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Abstract

The 2002 Mw7.9 Denali fault earthquake was among the largest intraplate earthquakes
on record, and the ongoing crustal deformation of the event is still observed today.
Understanding the deformation patterns in the years following the earthquake can give insight
into the viscoelastic properties of the crust and upper mantle. Additionally, an accurate and
predictive model of this deformation is essential to developing and increasingly complete
tectonic model of Alaska.

Using primarily GPS measurements, deformation can be measured to millimeter-level
precision. To develop a coseismic and postseismic model of the earthquake, 224 GPS coseismic
displacement measurements (along with SAR and geologic measurements from past studies)
are inverted for fault slip distribution. Coseismic slip and consequent stress changes drive the
forward postseismic deformation model, which is constrained by 119 postseismic GPS time
series. Both models use a 1D elastic structure.

The preferred 1D coseismic model fits the coseismic data with a weighted residual sum
of squares (WRSS) of 4.86e3 m?, with more deep slip than a homogeneous model and a
geodetic moment of 8.92e20 N m (Mw 7.97). The Maxwell viscoelastic parameters used for the
first postseismic model run are 3e19 Pa s for the lower crust; 5e18 Pa s for the viscoelastic
shear zone; and 10e19 and 10e20 south and north of the fault, respectively, for the
asthenosphere. The respective Kelvin parameters are all an order of magnitude less.

The deep coseismic slip (a product of the 1D elastic model) eliminates the need to add
deep slip, which was done in past studies. Based on time series analysis, the decade-plus of
data will certainly improve the model prediction relative to previous models, but future
observations will be needed to verify this. No preferred postseismic model is developed, and

more postseismic models will be run to better fit the observations.
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Chapter 1 Introduction

On November 3, 2002, an Mw7.9 strike-slip earthquake shook interior Alaska, rupturing
across three faults with a 340-kilometer long surface rupture. The earthquake was among the
largest strike-slip events on record, and a combination of quick field deployment and ongoing
observation efforts in the following decade makes it a very convenient event to study. Early
efforts to model the postseismic deformation following the earthquake were able to
adequately fit the data at the time, and showed that postseismic deformation required multiple
mechanisms. However, as later observations did not agree with those model predictions, it is
necessary to revisit the problem and develop a more complete model for the coseismic and

postseismic phases of the earthquake cycle in the tectonic setting of interior Alaska.

1.1 Tectonics of Interior Alaska

The Denali fault is part of a series of right-lateral strike-slip faults including the
Fairweather and Tintina faults that accommodate strain from the oblique accretion of the
Yakutat block onto the North American plate in southern Alaska. The rupture history of the
Denali fault is not well known, but the previous event, though undated, was measured to have
6 to 8 meters of offset, and in the 1970’s the Quaternary slip rate was believed to be between 8
and 13 mm/year [Plafker et al., 1977]. More recent studies divide the Denali fault into a
western, central, and eastern third, with long-term slip ratesof 9.4 £1.6,12.1+1.7,and 8.4 %
2.2 mm/yr, respectively, with a slip rate of 6.0 + 1.2 mm/yr along the Totschunda fault
[Matmon et al., 2006]. Observations of Holocene fault activity on the Eastern Denali fault
suggest a much lower current slip rate as low as 1.7-2.5 mm/yr with a maximum of 8 mm/yr
[Bender and Haeussler, 2017; Seitz et al., 2008]. The lower slip rate along the Denali fault east
of the Totschunda junction suggests the Totschunda fault becomes the active strand and

possibly connects to the Fairweather fault [Fletcher, 2002].

1.2 The Denali Fault Earthquake
The Mw7.9 event was preceded by the Mw6.7 Nenana Mountain earthquake on
October 28, due west of the Denali earthquake epicenter. The resulting changes in Coulomb

stress state could have been responsible for the triggering and propagation of the Denali



earthquake [Eberthart-Phillips et al., 2003]. The Mw7.9 earthquake nucleated on the Susitna
Glacier fault, a previously unrecognized thrust fault, and then migrated onto the Denali fault for
the main extent of the rupture (Figure 1). The Denali fault rupture terminated and migrated
onto the Totschunda fault (thought to be due to its preferential orientation with respect to
regional stress), with about 14 km of discontinuity in the rupture’s surface expression
[Eberthart-Phillips et al., 2003]. Seismograms indicated heterogeneous slip along the rupture,

and strong motion sensors identified three main sub-events.
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Figure 1. From Hreinsdottir et al. [2006]. The Denali fault and the ruptured segments and the
tectonic setting of southern Alaska. There are several regional right-lateral strike-slip faults in
addition to the Denali fault. Shown in b) are the focal mechanisms for the three subevents of
the rupture.

