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Geosciences, Wuhan, China, 2Department of Earth and Planetary Sciences, University of California, Santa Cruz, CA, USA

Abstract Anchorage, Alaska, was strongly shaken on 30 November 2018 by an My, 7.1 earthquake that
ruptured within the underthrust Pacific plate at depths of from 45 to 65 km. Ground failures occurred in
saturated lowlands filled with sediments, producing notable road damage, but there was limited structural
damage in Anchorage, only ~12 km south of the epicenter. The earthquake has a normal faulting geometry
with a shallowly dipping east-west tension axis indicating intraslab deformation, likely between the
underthrust Yakutat terrane and adjacent Pacific seafloor. Separate and joint inversions of teleseismic P and
SH waves, regional strong ground motions, and GPS static displacements provide a weak preference for a
westward steeply dipping rupture plane with up to 2 m of slip distributed over a single slip patch with
dimensions of 20 X 20 km. The ~12 s long rupture expanded northward. Aftershocks occur at shallower
depths than the mainshock slip zone.

Plain Language Summary The earthquake that struck on 30 November 2018, causing damage in
Anchorage, Alaska, involved a fault rupture within the Pacific plate, which is sinking into the mantle
beneath Alaska along the convergence zone between the Pacific and North American plates. Anchorage was
seriously damaged during the great 1964 Alaska earthquake, which had a magnitude of 9.2 and resulted
from sudden sliding on the shallow plate boundary; far less damage was produced by the 2018 event, which
had a magnitude of 7.1 and involved deeper deformation of the underthrust slab. There is a lateral change in
the dip of the sinking plate with the thick, relatively buoyant oceanic plateau called the Yakutat terrane
having shallow dip to the east of the earthquake while normal thickness oceanic crust dips more steeply to
the west. The 2018 event was located in the central region of the slab distortion. Intraslab events of this type
present significant earthquake hazard, but it is difficult to determine their likelihood of occurrence.

1. Introduction

Earthquake hazards associated with plate convergence in subduction zones are largely related to faulting on
the main plate boundary faults, or megathrusts. The deformation budgets for these events, controlled by
relative plate motions and frictional strain accumulation, provide a basis for quantifying their hazards.
However, earthquakes within the plates also present significant hazard and these events lack reliable
deformation rate contexts for evaluating their hazard. Of particular note are large earthquakes that rupture
within underthrust slabs of oceanic lithosphere at depths from 45 to 120 km or so, as these often locate below
populated coastal regions. While not tsunamigenic like intraplate ruptures near the subduction trench and
outer rise, the shaking hazard is high for this class of earthquakes, as the P and S waves go almost straight up
into the populated zones (e.g., Ye et al., 2014).

The 30 November 2018 Anchorage, Alaska, earthquake is an example of such an event, as the epicenter
locates about 12 km north of Anchorage (Figure 1), but the earthquake ruptured at depths of 45 to 65 km,
placing it within the underthrust Pacific slab. The large magnitude of the earthquake, My, 7.1, resulted in
strong shaking across Anchorage and some extensive failures of engineered materials, including major
roads, in low lying regions of saturated sediments. The shaking in Anchorage was the largest since the
great 1964 Alaska earthquake (My, 9.2), which was a massive plate boundary rupture. While it appears
that relatively little structural damage occurred in the 2018 event (other than due to sediment slumping)
in comparison to other near-urban earthquakes like the 1989 Loma Prieta, 1994 Northridge, and 1995
Kobe events, likely as a result of improved building codes adopted after the 1964 earthquake, this type
of event is very difficult to plan for, as deformation rates within subducting slabs are much harder to
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Figure 1. (a) The 30 November 2018 Anchorage earthquake source region, background seismicity, and regional plate tectonic setting (inset map indicates the North
America-Pacific plate boundary in red). The green star is the epicenter of the Anchorage earthquake, and the focal mechanisms are the best-double couples of
the USGS and gCMT solutions. The green square locates the city of Anchorage. Dots indicate the USGS National Earthquake Information Center historical
earthquakes size and depth. Gray lines are active faults. Gray dashed lines indicate the plate interface depth contours for model Slab2 (Hayes et al., 2018). Blue
dashed outlines locate two slow slip event regions (Fu et al., 2015; Wei et al., 2012). The black arrows show the plate motion relative to North America for the Pacific
plate and Yakutat terrane (Li et al., 2018). The bold black dashed line highlights the Yakutat terrane, which underthrusts North America (Eberhart-Phillips et al.,
2006; Kim et al., 2014). (b) Vertical profile cross-section oriented perpendicular to the strike of the fault geometry. The bold gray line indicates the plate

interface for Slab2. gCMT = global Centroid-Moment Tensor.
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constrain or monitor than deformation on plate boundaries. Other major intraplate earthquakes of this
type have occurred in Chile (e.g., Delouis & Legrand, 2007), Taiwan (e.g., Kanamori et al., 2012), Sumatra
(e.g., Wiseman et al., 2012), the Philippines (e.g., Ye et al., 2012), the western Aleutians (e.g., Ye et al,,
2014), Mexico (e.g., Melgar et al., 2018; Ye et al., 2017), and in 1949, 1965, and 2001 under Washington
State (e.g., Bustin et al., 2004). When located below populated areas, such events can be very damaging.
The much smaller 3 October 1954 M ~ 6.4 Kenai intraplate earthquake at 61.5 km depth in the Pacific
slab (ISC-GEM) produced MMI VIII shaking intensity on the western Kenai Peninsula (Brockman
et al., 1988; Silwal et al., 2018).

The rupture process of the 2018 Anchorage earthquake is constrained here by inversion of seismic and
geodetic observations to provide understanding of the nature of this damaging event. While difficult to
quantify, the seismic hazard of this class of intraslab earthquakes for populated regions located above sub-
ducting slabs needs to be considered.

2. Data Processing, Fault Parameterization, and Inversion Strategy

The USGS National Earthquake Information Center (NEIC) reports the Alaskan Earthquake Center (AK)
determination of the 30 November 2018 Anchorage earthquake hypocenter at 61.346°N, 149.955°W,
46.7 km deep at 17:29:29 UTC (USGS-NEIC, https://earthquake.usgs.gov/earthquakes/eventpage/
ak20419010/executive). The event is located in a region of active crustal and slab deformation (supporting
information Figure S1).

We select 46 P and 21 SH broadband teleseismic waveforms from the Incorporated Research Institutions for
Seismology data archive based on good azimuthal coverage (Figure S2) and signal-to-noise ratio (Figures S3
and S4). Deconvolved ground displacements are then precisely aligned on P or SH wave first arrivals (Text S1
and Figures S3 and S4) and band-pass filtered from periods of 1 to 300 s before conducting inversions.
Green's functions for teleseismic body wave are computed by incorporation of the reflection and refraction
coefficient method and ray theory (Helmberger, 1974).

Numerous near-field seismic stations captured the coseismic process of the Anchorage earthquake. We
select strong-motion records at 20 stations (Figure S5) from the USGS National Strong-Motion Project and
Alaska Regional Network (AK), at epicentral distances less than 200 km. Given the uncertainty in local velo-
city structure, we use broadband displacement signals retrieved from the local records, which are less sensi-
tive to inaccurate regional velocity structure. The strong-motion seismograms are doubly integrated using
the procedure of Wang et al. (2011). Green's functions for the local seismic waveforms are generated using
a frequency-wave number integration algorithm (Zhu & Rivera, 2002).

In addition, we select coseismic GPS static displacements at 44 sites (Figure S5) from 5-min position time
series from continuously operating stations made available by the University of Nevada Reno (https://geo-
desy.unr.edu/). Due to the relatively large errors in the vertical components, only horizontal components
are incorporated in finite-fault inversions. The Green's functions for the coseismic GPS displacements are
generated using a generalized reflection-transmission coefficient matrix method (Xie & Yao, 1989).

The W-phase solution from the USGS-NEIC indicates almost pure double-couple normal faulting. One
nodal plane dips east with strike = 6°, dip = 28°, and rake = —93°. The second nodal plane dips west with
a strike = 189°, dip = 62°, and rake = —88°. The seismic moment estimate is M, = 4.7 X 10" Nm (My,
7.05). The rapid global Centroid-Moment Tensor solution (https://www.globalcmt.org/CMTsearch.html)
has slightly larger M, = 4.92 x 10" Nm (My, 7.1) and a centroid depth of 53.8 km, with best-double-couple
geometries of strike = 7°/190°, dip = 30°/60°, and rake = —93°/—88°. The centroid time shift is 6.5 s.

To determine the actual rupture plane, we initially construct fault models based on the two nodal planes of
the USGS-NEIC W-phase solution. The first fault model (F1) has an east-dipping fault plane, and the second
fault model (F2) has a west-dipping fault plane. The two fault planes have the same dimensions, 57 km
along-strike and 45 km along-dip, divided into 285 square subfaults (3.0 by 3.0 km). We perform a series
of finite-fault inversions using seismological and geodetic observations separately and jointly.

We apply a kinematic finite-fault inversion method (Ji et al., 2002) that carries out the waveform inversion
in the wavelet domain, with a simulated annealing method to simultaneously resolve rake angle, rise time,
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Figure 2. Comparison of finite-fault inversions using the west-dipping fault model. Slip distributions are inverted from (a) teleseismic data, (b) strong-motion data,
(c) GPS static displacements, (d) teleseismic and strong-motions, and (e) all data sets jointly. The red star indicates the hypocenter, the color bar shows the scale of
the slip amplitude, the white arrows represent the slip directions and the white contours outline the rupture propagation time in seconds. (f) Comparison of
moment rate functions for each kinematic model.
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Figure 3. Snapshots of the west-dipping joint inversion with a time interval of 1.5 s. Color indicates the fault slip. The red star indicates the hypocenter and the
white dashed contours denote the rupture front for a rupture velocity of 3.0 km/s.

slip amplitude, and average rupture velocity. During the inversions, the slip is allowed to vary from 0.0 to
4.0 m and the rise time of each subfault is constrained between 0.6 and 6.0 s. The rake angle is limited to
between —60° and —120°. The rupture velocity varies from 0.75 to 3.75 km/s. We weight the seismological
and geodetic data sets equally during the joint inversion, and also apply a smoothing constraint on
the fault slip to stabilize the inversions (Ji et al.,, 2002). Green's functions for both the seismic and
static observations are computed using a 1-D layered velocity model derived from van Stiphout et al.
(2009; Figure S6).

3. Parameters Tests and Inversion Results

Accurate hypocenter location is an essential aspect of finite-fault inversion. To optimize this placement, we
conduct a series of preliminary finite-fault inversions using teleseismic body waves to search for the optimal
hypocenter depth. The inversion waveform misfit has a minimum value for a hypocenter at a depth of 55 km,
somewhat deeper than the NEIC hypocenter of 46.7 km (Figure S7), which is associated with good align-
ment of P and SH depth phases calculated using our source velocity model. Moreover, to systematically
explore the precise fault positioning, we perform joint inversions for different assumed hypocentral positions
over a 0.05° spaced grid of longitude and latitude positions around the USGS-AK epicenter (Figure S8).
Based on these tests, our models initiate rupture at a depth of 55 km beneath the USGS-NEIC epicenter
(61.346°N, 149.955°W).
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Figure 4. Comparison of subsets of the observed data and synthetics for the east-dipping model (green) and the west-dipping model (red). Panels (a) and (b) show
teleseismic displacement and strong-motion displacement comparisons, respectively. The azimuth and epicentral distance for each station are indicated above and
below the waveform leader, respectively. The number at the end of each record is the peak value of the observed data in micrometer for teleseismic and in
centimeters for strong-motion data, respectively. (c) Comparison of coseismic static horizontal GPS displacements. Comparisons of all additional data and pre-
dictions are shown in Figures S16 to S18.

Attenuation affects the amplitude of seismic waves at teleseismic distances. For the Anchorage earthquake,
we find that synthetic SH amplitudes are too low if we use a common average attenuation t; value of 4.0 s.

We perform inversions varying t; from 1.0 to 4.0 s (Figure S9). Based on these inversions we set t;; =24s.

3.1. Nodal Plane 1: The East-Dipping Fault Plane

Using the east-dipping fault plane of the W-phase solution with dip of 28°, we invert for slip distributions
using seismological and geodetic observations separately and jointly (Figures S10 to S12). These slip models
all feature one slip patch, centered northeast of the hypocenter. The teleseismic model has a somewhat dee-
per rupture than other inversions, with a peak slip of ~2.0 m (Figure S10a). The joint model has a compact
slip zone with a depth range of 50-60 km. Peak slip is centered about 10 km north of the hypocenter with an
amplitude of ~2.3 m (Figure S10e). The rupture has an average velocity of ~3.0 km/s. The centroid location
of the joint model is located 10 km NNE of the hypocenter (Figure S13) and has a depth of 54.7 km. The seis-
mic moment My = 5.02 x 10'° Nm (My, 7.06) is slightly larger than the W-phase moment tensor solution.
Detailed source parameters are listed in Table S1.

The inverted moment rate functions of the kinematic slip models are similar, as shown in Figure S10f. All
indicate that ~90% of the moment is released within the first 10 s, concentrated in two stages of rupture.
The early and late stages of rupture have relatively shorter rise time (~2 s) compared with the middle
stage (~6 s; Figure S11), resulting in two peaks in the moment rate functions (Figure S10f). The rupture
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Figure 5. (a) The reviewed aftershock distribution within 3 months after the mainshock by USGS-AK. The two solid gray lines indicate locations of cross-sections.
One is perpendicular to the strike of the fault models (AB), and the other separates the two groups of aftershocks outlined by red and blue ellipses (CD). The
rectangles represent the surface projection of the two fault models. The gray dashed lines indicate contours of the plate interface depth from Slab2 (Hayes et al.,
2018). The red star indicates the epicenter of the mainshock, and the yellow rectangle is the city of Anchorage. (b) Vertical cross-section of the aftershocks
distribution along AB. Color denotes the differential origin time after the mainshock while size scales with magnitude. The solid black lines indicate the fault
geometry of the two fault models. Aftershocks with magnitude larger than 4.0 are indicated with white-filled red stars. The solid stars highlight the hypocenter of
the USGS-NEIC and this study. (c) Vertical cross-section of the aftershocks distribution along CD. The blue and red dots correspond to the two groups of aftershocks
outlined in (a). The black contours indicate the slip distribution of the west-dipping model. The gray line indicates the plate interface.

essentially propagates unilaterally northward after initiation, breaking two major slip patches at4.5and 7.5 s
(Figure S12), corresponding to the two shorter rise time stages. Using the average slip from finite-fault
models, we estimate the static stress drop (Ac) to be about 2.7 MPa based on the relations given in
Kanamori and Anderson (1975; Text S2). Following the approach of Ye et al. (2016), we also calculate the
energy-related stress drop (Acg) weighted by slip larger than 0.2 m, finding Acg is 3.9 MPa (Text S2).

3.2. Nodal Plane 2: The West-Dipping Fault Plane

A similar suite of inversions is performed for the west-dipping fault plane. First we conduct a series of pre-
liminary finite-fault inversions to evaluate the fault geometry. A fault plane with strike 186° and dip 65°
slightly improves the data fitting relative to the point-source geometries. Inversions for this geometry show
consistent slip distributions obtained for each data set, with one compact asperity, located adjacent to the
hypocenter (Figure 2). The joint inversion has the main slip zone from 45 to 65 km depth, slightly larger
in depth extent but narrower in horizontal extent than for the F1 models due to the larger dip. Rupture
initiated with minor slip at 55 km depth and peak slip of 2.0 m. The centroid of the slip distribution is located
about 10 km north of the hypocenter (Figure S13) at a depth of 54.4 km. The seismic moment is
M, = 5.01 x 10'° Nm (My, 7.06). Similar to the F1 models, ~90% of the moment released within the first
10 s (Figure 2f), with overall duration of ~12 s. Figure 3 shows snapshots of the joint west-dipping rupture
model, indicating a complex rupture process. Relatively small slip locates near the hypocenter. During the
first 6 s, the rupture propagated in the downdip direction, and then expanded unilaterally northward along
strike. These two stages involve faster rupture velocity (~3.0 km/s) than the average (Figure 3) and shorter
rise time (Figure S14). The static stress drop (Ac) is 2.76 MPa and the energy-related stress drop (Acg)
weighted by slip larger than 0.2 m is 3.2 MPa. Figure S15 shows the stress change distributions for both joint
models. Detailed source parameters for model F2 are listed in Table S1.

For both possible fault planes, the slip distribution is relatively compact and located northward from the
hypocenter, indicating rupture away from Anchorage. A subset of the waveforms and static displacement
fits is shown in Figure 4. Additional comparisons are shown in Figures S16 to S18. Both models match
the main characteristics of the geodetic and seismological observations, and the difference of fitting errors
is very small between the two models for separate and joint inversions (Table S2). The moment rate
functions are very similar in both cases (Figures 2f and S10f). These two characteristics do not
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distinguish which is the causative fault. Although we only forward model the coseismic surface vertical dis-
placements, both models fit the vertical displacements well (Figure S19). The relatively large source depth
and along-strike rupture propagation are the main reasons the fault plane is not readily identified.
However, by careful examination of the actual waveform fits, the west-dipping fault plane is found to better
explain details of the teleseismic data, especially the robust two-pulse character of the P waves (Figure S16),
and slightly improves predicted depth phases (pP and sS phase). Overall, we prefer the west-dipping fault
plane as the causative fault plane.

4. Discussion and Conclusions

The 2018 Anchorage earthquake involved intraslab rupture from 45 to 65 km deep with an east-west trend-
ing tension axis. The event is located in a region of strong lateral change in slab dip (Figure 1) resulting from
underthrusting of the thick Yakutat terrane adjacent to normal oceanic plate. There are large differences in
the inferred plate interface depth among different models, but Slab2 represents the lateral change as a
smooth distortion. It is likely that the 2018 earthquake involved tearing of the plate caused by differences
in buoyancy within the slab. Our preferred west-dipping solution for the faulting is consistent with the wes-
tern portion of the slab, which dips more steeply, having moved downward relative to the buoyant eastern
side. The complex distribution of faulting in the region (Figure S1) requires detailed modeling to confidently
evaluate whether there is a tear or detachment along the intraslab margin of the Yakutat terrane.

Aftershock distributions often provide independent constraints on the faulting geometry, slip heterogeneity,
and stress perturbation caused by the main shock. Figure 5a shows the surface projection of the USGS-AK
reviewed aftershock sequence of the 2018 Anchorage earthquake. The spatial distribution of aftershocks
has a northeast-southwest pattern, which can be separated into two groups; one group located north of
the hypocenter, with greater depth extent (blue circles in Figure 5c), and another group northwest of the
hypocenter with a somewhat broader spatial distribution (red circles in Figure 5c). The overall distribution
corresponds to the rupture dimensions for both models F1 and F2 (Figure S13). The vertical extension of
reviewed aftershocks is limited within a range from 25 to 55 km (Figure 5b). If the depths hold up with future
more precise relocation efforts, the aftershock sequence may rupture through the slab (assuming Slab2 in
accurate). Vertical profile AB indicates that larger aftershocks (white-filled red stars) have a hint of a
west-dipping trend (Figure 5b) consistent with our preferred fault geometry. However, the aftershocks are
mostly shallower than the slip zone, which precludes using the patterns to constrain the slip distribution,
as apparent in Figure 5c. Aftershock patterns for intraplate ruptures are often complex and indicate activa-
tion of activity on faults other than the main rupture plane (e.g., Melgar et al., 2018; Ye et al., 2012, 2014).
The aftershock distribution coincides with the strong curvature of the upper slab interface in Slab2, along
the intraplate transition from Pacific to Yakutat slab (Figure 5a; Kim et al., 2014). Lu et al. (1997) conducted
detailed analyses of stress directions in the Alaska subduction zone using fault plane solutions and defined a
normal faulting regime in the source region of the 2018 Anchorage earthquake at depths of 40-60 km. It is
reasonable to infer that intraslab distortion is responsible for occurrence of the event. Future work may
reveal clearer structure in the aftershock distribution that may help to define the main rupture plane.

Major intraslab faulting events like the 2018 Anchorage earthquake present a difficult challenge to earth-
quake hazard analysis, as their infrequency suggests low deformation rates and results in a lack of historical
activity with which to make statistical assessments. However, the observed widespread occurrence of such
events warrants their consideration for seismic and landslide hazard assessments in coastal regions along
subduction zones. Evaluation of global occurrence rates may be the best approach to this difficult problem,
as there is an accumulating inventory of documented major intraslab ruptures of this type.
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