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SUMMARY

The subduction of the Pacific Plate beneath North America induces broad scale stressing
of the Alaskan crust that has led to the development of the highest mountains in North
America, the highest slip rates along some of the longest strike-slip faults on Earth, and
widespread seismicity that includes the 1964 M9.2 Alaska earthquake, the second largest ever
recorded. These features are a consequence of deformation associated with three primary
processes, interseismic loading due to relative plate motions, large earthquakes and post-
seismic processes. How these mechanisms contribute to the evolution of stress in the Alaskan
crust is not well understood. Here we use observed contemporary surface velocities to constrain
2-D and 3-D viscoelastic numerical models of relative Pacific/North American plate motions,
coseismic slip associated with the 1964 (M9.2) megathrust event and strike-slip earthquakes
on the transform boundary in 1949 (M8.1), 1958 (M7.8) and 1972 (M7.6) (the four largest
events prior to the 2002 M7.9 Denali quake), viscoelastic relaxation following these events,
and afterslip, to gain insight into how these processes are shaping Alaska today. Results
suggest that interseismic deformation and on-going post-seismic deformation following the
1964 earthquake both contribute significantly to the GPS measured contemporary velocity
field. Viscoelastic relaxation associated with a mantle with a viscosity of ~10' Pa s is
required to explain southerly directed velocities that are observed in the Cook Inlet region
to well north of the Denali fault. Results also suggest that subduction of the Pacific Plate
leads to a broad zone of deformation with high stressing rates concentrated in a band that
lies several hundred kilometres from the plate boundary, coeval with the inboard location of
the maximum locking depth of the megathrust. Interseismic deformation and stressing rates
remain high further inland across the Yakutat microplate, where flat subduction extends the
width of the locked plate interface. Calculations show that post-seismic relaxation following
the large strike-slip events serves to reload these rupture surfaces while relieving stress on the
eastern Denali Fault. Post-seismic relaxation following the 1964 earthquake combined with
coseismic stress changes, promoted the triggering of the 2002 Denali quake. Calculations also
suggest that over the past 50 years high stress has accumulated on part of the thrust interface
to the west and east of the 1964 rupture surface and along the Queen-Charlotte Fault to the
south of the 1949 rupture surface.

Key words: Seismic cycle; Transient deformation; Earthquake interaction, forecasting, and
prediction; Continental margins: convergent; Rheology: crust and lithosphere.

1 INTRODUCTION

Few regions on Earth show the large-scale consequences of sub-
duction as well as those observed in central and southern Alaska
(Fig. 1). This area is characterized by rapid uplift of the Alaska,
Wrangell and St. Elias mountain ranges, the highest in North
America; high slip rates (up to 50 mm yr~!) along some of the
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largest (>1000 km) strike-slip faults on Earth, such as the Queen
Charlotte-Fairweather and Denali fault system; and most impor-
tantly from a hazard standpoint, widespread seismicity, including
the 1964 M9.2 Alaska quake, the second largest earthquake ever
recorded (Kanamori 1977), and the 2002 M7.9 Denali earthquake,
the largest earthquake to occur within the North American continent
in the past century (Eberhart-Phillips et al. 2003).

The timing and spatial extent of large earthquakes is a function
of the evolution of stress in the upper crust. Knowledge of stressing
rates is a powerful tool for assessing seismic hazards, as it cannot
only be used to understand past events, but also to predict where
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Figure 1. Map showing tectonic setting of Southern Alaska and surrounding region. Pacific slab depth contours shown as grey dashed lines. The rupture
surfaces of the five earthquakes considered in this study are shown as grey lines/regions (see Table 1, for references). The Yakutat microplate is also shown in
grey. Pacific Plate velocities are based after DeMets et al. (1994). DR-D-CSt, Duke River—Dalton—Chatham Strait Fault.

future earthquakes are likely to occur. Regional stressing rates vary
greatly within the earthquake cycle. In the interseismic period the
crust responds primarily elastically to plate motions, earthquakes
then relieve these stresses through a process of permanent deforma-
tion (fault slip), then post-seismic viscoelastic relaxation transfers
coseismic stresses from the hot lower crust and upper mantle to the
seismogenic upper crust, leading to transient stressing rates that can
take decades to decay back to interseismic levels.

Contemporary stressing rates can be constrained (in part) by ob-
servations of surface velocities. Comprehensive GPS observations
made between 1997 and 2002 (Freymueller ez al. 2008) have illumi-
nated the contemporary velocity field of Southern Alaska (Fig. 2)
prior to disruption of this field by the 2002 M7.9 Denali earthquake
(Eberhart-Phillips et al. 2003; Freed et al. 2006a). Most of the
observed velocities in the region trend northwestwards, coinciding
with the general direction of the Pacific Plate convergence. However,
anumber of stations in the Cook Inlet area (just north of the vicinity
of'the 1964 rupture surface), as well as further inland near Fairbanks
and beyond, show velocity vectors that trend southeastwards. These
velocities have generally been attributed to on-going transient pro-
cesses associated with 1964 Alaska quake, including post-seismic
relaxation and afterslip or a combination of both (Zweck et al. 2002;
Cohen & Freymueller 2004; Suito & Freymueller 2009). A simi-
lar phenomenon is currently observed in association with the 1960
M9.5 Great Chilean earthquake (e.g. Khazaradze et al. 2002). In ad-

dition to the 1964 earthquake, the contemporary velocity field may
also be influenced by several strike-slip earthquakes that occurred
on the Queen-Charlotte and Fairweather Faults in 1949 (MS.1),
1958 (M7.8) and 1972 (M7.6) (Fig. 1) (Nishenko & Jacob 1990),
although previous analysis of the relative influence of various mag-
nitude earthquakes in southern California (Freed et al. 2007) and
northeastern Caribbean (Ali et al. 2008) would suggest that the in-
fluence of these events on the current velocity field and stress state
of the region should be minimal compared to the much larger 1964
quake.