1.3 The Earthquake Cycle

Reid [1910] first proposed the elastic rebound theory of earthquakes to explain the 1906
San Francisco earthquake. He suggested that stress and strain gradually increase in the crust
and are then released during an earthquake. This theory became the basis for the
earthquake/crustal deformation cycle model. The earthquake cycle model consists of three
major phases: interseismic, intraplate deformation between earthquakes wherein stress and
strain accumulate along faults; coseismic, the quick release of the accumulated strain via brittle
failure; and postseismic, the deformation triggered by and following an earthquake. Postseismic

deformation is superimposed on interseismic deformation, and is the dominant deformation



signal shortly after an earthquake but decays with time. Sometimes a “pre-seismic” phase will
be included in earthquake cycle discussions, but there have been no independent observations

to confirm such a phase distinct from the interseismic period.

1.3.1 Coseismic Deformation

As adjacent plates (or micro-plates) move, their differential motion is accommodated on
a material discontinuity known as a fault. If these faults were essentially frictionless, then
displacement along the fault would be steady and no stress or strain would accumulate outside
of the fault zone. Impedance of this motion (for example, by friction keeping the shallow part of
the fault “locked” in place) will cause a cyclic accumulation and release of stress and strain
along the boundary.

The lithosphere, the mostly rigid upper layer of the Earth comprising plates and micro-
plates, can be split into two layers based on how the rocks therein deform: the upper layer, the
schizosphere, where rocks deform following a velocity-weakening friction law; and the lower
plastosphere, where deformation follows a velocity-strengthening friction law [Scholz, 2002]. In
the schizosphere, faults are effectively “locked” during the interseismic period, impeding plate
motion near the fault and causing interseismic surface deformation. One of the earliest
guantitative models of interseismic deformation is described in Savage and Burford [1973]
(Figure 2), which shows that deformation for a 2D strike-slip fault increases away from the fault
as an arctangent function depending on the locking depth (i.e., the width of the schizosphere)
and the steady slip rate. When stress reaches some critical point, the fault will rupture and the
strained lithosphere will recover the elastic deformation accumulated during the interseismic
period. Of course, the fault rheology and frictional properties are almost certainly not
homogeneous, so some regions of the fault will slip less than others or remain locked

altogether to rupture at a later time.
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Figure 2. Simple block dislocation model of the earthquake cycle from Savage and Burford
[1973]. Strain accumulates near the fault as it slips continuously beneath the locking depth, D.
During the coseismic phase, that strain is recovered.

As the fault extends into the plastosphere, displacement along the interface will occur
essentially unimpeded with the two lithospheric plates, a process known as ductile fault creep.
It's important to note that creep can occur in the upper crust, too, such as in brittle creep fault
zones [Perfettini and Avouac, 2004], and deformation is just a matter of local rheology and
stress when deviating from the idealistic model.

Below the lithosphere is the asthenospheric mantle, and the connection with faults (i.e.,
a fault’s physical manifestation) becomes unclear. Generally, in the theory of plate tectonics,
the asthenosphere acts as the body over which the lithospheric plates move, and the flow of

the asthenosphere, in part, drives the motion of the plates [Savage and Prescott, 1978].

1.3.2 Postseismic Deformation

When the lithosphere seismically ruptures, there is a redistribution of the stresses that
accumulated along the fault during the interseismic period [Chinnery, 1961; Stein, 1999]. On
nearby faults, this will change the overall stress state, increasing or decreasing the likelihood of

rupture. On the fault interface itself, stresses will become concentrated in regions of low



coseismic slip and around the edges of the slip patch. This is the driving force behind one of the
two primary postseismic deformation mechanisms: afterslip.

Afterslip occurs aseismically along the fault interface. Since the coseismic slip
distribution is not uniform, there must be some difference in frictional properties along the
fault or in the present stress state arresting dynamic rupture in certain places. Marone et al.
[1991] suggests a change in rate-and-state frictional properties to velocity-strengthening is the
cause of coseismic slip decrease with depth. The stress increase in these regions is then relaxed
as afterslip. The surface deformation due to afterslip follows a logarithmic decay curve, and the
deformation rate is typically less than the interseismic rate within two years of the event
[Marone et al., 1991]. The rate of afterslip and aftershock seismicity may be related in the same
way strain rate and seismicity rate are related in the interseismic period, as the seismicity rate
around the creeping zone is thought to be proportional to the stress rate {(which depends on
slip rate) [Perfettini and Avouac, 2004].

