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In this dissertation, I study the style and distribution of interseismic strain release along a
major convergent plate boundary to better understand how faults accommodate the relative
motion between tectonic plates. Focusing on the Cascadia Subduction Zone, I utilize geodetic
data, specifically in the form of Global Navigation Satellite System (GNSS) data, to measure
crustal deformation and relate this deformation to slip processes along the megathrust and crustal
faults. In particular, I focus on characterizing the spatiotemporal pattern of slow slip events
(SSEs) across the margin and examine how conditions along the plate interface may influence
the distribution of these events. I also analyze how strain is accommodated by crustal forearc
faults in southern Cascadia near the Mendocino triple junction (MTJ) and consider how slip on

these faults reduces the buildup of strain along the megathrust fault. The release of interseismic



strain via SSEs and slip on crustal faults impacts the distribution of accumulated strain within the
‘locked zone’, a portion of the megathrust fault that is capable of producing large catastrophic
earthquakes. Therefore, by characterizing SSE behavior and slip rates on crustal faults, this work
provides important insights on the state of strain along the megathrust and how it relates to
seismic hazards in Cascadia. Furthermore, this work serves as a case study for strain release in
subduction zone systems and broadens our understanding of seismic and aseismic deformational
processes within these environments. Chapter 1 provides an introduction to the themes and
concepts that are discussed in subsequent chapters.

In Chapter 2, I focus on a mode of strain release associated with long-duration SSEs. I
conduct a systematic analysis of 13 years of GNSS time series data from 2006 to 2019 and
present evidence of at least one low-amplitude long-term SSE on the Cascadia subduction zone,
with the possibility of others that are less resolved. This 1.5-year transient is observed in
southern Cascadia, and the data are modeled as a Mw 6.4 slow slip event occurring at 15-35 km
depth on the plate interface, just updip of previously recognized short-term slow slip and tremor.
The event shares many characteristics with similar long-term transient events on the Nankai
subduction zone. However, the maximum horizontal surface displacements and total fault slip
amplitudes for this event are an order of magnitude smaller than most other long-term SSEs at
other subduction zones. Therefore, I propose that the frequency and size of long-term SSEs in
Cascadia is limited by the width of the semi-frictional zone along the plate interface.

In Chapter 3, I examine how plate boundary strain is partitioned across shallow crustal
faults in the forearc of the Cascadia subduction zone. I construct elastic block models of the MTJ
region and leverage GNSS velocity data to constrain deformation on the Little Salmon fault,

Mad River fault zone (MRFZ) and Grogan fault, which are all identified as quaternary-active



crustal structures. I evaluate models with various forearc fault structures and apply a bootstrap
analysis to provide histograms of the long-term slip rate for each fault. Model results indicate
that the Little Salmon fault zone is an important structure that accommodates both thrust and
right-lateral shear motion in the forearc. Appreciable right-lateral slip rates on the MRFZ
indicate that this system plays an important role in facilitating translation of the forearc and may
serve as an extension of the northern San Andreas fault system. In contrast, the models place
very little strike-slip motion on the Grogan fault and prefer this structure to mainly host reverse
slip. The highest slip rates are observed on fault structures immediately to the north of the MT]J,
indicating significant strain on the Bear River fault zone or nearby fault strands. Overall, these
results help to constrain the seismic hazards associated with crustal faults in this region.

In Chapter 4, I characterize strain release along the plate boundary in a special setting
where slow slip and tremor are observed simultaneously during episodic tremor and slip (ETS)
events. | use tremor and GNSS time series data to identify nineteen of the largest ETS events in
southern Cascadia between 2016.5-2022 and document source properties. Distributed slip
models for these events show that cumulative fault slip along the megathrust reaches a maximum
near 40.5° N latitude and that large ETS events accommodate up to 80% of plate convergence at
this location on the plate interface. However, ETS fault slip and tremor terminate farther to the
south near ~40° N latitude, some 50 km before the southern lateral edge of the subducting Gorda
plate. I explore possible controls on the distribution of strain release from ETS in southern
Cascadia, including changes in the slab geometry and thermal gradient near the southern edge of
the subduction zone. After exploring possible controls on the distribution of ETS, I propose that
the heating of the downgoing slab edge and complex slab geometry inhibit ETS behavior in

southernmost Cascadia. In particular, I demonstrate that seismic deformation in the form of



tremor does not take place along the plate interface in the southernmost 50 km of Cascadia below
35 km depth, which is distinct from the rest of the subduction zone.

In Chapter 5, I summarize the primary results and highlight the significance of my
work. I also identify what future study is needed to resolve any lingering scientific questions and

test outstanding hypotheses.
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Chapter 1. INTRODUCTION

The Cascadia subduction zone constitutes a thousand-kilometer-long fault system that
extends from the Queen Charlotte fault in northern Vancouver Island, British Columbia to the
San Andreas fault in Cape Mendocino, California. In this region, the Juan de Fuca plate system
subducts beneath the North American plate at 3-4 cm/year with a subduction angle that increases
in obliquity from north to south (DeMets et al., 2010). Coupling between these two plates along
the megathrust fault results in the accumulation of elastic strain that is oriented roughly parallel
to the subduction direction of the Juan de Fuca plate (Savage, 1983). This elastic strain is
eventually released in large megathrust earthquakes, which represents a major hazard to the
Pacific Northwest (Wang and Tréhu, 2016; Walton et al., 2022). The deformation signal from the
elastic strain build-up is observed along the entire Cascadia margin and decays in magnitude
away from the plate boundary (e.g. Li et al., 2018).

Long-term permanent deformation and smaller scale crustal faulting in the North
American plate also accommodates plate convergence (e.g. McCrory et al. 2000, Padgett et al.,
2019). In addition to the strains formed by subduction, permanent crustal strain is also driven by
large-scale crustal block motions. Specifically, the current northwest migration of the Sierra
Nevada Block (SNB) at ~11 mm/yr and the extension of the Basin and Range province is forcing
the Oregon Coast Block (OCB) to translate north and rotate counter clockwise (Wells et al.,
1998). This process helps drive the overall clockwise rotation of the forearc, which is captured
by a regional network of GNSS stations (e.g. McCaffrey et al. 2013).

The elastic strain stored around the Cascadia megathrust is released by a spectrum of slip
modes along the plate boundary interface (Peng & Gomberg, 2010). At shallow depths (top tens
of kms), strain is released during earthquakes via seismic slip with slip rates on the order of
kilometers per second. This zone is commonly referred to as the seismogenic zone or locked
zone. At deeper depths (several tens of kms and greater), relative motion between the two plates
is facilitated by continuous aseismic creep with slip rates on the order of centimeters per year. In
between the locked and creeping portions of the fault, strain is released along the plate interface
by slow slip events (SSEs). These events occur periodically and exhibit slip rates on the order of

centimeters per day. SSEs have been observed on various subduction zones around the world
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including southwest Japan (Hirose et al., 1999), New Zealand (Wallace & Beaven, 2010), Alaska
(Ohta et al., 2006), Costa Rica (Outerbridge et al., 2010), Mexico (Radiguet et al., 2012), and
Chile (Kato & Nakagawa, 2014), indicating that they are an inherent part of subduction zone
systems. Additionally, large SSEs are capable of releasing the same amount of energy as Mw 6
earthquakes or larger, and their location relative to the locked zone suggests that they could have
a significant impact on the timing of large megathrust earthquakes (Shwartz & Rokosky, 2007;
Segall & Bradley, 2012).

The continuum of slip modes observed along the plate interface, which varies
systematically as a function of depth, is thought to be controlled by various fault properties that
impact the stability of slip along the megathrust (Peacock, 2009). Laboratory experiments
suggest that slow slip behavior emerges along the plate interface near the threshold between
stable and unstable failure, which is controlled by frictional dynamics along the fault (Leeman et
al., 2016). Numerical models relate the spectrum of deformation along the megathrust to changes
in fault zone rheology, which controls whether the dominant mode of shear along the fault is
frictional, viscous, or somewhere in-between (Gao & Wang, 2017). These models predict that
short-term SSEs arise in a zone that is frictionally unstable due to high pore-fluid pressures (Gao
& Wang, 2017). The presence of high pore-fluid pressures along the plate interface is supported
by geophysical imaging of a low-velocity zone (LVZ) near the top of numerous megathrust
faults (e.g. Kim et al., 2014; Audet & Shcaeffer, 2018; Akuhara et al., 2020). Near-lithostatic
pore pressures along the megathrust likely act to lower the effective normal stress along the fault,
making it more susceptible to failure from very small changes in stress (Hawthorne & Rubin,
2010; Kobayashi & Sato, 2021). Therefore, high pore-fluid pressures are often invoked as a
prerequisite for possible ETS mechanisms (Audet & Kim, 2016).

In Cascadia, SSEs are observed throughout the margin at 30-50 km depth along the plate
interface (Gomberg et al., 2010). These events last on the order of weeks, and have recurrence
intervals that vary along strike, with northern, central, and southern Cascadia having recurrence
intervals of 14 + 2 months, 19 = 4 months, and 10 + 2 months, respectively (Brudzinksi & Allen,
2007). Large SSEs in Cascadia are recorded in GNSS time series data as trenchward
displacements that are opposite to regular inter-SSE deformation patterns. Slow slip in Cascadia
is also associated spatially and temporally with low frequency, low amplitude seismic tremor

(Rogers & Dragert, 2003). Therefore, tremor can serve as a proxy for the timing and spatial



extent of slow slip, and can be used to identify small SSEs that are not resolvable with GNSS
data. Together, slow slip and tremor are commonly referred to as episodic tremor and slip (ETS).

The southern margin of the Cascadia subduction zone experiences especially complex
deformation due to its proximity to the Mendocino Triple Junction (MT]J). This junction
represents the intersection of the North American, Pacific, and Juan de Fuca (or Gorda) plates
and signifies the transition from convergent tectonics associated with Cascadia subduction to
strike-slip tectonics associated with the San Andreas fault (SAF) system. The MTJ is currently
migrating north relative to North American, facilitating the northward propagation of the SAF
system (Kelsey & Carver, 1988) and leaving behind a slab window in its wake (Dickinson &
Snyder, 1979a, 1979b). Growth of the SAF system is likely accommodated by discrete faults,
whereas long wavelength deformation signals may be imposed by the passage of this slab
window. Furlong & Govers (1999) propose the “crustal conveyor belt” model, whereby viscous
coupling between the Gorda plate and North American lithospheres causes patterns of migrating
uplift and subsidence following the course of the MTJ. In addition to all of the processes listed
above, southern Cascadia is also the most seismically active region in the subduction zone. All of
the processes outlined above are superimposed in the southern Cascadia GNSS time series data
with varying timescales and amplitudes, making the interpretation of the surface deformation
challenging.

Overall, the Cascadia subduction zone represents a dynamic system wherein interseismic
strain is released by a spectrum of deformational modes on various spatiotemporal scales.
Understanding how and where strain is released within the Cascadia margin is important for
understanding seismic hazards associated with subduction. Furthermore, identifying the
dominant mode of deformation can shed light on the deep plate interface environment, which
cannot be studied through direct observations. Therefore, the goal of this work is to utilize GNSS
and seismic data to better understand how strain is accommodated within the Cascadia
subduction zone, both along the megathrust and on crustal faults in the forearc. In particular, this
dissertation seeks to answer three questions regarding strain release along the margin: Does long-
term slow slip occur along the Cascadia margin? How is interseismic strain partitioned along
crustal forearc faults in southern Cascadia? Does ETS behavior change at the southern edge of

the subduction zone where the thermal and structural properties are complex?



In Chapter 2, I analyze GNSS time series data to determine if long-term slow slip has
taken place in Cascadia from 2006-2019. The lack of long-term slow slip in Cascadia has been
enigmatic, as this mode of slow slip has been observed on other comparable subduction systems
but has not yet been documented in Cascadia. By thoroughly cleaning the data, I show that no
large-amplitude signal associated with long-term slow slip is found in Cascadia during the
observational period. However, I find evidence for a low-amplitude long-term slow slip event in
southern Cascadia from mid-2012 to 2014. The fault slip amplitudes and horizontal surface
displacements for this event are an order of magnitude smaller than other long-term events
observed at other subduction zones. Therefore, long-term slow slip events in Cascadia are
relatively small and infrequent. I suggest that the size of long-term slow slip events in Cascadia
are limited by the relatively narrow down-dip width of the semi-frictional zone along the
megathrust fault. The contents of this chapter are published in Geochemistry, Geophysics,
Geosystems under the title “Filling the Gap in Cascadia: The Emergence of Low-Amplitude
Long-Term Slow Slip” (Nuyen & Schmidt, 2021).

In Chapter 3, I examine the complex surface deformation that surrounds the MTJ, which
represents the nexus of three plate boundaries. I create elastic block models and regional strain
rate maps of the MTJ region constrained by GNSS velocity data to study how interseismic strain
is partitioned in the southern Cascadia forearc. Modeling results, together with the strain rate
maps, show that the crustal Little Salmon fault, Mad River fault zone, and Grogan fault actively
accommodate contraction and right-lateral shear in the forearc. Additionally, I find that slip on
these crustal faults lowers the slip deficit rate along portions of the megathrust fault. The
contents of this chapter are currently in revision in Journal of Geophysical Research: Solid Earth
under the title “Strain Partitioning among Forearc Faults in Southern Cascadia Inferred from
GNSS”.

Finally, in Chapter 4, I use tremor and GNSS time series data to estimate the timing and
horizontal surface displacements for nineteen of the largest ETS events in southern Cascadia
between 2016.5-2022. By calculating distributed slip models for these events, I find that ETS
fault slip and tremor terminate near ~40° N latitude and do not extend to the southern lateral
edge of the subduction zone. I explore possible controls on the distribution of ETS in this region
and conclude that the complex geometry and heating of the subducting slab inhibit ETS behavior

near the edge of the subduction zone. Therefore, I hypothesize that seismic deformation (in the
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form of tremor) does not take place along the plate interface in southernmost Cascadia below 35
km depth. This work is currently being prepared for submission to a peer-reviewed geophysics

journal.



Chapter 2. FILLING THE GAP IN CASCADIA: THE EMERGENCE
OF LOW-AMPLITUDE LONG-TERM SLOW SLIP

The content of this chapter is published in:
Nuyen, C.P. & Schmidt, D.A. (2021). Filling the gap in Cascadia: The emergence of low-
amplitude long-term slow slip. Geochemistry, Geophysics, Geosystems, 22(3).
https://doi.org/10.1029/2020GC009477

2.1  INTRODUCTION

Slow slip falls within a spectrum of slip modes that serve to release and redistribute
elastic strain along the subduction plate interface (Peng & Gomberg, 2010). Representing
transient episodes of aseismic slip, slow slip events (SSEs) have durations that are longer than
normal earthquakes (seconds-to-minutes) and shorter than continuous creep. Long-term SSEs are
typically found immediately down-dip from the seismogenic zone and exhibit durations of
months-to-years, while short-term SSEs occur over days-to-months, and are accompanied by
non-volcanic tremor (Obara & Kato, 2016). The spectrum of fault behavior along the megathrust,
which varies systematically as a function of depth, is thought to be controlled by fault properties
that affect the stability of fault slip (Peacock, 2009; Leeman et al., 2016). While SSEs serve to
accommodate relative plate motion, they also transfer stress updip, incrementally loading the
seismogenic zone and bringing it closer to failure (Segall & Bradley, 2012; Uchida et al., 2016).
Therefore, characterizing SSEs at subduction zones is crucial for our understanding of
subduction zone slip budgets and megathrust earthquake nucleation.

Long-term SSEs have been observed at numerous subduction zones around the world,
including Japan (e.g. Ozawa et al., 2001; Ozawa et al., 2007; Ozawa et al., 2013; Ozawa et al.,
2016; Takagi et al., 2016), Mexico (e.g. Lowry et al., 2001; Larson et al., 2007; Radiguet et al.,
2012), New Zealand (e.g. Wallace & Beavan, 2010; Wallace et al., 2012), Alaska (e.g. Ohta et
al., 2006; Wei et al., 2012; Fu & Freymueller, 2013; Li et al., 2016), and Costa Rica (Jiang et al.,
2012).The Nankai subduction zone in southwest Japan has a particularly rich history of long-
term SSEs, which fill the spatial gap between short-term SSEs and the locked zone throughout

most portions of the margin. These long-term events last on the order of months-to-years, occur



at depths of 20-40 km, and have equivalent moment magnitudes of Mw 6-7.2 (Ozawa, 2017,
Takagi et al., 2019). However, the spatial relationship that exists between long- and short-term
SSEs at Nankai is not found at all subduction zones. For example, along the Hikurangi
subduction zone, short-term SSEs occur at shallower depths (5-20 km) than long-term events
(25-75 km) (Wallace & Beavan, 2010). Furthermore, distinct short-term SSEs have not been
observed updip or downdip of long-term SSEs in south central Alaska; however, it has been
proposed that these long-term events are partially or completely composed of short-term SSEs
(Rousset et al., 2019).

Nankai is often considered directly comparable to Cascadia, as they both represent
relatively young, warm subduction zones (Oleskevich et al., 1999) and exhibit similar short-term
slow slip behavior (Obara, 2011). However, the similarities between these two subduction zones
begin to break down when long-term slow slip is considered. In the Cascadia subduction zone
(Figure 2.1), short-term SSEs have been observed along the entire margin at depths of 25-45 km
(Brudzinski & Allen, 2007), while various studies have placed the locked zone predominantly
offshore at depths shallower than 20 km (Schmalzle et al., 2014; Li et al., 2018). Despite stress
transfer (Wech & Creager, 2011) and numerical models predicting long-term SSEs at depths
between the locked zone and short-term slow slip (Matsuzawa et al., 2013), such events have not
yet been observed in Cascadia. Thus, an anomalous gap in seismic and aseismic activity exists in
Cascadia between the locked zone and the short-term SSE region (Hyndman, 2013). The
apparent absence of long-term slow slip in Cascadia is surprising given that this behavior has
been observed downdip of the seismogenic zone in numerous other subduction zones,
particularly Nankai.

Long-term SSEs are typically represented by large ( >1 cm) transients in surface
deformation time series data that last many months and whose direction of motion is opposite the
local convergence direction. A first-order examination of GNSS time series in Cascadia does not
reveal any obvious transient signals of this amplitude, duration, and direction, suggesting that
large long-term SSEs with recurrence intervals within the record of contemporary GNSS time
series are non-existent. However, this simple inspection does not eliminate the possibility that
low-amplitude long-term SSEs exist within the data at or near the level of noise. Therefore, we
conduct a margin-wide analysis of Cascadia GNSS time series data to investigate whether or not

low amplitude long-term transients exist. In this work, we show that by carefully removing the



signal imposed by noise, secular tectonics, short-term SSEs and non-tectonic processes, we are
able to identify low-amplitude, long-term transient signals that are consistent with a long-term

SSE.

2.2 METHODS AND DATA

We examine thirteen years of continuous GNSS time series data from 2006 to the
beginning of 2019 for over 150 stations throughout Cascadia (Figure 2.1). The primary data
consist of the horizontal east and north component GNSS time series. In order to isolate long-
period transient signals, we reduced the data with five primary steps illustrated in Figures 2.2 and

2.3 for station P332:

Step 1) Outliers (i.e. positions that strayed >50 mm from adjacent epochs) and
steps due to known earthquakes and equipment changes were removed
(Figure 2.2a). The timing of steps was determined by the GAGE offsets
from the Central Washington University (found at ftp://data-
out.unavco.org/pub/products/offset/). Step offsets were estimated by
differencing the average positions 21 days before the event and 21 days

after the event.

Step 2) A 30-day moving average was applied to filter out unwanted high-

frequency noise (Figure 2.2a).

Step 3) Each time series was decomposed into seasonal (S), trend (T), and
remainder (R) components using a seasonal trend decomposition method
based on loess (STL) (Cleveland et al., 1990) (Figures 2.2a and 2.3). STL
consists of an algorithm that employs smoothing and locally weighted
linear least squares regression. The parameters for this method were set so
that the S component estimates signals with annual periodicities by
averaging the data on common days of the year through a weighted
algorithm. Short-term SSEs are successfully isolated in the R component,
meaning that short-term SSEs have little to no effect on the other STL

components (Figures 2.3c and A1.1). Since we are interested in finding



long-term changes in the GNSS time series trends, the remainder of our
cleaning process only deals with the T component. More details about the
STL parameters used in this procedure can be found in the Supporting

Information.

Step 4) The T component was detrended to remove the secular signal imposed by
deformation due to interseismic strain accumulation and crustal block
rotation (Wells et al., 1998) (Figure 2.2b). We individually detrended each
time series by removing the best-fit line for the entire 2006.0-2019.0 time

period.

Step 5) Common mode signals were removed to eliminate spatially coherent
noise amongst stations that span the geodetic network (Figure 2.2b). We
assume that GNSS stations in eastern California, Oregon, and Washington
(i.e. east of the Cascadia volcanic arc) should not be sensitive to
deformation on the plate interface. Therefore, we binned the eastern
stations by latitude and stacked 30 time series to produce a common mode
time series that varies as a function of latitude (Figure A1.2). We applied a
yearly moving average to each common mode signal and detrended T
component, in order to remove any leftover noise. The common mode
signal was then removed from the GNSS time series depending on each
site’s latitude. All of the removed common mode signals had maximum
amplitudes less than 1 mm (Figure A1.2). We also tested a 6-month
moving average to ensure that we were not erasing 6-month-long
transients. However, we did not find any significant difference between

the two resulting products.

Every GNSS processing center employs a unique methodology for producing positional
time series data. The Nevada Geodetic Laboratory (NGL) and the Pacific Northwest Geodetic
Array (PANGA) at Central Washington University both utilize GIPSY/OASIS software, which
uses a precise point positioning (PPP) approach, while the Scripps Orbit and Permanent Array

Center (SOPAC) relies on a relative positioning methodology with GAMIT/GLOBK software.
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Each software package employs different a priori assumptions, filtering methods, and other
factors that can produce slight variations in positional time series data. Therefore, we applied our
cleaning methodology to network solutions from NGL, PANGA and SOPAC to test whether
residual patterns were consistent. For reducing the NGL and PANGA datasets, we used the five
steps outlined above. For reducing the SOPAC dataset, we used data that already had outliers
and steps due to earthquakes and equipment changes removed. Thus, we only used Steps 2-5 for
the SOPAC time series data. The NGL and PANGA solutions were in the NA12 and NAM14
stable North American reference frames, respectively, while the SOPAC solutions were in the

earth-centered, earth-fixed WGS84 reference frame.

2.2.1 Sensitivity Analysis

The seasonal trend decomposition (STL) algorithm requires several mutable variables
that are determined by the user and does not have a predetermined error level. Therefore, we
employ a suite of tests to evaluate our choice of variables, the overall sensitivity of this method
to small transients, and the average error. To estimate the error associated with STL, we created
1,000 synthetic ~13.5 year GNSS time series with random slopes, seasonal signals, white noise,
flicker noise and random-walk noise. The range of amplitudes used for each of these components
is listed in Table 1, and the values for white noise, flicker noise, and random-walk noise were
taken from Langbein (2008). An identical common mode signal with quarterly and biannual
periodicities was also added to each time series with a maximum amplitude of 1 mm. We then
ran these thousand randomly-generated time series through our 5-step cleaning process,
removing the known common mode signal in Step 5 (Figure A1.4). The standard deviation of the
final thousand time series was calculated for each day in the time series, and then averaged
across the entire epoch. The average standard deviation, and the error margin that we reference
in this work, is 2.6 mm.