This work is motivated by several earlier studies of Alaskan tec-
tonics. Bufe (2006) modelled interseismic deformation in Alaska
using 3-D elastic models based on the motion of the subducting
Pacific Plate in conjunction with a locked interface. This analysis,
however, assumed that velocities that deviated from the direction of
plate convergence (north—northwest) were not due to transient post-
seismic processes, but instead due to long-term motion on other
faults, specifically motion of a circular Wrangellian block defined
by the Denali Fault to the north and the Fairweather and Queen-
Charlotte faults to the east (Stout & Chase 1980). Bufe (2006)
applied constant slip on these faults below a depth of 15 km, gener-
ating rotational shear of this block that enabled the model to explain
a limited set of GPS observations that showed westward motion
south of the Denali Fault and southerly motion in the Cook Inlet
region. Such a model assumes that the contemporary velocity field
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Figure 2. Average horizontal velocities in Alaska (w.r.t. stable North America) as observed by GPS from 1997 to 2002 and those calculated by a combined
interseismic, viscoelastic relaxation and afterslip model (see text). Cross-section A—A’ is where a 2-D model is used to explore interseismic deformation
across the Yakutat microplate. Cross-section B-B’ is where a 2-D model is used to explore interseismic and postseismic deformations across the 1964 Alaska
earthquake rupture zone. GPS velocities are from Freymueller ef al. (2008). For clarity, only a subset of the GPS velocities are shown.

is not influenced by post-seismic processes, perhaps explaining why
Bufe’s (2006) model cannot explain southward-directed velocities
observed to the north of the Denali Fault.

Zweck et al. (2002) used 3-D elastic models to explain contem-
porary GPS velocities in the region surrounding the 1964 Alaska
earthquake rupture zone and attributed the trenchward trending ve-
locity vectors on Kenai Peninsula and near Cook Inlet to transient
post-seismic afterslip following the 1964 earthquake. A similar con-
clusion has been suggested by Freymueller et al. (2000) using 2-D
elastic models and a limited set of GPS data. A comparison be-
tween afterslip only models and GPS data in the region north of
the Denali Fault, however, suggests that afterslip alone cannot be
used to explain southerly directed velocity vectors in this far-field
region

Transient post-seismic deformation following the 1964 earth-
quake has also been explained using 2-D (Sauber et al. 2006) and
3-D viscoelastic models (Suito & Freymueller 2009) that also ac-
count for viscous relaxation of lower crust/upper mantle in addition
to afterslip. Suito & Freymueller (2009) found that a combination
of viscoelastic relaxation, afterslip and interseismic elastic defor-
mation is needed to explain the southeastward trending GPS veloc-
ities in the region just above and inland of the 1964 rupture. Their
analysis, however, was limited to this region and did not consider
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the region to the east, where the plate boundary transitions from
subduction to strike-slip faulting. Three M>7.5 earthquakes have
occurred since 1949 in this region, potentially generating a post-
seismic component to the velocity field. These earlier studies also
did not consider how deformation due to these various processes
influences the evolution of crustal stress in the region.

Here we seek to understand the relative contributions of inter-
seismic and post-seismic processes to the contemporary velocity
field in central and southern Alaska, then use this knowledge to cal-
culate interseismic stressing rates as well as the evolution of stress
due to coseismic slip and post-seismic processes associated with
the 1964 Alaska quake and the last three major earthquakes on the
Fairweather and Queen-Charlotte faults. These processes are influ-
enced by a wide variety of factors including the geometry of the
Pacific/North American plate interface, which varies from shallow
to deeply slipping along a strike that curves significantly (Fig. 1), the
locking depth of the megathrust and the rheology of the lower crust
and upper mantle. To this end we develop a numerical viscoelastic
model that can consider these complexities and use it to determine
the set of interseismic and post-seismic parameters required to ex-
plain the contemporary surface velocity field. Our stress evolution
calculations concentrate on questions such as the magnitude and
orientation of stresses transferred inland from the plate boundary to
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drive motion on the Denali Fault and how the evolution of transient
stresses may have influenced the 2002 Denali earthquake.

2 ANALYSIS APPROACH

2.1 Model development

Our analysis utilizes several numerical models, one that con-
siders the full 3-D geometry and mechanical behaviour of the
Pacific-Alaskan margin, and two 2-D models that cut across the
Yakutat microplate and across the 1964 rupture surface (Fig. 3).
The discretized geometry for all models was generated using the Cu-
bit toolkit (http://cubit.sandia.gov). The 3-D mesh contains ~0.25

million elements that were necessary to characterize shallow sub-
duction and the plate boundary transition from strike-slip faulting to
normal subduction beneath Yakutat. The longitudinal model domain
extends ~1700 km in all four directions from a point centred at 60N
latitude and 148W longitude, and to the base of the upper mantle at
a depth of 670 km. The 2-D meshes contain ~2000 elements and
also extend to the base of the upper mantle. These models enable us
to explore interseismic and post-seismic modelling approaches and
parameter space in an efficient manner, enabling a more narrow fo-
cus with the computationally expensive 3-D calculations. The 2-D
model that passes through the Yakutat microplate (Fig. 3b) enables
us to look at different approaches to modelling interseismic defor-
mation as this region appears to be outside of the areas ‘significantly’
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Figure 3. Finite element meshes used in this study. (a) Full 3-D model with slab geometry shown in inset. (b) Part of the 2-D mesh used for interseismic
calculations through cross-section A—A’ in Fig. 2. (c) Part of 2-D mesh used for interseismic and postseismic calculations through cross-section B-B’ in Fig. 2.
The actual meshes for (b) and (c) extends a few hundred kilometres on all three sides. The continental (in green) and oceanic crust (in blue) have a shear
modulus of 39 and 52 GPa, respectively. The shear modulus for the mantle (red) is assumed to be 69 GPa. Poisson’s ratio for all materials is assumed to be 0.25.
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Table 1. Rupture parameters for all the earthquakes in the 3-D model; QCI, Queen-Charlotte Island; PWS, Prince William
Sound; [*] For the 1964 earthquake a variable slip model (with a uniform slip of 12 and 5 m on the Kodiak and Kenai
asperities, respectively) has also been considered; [1] Nishenko & Jacob (1990); [2] Johnson et al. (1996).

Event year Magnitude Geometry Ave. dip-slip Ave. strike-slip Ref.
(location) (My) (km x km) (m) (m)

1949 (QCI) 8.1 400 x 15 0.0 5.8 [1]
1958 (Lituya Bay) 7.8 225 x 15 0.0 4.8 [1]
1964 (PWS) 9.2 740 x 250 8.6* 0.0 [2]
1972 (Sitka) 7.6 (M) 200 x 15 0.0 5.0 [1]

influenced by recent earthquakes (1964 Alaska earthquake to the
west and the strike-slip earthquakes in the east). The 2-D model
that passes through the 1964 rupture surface (Fig. 3¢) incorporates
GPS stations where surface velocities are directed to the southeast,
presumably due to post-seismic processes associated with the 1964
rupture.