While the upper crust exhibits almost exclusively elastic deformation, the lower crust is
weaker and exhibits a viscoelastic rheology. The mechanical structure and strength of the
lithospheric mantle remain up for debate—some suggest a strong elastic upper mantle (the
“jelly sandwich model”) while others believe the elastic strength of the lithosphere resides
solely in the upper crust and the upper mantle is viscoelastic (the “créme brulee” model)
[Biirgmann and Dresen, 2008]. Early evidence for a viscoelastic rheology came from isostatic
adjustment observations, where the surface rebounds in response to the removal of a great
load (the Laurentide ice sheet, in this case) [Nur and Mavko, 1974]. Viscoelastic behavior in the
mantle was identified earlier due to its damping of seismic waves [Orowan, 1967].

For sufficiently large earthquakes (typically those on plate boundaries), the coseismic
elastic deformation strains the entire lithosphere. The viscoelastic rheologies of the lower crust
and upper mantle cannot sustain the imparted strain and will relax in response, contributing to
postseismic deformation at the surface. Depending on the size of the earthquake, this process
can last from as little as a few years to many decades (such is the case for megathrust

earthquakes).



On a much smaller scale, poroelastic rebound contributes to postseismic deformation.
This is due to the rapid change in hydraulic gradient in response to coseismic stress changes
and the subsequent movement of groundwater. It is a very localized process and occurs only in

the weeks following the earthquake [Nur and Booker, 1972].



Chapter 2 GPS Data Collection and Processing

2.1 Distribution of Sites and Survey Frequency

Shortly after the earthquake, a campaign GPS field response began, with priority placed
oh campaign sites with known pre-earthquake velocities, and 10 new continuous sites were
installed. Preliminary postseismic deformation models that identified the most important areas
in constraining model parameters determined the spatial distribution of GPS surveying [Freed
et al., 2006] along with previous postseismic studies of other earthquakes (e.g., Hearn et al.
[2002]). Preferred GPS network design is dependent on the postseismic mechanisms and
parameters in the chosen forward model, but the area beyond the fault tip and a cross-section
through the center of the fault were consistently found to be important areas for data
collection [Freed et al., 2006].

The following summer, more campaign sites, in addition to those surveyed immediately
post-earthquake, were surveyed. For 4-5 years after the earthquake, most campaign sites
deemed important to postseismic study were surveyed at least annually on 1-4 day

deployments. In later years, measurements were made once every 1-3 years for most sites.

2.2 GIPSY/OASIS Processing

The GPS data were analyzed using the GIPSY/OASIS |l software (version 5.0) developed
at JPL, and the analysis routine is described in Fu and Freymueller [2012]. Coordinates were
estimated in single-site point positioning (PPP) mode. JPL’s reanalysis orbit and clock products
were used along with a consistent set of models over the entire observation period. A priori dry
tropospheric delay estimates were obtained from the Global Pressure and Temperature (GPT)
model [Boehm et al., 2006]. Effects of ocean tidal loading were removed using the TPX07.0
model, with Greens functions modeled in the center of mass of the whole earth system (CM)
reference frame, consistent with the JPL orbit and clock products. The estimated PPP GPS
solutions are combined to form the Alaska network of solutions (Figure 3). A set of reference
sites is used to define a seven parameter Helmert transformation to align each daily GPS

solution to the International Terrestrial Reference Frame (ITRF) 2008, and daily solutions are



weighted by the inverse of the corresponding covariance matrix. The time series of daily

solutions for each site are then extracted and used for modeling the site’s motion with time.

Figure 3. Spatial extent of the Alaska subnet, used in aligning the GPS daily solutions. Black
diamonds are included in the Alaska solutions while white diamonds are not.



Chapter 3 Estimating Coseismic Displacements
In estimating coseismic displacements, GPS sites are classified as one of three types of
sites: continuous sites; campaign sites with good pre-earthquake coverage; and campaign sites
with poor pre-earthquake coverage. The criterion for distinguishing good coverage from poor
coverage in this study is the ability to estimate a secular velocity from the pre-earthquake time

series.

3.1 Continuous GPS

For continuous GPS sites (which comprise 20 of the sites used in the coseismic study), a
simple window of +/- 4 days is applied to the time series (Figure 4). Daily positions are averaged
(with weighting based on their uncertainty) before and after the earthquake. The difference in

these averaged positions gives the coseismic displacement.
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Figure 4. Estimating coseismic displacement from a GPS time series. For continuous sites, the
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differenced. The day of the earthquake is excluded.
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3.2 Campaign GPS

For campaign sites with good pre-earthquake coverage, the pre-earthquake time series
is fit with a simple linear velocity model (Figure 5). The position immediately before the
earthquake is then projected from the model. The first post-earthquake data point is selected
and then projected back to the time of the earthquake using the pre-earthquake velocity, giving
a first approximation for coseismic displacement. However, the post-earthquake time series is
affected by postseismic displacement mechanisms and is not linear. Since many campaign sites
were not surveyed immediately after the earthquake, a correction must be applied to the
displacement estimate (discussed below) for those sites. For sites surveyed within the first 3

weeks after the earthquake, it is assumed that no postseismic correction is needed.
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Figure 5. Estimating coseismic displacements from campaign GPS time series. (A) Campaign GPS
with good coverage allows an estimate of secular velocity which is projected to the time of the
earthquake. The same linear trend is back-projected from the first post-earthquake data and, if
needed, a postseismic correction is applied. (B) Poor campaign GPS coverage requires a
differencing of the last pre-earthquake epoch and first post-earthquake epoch, an interseismic
correction, and depending on the response time at that site, a postseismic correction. The
corrections used are described in Hreinsdodttir et al. [2006] supplementary materials.
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Figure 5 cont.

For campaign sites with poor pre-earthquake coverage, a weighted average position is
calculated for the last pre-earthquake epoch and the first post-earthquake epoch, and these
two positions are differenced. In all cases, an interseismic correction must be applied to the
displacement estimate based on information from nearby sites or from a block model.
Depending on the time of the first post-earthquake survey, a postseismic correction may need
to be applied.

Interseismic corrections can be calculated with geodetic block models. For a block with a
given pole of rotation and angular velocity, the linear velocity can be calculated at any point on
the block. Block models also account for the elastic deformation from the faults separating the
blocks. Alternatively, velocities can be determined by 2D interpolation using GPS sites with
good pre-earthquake time series (this includes continuous GPS sites). For this study,
interseismic corrections are taken from the supplementary materials of Hreinsddttir et al.
[2006], which uses a block model of southern Alaska to estimate interseismic velocity. The

interseismic corrections are given in a North American plate (NOAM) fixed reference frame, so
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the time series must be transformed to this reference frame to apply them. This requires a
rotation and an origin adjustment, given by the GEODVEL model from Argus et al. [2010].
Postseismic corrections can also be estimated by more than one method. For sites
surveyed immediately post-earthquake and again the following spring (when the remaining
campaign sites were surveyed), a displacement can be calculated over this interval. In the same
way interseismic velocities are interpolated, postseismic displacements over this interval are
interpolated (again, continuous GPS sites can be used). Alternatively, the displacements over
this short interval can be inverted for a rough kinematic afterslip model, and postseismic
corrections can be predicted from the rough afterslip model. The specific corrections for this

study are taken from the supplementary materials of Hreinsdottir et al. [2006].

3.3 Other Sources of Data

In addition to GPS-derived displacements, data from two other previous studies are
used in the coseismic model. SAR offset data from Elliott et al. [2007] give displacement
measurements along a swath including the Richardson Highway which overlaps 43 of the GPS
sites used in this study. The data were acquired by the Canadian RADARSAT-1 satellite on 24
October 2002 and 4 January 2003. Rather than using interferometry in estimating coseismic
displacement, cross-correlation of the SAR amplitude images are used.

Geologic offset measurements collected along the Denali and Totschunda faults by
Haeussler et al. [2004] and along the Susitna Glacier fault by Crone et al. [2004] are also used to
constrain the slip inversion at the surface. The data used are single point slip estimates, but the
studies use different methods of estimating the continuous slip distribution along the fault
rupture, and the moment magnitude estimated from these slip distributions are in good
agreement with both seismic and geodetic estimates. These studies recommend using the
upper envelope of geological surface offsets because it is more likely that a given measurement
underestimates the true slip rather than overestimates it. The work of Hreinsdéttir et al. [2006]

supports this approach, and | used the same sampling of surface data as Elliott et al. [2007].
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Chapter 4 3-D Fault Model and Coseismic Inversion
The GPS, SAR, and geologic displacement data are jointly inverted for coseismic slip on
the rupture interface, spanning three faults. The Denali and Totschunda faults are modeled as a
series of vertical planes, extending to 24 km depth (Figure 6). The Susitna Glacier fault is
approximated by two planes: a shallow plane dipping at 19 degrees, as it is measured at the
surface [Crone et al., 2004], connecting at depth to a 48 degree dipping plane, consistent with
the earthquake focal mechanism. All fault elements are 2 km by 2 km, and there are 1263

elements in total. The fault geometry was re-meshed from the model of Elliott et al. [2007].
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Figure 6. Discretization of the Susitna Glacier, Denali, and Totschunda faults, shown here in a
local Cartesian coordinate system. Axis scales are in km.

4.1 Earth Model and Greens Function Calculations
The model uses the 1D ak135 elastic structure [Kennett et al., 1995] and a spherical

Earth (Figure 7). Greens functions are computed using a finite element method split-node
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technique [Melosh and Raefsky, 1981]. To prevent slip singularities on nodes, unit slip is
tapered linearly to zero halfway onto adjacent elements when calculating Greens functions for
a certain element (shown in Figure 8), so a normalization factor of 2/3 is applied to all buried

elements and 4/5 to all dip slip surface elements to maintain the proper moment.

Figure 7. Central region of the finite element model mesh, used in both coseismic and
postseismic deformation modeling. Elastic structure is based on the ak135 seismic velocity
model. Magenta line is the extent of the rupture. Cyan dots are GPS sites. Figure courtesy of
Yan Hu.
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Figure 8. Forward model calculation of coseismic Greens functions using the finite element
method (top shows strike-slip component, bottom shows dip slip). To avoid slip singularities at
the edge of an element, slip is extended onto adjacent elements and tapered to zero. As a
consequence, the calculated Greens functions must be scaled by a factor of 2/3. The dip slip
component of surface elements are only scaled by 4/5.



Due to the proximity of some GPS sites and SAR data to the fault interface, it is
necessary to replace the FEM-calculated Greens functions with analytical Greens functions
(such as Okada [1985]) to avoid numerical instabilities or inaccuracy of the FEM-calculated
Greens functions. Using smaller model elements would reduce the near-fault numerical
instabilities but would increase computation time of Greens functions dramatically. Since some
data are located within hundreds of meters of the fault, no practical amount of reduction in
element size would produce completely negligible numerical instability. To rectify this, any
element less than 14 km from a data point uses analytical Greens functions for that particular
data point. Following this scheme, about 37,000 Greens functions replacements are made (out

of about 11 million total).

4.2 Inversion Method

The inversion method employs a bounded-variables damped least squares solution,
restricting coseismic slip to be right-lateral strike-slip and north-side-up dip slip. This is the
same approach used in Hreinsdottir et al. [2006] and Elliott et al. [2007], the only exception is a
built-in MATLAB function is used, rather than the BVLS algorithm of [Stark and Parker, 1995].
Regularization of the solution uses a finite-difference approximated Laplacian operator to
minimize the second spatial derivative of the slip distribution. The weight of the smoothing
operator relative to the data is determined by the tradeoff of model WRSS and roughness
norm, minimizing the objective function:

IW(Gs — d)||? + B2|ILsI?
where WI'W = X~ and I is the data covariance matrix, L is the Laplacian operator, and B is the
smoothing weight factor.

The preferred model has a smoothing weight of B = 4 (Figure 9) and a total model WRSS
of 4.03 x 10> m?, and the slip distribution is shown in Figure 10. Model-predicted horizontal
displacements are shown in Figure 11, and residual horizontal displacements are shown in
Figure 12. Displacement values are given in Table 1. To illustrate the tradeoff between slip
model resolution, roughness, and misfit, models with smoothing weightsof =2 and B =7 are
shown in Figure 13. The basic characteristics of the slip distribution do not change for

reasonable variation in the smoothing weight.
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Figure 9. The L-curve for different smoothing values, B. B = 4 (red star) is the preferred
smoothing value minimizing the tradeoff of misfit and roughness.
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