitatively the best but
also fit the polarity of direct P-wave first motions. With this
method, we can also investigate if a second subevent is needed
to fit the seismograms past the first motions, but none were
required for the earthquakes modeled here.

We choose two 1D velocity structures to represent the
western oceanic crust and lithosphere and the eastern con-
tinental shelf (Table 2). Bathymetry, sediment data, and
active-source seismic imaging studies from this area help
with identifying layer thicknesses and material properties
(von Huene, 1972; Bird, 1997; Mooney et al., 1998; Rohr
et al., 2000; Ristau, 2004; Whittaker et al., 2013; Tenzer and
Gladkikh, 2014). We perform point-source modeling using
both velocity models. All earthquake depths are reported
from the seafloor. We perform a grid search in depth and dip
around our preferred solutions to investigate the sensitivity of
the point-source models.
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The 2004 Mw 6.8 Earthquake

The best-fitting mechanisms for the 2004 Mw 6.8 earth-
quake in both velocity structures are strike slip with one no-
dal plane within 1°–2° of the strike of the QCF fault (Table 1).
For synthetic waveforms of the point-source models, Ⓔ see
Figure S1 in the electronic supplement to this article. The
shallower dip of the oceanic mechanism is due to the ∼10°
difference in takeoff angle calculated by the two source struc-
tures. Sensitivity testing for depth results in minimum vari-
ance at 17 km for oceanic structure (6%–8% improvement
over !3 km) and 13 km for continental shelf structure
(8%–17% improvement over !3 km) (Fig. 2). As the depth
increases, the dip steepens in both velocity structures, with
steeper dips restricted by the polarity of western stations. We
test for rupture directivity through line source modeling of

rupture at 1–6 km=s in all four directions, determined by 90°
increments from the strike of the best-fit model. In oceanic
structure, there is a 5% improvement in variance with a rupture
velocity of 1 or 2 km=s along the 332° strike. There is a 2%
improvement in variance with a rupture velocity of 1 km=s
along the 332° northward strike, with a shelf velocity structure.
The northward directivity is consistent with the aftershock dis-
tribution, with the majority extending to ∼25 km north of the
NEIC hypocenter along the QCF fault.

The 2003 Mw 5.9 Earthquake

The best-fitting mechanism of the 2003 Mw 5.9 earth-
quake is similar to that of the 2004 earthquake within 5° of
the QCF fault strike. The waveforms of our modeling fit
best for a depth of 13.5 km with shelf velocity structure

Table 2
Source Structure Velocity Models Used in the Point-Source Models

Oceanic Continental Shelf

h0 (km) VP (km=s) VS (km=s) ρ#g=cm3$ h0 (km) VP (km=s) VS (km=s) ρ#g=cm3$

2 1.5 — 1.03 0.25 1.5 — 1.03
7 6.2 3.3 2.80 2 3.5 2.0 1.70
∞ 8.1 4.5 3.30 ∞ 6.2 3.3 2.80

Values are for the thickness of the layer (h0), P-wave velocity (VP), S-wave velocity (VS), and
density (ρ).
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Figure 2. Depth sensitivity testing for the 2001 (left), 2003 (middle), and 2004 (right) earthquakes using a point source in the oceanic
velocity structure. Depth was fixed at 3 km intervals, and all other parameters were left free. Minima are found at 16, 16, and 17 km,
respectively, from the seafloor for each earthquakes. The dip shallowed considerably with decreasing depth. The color version of this figure
is available only in the electronic edition.

Seismic Rupture on an Oceanic–Continental Plate Boundary 1133



(16%–21% improvement over !3 km) and 16 km with oce-
anic structure (5%–11% improvement over!3 km) (Fig. 2).
The dip for our preferred models is 55° for the shelf structure
and 41° for the oceanic structure. The first motions of this
earthquake require a steeper dip to fit than the 2004 earth-
quake, and the dip increases to steeper values as the depth is
fixed deeper, as shown in Figure 3. The stations TLY and
ARU are in the same quadrant for both mechanisms and look
nearly identical for both earthquakes. Station KBS has a
smaller positive first arrival and station HKT has a smaller
negative first arrival in the 2004 earthquake due to their
closer proximity to the nodal plane with the steeper-dipping
2004 mechanism. Stations FRB and SCHQ are very nodal
and have low signal-to-noise, particularly for the smaller
magnitude 2003 earthquake, making first arrivals difficult to
pick. Stations HRVand CBN are the best stations that are in
different quadrants with a negative first arrival for the 2003
earthquake and a nodal but positive arrival for the 2004 earth-
quake. The difference between the dips of these two earth-
quakes is larger than the error due to modeling and velocity
structure, suggesting that the dip of the QCF fault changes
along strike. We cannot resolve any directivity from the body-
wave modeling due to the smaller magnitude, and the 2003
earthquake had no foreshocks or aftershocks within 200 km
and 30 days before and after the mainshock to indicate the
orientation or extent of the rupture.

The 2001 Mw 6.2 Earthquake

The best-fitting mechanism for the 2001 Mw 6.2 earth-
quake is consistent within 1°–2° with the strike of the QCF
fault. Though the 2001 Mw 6.2 earthquake is larger in mag-
nitude than the 2003 Mw 5.9 earthquake, it has a lower sig-
nal-to-noise ratio for teleseismic waves. Our best-fitting
models have a depth of 13 km (5%–10% improvement over
!3 km) with a dip of 75° in the shelf structure and a depth
of 16 km (0.2%–5% improvement over!3 km) with a dip of
70° in oceanic structure (Fig. 2). The aftershock sequence of
this earthquake is clustered around the NEIC hypocenter and
does not indicate any rupture directivity outside of the error
in location.

The 2013 Mw 7.5 Craig Earthquake

This earthquake is large enough to resolve spatial vari-
ability of slip with teleseismic waves, but to do this we need
the best fault plane. We perform modeling to calculate the
centroid depth and to find a mechanism that fits the first mo-
tion. We are able to model the rest of the seismograms with-
out the addition of a subevent on an adjacent fault or for a
varying fault plane. We calculate the best-fit model based on
fitting the polarity of the small P-wave first arrival to deter-
mine the fault planes used in the finite-fault modeling and to
allow for comparison to the point-source results of the smaller
earthquakes. The best-fitting mechanisms for the 2013 Craig

Figure 3. Comparison of the recorded waveforms (solid) and synthetics (dotted) for the 2004Mw 6.8 earthquake (bottom, gray) and the
2003 Mw 5.9 earthquake (top, black) at representative stations. Both are best-fit mechanisms calculated with an oceanic structure. Each
station’s location on the focal sphere is indicated by the letter to the left. The two mechanisms are plotted with the steeper dip in gray
for 2004 and shallower dip in black for 2003. The stations to the northwest (TLY, ARU) are very similar for both earthquakes, whereas
stations to the east (HRV, CBN, HKT) have much more nodal first arrivals for the 2004 earthquake than the 2003. These station comparisons
show that the difference in dip between these two earthquakes is well constrained and outside of the error.
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earthquake prefer a depth of 11 km for the shelf structure and
a depth of 18 km for the oceanic velocity structure. The strike
of 333° for both velocity structures fits well with the strike of
the QCF fault, and the aftershock distribution supports rup-
ture directivity to the northwest.

The 31 January 2013 Mw 5.9 Earthquake

The largest aftershock of the 2013 Craig earthquake was
the Mw 5.9 that occurred on 31 January 2013. Although it is
the largest aftershock, this earthquake has the lowest signal-
to-noise ratio of the events we modeled, making it very dif-
ficult to pick the small amplitude first arrivals. This earth-
quake has visibly different seismograms that distinguish it
from the other four strike-slip earthquakes in this study. The
waveforms from common stations TLY and OTAV are con-
sistent with at least a 25° rotation of the strike of the 2004
Mw 6.8 earthquake (Fig. 4). We were able to pick and model
the P waves but found it more difficult than the previous
earthquakes to determine a mechanism that also fits the
SH waves. The best-fitting stable mechanism is for a highly

rotated mechanism striking at 33° for oceanic structure and 31°
for shelf structure, similar to the mechanism calculated by Holt-
kamp and Ruppert (2015) for the same event. We are confident
that a nodal plane is well defined by the change in low noise
recordings on northeastern stations; however, the rake of the
mechanism cannot be determined due to a lack of stations to
the southwest, where the only coverage comes from high-noise
island stations. Fixing to the mechanism for this 31 January
2013 earthquake in the Global CMT, NEIC, Pacific Geoscience
Centre (PGC), and Alaska Earthquake Information Center
(AEIC) catalogs results in worse fits, though the continental
source structure performs consistently better than the oceanic
structure by an average of 3.8% improvement in variance re-
duction. Fixing to the nearby 2013 Craig mainshock best-fitting
mechanisms or the 2004 earthquake in each source velocity
structure results in even worse fits for the aftershock, so we
can safely rule out the QCF fault and instead opt for a mecha-
nism with a nodal plane striking between 30° and 20°.

Summary of Point-Source Modeling

We find that four of the fiveMw 5:5" earthquakes mod-
eled have a nodal plane that is consistent with the QCF fault.
The depths and dips are dependent on the velocity structure
at the source, but the strikes are within!5° of the 330° strike
of the QCF fault. This strike is also consistent with the strike
of the mechanisms calculated by Holtkamp and Ruppert
(2015), the NEIC focal mechanisms, the best double-couple
solutions from the PGC, and the Global CMT moment ten-
sors, as seen in Ⓔ Figure S8 (Kao et al., 2012). All four
earthquakes have shallower dips and deeper centroid depths
in the oceanic velocity structure relative to the shelf velocity
structure. The calculated takeoff angle for teleseismic body
waves recorded at these stations changes by ∼10° between
the two velocity structures. This may explain the differences
in dip reported for the 2013 Craig earthquake by the Global
CMT (60°), Seismic source ChAracteristics Retrieved from
DEConvolving teleseismic body waves (SCARDEC) (76°),
and NEIC (80°) catalogs (Vallée et al., 2011). The Global
CMT catalog has previously been shown to report signifi-
cantly shallower dips for some strike-slip oceanic earth-
quakes (Abercrombie and Ekström, 2001). The dip of the
mechanisms reported in this study for the earthquakes along
this fault system vary by ∼10°–15°, depending on the veloc-
ity structure used to calculate the takeoff angles for teleseis-
mic body waves, so the absolute dip of the QCF fault is
difficult to determine. Because of the close proximity of
these two earthquakes, the waves from each will go through
essentially the same structure, and the 17°–21° relative differ-
ence in dip between the 2004 and 2003 earthquakes is evi-
dence that the dip along the QCF fault changes along strike.
A general steepening of the QCF fault dip with increasing
latitude is consistent with a progression from the southern
thrust mechanism of the 2012 Queen Charlotte earthquake
to the northern strike-slip mechanism that hosted the 2013
Craig earthquake.

Figure 4. Seismograms recorded at two different stations for
the 31 January 2013 aftershock and the 2004 earthquake. Station
OTAV is at an azimuth of 118° and TLY is at 323° azimuth. The
seismograms for the 31 January 2013 earthquake appear to match
those of the opposite stations for the 2004 earthquake, consistent
with a fault orientation rotated relative to the QCF fault.
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The 31 January 2013 earthquake has significantly differ-
ent waveforms from the other four earthquakes at com-
mon teleseismic stations. This Mw 5.9 aftershock of the
2013 Craig earthquake could have ruptured along the nearby
Chatham Strait fault, a right-lateral strike-slip fault oriented
at about 355° at the point of inferred intersection with the
QCF fault (Wheeler and McFeely, 1991). The strike of the
two best-fitting point-source models is more consistent with
the strike of the Chatham Strait fault than the ∼330° strike of
the QCF fault and the other earthquakes in this study, yet we
cannot rule out the conjugate fault plane for this event. The
mechanism we calculated for this 31 January aftershock, as
well as the mechanism calculated by Holtkamp and Ruppert
(2015) and reported in the Global CMT, PGC, and the NEIC
catalogs all require a separate and differently oriented strike-
slip fault from the QCF fault (Kao et al., 2012).

Finite-Fault Inversion of the 2013 Craig Earthquake

From point-source modeling, we find that the 2013
Mw 7.5 Craig earthquake is large enough to resolve spatial
distribution of slip. We perform a teleseismic finite-fault
inversion following the approach of Antolik et al., (2000,
2004, 2006). Green’s functions are computed with an oce-
anic source structure on top of the IASP91 model for the
mantle (Antolik et al., 2006), and we account for attenuation
using the QL6 model (Kennett and Engdahl, 1991; Durek
and Ekström, 1996). We obtain waveforms and process them
as outlined in the previous section, using the strike and rake
of the fault plane of our preferred point-source models. We
try both a 75° and 60° dip to represent the range reported by
moment tensor catalogs and the results from point-source
modeling. Because we obtained a very good fit to the data
with only one fault plane in the point-source modeling dis-
cussed previously, we do not attempt to add any subevents on
adjacent fault planes. Two oceanic 1D velocity source struc-
tures are used in the inversion, one with a sediment layer and
one without. Though the fit to the seismograms is high, some
complexities are not fit perfectly due to the simple source
structure. Our initial fault geometry is 300 km along strike,
centered on the hypocenter, and 50 km along dip. The sub-
fault elements are 3 km in length along strike and 5 km in
width along dip.

Single-Rupture Velocity Model

The rupture is fixed to begin at the NEIC epicenter, and
we try hypocenter depths of 10, 15, 20, 30, and 40 km. The
variance reduction sharply drops off with a hypocenter of
30 km or below, so we proceed with a 15 km hypocenter
that is consistent with our point-source modeling results
(11–18 km). Rupture velocity is held constant with values
from 1–6 km=s. This single, constant rupture velocity model
shows a clear improvement in variance reduction of the north–
south-trending fault plane over the conjugate east–west fault
plane (Fig. 5). This is consistent with previous studies (Yue

et al., 2013) and confirms that teleseismic body waves alone
can resolve the fault plane. The fit was best with rupture
velocities of 3 km=s for both fault dips. The fit to individual
stations varied with rupture velocity, with northwestern sta-
tions preferring a higher velocity and southeastern stations
preferring a slower velocity. Because we could not fit all
P and SH waves equally well with a single rupture velocity,
we moved on to models with two different rupture velocities
in different directions.

Two-Rupture Velocity Model

To investigate different rupture velocities to the north
and south (333° and 153° azimuths), we center the change in
velocity at the hypocenter. We try fixed velocities of 1, 2, and
3 km=s to the south and for each we fix a constant rupture
velocity of 1–6 km=s to the north. Allowing for a different
rupture velocity to the north and the south of the hypocenter
improves the variance reduction significantly (Fig. 5) and is
evident in the seismogram fits at stations like TLYand TIXI,
which have relatively high-amplitude SH waves (Fig. 6).

We try offsetting the change in rupture velocity 15 km to
the north of the hypocenter to approximate the models de-
termined by Yue et al. (2013). Offsetting the change in rup-
ture velocity to the north of the hypocenter to approximate an
increasing rupture velocity to the north added more un-
knowns without any improvement in fit to the data. The tele-
seismic waves cannot distinguish the slower beginning for
the rupture to the north reported by Yue et al. (2013) using
regional waves. We continue with a model with constant rup-
ture velocity to each side of the hypocenter.

The best model overall has the change in rupture veloc-
ity centered at the hypocenter, with a rupture of 1 km=s to the
south and 4 km=s to the north. Ⓔ Synthetics for this model
can be found in Figure S12. The velocity structure including
a sediment layer allows for a better fit to the seismograms. A
dip of 75° has a slightly better fit over the 60° dip for this
model, resulting in a moment of 4:0 × 1020 N·m and a peak
slip of 6.3 m and an average slip of 1.6 m (Fig. 7). The same
model with a faster 5 km=s rupture velocity to the north re-
sults in an insignificant decrease in variance and is also con-
sidered an acceptable fit to the data.

Starting with our best-fit model with a rupture velocity
of 4 km=s to the north and a dip of 75°, we gradually remove
sections of the fault until the qualitative and quantitative fit to
seismograms is affected significantly to determine the best-
resolved slip asperities. We see poorer fit to relative ampli-
tudes corresponding to a quantitative decrease in variance
reduction of 1% or more. Removing the top 5 km and bottom
25 km of the fault plane and limiting rupture to 100 km along
strike only decreases the variance reduction by 0.9% and
does not change the qualitative seismogram fits (Fig. 6). Re-
moving the top 10 km or the bottom 30 km decreases the fit
but not significantly, so these are still valid but less plausible
scenarios. Removing the top 15 km or the bottom 35 km de-
creases the variance reduction by 4.3% and 2.4%, respectively,
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confirming that slip is required at 15 km depth. Limiting the
slip to 24 km to the south results in a significant decrease in fit
of over 13%, so the southern slip patch is necessary. The slip
on a 240 km fault plane from 5 to 25 km in width, with rupture
velocities of 1 km=s to the south and 4 km=s to the north, is
considered the most robust and our preferred model. This
model has a moment of 3:8 × 1020 N·m, a peak slip of 15.6 m,
and an average slip of 3.1 m, with slip extending across the full
width of the fault from 5 to 25 km near the hypocenter (Fig. 7).
We are confident we can resolve areas of the fault that expe-
rienced at least 1 m of slip, so the light regions of the slip in-
version in Figure 7 could have slipped up to 1 m.

Aftershock Productivity

The four largest mainshocks along the QCF fault have
very few recorded aftershocks in regional and global cata-

logs. Using the ZMAP program (Wiemer, 2001), we found
the combined International Federation of Digital Seismo-
graph Networks catalog magnitude completeness to be down
to ML 3.0 in this area for this time period (2001–2013). In
this study, we define an aftershock as an earthquake that oc-
curs within 30 days and 100 km of the NEIC hypocenter of a
mainshock. Extending the radius to 150 km for the Mw 7.5
earthquake or reducing the radius to 50 km for the smaller
earthquakes does not change our result.ⒺAftershock locations
and magnitude distributions are available in Figures S9–S11.
The 2003 Mw 5.9 earthquake had no recorded aftershocks at
all, and the Mw 6.8 earthquake had no aftershocks within two
magnitude units (largest aftershock, mb 4.6). The 2013
Mw 7.5 and 2001 Mw 6.2 earthquake had no aftershocks
within one magnitude unit, and only two aftershocks within
two magnitude units (largest aftershocks,Mw 5.9 and mb 4.7,
respectively). Even assuming that there was an aftershock of
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the same magnitude as the catalog completeness (ML 3.0) for
the 2003 earthquake, the average magnitude difference be-
tween the mainshocks and the largest aftershocks is 2.05. This
is a much larger difference than the 1.2 unit Båth average for
continental strike-slip earthquakes (Båth, 1965; Felzer et al.,
2002). These four earthquakes are also deficient in the quantity
of smaller aftershocks relative to continental strike-slip faults
(Richter, 1958). We use the aftershock law from Boettcher and
Jordan (2004) of logNafter % α#mmain–mt–Δmafter$ in which
Nafter is the number of aftershocks above a magnitude thresh-
old, mmain is the magnitude of the mainshock, mt is the mag-
nitude threshold, and Δmafter is a parameter related to the 1.2
magnitude unit average from Båth’s Law. We find that these
earthquake sequences are consistent with a triggering exponent
α of ∼0:8 which, along with a high value of Δmafter, cor-
responding to an aftershock productivity of ∼1:3 orders of
magnitude less than typical continental strike-slip faults (Helm-
stetter and Sornette, 2002; Boettcher and Jordan, 2004). The
aftershock sequences of the four earthquakes in this study re-
semble those of oceanic transform faults and oceanic strike-slip
intraplate earthquakes, with at least an order of magnitude
fewer aftershocks than typical continental sequences (Aber-
crombie et al., 2003; Boettcher and Jordan, 2004; McGuire
et al., 2005). This observation suggests that the oceanic litho-
sphere side of the QCF fault may control the triggering and
rupture of aftershocks.

Discussion and Conclusions

The 5 January 2013Mw 7.5 earthquake shows asymmet-
ric, bilateral rupture with the majority of rupture extending
75 km northward. This is corroborated by the aftershock dis-
tribution, which extends 100 km north and 30 km south. The
best-fitting model has a relatively high average rupture veloc-
ity of 4–5 km=s to the north and a slower velocity of 1 km=s
to the south. This corresponds to an average rupture velocity
for the northward rupture of at least 88% of the shear-wave
velocity, assuming the slowest rupture velocity and fastest
shear-wave velocity (maximum of 152%). Because the rup-
ture speeds in our models are constant across the faults, the
average rupture velocity northward is consistent with the ob-
servations of a slower beginning followed by a period of
supershear rupture reported by Yue et al. (2013). Depth sen-
sitivity testing of the fault geometry allows for the removal of
the top 5 km of the fault, leaving slip limited to 5–25 km
depth. This slip is deeper but still overlaps preliminary results
from the USGS (see Data and Resources), as well as previ-
ously published finite-fault models for the 2013 Craig earth-
quake (Lay et al., 2013; Yue et al., 2013). Differences between
our results and results from these studies could be due to using
a different fault dip or source structure. Our study shows evi-
dence that both dip and source structure significantly affect
our results, which was not tested in the previous studies.

The southern portion of the QCF fault accommodates the
increasingly oblique convergence of the Pacific and North
American plates through slip partitioning and underthrusting
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Figure 6. Stations used in the finite-fault slip inversion of the
2013 Craig earthquake. The map has the location of each station
relative to the NEIC hypocenter, showing the good azimuthal cover-
age. The seismograms show P waves (left) and SH waves (right)
with solid lines for the recorded data and dashed lines for the cal-
culated synthetics. A sedimentary structure is used for the source
velocity. These synthetics are for the preferred fault model of
240 km in length, 5–25 km in depth, and a dip of 75°, with the
rupture velocity of 4 km=s at the 333° strike and 1 km=s in the op-
posite 153° direction. The hypocenter begins at 15 km in depth and
is centered at the change in rupture velocity. Ⓔ Synthetics for the
unconstrained model can be found in Figure S10. The color version
of this figure is available only in the electronic edition.
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of seafloor (Ristau, 2007; Cassidy et al., 2014). Bird (1997)
calculated a focal mechanism with a dip of 75° for the largest
(ML 3.53) and farthest north (53.86° N) earthquake in a study
of seismicity along the QCF fault. This is very similar to the
70°–75° dips for our mechanisms of the most southern earth-
quake in our study, the 2001 earthquake with an NEIC hypo-
center at 53.96° N. A dip of up to 15° from vertical was also
inferred from relocated microearthquakes on the QCF fault
between 52° and 52.5° N, constrained by recordings from
ocean-bottom seismometers and land stations (Hyndman and
Ellis, 1981). The steeper fault dip to the north that we ob-
serve for the 2013 Craig earthquake may be indicative of the
transition from oblique convergence to pure strike slip.

We also observe that theMw ≥5:5 earthquakes along the
QCF fault since 1990 have occurred progressively northward,
evident from the NEIC, AEIC, and PGC hypocenters. This
type of behavior was observed along the North Anatolian fault
and is indicative of static stress triggering (Stein et al., 1997).

Rupture directivity northward along a 331°–333° strike
is observed for the two largest earthquakes, with the 2013
Craig earthquake preferring a 4–5 km=s rupture velocity
and the 2004 Mw 6.8 preferring 1–2 km=s rupture velocity.
Past earthquakes in the region have exhibited similar rupture
behavior of primarily northwestward slip. The Mw 8.1 earth-
quake in 1949 had observable northwestward rupture directiv-
ity of 3:5 km=s (Ben-Menahem, 1978). The 1972 Mw 7.6
earthquake ruptured bilaterally but had the largest slip asperity
approximately 30–50 km north of the epicenter (Schell and
Ruff, 1989). Ben-Zion and Shi (2005) modeled rupture along
a fault with a bimaterial contrast and showed that at high

angles of stress loading, preferred rupture is in the direction
of the slip displacement of the more compliant side. At lower
angles of stress loading, such as the case of the QCF fault,
rupture prefers to follow the direction of slip displacement
of the less compliant material and can transition to supershear
speeds at certain dilatancy values (DeDontney et al., 2011).
The high rupture velocity toward the north that we find for
the 2013 Craig earthquake would match this latter situation,
with possibly partially supershear rupture in the same direc-
tion as the stronger oceanic lithosphere.

The slip distribution of the 2013 Craig earthquake is
within the seismic gap between the ruptures of the 1949
and 1958 earthquakes. It is likely that the 1972 earthquake
ruptured only the northern portion of this gap and the 2013
Craig earthquake ruptured the southern portion. The slip
deficit from the forty years interseismic period between these
two large events would be 2.1 m, assuming the continuous
long-term plate rate (5:25 cm=yr; DeMets et al., 2010). The
average slip of our finite-fault slip inversions is consistent
with the slip deficit, with 1.6 m for the unconstrained fault
plane and 3.1 m for the limited fault plane. Valleé and Sa-
triano (2014) interpreted overlapping rupture between two
Mw >7 oceanic strike-slip earthquakes in the Scotia Sea
as evidence that the dynamic stress of a propagating earth-
quake was greater than tectonic stresses. Using a fortuitously
located Global Positioning System station, Ye et al. (2014)
were able to derive the rupture asperities of the two earth-
quakes as distinct from one another. Our results are consis-
tent with the 1972 earthquake and 2013 Craig earthquake
rupturing distinct patches, and the aftershock extents of these
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Figure 7. Finite-fault models for the 2013 Craig earthquake representing the preferred model with the least constrained (top) and the most
constrained (bottom) fault geometry. Both models have a centered hypocenter of 15 km, with a rupture velocity of 4 km=s along the positive
333° strike and 1 km=s in the negative 153° direction. Contours are drawn for every 1 m of slip. The color version of this figure is available
only in the electronic edition.

Seismic Rupture on an Oceanic–Continental Plate Boundary 1139



large earthquakes do not require overlapping slip along the
QCF fault.

Material and thermal differences between the two sides
of the QCF fault are expected to affect the depth distribution
of earthquakes. Spence and Asudeh (1993) and Rohr et al.
(2000) used seismic surveys at the southern extent of the QCF
fault relevant to our study. These studies interpreted high P-
wave velocities in the lower crust as evidence for an unusually
mafic composition and high temperature for the Wrangell ter-
rane. This corresponded to a similar range for the limit on brit-
tle failure on either side of the fault (13–20 km), assuming the
700° C isotherm (Rohr et al. 2000), and confirmed by the re-
location of microseismicity to a depth of 20 km (Hyndman
and Ellis, 1981). However, the oceanic lithosphere age in-
creases from 10 to 20 Ma at the northern extent of the 2013
Craig earthquake rupture, corresponding to a deeper brittle–
ductile transition in the north. Progressing northward, the con-
tinental side of the QCF fault also transitions to the Alexander
terrane, which did not experience the warming and extension
undergone by the Wrangell terrane (Gabrielse and Yorath,
1991). With the combination of older, stronger oceanic litho-
sphere on the oceanic side and the change from Wrangell to
Alexander terrane on the continental side, the two sides of the
QCF fault in the north are expected to have a greater difference
between the limits to brittle failure. This would manifest in a
shallower limit to brittle failure on the continental side and a
deeper limit on the oceanic side. Rohr et al. (2000) also found
that the depth to the Mohorovičić discontinuity is different,
with a relatively thicker crust on the east than the thin oceanic
crust to the west.

The range of our point-source centroid depths extends to
the deepest (20 km) limit to brittle failure expected for the
continental side of the fault where the southern QCF fault
offsets the mafic Wrangell terrane (Rohr et al., 2000). It is
expected that the limit to brittle failure on the continental side
would be shallower than 20 km in the northern part of the
QCF where it offsets the Alexander terrane to the east. Our
centroid depths imply that some slip would go below 20 km,
which corresponds to where the QCF fault is a juxtaposition
of mantle on the oceanic side and crust on the continental
side (Rohr et al., 2000). Even though our modeling is sim-
plistic, these point-source centroid depths, the slip distribu-
tion of the 2013 Craig earthquake extending below 20 km,
and the deficient aftershock sequences all support our hy-
pothesis that the oceanic western side is the primary control
on seismic rupture along the QCF fault.

Data and Resources

All seismograms used in this study were obtained from
the Incorporated Research Institutions for Seismology Data
Management Center (IRIS-DMC) at www.iris.edu (last ac-
cessed June 2014). Some of the figures were made using
Generic Mapping Tools (GMT) v.4.5.8 (www.soest.hawaii.
edu/gmt; last accessed June 2014; Wessel and Smith, 1998).
Seismic Analysis Code (SAC) (http://ds.iris.edu/ds/nodes/

dmc/software/downloads/sac/; last accessed September
2010) was used during data processing (Goldstein et al.,
2003; Goldstein and Snoke, 2005). The Global Centroid
Moment Tensor Project database was also used (www.
globalcmt.org; last accessed June 2014). Bathymetry data
came from the GEBCO_08 Grid version 20100927 (www.
gebco.net; last accessed June 2014). Mapped terranes were
accessed online from Yukon Geological Survey at www.
geology.gov.yk.ca (Colpron and Nelson, 2011; last accessed
July 2014). Preliminary finite-fault models for the 5 January
2013 Craig, Alaska, earthquake by G. Hayes were accessed
online from the Advanced National Seismic System (ANSS)
Comprehensive Catalog (www.comcat.cr.usgs.gov; last ac-
cessed July 2014). Aftershock locations and magnitudes
were accessed from the International Federation of Digital
Seismograph Networks (FDSN) through the IRIS-DMC
FetchEvent tool at seiscode.iris.washington.edu/projects/ws-
fetch-scripts (last accessed July 2014).
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