To test the sensitivity of the STL method, which relies on our chosen variables, we
created synthetic time series with various hypothetical transient signals and evaluated the ability
of our algorithm to extract the input transient signal. Random slopes and noise were
superimposed on these time series, and then ran through our 5-step cleaning process, as
described above. Statistical analysis of the final time series reveals that on average, the STL

method, and thus our choice of variables, is able to capture the SSEs hidden within the noise.
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However, our methods tend to overestimate the amplitude of these events by ~50%. Thorough
visual inspection of the final time series shows that although smaller one-year transients (1 mm)
are resolved by our methods on average, they often do not stand out relative to the noise. In
comparison, larger one-year transients (2 mm) regularly stand above the noise and are more
distinguishable. Therefore, we are most confident in transients that have amplitudes of > 2 mm
in the final time series. Nevertheless, it is still possible that < 2 mm coherent displacements
between neighboring stations are indicative of transients that are below the level of noise. More
information about the methods and details of our STL analysis can be found in the Supporting

Information.

2.3  RESULTS

Our final time series product reveals how surface displacements have deviated from the
long-term regional deformation pattern after interseismic strain, forearc rotation, short-term
SSEs, seasonal signals and noise are removed. Here we present our results for the NGL dataset
(Figure 2.4), while the results for the PANGA and SOPAC datasets can be found in Appendix 1
(Figures A1.6 and A1.7). We have separated the data into yearlong epochs that start at the
beginning of the water year (October 1st) to minimize any seasonal biases due to water-loading
(Fu et al., 2015). The residual surface displacements should appear spatially random if no
coherent signal remains and the deformation is steady state. Therefore, we focus our attention on
groups of neighboring stations with uniform patterns of westward surface displacement that are >
2mm and seen in all three datasets.

In the NGL dataset, we identified four instances wherein groups of stations exhibited
coherent westward motions. Of these events, there are two that occur over consecutive epochs in
northern Oregon (2007.75-2009.75) and southern Cascadia (2012.75-2014.75). We merged
consecutive years to better estimate the total surface displacement for a long-duration event.
Combining years 2007.75-2009.75 did not yield larger cumulative displacements and resulted in
a more chaotic pattern of station motions. In contrast, combining years 2012.75-2014.75 did
yield larger cumulative westward displacements in southern Cascadia and the coherency between
stations was retained. By adjusting the limits of the epoch to 2012.45-2014, we achieved
maximum displacements, with several stations rising above the STL error margin of 2.6 mm

(Figure 2.5a). The last two events, occurring in southern Washington and northern California,
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happened during the most recent 2017.75-2018.75 epoch. We found that the displacements for
these events were maximized if we extended their epochs to 2017.6-2019 for southern
Washington and 2017.2-2019 for northern California. However, neither event exhibits maximum
displacements larger than 2 mm, making the 2012.45-2014 epoch the only period in which
surface displacements exceed 2 mm.

Focusing in on the region north of the Mendocino Triple Junction (MTJ), where the
largest displacements occurred during the 2012.45-2014 epoch, we observed similar longitudinal
motions at GNSS stations near the coast (Figures 2.5b and 2.5¢). Specifically, coastal stations
exhibited disparate patterns of deformation until 2012.45, at which point they all began moving
westward through 2014. After 2014, the majority of these stations rotated eastward until 2017.2
(Figure 2.5b). For the remainder of the time series, the northern coastal stations maintained a
random state, whereas the southern stations resumed westward motions. This overall pattern of
motion is not seen at the more inland stations, which displayed unsystematic displacements for

the entirety of the 2006-2019 epoch (Figure 2.5d).

2.4  DISCUSSION

Our final GNSS time series results reveal four instances wherein coherent, transient
westward motion is observed at stations along the coast of the Cascadia subduction zone. We are
most confident in the transient signal observed in southern Cascadia from 2012.45-2014, as it is
clearly seen in all three data sets (Figures 2.5, A1.6, A1.7) and has surface displacements > 2
mm. In the following sections, we examine possible sources for this westward transient and
consider its implications for the Cascadia subduction zone. We are less confident in the
remaining three transients in southern Washington, northern Oregon, and northern California, as
they have relatively small surface displacement values. However, we also explore these

additional smaller signals for completeness.
2.4.1 Non-tectonic Sources

The coherent westward displacements we observed in our final GNSS time series data
could be explained by a number of tectonic and non-tectonic causes. We first considered four
potential non-tectonic sources: processing artifacts, regional changes in soil moisture, time-

dependent variations in snowpack, and common mode signals. The small scale at which these
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deformation signals are observed opens up the possibility that they are artifacts imposed by the
original processing of the position time series. We applied our GNSS time series analysis to the
independent GNSS solutions provided by the Nevada Geodetic Laboratory (NGL) (Blewitt et
al., 2018), the Pacific Northwest Geodetic Array (PANGA) (PANGA, 1996), and the Scripps
Orbital and Permanent Array Center (SOPAC) (Jamason et al., 2004). The final time series for
these three sources reveal similar results on annual (Figures 2.4, A1.6, A1.7) and multi-year
timescales (Figures 2.5b and A1.8), with all three solutions containing the transient patterns
discussed in Section 2.3. Therefore, the consistency between the residual time series results from
these three independent processing centers suggests that the signals in our residual time series
data are not biased by the choice of network processing software.

Long-term changes in regional soil moisture content or snowpack, which provide a
surface load, could also be responsible for the patterns we observed in our data. To test this
possibility, we acquired monthly soil moisture and snow water equivalent (SWE) data for
Cascadia from 2006-2019 from the land surface model for Phase 2 of the North American Land
Data Assimilation System (NLDAS-2) (Mocko et al., 2012; Xia et al., 2012). For each dataset,
we summed the monthly data for each year starting on October 1st. The yearly totals were then
normalized by subtracting the study period’s thirteen-year average. When examining these
datasets, we focused on identifying localized regions of extremely wet or dry conditions that
would impose a signal on the GNSS time series data, while escaping the common mode signal.
However, after analyzing the spatiotemporal patterns of soil moisture and SWE volumes
throughout Cascadia from 2006-2019 (Figure A1.9 and A1.10), we did not identify any regional
changes in soil moisture or SWE that correlated in space and time with the residual surface
deformations shown in Figure 2.4.

Lastly, it is possible that the transient signals we observed were imposed onto the time
series by the removal of the common mode signal. However, we do not believe that this is the
case for two reasons. Firstly, the common mode signals that we calculated for GNSS stations
west of the Cascadia volcanic arc show similar trends throughout the entire margin (Figure
A1.2). Therefore, if the common mode signal were responsible for the local transients that we
observe in the final time series, then we would expect to see these transients at most GNSS
stations throughout the margin. In contrast, the transients that we observe are within a limited

range of latitudes in Cascadia. Secondly, the relatively small amplitude of the common mode
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signal (<1 mm) makes it an unlikely source for the transients, as the majority of the total surface
displacements that we focus on are over 1 mm. Therefore, it may be possible that the common
mode signal is enhancing some transient signals, but it is not possible for the common mode
signal to be generating the transients entirely (Figure A1.11). Therefore, having ruled out these
non-tectonic deformation sources, we are left with the possibility that the trenchward transients

in the GNSS data are of tectonic origin.
2.4.2  Long-term Slow Slip in Cascadia

The most reasonable tectonic source for the westward transients that we observe in the
GNSS time series data is long-duration slow slip on the megathrust. Therefore, we invert the
total GNSS displacements for the four possible events and create slip models on the plate

interface to evaluate the plausibility of long-term slow slip in Cascadia.

2.4.2.1 Inversion Methods and Data

Having shown that the 2012.45-2014 event is visible in all three independent network
solutions that we processed, we opted to use a fourth solution from the Plate Boundary
Observatory (PBO) to constrain the inversion. PBO solutions represent a combination solution
based on individual PANGA and New Mexico Tech (NMT) solutions through September of
2018. The PBO solutions were reduced using the cleaning methods described in Section 2.2. We
did not include any stations north of the Washington-Oregon border in the inversion, since no
notable coherent trenchward motion was identified in northern Cascadia (Figure 2.5a).

We utilized a linear non-negative least-squares inversion wherein horizontal surface
displacements at GNSS stations were approximated using an elastic half-space dislocation model
(Okada, 1992) with a shear modulus of 40 MPa. Our fault model was based on the plate contours
from McCrory et al. (2006) and the rake for each fault element was fixed to be antiparallel to the
local convergence direction. The convergence direction at each element was determined using a
Juan de Fuca-Oregon forearc Euler pole (Wells & Simpson, 2001). The inversion was
regularized by smoothing the fault slip with a smoothing parameter that minimized data misfit
and roughness of the slip distribution, as determined from the L-curve (Figure A1.12).
Roughness is determined by the Laplacian of the fault slip model, while the data misfit is defined

by the chi-square statistic:
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where 4. 1s the number of time series, doss and dnoder are the data and modeled displacements,
respectively, and o is the standard deviation of the observations (the quadrature sum of the 1o
uncertainties at the first and last days of the inversion period). The average 1o uncertainty for the
PBO dataset was 2.1 mm.

We determined the updip and downdip depth limits of our fault model by performing a
series of sensitivity tests (Figure A1.13). For one set of tests, we fixed the updip limit of the fault
model at the trench (5 km depth) and performed the inversion with various downdip depth limits.
Calculating chi-square values for each inversion, we found that surface displacements were not
sensitive to slip below 40 km depth. Similarly, we performed a second set of tests where we held
the downdip limit of the fault model fixed at 80 km depth, evaluated various updip depth limits,
and determined that the surface displacements were not sensitive to slip above 10 km depth.
Therefore, the final fault model extended from 10-40 km depth and a slip minimization was

applied to fault elements at the perimeter of the model.

2.4.2.2 Slip Model for the 2012.45-2014 event

The slip model produced by this inversion is dominated by a large, well resolved slip
patch at 30 km depth with a maximum fault slip of 18 mm (Figure 2.6a). There is also a string of
smaller slip patches that extends up to northern Oregon along the 15-20 km depth contour. Along
this string, we are most confident about the presence of fault slip at 43°N and 42°N, since there
are clusters of coastal GNSS stations at these locations. It is possible that these smaller slip
patches are connected by a continuous band of fault slip, but this feature is poorly resolved
because of limited station coverage. We are not confident in the small northernmost slip patch in
our distributed slip model. This slip patch has small slip amplitudes, is entirely driven by
deformation at a few stations in northern Oregon with a small signal-to-noise ratio, and is located
offshore where there is limited resolution (Figures 2.6a and 2.6b). Although our model
consistently underpredicts surface displacements in southern Cascadia, only two stations are
outside of the uncertainty ellipse (Figure 2.6c). Additionally, our STL analysis showed that our

cleaning method tended to overpredict transient surface displacements. Therefore, the
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underfitting of our slip model and the overestimation of the STL analysis are likely offsetting

effects. The equivalent moment magnitude for this long-term SSE along the margin is Mw 6.4.

2.4.2.3 Additional Small Displacement Transients

In addition to the 2012.45-2014 event, we observed additional small displacement
transients in the final NGL GNSS time-series data (Figure 2.4). In the end, there are three events
that are seen in all three of the datasets: northern Oregon in 2008.75-2009.75, northern California
in 2017.2-2019 and southern Washington in 2017.6-2019. Surface displacements for these three
events do not exceed 2 mm and fall below our estimated STL error margin, making it difficult to
discern whether or not these transients are real tectonic events. Nevertheless, we inverted the
final GNSS time series data for these three events to explore the possible slip models that could
represent smaller long-term SSEs in Cascadia.

Using the same methods described in Section 2.4.2.1, we inverted the final PBO
displacements for the 2008.75-2009.75 epoch in the region surrounding northern Oregon. The
slip model produced for this inversion includes a large slip patch located on the updip edge of
tremor, with a maximum fault slip of 5 mm (Figure 2.7). Additional patches with smaller slip
amounts are also located offshore where there is questionable resolution. The equivalent moment
magnitude for this slip event is a Mw 6.2.

The inversions for the 2017.2-2019 and 2017.6-2019 epochs were constrained with our
final NGL GNSS time series data, as the combination solutions from PBO were not available
after mid-September of 2018. Additionally, our final PBO time series results for the 2017.75-
2018.75 epoch differ from the results of the three other processing centers, showing larger and
more widespread westward displacements throughout northern Cascadia. It is unclear whether
this signal is real or perhaps a consequence of the PBO combined solutions ending in late 2018;
thus, we opted to use the more consistent NGL time series results. Our slip model for the
northern California 2017.2-2019 epoch is similar to our slip model for the earlier event in
2012.45-2014. Specifically, slip is concentrated in a patch located directly updip from tremor
with a maximum fault slip of 18 mm (Figure A1.14). This event has an equivalent moment
magnitude of Mw 6.1. Our slip model for the southern Washington 2017.6-2019 epoch includes
a single patch located predominantly offshore, with a maximum slip of 9 mm, and an equivalent

moment magnitude of Mw 6.1 (Figure A1.15). It should be noted that our inversions for the
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latter two events provide minimum slip and moment magnitude estimates, as we only inverted
displacement up until 2019. Additional analysis of post-2019 time series is necessary to capture

the end of these events and provide final slip and moment magnitude estimates.
2.4.3 Comparison with Nankai

The 2012.45-2014 southern Cascadia long-term SSE is comparable to events in Nankai in
terms of its duration and depth on the plate interface (Ozawa, 2017; Takagi et al., 2019). The
majority of slip in our model, including the patch of maximum slip in the south, fills the gap
between short-term SSE tremor and the 20% locking boundary (Schmalzle et al., 2014; Figure
2.6a). This location of the long-term slow slip relative to the updip seismogenic zone and
downdip short-term slow slip region is consistent with the spatial pattern of slow slip in Nankai.
However, the maximum slip amount (18 mm) and surface displacement (3.7 mm) for this
Cascadia event are an order of magnitude smaller than most well-documented Nankai events. As
a result, the moment magnitude for this event (Mw 6.4) is also relatively small. In order to
calculate the stress drop for this event, we assumed a circular fault geometry for the
southernmost slip patch. We selected a radius that encompassed the region where the fault slip
was greater than 1 mm. We calculated the average slip on this circular patch by averaging the
fault slip on all fault elements that fell within the circular bounds. This method provided a stress
drop of 27 kPa. This stress drop value falls on the low end of the stress drop spectrum for most
long-term SSEs in Nankai (5-200 kPa) (Ozawa et al., 2017). Nevertheless, relatively small long-
term SSEs with <Mw 6.5 have been observed underneath Nankai’s Bungo Channel (Takagi et
al., 2016), Shima Peninsula (Kobayashi & Tsuyuki, 2019), and western Shikoku (Takagi et al.,
2019), confirming that a lower range of slip and moment magnitudes has been observed for long-

term SSEs.
2.4.4 Relocking and Recurrence Intervals

Although our slip model can account for the westward deformation seen at stations in
southern Cascadia from 2012.45-2014, it cannot explain the subsequent eastward deformation at
these stations from 2014-2017.2 (Figures 2.5b and 2.5¢c). Materna et al. (2019) was the first to
recognize similar transients in southern Cascadia and concluded that they were caused by

dynamic stress changes from regional earthquakes, which triggered fluid migration and changes
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in the level of coupling along the plate interface. Therefore, Materna et al. (2019) attributes this
west-east shift as a recoupling of the plate interface triggered by the 2014 offshore earthquake
(Figure 2.1). Alternatively, this shift could be signaling the rapid relocking of the plate interface
after the end of the long-term SSE, as has been observed for short-term SSEs in Cascadia
(Haines et al., 2019). Rapid relocking of the megathrust is also supported by laboratory
experiments, which observe the commencement of fault healing within minutes of slow slip
termination (Kaproth & Marone, 2013).

After ~2.2 years of eastward deformation, the stations in southernmost Cascadia revert
back to westward orientations, indicating the possible start of another long-term SSE that was
ongoing as of 2019. Thus, we may be observing the sawtooth pattern associated with repeating
slow slip cycles (Szeliga et al., 2004). If we define a recurrence interval as the difference in time
between the start of consecutive SSEs, then the timing of these two events provides a recurrence
interval of 4.75 years. Assuming an average fault slip of 18 mm per event and a convergence rate
of 2.9 cm/yr for southern Cascadia (McCrory et al., 2006), the long-term SSEs in southern
Cascadia have accommodated ~13% of plate motion since 2012 based on one cycle. Since we do
not see clear evidence for a similar long-term SSE from 2006 to 2012, this percentage appears
reasonable. Therefore, long-term slow slip is responsible for only a small percentage of the strain
release at this location on the megathrust.

It is worth noting that these interpretations, and others in this work, assume that an
accurate steady-state interseismic velocity has been removed from the GNSS time series data. In
Cascadia, this interseismic rate is likely some combination of strain accumulated through
megathrust locking and crustal block rotation (Wells et al., 1998). However, it is possible that
other processes, such as yet-unidentified longer-duration SSEs or transients, are contributing to
the overall baseline trend in Cascadia. Since this thirteen-year study only spans a small fraction

of the earthquake cycle, it is difficult to discern the true GNSS background velocity in Cascadia.
2.4.5 Relationship with Short-Term SSEs and Regional Earthquakes

We do not find an interpretable temporal relationship between the 2012.45-2014 long-
term SSE and down-dip tremor activity. Short-term SSEs (as indicated by elevated tremor)
occurred right before and right after the onset of the long-term SSE in southern Cascadia, while

several other short-term events occurred throughout the duration of the long-term event. In
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Nankai, interactions between short- and long-term SSEs, such as triggering, changes in
recurrence interval, and accelerated slip rates, have been observed in the Bungo Channel (Hirose
& Obara, 2005); however, we do not observe any first order changes in short-term SSE behavior
after the southern Cascadia long-term event, nor do we see any obvious connection between the
timing of the short- and long-term events.

In addition to short-term SSEs, three regional strike-slip earthquakes occurred in the
subducting Gorda slab updip of the long-term slow slip patch in January 2010 (Mw 6.5), March
2014 (Mw 6.8), and December 2016 (Mw 6.6) (Figure 2.1). The 2014 and 2016 earthquakes took
place near the beginning and end of the relocking period, respectively (Figure 2.5¢). However,
the nature of our cleaning method results in smoothed time series that lack precise temporal
resolution, making it difficult to determine the exact timing of the earthquakes relative to the
start and end of the relocking period. Previous geodetic work by Materna et al. (2019) asserts
that the 2014 and 2016 earthquakes are tied to the transients observed in the southern Cascadia
GNSS data, as they triggered increased and decreased levels of coupling along the plate
interface, respectively. Our final GNSS time series results generally agree with those of Materna
et al. (2019). In particular, both results reveal an increase in eastward displacements near the
time of the 2014 earthquake and a subsequent increase in westward displacements near the time
of the 2016 earthquake. However, our time series do not show a systematic change near the time
of the 2010 earthquake, as shown in the results of Materna et al. (2019), but rather in 2012.45.
Thus, we attribute transients in the 2012.45-2014 epoch to a long-term SSE and the 2014-2017.2
period to rapid and sustained relocking after the long-term SSE. After 2017.2, we suspect that
another long-term SSE may have commenced, but the analysis of more recent GNSS time series

data must be done before we can confirm this hypothesis.

2.4.6 Relation to Interseismic Locking

The 2012.45-2014 long-term SSE in southern Cascadia fills the gap between the updip
locked zone and the downdip zone of short-term SSEs and suggests that a small fraction of the
plate rate is released as long-term slip transients. We also find evidence for possible long-term
SSEs in northern and central Cascadia, but these events are poorly resolved and are expressed as
very small surface displacements. Thermal numerical models for Nankai, Mexico, and the

Hikurangi trench in New Zealand suggest that long-term slow slip occurs within a semi-frictional
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zone along the plate interface that fills the gap between the locked and short-term slow slip zones
(Gao & Wang, 2017). However, this semi-frictional zone is not present in similar models for
northern Cascadia due to higher subduction zone temperatures. Therefore, it may be the case that
the width of this semi-frictional zone dictates whether or not long-term slow slip is possible
within a subduction zone and that southern Cascadia offers the only location where this zone is
wide enough to host sizable long-term events.

In addition to the width of the semi-frictional zone, the size and frequency of long-term
SSEs may also be impacted by the degree of locking along the plate interface. Takagi et al.
(2019) found that long-term SSEs in Nankai were smaller and less frequent in regions with
strong updip locking due to stress shadowing effects. A similar anticorrelation between locking
and the magnitudes of adjacent long-term SSEs is observed in Mexico, where large >Mw 7.4
long-term SSEs occur directly downdip of the weakly coupled Guerrero seismic gap (e.g.
Radiguet et al., 2012). Following this hypothesis, we might expect to see the largest and most
frequent long-term SSEs in central Cascadia, where the shallow plate is assumed to be partially
creeping due to low levels of coupling (Schamlzle et al. 2014). However, this is not what we
observed, perhaps due to the short observation period or perhaps suggesting that Cascadia does
not fit into the framework proposed by Takagi et al. (2019). Additional subduction zones, such as
Alaska and New Zealand, also do not clearly fit into this model (Rousset 2019). For example,
large (> Mw 7) long-term SSEs in Alaska occur directly downdip of the asperity that ruptured in
the 1964 Prince William Sound earthquake (e.g. Ohta et al. 2006). Future improved locking
models of Cascadia that employ offshore geodetic data will allow us to further evaluate the

connection between up-dip locking and long-term slow slip.

2.5 CONCLUSIONS

We analyzed thirteen years of Cascadia GNSS time series data and found evidence for a
small long-term SSE in southern Cascadia from 2012.45-2014. We inverted the GNSS
displacements for this event, and the resulting slip model contained a maximum 18 mm of slip
concentrated at 15-35 km depth and had an equivalent moment magnitude of Mw 6.4. We also
found evidence for additional smaller transient events; however, we are not confident in the
source of these transients on account of their relatively small (<2 mm) surface displacements.

The discovery of a long-term SSE in southern Cascadia solves an observational conundrum and
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better aligns Cascadia’s slow slip behavior with other subduction zones by filling the gap
between the locked and short-term slow slip zones. We suspect that the spatial extent of the
semi-frictional zone limits the size, location, and recurrence interval of long-term SSEs in

southern Cascadia and across the entire margin.
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Figure 2.1 Map of the Cascadia subduction zone. Black arrows show Juan de Fuca plate
convergence direction and rate relative to North America (NA), red lines delineate slab depth
contours from McCrory et al. (2006), orange diamonds mark the locations of Holocene
volcanoes in the Cascadia arc, grey circles display the location of tremor, a spatiotemporal proxy
for short-term SSEs, from 2010-2019, inverted triangles indicate the locations of GNSS stations
used in this study, inverted white triangle notes the location of station P332, and the locations of
the 2010, 2014 and 2016 offshore earthquakes in southern Cascadia from the USGS Earthquake
Catalog (https://earthquake.usgs.gov/earthquakes/search/) are shown with magenta, green, and

yellow stars, respectively. State names: WA - Washington, OR - Oregon, and CA - California.
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Figure 2.2 Time series plots for station P332 outlining the 5-step cleaning procedure for the
GNSS time series data. a The original GNSS time series data (black), and the resulting time
series once Steps 1 and 2 (orange) and Step 3 (blue) have been applied. Vertical bars represent
the timing of steps that were removed due to earthquakes (purple) and equipment changes

(green). b The resulting time series after Steps 4 (green) and 5 (purple) have been applied.

23



24

Ea 85
Original
= Trend
€
£
T
()
& 80
()
V)]
1)
o
%)
a
@
[g0]
[N}
75 4
L L B
2006 2008 2010 2012 2014 2016 2018
b Time (year)
E s
= ] Seasonal
< q
g i
; O-W\/\/\A/\A/‘\/\/‘\/‘\PW
9 |
o i
o i
) |
%‘5'"|"'|"'|"'|"'|"'|'
o 2006 2008 2010 2012 2014 2016 2018
Time (year)
C

Remainder

s st

East Displacement (mm)
o
|
—
P
-—
5=
=
s
e
g
=
=
—
| =
=
R
=
=

-5 — | A L L
2006 2008 2010 2012 2014 2016 2018

Time (year)
Figure 2.3 Time series plots for station P332 outlining the results from the STL algorithm. a The
original GNSS time series data (orange) and the trend (T) component from STL (blue). b The
seasonal (S) component from STL. ¢ The remainder (R) component from STL. Grey bars denote

the timing of large SSEs that correlate with elevated levels of local tremor (Figure A1.1).



Minimum | Maximum
Slope (mm/yr) -10 10
Seasonal (mm) 0 2
Common Mode (mm) N/A 1
White Noise (mm) 0.55 0.86
Flicker Noise (mm/a’2%) 0.3 1.6
Random-Walk Noise (mm/a®>) 0 1.4

Table 2.1 Minimum and maximum values for the different components of the synthetic time

series used for STL error analysis.
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Figure 2.4 Horizontal displacements from our residual time-series data at GNSS stations during

one-year epochs. Each epoch begins at the start of the water year (October 1st) to minimize

seasonal signals. Original time series solutions are provided by the Nevada Geodetic Laboratory

(NGL), which are then cleaned to produce residual displacements. Yellow ellipses outline

neighboring subsets of stations with coherent westward motion.
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Figure 2.5 Residual vector and time series results for the reduced GNSS time series data, using
solutions provided by the Nevada Geodetic Laboratory. All products represent the deviation
from the long-term trend after the removal of linear and seasonal components. a Vector map
showing horizontal displacements at GNSS stations from 2012.45-2014. Dashed orange box
outlines the region displayed in panel b. b Vector maps for southern Cascadia showing
horizontal displacements at GNSS stations during designated time periods displayed at the
bottom of each panel. Black and red vectors indicate stations that do and do not move coherently
together, respectively. ¢ Reduced longitudinal GNSS time series results for the black vectors in
panel b. Red and purple time periods denote westward and eastward transients, respectively, and
dashed dark grey lines show the timing of the 2010, 2014 and 2016 earthquakes. d Reduced

longitudinal GNSS time series results for the red vectors in panel b.
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Figure 2.6 Inversion results from horizontal GNSS displacements from 2012.45-2014. a Final

slip model from our inversion with contours (black lines with green shading) outlining every 2

mm of fault slip, slab depth contours (red lines, km), tremor locations during the event (orange

dots), and the contour of 20% locking (Schmalzle et al., 2014), representing the base of the

seismogenic zone (thick purple line). b Vector map comparing observed (red) and modelled

(green) GNSS displacements. ¢ Vector map showing misfit between observed and modelled

GNSS displacements. The average 1o error ellipse for all stations is shown in the upper left-hand

corner with the average east and west error being 1.9 and 2.4 mm, respectively. Only two

stations (blue vectors) exceed this error. Vectors in panels b and ¢ share the same scale, shown in

the upper left-hand corner of each panel.
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Figure 2.7 Inversion results from horizontal PBO GNSS displacements from 2008.75-2009.75 in
northern Oregon. a Final slip model from our inversion with contours (black lines with green
shading) outlining every 2 mm of fault slip, slab depth contours (red lines, km), tremor locations
during the event (orange dots), and the contour of 20% locking (Schmalzle et al., 2014),
representing the base of the seismogenic zone (thick purple line). b Vector map comparing

observed (red) and modelled (green) GNSS displacements.
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Chapter 3. STRAIN PARTITIONING AMONG FOREARC FAULTS IN

SOUTHERN CASCADIA INFERRED FROM
GNSS

The content of this chapter is published in:
Nuyen, C.P & Schmidt, D.A. (2022). Strain partitioning among forearc faults in southern
Cascadia inferred from GNSS. Journal of Geophysical Research: Solid Earth,
127(8). https://doi.org/10.1029/2022JB024236

3.1 INTRODUCTION

Deformation in southern Cascadia is a complex overprinting of various tectonic
processes, including subduction, migration of the Mendocino triple junction (MTJ), San Andreas
strike-slip faulting, and crustal block translation. Together, these processes produce
compressional and translational strains that are partially accommodated along active crustal
faults in the forearc. In particular, the Little Salmon fault, Mad River fault zone (MRFZ), and
Grogan fault have been identified as Quaternary active structures (Kelsey & Carver, 1988;
McCrory, 2000), with the Little Salmon and MRFZ having hosted several large earthquakes in
the past two thousand years (Carver & Clarke, 1992). Estimating slip rate values for these
forearc faults is important, as they 1) help indicate the hazards associated with future crustal
earthquakes, 2) shed light on how slip is balanced between crustal faults and the megathrust, and
3) provide a better understanding of how crustal faults accommodate strain in the broader MTJ
region.

Previous geologic and paleoseismic work (see citations in Section 3.2.2) provide slip
rates for the Little Salmon fault, MRFZ, and Grogan fault; however, these values are still fairly
unconstrained due to discrepancies between different studies and field sites, as well as the
uncertainties associated with the methods used to estimate fault slip rates. Fortunately, increased
spatial and temporal coverage of geodetic instrumentation in the MTJ region over the last several
decades provides another lens through which these faults can be studied. Nevertheless, modern
geodetic data has not yet been used to investigate the full spectrum of interseismic deformation

on these specific fault structures north of the MTJ. Therefore, this study presents elastic block
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models of the MTJ region to provide independent slip rate estimates and offer insights into how

these faults accommodate strain in the forearc.

3.2 BACKGROUND

3.2.1 Tectonic Setting

The MT]J represents the meeting of the Pacific, North American, and Gorda plates
offshore of Cape Mendocino, CA (Figure 3.1). Crustal deformation in the region surrounding the
MT] is largely impacted by the interactions of these three plates. North of the MTJ, the Gorda
slab subducts obliquely beneath the North American plate at the southern terminus of the
Cascadia subduction zone (CSZ) at 32 mm/yr (McCaffrey et al., 2007). However, there is some
uncertainty about the convergence rate (e.g. Bartlow, 2020), as the Euler pole model fails to
incorporate the internal deformation of the Gorda plate (Wilson, 1989; Chaytor et al., 2004).
Interseismic coupling between the Gorda and North American plates along the CSZ megathrust
fault results in compressional strain within the North American plate that is stored elastically
along the megathrust (e.g. Savage, 1983) and along crustal faults within the forearc (e.g. Clarke
& Carver, 1992). Megathrust locking models based on GNSS data indicate that the partially
locked portion of the plate interface extends onshore in the MTJ region (Li et al., 2018).
However, this locking pattern may be time dependent and influenced by dynamic stressing from
nearby earthquakes (Materna et al., 2019).

South of the MTJ, the northern San Andreas fault (SAF) system accommodates ~40
mm/yr of dextral shear between the Pacific and North American plates (Freymueller et al., 1999;
Murray et al., 2014). Motion across the SAF system results in ~11 mm/yr of northwest
translation of the Sierra Nevada-Great Valley (SNGV) block, a rigid portion of the crust that
experiences relatively little internal deformation (Dixon et al., 2000; McCaffrey, 2005). The
northern end of the SNGV block neighbors the Oregon Coast block, which comprises the
Cascadia forearc in northern California and Oregon. The northwest migration of the SNGV
block, coupled with Basin and Range extension, causes the Oregon Coast block to translate north
and rotate clockwise, driving the overall rotation of the Cascadia forearc (Wells et al., 1998;

McCaffrey et al., 2013). The exact location of the boundary between the SNGV and Oregon
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Coast blocks is unclear, but it is likely represented by a diffuse zone of deformation (Williams et
al., 2006; Unruh and Humphreys, 2017).

In addition to contributions from the CSZ and SAF, crustal deformation in the forearc is
further complicated by the northward migration of the MTJ. Geometric analysis of the MTJ
transform-transform-subduction system predicts the creation of a slab window south of the MTJ,
wherein hot mantle upwelling can occur (Atwater, 1970; Dickinson & Snyder, 1979a, 1979b).
Deformation associated with the passage of the MTJ and slab window is commonly attributed to
the Mendocino “crustal conveyor” model, which predicts regional changes in shallow crustal
strain rates and velocities arising from mantle-lithosphere interactions (Furlong & Govers, 1999).
In this model, hot mantle rises to fill the slab window and consequently experiences cooling,
creating viscous coupling between the southern edge of the Gorda plate and the base of the North
American crust. Therefore, as the Gorda plate migrates to the north, it drags the North American
crust along with it, causing the North American crust to contract and thicken in front of the MT]J.
In contrast, the crust behind the MTJ experiences extension and thinning on account of the crust
being pulled to the north. Support for the Mendocino crustal conveyor model is provided by
spatiotemporal patterns of uplift from marine terraces (Merritts & Bull, 1989), geodetic vertical
surface velocities (Peng et al., 2017), the migration of knickpoints and landscape response (e.g.

Bennett et al., 2016), and tomography (e.g. Liu et al., 2012).
3.2.2 Active Forearc Faults

Geologic work suggests that the Mad River fault zone (MRFZ) and the Little Salmon
fault are the two major thrust systems in the southern Cascadia forearc (Kelsey & Carver, 1988).
The 15-km-wide MRFZ consists of five main imbricate thrust faults that strike NW-SE and dip
to the northeast, while the Little Salmon fault is a 100-km-long arcuate thrust system that
consists of shallowly north-to-northeast dipping faults. Paleoseismic trenching across the Little
Salmon fault and MRFZ reveals that these systems have hosted multiple earthquakes in the Late
Holocene. Clarke & Carver (1992) found evidence for three slip events on the Little Salmon fault
in the past ~1,700 years, each resulting in 3.6 to 4.5 meters of reverse slip. Trenching across the
McKinleyville and Mad River faults of the MRFZ revealed at least two displacement events
during that same time period, each with a minimum of 3.5 meters of slip. Three to four slip

events in the past 1,800-2,300 years have also been identified on the western Little Salmon fault,
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with 1.3 - 4.1 meters of slip per event (R.C. Witter, personal communication, 2022). Estimates
for past earthquake magnitudes on the Little Salmon fault, based on approximate fault rupture
area and slip amount, come out to Mw ~7.6-7.8 (Clarke & Carver, 1992; PGE, 2002). Current
slip rate estimates for the MRFZ and Little Salmon fault are 3.7-6.4 mm/yr and 1.3-12 mm/yr,
respectively (Kelsey & Carver, 1988; Clark & Carver, 1992; McCrory, 2000; Kelsey, 2001).

The north-northwest striking Grogan fault lies to the north of the Little Salmon fault and
MRFZ, and has facilitated translation of the forearc through large amounts of dextral slip
(Kelsey & Carver, 1988; Kelsey, 2001). Although the displacement of corollary units across the
Grogan fault suggests that it accommodated upwards of 75 km of slip in the late Tertiary (Kelsey
& Hagans, 1982), more precise slip rate estimates cannot be made from geologic observations
alone. While the majority of the Grogan fault is inferred to have nearly vertical dip, exposures of
this fault near the coast show slightly shallower dips of 55° and indications of reverse slip
motion (Kelsey, 2001). Reverse slip on the Grogan fault is also supported by vertical offsets
observed in offshore seismic reflection profiles along the Grogan fault and parallel fault
structures (McCrory, 1996; Gulick & Meltzer, 2002). Therefore, the Grogan fault is thought to
be a predominantly high-angle strike-slip fault that also has some component of reverse slip.

The MRFZ, Little Salmon fault, and Grogan fault extend offshore and likely connect with
structures in the accretionary prism to the north. The offshore geometry of these structures, and
their mode of slip, remains an area of active research. Seismic reflection studies reveal a
complex pattern of active faulting throughout the offshore portion of the forearc in the Eel River
Basin, wherein several different deformational regimes exist (Clarke, 1992; Gulick & Meltzer,
2002; Watt & Brothers, 2020). For example, the western margin of the offshore forearc basin is
dominated by east-west oriented compression due to subduction, while the eastern margin
represents a more transpressional regime, resulting from the combination of subduction forces
and strike slip tectonics (Gulick & Meltzer, 2002). Therefore, as the Little Salmon fault, Grogan
fault, and MRFZ continue offshore, it is possible that their slip sense and/or slip rates may evolve
to adjust to the changing tectonic environments.

Paleoseismic work and regional mapping have helped to characterize these structures and
their significance; however, less work has been done to better constrain and verify these
geological estimates with geodetic observations. In particular, the geologic slip rate on the Little

Salmon fault spans a wide range (1.3-12 mm/yr), and the slip rate on the Grogan fault is fairly
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unknown. Placing tighter constraints on the slip rates of these forearc faults is important, as they
may be the source of future large crustal earthquakes. Additionally, slip on these faults is likely
accommodating subduction convergence and transferring slip away from the megathrust.

Therefore, seismic hazards in this region may be shifted off of the megathrust and onto crustal

forearc faults (McCrory, 2000).
3.2.3 Previous Geodetic Work

A decade of GNSS time-series data afforded by the Plate Boundary Observatory (Herring
et al., 2016) is available at stations throughout the MTJ and has the potential to help clarify
deformational patterns and slip rates in this area. Williams et al. (2006) used GNSS velocity data
to investigate the various tectonic processes that contribute strain to the MTJ region and
constrain slip rates on the northern SAF system. This work notes meaningful changes in
deformation associated with the translation of the SNGV block and the SAF system, and
successfully recreates SAF-parallel GNSS velocities by modeling slip on the northern SAF
strands with 2-D dislocation models. However, Williams et al. (2006) does not explicitly
consider slip on any faults north of the MT]J, particularly the MRFZ, Little Salmon fault, and
Grogan fault. Furthermore, this work assumes all fault motion to be strike slip and does not
incorporate any transpressional or thrust component.

Block models are another tool that can leverage GNSS velocity data to study crustal
deformation near the MTJ. These models divide the crust into fault-bounded blocks and assume
that interseismic surface velocities are a superposition of 1) block rotation, 2) homogeneous
strain within the blocks, and 3) elastic strain imparted by locked faults on the block edges
(McCaffrey, 2002; Meade & Loveless, 2009). By simultaneously solving for 1), 2) and 3), block
models are able to estimate fault slip rates and offer insights into how slip is partitioned.
Previous block modeling efforts near the MTJ either focus solely on Cascadia (e.g. McCaffrey et
al., 2013) or the SAF system (e.g. McCaffrey, 2005) and exclude the MT]J, or focus too broadly
on the western US and approximate the structures around the MTJ (e.g. Parsons et al., 2013;
Pearson and Snay, 2014; Evans et al., 2015). Furthermore, strain contributions from the southern
Cascadia subduction zone are largely ignored in many of these previous block models.
Deformation in the forearc due to locking on the megathrust has been explored through various

viscoelastic models of the Cascadia subduction zone (Pollitz & Evans, 2017; Li et al., 2018).
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However, very few of these studies examine how slip may be partitioned between the megathrust
and crustal faults near the MTJ (e.g. Pollitz et al., 2008). Therefore, we present a block model of
the MTJ region that fills a gap in the coverage of existing models, incorporates refined forearc

fault structures, and includes the Cascadia megathrust.

3.3 METHODS AND DATA

We use an open source package called TDEFNODE to perform the block modeling
(McCaffrey, 2009). Using this code, we model GNSS surface velocities as a combination of
block motion, elastic strain accumulation, and uniform internal block deformation. The motion
of each block is defined by rotation about a Euler pole, with the cartesian rotation vector
intersecting the center of the block. To accommodate relative block rotations, slip is projected
along the faults that constitute the block boundaries. Elastic strain accumulation within the
blocks is attributed to interseismic locking along these fault boundaries, which can be modeled
as a coseismic slip deficit rate resulting from steady slip on the fault below a predetermined
locking depth (Savage & Buford, 1973). The coseismic slip deficit is modeled by applying
backslip to the faults, and the resulting surface deformation is estimated with an elastic, half-
space dislocation model (Okada, 1985; Okada 1992). Since we do not incorporate transient
events into our modeling, TDEFNODE assumes that all strain is due to steady tectonic motions.
Readers are referred to the Supplementary Information of McCaffrey (2009) for further details
on TDEFNODE.

We constrain the block model with horizontal GNSS velocities from 76 stations across
northern California. We use published velocities from the Pacific Northwest Geodetic Array
(PANGA) at Central Washington University in the NAM14 stable North American reference
frame (PANGA, 1996). Velocity estimates in this region may be biased by slow slip events
(SSEs) in southern Cascadia and by large offshore earthquakes in the Gorda plate. Therefore, we
calculate independent velocity estimates from the original CWU GNSS time series data to verify
that neither SSEs nor earthquakes influence the published site velocities. Details on how we
calculate the GNSS surface velocities can be found in the Supplemental Information. Ultimately,
our independent velocities match the published velocities well, with only one station having a
difference >1 mm/yr. Therefore, we are confident that the published GNSS velocities that we use

to constrain the block model are not biased by transient tectonic processes.
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The vertical velocity field around the MTJ is dominated by large signals that represent a
complex combination of tectonic and non-tectonic processes, including subduction, migration of
the slab window, and sustained groundwater extraction (Hammond et al., 2016; Argus et al.,
2017; Peng et al., 2017). Although it is possible to incorporate these velocities into our block
modeling, we found that TDEFNODE was not able to successfully model the vertical component
for several reasons. Firstly, TDEFNODE does not include vertical strain in the internal
deformation of blocks. Therefore, vertical deformation can only be modeled by fault slip. As a
result, blocks that are bounded by vertical strike-slip faults in our models are not able to recreate
vertical signals without placing unreasonably high slip rates on the block edges. Additionally,
block models are not able to represent vertical deformation in the MTJ region that is due to
processes outside of fault slip, such as crustal thickening and thinning associated with the crustal
conveyor model (Furlong & Govers, 1999; Peng et al., 2017) or changes in groundwater levels
(Hammond et al., 2016; Argus et al., 2017). Therefore, after evaluating the advantages of using

this additional data, we opted to not include the vertical component in our block modeling.
3.3.1 Strain Rate Analysis

To help guide the creation of the block model geometries, we calculate the regional strain
rate field using the horizontal GNSS velocities to better understand the distribution of strain
around the MTJ and identify important fault structures (Figure 3.2). We calculate the strain rate
field using an open source package called PyTAGS (Crowell, 2019) and employ a gridded
method that calculates the strain rate values at predetermined grid nodes throughout the study
region (Almendinger et al., 2007). We use a grid spacing of 15km and apply a distance
weighting so that the strain at each grid node is not affected by distant GNSS stations. We
calculate strain rates for the broader MTJ region using all GNSS station velocities, but choose to
focus our analysis on the onshore portions of the forearc and northern SAF system.

Our regional strain rate maps show contraction north of the MTJ along the coast (Figures
3.2A, 3.2B). This signal encompasses the Little Salmon fault, MRFZ, and Grogan fault,
suggesting that they are actively facilitating shortening in the forearc. Additionally, we observe a
change in the azimuth of the most compressive principal strain rate from south to north.
Specifically, azimuths rotate counter-clockwise from a north-south orientation south of the MTJ

to an east-west orientation in northern California (Figure 3.2B). Unsurprisingly, high shear strain
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rates are observed along the northern termini of the San Andreas, Maacama, and Bartlett Springs
faults (Figure 3.2C). This broad zone of high shear strain rates, which is associated with the
northern SAF system, wraps around the coast and terminates at Cape Mendocino. However, an
additional band of high shear strain rates is observed in the vicinity of the MRFZ and Grogan
fault, indicating that these faults are also accommodating shear deformation. Overall, these strain
rate maps reinforce the notion that the Little Salmon fault, MRFZ, and Grogan fault are actively
facilitating deformation in the forearc and that these faults should be incorporated into our block

model geometries in order to more fully represent regional deformation.
3.3.2 Fault Geometries

Our objective when creating the block model geometries is to 1) subdivide the crust into
a series of realistic blocks, where the margins of the blocks coincide with primary faults, and 2)
keep the geometry as simple as possible, i.e. using the fewest blocks, while still representing the
observed deformation. We test a total of eight different block geometries to explore various
forearc configurations and fault interactions. Geometry 1 represents the simplest geometry,
wherein the Little Salmon fault, MRFZ, and Grogan fault are absent (Figure 3.3). Geometries 2-8

then build off of geometry 1, incorporating different combinations of these three forearc faults.

3.3.2.1 Onshore

The onshore block boundaries follow the mapped traces of known faults (Figure 3.1B)
and are adapted from the USGS Quaternary Fault and Fold Database for the United States
(https://www.usgs.gov/natural-hazards/earthquake-hazards/faults) and the third Uniform
California Earthquake Rupture Forecast (UCERF3) (Field et al., 2013). For the MRFZ, we use
the trace of the northernmost Trinidad fault as a block boundary. In some locations where blocks
need to connect, block boundaries cross a region without a known mapped fault. We refer to
these unmapped boundaries as pseudo-faults (Figure A2.2). These pseudo-faults do not
contribute any deformation to the model and serve to connect known fault structures in order to
create closed polygonal blocks. The outer perimeters of the block model consist entirely of
pseudo-faults and are placed far enough away from the MTJ region so as to avoid edge effects,
while still maintaining model simplicity. Lastly, we infer the presence of a fault between the

Maacama fault and Garberville fault zone, as these two fault systems align geographically and
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have the same sense of slip. Additionally, our regional strain rate analysis shows high maximum
shear strain rates in this area, which supports the presence of a through-going fault structure
(Figure 3.2C). This inferred fault is modeled as an extension of the Maacama fault and shares the

same fault characteristics, 1.e. dip and locking depth.

3.3.2.2 Offshore Fault Structures

It is difficult to constrain the offshore deformation in southern Cascadia with a block
model due to the lack of offshore geodetic instrumentation and our limited understanding of
active fault structures offshore. Therefore, we opt to incorporate a simplified offshore (OFFS)
block into our models that encompasses the westernmost portion of the offshore forearc (Figure
3.3). Most of this region is dominated by east-west compression due to the subduction of the
Gorda plate, which is evidenced by numerous north-south trending thrust faults and folds
(Clarke, 1992; Gulick & Meltzer, 2002; Watt & Brothers, 2020). However, farther to the east,
deformation in the forearc is more transpressional due to the northward propagation of the SAF
system (Gulick & Melzer, 2002). Therefore, we choose the eastern boundary of the OFFS block
to coincide with this transition between compression near the trench and transpression farther
east. This eastern boundary is defined by a 45° eastward-dipping pseudo-fault, which we refer to
as the ‘offshore fault’. To the east of this boundary, we extend the onshore forearc faults offshore
and have them curve to the north to eventually connect up with the offshore fault. This
northward bending of the offshore forearc faults is consistent with previous offshore seismic
mapping (Clarke, 1992; Gulick & Meltzer, 2002).

We model the southern end of the Cascadia megathrust fault as the eastern boundary of
the GORD block. We assume that slow slip and continuous creep at depths greater than 40 km
along the megathrust do not contribute any net long-term surface deformation. Therefore, we
only model the shallowest 40 km of the megathrust based on the fault geometry from Blair et al.
(2013). We note that the eastern border of the GORD block, which represents the surface
boundary between the Gorda and North American plates, does not perfectly align with the
deformation front delineated by bathymetric data. This inconsistency reflects a simplified
geometry along the shallow megathrust fault and is a result of the limited amount of offshore

seismic data available to constrain the model (McCrory et al., 2012).
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3.3.3 Fault Locking

Each fault consists of rectangular fault patches that are defined in 3-D space by a set of
nodes. These nodes are equally spaced at 5 to 10 km along strike and are placed every 5 km at
depth. We construct each fault down to a predetermined locking depth adapted from UCERF3
(Field et al., 2013), Murray et al. (2014), and Lienkaemper et al. (2014), and assume that the
fault is fully slipping below this depth. Locking is controlled at each fault node by the ¢
parameter, which varies between 0 (fully slipping) and 1 (fully locked). We force all nodes at a
given depth on a given fault to have the same phi value. We then allow the model to solve for
locking at all depths, with the exception of the offshore and megathrust faults. We force phi to be
zero at all depths along the offshore fault, so as to avoid possible trade-offs with slip deficit on
the megathrust fault. For the megathrust fault, we impose full locking (¢=1) at the up-dip edge,
and then linearly decrease ¢ to fully unlocked (¢= 0) at 35 km depth. We assume this megathrust
locking structure for our initial model runs, but explore various other locking scenarios in

Section 4.1.
3.3.4 Fault Slip Rate and Sense

To ensure that the San Andreas, Maacama, and Bartlett Springs faults conform with
previously published estimates by Field et al. (2013) and Murray et al. (2014), we constrain the
slip rates on these faults by penalizing modeled slip rates with high residual values. The slip rates

are penalized according to:

@2tva) Vmodel ’
penalty = (W) (3.1)
where v> is the maximum reported velocity, v; is the minimum reported velocity, and vioder 1s the
modeled velocity. We provide maximum slip rates of 24, 14, and 8 mm/yr and minimum slip
rates of 21, 9, and 6 mm/yr for the San Andreas, Maacama, and Bartlett Springs faults,
respectively (Field et al., 2013; Murray et al., 2014). We also give a maximum slip rate of 1
mm/yr for the offshore fault to avoid excessively high slip rates on this inferred fault. Due to the
absence of stations on the OFFS block, we also apply additional constraints to this portion of the

model. Specifically, we set the model so that it applies a severe penalty according to McCaffrey
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(2009) if 1) the OFFS block does not move relative to the GORD block at an azimuth of 180-
300°, 2) the offshore fault has any component of normal slip or 3) the portion of the Mendocino
Transform fault along the southern edge of the OFFS block does not exhibit right lateral strike-
slip motion. Lastly, we apply the same severe penalty to ensure that the Eaton Roughs fault zone
exhibits right-lateral slip, the MRFZ and Little Salmon fault exhibit reverse slip, and the Grogan
fault exhibits slip that ranges from thrust to right lateral.

3.3.5 Block Poles and Internal Strain

We fix the Euler pole and rotation rate for the Pacific (PAC) block according to Argus
and Gordon (2001). Since there is currently no established rotation pole for the Gorda plate, we
assign the Juan de Fuca - North American pole and rotation rate from Wang et al. (2003) to the
GORD block. The poles and rotation rates for the remainder of the blocks are solved for by the
model. We also allow the model to solve for uniform internal strain within all of the blocks
except for the PAC, GORD, and OFFS blocks. Although strain is likely occurring in all three of
these blocks, the lack of offshore instrumentation in these regions does not allow for any
resolution of internal strain in these regions. Additionally, we do not allow strain within the
block that is bounded by the MRFZ and Grogan fault in geometries 6 and 8, since model runs
allowing for strain in this block produce unrealistic results, such as unfeasibly high extensional
strain rate values. We attribute this inconsistency to the fact this block only contains two GNSS

stations, making it difficult to resolve strain.
3.3.6 Modeling Approach

We run the model for each block geometry starting with $=0.5 for all of the faults except
for the megathrust and offshore faults. In order to solve for the unknown parameters, the model
uses the down-hill simplex algorithm followed by a grid search. Once the first model run is
complete, we then run the model again using the output parameters from the first model run as
the input parameters for the second model run. We iterate this process until the model has been

run ten times to ensure that all of the model parameters converge.
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34 RESULTS

The initial results provide block motions, block strains, and fault slip rates for all of the
eight block geometries. However, these results incorporate an a priori assumption about the
distribution of locking along the megathrust. Therefore, we assess these initial results to
determine which model geometries are the most successful and warrant further exploration with
different distributions of ¢ on the megathrust. Firstly, we evaluate the models by calculating their

respective y? misfit values according to:

XZ — anata (Wobs ()= Vmodel(i))? (32)

i=1 o (i)?

where o is the standard deviation of the velocity observations, n4u« 1S the number of velocity
observations, and voss and vueder are the data and modeled velocities, respectively. A comparison
of these misfit values in Table 1 shows that geometry 1 does the worst job of fitting the data,
with a y? value that is an order of magnitude larger than all of the other geometries. Geometries
2-4, which include only the Little Salmon fault, MRFZ, or Grogan fault individually, generally
perform worse than geometries 5-8, which include some combination of these faults. However,
geometry 6 is an exception, as it has a higher misfit value than geometries 2 and 3. Overall, these
results suggest that the simpler geometries perform worse than the more complicated geometries.
However, it is possible that the increased complexity of geometries 5-8 (more blocks, more
faults, and more overall parameters) allow for overfitting of the data. Therefore, we also consider
the Bayesian Information Criterion (BIC) (Schwarz, 1978) to address parameter variability
between models. The BIC takes both model fit and model complexity into account, allowing for
the direct comparison of models with varying numbers of model parameters. Ultimately, the
model geometry associated with the lowest BIC score is considered the best. We calculate the
BIC score for each model geometry using a modified BIC formula adapted from Spinler et al.

(2010):

BIC =N In (XFZ) +kIn (N) (3.3)
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where N is the degrees of freedom, * is the chi-squared statistic defined by equation 3.2, and k is
the number of model parameters. These BIC scores are listed in Table 1 and show similar results
as the y? misfit values. In particular, geometry 1 has the highest BIC score, geometry 7 has the
lowest BIC score, and geometries 2-4 have higher BIC scores than geometries 5, 7, and 8. This
consistency between the two metrics supports the notion that more appropriate fault geometries,
not additional parameters alone, contribute to the higher fit of models using geometries 5, 7, and
8.

In terms of model selection, geometries 5, 7, and 8 have the three lowest > values and
BIC scores, indicating that they are the three best geometries for fitting the data. Additionally, all
three of these model geometries include at least two of the MRFZ, Little Salmon and Grogan
faults, which provides insights into possible tradeoffs between these fault structures. However,
without geometry 6, these three geometries do not explore all possible combinations of these
three forearc faults. Therefore, we opt to include geometries 5-8 in the following megathrust and
bootstrap analyses, since these four geometries allow us to test the full spectrum of forearc fault

combinations.
3.4.1 Optimization of Megathrust Locking Parameters

We repeat the steps outlined in Section 3.6 for geometries 5-8 with different megathrust
locking scenarios to determine which distribution of the locking fraction ¢ best fits the data. We
adjust the updip limit of full locking and the down dip limit of full slip for each geometry to
evaluate a range of locking depths. Through this analysis, we find that an updip limit of 10km
depth for complete locking (¢=1) and a downdip limit of 25km depth for zero locking (¢p=0) fits
the data best for all four of the geometries (Figure A2.4). Therefore, for our final model runs, we
employ a locking pattern wherein the megathrust is fully locked from the trench down to 10 km

depth, with locking then linearly decreasing to zero at 25 km depth (Figure 3.4).
3.4.2 Bootstrap Analysis

The block models presented in this work run the risk of being biased by the GNSS
network geometry, specific site velocities, and the choice of block geometry. Therefore, we
conduct a bootstrapping analysis to evaluate the models’ sensitivity to the GNSS velocity data

and determine the full range of possible fault slip rate values. To do this, the GNSS velocity data
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are randomly resampled so that at least 80% of the original stations are retained. This resampling
technique is repeated to produce 400 unique GNSS velocity datasets. Each reduced dataset is
then used to estimate the model parameters for geometries 5-8, following the steps outlined in

Section 3.6 and using the megathrust parameters found in Section 4.1.
3.4.3 Bootstrap Results

After performing the bootstrap analysis for geometries 5-8, we are left with 400 results
for each block model geometry. We calculate the %> misfit and BIC score for each geometry’s
400 results and evaluate the model geometries according to their average value for each metric
(Figure A2.4). In the end, geometry 6 has the highest x> misfit and the highest BIC score,
meaning that it consistently performs the worst out of all four of the block geometries. In
contrast, geometry 8 has the lowest y? misfit and geometry 5 has the lowest BIC score, leading to
a discrepancy between the two metrics and which geometry is “best”. This discrepancy stems
from the fact that the BIC score incorporates the number of parameters in each model, while the
v* misfit does not. Since geometry 8 includes all three forearc faults and requires the largest
number of parameters, it experiences the greatest penalty for model complexity and receives a
relatively high BIC score. However, we believe that these additional parameters are warranted,
since activity on all three of the forearc faults is evidenced by geologic work (e.g. Kelsey &
Carver, 1988; Clarke & Carver, 1992; McCrory 2000) and regional strain rate analyses (Figure
3.2). Therefore, geometry 8 is our preferred geometry, as it exhibits the lowest average x> misfit
and incorporates all three forearc faults.

Inspection of modeled velocities also shows that geometry 8 is able to successfully
capture the overall velocity field in the MTJ region (Figure 3.5). Visual examination of the
modeled velocities from individual bootstrap runs shows that the pattern of velocities is fairly
consistent and that the average is representative of the total 400 runs. Therefore, we present the
average modeled velocity and residual value for each GNSS station in Figure 3.5. Aside from a
group of stations in the center of the easternmost block with coherent westward motions, we do
not observe any significant spatial patterns in the residuals for geometry 8. Similar residual maps

for geometries 5, 6, and 7 can be found in the Supplementary Information.
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3.4.3.1 Fault Slip Rates

In the following sections, we report the slip rate distributions for the onshore portions of
the Little Salmon Fault, MRFZ, and Grogan fault from the bootstrap analysis. Similar slip rate
results for other crustal faults can be found in the Supplementary Information. Although the
majority of the bootstrap slip rate estimates resemble a Gaussian distribution, there are several
instances wherein the distributions are left or right skewed. For these cases, the mean is not a
representative value, as it is biased by the tails and does not reflect the peak of the distribution. In
contrast, the median of a skewed distribution still tends to align with the peak, as it is not
impacted by outlier values. Therefore, we present the median slip rate value, as opposed to the
mean slip rate value, to more fully represent the slip distributions. Additionally, we provide the
range of slip values that encompass the middle 68% of the distribution. This method allows us to
provide slip rate ranges that are similar to the common 1-sigma approach, while still
incorporating the skew of certain distributions. However, it is important to note that for cases
with nearly normal distributions, our results are similar to the equivalent mean + 1-sigma results.
Slip rate distributions for geometries 5-8 are provided in Figures 3.6-3.8 and Tables 2-4. These
results describe the long-term slip rates along the shallow portions of the faults, which are also
representative of the long-term slip rates at depth. We highlight the slip rates for geometry 8 in
these tables to emphasize that these are our preferred slip rates. We also summarize the slip rate
results for geometry 8 in Figure 3.9, which shows a map view of the median slip rate results from
the bootstrap analysis. Together, these figures provide context for how slip rate predictions vary
along strike and offer location-based estimates for comparison with future paleoseismic studies.

Lastly, we present median distributed slip deficit rate results for the megathrust fault.

3.4.3.2 Little Salmon Fault

Slip rate results for the Little Salmon fault are displayed in Figure 3.6 and Table 2 for
geometries 5, 7, and 8. All three of the geometries show a component of reverse and right-lateral
strike-slip motion on the Little Salmon fault, and they all share similar patterns in terms of along-
strike slip rates. In particular, the thrust component of slip increases along the fault from east to
west until longitude -124.17° to -124.1°, at which point it begins to decrease towards the coast.
In contrast, the strike-slip component of slip decreases from east to west until longitude -123.09°,

at which point it begins to increase towards the coast.
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3.4.3.3 Mad River Fault Zone

Slip rate results for the MRFZ are displayed in Figure 3.7 and Table 3 for geometries 6,
7, and 8. All three of the geometries show components of reverse and right-lateral strike slip on
the MRFZ, with the strike slip component comprising the majority of the total slip rate. All of
the geometries also show fairly consistent right-lateral slip rates along strike, with values
increasing slightly from east to west. For reverse slip, values remain fairly steady throughout the
length of the fault for geometry 8, while geometries 6 and 7 show slip values increasing from

east to west.

3.4.3.4 Grogan fault

Slip rate results for the Grogan fault are displayed in Figure 3.8 and Table 4 for
geometries 5, 6, and 8. All three of the geometries show that the reverse slip component
dominates the total slip rate, with the strike-slip component being near zero. All of the
geometries also show the reverse component of slip increasing monotonically from east to west,

while the strike-slip component remains fairly constant along strike.

3.4.3.5 Additional Crustal Faults

The Bear River fault zone (BRFZ) has the highest slip rate results (~28 mm/yr) of any
crustal fault in terms of both the reverse and right-lateral slip components (Figure 3.9, A2.11;
Table A2.6). All four of the geometries show the right-lateral component of slip on the BRFZ
increasing from east to west, while the dip-slip component transitions from normal slip in the
east to reverse slip in the west. In our models, the Garberville fault zone connects to the southern

end of the BRFZ and displays right-lateral slip rates of ~17 mm/yr (Figure A2.9; Table A2.4).

3.4.3.6 Megathrust Fault

Figure 3.10 shows the median slip deficit rate at all nodes along the megathrust fault for
geometries 5-8. All four geometries share a fairly similar slip deficit rate structure at depth, with
relatively low values (10-15 mm/yr) reaching the coast and even extending slightly offshore
below latitude 41°. All of the geometries also show relatively high slip deficit rates (>35 mm/yr)
concentrated along the portion of the Mendocino transform fault that separates the OFFS and
PAC blocks. North of this region, offshore patterns of slip deficit rate begin to differ between

geometries. For example, geometry 5 shows a relatively smooth transition from higher values in
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the south to lower values in the north, while geometry 6 shows a more abrupt change north of

latitude 41°.

3.5 DISCUSSION

Our bootstrap analysis provides slip rate distributions for various faults in the MTJ
region. For this analysis, we test four different geometries that each incorporate different
combinations of the Little Salmon fault, MRFZ, and Grogan fault. After analyzing the bootstrap
results, we conclude that geometry 8 is our preferred geometry, since it yields relatively low
misfit values and incorporates all three forearc faults that align with zones of high strain rates in
Figure 3.2. In the following sections, we discuss the important limitations and assumptions
associated with our models and interpret the modeling results in terms of deformation and
seismic hazards along crustal forearc faults. Lastly, we examine the pattern of slip deficit rate
along the megathrust fault and consider how it relates to processes along the plate interface.
These results are mainly discussed in the context of geometry 8; however, we also explore

certain tradeoffs between other forearc geometries.
3.5.1 Model Limitations and Assumptions

Block models provide important insights into regional deformation patterns and fault
characteristics. However, there are certain limitations and assumptions associated with these
models that must be considered. Firstly, block models are not able to reproduce crustal
deformation resulting from mantle-lithosphere interactions. For example, crustal thickening and
thinning predicted by the crustal conveyor model is not incorporated into the block model
framework (Furlong & Govers, 1999). As a result, distributed deformation in the MTJ region
stemming from dynamic mantle processes is not directly captured by the models in this study.
Secondly, these models incorporate simplified fault geometries with relatively homogenous fault
properties. Therefore, they are unable to model spatial variations in the deformation field
stemming from possible fault and rock heterogeneities along strike, such as changes in the dip,
locking depth or elastic modulus. These models also do not consider fault-normal heterogeneities
in the surrounding rheology, such as the presence of a compliant fault zone, which is
characterized by a reduced shear modulus near the fault plane (Barbot et al., 2008). Lastly, the

simplified fault geometries in our models lead to certain blocks having large aspect ratios, which
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may cause biased surface deformation near the block extremities. Together, these factors likely
contribute to un-modeled residual values as shown in Figure 3.5C.

The simplified fault geometries used in block models can also lead to trade-offs between
localized and distributed deformational processes. For example, numerous unmodeled crustal
faults and folds that accommodate notable amounts of contraction in the forearc are located
within the blocks in our models (Kelsey & Carver, 1988; McCrory, 2000; Padgett et al., 2019).
Ideally, distributed deformation on these systems is incorporated into the internal block strains.
However, the proximity of some of these structures to the block boundaries can make it difficult
for the models to discern whether deformation is due to slip on a fault boundary or is attributed
to a nearby, unmodeled structure. As a result, these models run the risk of projecting distributed
strain within the block onto nearby block boundaries as fault slip.

Finally, the block models in this study are constrained by a GNSS network that can be
relatively sparse between certain forearc faults. As a result, certain blocks contain only a few
GNSS stations and the free parameters for these blocks may not be well resolved. Additionally,
the GNSS velocities in this study are representative of short-term crustal deformation over the
past several decades, which is much shorter than the average earthquake cycle. This is in contrast
to previous geologic work in the MTJ region, which leverages processes and observations that
span much longer timescales. Therefore, it is worth noting that the findings of this work build

upon observations that reflect fairly recent deformational patterns.
3.5.2 Forearc Faults

3.5.2.1 Little Salmon

Block modeling results from this work indicate that the Little Salmon fault plays an
important role in facilitating deformation in the forearc. Firstly, geometries that do not include
the Little Salmon fault tend to do a poorer job of fitting the data. For example, geometry 6
performs the worst out of the four bootstrapped geometries, with the highest y? misfit and BIC
scores (Figure A2.4). Secondly, out of the three forearc faults, the highest total slip rates are
placed on the Little Salmon fault. In particular, the Little Salmon fault experiences higher reverse
slip rates than the MRFZ, especially towards the western end of the fault (Figure 3.6D).

Although both of these fault systems are regarded as predominant thrust structures in the forearc
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(Kelsey & Carver, 1988), this result suggests that the Little Salmon fault plays a more significant
role in accommodating compression in the crust.

In addition to reverse slip, the block models also place a component of right-lateral slip
on the Little Salmon fault. Geologic evidence for strike-slip motion on the Little Salmon fault
has not been observed; however, right-lateral slip has been noted on the Goose Lake fault
directly to the south of the Little Salmon fault (Woodward-Clyde Associates, 1980). Therefore,
although the block models place a combination of thrust and shear slip on the Little Salmon
fault, these two components of slip may be partitioned on different strands within the broader
Little Salmon fault system (Ladinsky et al., 2020). However, regardless of the structure on which
the slip is occurring, our models suggest that this region of the forearc is facilitating some degree
of right-lateral shear.

Although we choose to interpret the deformation along the Little Salmon fault in the
context of geometry 8, it is worth noting that the dominant component of slip on the Little
Salmon fault varies across the model geometries. Specifically, geometries 5 and 7 prefer a higher
right-lateral slip component, while geometry 8 prefers a higher reverse slip component. This
variability highlights how slip can be transferred between the different forearc faults depending
on the model geometry. For example, the Little Salmon fault has higher slip rates when the
MREFZ is not present in geometry 5, since the Little Salmon fault is forced to accommodate the
deformation that would otherwise be shared by these two fault systems. Therefore, variability in
the slip rate results across the different geometries for the Little Salmon fault can be attributed to

logical tradeoffs in slip between the three forearc faults and distributed strain within the blocks.

3.5.2.2 Mad River Fault Zone

Previous geologic work provides evidence for reverse slip throughout the MRFZ and
emphasizes the role that this system plays in facilitating forearc contraction. Slip rate estimates
from our work confirm a component of reverse slip along the MRFZ block boundary; however,
relatively high right-lateral slip rate results indicate that this system also accommodates
translation in the forearc. In particular, the right-lateral component of slip on the MRFZ is nearly
8x larger than the reverse component of slip. Elevated strike-slip values are consistent with our
regional strain rate analysis, which shows the MRFZ falling within a zone of relatively high

shear strain rates (Figure 3.2C). Additionally, the northernmost portion of the MRFZ, which
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includes the Trinidad fault, merges with the Eaton Roughs fault zone (ERFZ) (Padgett et al.,
2019) (Figure 3.1B). The ERFZ is considered part of the northern SAF system and
accommodates right-lateral strike-slip motion in the forearc (Kelsey & Carver, 1988). Therefore,
faults in the MRFZ may represent northern extensions of the ERFZ and SAF system.

It is worth noting that the block models in this study use a simplified geometry for the
MRFZ, wherein the Trinidad fault serves to represent the entire system. The remaining four
faults in the MRFZ fall to the south of this block boundary, and the slip on each of these faults is
either captured as internal block strain or projected onto the Trinidad fault boundary. Therefore,
it is unclear what proportion of the total fault slip within the MRFZ is being captured by the
block models in this study. Additionally, the relatively high right-lateral slip rate results for the
MRFZ block boundary may not be representative of all of the faults in the system. For example,
strain partitioning within this 15 km-wide fault zone may cause some of the faults to experience
more right-lateral slip than others. Nevertheless, our results, together with ample evidence of
reverse motion on the MRFZ (e.g. Clarke & Carver, 1992), suggest that this is an overall

transpressional system.

3.5.2.3 Grogan Fault

The translation of corollary units across the Grogan fault suggests that it hosted up to 75
km of right-lateral slip in the Late Tertiary (Kelsey & Hagans, 1982). However, slip rate results
from our block models indicate that the Grogan fault accommodates very little contemporary
strike-slip motion, suggesting that this fault no longer facilitates large amounts of translation
within the forearc (Figure 3.8B). Additional evidence for decreased strike-slip motion on the
Grogan fault is provided by Pliocene-Pleistocene sediments that overlie the fault near the coast.
Although they provide no constraints on vertical slip, these sediments exhibit negligible signs of
lateral motion and suggest that dextral slip on the Grogan fault terminated around 2 Ma (Kelsey
& Hagans, 1982). Therefore, the Grogan fault may represent a reactivated strike-slip feature that
now experiences reverse slip. Previous geodetic work proposes that the Grogan and other parallel
fault structures undergo dextral slip due to the translation of the rigid Klamath terrane to the
north (McKenzie & Furlong, 2021). However, our results suggest that this translation may be

accommodated more so by the faults in the MRFZ region to the south than by the Grogan fault.
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3.5.2.4 Bear River & Garberville Fault Zones

The high right-lateral and reverse slip rates that the models estimate on the Bear River
fault zone (BRFZ) suggest that this region of the forearc is undergoing significant deformation.
High strain rates near the BRFZ are supported by our regional strain rate analysis, which shows a
band of high shear strain rates encompassing the San Andreas fault (SAF), BRFZ, and
Garberville fault zone (Figure 3.2C). This band of high shear strain rates broadens south of
latitude 40° to cover the three main strands of the northern SAF system. This transition from a
relatively narrow (~30 km) to a relatively wide (>60 km) band of high shear strain rates may
indicate a redistribution of strain within the northern SAF system. Specifically, high shear strain
rates diminish on the Bartlett Springs fault north of latitude 40° and may signal that strain is
being transferred onto the neighboring BRFZ and Garberville fault zone, and eventually offshore
to the Mendocino transform fault. Our models show right-lateral slip rates increasing on the
Garberville fault zone from south to north (Figure 3.9, A2.9), which supports the idea that slip is
gradually transferred onto the Garberville fault zone and then propagated onto the BRFZ.
Therefore, high slip rates on the Bear River and Garberville fault zones, along with high strain
rates in the surrounding region, may result from strain being concentrated along fewer structures
in the northern SAF system near the MTJ.

Although geologic fault slip rates are currently not available for the BRFZ, evidence of
thrust and right-lateral slip in this region is provided by the nearby Russ fault. Located just north
of the BRFZ, the Russ fault offsets multiple marine terrace platforms along the coast, and age
estimates from these platforms provide an uplift rate of 0.2 mm/yr (Kelsey & Carver, 1988;
McCrory, 2000). Additionally, a ~10 km offset in the continental shelf aligns with the offshore
extension of the Russ fault and is compatible with right-lateral motion across the fault (McCrory,
2000). Active deformation in this region is also evidenced by the rapid uplift of the King Range,
a terrain along the coast that has experienced upwards of 4 mm/yr of Holocene uplift (Merritts &
Bull, 1989). Right-lateral slip on the Garberville fault zone is inferred from its alignment with
the Maacama fault to the south, but there is no geologic evidence of Holocene activity on this
fault (Kelsey & Carver, 1998). However, geodetic analysis shows that surface velocities in the
MT]I region are consistent with 14 mm/yr of right-lateral slip on the Garberville-Maacama

system (Williams et al., 2006).
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3.5.2.5 Seismic Hazards

The occurrence of multiple earthquakes on the Little Salmon fault and MRFZ during the
Late Holocene suggests that these faults are capable of hosting future earthquakes and pose a
future seismic hazard. Indeed, regional strain rate analysis shows that these faults coincide with
regions of relatively high strain rates (Figure 3.2), indicating that crustal deformation is being
accommodated on these faults. Furthermore, block model results from this work provide non-
zero slip rates on the Little Salmon fault and MRFZ, providing further evidence that these
structures are actively facilitating forearc deformation.

We estimate the earthquake recurrence interval for the Little Salmon fault, using slip
offset values from previous studies and slip rate estimates from our preferred model. We only
consider the thrust component of slip in these estimates, since previous work only details the
vertical offsets along the fault. Assuming a range of 1.3 — 4.5 m for slip offset (Clarke & Carver,
1992; R.C. Witter, personal communication, 2022) and using the median slip rate of 4 mm/yr
from our analysis, we estimate a recurrence interval of 325 - 1125 years on the primary strand of
the Little Salmon fault. Estimating earthquake recurrence intervals for the MRFZ is more
challenging, because this fault system consists of five major strands. Since our block model
geometry is only based on the Trinidad fault, it is unclear if our slip rate results represent the
entire system or just this one fault. Additionally, slip offset estimates from past earthquakes are
not available for several faults in the MRFZ and it is unclear whether all of the faults in this
system rupture simultaneously. Due to the uncertainty of our models and the paleoseismic
history of the MRFZ, we do not provide a recurrence interval for the MRFZ. We also do not
provide a recurrence interval for the Grogan fault, since there are currently no observations of

discrete slip events on this fault.

3.5.3 Megathrust Slip Deficit Rate

The slip deficit rate is the product of the locking fraction (¢) and the estimated fault slip
rate. The bootstrap results for slip deficit rate along the megathrust fault are largely controlled by
the optimized locking pattern found in Section 4.1, which includes zero locking below 25 km
depth (Figure 3.4). This depth roughly coincides with the updip location of tremor in southern
Cascadia (Figure 3.11A), which can be used as a spatial proxy for short-term slow slip events

(SSEs) along the megathrust (e.g. Wech et al., 2009). Analysis of GNSS time series data
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indicates that short-term SSEs take up 100% of the slip budget on the megathrust at ~35km depth
in southern Cascadia, assuming a convergence rate of 32 mm/yr (Bartlow, 2020). Therefore, no
locking and zero slip deficit rate below 25 km depth in our models is consistent with short-term
SSEs facilitating the entire slip budget during the time spanned by the GNSS velocity
measurements. Directly updip of the tremor and short-term SSE region, our results show slip
deficit rates remaining fairly low (5-10 mm/yr). It is less clear how plate convergence is
facilitated on this portion of the plate interface; however, evidence for various slip processes has
been observed in this region (Figure 3.11A). For example, dynamic changes in plate coupling
and long-term slow slip have been inferred from transients in the GNSS time series data near the
MTIJ (Materna et al., 2019; Nuyen & Schmidt, 2021). Additionally, a patch of near-continuous
tremor on the southern edge of the Gorda slab suggests that there may be near-continuous slip
occurring on that portion of the plate interface (Wech, 2021). Therefore, a combination of slip
processes is likely contributing to the relatively low slip deficit rates that we observe directly
updip of tremor and short-term slow slip.

At shallower depths of 10-20 km, the overriding forearc faults begin to influence the
pattern of slip deficit rate along the megathrust (Figure 3.10). We analyze the impact of these
forearc faults by comparing the slip deficit rates between the two end-member block model
geometries: 1 and 8 (Figure 3.11B). This is accomplished by differencing the slip deficit rates of
the two models, where the locking parameters have been set according to Section 4.1 and all of
the GNSS velocity data have been used to estimate the model parameters. Any variability in slip
deficit rates owing to the motion of the OFFS block is also removed, since this block is relatively
unconstrained. Comparing these two results shows that the presence of active faults in the
forearc decreases the nearby slip deficit rates along the megathrust by up to several mm/yr
(Figure 3.11B). This tradeoff between the model geometries suggests that slip on the Little
Salmon fault, MRFZ, and Grogan fault removes slip from the megathrust fault by
accommodating plate convergence in the crust. As a result, megathrust locking models that do
not incorporate slip on forearc faults may be overestimating the amount of locking along the
coast in southern Cascadia. Additionally, this transfer of slip may mean that seismic hazards in
this region are shifted away from the megathrust and onto crustal forearc faults, as suggested by

McCrory (2000). Seismic moment outputs from TDEFNODE indicate that slip on the forearc

faults, together with internal block strain, removes 7.1 x 10'” N'm/yr from the megathrust. Using
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the moment magnitude scale from Hanks & Kanamori (1979), this is equivalent to a Mw 5.9
earthquake per year.

Relatively high slip deficit rates along the trench indicate that the shallowest portion of
the megathrust is fully locked, assuming a convergence rate of 32 mm/yr (McCaffrey et al.,
2007). Along the Mendocino transform fault, we observe a band of especially high slip deficit
rates that exceed the expected convergence rate. These high values are an artifact that result from
interactions between the Gorda and Pacific plates and do not contribute significant amounts of
surface deformation to the overall model. Although full locking at the trench is consistent with
previous megathrust locking studies (e.g. Li et al., 2018), we are not confident in the details of
the offshore locking patterns presented in this work for several reasons. In particular, the slip
deficit patterns along the shallowest portion of the megathrust fault are controlled by the
overriding OFFS block. This block represents a simplified offshore geometry and does not
incorporate structural changes that occur near the trench (Watt & Brothers, 2020). Additionally,
a lack of offshore instrumentation means that the model parameters for this block are not well
constrained. As a result, internal strain is not allowed in the OFFS block, and the rotation
parameters have relatively high uncertainties. Therefore, the assumptions and uncertainties
associated with the OFFS block make it difficult to confidently interpret the offshore locking

results.

3.6 CONCLUSIONS

We constructed detailed block models of the Mendocino triple junction region to provide
insights on how strain is accommodated along crustal faults in the southern Cascadia forearc.
Through a bootstrap analysis, we provided a distribution of slip rates for the Little Salmon fault,
Mad River fault zone (MRFZ), and Grogan fault for various forearc block geometries. Our
results indicate that the Little Salmon fault accommodates compressional and translational
strains within the forearc; however, these two components may be partitioned along different
fault strands within the broader Little Salmon fault system. Slip rate results for the MRFZ show
relatively high right-lateral slip rates, suggesting that the MRFZ is a transpressional system that
may serve as a northern extension of the northern San Andreas fault system. However, the
resolution of our models is not able to determine whether these slip rates are representative of the

entire MRFZ or specific faults within the system. In contrast, the Grogan fault has relatively high
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reverse slip rates and does not facilitate much strike-slip motion. Therefore, the Grogan fault

may represent a reactivated strike-slip feature that now experiences reverse slip.
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Figure 3.1 Maps of the Mendocino triple junction region. A Tectonic map where black lines
delineate the boundaries between the Pacific, Gorda, and North American plates. Colored
regions designate different deformational regimes from Williams et al. (2006): DBZ - diffuse
boundary zone, SAFS - San Andreas fault system, SNGV - Sierra Nevada-Great Valley. Black
vectors show plate motions relative to North America, with velocity values from Argus &
Gordon (2001) and McCaffrey et al. (2007). B Fault map where black lines denote Quaternary
faults, and red shading and labels identify important structures relevant to this work: BRFZ -
Bear River fault zone, ERFZ - Eaton Roughs fault zone, LS - Little Salmon, MRFZ - Mad River

fault zone, Mend. - Mendocino transform fault.
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Figure 3.2 Regional strain rate maps for the Mendocino triple junction. A Map of the first
invariant of strain rate, where colder and warmer colors denote areas of contraction and
extension, respectively. Red lines outline Quaternary faults and white triangles show GNSS
station locations. Red shading outlines labeled faults: BRFZ - Bear River fault zone, BS -
Bartlett Springs, Ga - Garberville, Gr - Grogan, LS - Little Salmon, Ma - Maacama, MRFZ -
Mad River Fault Zone, SAF - San Andreas. B Map of the first invariant of strain using the same
scale as panel A, with black bars showing the azimuth of the most compressive principal strain
rate. Bars are located at grid nodes and are scaled by magnitude. C Map of maximum shear
strain rate, where darker and lighter colors denote areas of high and low shear strain rates,
respectively. Black lines outline Quaternary faults and white triangles show GNSS station

locations.
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Figure 3.3 Maps of the eight different block geometries tested in this work. Black lines outline

the block boundaries with the geometry number shown in the bottom left-hand corner of each
panel, and red dots show the location of GNSS stations. Geometry 1 shows the names of the

offshore blocks: GORD - Gorda, OFFS - offshore, PAC - Pacific.



Geometry 1 BIC N k
1 19256 766 107 45
2 6992 667 97 55
3 6891 668 93 59
4 8868 690 97 55
5 6236 662 87 65
6 7126 674 83 69
7 6030 661 83 69
8 6410 666 73 79

Table 3.1 Table containing model misfits (2 ), BIC scores, degrees of freedom (N), and

number of model parameters (k) for each of the fault geometries shown in Figure 3.3.



42

40™

25 35
5 101520 30 40

-126°

~124°

-122°

0.5

59

Figure 3.4 Map showing the optimal distribution of locking fraction on the megathrust fault that

is prescribed in the block model. Colors indicate the locking fraction, ¢, white lines and

corresponding labels delineate plate depth contours in km from Blair et al. (2013).
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Figure 3.5 Maps of observed and modeled GNSS surface velocities in southern Cascadia. A
Vector map showing the observed GNSS velocities from PANGA used to constrain the block
models in this work (PANGA, 1996). Red lines outline the block boundaries for geometry 8. B
Vector map showing the average modeled GNSS velocities from the bootstrap analysis for
geometry 8. Red lines outline the block boundaries for geometry 8. C Vector map showing the
average residuals between observed and modeled GNSS velocities from the bootstrap analysis
for geometry 8. Red ellipses represent 2-sigma uncertainty, with the scale vector having a 1
mm/yr error ellipse. Black lines outline the block boundaries. Relatively small uncertainties arise

from long decadal-length GNSS time series data.
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Figure 3.6 Bootstrap fault slip rate results for the Little Salmon fault. A Histograms of total slip

rate. Histograms are colored by geometry, shown in the upper-right-hand of the panel. B

Histograms of the left-lateral component of slip rate. Negative values indicate right-lateral slip

rates. C Histograms of the reverse component of slip rate. Negative values indicate normal slip

rates. D Line plots showing the median slip rate values at nodes along the fault. Inverted

triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are colored by

geometry and match the coloring in panels A, B and C.
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5 6 7 8
Total Slip 8.5 - 3.5 5.8
(mm/yr) (6.9 -10.1) (2.7-5.0) (3.9-8.9)
Reverse Slip 4.0 - 1.0 4.0
(mm/yr) (0.9 -5.9) (0.1-24) (1.4-17.8)
Left-lateral Slip -7.3 - -3.2 -3.0
(mm/yr) (-9.0 to -5.2) (-4.3t0-2.2) | (-5.41t0-0.0)

Table 3.2 Bootstrap slip rate results for the Little Salmon fault. Model geometry is indicated in
the top row and all ranges in parentheses represent the 68% confidence interval. Red values
indicate slip rate values from our preferred geometry. Geometry 6 does not include the Little

Salmon fault.
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Figure 3.7 Bootstrap fault slip rate results for the Mad River fault zone. Subplots are the same as

in Figure 3.6.

5 6 7 8
Total Slip - 5.8 4.2 3.8
(mm/yr) (4.9-6.7) (3.7-4.9) (3.1-4.7)
Reverse Slip - 1.9 1.7 0.5
(mm/yr) (0.3-3.6) (0.6 -3.0) (-0.2 to 1.0)
Left-lateral slip - -5.3 -3.7 -3.8
(mm/yr) (-6.4t0-4.0) | (44t0-2.9) | (4.6t0-3.0)

Table 3.3 Bootstrap slip rate results for the Mad River fault zone (MRFZ). Model geometry is

indicated in the top row and all ranges in parentheses represent the 68% confidence interval. Red

values indicate slip rate values from our preferred geometry. Geometry 5 does not include the

MRFZ.
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Figure 3.8 Bootstrapping fault slip rate results for the Grogan fault. Subplots are the same as in

Figure 3.6.
5 6 7 8
Total Slip 4.7 33 - 4.1
(mm/yr) (3.1-6.5) (2.0-4.3) (3.2-4.9)
Reverse Slip 4.5 33 - 4.1
(mm/yr) (3.0-6.1) (1.9-4.3) (3.2-4.9)
Left-lateral slip -0.6 -0.2 - -0.1
(mm/yr) (-2.4t0-0.1) | (-0.4t0-0.1) (-0.3 t0 0.0)

Table 3.4 Bootstrap slip rate results for the Grogan fault. Model geometry is indicated in the top
row and all ranges in parentheses represent the 68% confidence interval. Red values indicate slip

rate values from our preferred geometry. Geometry 7 does not include the Grogan fault.
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Figure 3.9 Maps of the median slip rate results from the bootstrap analysis for geometry 8. A

Heavy lines show surface traces of faults colored by the median reverse slip rate for the top 5

km. Negative slip rates indicate normal slip. B Heavy lines show surface traces of faults colored

by the median right-lateral slip rate for the top 5 km.
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Figure 3.10 Median slip deficit rate at all nodes along the megathrust for geometries 5-8
calculated from the bootstrapping runs. Geometry number is shown in the bottom right-hand
corner of each panel, magenta lines delineate block geometries, black lines delineate the coast,
and background colors show slip deficit rate with shared scale on the right. A discontinuous scale

is provided so as not to skew the color distributions.
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Figure 3.11 The estimated slip deficit rate for the megathrust fault. A Map of the MTJ region
where background colors show the median slip deficit rate at all nodes along the megathrust for
geometry 8 calculated from the bootstrap runs. Black lines denote plate contours, orange circles
show tremor locations, red circle designates the location of plate coupling changes from Materna
et al. (2019), purple polygons outline the locations of long-term slow slip from Nuyen &
Schmidt (2021), and green circle displays location of near-continuous tremor from Wech (2021).
B Map of the MT]J region showing the difference in slip deficit rates between geometries 1 and 8§,
where negative values indicate lower slip rates in geometry 8 compared to geometry 1. Changes
in slip deficit rate due to the OFFS block are not included. Magenta lines delineate the block

boundaries for geometry 8.
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Chapter 4. WHAT HAPPENS TO EPISODIC TREMOR AND SLIP AT
THE SOUTHERN EDGE OF THE CASCADIA
ZONE?

4.1 INTRODUCTION

In subduction zone systems, interseismic strain along the plate interface is periodically
released at certain depths by slow slip events (SSEs; Schwartz & Rokosky, 2007). These events
typically occur along the plate boundary downdip of the seismogenic locked zone and updip of
the creeping portion of the fault (Ito et al., 2007). SSEs involve a component of accelerated
aseismic slip along the plate interface and manifest as transient surface displacements in GNSS
time series data (Rogers & Dragert, 2003). These events are also associated with seismic shear
slip along the plate interface, which produces non-volcanic tremor and low-frequency
earthquakes (LFEs) that coincide spatially and temporally with the SSEs (Ide et al., 2007;
Shelley et al., 2007). Together, these periodic seismic and aseismic phenomena are termed
episodic tremor and slip (ETS).

Ample work has been done to study ETS in the Cascadia subduction zone (Gomberg et
al., 2010), with margin-wide studies providing insights on the broad patterns of tremor and slow
slip along the margin (e.g. Bartlow, 2020) and more localized studies shedding light on the
characteristics of individual events, such as moment magnitude and fault slip amplitude (e.g.
Schmidt & Gao, 2010). However, only a small portion of this work has focused exclusively on
southern Cascadia, where ETS encounters the southern edge of the subduction zone (Figure 4.1).
Although several studies analyze the characteristics of individual ETS events in this region, such
as slip amplitudes on the megathrust and tremor migration patterns (Boyarko & Brudzinski,
2010; Schmalzle et al., 2014; McKenzie et al. 2020), the various methods and a priori
assumptions used by these studies make it difficult to directly compare their results and discern if
the behavior of ETS events changes at the edge of the subduction zone.

This study examines nineteen of the largest SSEs in Southern Cascadia from mid 2016 to

2022. Using tremor and GNSS time series data, we determine the timing and horizontal surface
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displacements associated with these events, and invert for the slip distribution on the megathrust
fault. These slip models allow us to compare patterns of tremor and fault slip between numerous
ETS events and analyze how transient strain release is distributed near the southern edge of the
subduction zone. Our results show that ETS terminates >50 km north of the Gorda slab edge and
suggest that ETS behavior in southernmost Cascadia may be influenced by slab geometry and the

presence of an inferred slab window near the triple junction.

4.2 BACKGROUND

4.2.1 Gorda Slab Structure

Southern Cascadia is characterized by the subduction of the Gorda slab beneath the North
American plate in southern Oregon and northern California (Figure 4.1). While the northern
portion of the Gorda slab is planar between 42° and 43° N latitude, the southernmost portion
exhibits a warped geometry beneath northern California. Specifically, the slab flattens between
15 and 25 km depth, creating a broad high centered at 41° N latitude (McCrory et al., 2012; Guo
et al., 2021). Downdip of 25 km depth, the slab arcs around this shallow region to create a bend
that extends to the edge of the subduction zone. This distortion can be attributed to the northward
impingement of the Pacific plate on the Gorda slab, which results in the internal deformation of
the slab offshore (Chaytor et al., 2004; McCrory et al., 2012; Ismat et al., 2022). Seismic velocity
models and the location of earthquake hypocenters in southern Cascadia also suggest that the
edge of the slab is dipping south-to-southeast by 6-12° (Verdonk & Zandt, 1994; Furlong &
Schwartz, 2004). This complex slab geometry in southernmost Cascadia likely interacts with
mantle flow patterns near the edge of the subduction zone (Schellart, 2004; Bodmer et al., 2018).
Offshore of Cape Mendocino, the southern boundary of the Gorda plate is clearly delineated by
the Mendocino fracture zone. However, following subduction, the location of the slab edge
becomes less obvious. Therefore, the southern terminus of the Blair et al. (2013) slab model in
Figure 4.1 is inferred from the first-motion readings at seismic stations after the 1994 Mw 7.1
Mendocino earthquake (McCrory et al., 2006). Specifically, McCrory et al. (2006) observe a
change in the first-motion recordings at seismic stations in northern California across a boundary
that intersects the coast at the MTJ with an azimuth of ~120°. McCrory et al. attribute this first-

motion pattern to a seismic wavefront that diffracted into the Gorda slab and interpret this first-
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motion boundary as the slab edge. This slab edge location is also supported by subsurface

models that are constrained by gravity data (Jachens & Griscom, 1983).
4.2.2 Mendocino Triple Junction and Slab Window

Subduction in southern Cascadia ends at the Mendocino triple junction (MTJ), where the
Pacific, Gorda, and North American plates meet offshore of Cape Mendocino, CA. Over time,
the MTJ steadily migrates northward relative to North America, extending the San Andreas
transform boundary by shifting the southern limit of subduction to the north (Atwater, 1970).
This northward migration of the MTJ promotes the growth of a slab window directly south of the
Gorda slab (Atwater, 1970; Dickinson & Snyder, 1979a, 1979b). As this slab window forms,
mantle material flows to fill the space that was previously occupied by the Gorda slab. Various
2-D and 3-D models of the MTJ region predict that this emplaced mantle material cools over
time as it equilibrates with the surrounding lithosphere (Goes et al., 1997; van Wijk et al., 2001;
Popov et al., 2012). Heat flow measurements in northern California show a pronounced increase
in heat flow from north to south, with maximum heat flow values occurring ~200 km south of
the MTJ (Lachenbruch & Sass, 1980). Thermal models that include conductive and/or advective
heat transfer between the slab window and North American lithosphere (e.g. Guzofski &
Furlong, 2002; Popov et al., 2012) are able to recreate this high heat flow anomaly and suggest
that the slab window is actively warming the overlying crust. Generic models for ridge
subduction and subsequent slab window generation suggest that this warming can lead to
rheological weakening, causing the transition from brittle to ductile deformation to become
shallower (Groom & Thorkelson, 2007).

Seismic velocity and thermomechanical models indicate that the northern edge of the slab
window abuts the southern edge of the Gorda slab (Benz et al., 1992; Liu et al., 2012; Stanciu &
Humphreys, 2021). Therefore, in addition to the continental lithosphere, hot mantle material in
the slab window is likely transferring heat to the edge of the descending Gorda slab as well. Goes
et al. (1997) presents 3-D thermal models for the MTJ region that incorporate the subducting
Gorda slab and allow for the thermal structure to be impacted by variations in the slab’s age.
Inspection of the figure from these models indicates that temperatures at 40km depth along the
plate interface located 20 km north of the slab edge are ~100 °C warmer than temperatures at

40km depth located 100 km north of the slab edge. Therefore, this suggests that temperatures
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along the plate interface at the slab edge at 40km depth may have increased by more than 100 °C

due to heating from mantle material in the adjacent slab window.
4.2.3 Previous ETS Observations in Southern Cascadia

ETS events occur frequently in southern Cascadia with recurrence intervals of 10 & 2
months (Szeliga, 2004; Brudzinksi & Allen, 2007). These events occur along the plate interface
at 30-60 km depth and combine to create a continuous band of tremor and transient fault slip that
broadly aligns with the depth contours of the warped Gorda slab (Figure 4.1, Michel et al., 2019;
Bartlow, 2020; Wech, 2021). An anomalous near-continuous patch of tremor is also located near
the slab edge and offset >40 km to the west of the main tremor zone (Wech, 2021; Figure 4.1).
However, the source of this tremor patch is unclear and could be related to slip on a transform
fault within the San Andreas Fault system, slip on the plate interface, or transform slip on the
edge of the Gorda slab (Wech, 2021).

Distinct LFE families are also observed in northern California and are attributed to slip
along the San Andreas fault system and ETS on the megathrust (Plourde et al., 2015; Figure 4.1).
The ETS families exhibit depth-dependent recurrence intervals, with deeper families having
shorter recurrence intervals than shallower families (Ducellier & Creager, 2022). This behavior
is also observed for LFEs and tremor in northern Cascadia, where smaller, more frequent events
tend to occur downdip of larger, less frequent events (Wech & Creager, 2011; Sweet et al.,
2019). Wech & Creager (2011) attribute this spatial relationship to changes in fault strength,
suggesting that the megathrust weakens with depth due to decreases in friction. However, this
trend does not apply to the southernmost ETS families (overlapping pair of cyan dots in Figure
4.1), which exhibit relatively short recurrence intervals (<50 days) despite being located farther
updip (Ducellier & Creager, 2022). Therefore, Ducellier & Creager (2022) propose that this
family may be located on a crustal fault above the megathrust and not associated with ETS on
the plate interface.

Changes in the slab geometry and thermal gradient at the edge of the subduction zone
may impact the behavior of ETS in southern Cascadia. However, assessing possible changes in
ETS behavior is challenging without the compilation and direct comparison of numerous events.
Boyarko & Brudzinski (2010) analyze the spatiotemporal patterns of tremor in southern Cascadia

between 2005-2007 and present observations on event distribution and migration style. However,
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this work relies on a semiautomated tremor location algorithm that only considers the most
active nighttime hour (in terms of tremor) for every day of a given tremor episode. As a result,
this work only considers the most active times of tremor and may not capture the full spatial
extent of tremor events. Schmalzle et al. (2014) and McKenzie et al. (2020) present distributed
slip models for twelve ETS events in southern Cascadia from 2005.5-2011 and 2014-2017,
respectively. Although these studies provide valuable insights on fault slip magnitudes and the
orientation of strain accumulation along the megathrust, they represent margin-wide studies that
do not focus on characterizing ETS in southern Cascadia. Therefore, we identify and calculate
distributed slip models for nineteen ETS events in southern Cascadia to determine if ETS

behavior changes at the edge of the Cascadia subduction zone.
4.3  DATA AND METHODS

We utilize a combination of publicly available tremor and GNSS time series data to characterize
ETS events in southern Cascadia. The tremor data are sourced from the Pacific Northwest
Seismic Network (PNSN) tremor catalog (https://pnsn.org/tremor), and the GNSS time series
data are obtained from the Pacific Northwest Geodetic Array (PANGA) at Central Washington
University (PANGA, 1996). We use horizontal east and north component GNSS time series data
from 137 stations throughout central and southern Cascadia in the NAM14 stable North
American reference frame. GNSS time series data capture signals from various tectonic and non-
tectonic sources that can obscure the timing of ETS events. This is particularly true in southern
Cascadia, where elevated levels of seismicity indicate active deformation in the region (McCrory
et al., 2012). Therefore, we process the GNSS time series data to remove unwanted tectonic
signals and non-tectonic noise to make the timing of ETS events more clear. We process the data

using the following steps:

1) We remove outliers (i.e. positions that stray >20 mm from adjacent observations).

2) We remove steps that are due to known earthquakes and equipment changes. The timing
of steps is determined by the GAGE offsets from the Central Washington University
(ftp://data-out.unavco.org/pub/products/offset/). We estimate the step offsets by

differencing the average position for the 21 days before the event and the average

position for the 21 days after the event.
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3) We remove the annual and biannual seasonal components and detrend the time series
data. We assume that the annual and biannual signals are a combination of sine and
cosine waves and model the time series data as a linear combination of seasonal, slope,
and offset terms. We solve for the coefficients of these terms using a linear least-squares
inversion, and then remove the scaled seasonal and slope terms from the GNSS time
series data.

4) We smooth the time series data by applying a seven-day moving average, which helps
remove high-frequency (daily) noise. The initiation and cessation phases of ETS events
typically produce small daily displacements that can easily be obscured by noise.
Therefore, removing high frequency noise helps to elucidate the starting and stopping

times of ETS events.

4.3.1 Event Timing and Displacements

We identify the timing of ETS events in southern Cascadia by visually inspecting the
spatiotemporal patterns of tremor (Figure 4.2). When examining the PNSN tremor catalog
(https://pnsn.org/tremor), we focus on continuous tremor events where the majority of tremor
occurs below 44° N latitude and the total duration of tremor associated with an individual ETS
event is at least 70 hours. Using these criteria, we identify nineteen ETS events in southern
Cascadia between 2016.5 and 2022 (Figure 4.2). The tremor monitoring system for the PNSN
was updated in 2017, resulting in more accurate tremor detection in southern Cascadia (Wech,
2021; K.C. Creager, personal communication, 2022). Therefore, aside from two events at the end
of 2016, we do not consider any events prior to 2017 given the changes in the tremor detection
algorithm and seismic station network at this time (Wech, 2021). After identifying the nineteen
events with the tremor data, we then use the GNSS time series data to estimate the timing and
offset amplitude of the associated surface displacements.

ETS events in southern Cascadia manifest as westward displacement transients in GNSS
time series data (Szeliga et al., 2004). Therefore, we develop a simple algorithm to identify
negative displacements in the GNSS east time series data and estimate the timing of ETS events
(Figure 4.3). For each event, the algorithm starts by locating the GNSS stations that are closest to
the tremor in Figure 4.2. This is accomplished by finding all stations that have at least 100

epicenters of tremor (where an epicenter represents a detection within a five-minute window)
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within 30 km of the station. For smaller events with less tremor (e.g. event 16 indicated in Figure
4.2), we reduce the number of tremor counts to twenty. We assume that these GNSS stations
nearest the tremor experience larger transients than stations farther away and thus offer a clearer
picture of when surface deformation is occurring. Therefore, we utilize these stations to estimate
the timing of transients and refer to them as ‘index’ stations. For each index station, the
algorithm computes a time series of daily displacements from the horizontal east component
GNSS time series data. The algorithm then applies a centered 14-day moving sum to the daily
displacement time series data and flags all days where the sum falls below a given threshold
(Figure 4.3A, 4.3B). For this work, we find that a threshold of -0.5 mm is large enough to avoid
false-detections due to leftover noise in the data and low enough to capture relatively small
transients associated with ETS events. The algorithm then establishes transient start and end
times by going through the time series data and looking for consecutively flagged days. When
the algorithm finds a succession of flagged days, it marks the first flagged day as a start date and
the last flagged day as an end date. We limit our analysis to transients that last at least seven
days, so the algorithm ignores any consecutively flagged days that do not span at least a week
(Figure 4.3C). The algorithm also only considers flagged days that fall within two weeks of the
beginning or end of the event tremor shown in Figure 4.2. Once the algorithm has found the
timing of transients for all of the index stations, it then assigns every non-index station the timing
of the closest index station by latitude. Finally, the algorithm calculates the east and north
component horizontal surface displacements for each station by differencing the average position
for the seven days before the transient start date and the average position for the seven days after
the transient end date. If a station has multiple start and end dates, then the algorithm sums the
displacements from the multiple epochs. Smoothing the GNSS time series data in Step 4 runs the
risk of dampening the amplitude of ETS transients. Therefore, we calculate the horizontal
surface displacements from GNSS time series data that is processed without applying the final
smoothing step (Figure 4.3C).

We manually inspect the results of our algorithm for each ETS event to ensure
consistency between the transient times at different stations and to check that the results are
compatible with the tremor data. Overall, we find that the algorithm is able to accurately identify
transients in the GNSS time series data that align well with the timing of tremor (Figure 4.4).

However, there are several ETS events where the timing of transients at certain stations can be
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improved by removing or adding index stations. For example, removing an index station can be
helpful when the index station’s GNSS data is particularly noisy and the transient timing is
impacted by non-tectonic signals. Conversely, it can be beneficial to add index stations when
there are clear transients in the GNSS data (Figure 4.4A). For example, station YBHB
consistently shows surface displacements associated with multiple ETS events, but it is not close
enough to tremor to be considered as an index station. Therefore, we manually remove and/or
add index stations for certain ETS events to improve the timing of transient signals in the GNSS
time series data. Details for each ETS event, including which index stations are used and the
transient start and stop times for each station, can be found in the Supplementary Information.

For ETS Event 9 (November 2018), we observe a large-scale regional pattern of
westward surface displacements at GNSS stations throughout Cascadia (Figure A3.1). The
tremor during this event is concentrated on the Oregon-California border and the GNSS stations
nearest the tremor exhibit larger westward transients than the surrounding stations. Therefore, we
believe that the displacements for this ETS event are over-printed by a widespread common-
mode signal. To remove this signal, we average the displacements at all stations located south of
40° latitude or east of -121° longitude, since we believe that these stations are far enough away
from the event tremor that they should not experience any displacements. This average
displacement was then removed from all of the stations to create the final displacement field

shown in Figure A3.11 (Dong et al., 2006).
4.3.2 Inversion

We invert the horizontal surface displacements for each of the nineteen ETS events to
create distributed fault slip models. We utilize a non-negative least-squares inversion, so that slip
on each fault patch can only have components of reverse and right lateral slip. Surface
displacements at GNSS stations are approximated using an elastic half-space dislocation model
(Okada, 1992) with a shear modulus of 40 MPa. Each inversion is regularized by applying a
smoothing parameter that minimizes the roughness of the slip distribution and data misfit, as
determined by the L-curve. Roughness is determined by the Laplacian of the fault slip model,
and the data misfit is defined by the chi-square statistic:

2
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where 7,55 1s the number of observations, doss and dpreq are the observed and predicted
displacements, respectively, and o is the uncertainty of the observations. We estimate the
uncertainty for each observation by averaging the standard deviations for the seven days before
the transient start date(s) and the seven days after the transient start date(s). We force fault slip to
be zero along the perimeter of the fault model. However, since we are exploring ETS at the
southern edge of the subduction zone, we do not damp slip on fault patches at the edges of the
fault below 40.6° N latitude.

We use a megathrust fault model based on the plate contours from Blair et al. (2013) and
determine the updip and downdip limit of our fault model by performing a series of sensitivity
tests (Figure A3.2). We perform these tests with Event 1, since surface displacements during this
event span all of southern Cascadia (<43° N latitude). For these tests, we fix the down-dip limit
of the fault model to 80 km depth and perform the inversion with fault geometries that have
progressively shallower up-dip depth limits. We run a similar set of tests where we fix the up-dip
depth limit of the fault model at the trench (5km depth) and perform the inversion with
progressively deeper down-dip depths limits. We calculate the data misfit for each inversion
according to the chi-square statistic above (Equation 1). The results of our sensitivity tests show
that surface displacements in southern Cascadia are not sensitive to slip on the plate interface
above 15 km depth or below 55 km depth. However, a comparison of tremor locations and plate
depth contours shows that tremor in southernmost Cascadia extends to 75 km depth (Figure 4.1).
If we assume that tremor locations serve as a proxy for slip on the plate interface, then tremor in
this region indicates that slip extends past 55 km depth. Therefore, we consider both our
sensitivity results and tremor observations to establish a downdip limit of 65 km for our faults

model.

4.4 RESULTS

We calculate distributed slip models for nineteen ETS events in southern Cascadia (south
of 46° N latitude) from mid 2016 to 2022. These events range in moment magnitude from Mw
6.3 to 6.9 (Table A3.1). Figure 4.5 shows our slip model for ETS Event 15 (June 2020), which
constitutes one of the southernmost events and has an equivalent moment magnitude of Mw 6.5.

This slip model indicates that large amounts of slip are not required along the southern edge of
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the slab to recreate the observed surface displacements. Instead, the maximum slip contour for 22
mm is located >50 km north of the slab edge. It is important to note that the damping of the fault
patches at the perimeter of the fault model is not responsible for this lack of slip at the slab edge,
as we purposefully do not apply any slip minimization along the southern edges of the fault
model (Section 4.3.2). When projecting the fault rake to the surface, the overall azimuth for this
patch of high slip is roughly 270°, which corresponds to pure reverse slip on the plate interface
(Figure 4.5D). Along the slab edge where there is a small patch of fault slip (-124° E longitude,
40° N latitude), the slip azimuth rotates north and approaches 360°. However, due to the slab
bend, this azimuth also corresponds to nearly pure reverse slip. The residual vectors for this
event show a coherent westward pattern around the event tremor, indicating that our predicted
surface velocities are underfitting the observations (Figure 4.5E). We attribute this underfitting to
the spatial smoothing that we impose in the inversion and acknowledge that slip amplitudes may
be higher along certain portions of the fault. Similar results for the other eighteen events can be
found in the Supplementary Information.

Overall, our results for individual ETS events in southern Cascadia are consistent with
the distributed slip models from previous works. In particular, Schmalzle et al. (2014) estimates
a similar moment magnitude range of Mw 6.4 to 7.0 for nine ETS events in southern Cascadia.
These nine slip models also show comparable slip amplitudes on the megathrust, with the
majority of events having maximum slip values of ~20 mm. McKenzie et al. (2020) analyzes
three additional ETS events in southern Cascadia and also finds similar slip amplitudes.

To investigate the total transient deformation field, we sum the slip distribution for all
nineteen ETS events and observe a maximum of 140 mm of total fault slip on the plate interface
centered around 40.5° N latitude between 30 to 50 km depth (Figure 4.6A). This patch of high
slip 1s located downdip of the slab high along the northern portion of the slab bend. Furthermore,
ETS does not follow the depth contours to the south and thus wrap around the southern portion
of the slab bend, nor does it continue towards the southern edge of the slab. Rather, ETS appears
to migrate down-dip, cutting across depth contours on the plate interface and terminating at ~40°
N latitude.

For each ETS event that we identified in the PNSN tremor catalog (Figure 4.2), we found
corresponding surface displacements at GNSS stations that are consistent with slow slip on the

megathrust. Therefore, slow slip and tremor appear to be coincident in space and time for each of
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the large ETS events that we studied, within the resolution of the tremor and slip detection. To
evaluate the spatial correlation of tremor and slow slip, we segregate the tremor counts by ETS
and inter-ETS time periods. The locations of tremor during the nineteen largest ETS events align
with the depths of high cumulative fault slip, with the majority of event tremor occurring
between 43° and 40° N latitude at 30-55 km depth (Figure 4.6B). Tremor that occurs outside of
the largest ETS events is located at similar latitudes but is concentrated in a narrower and deeper
depth range (Figure 4.6C). In particular, inter-ETS tremor below 42° N latitude occurs between
40 and 60 km depth. Similar to slip on the plate interface, neither ETS nor inter-ETS tremor
extends to the southern edge of the Gorda slab.

4.5 DISCUSSION

Our results show that the cumulative fault slip of nineteen slow slip events along the
megathrust reaches a maximum of 140 mm near 40.5° N latitude (Figure 4.6A). This suggests
that large ETS events accommodate up to 80% of the plate convergence in southern Cascadia
within the ETS zone, assuming a convergence rate of 32 mm/yr (McCaffrey et al., 2007).
Bartlow (2020) uses tremor to identify the timing of ETS in Cascadia and estimates the time-
averaged ETS slip rate on the megathrust fault. Results from this work also show relatively high
slip rates between 40° and 41° N latitude, confirming that the majority of strain release in this
region between 30 and 50 km depth is accommodated by ETS. However, our results indicate that
at least 20% of the plate convergence is accounted for by smaller ETS events (periods of tremor
marked by blue dots in Figure 4.2) and/or by steady aseismic slip. In contrast, Bartlow (2020)
estimates that the entire slip budget in this region is facilitated by ETS events, and thus suggests
that steady aseismic slip is not needed.

A comparison of the tremor locations in Figure 4.6 shows that the more frequent inter-
ETS tremor occurs slightly downdip of the less frequent ETS tremor south of 42° N latitude.
This spatial relationship is observed for tremor and LFEs elsewhere in Cascadia, and is attributed
to fault strength decreasing as a function of depth due to changes in friction along the plate
interface (Wech & Creager, 2011; Sweet et al., 2019; Ducellier & Creager, 2022). Therefore, our
results are consistent with other observations from Cascadia and support the notion that the

megathrust weakens with depth in southern Cascadia.
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The depth of maximum fault slip and tremor as a function of latitude increases from north
to south in southern Cascadia, with relatively high cumulative slip values (>100 mm) occurring
at 35 km depth at ~41.5° N latitude and continuing to 60 km depth at ~40.25° N latitude. This
suggests that ETS gradually transitions to deeper depths in southern Cascadia, or that our fault
model overestimates the depth to the slab in this region. Delph et al. (2021) offer an alternate
slab model for southern Cascadia, wherein the McCrory et al. (2012) model is adjusted to fit the
location of LFEs. In this model, the slab bend is accentuated below 42° N latitude at depths
>40km, leading to an overall shallower slab model in this region. Therefore, if we use the Delph
et al. (2021) slab model, then high cumulative slip values (>100 mm) do not migrate past 50 km
depth at ~40.25° N and the apparent deepening of ETS is less pronounced. ETS fault slip and
tremor terminate farther to the south near ~40° N latitude and do not extend to the southern edge
of the Gorda slab. LFEs associated with slow slip along the megathrust exhibit a similar pattern
and are not observed south of 40° N latitude (Figure 4.7A; Plourde et al., 2015; Ducellier &
Creager, 2022). Together, these observations suggest that ETS does not occur along the
southernmost edge in Cascadia.

In the following sections, we explore why ETS may be absent in this region and present
possible controls on the southern extent of ETS in Cascadia. In particular, we discuss how the
non-planar geometry of the Gorda slab may influence fluid migration along the plate interface,
the width of the ETS zone, and shear-strength along the megathrust fault. Additionally, we
analyze how thermal interactions between the subduction zone and the slab window may impact
the location of the aseismic-seismic boundary along the megathrust and the depth at which fluids

are released from the Gorda slab.
4.5.1 Gorda Slab Geometry

4.5.1.1 Location of the Slab Edge

The distance between the southern extent of ETS and the edge of the Cascadia subduction
zone is dependent on the location of the southern edge of the Gorda slab. In this work, we
reference the slab edge from McCrory et al. (2006), which is based on the pattern of first-motion
readings at seismic stations in northern California. A similar slab edge location is also inferred
by Jachens & Griscom (1983) from gravity data. The agreement between these two independent

studies, which employ distinct datasets and methods, gives us some confidence in the location of
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the slab edge. However, several other studies have focused on locating the slab edge beneath
Northern California and the results from these works reveal a range of interpretations with slab
edges farther to the north (Figure 4.7B).

Liu et al. (2012) identifies the southern edge of the slab using a 3D S-wave velocity
model from the joint inversion of ambient noise data, ballistic Rayleigh wave dispersion curves,
and receiver functions. In this model, the Gorda slab is associated with relatively high Vs (>4.4
km/s), and the slab edge is delineated as the southern limit of these high velocities. This inferred
edge also aligns with the termination of positive amplitude conversions in the Ps receiver
functions, which are interpreted as the Gorda slab Moho. Beaudoin et al. (1998) approximates
the southern edge of the Gorda slab using a 2-D seismic P-wave velocity model and gravity data.
The velocity model is created by inverting the travel times of refracted and reflected waves from
an active source survey that collected data along a north-south trending profile near the MTJ
(Godfrey et al., 1995). Beaudoin et al. (1998) interprets high velocities (>7.5 km/s) at the base of
their velocity model as the Gorda crust and mantle. Beaudoin et al. also utilizes the same gravity
data as Jachens & Griscom (1983) to create a subsurface model wherein the slab edge is located
at ~40° latitude and ~-123.3° longitude. By shifting the location of the slab edge in their gravity
models, they find that their slab edge could be in error of & 25 km. Ultimately, Beaudoin et al.
defines the slab edge as the line that projects from the triple junction through their interpreted
slab edge along the 2-D profile. Verdonk & Zandt (1994) locate the edge of the Gorda slab using
a 3-D velocity model inverted from ~19,000 P-wave arrivals from >1400 local earthquakes.
Using this model, they interpret the Gorda slab as a high Vp (>7 km/s) region that coincides with
high concentrations of earthquake hypocenters and suggests that the slab edge is dipping 6-12° to
the south. Lastly, Furlong & Schwartz (2004) estimate the position of the slab edge by analyzing
the location of earthquake hypocenters from the Northern California Earthquake Data Center
from 1969 to 2003. By studying the distribution of hypocenters along northwest-trending cross-
sectional profiles, Furlong & Schwartz observes a clear break in seismicity and interprets this
break as the slab edge. Similar to Verdonk & Zandt (1994), Furlong & Schwartz also finds
evidence for a southeastward dip to the slab edge.

The discrepancies in the slab edge estimates outlined above and summarized in Figure
4.7B likely stem from the various methods used in each study, since they all image the

underlying structure at different scales and levels of resolution. For example, reflection and
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refraction studies are good for distinguishing sharp boundaries within the lithosphere, whereas
tomographic models excel at recognizing larger-scale spatial variations in seismic velocity. The
dimensionality of these methods also varies between 1-dimensional profiles (e.g. receiver
functions, dispersion curves), 2-dimensional cross-sections (e.g. reflection, refraction), and 3-
dimensional models (e.g. tomography). Additionally, several of the studies utilize gravity data,
which is most sensitive to density contrasts and changes in rock composition. Therefore, seismic
and gravity data may resolve different boundaries within the lithosphere. However, subsurface
structural models constrained by gravity data are non-unique and add further uncertainty to the
position of the slab edge. This is exemplified by the gravity models presented in Beaudoin et al.
(1998), which suggests an uncertainty of 25 km in the position of the slab edge. Together, these
differences in the resolution and scope of different methods likely account for some of the
variation in the estimates presented in Figure 4.7B. Nevertheless, the majority of these estimates
place the slab edge at least 50 km south of the maximum slip contour and confirm that ETS does

not occur at the edge of the subduction zone.

4.5.1.2 Geometric Controls on Slip Amplitude, Width of the ETS Zone, and Fluid Migration

In northern Cascadia, the Juan de Fuca slab exhibits a bend beneath northern Washington
and southern British Columbia that is comparable to the bend in the Gorda slab. Observations of
ETS events in northern Cascadia indicate that the axis of this bend, located in northwestern
Washington, exhibits higher amounts of ETS fault slip per event than the portions of the slab
located directly to the north or south (Schmidt & Gao, 2010). A similar trend is also observed at
the Nankai subduction zone, where higher cumulative slip rates are found near slab bends
beneath Shikoku and Ise Bay (Nishimura et al., 2013; Kano & Kato, 2020). Our results also fit
into this pattern, as we observe a patch of high cumulative fault slip along the northern limb of
the bend in the Gorda slab at 40° - 41° latitude. Together, these observations suggest that the slab
bend in the Gorda plate may influence the distribution of slip amplitude in southern Cascadia.

However, the mechanism that promotes higher slip amplitudes per event near a slab bend
is unclear. Li & Liu (2016) present numerical models of SSEs in northern Cascadia that are able
to recreate higher moment rates and cumulative slip amounts in the central portion of the slab
bend. These simulations suggest that slip rates are proportional to the width of the ETS zone,

which is controlled by the dip of the slab (Perez-Silva et al., 2022). Specifically, lower dip angles
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lead to a wider ETS zone, and the higher slip amplitudes would scale with the spatial dimensions
of the slipping patch. However, this finding does not appear to apply to southern Cascadia, as our
predicted patch of high slip is located on a portion of the plate interface with relatively steep dip
according to the Blair et al. (2013) model (Figure 4.7A). However, Li & Liu (2016) present an
alternative model, where the width of the ETS zone is held constant. These model results show
that slip amplitudes are still inversely proportional to fault dip and are highest on fault patches
that strike perpendicular to the convergence direction. Therefore, higher slip rates near the bend
in the Gorda slab may indicate that this portion of the fault is more optimally oriented relative to
convergence.

The curved geometry of the Gorda slab may also impact the migration of fluids along the
plate interface. Geophysical evidence for a low-velocity zone (LVZ) along numerous megathrust
faults suggests that high pore-fluid pressures exist along the plate interface at ETS depths (e.g.
Audet et al., 2009). As a result, high pore-fluid pressures are often invoked as a prerequisite for
possible ETS mechanisms, such as dilatant strengthening (e.g. Segall et al., 2010). Morishige &
van Keken (2017) presents 3-D numerical models of fluid migration along curved slab
geometries and finds that fluid paths concentrate in regions where the slab has a convex shape,
leading to increased porosity values near slab bends. Therefore, the relatively high slip
amplitudes around the bend in the Gorda slab may relate to the focusing of fluids in this region.
However, it is still unclear if and how fault slip amplitudes scale with the magnitude of pore
pressure along the plate interface.

High fault slip amplitudes do not extend around the southern portion of the slab bend in
southernmost Cascadia (Figure 4.7). A possible explanation for this observation is an increased
warping of the plate interface near the slab edge. Several studies propose that the edge of the
Gorda slab dips to the south-southeast (sub-orthogonal to subduction direction) with dip angles
of up to 12° (Verdonk & Zandt, 1994; Furlong & Schwartz, 2004). This southward dip, together
with the slab bend, may lead to a steeper plate interface and a narrower ETS zone near the slab
edge. Therefore, low fault slip rates in southernmost Cascadia may be due to a narrow ETS zone
that is incapable of producing large ETS events. In addition to the width of the ETS zone, a
complex geometry near the slab edge may also influence how far slow slip can propagate across
the fault. Global comparisons of subduction zone systems show that the along-dip curvature of

megathrust faults generally scales with maximum earthquake magnitude (Bletery et al., 2016;
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Plescia & Hayes, 2020). Bletery et al. (2016) attribute this relationship to the shear-strength
heterogeneity across a fault, proposing that shear-strength heterogeneity increases as a function
of fault curvature and thus limits the magnitude of megathrust earthquakes by acting as a natural
barrier for earthquake slip propagation (Bleterly, et al., 2017). If we assume that this theory also
applies to slow slip propagation, then an increasingly curved slab geometry in southernmost
Cascadia may produce high shear-strength heterogeneity near the slab edge, which limits the

propagation and size of ETS events.
4.5.2 Subduction Zone Heating

4.5.2.1 Seismic Aseismic Transition

Deformation along the plate interface is accommodated by a continuum of seismic and
aseismic slip modes along the megathrust (Peng & Gomberg, 2010). In general, ETS occurs in
the seismic-aseismic transition zone that is located updip of the aseismic creeping portion of the
fault and downdip of the seismogenic locked zone (Schwartz & Rokosky, 2007). At warm
subductions zones, such as Cascadia, the depth of this seismic-aseismic transition is thought to
be largely controlled by temperature (e.g. Hyndman & Wang, 1993; Oleskevich et al., 1999).
Therefore, changes in a subduction zone’s thermal gradient may impact the distribution of
different deformational regimes along the plate interface. Specifically, higher temperatures in
southernmost Cascadia due to heating from the adjacent slab window may shift the seismic-
aseismic transition updip along the megathrust. As a result, deformation within the typical ETS
zone (i.e. along the plate interface at 35-60 km depth) may be dominated by aseismic slip and not
ETS. This shift in deformational regimes may also explain why LFEs along the megathrust are
not observed south of 40° N latitude (Figure 4.7A), since these events are associated with
seismic shear slip (Ide et al., 2007; Shelley et al., 2007; Plourde et al., 2015). Furthermore, the
relatively short recurrence intervals for the southernmost megathrust LFE family may reflect
north-to-south (along-strike) weakening of the plate interface due to increasing temperatures
along the plate interface (Ducellier & Creager, 2022).

Following this reasoning, we might expect to observe ETS at shallower depths (<30 km)
in southernmost Cascadia near the slab edge, where lower temperatures along the megathrust
facilitate seismic deformation in the form of tremor. Although shallower ETS events are not

observed, Wech (2021) identifies a temporally near-continuous patch of tremor in this region
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with an unknown source (Figure 4.7A). If this tremor does originate from the plate interface,
then it may signal the presence of ETS at ~30 km depth and support the notion that ETS is
transferred updip due to a higher thermal gradient in southern Cascadia that warms the slab edge.
Furthermore, the near continuous activity of this tremor patch suggests that it would represent
the downdip limit of the ETS zone, where the fault cannot accumulate large amounts of stress

and fails via small, frequent slip events (Wech & Creager, 2011).

4.5.2.2 Fluid Release

As described in Section 4.5.1.2, high pore-fluid pressures are thought to exist along
portions of the plate interface at subduction zones and play a critical role in the mechanisms for
ETS (e.g. Audet & Kim, 2016). Fluids at the plate interface are sourced from the crust and
mantle of the subducting slab, which release mineral-bound water through a variety of
dehydration reactions (Peacock, 1993; Rupke et al., 2004). However, the depth at which these
reactions occur is dependent on the pressure-temperature (P-T) path of the slab, which can vary
substantially between subduction zones (Peacock, 2009). Thermodynamic models for southern
Cascadia at ~42° N latitude indicate that average mid-ocean ridge basalts (MORB) dehydrate 1-
1.5 wt% H>0 at ~35 km depth and suggest that in-situ fluid release is the dominant water source
for ETS in this region (Condit et al., 2020). These models also show that higher slab
temperatures lead to the slab releasing fluids at shallower depths. For example, increasing the
temperature path of the slab by 50 °C results in fluids being released at ~5 km shallower depths
(Condit et al., 2020). Therefore, heating of the Gorda slab from the adjacent slab window may
result in fluids being released at shallower depths along the megathrust in southernmost
Cascadia. Depending on the thermal gradient of the slab, fluids may be released updip of typical
ETS depths, limiting high pore-fluid pressures from developing along the plate interface in the
expected ETS zone. Therefore, ETS events in southernmost Cascadia may be inhibited by low
pore-fluid pressures along the plate interface caused by insufficient in-situ fluid release from the
warm Gorda slab at typical ETS depths.

Fluid release is not a single event and can occur gradually and at various temperatures
and depths along the plate interface (van Keken et al., 2011). Therefore, increases in slab
temperature do not preclude the possibility of fluids migrating into the ETS zone from other

portions of the subduction zone. In particular, fluids released deeper on the plate interface from
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dehydration reactions that take place at higher P-T conditions could travel updip to ETS depths
(Katayama et al., 2012; Hyndman et al., 2015). Additional fluids may also be sourced from the
serpentinized mantle wedge. Specifically, Kirby et al. (2014) shows that heating of the relict
mantle wedge in the slab window can lead to the release of water through the dehydration of
serpentine. This dehydration may also occur in the current subduction zone mantle wedge if
temperatures have increased to the point of making serpentine thermally unstable. However, it is
unclear whether fluids released from the relict or current mantle wedge could supply fluids to the
plate interface or would migrate upwards into the overlying crust. Nevertheless, high pore-fluid
pressures generated by the updip migration of fluids may not be enough to facilitate ETS if the
appropriate fault rheology is not present. For example, heating from the slab window may
promote ductile deformation that prohibits shear faulting and tremor along the plate interface

even if high pore-fluid pressures are present (Shelly et al., 2007).
4.5.3 Synthesis and Implications

An analysis of nineteen ETS events suggests that fault slip associated with ETS does not
extend to the southern edge of the Gorda slab. Therefore, we hypothesize that the southern
termination of ETS marks a major shift in megathrust properties that is tied to changes in the
geometry of the Gorda slab and/or thermal conditions near the edge of the subduction zone,
which may in turn alter the deformation modes or pore pressure conditions along the plate
interface. In terms of slab geometry, a proposed southward dip at the southern edge of the Gorda
slab may combine with the slab bend to create a three-dimensional curling of the slab (Verdonk
& Zandt, 1994; Furlong & Schwartz, 2004). This complex geometry could lead to (1) a narrower
ETS zone that does not host large amounts of slip (Li & Liu, 2016; Perez-Silva et al., 2022) or
(2) heterogeneous shear-strength across the fault that acts as a barrier for ETS propagation
(Bletery et al., 2016, 2017). In terms of subduction zone temperatures, numerous models suggest
that the slab window south of the MTJ actively transfers heat to the adjacent Gorda slab and
North American lithosphere (Goes et al., 1997; van Wijk et al., 2001; Guzofski & Furlong, 2002;
Popov et al., 2012). Increases in subduction zone temperatures in Cascadia may (1) shift the
depth of the aseismic-seismic transition updip (Groom & Thorkelson, 2007) or (2) cause the

Gorda slab to release fluids at shallower depths above the ETS zone (Condit et al., 2020).



86
Overall, these proposed changes in subduction zone properties suggest that seismic deformation
does not take place along the plate interface below 35 km depth in southernmost Cascadia.

It is important to note that the processes presented above are likely interconnected. For
example, the three-dimensional geometry of the slab edge should influence how slab
temperatures evolve in response to the slab window, which in turn impacts the location of
different deformational modes along the plate interface. Therefore, better constraints on the
individual components of the subduction zone system, e.g. the geometry of the slab edge, and
future modeling of the interactions between the subduction zone and slab window are necessary
to determine the relative importance of each process. Outstanding questions that future models
could address include (1) how are slab temperatures impacted by different slab edge geometries,
(2) what is the spatiotemporal scale of subduction zone heating and how is it influenced by
different mantle flow patterns in the slab window (e.g. upwelling vs. toroidal flow), and (3) what
is the P-T path for the non-uniform portion of the Gorda slab and what does that mean for the
depth of fluid release? Furthermore, additional work on the near-continuous tremor patch found
by Wech (2021) would also help illuminate the state of ETS in southernmost Cascadia. For
example, a moment tensor analysis of individual LFEs could help to determine the source fault
of the tremor and clarify if ETS is shifted updip near the edge of the Gorda slab.

The results from this work are relevant to other systems that have a complex geometry
and/or slab window near the lateral edge of a subducting plate. For instance, the northern
terminus of the Cascadia subduction zone is defined by the lateral edge of the Explorer plate
beneath northern Vancouver Island. The distribution of earthquake hypocenters in this region
reveals significant warping of the subducted Explorer slab, wherein the plate interface deepens
~15 km along strike over a distance of <100 km (Hutchinson et al., 2020). Geochemical analysis
of basalts from the northern Cascade Arc also suggest that a slab gap or tear exists between the
Juan de Fuca and Explorer plates, allowing for enriched asthenosphere to flow into the Cascadia
mantle wedge (Mullen & Weis, 2015). Observations of ETS in northernmost Cascadia show a
non-uniform distribution of tremor, including decreased tremor activity at the northern end of the
subduction zone and a prominent gap in tremor near 49.5° N latitude (Kao et al., 2009).
Therefore, ETS behavior in northernmost Cascadia may be influenced by the warped geometry
of the Explorer plate, similar to what we observe in southernmost Cascadia and the Gorda plate.

In southern Chile, the varying dips and depth extents of the subducting Nazca and Antarctic
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plates beneath the South American plate help to form a slab window at the Chile triple junction
(Russo et al., 2010). In the southernmost portion of the Chilean subduction zone, the depth of
tremor along the Nazca plate shallows ~20 km as it approaches the edge of the subduction zone
and the slab window (Ide, 2012). This shallowing of tremor may correlate with plate age and
temperature (Ide, 2012), or it may represent another locale where increased temperatures from a

slab window are impacting the depth of ETS at the lateral edge of a subduction zone.

4.6 CONCLUSIONS

We analyze 5.5 years of tremor and GNSS time series data and identify 19 large ETS
events in southern Cascadia from 2016.5-2022. Distributed slip models indicate that fault slip
and tremor during these events are spatially correlated, with tremor during the largest ETS events
falling slightly updip of inter-ETS tremor. Our models also show that ETS terminates near 41 °N
latitude and does not extend to the southern edge of the Gorda slab. Therefore, we hypothesize
that seismic slip (i.e. tremor) does not take place along the plate interface below 35 km depth in
southernmost Cascadia and that the southern boundary of ETS reflects changes in megathrust
properties that are linked to changes in slab geometry and/or subduction zone temperatures.
Possible factors that influence ETS in southern Cascadia include the depth at which the Gorda
slab releases fluids, the width of the ETS zone, the optimal orientation of the plate interface to
local convergence, the depth of the seismic-aseismic transition, the migration patterns of fluids
within the subduction zone, and the pattern of shear-strength across the megathrust fault. Future
modeling studies that explore the geometric and thermal structure of the Gorda slab and
southernmost Cascadia subduction zone are needed to discern the primary controls on ETS in

this region.
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Figure 4.1 Map of the southern Cascadia subduction zone. Black arrows show plate motion
relative to North America (NA), blue lines delineate slab depth contours from Blair et al. (2013)
every 5 km starting at 15 km depth, purple polygon shows the outline of tremor locations from
the Pacific Northwest Seismic Network tremor catalog (https://pnsn.org/tremor) with the updip
tremor patch from Wech (2021) outlined with a dashed black line. Yellow and red circles show
the location of LFE families associated with the San Andreas fault system and megathrust,
respectively (Plourde et al. 2015; Ducellier & Creager, 2022). Overlapping cyan circles show an
anomalous pair of LFE families with near-continuous temporal activity. Orange region shows the
location of the inferred slab window (SW). State names (red lettering): OR, Oregon; CA,

California.
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Figure 4.2 Map of tremor locations in southern Cascadia from the Pacific Northwest Seismic
Network tremor catalog (https://pnsn.org/tremor). Red dots show the tremor that is included in
the nineteen labeled ETS events. The California-Oregon border is at a latitude of 42°.
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Figure 4.3 Time series plots for station P343 showing the results of the algorithm used to

estimate the timing of ETS transients. A Fully processed east component time series data (black

dots) with all of the initial days flagged by the algorithm shown in red as representing transient

displacements. B Results from the centered 14-day moving sum of the daily displacements

(black dots) with all days falling below the -0.5 mm threshold (dashed red line) shown in red. C

Processed east component time series data without smoothing (black dots) with all of the

transients from panel A with durations longer than week shown in red. Displacements associated

with ETS events in this study are labeled with red numbers and correlate with the event numbers

from Figure 4.2.
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Figure 4.4 GNSS surface displacements and transient times for ETS Event 1 (August 2016)
indicated in Figure 2. A Map showing tremor locations (colored dots) and GNSS surface
displacements (black vectors) for ETS Event 1. Purple vectors show displacements at index
stations and orange triangles indicate the locations of manually added index stations. Tremor is
colored according to the number of days since the first tremor occurrence, with the scale
provided in the bottom right-hand corner. This event exhibits diminished tremor activity to the
south despite a clear signal at the GNSS stations. B Plot showing the time periods used to
calculate the surface displacements for each GNSS in panel A. Tremor for Event 1 is shown with
colored dots and uses the same scale as panel A. Each horizontal bar indicates the time spanned
by an individual GNSS station and the vertical placement of the bar corresponds to the station’s

latitude.
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Figure 4.5 Model results for ETS event 15 (June 2020). A Vector map showing horizontal
surface displacements for ETS event 15. Circles show the location of tremor during the event and
are colored by the number of days that passed since the first instance of tremor (June 23, 2020).
B Distributed slip model from our inversion with the contours (black lines with green shading)
outlining every 2 mm of fault slip. C Vector map showing the predicted surface displacements
resulting from the slip model in panel B. D Vector map showing the surface projection of fault
slip on the megathrust fault. Arrows are scaled by magnitude. E Vector map showing the misfit
between the observed and predicted surface displacements and tremor locations with orange

circles. Red ellipses show 1o error.
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Figure 4.6 Maps of cumulative slip and tremor results for all of the nineteen ETS events in
southern Cascadia. A Colored contours show the total fault slip magnitudes on the plate interface
from summing all nineteen slip models. Dashed red lines delineate slab depth contours at 10km
intervals. B Background colors show the distribution of tremor during the nineteen ETS events,
overlain green contours outline total ETS fault slip above 60 mm from panel A with 20 mm
intervals, dashed purple lines and blue line delineate plate depth contours and the southern edge
of the Gorda slab from Blair et al. (2013), respectively. C Background colors show the
distribution of inter-ETS tremor from time periods outside of the nineteen ETS events, overlain
green contours outline total slip above 60 mm from panel A with 20 mm intervals, and dashed
purple and blue lines delineate plate depth contours and the southern edge of the Gorda slab from

Blair et al. (2013), respectively.
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Figure 4.7 Maps of fault slip in southern Cascadia, with colored contours showing the
cumulative fault slip magnitudes from the nineteen ETS events in this study. A Yellow and red
circles show the location of LFE families associated with the San Andreas fault system and
megathrust, respectively (Plourde et al., 2015; Ducellier & Creager, 2022). Cyan circles show
anomalous LFE families with short recurrence intervals. Black dashed circle outlines the region
of near-continuous tremor from Wech (2021). Purple lines delineate slab depth contours from
Blair et al. (2013) every 5 km starting at 15 km depth. B Colored lines delineate the estimated
location of the slab edge from the five studies listed below the panel. Black dots show
earthquake locations from Guo et al. (2021).
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Chapter 5. SUMMARY AND FUTURE WORK

The Cascadia subduction zone is a well-instrumented plate margin with a dense regional
array of seismic and GNSS stations, making this region a prime location to study strain release at
a convergent margin. SSEs are recognized as an important mode of strain release in subduction
zone systems and are associated with specific conditions along the plate interface, such as high
pore-fluid pressures. Therefore, studying the spatiotemporal patterns of SSEs in Cascadia
provides insights on the plate interface environment and how it changes along-strike and -dip.
Important insights on seismic hazards at convergent margins are provided by the direct
observation of earthquakes. However, the Cascadia subduction zone has not hosted a large
megathrust earthquake in over three centuries, making it difficult to study past earthquake
behavior and characterize seismic hazard in this region. Strain release via SSEs and slip on
crustal faults impacts the distribution of strain along the megathrust and influences the
generation of megathrust earthquakes and the overall seismic cycle. Therefore, studying the
behavior of SSEs and crustal faulting in Cascadia also sheds light on the state of strain along the
megathrust and informs our understanding of seismic hazards in the region.

In Chapter 2, I analyzed 13 years of GNSS time series data and discovered evidence for a
small long-term SSE in southern Cascadia from 2012.45 to 2014. Furthermore, I found that the
maximum horizontal surface displacements and fault slip amplitudes for this event were an order
of magnitude smaller than most long-term SSEs at other subduction zones. This result suggests
that conditions along the Cascadia subduction zone are somehow different from other systems
that are capable of hosting multiple large long-term SSEs. I propose that the size and frequency
of long-term SSEs in Cascadia are limited by the down-dip width of the semi-frictional zone, and
that southern end of Cascadia may be the only location where this zone is wide enough to host
resolvable long-term SSEs for this subduction zone. Future work could test this hypothesis by
estimating the width of the semi-frictional zone in southern Cascadia using thermal numerical
models similar to Gao and Wang (2017). In this chapter, I also found potential evidence for a
second long-term SSE in southern Cascadia that started in early 2017 and was ongoing as of
2019. With more data having been collected since this study, future work could focus on

analyzing more recent GNSS time series data from southern Cascadia to test whether this signal
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is due to long-term slow slip or some other process. Overall, future studies that focus on longer
time series can help identify more long-term SSEs and constrain the recurrence interval for these
events. Furthermore, this work would help to better understand what proportion of the slip
budget is accommodated by transient slow slip in southern Cascadia.

In Chapter 3, I constructed block models of the Mendocino triple junction (MTJ) region
to analyze how crustal faults facilitate interseismic strain in the southern Cascadia forearc. This
is the first study to use detailed elastic block models to explore strain partitioning among crustal
faults in this region. Furthermore, this study will help constrain fault slip rates that are
incorporated into the national seismic hazard maps. Results from this work suggested that the
Little Salmon and Mad River fault zones both accommodate some degree of right-lateral slip in
the forearc. However, these fault zones are typically regarded as thrust structures, and previous
geologic work has focused on measuring the vertical slip rates along these faults. Therefore,
future work could involve searching for field evidence of lateral slip along these fault structures
to provide independent geologic slip rates for comparison with the slip rate estimates from this
chapter. Similar work could also be done for vertical slip rates along the Grogan fault. The block
model results from this chapter also show that the Bear River fault zone (BRFZ) has the highest
right-lateral and reverse slip rates of any crustal fault in the model. Regional strain rate maps
from this work also showed high shear strain rates around the BRFZ, indicating that this region
north of the MT]J is experiencing significant strain. However, it is unclear whether the BRFZ
experiences high slip rates, or if slip on other nearby structures is collapsed onto the BRFZ in the
block models. Therefore, future work could focus on constraining slip rates along the BRFZ and
looking for other potential active structures in this region to clarify how strain is accommodated
directly north of the MTJ. Lastly, the block models in this chapter were limited in the range of
geodynamical processes that were considered. In particular, these elastic models did not
consider mantle-lithosphere interactions associated with the slab window. Crustal deformation
predicted by the crustal conveyor model was not incorporated into the block model framework
(Furlong & Govers, 1999). Therefore, future work could include building detailed finite element
models that incorporate dynamic mantle processes and far-field stresses to provide additional
independent fault slip estimates.

In Chapter 4, I analyzed 5.5 years of tremor and GNSS time series data and identified 19
large ETS events in southern Cascadia from 2016.5-2022. Distributed slip models for these
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events revealed that ETS fault slip and tremor terminate near 41 °N latitude and do not extend to
the southern edge of the subduction zone. Therefore, I hypothesized that ETS does not occur in
southernmost Cascadia due to the geometry of the Gorda slab and increased temperatures near
the edge of the subduction zone. However, there is still uncertainty surrounding the structure of
the Gorda slab at the edge of the subduction zone and how the thermal gradient of the slab
changes as a function of distance from the slab window. As a result, potential avenues for future
research include 1) refining the geometry of the Gorda slab, 2) modeling the thermal state of the
slab in response to the slab window, and 3) testing how different slab geometries impact the
thermal evolution of the slab. Overall, this work elucidates the complex nature of the lateral slab
edge, and provides an avenue to separate out the dominant controls on ETS behavior.

This work focuses specifically on the Cascadia subduction zone, but the results presented
in this dissertation can be applied and tested at other subduction zone systems around the world.
For instance, this work demonstrates that crustal faults impact the accumulation of strain along
the megathrust in southern Cascadia. Future work at other subduction zones could extend this
finding by analyzing the characteristics of past megathrust earthquakes and seeing if their
behavior is influenced by the distribution of active crustal faults along the margin. Also, many
subduction zones contain lateral slab edges that mark the end of the convergent margin.
Therefore, future studies could analyze ETS near these edges to help refine our understanding of

what properties influence ETS behaviors in subduction zone systems.
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APPENDIX 1: SUPPLEMENTARY MATERIALS FOR

CHAPTER 2

Text Al.1 Leveraging the Pacific Northwest Seismic Network (PNSN) tremor catalogue (from
https://pnsn.org/tremor), we have collected the timing of all tremor events within 50 km of
station P332 from 2009-2019. Figure A1.1 shows these tremor counts binned into three-day
intervals and normalized by the highest tremor count, along with the STL remainder (R)
component for station P332. The majority of tremor spikes in Figure Al.1 correlate with
eastward transients in the data, representing nearby SSEs. The few spikes that do not line up with
transients, e.g. late 2011, likely represent more distal SSEs that did not impart a signal on station
P332. Furthermore, we believe that the reduced tremor amplitude after 2016 is due to PNSN

network changes and does not reflect a lack of SSEs in the R component time series.
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Figure A1.1 Comparison of the remainder east component (blue) for station P332 and local

tremor activity (red). The tremor count includes any tremor located within 50 km of station P332
and is binned into three-day intervals and normalized. Tremor data are sourced from the Pacific
Northwest Seismic Network tremor catalogue (Wech, 2010). Spikes in tremor indicate the timing

of nearby short-term slow slip events and coincide with the grey bars in Figure 2.3c.
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Text A1.2 The deconstruction of the GNSS time series is controlled by 6 parameters in the STL
analysis, which are summarized in Table S3. Please refer to Cleveland et al. (1990) for more

details about how STL is implemented and how these parameters impact the data results.

Parameter Name Parameter Description Parameter Value
np number of observations in each cycle of the 365
seasonal component

nj number of passes through the inner loop 1
Ny number of robustness iterations of the outer 10
loop
ny smoothing parameter for the low-pass filter 365
n smoothing parameter for the trend 633
component
Ng smoothing parameter for the seasonal 11
component

Table A1.1 Summary of the parameters used in the STL analysis.
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Figure A1.2 Map of stations used for calculating common mode signals and the resulting
common mode stations by latitude. a Map of GNSS stations (dots), showing the location of
stations (red) that were used to calculate common mode signals. Station P332 (in northern
California) is enclosed by a triangle. b The resulting common mode signals for blue stations in

panel a, ordered by latitude.
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Figure A1.3 STL results for GNSS stations P395 (left column) and P415 (right column). Top
row shows the original GNSS time series data (orange) and the trend (T) component from STL
(blue). Middle row shows the seasonal (S) component from STL. Bottom row shows the
remainder (R) component from STL. Stations P395 and P415 are in the vicinity of the 2008.75-
2009.75 and 2017.6-2019 transients, respectively.
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Figure A1.4 Resulting 1,000 synthetic time series after our cleaning method was applied. These
traces were ultimately used to calculate the average error margin for our STL processing

technique.
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Text A1.3 In order to test the sensitivity of our STL processing technique, we created synthetic
time series that contained long-term transients with 1 or 2 mm of negative offset over a one-year
period. In certain scenarios, we also included subsequent long-term transients with positive offset
of 1, 2, or 3 mm. We created 1,000 time series for each scenario, and slopes and noise were
added to each synthetic time series as described in Section 2.2.1 of the main text. All of the time
series were then reduced using our five-step cleaning method. Figure A1.5 shows the results for
each scenario, including the transients before the addition of noise (red), an example of one of
the final reduced time series after cleaning (green), and the average product for all of the 1,000
final reduced time series (blue). Panels a-c show how the 1 mm negative transient and
subsequent positive transients can easily be lost within the noise in both the example and average
time series. In comparison, the 2 mm negative transients and the following positive transients are

relatively well defined in panels d-f.
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Figure A1.5 Results for the different transient scenarios. Each panel shows the transients before

the addition of noise (red), an example of one of the final reduced time series after cleaning

(green), and the average product for all of the 1,000 final reduced time series (blue). a 1 mm

negative offset and no positive offset. b 1 mm negative offset followed by 1 mm positive offset.

¢ 1 mm negative offset followed by 2 mm positive offset. d 2 mm negative offset and no positive

offset. e 2 mm negative offset followed by 2 mm positive offset. f 2 mm negative offset followed

by 3 mm positive offset.
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Figure A1.6 Horizontal displacements from our residual time-series data at GNSS stations
during one-year epochs. Each epoch begins at the start of the water year to minimize seasonal
signals. Original time series solutions are provided by the Pacific Northwest Geodetic Array
(PANGA), which are then cleaned to produce residual displacements. Yellow ellipses outline

sets of stations with coherent motion.
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Figure A1.7 Horizontal displacements from our residual time-series data at GNSS stations
during one-year epochs. Each epoch begins at the start of the water year to minimize seasonal
signals. Original time series solutions are provided by the Scripps Orbit and Permanent Array

Center (SOPAC), which are then cleaned to produce residual displacements. Yellow ellipses

outline sets of stations with coherent motion.
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Figure A1.8 Comparison of residual data from different processing centers. a Residual

horizontal displacements using PANGA solutions. b Residual horizontal displacements using

SOPAC solutions. Similar results using NGL solutions are shown in Figure 2.5b.
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Figure A1.9 Yearly snapshots of variable soil moisture content in Cascadia relative to the 2006-
2019 average. The thirteen-year mean has been removed from each epoch. Soil moisture data
was obtained from the land surface model for Phase 2 of the North American Land Data

Assimilation System (NLDAS-2) (Mocko et al., 2012; Xia et al., 2012).
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Figure A1.10 Yearly snapshots of variable snow water equivalent (SWE) in Cascadia relative to
the 2006-2019 average. Blue colors indicate years with a relatively large snowpack. The thirteen-
year mean has been removed from each epoch. SWE data was obtained from the land surface
model for Phase 2 of the North American Land Data Assimilation System (NLDAS-2) (Mocko
et al., 2012; Xia et al., 2012).
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Figure A1.11 Comparison of the GNSS time series data at station P332 before (green) and after
(purple) the removal of the common mode signal (red). Note how the removal of the common
mode signal enhances the 2012.45 - 2014 transient at this station, but only by a fraction of the
initial transient amplitude. Therefore, the common mode only acts to slightly increase the

amplitude of the transient and is not responsible for creating the signal entirely.
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Figure A1.12 Trade-off curve between misfit and model roughness, where each circle denotes

an inversion result using a given smoothing parameter. The filled circle represents the smoothing

parameter chosen for the final inversion.
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Figure A1.13 Sensitivity test results used for determining updip and downdip depth limits for
the fault model used in the inversion. a Results for the series of slip inversions where the updip
depth of the fault model was held constant and the downdip depth of the fault model was varied.
Chi-square is plotted as a function of downdip depth and the filled circle represents the chosen
downdip limit for the fault model used in our inversion. b Results for the series of slip inversions
where the downdip depth was held constant and updip depth was varied. Chi-square is plotted as
a function of downdip depth and the filled circle represents the chosen downdip limit for the final

fault model used in our inversion.
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Figure A1.14 Inversion results from horizontal NGL GNSS displacements from 2012.2-2019. a
Final slip model from our inversion with contours (black lines with green shading) outlining
every 2 mm of fault slip, slab depth contours (red lines, km), tremor locations during the event
(orange dots), and the contour of 20% locking (Schmalzle et al., 2014), representing the base of
the seismogenic zone (thick purple line). b Vector map comparing observed (red) and modelled

(green) GNSS displacements.
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Figure A1.15 Inversion results from horizontal NGL GNSS displacements from 2017.6-2019. a

Final slip model from our inversion with contours (black lines with green shading) outlining

every 2 mm of fault slip, slab depth contours (red lines, km), tremor locations during the event

(orange dots), and the contour of 20% locking (Schmalzle et al., 2014), representing the base of

the seismogenic zone (thick purple line). b Vector map comparing observed (red) and modelled

(green) GNSS displacements.
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Date Region Displacement Observed
Maximum Surface
Displacement®

(mm)
2008.75 —2009.75 Northern Oregon Westward 1.4
2012.45-2014 Northern California Westward 3.7

& Southern Oregon
2014 —-2017.2 Northern California Eastward 4.1
2017.2 -20192 Northern California Westward 20
2017.6 — 2019 Southern Westward 1.9°
Washington

* We are most confident in transients with >2 mm of maximum surface displacement.

2 This represents a lower limit for duration, as our study period ended while this transient was
possibly ongoing.

b This represents a lower limit for maximum displacement, as our study period ended while this
transient was possibly ongoing.

Table A1.2 A summary of the transient events found in this work.



APPENDIX 2: SUPPLEMENTARY MATERIALS FOR
CHAPTER 3

Text A2.1 We calculate independent GPS station velocities to ensure that the published
velocities are not biased by short-term tectonic signals such as slow slip events. In order to
calculate station velocities, we start with the original horizontal GPS time series data provided by
the Central Washington University in the NAM14 stable North American reference frame. We

process these time series data using the following steps:

1) Outliers (positions more than 50 mm away from adjacent epochs) were removed.
2) Steps due to earthquakes and equipment changes were removed. The timing of steps was
determined by the GAGE offsets from the Central Washington University (found at

ftp://data-out.unavco.org/pub/products/offset). Step offsets were estimated by

differencing the average positions 21 days before the event and 21 days after the event.

3) A 30-day moving average was applied to filter out unwanted high frequency noise.

4) Each time series was decomposed into seasonal (S), trend (T), and remainder (R)
components using a seasonal trend decomposition method based on loess (STL)
(Cleveland et al., 1990). Previous applications of the STL algorithm on GPS time series
data shows that the S and R components are able to successfully remove signals from
seasonal processes and short-term slow slip events, respectively (Nuyen & Schmidt,
2021). Therefore, the T component captures the background trend in GPS time series data
and is not strongly influenced by seasonal and short-term slow slip signals.

5) We fit a line to the T component, and use the slope of this line as the horizontal velocity.

Our resulting independent station velocities are compared to the published velocities in Figure
A2.1. Aside from a coherent NW signal at stations along the coast (Figure A2.1B), our velocity

estimates are similar to the published velocities.
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Figure A2.1 Comparisons between our independent and published GPS station velocity
estimates. A Map comparing our independent (red) and published (black) velocity vectors. The
vectors are similar enough that the red vectors overlie and hide the majority of black vectors. B
Map showing residual vectors (blue) between our independent and published velocities. The
single red vector delineates the station where the residual is equal or greater than 1 mm/yr, all

other residuals are less than 1 mm/yr.
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Figure A2.2 Map of Model 8 block geometry showing the locations of all pseudo-faults. The
block boundaries are delineated by black lines and the block boundaries that are composed of
pseudo-faults are overlain with red. Pseudo-faults are constructed using only surface nodes, so
they do not have any depth component. Additionally, these ‘faults’ are forced to have zero

locking, making them free-slip boundaries.
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Figure A2.3 Results from our megathrust locking analysis. Each panel shows the results for a
given block geometry, which is denoted by the panel title. Each point represents a full model run,
and the location of a point describes the updip limit of full locking (x-axis) and the downdip limit
of full slip (y-axis) used to constrain the model. Points are colored by the resulting y? misfit for
each model. y? misfit values are provided for points with relatively high values that fall beyond
the scale to the right. All four panels show an updip limit of 10 km and a downdip limit of 25 km

yields the lowest y? misfit for all four block geometries.
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Figure A2.4 Histograms showing the distribution of y? misfit (left) and BIC scores (right) from

the bootstrap analysis. Histograms are colored by geometry and labeled in the top right-hand

corner of the panels in the right-hand column. The values in the top left-hand corner of each

panel represent the mean value for each distribution.
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-126° —124° —122°
Figure A2.5 Maps showing the average misfit between observed and modeled GPS
displacements from the bootstrapping analysis for geometries 5 (left), 6 (middle), and 7 (right).
Red ellipses represent 20 error and all panels share the same scale in the bottom left-hand corner,

showing a 1 mm/yr error ellipse.

Text A2.2 Slip rate results for the main strands of the San Andreas fault system (SAFS) are
shown below in Figures A2.6, A2.7, and A2.8, and Tables A2.1, A2.2, and A2.3. Overall, these
results show consistent slip rates for the SAFS across all four of the model geometries. We
observe multiple peaks in many of the slip rate distributions and attribute this multimodal
behavior to changes in the fault strike from north to south. For example, while the majority of the
San Andreas fault (SAF) is transtensional in these models, reverse slip rates are observed west of
longitude -124° (Figure A2.6D). These reverse slip rates manifest as the negative peak in Figure
A2.6C and may reflect a change in the obliquity of plate motion along the SAF (Beeson, et al.
2017). Variability in the sign (+/-) of slip rate values along the length of a fault can also lead to
misleadingly low median values. In that case, it is helpful to inspect the along-strike line plots in

panel D of each figure to see which portions of the fault experience which type of slip.
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Figure A2.6 Bootstrapping fault slip rate results for the San Andreas fault. A Histograms of total
slip rate. Histograms are colored by geometry, shown in the upper-right-hand of the panel. B
Histograms of the left-lateral component of slip rate. Negative values indicate right-lateral slip
rates. C Histograms of the reverse component of slip rate. Negative values indicate normal slip
rates. D Line plots showing the median slip rate values at nodes along the fault. Inverted
triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are colored by

geometry and match the coloring in panels A, B and C.

5 6 7 8
Total Slip 18.2 18.0 18.2 18.2
(mm/yr) (17.3-19.4) (17.0-19.2) (17.2-19.4) (17.3 -19.5)
Reverse Slip -1.0 -1.0 -1.0 -1.0
(mm/yr) (2.6 -2.1) (-2.6 - 1.5) (-2.6 - 1.8) (2.6 -1.1)
Left-lateral Slip -18.0 -17.9 -18.0 -18.0
(mm/yr) (-19.2t0 -17.0) | (-19.0t0-16.8) | (-19.2to-17.1) | (-19.3to -17.1)

Table A2.1 Bootstrap slip rate results for the San Andreas fault. Model geometry is indicated in

the top row and all ranges in parentheses represent the 68% confidence interval. Red values

indicate slip rate values from our preferred geometry.
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Figure A2.7 Bootstrapping fault slip rate results for the Maacama fault. A Histograms of total
slip rate. Histograms are colored by geometry, shown in the upper-right-hand of the panel. B
Histograms of the left-lateral component of slip rate. Negative values indicate right-lateral slip
rates. C Histograms of the reverse component of slip rate. Negative values indicate normal slip
rates. D Line plots showing the median slip rate values at nodes along the fault. Inverted
triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are colored by

geometry and match the coloring in panels A, B and C.

5 6 7 8
Total Slip 8.9 8.8 8.9 8.9
(mm/yr) (7.6 - 10.0) (7.5-10.0) (7.5-10.0) (7.5-10.1)
Reverse Slip 0.9 1.1 0.9 0.9
(mm/yr) (-1.5-3.4) (-1.5-3.7) (-1.6-3.4) (-1.5-3.5)
Left-lateral Slip -8.7 -8.6 -8.6 -8.6
(mm/yr) (9.6 to -7.3) (-9.5to -7.3) (9.6 to -7.3) (9.6 to -7.3)

Table A2.2 Bootstrap slip rate results for the Maacama fault. Model geometry is indicated in the

top row and all ranges in parentheses represent the 68% confidence interval. Red values indicate

slip rate values from our preferred geometry.
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Figure A2.8 Bootstrapping fault slip rate results for the Bartlett Springs fault. A Histograms of
total slip rate. Histograms are colored by geometry, shown in the upper-right-hand of the panel.
B Histograms of the left-lateral component of slip rate. Negative values indicate right-lateral slip
rates. C Histograms of the reverse component of slip rate. Negative values indicate normal slip
rates. D Line plots showing the median slip rate values at nodes along the fault. Inverted
triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are colored by

geometry and match the coloring in panels A, B and C.

5 6 7 8
Total Slip 7.3 7.5 7.2 7.3
(mm/yr) (6.6 - 8.5) (6.8 -8.4) (6.5-8.3) (6.5-8.3)
Reverse Slip 0.9 1.6 0.9 1.2
(mm/yr) (-4.9 -3.8) (-3.9-4.1) (-4.7-3.7) (-4.4-3.9)
Left-lateral Slip -6.5 -6.7 -6.4 -6.5
(mm/yr) (-7.1 to -5.7) (-7.3 t0 -6.0) (-7.0 to -5.6) (-7.1t0 -5.7)

Table A2.3 Bootstrap slip rate results for the Bartlett Springs fault. Model geometry is indicated

in the top row and all ranges in parentheses represent the 68% confidence interval. Red values

indicate slip rate values from our preferred geometry.
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Figure A2.9 Bootstrapping fault slip rate results for the Garberville fault zone. A Histograms of
total slip rate. Histograms are colored by geometry, shown in the upper-right-hand of the panel.
B Histograms of the left-lateral component of slip rate. Negative values indicate right-lateral slip
rates. C Histograms of the reverse component of slip rate. Negative values indicate normal slip
rates. D Line plots showing the median slip rate values at nodes along the fault. Inverted

triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are colored by

geometry and match the coloring in panels A, B and C.

5 6 7 8
Total Slip 16.9 19.5 16.6 17.0
(mm/yr) (13.2-22.2) (14.8 - 24.7) (12.9 -21.9) (13.1-22.3)
Reverse Slip -1.3 -2.7 -1.4 -1.8
(mm/yr) (-7.4-5.1) (-8.1-2.8) (-7.4-4.6) (-8.0-4.4)
Left-lateral Slip -16.0 -18.6 -15.7 -15.9
(mm/yr) (-20.7to -11.6) | (-23.2to-14.1) | (-20.5to-11.4) | (-20.6to-11.4)

Table A2.4 Bootstrap slip rate results for the Garberville fault zone. Model geometry is indicated

in the top row and all ranges in parentheses represent the 68% confidence interval. Red values

indicate slip rate values from our preferred geometry.
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Figure A2.10 Bootstrapping fault slip rate results for the Eaton Roughs fault zone. A Histograms

of total slip rate. Histograms are colored by geometry, shown in the upper-right-hand of the

panel. B Histograms of the left-lateral component of slip rate. Negative values indicate right-

lateral slip rates. C Histograms of the reverse component of slip rate. Negative values indicate

normal slip rates. D Line plots showing the median slip rate values at nodes along the fault.

Inverted triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are

colored by geometry and match the coloring in panels A, B and C.

6 7 8
Total Slip 6.4 4.1 4.5
(mm/yr) (5.5-7.3) (3.2-5.0) (3.4-5.9)
Reverse Slip 0.1 1.0 1.1
(mm/yr) (-1.0to 1.1) (0.3-1.6) (0.1 -1.8)
Left-lateral Slip -6.4 -3.9 -4.4
(mm/yr) (-7.3t0 -5.5) (-4.8t0 -3.1) (-5.6 t0 -3.2)

Table A2.5 Bootstrap slip rate results for the Eaton Roughs fault zone (ERFZ). Model geometry

is indicated in the top row and all ranges in parentheses represent the 68% confidence interval.

Red values indicate slip rate values from our preferred geometry. Geometry 5 does not include

the ERFZ.
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Figure A2.11 Bootstrapping fault slip rate results for the Bear River fault zone. A Histograms of
total slip rate. Histograms are colored by geometry, shown in the upper-right-hand of the panel.
B Histograms of the left-lateral component of slip rate. Negative values indicate right-lateral slip
rates. C Histograms of the reverse component of slip rate. Negative values indicate normal slip
rates. D Line plots showing the median slip rate values at nodes along the fault. Inverted

triangles and circles delineate left-lateral and reverse slip rates, respectively. Lines are colored by

geometry and match the coloring in panels A, B and C.

5 6 7 8
Total Slip 27.9 31.2 27.8 27.9
(mm/yr) (22.6 - 32.0) (26.8 - 35.7) (22.6 -31.9) (22.3-32.3)
Reverse Slip 4.6 9.2 5.2 5.6
(mm/yr) (-8.4to 14.1) (-5.9to 16.6) (-8.4 to 14.4) (-8.6 to 15.0)
Left-lateral Slip -25.7 -29.3 -25.5 -25.4
(mm/yr) (-29.3t0 -19.4) | (-32.9 to0 -24.9) (-29.1 to -19) (-29.5 to -17.6)

Table A2.6 Bootstrap slip rate results for the Bear River fault zone. Model geometry is indicated

in the top row and all ranges in parentheses represent the 68% confidence interval. Red values

indicate slip rate values from our preferred geometry.
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Text A2.3 The average strain rate results and average block motion results from the bootstrap
analysis are displayed in Figure A2.12 for geometries 5-8. