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Key Points:

e The spatial pattern of afterslip provides new information about the coseismic slip distribution of the
2021 Mw8.2 Chignik earthquake.

e Displacements due to viscoelastic depend strongly on the viscosity model, but sensitive to the details
of the coseismic slip.

e The maximum depth of the Chignik coseismic rupture constrained by the stress-driven afterslip is
about 35km based on the lab2.0 geometry.

Abstract

On 29 July 2021, an Mw 8.2 megathrust earthquake struck the Alaska Peninsula. Quantifying the coseismic
slip and the afterslip that followed this earthquake provides us the opportunity to clarify the megathrust
slip budget and the earthquake hazard potential there. However, the estimated coseismic slip distribution
inversion result is strongly affected by assumptions made in the inversion. The spatial pattern of stress-driven
afterslip is mainly controlled by the coseismic slip distribution, so that it can provide new information about
the coseismic slip distribution and is useful to assess the assumptions made in the coseismic inversion. The
orientation and relative magnitudes of postseismic displacements at sites on the Alaska Peninsula require
that the afterslip be concentrated ~130km from the trench. As a result, coseismic slip models including slip
at that distance or less to shore, predict postseismic deformation that systematically misfits the observations.
A narrower coseismic rupture plane with an abrupt downward termination of slip provides a much better
fit to the observed postseismic signal than models where the slip tapers gently with depth. We considered
multiple different viscoelastic relaxation models and find that these conclusions about the coseismic model
are required regardless of the viscoelastic relaxation models used. The contribution of viscoelastic relaxation
to the observed signal is not negligible, and the early postseismic observations are best reproduced with a



model that features a 50 km thick elastic lithosphere for the overriding plate, and an elastic cold nose to the
mantle wedge.

Plain Language Summary

Determining where and how much slip occurs during an earthquake allows us to estimate the remaining
earthquake hazard potential. Models of earthquake slip can vary from each other a lot when the data
are sparse, because of assumptions such as the geometry and spatial extent of the rupture plane and the
roughness of the slip distribution. The early postseismic process is dominated by afterslip on the rupture
plane, which is sensitive to the slip distribution of the coseismic event, under the model of stress-driven
afterslip. Postseismic GPS displacements are a completely different dataset from the coseismic observations,
and provide new and independent information about the earthquake rupture. We test how a range of
coseismic slip models for the July 29, 2021 Mw8.2 Chignik earthquake, all of which can fit the coseismic data
well, predict postseismic deformation over three months and compare that with GPS measurements. We find
that the postseismic data provides a good constraint on the spatial distribution of coseismic slip, especially
at the downdip (deeper) end of the rupture. A more spatially compact coseismic rupture is required to
generate the stress-driven afterslip that can fit the data, no matter what viscoelastic relaxation contribution
considered.

1 Introduction

The Alaska-Aleutian subduction zone has hosted several great megathrust earthquakes in the last century,
including the 1938 Mw8.2, 1946 Mw8.6, 1957 Mw8.6, 1964 Mw9.2 and 1965 Mw8.7 earthquakes (Nishenko
and Jacob, 1990). Recently, the Mw7.8 Simeonof earthquake (e.g., Xiao et al., 2021 struck the Shumagin
islands on July 21, 2020 followed by the Mw 7.6 strike-slip Sand Point earthquake on October 19. On July
29, 2021 — advanced by the Simeonof earthquake — the Mw8.2 Chignik earthquake Elliott et al., 2022
struck the adjacent Semidi segment, to the NE of the 2020 Mw7.8 event. The Chignik earthquake partially
re-ruptured the 1938 Mw8.2 coseismic rupture zone (Figure 1). The availability of multiple forms of geodetic
and seismic data provides us with a great opportunity to fully assess the coseismic slip and the post-seismic
processes that followed, helping us to quantify the slip budget and earthquake potential of this section of
the Alaska-Aleutian subduction zone.
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Figure 1. Tectonic setting of the Alaska-Aleutian subduction zone. The gray shaded patches with dashed
lines indicate the historical rupture regions. The light blue dashed line shows the tsunami source model
of the 1938 Mw8.2 earthquake determined by Freymueller et al. (2021). The blue dashed line show an
alternative rupture area of the 1938 Mw8.2 earthquake. The blue and red shadowed region indicate the
coseismic rupture areas of the 2020 Mw7.8 Simeonof event (Xiao et al., 2022) and 2021 Mw 8.2 Chignik
event, respectively. The two stars and two beach balls indicate the epicenters and GCMT solutions of the
2020 event (blue) and 2021 event (red), respectively. The orange cycles scaled by magnitude show the 30-day
aftershocks following the 2021 event. The red cycles show the location of the GPS continue sites used in this
study. Dashed light grey lines outlines the depth contours from the Slab2 model (Hayes et al., 2018). The
white barbed line shows the plate boundary between the Pacific plate and the North American plate. The
black arrow shows the Pacific plate velocity relative to the North American plate (DeMets et al., 2010).

Several coseismic rupture models have been published for the July 29, 2021, Mw8.2 Chignik earthquake
(Elliott et al., 2022; Ye at al., 2022; Liu et al.,2022; Mulia et al., 2022), using different inversion assumptions
and regularization methods, and slightly different coseismic observation data sets. Therefore, it is difficult
to determine which coseismic model better recovers the actual slip distribution by using the coseismic ob-
servations only. Ye et al. (2022) argued that their model better resolv the up-dip portion of the coseismic
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slip distribution because they added tsunami data as an additional constraint, but for the down-dip portion
of the coseismic rupture, each published model seems to do equally well in terms of fitting the coseismic ob-
servations. Despite the similarity in fit, the shape of the slip distributions of those models vary considerably
at the down-dip end (Figure 2).
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Figure 2. Average slip along strike of different existing coseismic models. Solid lines show the average
coseismic slip along strike of published models, dashed line show the average coseismic slip along strike of
our preferred coseismic model with 120km fault width.

Stress-driven afterslip provides a physically based model for post-seismic afterslip (Wang and Fialko, 2018).
In this kind of model, the slip distribution and time history of afterslip is determined by the coseismic slip
and the frictional properties of the fault plane. Under the assumption of frictional homogeneity on the plane,
the spatial pattern of the stress-driven afterslip is determined by the coseismic slip distribution, while the
frictional parameters control the time evolution of slip and displacement.

In this study, we first compare the stress-driven afterslip predictions for three published slip models (Elliottet
al., 2022; Liu et al., 2022; Ye et al., 2022), and find that most of the models show significant misfit to the
postseismic displacements (section 4.1). We find that the azimuthal misfits in some models result from the
peak afterslip being located too close to the coastline; the location of the peak afterslip is determined mainly
by the downdip end of the slip distribution. Using the insights gained from these comparisons, we then
systematically vary the coseismic slip inversion to identify how the slip model must change to best predict
the afterslip, considering a range of models for the contribution of viscoelastic relaxation. Finally, as an
additional test of our conclusions about the slip model, we compare the model predictions to the data from
GPS campaign measurements collected three weeks after the earthquake, which contain both coseismic and
postseismic signal.

2 Data
2.1 Data Used to Estimate the Coseismic Slip Distribution

We used the same coseismic data set as Elliott et al. (2022), along with the same inversion approach,
and more details of the data processing and preparation are given there. We used static coseismic offsets
in the ITRF2014 reference frame computed from the daily GNSS time series, processed with the GIPSY-
OASIS gos-6.4 software (Zumberge et al., 1997; Bertiger et al., 2020). InSAR displacements, processed
with GMTSAR (Sandwell et al., 2011), were included, and tied to GNSS sites where possible to provide
absolute line-of-sight displacements. We included high rate GNSS, teleseismic broadband, and near-source
strong-motion waveforms in the joint inversion. The 1 sps high-rate GPS time series were generated with
GipsyX (Bertiger et al. , 2020) and filtered with a 0.4 Hz cut-off frequency to suppress noise. In addition,
46 P and 22 SH global tele-seismic waveforms were included in the inversion as well to improve observation
geometry. The raw tele-seismic waveforms were integrated into ground displacements afterbandpass filtering
between 0.01 = 1 Hz.

2.2 Data Used to Study the First Three Months of Post Seismic Deformation at Continuous
Sites

We used the continuous GPS sites along the Alaska subduction zone to estimate the displacement due to
the first three months of post-seismic deformation. We fit a parametric model to each site time series to
isolate the postseismic displacements from the interseismic, coseismic and seasonal deformation. We fit
the model to the time series starting from January 2018 after the M7.8 earthquake in the Gulf of Alaska
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(Ruppert et al., 2018) and ending at 3.3 months after the Chignik earthquake. The surface displacements
of the sites we study due to the November 30, 2018 Mw7.1 Anchorage earthquake are very small, and were
not corrected or considered in our analysis. The model includes terms for the linear interseismic velocity,
annual and semi-annual seasonal displacements, and time dependent terms for the Simeonof, Sand Point,
and Chignik earthquakes. For the Simeonof earthquake, we estimated the coseismic offset plus a logarithmic
relaxation with a relaxation time of 0.025 years to account for the postseismic deformation. For the Sand
Point earthquake, we estimated the coseismic displacement only, as there is no evidence for a measurable
postseismic transient (including such a term does not change other model parameter values or improve the
fit). For the Chignik earthquake, we estimated the coseismic displacements plus a logarithmic relaxation
with a relaxation time of 0.005 years to account for the postseismic deformation.

We compute the postseismic displacements for Chignik by evaluating only the term for the post-Chignik
relaxation at two different epochs, three weeks and three months after the earthquake. The vertical data were
not used in our primary models because it has a relatively small signal, larger noise, and it is more difficult
to model time-varying displacements caused by glacial isostatic adjustment and other signals. However, we
did explore how postseismic models fit the vertical data.

2.3 Campaign GPS Data

We also utilize campaign GPS data collected three weeks after the Chignik earthquake, at survey marks that
had long-term pre-earthquake interseismic campaign measurements (Li and Freymueller, 2018). Eight sites in
the near field of the Chignik rupture were surveyed as part of the Chignik earthquake repid respond activity
from 08/17/2021 — 08/25/2021. These data were analyzed using the same methods as the continuous site
data to estimate daily positions. We estimated displacemements that combine the coseismic displacement
and 3 weeks of posteismc displacement by fitting a model that included the pre-earthquake trend and an
offset at the time of the earthquake.

3 Methods
3.1 Coseismic Slip Inversions

We estimated the coseismic slip model using exactly the same data and method used by Elliott et al. (2022),
except for the variations in the fault plane as noted below. The details of the inversion technique, which is
based on the method of Ji et al. (2002). are described by Xiao et al. (2021). The epicenter of this event
was taken from the U.S. Geological Survey (USGS) estimate, and we pinned its depth (26.2 km) to the slab
depth as estimated by Slab2.0. The model fault plane is a local average of the Slab2.0 geometry which has a
strike angle of 235° and a dip angle of 15°. All of the fault planes have an along-strike length of 320km, and
the downdip widths of the fault vary from 100km to 160km. The subfaults are all 10km by 10km squares,
and we imposed zero slip conditions around all edges of the model plane; this affects the structure of the
Laplacian smoothing operator at the fault edges. For the bottom edge, we also specifically imposed zero slip
on the deepest row of subfaults. As a result, the effective wdith of the slip model is 10 km smaller than the
width of the plane, and we identify models by this smaller effective width where slip is allowed to happen.

The fault model plane used by Elliott et al. (2022) had a total width of 160km, which extended well beyond
the likely maximum depth of the coseismic rupture so that edge effects from the zero slip condition would
not affect the estimated model. In this study, we repeat the slip inversion assuming alternate definitions of
the fault plane, varying either the geometry (depth, dip angle) or the spatial extent of the model fault plane.

3.2 Modeling of Post-seismic Deformation

Post-seismic deformation includes afterslip on the fault interface, viscoelastic relaxation of the surrounding
material, and poroelastic rebound due to fluid flow driven by pressure changes due to the coseismic rupture.
Hu et al. (2014) studied the poroelastic rebound contribution following the 2011 Tohoku earthquake and
found that the poroelastic rebound contribution to surface deformation is mainly limited to the vicinity of
the rupture area. In our case, we only have one GPS continuous site (AC13) that is located at the updip end



of the coseismic rupture zone. Thus, here we only take afterslip and viscoelastic relaxation into consideration.
We model stress driven afterslip and include a 2.5D model for viscoelastic relaxation.

3.2.1 Stress-driven Afterslip Simulation

We carried out stress-driven afterslip simulations using the open-source software RELAX, which solves for
the nonlinear time-dependents (z ,¢ ) in the Fourier domain under the assumption of rate-strengthening
friction on faults (equation 1) (Barbot et al., 2009a). The afterslip evolution history on a given patch of the
fault is controlled by the rate-strengthening constitutive law (Barbot et al., 2009a).

5(t) = AGZU - %cothfl(e% coth coth % )1(1)

In equation 1, k = % is the dimensionless ratio that controls the nonlinearity during the slip, and the time
evolution is controlled by & along with the relaxation time ty = ﬁGi . Note that the parameter a in the
equations of Barbot et al. (2009), and as used here, is more commonly identified as (a -b ) in the context of
full rate and state friction. Larger values of k result in models that are more strongly non-linear, with a more
rapid decay in slip velocity early in the postseismic period (these models also require shorter time step and
thus result in much longer program execution time). A7y refers to the shear stress perturbation due to the
earthquake, o refers to the effective normal stress on fault, and G* is the effective elastic constant per unit
area determined by the linear dimension L and the shear modulus. The relaxation timety = ﬁ &= depends
on both ac and the reference sliding velocity on the fault V4. Total slip as goes to infinity is limited to 2.

Thus, there are 2 unknown parameters to search for to solve this problem: ao and V. Many studies assume
a value ofao and search only for V[, due to the strong parameter tradeoff between the two values when only
one time period is considered (e.g., Tian et al., 2020). We first performed a 2-d grid search forao and V;) over
a relatively large range of parameter values to find the best fit values. We calculated the reducedy? using
the three sites on the Alaska Peninsula (AC40, AB13 and AB21) that are most sensitive to the downdip
afterslip.

When we consider only one time interval, for example three months, then a very wide range of ao values,
varying by orders of magnitude, yield models that fit the data equally well. Large values of ao(such as 3MPa
suggested by Tian et al. (2020)) produce an afterslip evolution history at GPS sites like the orange curve in
Figure 3, showing a low degree of nonlinearity, while small values of ao(similar to those used by Wang and
Biirgmann (2020) or Zhao et al. (2022)) produce models like the blue curve in Figure 3, showing a higher
degree of nonlinearity. Because the observations at 3 weeks more closely align with the curve produced by
smaller values for ao (Figure 3 gray star), we limit the range of parameter values to those similar to those
of Zhao et al. (2022) and consider displacement predictions for two time windows, 0-3 weeks after the
mainshock and 0-3 months after. Based on the total misfit and given the nonlinear nature of the very early
afterslip evolution, we fix the value of ao to be 0.6 MPa. Given that the two time windows we have used are
short, using a different value of ao in our models would produce an equally good fit, with a correspondingly
different V{, value. In this study, we vary the Vj value for each different model scenario that we consider in
the following sections, and we leave the question of whether it is possible to determine an optimal value of
ao to a future study with a longer time span.
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Figure 3. prediction of NS displacement at site AB13 using 2 combos of a-b sigma and V0. Blue and orange
curve indicates the NS displacement evolution history calculated by RELAX. Red and grey stars show the
observation at 3 week and 3 months, respectively.

3.2.2 Viscoelastic Relaxation Simulation
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Although afterslip is likely to be the dominant process in the early period of the post-seismic deformation, for
an Mw8.2 event it is necessary to consider the viscoelastic contribution to the observed post-seismic signal
as well (Sun and Wang, 2015. However, it is known to be difficult to separate the two post-seismic processes
in the early time period Sun and Wang, 2015. Therefore, we consider a range of viscoelastic relaxation
models based on different assumed viscoelastic structures, subtract these from the data, and then estimate
the best-fitting afterslip model for each.

The numerical simulation we use is the software package VISCO2.5D, which imposes source and domain
boundary conditions on a 2-D structure to approximate the 3-D equations of quasi-static equilibrium by the
spectral element method (Pollitz, 2014). We use the Slab2.0 slab geometry at the center of the coseismic
rupture and assume a laterally homogeneous viscosity structure (Figure 4a, b). The elastic slab separates the
sub-oceanic asthenosphere from the mantle wedge. We vary the viscosity in the mantle wedge, and include
a 90km thick elastic slab (including its mantle lithosphere). We also varied the continental lithosphere
thickness and the presence of a cold nose to the mantle wedge (e.g., Luo and Wang, (2021)). All of these
model assumptions affect our model predictions (see section 4.2).
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Figure 4. (a) Viscosity structure of minimum contribution of viscoelastic relaxation models. The blue region
indicates the elastic lithosphere, the elastic slab and the code nose, the red region indicates the mantle wedge,
the green region indicates the oceanic mantle and the rest of the continental mantle (b)Viscosity structure
of maximum contribution of viscoelastic relaxation mode. The blue region indicates the elastic lithosphere
and the elastic slab, the red region indicates the mantle wedge, the green region indicates the oceanic mantle
and the rest of the continental mantle. (c), (d) The minimum and maximum predicted 3-month viscoelastic
relaxation only horizontal displacements. The white barbed line shows the plate boundary between the
Pacific plate and the North American plate.

We use the biviscous Burgers body to model the viscoelastic relaxation of the mantle wedge, as this model
has been shown to improve fit to the postseismic data in many past studies. Following past studies (e.g.,
Tian et al., 2020; Huang et al., 2020), we assume that the viscosity of the Kelvin element of the Burger’s
body is 1/10 of the viscosity of the Maxwell element. We vary the Maxwell element viscosity in the range
(1-5)*10'° Pa-s. Huang et al. (2019) found the value of the Maxwell viscosity of the mantle wedge to be
3*10' Pa-s for the nearby 1964 Alaska earthquake. A higher value of viscosity of the mantle wedge will
result in lower predicted displacements (Figure S1 a).

For the lithosphere thickness, the multichannel seismic (MCS) line ALEUT 3 (Kuehn, 2019) suggests an
approximately 40km Moho depth for the overriding plate at the region of this earthquake. The mantle
lithospheric thickness is not known, but needs to be added to the crustal thickness. We thus vary the
lithospheric layer thickness between 40km and 50km given previous postseismic models for Alaska (e.g.,
Huang et al, 2020). A thicker lithospheric layer will result in lower predicted displacements (Figure S1 b).

Many studies have shown the significance of considering a cold nose in the viscoelastic relaxation modeling
of subduction zone earthquakes (e.g., Sun et al.,2014; Lou et al., 2021). According to the thermal modeling
of Syracuse et al. (2010), it is to assume the existence of an essentially elastic cold nose, lthough the extent
of the cold nose is uncertain. Applying a cold nose will result in lower predicted displacements (Figure S1
c).

Nearly all of the predicted postseismic displacements result from relaxation of the mantle wedge material.
We assumed a sub-oceanic mantle Maxwell viscosity of 10?° Pa-s, based on Huang et al. (2020) and Tian
et al. (2020). However, if we made the sub-oceanic mantle to be elastic (infinite viscosity), the predicted
signal does not change notably (Figure S1 d). Assuming a much lower viscosity for the sub-oceanic mantle
mainly affects the vertical model prediction for sites near the updip end of the rupture, with little change to
the horizontal predictions. Therefore, in this study we do not further consider variations in the sub-oceanic
mantle viscosity.

4 Results
4.1 Comparison of Stress-driven Afterslip for Different Published Coseismic Rupture Models

We first compute afterslip-only models for each of the published coseismic slip models. We allow both up-dip
and down-dip afterslip and also along-strike afterslip, but our observations are most sensitive to the downdip
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portion of the afterslip due to the distribution of GPS sites (Figure 1). Comparing the afterslip predictions
(Figure 5), we find that the Liu et al. (2022), and Elliott et al. (2022), models both produce large azimuthal
misfits at two peninsula sites AC21 and AB13, while the Ye et al. (2022) model, which has a more compact
coseismic slip area, does not show this systematic misfit.
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Figure 5. Best fit afterslip only models for published coseismic models (a) Elliott et al. (2022)model. (b)
Liu et al.(2022) model (c) Ye et al. (2022) model. The error ellipse show 95% confidence. The region of
the rupture areas is > 1m slip. Dashed light grey lines outlines the depth contours from the Slab2 model
(Hayes et al., 2018). The white barbed line shows the plate boundary between the Pacific plate and the
North American plate.

the goodness of the post-seismic fit, we the utlilize near-field GPS continuous sites except for site AC13, while
focus on three peninsula sites (AB13, AC21, and AC40), for these three sites have large displacements and
are most sensitive to the downdip distribution of afterslip. We are not evaluating the fit to site AC13 for two
reasons. One is that it is not sensitive to the downdip afterslip (see the downdiponly afterslip model, Figure
S2 a), and the other is that it is located at the edge of the rupture area, and its fast seaward motion might
also include a contribution from other post-seismic mechanisms such as poroelastic rebound, which is beyond
the scope of this paper. The sites the Shumagin islands (AC41, AB07, AC28, and AC12) have relatively
small displacements and might be affected by the postseismic processes of the July 21, 2020, Mw7.8 Simeonof
earthquake, or by alternative assumptions about the distribution of velocity-strengthening material, so we
will consider multiple misfit metrics to determine the best model.

The Ye et al. (2022) model differs from the other models in ways. They assumed a deeper than the Slab2.0
geometry used by others, based on a seismic reflection study (Kuehn, 2019). Also, their slip model is more
compact in the downdip direction, as a result of an assumption they made about the maximum possible
depth of slip. Additionally, they added a patch of shallow slip near Chirikof Island in order to better explain
the tsunami. This added slip patch, which was added to the slip model by those authors after their initial
slip inversion, also makes their model predict the AC13 postseismic data better.

We estimated a new coseismic model by shifting the Elliott et al., (2022) model fault plane to be 6.5 km
deeper, similar to the Ye et al. (2022) model geometry, but found that the coseismic slip (Figure S3i)
and post-seismic displacement patterns (Figure S4) did not change much. However, when we tested a
narrower fault model, by restricting the downdip extent of the model fault plane, we found that the fit to
the postseismic data improved dramatically while the fit to the coseismic observations was nearly unchanged
(Figure S3 b, Figure 6 b). These tests indicated that it is the narrower downdip width of the slip distribution
that makes the Ye et al. (2022) model be a better of the postseismic afterslip. A narrower fault model with


https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip
https://authorea.com/users/639054/articles/654595-early-postseismic-deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-the-downdip-coseismic-slip

a more abrupt decrease of the coseismic slip at the downdip end of the rupture plane results in afterslip
being located farther offshore.
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deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides-new-constraints-on-
the-downdip-coseismic-slip

Hosted file
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Figure 6. Preferred Coseismic model with 120km fault width(a) and its best fit afterslip-only model (b).
The error ellipse show 95% confidence. The back and red contour indicate this earthquake and the 22
July 2020, Mw7.8 Simeonof earthquake, the region of the rupture areas is > 1m slip. Orange cycle scaled
by magnitude indicates the 87 days aftershocks following this earthquake and the Simeonof earthquake,
respectively. Dashed light grey lines outlines the depth contours from the Slab2 model (Hayes et al., 2018).
The white barbed line shows the plate boundary between the Pacific plate and the North American plate.
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imagel4.emf available at https://authorea.com/users/639054/articles/654595-early-postseismic—
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the-downdip-coseismic-slip

Therefore, we investigated a series of alternative coseismic models with different model fault widths. In all
cases, we fixed the up-dip limit of the fault plane to be the same as the Elliott et al. (2022) model, but
varied the down-dip extent of the fault plane. We considered models with different downdip model fault
plane widths of 100km, 110km, 120km, 130km, 140km, 150km, and 160km (the last is equal to that used
by Elliott et al. (2022)). All models apply zero slip conditions beyond the edges of the model fault, and
the bottom row of the subfaults also has a zero slip condition, so we report the width of the part of the
fault plane that is actually allowed to slip. The models with narrower assumed fault widths force the slip
distribution to be more compact and located farther offshore, and in general have a different character at the
downdip limit of the coseismic rupture, with the models having narrower widths producing a more abrupt
downdip limit of slip (Figure 7).

Figure 7. Average slip along strike of coseismic models with different fault width. Blue and green solid line
outlines the comparison of the Elliott et al. (2022) model and our preferred coseismic model with 120km
fault width.

We find that all of these models fit the coseismic data almost equally well (Figure S3 ag), indicating that
the coseismic data alone do not constrain these details of the coseismic slip distribution, due to limited
model resolution arising from the sparsness and the spatial distribution of the data. As discussed later in
sections 4.3 and 4.4, our preferred coseismic slip model (Figure 6) has a model fault 10 km wide in the
downdip direction, similar to the Ye et al. (2022) model. The narrower fault models do not predict the
coseismic vertical displacements as well as the wider models, but our tests indicate that making the model
fault deeper could improve the fit to the vertical (Figure S3h). However, for simplicity we continue to use
the Slab2.0-based fault geometry in the rest of this study.

4.2 3-Month Viscoelastic Relaxation Models with Different Assumed Viscosity Structures

In order to isolate afterslip, we simulate the potential viscoelastic relaxation contribution to the signal by
testing different viscosity structures. We find that the viscoelastic relaxation predictions are not sensitive
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to the downdip distribution of the coseismic slip, because our models with different fault widths all give
very similar viscoelastic model predictions (Figure S5). Based on this, we show here only the viscoelastic
relaxation models for our preferred 10km coseismic model. The viscoelastic relaxation signal is smaller than
the contribution of afterslip over this short time window, but it is not negligible for some models.

Using the method and model geometry described in section 3.2.2, we varied the value of Maxwell viscosity
of the mantle wedge and the lithosphere thickness within the ranges given in section 3.2.2. We also varied
whether or not there is a cold nose. For each viscoelastic model, we computed the displacements due to
viscoelastic relaxation over the first three months after the earthquake. The geometry of our model can be
found n Figure 4a, b.

Based on the three variations in the viscosity structure discussed above, we identified the viscosity structure
that results in the maximum predicted displacements. That model has a Maxwell viscosity of the mantle
wedge of 10'° Pa-s, a lithosphere thickness of 40km, and there is no cold nose. We also identified the viscosity
structure that results in the minimum predicted displacements. That model has a Maxwell viscosity of the
mantle wedge of 5*10'° Pa-s, a lithosphere thickness of 50km, and a cold nose that extends to 80km depth.
In the latter case, the prediction of viscoelastic relaxation is very small and can be ignored, so the post-
seismic signals could be regarded as being due only to afterslip in that case. Figure 4 shows the geometry and
viscosity structure of these two upper and lower bound viscoelastic relaxation models and their corresponding
surface displacement predictions.

4.3 3-Month AfterslipOnly Models with Different Fault Width Assumed

Because even the viscoelastic models with maximum displacement have relatively small amplitudes compared
to the data, it is useful to start by considering afterslip-only models. The models with the minimum potential
viscoelastic relaxation contribution subtracted are equivalent to aftersliponly models, because the viscoelastic
relaxation contribution for that viscoelastic model is negligible.

The first important question to address for the afterslip-only models is where the afterslip allowed to occur
The edge of the west portion of the Chignik earthquake rupture plane is adjacent to the coseismic rupture area
of the Mw7.8 Simeonof earthquake. If that part of the fault has velocity-weakening friction, there should be
no afterslip allowed within the coseismic rupture region of the S earthquake. However, we find that allowing
afterslip there or not does not significantly affect our predictions the sites outside of the Shumagin Islands
(Figure S6). Thus, we first considered three scenarios of afterslip forward models: allowing the afterslip
to occur up-dip only, down-dip only, and fully surrounding the coseismic rupture zone, using the coseismic
model of Elliott et al. (2022), and we focus on the predicted displacements on the Alaska Peninsula. None
of these models predict the displacement of site AC13 well, although the Ye et al. (2022) model with its
large patch of shallow slip very close to AC13 does fairly well

Figure S2a shows that the downdip-only afterslip model can easily explain the displacements along the Alaska
Peninsula. Downdip afterslip contributes almost nothing to the signal at AC13, which must be explained
by some combination of updip afterslip and perhaps poroelastic relaxation. Figure S2b shows that the
updip-only afterslip model predicts displacements at Peninsula sites AB13 and AC40 that are much smaller
than the observations, because the total stress change is not able to generate enough afterslip to match the
observed displacements there. Thus, for simplicity our preferred model is that afterslip is allowed to fully
surround the coseismic rupture zone. Changing the updip frictional parameters would have only a minimal
impact on our model predictions, except at AC13.

We then use the coseismic rupture models with different assumed fault widths that we obtained from section
4.1 as input for a series of afterslip-only models. We find that using the coseismic model with a fault width
of 10km significantly reduces the azimuthal misfit of the two peninsula sites AB13 and AC40 with the best
fit model having a minimum reduced x? of 16.27 when considering all data (Figure 8). The same model
has the minimum misfit whether we consider only the Peninsula sites or include the Shumagin sites as well.
A slightly narrower model (110 km width) minimizes the angular misfit of the displacements for AB13 and
AC21. The frictional parameters we find for this preferred model are a o =0.60Ma, Vy = 0.8m/yr. Figure
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shows the best fit afterslip only models for coseismic models with different fault widths. The postseismic
fit is hugely improved by reducing the fault widths, so that afterslip occurs further offshore (Figure ). This
indicates that the postseismic give new constraints to the coseismic slip model.
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deformation-of-the-29-july-2021-mw8-2-chignik-earthquake-provides—new-constraints-on-
the-downdip-coseismic-slip

Figure 8. Visualization of reduced y? for various coseismic fault models. The bars represent the y?values,
while the azimuthal misfits are represented by purple stars. The azimuthal uncertainty represents the
allowable error in the azimuth when the model prediction arrow falls within the GPS data error ellipse.
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Figure 9. Best fit afterslip-only models for coseismic models with different fault width. (a) 100km coseismic
fault width. (b) 110km coseismic fault width. (c¢) 120km coseismic fault width. (d) 130km coseismic fault
width. (e) 140km coseismic fault width. (f) 150km coseismic fault width. (g) 160km coseismic fault width.
The region of the rupture areas is > 1m slip. Dashed light grey lines outlines the depth contours from the
Slab2 model (Hayes et al., 2018). The white barbed line shows the plate boundary between the Pacific plate
and the North American plate.
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Figure 10. Average afterslip along strike of coseismic models with different fault width. Blue and green solid
line outlines the comparison of the Elliott et al., 2022 model and our preferred coseismic model with 120km
fault width.

4.4 3-Month Afterslip Models with Maximum Viscoelastic Relaxation Contribution Assumed.

We evaluated a range of viscoelastic relaxation models, and consider end members with the minimum and
maximum displacements caused by that mechanism as described in section 4.2; the minimum contribution
being negligible and thus equivalent to the afterslip-only models already described. For the model with the
maximum contribution from viscoelastic relaxation, we subtracted the viscoelastic model prediction from
the data and treated the residual as the afterslip contribution. We then ran the same tests as described
in section 4.3, and find that even with the maximum viscoelastic relaxation contribution considered, our
afterslip models also favors a narrower fault width with 120km width. In this case, the overall minimum
x? is 9.02, lower than for afterslip-only. The best fit V), is smaller than the models without a viscoelastic
contribution, with Vy = 0.45m/yr. Figure 11 shows the best fit afterslip models with maximum viscoelastic
relaxation prediction for coseismic models with fault width of 10km, 10km and 160km.
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Figure 11. Best fit afterslip models with maximum viscoelastic relaxation contribution subtracted for coseis-
mic models with different fault width. (a) 120km coseismic fault width. (b) 130km coseismic fault width (c)
160km coseismic fault width. The error ellipse show 95% confidence. The region of the rupture areas is >
1m slip. Dashed light grey lines outlines the depth contours from the Slab2 model (Hayes et al., 2018). The
white barbed line shows the plate boundary between the Pacific plate and the North American plate.

4.5 3-Week Postseismic 4+ Coseismic Fit at the GPS Campaign Sites.
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We also consider a second data set to further validate our conclusion that the coseismic slip distribution must
be compact in the downdip direction, so that afterslip remains sufficiently far offshore. It is possible that
the stress-driven afterslip could occur within the coseismic rupture area due to complex frictional properties,
or a complex coseismic slip distribution Johnson et al., 2012, Avouac 201. Thus, we also use displacements
from campaign GPS sites measured three weeks after the mainshock, which include coseismic slip plus three
weeks of postseismic deformation. We consider the same range of coseismic slip models as in the previous
sections.

For each coseismic slip model, we compute stress-driven afterslip and use the measured 3-week displacements
from the continuous GPS sites to search for the best afterslip frictional parameter V; , using the same method
as for the 3-month case. Then we compare the coseismic displacements plus the predicted 3-week postseismic
displacements to the observed coseismic + 3-week postseismic displacements at the GPS campaign sites.
Viscoelastic relaxation is negligible over the first three weeks, based on the models already discussed above.
Again, we find that a narrower fault of 110km~140km is preferred (light orange bars in Figure 8). This
model also reduces the angular misfit at two island campaign sites with large displacements (YUK and
SEMI) (Figure 12). This provides further support for our conclusion that the postseismic observations
require a relatively compact rupture in the downdip direction.
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Figure 12. GPS observations at campaign sites and 3-week afterslip model predictions + coseismic model
predictions with different fault width assumed. (a) 120km coseismic fault width. (b) 130km coseismic fault
width (¢) 150km coseismic fault width. The error ellipse show 95% confidence. The region of the rupture
areas is > lm slip. Dashed light grey lines outlines the depth contours from the Slab2 model (Hayes et al.,
2018). The white barbed line shows the plate boundary between the Pacific plate and the North American
plate.

5. Discussion
5.1 The downdip limit of the coseismic rupture

All of the models that predict the postseismic displacements well have a slip distribution that is located well
offshore. They also have a relatively abrupt downdip termination of slip, and a clean separation between
the zones of coseismic slip and afterslip (Figures 6, 9). Because the basic characteristics of the slip models
are not very sensitive to assumed fault depth, and there is some uncertainty in the geometry and depth of
the plate interface, the horizontal location of the downdip end of the rupture is determined more precisely
than the depth.

Figure 1 shows comparisons between the co-seismic slip region of the Elliott et al. (2022) model and our
preferred 10km fault width model, along with the aftershock distribution. The aftershock region matches
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more closely to the slip area with our preferred narrower fault than with the original Elliott et al. (2022)
model. Based on our preferred coseismic rupture model, the downdip afterslip did not trigger a significant
number of downdip aftershocks. This suggests that the coseismic rupture extended in depth to the deepest
extent of the velocity-weakening friction, or beyond it given stress shadowing effects (e.g., Lindsey et al.,
2021).

There are several clusters of aftershocks updip of the coseismic rupture, which we interpret to be triggered
by the updip afterslip. he existence of these aftershock clusters suggests that some of the fault plane updip
of the coseismic rupture likely has velocity-weakening frictional behavior.

5.2 Vertical Postseismic Signals over the first 3 months

Although we didn’t use the vertical signal in the previous discussion due to the larger uncertainties and the
relatively small signal, the vertical signal further supports our conclusion of a narrower coseismic rupture,
and provides some information about the viscosity structure. We do not fully explore the tradeoffs between
parameters in the viscoelastic model here, because the timespan of the data is very short. However, we can
use the vertical data to find a reasonable combination of lithospheric thickness, mantle wedge viscosity, and
cold nose structure that can serve as a reference model for future modeling.

Figure 13 a, b shows the observed post-seismic vertical displacement, the vertical displacement due to
an afterslip-only model and the vertical displacement due to a viscoelastic relaxation-only model. The
predicted vertical displacement due to the afterslip-only model at all Alaska Peninsula sites is subsidence.
The viscoelastic relaxation-only model predicts uplift at those same sites. In both cases, the model predictions
are substantially larger than the observed displacements at Peninsula sites AB13 and AC21, so matching
the observations requires a contribution from both mechanisms. The two Peninsula sites AB13 and AC21
are close to each other, but we observe subsidence at the site AC21uplift at the site AB13. The signals are
small amplitude, indicating the subsidence displacement predicted by the afterslip and the uplift displacement
predicted by the viscoelastic relaxation must share a similar absolute value at those two sites, but of opposite
sign. This requires a non-negligible viscoelastic relaxation contribution to the observed signal. Therefore,
we explore the range of our test models to find a reasonable model that might explain the vertical data.
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Figure 13. (a) 3- month vertical prediction of an afterslip-only model. The coseismic fault width is 120km.
(b) 3-month vertical prediction of a viscoelastic relaxation only model. The viscosity structure is 50km LAB,
having a cold nose to the wedge and the wedge Maxwell viscosity is 5*10'® Pa-s. The error ellipse show 95%
confidence. The region of the rupture areas is > 1m slip. Dashed light grey lines outlines the depth contours
from the Slab2 model (Hayes et al., 2018). The white barbed line shows the plate boundary between the
Pacific plate and the North American plate.

Figure S7 show the predicted vertical signal of viscoelasticonly models based on different assumed viscosity
structures, and Figure S8 show the predicted vertical signal of aftersliponly models based on different fault
widths. The observed displacement at site AC40 is about 1 cm uplift, and all of our afterslip models with
different fault widths assumed predict about lem subsidence; this require a ~2cm uplift contribution from
viscoelastic relaxation at site AC40. Our maximum viscoelastic relaxation contribution model used above
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(40km LAB + 10! Pa-s wedge viscosity and no cold nose) only predicts ~“0.5cm uplift at site AC40, but a
different combination of model parameters might produce a larger uplift.

Figure S7 and Figure S1 show that by increasing the LAB depth and adding a cold nose to the wedge,
the model predicts more uplift and a smaller horizontal displacement at site AC40. Thus, a cold nose to
the wedge and a deeper LAB than used in our models is needed in order to get a predicted “2cm uplift
from viscoelastic relaxation at site AC40, although this also would require a lower mantle wedge viscosity.
Together with afterslip, such a model can predict the observed vertical displacement with a Maxwell viscosity
of the mantle wedge of 510 Pa-s. Thus, we consider a reasonable model with a 50km lithosphere thickness, a
cold nose to the wedge. Because of a tradeoff between the lithosphere thickness (and cold nose geometry) and
asthenospheric viscosity, a model with a lower viscosity can give about the same horizontal displacements as
the models discussed earlier, although the vertical displacements and also far-field displacements will differ.

We computed the horizontal displacement of the viscoelastic relaxation based on this viscosity structure and
subtract that from the GPS observation. We use the residu to search for the best-fit afterslip model based
on the 10km coseismic fault. Finally, we add together the vertical prediction of viscoelasticonly model and
afterslip model and compare that to the observation. Figure 14 shows the horizontal viscoelastic relaxation
only prediction, the afterslip horizontal fit and the total vertical fit. The model is a reasonable fit to both
the vertical and horizontal observations, but needs to be tested with a longer time span of data and data
from sites farther from the rupture, and the parameter tradeoffs explored more thoroughly. In particular,
there are strong tradeoffs between the geometry of the cold nose, lithospheric thickness, and wedge viscosity.
These will be easier to explore at later times when the afterslip contribution is smaller.
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Figure 14. (a) horizontal prediction of 3-month viscoelastic relaxation-only model for the 120km coseismic
fault based on the viscosity structure of 50km LAB, having a cold nose to the wedge and the 5*¥10'8 Pa-s
wedge viscosity. (b) Best fit afterslip model based on the signal residual (GPS observation — viscoelastic re-
laxation contribution). (c) total vertical fit (model prediction = afterslip prediction + viscoelastic relaxation
prediction). The error ellipse show 95% confidence. The region of the rupture areas is > 1m slip. Dashed
light grey lines outlines the depth contours from the Slab2 model (Hayes et al., 2018). The white barbed
line shows the plate boundary between the Pacific plate and the North American plate.

5.3 Comparison of Coseismic Slip to the July 22, 2020, Mw7.8 Simeonof Earthquake

Figure 6 shows the coseismic slip contours of our preferred 120km coseismic rupture model for the 2021
Chignik earthquake, and the 2020 Simeonof earthquake from Xiao et al. (2021). Aftershocks that followed
both earthquakes are shown. The July 21, 2020 Mw7.8 Simeonof Shumagin earthquake is thought to have
ruptured to greater depth alongat the subduction zone interface (e.g., Shillington et al. 2022), and also have
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has a deeper aftershock region, than the Chignik earthquake. That greater depth only applies to the western
half of the 2020 rupture. This difference in the down-dip extent of the coseismic rupture plane, as well as the
down-dip extent of aftershocks might indicate a significant frictional property difference (e.g., Shillington et
al., 2015; Li et al., 2018; Becel et al., 2017) between the Semidi and the Shumagin segments, as suggested
by the interseismic coupling studies (e.g., Drooff and Freymueller, 2021; Xiao et al., 2021)

5.4 Constraints on the Updip Coseismic Slip Distribution and Postseismic Mechanisms

The updip portion of the published coseismic slip models varies considerably (Figures 2, 7), and it remains
un which model better resolves the up-dip portion of the coseismic slip. The Ye et al. (2022) and Liu et al.
(2023) models used tsunami data to iteratively adjust the coseismic model. These models differ from the
Elliott et al. (2022), Liu et al. (2022) and Mulia et al. (2022) model in having a distinct slip patch that has
very large slip magnitude (7 10m) and a rake of 45 degree under Chirikof island. Aside from that shallow
patch, the Ye et al. (2022) and Liu et al. (2023) models overall restrict slip to greater depths than do the
Elliott et al. (2022) model, or the models shown here. However, the solutions fit the tsunami data are not
unique. Liu et al., (2023) Figure S7 shows that the Elliott et al., (2022) model, which has about “1m slip
extending slightly beyond the continental shelf break, also fits the tsunami data well. Brooks et al. (2023)
modeled the coseismic (and 2.5 month postseismic) displacement from a GNSS-Acoustic site seaward of the
Chignik rupture and have also argued for greater slip extending to shallower depths than some of the models
proposed, although the slip could be in the form of rapid shallow afterslip.

Its more difficult to constrain the up-dip post-seismic slip compared to the downdip portion. The main
limitation is that we only have one GPS continuous site, AC13, at the updip end of the coseismic rupture
area. Stress-driven afterslip models do not predict the very large postseismic displacement at AC13, unless
they include a large coseismic slip patch very close to AC13 (like the Ye et al., (2022) and Liu et al., (2023)
models). However, considering the magnitude of this earthquake and the location of site AC13, the effects of
poroelastic relaxation, depth variations in the frictional parameters (e.g., Tian et al. (2023)), the potential
existence of a weak sub-slab oceanic mantle layer could also affect the model prediction. Thus, there could
be considerable non-uniqueness in the model. Due to the limited number of GPS sites located at the updip
end of the coseismic rupture, it is difficult to fully separate the postseismic mechanisms, making it also
difficult to assess the exact contribution of shallower afterslip and the shallower portion of coseismic slip of
this event. A significant expansion of seafloor geodesy will be required to answer those remaining questions.

6. Conclusion

We generated a suite of coseismic slip models for the 29 July 2021, Mw 8.2 Chignik earthquake by inverting
seismic and geodetic data, and varying the assumed downdip end of coseismic plane. Models with a narrower
allowed downdip width have slip located farther offshore, and have a more abrupt downdip termination of
slip, while models that allow a wider rupture have slip that tapers to zero more gradually with depth.

For each model, we computed stress driven afterslip models and viscoelastic relaxation models, and compared
the postseismic model predictions to observed postseismic displacements over the first 3 months after the
earthquake. As long as the frictional properties are uniform, the spatial pattern and relative magnitudes of
postseismic afterslip displacements are determined entirely by the coseismic slip distribution, while the rate
of early postseismic slip and its time decay depend on the values of the frictional parameters chosen. The
predicted afterslip displacement pattern is significantly different for the different coseismic models, but the
predicted viscoelastic relaxation deformation is not.

We find that the coseismic data alone cannot resolve the details of slip downdip end of the rupture, but
the postseismic displacement provide important new information. By limiting the model fault plane width
120km downdip, the observed post-seismic signal is much better explained with stress-driven afterslip for
all reasonable viscoelastic relaxation contributions considered. A model with a narrower downdip extent
of slip, and a more abrupt downdip termination of slip, produces afterslip located farther offshore, and
this is necessary to match the orientations of the observed postseismic displacements. This finding holds
for all reasonable contributions from viscoelastic relaxation, including models where the viscoelastic signal
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is negligible. However, overall data fit is improved when a combination of stress-driven afterslip and vis-
coelastic relaxation is included in the model, and this combination makes it possible to explain the vertical
displacements as well as the horizontal.

The preferred coseismic rupture plane with a 10km fault width also has a much better model-data fit for the
3-week coseismic + post-seismic deformation at GPS campaign sites , in which time period the coseismic
signal should be the dominant, which further confirms that the spatial pattern of stress-driven afterslip
brings new information of the coseismic rupture of the 29 July 2021, Mw 8.2 Chignik earthquake.

Our result indicate an abrupt instead of gradual downdip termination of coseismic slip. The lack of deep
aftershocks further supports this conclusion and suggests that there was limited interseismic slip deficit
deeper than the coseismic rupture, even accounting for stress-shadowing effects, in line with the Xiao et al.
(2021) coupling model for this region.
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