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Abstract A major (My, 7.9) intraplate earthquake ruptured the Pacific plate seaward of the Alaska
subduction zone near Kodiak Island on 23 January 2018. The aftershock seismicity is diffuse, with both
NNW- and ENE-trending distributions, while long-period point source moment tensors have near-horizontal
compressional and tensional principal strain axes and significant non-double-couple components.
Backprojections from three large-aperture networks indicate sources of short-period radiation not aligned
with the best double-couple fault planes. A suite of finite-fault rupture models with one to four faults was
considered, and a four-fault model, dominated by right-lateral slip on an SSE trending, westward-dipping
fault, is compatible with most seismic, GPS, and tsunami data. However, the precise geometry, timing, and
slip distribution of the complex set of faults is not well resolved. The sequence appears to be the result of
intraplate stresses influenced by slab pull, the 1964 Alaska earthquake, and collision of the Yakutat terrane in
northeastern Alaska.

Plain Language Summary On 23 January 2018 a very large earthquake, with magnitude 7.8,
ruptured in the Pacific plate southwest of the Alaskan subduction zone. There are multiple indications of
complex faulting for this event: The point source moment tensor is not consistent with a single fault rupture;
the aftershock distribution is diffuse, with nearly orthogonal trends in seismicity; the aftershock mechanisms
are diverse; backprojections of short-period seismic waves show complex patterns of high-frequency
energy release not on a single plane; and teleseismic waveforms are complex. Inversions of the teleseismic
signals for a variety of models with from one to four different faults being allowed provide slip models
that are used to predict regional GPS observations from Alaska along with deepwater tsunami recordings
from seafloor pressure sensors at Deep-ocean Assessment and Reporting of Tsunamis (DART) stations. The
primary rupture occurred on a fault trending SSE, dipping to the west, and several nearly perpendicular faults
appear to have ruptured as well, but the limited spatial extent of the rupture makes it difficult to resolve
the details of the faulting.

1. Introduction

Large subduction zone outer-rise events commonly involve shallow normal faulting and occasional deeper
reverse faulting in the oceanic plate, generally attributed to plate bending stresses from slab pull that can
be modulated by the interplate seismic cycle (e.g.,, Ammon et al., 2008; Christensen & Ruff, 1988; Dmowska
et al,, 1988; Lay et al.,, 1989). Occurrence of major intraplate earthquakes in old oceanic lithosphere seaward
of subduction zone outer-rise flexure is relatively rare (Craig et al.,, 2014), although the largest recorded
intraplate strike-slip earthquake was such an event. That was the 12 April 2012 Indo-Australian M,;, 8.6
multifault rupture (e.g., Duputel et al,, 2012; Hill et al.,, 2015; Meng et al., 2012; Wei et al., 2013; Yue et al.,
2012). Another notable intraplate sequence beyond the outer rise of a subduction zone occurred in the
northeastern Gulf of Alaska, when My, 7.1 (17 November 1987), My, 7.8 (30 November 1987), and My, 7.7
(6 March 1988) strike-slip events struck along a north-south trend seaward of the Yakutat terrane (Figure 1;
e.g., Hwang & Kanamori, 1992; Lahr et al., 1988; Pegler & Das, 1996; Quintanar et al., 1995).

On 23 January 2018 another major earthquake struck the Gulf of Alaska, initiating ~270 km southeast of
Kodiak Island, Alaska, and ~90 km southeast of the Alaska trench (Figure 1). The Pacific plate has slightly
right-lateral oblique convergence at ~6 cm/year near the source region. Seismic, geodetic, and tsunami
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Figure 1. Regional map of the Alaska subduction zone with the incoming Pacific plate converging as indicated by the
white arrows (GEODVEL: Argus et al., 2010). White circles away from the 23 January 2018 source region are NEIC loca-
tions of all events larger than magnitude 4.5 since 1900, with mainshock and first-year aftershocks for the 1964 Alaska
earthquake highlighted in magenta. White circles near the source region are NEIC aftershocks larger than magnitude 2.5
through 20 February 2018. Regional focal mechanisms for events less than 30 km deep in the gCMT catalog from 1976
through 2017 are shown, color coded by source depth. Small focal mechanisms in the aftershock distribution are NEIC
solutions for events through 8 February 2018. Large focal mechanisms are solutions for the 23 January 2018 event:

FF = composite moment tensor from the four-fault model in this paper; W-phase = W-phase inversion described in the text;
gCMT = global centroid-moment-tensor solution. Red vectors are rapid coseismic GPS displacements obtained from
UNAVCO. Blue vectors are predicted GPS displacements from the four-fault source model in this paper. NEIC = National

Earthquake Information Center.

observations indicate complex faulting for the 2018 event that is explored here by inversion and modeling.
The strain geometry is inferred to be influenced by lateral variations in stress conditions along the Alaskan
convergence zone.

2. Data and Modeling Approach

The 23 January 2018 Gulf of Alaska earthquake (09:31:40.89 UTC, 56.004°N 149.166°W, depth 14.1 km; U.S.
Geological Survey National Earthquake Information Center [NEIC]: https://earthquake.usgs.gov/earth-
quakes/eventpage/us2000cmy3#origin) ruptured a region of very low prior seismicity (Figure 1). The global
centroid-moment-tensor (gCMT) solution (http://www.globalcmt.org/CMTsearch.html) has predominantly
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Figure 2. Back projection of high-frequency (0.5-3.0 Hz) P waves from broadband networks in (a) Asia, (b) Europe, and (c) North America for the 23 January 2018 Gulf
of Alaska earthquake. Time-coded circles indicate loci of strong energy in the back-projected images with the time-varying peak energy for each network shown
above the maps. Figure S1 shows locations, travel time shifts, and correlations with the average waveform for each network. The filtered and multistation correlation
aligned waveforms are shown in Figures S2-S4. Animations of the three backprojections are shown in Movie S1. The star indicates the location of the hypocenter and
the red dots are aftershocks located by the U.S. Geological Survey through 20 February 2018.

strike-slip geometry with a significant non-double-couple component (Figure 1). The seismic moment is
Mo = 9.6 x 10°° Nm (My, 7.9), and the nodal planes have strike ¢ = 257°, dip d; = 64°, and rake r; = 4° and
¢, = 165°, J, = 86°, and r, = 154°. The centroid time shift is 23.1 s, and centroid depth is 33.6 km. The NEIC
centroid-moment-tensor and W-phase solutions are similar. We perform a W-phase inversion (Kanamori &
Rivera, 2008) using 259 recordings from 103 stations for the passband 2-5 mHz, also obtaining a
significant non-double-couple solution but a shallower centroid depth of 23.5 km. The relatively deep, but
not well-constrained, long-period centroid depths indicate rupture in the lithospheric mantle, as was
found for the 2012 Indo-Australian event (e.g., Duputel et al., 2012).

NEIC generated single-plane finite-fault models for the event, preferring ¢ = 258° and J = 69° (https://earth-
quake.usgs.gov/earthquakes/eventpage/us2000cmy3#finite-fault), with a moment rate function duration
~52 s and average rupture velocity ~2 km/s. While providing a reasonable fit to teleseismic body and surface
waves, the aftershock seismicity has a broad spatial distribution (Figure 1) and does not fully corroborate this
specific geometry. Rather, there is a fairly strong trend in epicenters along a ~345° azimuth and ~50-km-wide
north-south spread of a nearly orthogonal trench-parallel distribution. Event relocations have somewhat
tightened up the distributions (e.g., Ruppert et al., 2018), but the seismicity still suggests the possibility of
multiple fault plane ruptures with ill-constrained orientation. NEIC focal mechanisms for large early
aftershocks include strike-slip, normal, and thrust faulting geometries (Figure 1), further complicating
identification of the primary mainshock faults. The gCMT solutions for aftershocks with My, 4.9 to 5.5 show
a similar range of mechanisms, although strike-slip events dominate. The oceanic lithosphere has fracture
zones that trend ~275° (Naugler & Wageman, 1973), with magnetic anomaly isochrones and flexural bending
features (Reece et al., 2013) trending orthogonal to that, so neither of the best double-couple fault planes are
unambiguously related to preexisting fabric in the plate.

We perform backprojection of high-frequency (0.5-3.0 Hz) P wave signals filtered from broadband stations in
three large aperture networks in Asia (CEA stations in China, Data Management Centre of China National
Seismic Network, 2007; Zheng et al,, 2010), Europe, and North America (Figure S1) to infer the mainshock
faulting geometry. The data are of high quality and have good regional waveform correlation
(Figures S2-S4). Using the procedure of Xu et al. (2009), individual network back-projections image loci of
coherent bursts of high-frequency energy, as shown in Figure 2. Moderate length strike-slip events are very
difficult to reliably image with backprojection as it is unclear whether direct P or sP is being imaged, and this
can lead to distinct images from different networks. In this case, the possibility of multiple simultaneous
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ruptures of different planes further complicates interpretation. The images in Figure 2 share some features in
common with the routine backprojections performed by Incorporated Research Institutions for Seismology
(http://ds.iris.edu/spud/backprojection/16325047) and have some key similarities to each other; later loci of
radiation tend to plot north of the hypocenter, with concentrations trending both northwest and northeast.
The backprojection for Europe is very similar to the one shown in Ruppert et al. (2018), although they use a
hypocenter further south than the NEIC location. Even allowing for complex interference that obscures the
precise subevent locations, the images do not suggest rupture on any dominant plane, and the aftershock
distribution extends both southward and westward to areas where no high-frequency radiation is imaged.
Apparent velocities between discrete features vary from 2.8 to 3.2 km/s, but the specific features are not very
coherent with each other.

Our primary data set for modeling the finite-fault characteristics of the source is comprised of teleseismic
broadband P wave ground displacements (96 stations) and SH wave ground velocities (54 stations). The data
have excellent azimuthal distribution and complex waveforms, for which we use the first 90 s of motion in
each inversion. The SH observations are given half of the weight of the P wave observations. We use a multi-
fault version of the kinematic least squares finite-fault algorithm (Hartzell & Heaton, 1983; Kikuchi & Kanamori,
1992; Ye et al., 2016), with one to four faults being assumed. Inversions are performed for prescribed fault
geometries, rupture expansion velocities, and relative onset timing, with the results being compared with
geodetic and tsunami observations.

The 2018 earthquake occurred fairly far offshore of the extensive geodetic network of the Plate Boundary
Observatory in Alaska, so we expect limited resolution of the precise faulting geometry from static defor-
mation. However, these data do provide an important overall constraint on the faulting. We utilize the
rapid coseismic displacements determined by Tom Herring that were posted on the UNAVCO site (ftp://
data-out.unavco.org/pub/products/event/pbo_180123_0932_eq44_coseis_rapid.evt). These are the red
arrows in Figure 1. The data have some rapidly varying directions in close proximity measurements on
Kodiak Island. The azimuthal (&) station coverage is one sided but shows the expected sin(2®) pattern
for a strike-slip event. These stations are all located across the subduction zone trench and upper wedge
toe relative to the source region, so detailed modeling with laterally varying media may be needed for
precise inversion (e.g., Ruppert et al., 2018). Here we compute half-space displacements (Okada, 1985)
for our finite-fault models to make forward predictions of the GPS data rather than including them in
inversions with the teleseismic data. Our goal is to ensure that the favored models are generally compa-
tible with the regional deformation field.

The last data set, perhaps the most sensitive to the faulting complexity and geometry, is provided by six
deepwater ocean bottom pressure sensors (Figure 3). These data provide unusually good azimuthal coverage
relative to the source region for the modest tsunami generated by the event. However, the predominantly
strike-slip geometry results in relatively weak tsunami signals, which are hard to model confidently, as is true
for other oceanic strike-slip events (e.g., Gusman et al., 2017; Lay et al,, 2017). The bathymetry from the source
to the deepwater sensors is relatively simple and accurately known, and the tide-corrected and filtered
tsunami waveforms are simple and almost free of seismically induced oscillations compared to, for example,
the signals seen on more complex bathymetry for the large 17 July 2017 strike-slip rupture in the western-
most Aleutians (Lay et al., 2017).

Our modeling of the tsunami uses the nonhydrostatic code NEOWAVE (Yamazaki et al., 2009; Yamazaki,
Cheung et al., 2011), with two levels of two-way nested computational grids to capture tsunami generation
and propagation for the kinematic seafloor motions from the finite-fault inversions. The level-1 grid with
1-arcmin (~1.85-km) resolution is derived from the General Bathymetry Chart of the Oceans global database
(Weatherall et al, 2015) and is sufficient to resolve seamounts, the Aleutian trench, and the continental
shelves across the Gulf of Alaska (Figure 3a). The level-2 grid resolves the narrow slip and deformation
patches at 0.5 arcmin (~0.9 km) around the source (Figures 3b and 3c). Time steps of 0.5 and 0.2 s,
respectively, are applied on the levels 1 and 2 computations to ensure model stability within a 6-hr elapsed
time. Computed time series of tsunami signal are compared with sea level records at DARTs 46402, 46403,
46409, 46410, and 46419 deployed by National Oceanic and Atmospheric Administration (NOAA) and
DART Endeavor operated by Ocean Networks Canada. We evaluate the predictions of GPS displacements
and tsunami waveforms for each fault model and perturb the fault model parameters (geometry, timing,
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Figure 3. Computational domain setup and earthquake source for tsunami modeling. (a) Level-1 grid and position of deep-
water (red dot) stations. The red rectangle indicates the source region, and the red star the hypocenter. (b) The inverted slip
distribution of the four-fault (F1 to F4) model. Red dots denote the hypocenter of each fault. (c) The computed seafloor
displacement of the four-fault model. The computed maximum of uplift and downdrop are specified.

and spatial placement) to iteratively strive toward a model reconciling the suite of observations, following the
strategy of Yamazaki, Lay, et al. (2011) and Bai et al. (2017).

3. Rupture Models

A sequence of finite-fault models with increasing complexity is explored to match the diverse observations
for the 2018 Gulf of Alaska earthquake. Similar to the NEIC modeling, long single-fault models are initially
considered, utilizing nodal planes from early long-period moment-tensor solutions. Using the rapid gCMT
solution nodal planes, we perform inversions for a westward-trending model with ¢ = 259° and J = 70°
(Figure S5) and a southward-trending model with ¢ = 165° and ¢ = 81° (Figure S6). These two models fit
the teleseismic data equally well, with normalized residual waveform power of ~0.33. The hypocentral
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depth is 22 km, and the fault models extend to ~45-km depth to allow for a deep centroid depth. In both
cases slip is concentrated in the crustal layer, with peak slip of ~16-18 m for models having rupture expan-
sion velocity V, = 3 km/s.

With no clear preference provided by the teleseismic observations, we assess the solutions using tsunami
observations. The westward-trending model produces poor fits to the DART buoy data other than nearby
buoy 46409 (Figures 3 and S5). In contrast, the southward-trending fault model provides better fits to the
waveforms at buoys 46410, 46402, and 46419 (Figures 3 and S6) but poorer fit to buoy 46409. Both models
fail to match the first upswings at buoys 46403 and 46410, features that we seek to improve the fit for. This
indicates the potential advantage of the tsunami waveforms for constraining the source. However, the
situation is quite complex, in that due to the steeply dipping, predominantly strike-slip geometries of both
faults, the seafloor deformation patterns (Figures S5b and Séb) show rapid spatial gradients in the vertical
displacement that generates the tsunami. This makes the solutions sensitive to small differences in dip
and rake, along with the already shorter overall tsunami wavelength than would be the case for dip-
slip faulting.

Additional single-fault models with a range of strike, dip, and V, are considered, with the prediction of GPS
data in each case. The fitting of the GPS is qualitative due to the half-space modeling, but large mismatch
of vector directions on Kodiak Island is used to exclude models from tsunami modeling. It is very hard to
improve the fit to the tsunami for westward-trending models, and it is difficult to reduce the strong initial
downswing predicted for the tsunami arrival at buoy 46410 for either fault geometry. The observed signal
at 46410 is simple, with no significant bathymetric features toward the source being expected, so we sought
to improve the prediction of the signal onset by considering multiple-fault models. Two-fault models, with
simultaneous or staggered rupture of two planes similarly oriented to those used in the single-fault cases,
were considered. A suite of teleseismic data inversions demonstrate that delaying the onset time of the
westward-trending fault by 5 s or more is needed to achieve reasonable fits to the DART data (this causes
the primary slip to locate on the north-south fault, which is key to fitting the DART data well). We also find
that having the north-south fault dip to the east (i.e., with strike to the north) provides non-double-couple
character of the composite moment tensor close to the observed long-period estimates. However, two-fault
models with eastward dip produced very poor agreement with the tsunami wave polarity and waveform for
models with strike ranging from 340° to 360° and dip ranging from 65° to 85°, so westward dip is preferred.

To account for the spatial spread of aftershocks and the complex trends in the backprojection images, and
seeking to improve the waveform fits at stations 46403 and 46410, we next explore three- and four-fault
models, placing fault segments guided by the general trends in the seismicity and backprojections. We con-
strained fault lengths to lie within the bounds of the cloud of aftershocks. The inversions have little sensitivity
to V, over the range 1.5 to 3.0 km/s, mainly because of uncertainty in the timing of onset of different fault
ruptures (other than the need for delay of the first westward-trending fault). In all cases, the first fault to rup-
ture has a southerly strike of from 150° to 180°, with lower values of strike providing poor fits to the seismic
data. We vary the westward-trending fault strike from 245° to 260° as well. The composite mechanisms for the
various fault models all tend to have small non-double-couple components when the north-south trending
faults dip to the west. We consider conjugate geometries with angles between the fault sets varying from 60°
to 120° and en echelon configurations of north-south faults with strike of 165° distributed across the after-
shock zone, but these do not provide improvement in the DART 46410 waveform. By computing the tsunami
waveforms at virtual stations around the 46410 location (Figure S7), we find that one way to reduce the initial
downswing is by rotating the southward-trending strike counterclockwise to ~150° and such rotation
allowed us to simultaneously fit the waveform at 46403 better; however, the fit to the GPS stations began
to degrade for strike <155°.

A four-fault model that fits the teleseismic, geodetic, and tsunami data quite well but does depart from the
central aftershock trends by ~10° (we begrudgingly accepted this) is shown in Figures 3b and S8, with details
of individual fault slip distributions given in supporting information Text S1. The primary faulting is on the
southward-trending fault (F1), with ¢ = 155° and ¢ = 72°, with slip of up to 15.6 m in the crust and uppermost
mantle. This rupture dominates the tsunami excitation. Secondary slip of 3 m is located on two almost ortho-
gonal faults (F2 and F3) with ¢ = 255° and ¢ = 70°, and minor slip is located on a fault parallel to the first one
(F4) offset 40 km to the east. Teleseismic waveform comparisons are shown in Figure S9, with normalized
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Figure 4. Comparison of water-level records (black lines) with computed waveforms and spectra (red lines) from the four-fault model. Tsunami generation and pro-
pagation are shown in Movie S2.

residual waveform misfits (~0.35) similar to many models we considered. The GPS predictions for this model
are shown in Figure 1.n general, the direction and magnitude of the displacements are well matched by the
half-space calculations and visually fit the data similar to inversion results in Ruppert et al. (2018). They favor a
five-fault model generally similar to our model but with more slip on SW-NE faults.

Figure 3c shows the seafloor displacement for the model, and Figure 4 shows predicted tsunami waveforms
at the DART stations. The predicted peak sea surface elevation for the model is shown in Figure S10. There is a
diminished early downswing at 46410 and the waveform at 46403 is well fit, the first upswing and down-
swing at DART46419 are well matched, and the fits are generally improved relative to single-fault models
shown in Figures S5 and S6, although the predicted arrival time at DART 464009 is slightly late. The fourth fault
in this model produces almost no seafloor displacement (Figure 3c), and thus, it does not affect the tsunami
calculation. Fitting the tsunami this well requires the primary slip to locate on the southward striking fault.
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Figure 5. (a) Multiple-faulting geometries of the 1987-1988 and 2018 Gulf of Alaska earthquake sequences (rectangles) with global centroid-moment-tensor focal
mechanisms on the National Earthquake Information Center epicenters. The rupture zone of the 1964 Alaska earthquake and the western portion of the

colliding Yakutat terrane are shown. (b) Multiple faulting geometries for the 2012 Indo-Australian sequence. Slip zones (Yue et al., 2012) and aftershocks are indi-
cated, along with the 2004 Sumatra-Andaman rupture zone and direction to the remote India-Eurasia collision zone. Red arrows indicate principle strain
directions for the two regions, which appear to reflect both slab pull and plate boundary collisions.

With such a complex faulting model and no direct observation of seafloor deformation yet, it is difficult to
evaluate the confidence level in model features. Consistent findings for the suite of models are as follows:
(1) The southerly trending fault dips to the west and has large shallow slip north of and little slip south of
the hypocenter, despite a southward extension of seismicity (as a result, we can rotate the southern part
of the fault to lie along the seismicity trend with almost no effect on the predictions); (2) rupture on the
EW plane tends to involve deeper slip and contributes to the tsunami amplitude at DART 46409; and (3)
minor shallow slip northeast of the hypocenter is consistent with aftershock and backprojection features
but is not well resolved. There is likely slip in the region of diffused aftershocks and backprojection features
northwest of the hypocenter, but this is not resolved by the current modeling. Ruppert et al. (2018) have a
fifth fault trending northward in this area, but negligible slip was put on such a fault orientation in
our inversions.

4, Discussion and Conclusions

Given the notion of interplate seismic cycle modulation of the stress state in the incoming plate for strongly
coupled subduction zones, the 2018 event might be expected to be affected by slab pull following the 1964
Alaska event modified by accumulating interevent compression due to relocking of that rupture zone during
continued plate convergence. The tension axis for the 2018 event points landward, albeit oblique to the plate
convergence direction. The compression axis for the event is directed northeast, toward the collision of the
Yakutat terrane with Alaska (Reece et al, 2013) and the shallowly dipping zone of large coseismic and
afterslip for the 1964 event (Suito & Freymueller, 2009), suggesting an explanation for the strike-slip faulting.
There is ~10° rotation relative to the strain axes for the 1987-1988 Alaska event (Figure 5a), which are closer
to the collision. The variation from India-Eurasia collision to subduction in the Sunda trench along the
northern boundary of the Indo-Australian plate (Figure 5b) appears to cause the intraplate compressional
and extensional principal strains to both locate near horizontal throughout the entire northern Wharton
Basin (e.g., Aderhold & Abercrombie, 2016; Coblentz et al., 1998; Lay, 2018). The unusual occurrence of far
outer-rise strike-slip faulting appears to require special laterally varying plate boundary conditions rather
than simple two-dimensional plate bending. In both cases the primary faulting has not been located on fossil
fracture zones, although secondary faulting may have been (Lay, 2018).

Analysis of teleseismic, geodetic, and tsunami observations indicates that the 23 January 2018 earthquake
involves rupture of several quasi-orthogonal fault planes. The earthquake is much smaller and more
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spatially compact than the great 2012 Indo-Australian earthquake, reducing directivity effects and lowering
resolution of the faulting geometries, but a multifault model that accounts for many data attributes has been
obtained. More detailed analysis may enhance resolution of the faulting distribution.
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