The design and implementation of the models are based on a
number of assumptions and observational constraints. The north,
west and eastern model boundaries are held fixed, which does not
influence model results in mainland Alaska in the time frame of our
analyses (1000s of years for models that consider several earthquake
cycles). For runs that consider the motion of the subducting Pacific
Plate over time, a velocity boundary condition is applied to the two
ends of the slab, consistent with the motion of the Pacific Plate
relative to North America in accordance with NUVEL-1A (DeMets
et al. 1994). This velocity varies from ~48 mm yr~' at the eastern
edge of the Yakutat microplate to ~65 mm yr~!' at the western
edge of the model domain. The approach can be described as a
combined kinematic—dynamic description where the slab velocity
is prescribed, but the flow of mantle surrounding the slab responds
dynamically to slab motion. The advantage to this approach is that
we do not have to worry about developing a Pacific slab that moves
at the correct velocity based on a balance of density and viscosity,
which is very difficult to achieve without consideration of global
mantle circulation currents. Although velocity boundary conditions
lead to inaccurate stresses within the slab, such stresses are not the
objective of this analysis.

The geometry and extent of the slab is based on published slab
contours and observed seismicity (Eberhart-Phillips et al. 2006). Al-
though the plate boundary is well known along the Queen-Charlotte
and Fairweather faults east of the Yakutat microplate and along the
megathrust west of the Yakutat microplate, it is more diffused across
the Yakutat microplate itself. This boundary may be in the process
of transfer from the northern extent of the microplate to its southern
edge as the microplate is currently being accreted onto the North
American Plate. In general, the plate interface is locked in our sim-
ulations, so the exact location of the interface through the Yakutat
microplate is not a critical factor.

The oceanic lithosphere is assumed to be 80 km thick and be-
haves elastically in all runs. An average thickness of 37.5 km for
the continental crust is assumed, based on tomographic data of
Eberhart-Phillips et al. (2006) and receiver function analysis of
Veenstra et al. (2006). Although the crust varies from south of the
Denali Fault (35—45 km) to northern lowlands (25 km) (Veenstra
et al. 20006), its thickness is not a first-order parameter in our study.
It is the strength of the lithosphere as a function of depth that pri-
marily controls how the North American Plate responds to Pacific
Plate convergence. For runs that only consider a single earthquake
cycle, the effect of buoyancy forces is neglected. For runs that con-
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sider multiple earthquake cycles, buoyancy forces are included to
prevent significant uplift/subsidence from occurring (on the free
surface) over these longer time spans. The geometry and slip dis-
tribution for earthquakes is based after Nishenko & Jacob (1990)
and Johnson et al. (1996) (Table 1). For the 1964 earthquake we use
two models, one with uniform slip and the other with variable slip
centred on two asperities on the Kodiak and Kenai segments of the
megathrust (Holdahl & Sauber 1994; Johnson et al. 1996; Santini
et al. 2003).

We assume a linear Newtonian viscoelastic rtheology, which en-
ables us to calculate separately and superimpose interseismic and
post-seismic results. Transient surface displacement rates due to
post-seismic relaxation following earthquakes have been inferred
to be non-linear (e.g. Pollitz 2003, 2005; Freed & Burgmann 2004;
Freed et al. 2006b). However, for this study we are looking at post-
seismic velocities many decades after the events when displacement
rates have slowed and behave in a more linear fashion. In addition,
we only seek to understand average velocities across the GPS obser-
vational time period (1997-2002). Where an assumption of a linear
viscosity may prove to be an impediment is when we explore spin-
up models (described in Section 2.2) that require the calculation
of the cumulative post-seismic response resulting from numerous
earthquake cycles.

The viscosity structure of the lower crust and mantle wedge has
been inferred from GPS observations of post-seismic relaxation
following the 2002 Denali earthquake. The most appropriate study
would be the power-law study of Freed et al. (2006b), as it estimates
the magnitude of the longer-term (interseismic) viscosity structure
of the lower crust and mantle wedge after the non-linear portion
of a transient phase has diminished. This study suggested a mantle
viscosity below 80 km of order (1-3) x 10'° Pa s and a mantle
viscosity above 80 km depth of order (3-5) x 10" Pa s, and a
moderately stronger (102° Pa s) lower crust. These values are similar
to the 2.5 x 10" Pa s inferred for the upper mantle by Hu et al.
(2004) based on GPS observations many decades after the 1960
M9.5 Chilean earthquake and also to the 3.0 x 10'° Pa s as inferred
by Suito & Freymueller (2009). Our analyses consider a variety of
viscosity structures, with these previous studies serving as a guide
as to what we should expect to find in this study.

2.2 Approaches to interseismic calculations

Interseismic deformation rates have been numerically simulated us-
ing a number of different approaches. One approach is the backslip
model (Savage 1983), where virtual negative slip equal to the mag-
nitude of the plate velocity is imposed on the locked segment of the
active fault (Fig. 4a inset). For subduction zone settings, backslip
with an appropriate locking depth for the megathrust can repro-
duce observed surface velocities on the overriding plate, but not for
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Figure 4. Comparison of GPS observed versus calculated horizontal surface
velocities (+/— 25 km on either side) along a cross-section that passes
through the Yakutat microplate (A—A’ in Fig. 2; mesh shown in Fig. 3b) for
a variety of approaches to modeling interseismic deformation. Illustrations
of each approach are shown as insets in the respective panels. (a) Results for
abackslip model as a function of several assumed locking depths. (b) Results
for a modified backslip model for a depth of 30 km (backslip model shown
for comparison). (c) Results for a spin-up model for various assumptions
of the average earthquake recurrence interval. All spin-up models assume a
lower crust and upper mantle viscosity of 1.5 x 10'° Pa s. (d) Results for a
model that assumes a weak upper crustal zone of weakness between 60 and
62N.

the subducting plate and requires addition of a step function. An
improved model proposed by Zhao & Takemoto (2000) (hereafter
referred as the modified backslip model) in which slip is imposed
below the locked portion of the interface, and at the base of the
down-going slab (Fig. 4b inset) gives correct velocities for both the
overriding plate as well as the subducting plate without the need of
further processing (i.e. the addition of the step function). A simi-

lar approach has been used to model interseismic deformation in
Sumatra by Sieh ef al. (1999) and by Bufe (2006) for Alaska. From
a computational standpoint, backslip and modified backslip models
only require the solution of the elastic problem to determine an
instantaneous interseismic velocity field.

Interseismic deformation rates have also been approximated us-
ing spin-up models where interseismic surface velocities are thought
to be a cumulative effect of post-seismic relaxation following a
number of previous earthquake cycles (e.g. Hetland & Hager 2006)
(Fig. 4c inset). The idea is that the post-seismic stresses in the lower
crust and upper mantle are not fully relaxed before the occurrence
of the next earthquake. As a result, a small relaxation component
remains that adds to the post-seismic process in the next earthquake
cycle and so on, leading eventually to a long term, steady-state ve-
locity component from previous events. This component adds to
that induced by long-term plate motions, and after enough earth-
quake cycles, a new interseismic velocity structure emerges. Such
a velocity field is simulated by running a number of earthquake
cycles until the velocity structure within each cycle tracks like the
previous cycle. Such models are said to have been spun-up. Since
post-seismic velocities are generally greatest in the vicinity of the
active fault, this process leads to higher interseismic surface veloc-
ities to concentrate near the fault, as observed near the megathrust
in Alaska. The degree to which spinning up a model will localize
surface velocities near an active fault is dependent on the viscosity
structure and recurrence interval assumed. Non-linearity’s in vis-
cosity with time could greatly influence the resulting interseismic
velocity field by accelerating relaxation rates early in an earthquake
cycle, while decelerating later relaxation rates compared to a New-
tonian rheology.

Finally, interseismic deformation rates can be modelled by con-
sideration of a lateral zone of weak upper crust that accommodates
more strain then surrounding regions (Fig. 4d inset). Such zones
may be a consequence of damage or material heterogeneity resulting
from thermo-mechanical effects. These zones have been modelled
using a viscoelastic rheology where the viscosity is low enough such
that a portion of the upper crust does not behave elastically (e.g.
10?2-10% Pa s), but is a few orders of magnitude higher than lower
crustal and upper mantle viscosities (e.g. Choi & Gurnis 2003; Yang
et al. 2003; Platt e al. 2008). The use of a viscoelastic rheology is
a means to simulate both elastic and anelastic deformations in the
crust.

Our analysis approach is to initially explore the various methods
for simulating interseismic deformation in southern Alaska using
the 2-D model to guide us towards the best approach to use with
the 3-D model. We similarly use the 2-D model to explore parame-
ter space associated with post-seismic relaxation and afterslip pro-
cesses to guide us towards the models that are going to likely work
best in 3-D. 2-D calculations are accomplished using GeoFEST
(Parker et al. 2008), a numerical code that solves the quasi-static
momentum equation in a viscoelastic medium using the finite ele-
ment method. Slip on faults is imposed using the split node method
(Melosh & Raefsky 1981) that conceptually adds additional terms
to the force vector leaving the stiffness matrix unchanged and the
linear system of equations for the 2-D problem is solved using a
direct solver. For 3-D calculations we use PyLith (Aagaard et al.
2008, 2009), an open source implicit/explicit finite element code
for quasi-static and dynamic problems. In PyLith, slip on faults is
accommodated by zero volume cohesive cells and is a constraint
that is enforced using Lagrange Multipliers. The resulting indefinite
system is solved using a parallel sparse direct solver.

© 2010 The Authors, GJI
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3 RESULTS

3.1 2-D interseismic models

We initially explore how the backslip, modified backslip, spin-up
and weak zone models work to explain observed surface velocities
along a 2-D cross-section passing through the Yakutat microplate
(Cross-section A—A’ in Figs 2 and 3b). This is a region where
velocities are thought to be controlled primarily by interseismic
processes. Fig. 4(a) shows how GPS observed horizontal velocities
compared with those calculated by the backslip approach based on
three assumptions of locking depth (15, 30 and 45 km). A model
with a 30 km locking depth appears to provide a better match to
observed velocities on the North American Plate (north of 60N)
than other models. This value is similar to the ~30 km locking
depth inferred from the observed depth of seismicity along the
megathrust. The modified backslip model provides a very similar
result to that of the backslip model, with the exception that it can
account for the motion of the Pacific Plate (Fig. 4b) without the need
of further processing. We would like to point out that there are a few
stations along this cross-section north of 62N which have negative
velocities that are a consequence of post-seismic viscous relaxation
(discussed later) following the 1964 earthquake. This cross-section
was chosen because it passes through a region that is less likely to
be affected by post-seismic transients near the trench but in the far
field (i.e. beyond 62N) some effects do show up.

For the spin-up approach we consider a variety of combinations
of earthquake recurrence intervals and viscoelastic structures. An
average recurrence time for earthquakes on the megathrust of order
500 years has been estimated from alternating beds of peat and mud
in sediment sequences on the south-central Alaskan coast (Shennan
& Hamilton 2006). If we initially consider a recurrence interval
of 500 years in combination with a lower crust and upper man-
tle viscosity of 1.5 x 10! Pa s, we find that predicted velocities
with distance from the plate boundary are greatly over-estimated
compared to those observed (Fig. 4c). To more closely simulate
the observed drop-oft of velocities inland, the recurrence interval
must be lowered to ~10 years, at which point a further decrease in
recurrence time does not alter the solution. Such a recurrence inter-
val for large megathrust events is, of course, unrealistic. A similar
improvement of fit to the observed velocities can be achieved by
increasing the viscosity of the lower crust and upper mantle to
~10?? Pa s while keeping the recurrence interval at 500 years. But
such a viscosity is several orders of magnitude higher than that in-
ferred from the previous post-seismic studies discussed earlier. If
the spin-up approach is in fact a reasonable characterization of the
process by which interseismic velocity profiles form, it is plausible
that the failure of this approach to work in our models resides in our
assumption of linear Newtonian viscosities.

Finally, we use the 2-D model to test the weak upper crustal zone
model. We assume a lower crustal and upper mantle viscosity of
1.5 x 10" Pa s and a viscosity of 10?2 Pa s for the weak zone of
upper crust. The lateral extent of the weak zone can be determined
from the drop-off in GPS observed velocities and corresponds to
a region that extends from the megathrust to ~62N (Fig. 4d). This
approximately corresponds to where an extension of the Castle
Mountain fault would lie to the east, although there is no observa-
tional evidence for such an extension. In addition, the weak upper
crustal zone should experience significantly more permanent strain
than regions to the north, which indeed is the case as the St. Elias
Range which lies south of the supposedly eastern extension of the
Castle Mountain fault does undergo rapid contraction. However, due
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to the difficulty of identifying such a boundary throughout Southern
Alaska with absolute certainty especially when the GPS velocities
are being influenced by transient processes this approach is not fea-
sible. These 2-D results suggest that the modified backslip model
works best for calculating interseismic deformation, especially for
computationally expensive 3-D models.

60 3
454 .,
[0]
© 3 ;
2> 307 s
£ =CA RS
Eisl o "
=2 = “torn.... ItErSEISMIC
o . LLTTTT
° 0 I d
[ N iné =
> \ CombilZz—====
-154 X3 —--h olaxatio
‘A - \/iSC
-304
60
E«-—«-ﬁu
45 Juiuly
. 8 lower crust/mantle
S, 304 g 3x10%/1x10" Pa s
€ e : (11.7)
S = o \&.,
<= 151 o 3
> 5 B
3, ol e B%.. 109(19.1)
° Y\ 1.5x10(11.7) L \___&
-15- ¢ ==
-30- 1578-(76-. 1-) B
60 S
451
[0
= 3
E 301 E
S £
= 15+ o
= ©
8 O-u--wm-mg:.m‘m,—,; 777777777777777777777777777777777777777777
2 VN
191 ‘\ .............
Afterslip.~ v+ ™™ Viscous relaxation
-304(12-30 km (2.5x10"" Pa s)
55 57 5 61 63 65

Latitude (degree)

Figure 5. Comparison of GPS observed versus calculated horizontal sur-
face velocities along a cross-section that passes through the 1964 Alaska
rupture surface (B-B’ in Fig. 2; mesh shown in Fig. 3c). (a) Component
and combined results of a model consisting of viscous relaxation (1.5 x
10" Pa s lower crust and mantle viscosity) and interseismic deformation
(modified backslip with a 30 km locking depth). (b) Variation of the com-
bined model in (a) as a function of the assumed viscosity structure. The
number in bracket shows the misfit value for the residual velocities (i.e.
sqrt[(1/n) Y (vo — vm)?] where v, and vy, are the observed and modelled
velocities respectively and n the number of observation points). Unless
otherwise stated, viscosity shown is that of the lower crust and mantle. (c)
Component and combined results of a model consisting of viscous relaxation
(2.5 x 10" Pa s lower crust and mantle viscosity), afterslip (55 mm yr~!
from 13 to 30 km depth) and interseismic deformation (modified backslip a
with 30 km locking depth).
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3.2 2-D post-seismic models

For calculations of viscoelastic relaxation following the 1964 earth-
quake we utilize the 2-D model that incorporates the geometry of the
Pacific and North American plates that passes through the 1964 rup-
ture zone (cross-section B-B’ in Figs 2 and 3c¢) near eastern Kodiak
Island. Average contemporary velocities for the GPS observational
time period (1997-2002) are calculated by applying slip associated
with the 1964 rupture, then allowing the viscoelastic structure to
relax for 36 years (~2000). The bottom and side boundaries of the

domain for this model remain fixed. A uniform slip of 7.5 m that
extends to a depth of 30 km (Johnson et al. 1996) is applied along
the interface. If we initially assume a uniform viscosity for the lower
crust and upper mantle as 1.5 x 10" Pa s, we calculate a contem-
porary horizontal velocity profile as shown by the dashed line in
Fig. 5(a). The profile shows viscous relaxation to lead to southerly
directed velocities (negative velocities in the figure) several hun-
dred kilometres inland from the plate boundary. When we add the
viscous relaxation velocity profile to one calculated for interseismic
motion (using the modified backslip model with a 30 km locking

- GPS observed

=== Calculated: Interseismic
50 mmdyr

Interseismic residuals:
Calculated Interseismic
56 ; minus GPS observed

Calculated: Viscoelastic
relaxation

-152° 144 "

Figure 6. (a) Comparison of GPS observed versus calculated horizontal surface velocities based on a model of interseismic deformation using a modified
backslip model. (b) Comparison of residual velocities (GPS observed minus interseismic deformation) versus calculated velocities based on viscoelastic
relaxation. (c) Comparison of residual versus calculated velocities based on viscoelastic relaxation plus afterslip. See text for model details.
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depth), the calculated cumulative profile reasonably matches the
observed GPS velocities along this cross-section, except close to
the plate interface (~57.5N), where velocities are more slower than
this model would predict.

Fig. 5(b) shows how the predicted cumulative (interseismic plus
viscous relaxation) velocity profile varies as function of assumed
viscosity structure. A model in which the lower crust and upper
mantle has an average viscosity of 1.5 x 10" Pa s provides the
best fit, with higher and lower assumed viscosities leading to poor
velocity fits both in the near and far-field. The observed velocities
can also be explained by a viscosity structure where the lower crust
has a viscosity three times that of the upper mantle (3 x 10"
compared to 1 x 10'° Pas). Such a model would be more consistent
with a decrease in viscosity with depth found in several post-seismic
studies following the 2002 Denali earthquake (Pollitz 2005; Freed
et al. 2006a).

The inability of the post-seismic relaxation model to explain
slower velocities closer to the plate interface suggests that either the
assumed rheology is in error or another mechanism such as afterslip
is active. It is also possible that the velocity field near this cross-
section is influenced by 3-D effects, but the 3-D results discussed in
the next section show this to not be the case. Suito & Freymueller
(2009) used observations of uplift to show that afterslip is the dom-
inant mechanism active in the decades immediately after the 1964
earthquake, although forms a much diminished component of the
contemporary velocity field. We find that we can add an afterslip
component to that of viscous relaxation and interseismic deforma-
tion in our 2-D model (Fig. 5¢) to achieve an improved fit compared
to a model with only viscous relaxation and interseismic compo-
nents. Afterslip in this model is simulated with a local Pacific Plate
velocity at the cross-section of 55 mm yr~! applied from 13 to 30 km
depth. Other afterslip possibilities were considered, including slip
closer to the surface and further down-dip. However, these models
led to a poorer fit to the observed velocity field. Afterslip causes
velocities close to the plate boundary to point south in a manner

Figure 6. — continued.
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that cannot be achieved by viscous relaxation, whereas viscous re-
laxation causes velocities to point southwards farther from the plate
boundary that afterslip cannot achieve (Fig. Sc). The best-fit three-
component model requires a modestly higher viscosity structure
(2.5 x 10'° Pa s) than the best-fit model without afterslip, indica-
tive of the partial trade-off between afterslip and viscous relaxation
processes. Because the magnitude of the afterslip required to fit the
data is close to the plate velocity it is also possible that part of the
megathrust between 13 and 30 km is not locked as is originally as-
sumed but creeps at steady state. Such a low locking depth however
cannot explain the slip distribution observed at this segment during
the 1964 earthquake.

3.3 3-D calculations of the contemporary velocity field

Guided by the 2-D modelling results, we now use the 3-D model to
understand the broad response of the Alaskan lithosphere to coseis-
mic, post-seismic and interseismic processes. For the interseismic
model we use the modified backslip approach, as it enables the
most direct means of accurately generating the interseismic veloc-
ity field. For the 3-D model this means imposing slip on all of
the edges of the Pacific slab consistent with observed plate mo-
tions, and assumed locking depths. A locking depth of 15 km along
the strike-slip faults (consistent with empirical scaling laws), and
30 km along the megathrust (except for the Shumagin Gap (Fournier
& Freymueller 2007) where it is known to transition to ~5 km) as
previously used in the 2-D models, has been assumed. Model results
show a good fit to GPS observations in regions not significantly in-
fluenced by post-seismic processes (Fig. 6a). The interseismic only
model explains well the GPS observations of higher velocities near
the Yakutat coast and on Kodiak Island and west of this region. It
also matches the counter-clockwise rotation of the velocity field just
south of the Denali Fault, an indication of how subduction of the
Pacific Plate drives inland shear taken up by this fault.

Interseismic residuals;
— Calculated Interseismic
minus GPS observed

—— Calculated: Viscoelastic
50 mmiyr relaxation plus afterslip
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The interseismic model cannot explain southwardly directed ve-
locities near the Cook Inlet region and north of the Denali Fault.
Nor can this model explain northwest trending velocities to the east
of the Fairweather and Queen-Charlotte faults. These deficiencies
are more easily observed by plotting the interseismic residuals, that
is GPS observed minus calculated interseismic velocities (black
arrows in Fig. 6b). The systematic pattern of trenchward directed
residual velocities near the rupture zone of the 1964 Great Alaska
earthquake is strongly suggestive of a post-seismic process. Like-
wise for small southeastwardly directed residual velocities just east
of the Fairweather and Queen-Charlotte faults considering the prox-
imity of the 1949, 1958 and 1972 events.

To study the influence of post-seismic relaxation following these
four historic earthquakes, we simulated the slip of each event
(Table 1) in a time consistent fashion and calculated predicted sur-
face velocities in the year 2001. For the 1964 slip distribution we
considered two models, one with uniform slip and one based on the
two patch model with slip on the Kodiak and Kenai segments of
the megathrust (Johnson et al. 1996). We found that post-seismic
results associated with the 1964 earthquake were not significantly
influenced by the choice of slip distribution as long as the moment
magnitude of the event was similar in both representations. The
calculations shown in the later sections are based on the two patch
model of the 1964 earthquake. The calculated post-seismic relax-
ation velocities associated with a model that assumes a lower crustal
viscosity of 3 x 10" Pa s and a mantle viscosity of 1 x 10 Pa's
provide a good fit to interseismic residual velocities (Fig. 6b). Just
like the 2-D model, an equivalent result is found when a viscosity
of 1.5 x 10'° Pa s for the lower crustal and mantle is assumed. In
general, the interseismic residuals are well explained by viscoelastic
relaxation, especially in the region north of the Cook Inlet as well
as inland north of the Denali Fault. The relaxation model poorly fits
the interseismic residuals near the north and western edges of the
Kenai Peninsula (Fig. 6b) as magnitude of the modelled velocities
is significantly smaller than the residuals.

The region between Kodiak Island and the Kenai Peninsula hap-
pens to correspond to a region that accommodated minimal slip
between slip patches in the two patch model suggested by John-
son et al. (1996). This region, shown as a hachured area within the
1964 rupture surface in Fig. 6(c), may be responding to coseismic
stress changes associated with slip on the neighbouring patches. If
we assume that this region is currently slipping at about the rate
of Pacific Plate convergence and add the resulting afterslip surface
velocities to that of the viscoelastic relaxation model, we find that
the combined velocities provides an improved fit to the interseismic
residual velocities (Fig. 6¢) as the magnitudes are now correctly es-
timated. We found we could also achieve a similar improvement to
fit to the original viscoelastic relaxation model if we decreased the
viscosity of the lower crust in this region, which may be plausible
owing to a potential increase in fluids within the lower crust from a
dehydrating slab (Arcay et al. 2008; Billen & Gurnis 2001, 2003).
Some misfit remains in the Cook Inlet region, perhaps because of
our overly simplistic afterslip model. A more formal inversion for
afterslip would likely have improved the model, but this was beyond
the scope of this work.

Interpretation of interseismic residual velocities near the Fair-
weather and Queen-Charlotte faults is more difficult to understand.
Southerly directed residual velocities in this region are explained
by viscoelastic relaxation (Fig. 6b). But there are a number of resid-
ual velocities, most notably east of the Fairweather fault, which
are directed to the northeast. There is no aspect of an interseismic,
viscoelastic relaxation or afterslip calculation that could explain

such velocity vectors. However, this region is currently being influ-
enced by the world’s fastest present day glacial unloading, which
has been ongoing since the Little Ice Age (LIA) terminated around
18001850 (e.g. Sauber et al. 2000). LIA retreat is currently in-
ducing more than 30 mm yr~' of uplift centred in the Glacier Bay
region (on the coast at ~59N) (Larsen et al. 2004, 2005). The
horizontal velocities associated with this process have not yet been
determined, but one would expect a pattern in which these velocities
would radiate out from the area, consistent with the northeastern
directed velocities observed to the west. More work needs to be
accomplished in this region once a post-glacial horizontal velocity
component is established.

Calculated contemporary velocities based on a combined inter-
seismic, viscoelastic relaxation and afterslip model are compared
to those observed by GPS in Fig. 2. Overall there is good agree-
ment between the observed and calculated velocity fields. Our re-
sults for the region surrounding the 1964 rupture zone are also in
general agreement with that of Suito & Freymueller (2009). This
demonstrates that, to a first order, contemporary surface velocities
in Alaska can be explained as resulting from convergence of the
Pacific Plate and transient post-seismic processes associated with
recent (past 50 years) earthquakes in the region.
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Figure 7. (a) Maximum compressive and (b) maximum shear stressing rates
at the surface of the North American crust associated with the interseismic
deformation.
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4 STRESS EVOLUTION CALCULATIONS

Now that we have developed a 3-D numerical model that explains
the contemporary velocity field, we use this model to calculate the
evolution of stress over the past half century. We first consider how
stressing rates in the Alaskan upper crust are influenced by the
relative motion of the Pacific and North American plates. We then
consider how stress has evolved on the major active fault systems
due to interseismic, coseismic and post-seismic deformation.

Fig. 7 shows the calculated maximum compressive and maximum
shear stressing rates in the upper North American crust associated
with interseismic deformation. Inboard of the subduction zone, rates
are greatest in a band located about ~150 km from the plate bound-
ary in the southwest, but about double that distance within the region
of the Yakutat microplate. This is consistent with the location where
GPS observed velocities were shown to experience a rapid drop-off.
This zone of highest compressive and shear stressing rates lies di-
rectly above the location of the maximum locking depth, which
extends further inland near Yakutat because of shallow subduction
(Fig. 7). This result can be understood by examining the schematic
of the modified backslip model (Fig. 4b, inset), which shows slip
(opposing relative velocities of the slab and mantle wedge) applied
starting at the base of the locked portion of the megathrust. The
stress subsequently propagates to the crust that lies above. Max-
imum compressive normal stresses decrease to the south of this
region (i.e. over the locked megathrust), as this region represents a
zone in which stresses transition from the Pacific Plate (low stress
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due to slab pull) to the North American Plate (high stress due to
convergence).

The zone of high shear stresses inboard of the subduction zone
transitions to an even higher shear stress along the transform por-
tion of the plate boundary (the Fairweather and Queen-Charlotte
Fault system), where plate motion is directly associated with shear
(Fig. 7b). The narrowness of the transform shear zone is consistent
with the quickly diminishing magnitude of northwest trending ob-
served velocities eastward from this fault system. Compressional
stresses along this boundary (Fig. 7a) are a result of a modest az-
imuth difference between the strike of the Fairweather and Queen-
Charlotte faults and the direction of the Pacific Plate relative to
North America.

To understand how active faults are influenced by stresses through
the earthquake cycle, we calculate changes in Coulomb stress.
Coulomb stress calculations quantify how shear and normal stress
changes act to push faults closer to (positive Coulomb stress change)
or further away from (negative Coulomb stress change) failure
(e.g. Jaeger & Cook 1979; Stein & Lisowski 1983; King ef al.
1994; Freed 2005). Here we calculate the change in Coulomb
stress,

Ao, = At — iAo,

where A t is the change in shear stress parallel to the slip direction
of a fault, Ao, is change in fault-normal (or clamping) stress and
W' is the apparent friction, which takes into account reductions in
friction due to pore pressure changes. Having no information on the
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Figure 8. Coulomb stress change resolved on the Pacific megathrust from 1949 to 2002 due to (a) interseismic deformation, (b) coseismic slip, (c) postseismic
viscoelastic relaxation and (d) interseismic plus coseismic slip plus viscoelastic relaxation. The Shumagin gap where the locked depth is inferred to be only
~5 km deep is noted. The edge of the 1964 rupture surface is shown as a dashed line in (c). Coulomb stress change is calculated on thrust faults striking N47°E
with a dip angle of 10°, based on an apparent friction coefficient of 0.1. Stresses on the megathrust are shown to a depth of 35 km, beyond which the dip angle
is too steep for the calculated Coulomb stress component. Coseismic stress change on the 1964 rupture interface has been masked out in (b) and (d) (in dark

blue).
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absolute stress field, this calculation only considers how the stress
field has evolved since a particular time.

We concentrate our Coulomb stress calculations on three of the
most seismically active regions in Alaska: the megathrust along the
plate interface, the Fairweather and Queen-Charlotte Fault system,
and the central Denali fault. Fig. 8 shows calculated Coulomb stress
changes resolved on the megathrust from 1949 (time of first earth-
quake considered) to 2002 (just before the Denali earthquake) due
to the three components of the earthquake cycle, individually and
combined. This figure shows results based on an assumed friction
coefficient of 0.1, but these results are not significantly altered by
other assumptions of friction, as the shear stress component is the
dominant factor in the Coulomb calculation. The motion of the Pa-
cific Plate is shown to load (warm colours) the locked megathrust
towards failure (Fig. 8a). Coseismic slip then relieves stress on the
two primary slip patches (blue regions) associated with the 1964
earthquake (Fig. 8b). Slip on these patches also causes an increase
in Coulomb stress in surrounding fault regions. Coulomb stress
increase between the slip patches was inferred to potentially have
induced on-going afterslip, as discussed previously. Viscoelastic re-
laxation within the lower crust and mantle wedge serves to partially
reload the slip patches as shown in Fig. 8(c). The cumulative stress
change since 1949 suggests that the 1964 rupture surface has not yet
recovered the stress drop associated with that earthquake, although
stress has increased significantly in surrounding regions (Fig. 8d).
It is possible that stress has relaxed in many of these regions, espe-
cially up-dip and between the two slip patches, due to aseismic slip,
but this is difficult to verify due to the lack of off-shore geodetic
constraints. The region along the megathrust to the west, between
the 1964 rupture surface and the Shumagin gap (blue region in
western part of Fig. 8d) and to the east near Yakataga, is the next
likely region for large earthquakes.

Fig. 9 shows calculated Coulomb stress changes resolved on the
Fairweather and Queen-Charlotte transform boundary from 1949 to
2002 due to the three components of the earthquake cycle and com-
bined. Interseismic motion of the Pacific Plate is shown to load the
locked boundary towards failure (Fig. 9a), while coseismic slip as-
sociated with the 1949, 1958 and 1972 relieves this stress along the
entire length of the fault in this region (Fig. 9b). Viscoelastic relax-
ation within the lower crust and mantle then serves to partially reload
the rupture surface and unload the region to the east (Fig. 9c). Note
how both coseismic and post-seismic Coulomb stress changes along
the Fairweather Fault serve to unload the southern continuation of
the eastern Denali Fault, that is the Duke River—Dalton—Chatham
faults, perhaps explaining why they are no longer active (Lahr &
Plafker 1980). The cumulative stress change calculation suggests
that the plate interface between Queen-Charlotte and Vancouver Is-
lands (southeastern corner of Fig. 9d) has accumulated significant
stress since 1949.

Fig. 10 shows calculated Coulomb stress changes resolved on
the Denali Fault from 1949 to 2002 due to the three components of
the earthquake cycle. Interseismic deformation is shown to increase
Coulomb stress all the way from the plate interface to the Denali
Fault (Fig. 10a), supporting the idea that the Denali fault is a result
of partitioning of strain associated with oblique convergence of the
Pacific Plate. Coseismic slip associated with the 1964 earthquake
does not significantly influence Coulomb stress on the Denali Fault
(Fig. 10b), but ~4 decades of viscoelastic relaxation leads to an
increase in Coulomb stresses along a major part of the fault that
subsequently ruptured in 2002 (Fig. 10c). This demonstrates how
post-seismic relaxation can influence faults hundreds of kilometres
away from great earthquakes. The total stress change resolved on

Distance (km)

Dislanlcza {km)

500 1000 500 1000

Distance (km) Distance (kmy)

Coulomb stress change (MPa)

[

-0.250 -0.125 0.000 0.125 0.250

Figure 9. Coulomb stress change resolved on the Fairweather and Queen-
Charlotte faults from 1949 to 2002 due to (a) interseismic deformation, (b)
coseismic slip, (c) postseismic viscoelastic relaxation and (d) interseismic
plus coseismic slip plus viscoelastic relaxation. The extent of the rupture
surface of the 1949, 1958 and 1972 events on this transform boundary is
shown as a black dashed line in (b—d). Coulomb stress change is calculated
on vertical right lateral strike slip faults striking N70°E, based on an apparent
friction coefficient of 0.1. Stresses are not recovered for the Pacific Plate,
which is blacked out in the figures.

the Denali Fault shows it to be significantly loaded in the past
50 years leading up to the 2002 rupture (Fig. 10d). This increase in
stress allowed the rupture, which originated in the west to propagate
eastward with relative ease.

5 CONCLUSIONS

We have developed 2-D and 3-D numerical models to calculate how
interseismic deformation due to relative plate motions, large earth-
quakes and post-seismic processes contribute to the contemporary
velocity field and the evolution of the stress in the Alaskan crust.
2-D models show that interseismic deformation is best simulated
using a modified backslip model, as Newtonian viscosity spin-up
models cannot explain the rapid drop-off of northerly directed hor-
izontal surface velocities with distance from the plate interface,
and a weak zone of upper crust is not supported by geological
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Figure 10. Coulomb stress change resolved on the central Denali Fault from 1949 to 2002 due to (a) interseismic deformation, (b) coseismic slip, (c)
post-seismic viscoelastic relaxation and (d) interseismic plus coseismic slip plus viscoelastic relaxation. The rupture surface of the 2002 Denali earthquake
(though not ruptured for this calculation) is shown as a bold dashed line. Coulomb stress change is calculated on vertical right lateral strike slip faults striking

N30°E, based on an apparent friction coefficient of 0.1.

observations. Using the modified backslip approach, a 3-D model
shows that northerly directed velocities can be explained by sub-
duction of the Pacific Plate with a megathrust locked to a depth of
30 km. This model leads to interseismic velocities that drop off dra-
matically above the location of the maximum locking depth of the
megathrust below. Flat subduction beneath the Yakutat microplate
increases the width of the locking zone, pushing the region where
interseismic velocities drop off further inland.

While northerly directed surface velocities within Alaska are well
explained by the convergence of the Pacific Plate, southerly directed
velocities require a separate process. Viscoelastic relaxation of the
lower crust and upper mantle (order 10'° Pa s) following the 1964
Alaska earthquake works well to explain southerly directed veloci-
ties from the coast in the vicinity of the 1964 rupture zone to well
north of the Denali Fault. This transient model cannot, however,
explain observed southerly velocities very close to the rupture zone
in a region that lies between the two primary slip patches of the
1964 earthquake. Afterslip within this region combined with post-
seismic relaxation and interseismic deformation explains observed
surface velocities within this region and throughout most of Alaska.

We use the 3-D model to calculate the evolution of stress in
the Alaskan crust associated with interseismic deformation, co-
seismic slip associated with the 1964 megathrust earthquake and
three events along the Fairweather and Queen-Charlotte faults (in
1949, 1958 and 1972), and viscoelastic relaxation associated with
these events. Interseismic model results suggest that contemporary

© 2010 The Authors, GJI
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stressing rates, both compressional and shear, are greatest within
a band of crust that overlies the down-dip edge of the locked por-
tion of the megathrust. Because of shallow subduction beneath the
Yakutat microplate, this increases the inland reach of high com-
pression and shear stresses. Interseismic deformation is shown to
load the megathrust and the transform plate boundary to the east.
Interseismic deformation is also shown to load the Denali Fault, sug-
gesting that this fault acts to partition strain associated with oblique
subduction. Coseismic stresses are shown to relieve interseismic
stresses along the megathrust, while loading the surrounding re-
gions. Coseismic stresses along the transform boundary serve to re-
lieve stresses on the fault as well as regions to the east. Post-seismic
relaxation is shown to reverse the trend of coseismic stresses on the
megathrust and surrounding regions, while on the transform fault
post-seismic relaxation works to reload the fault but relieves stress
to the east. Of particular interest is the result that post-seismic re-
laxation following the 1964 earthquake worked to load the rupture
surface of the 2002 Denali earthquake several hundred kilometres
inland.
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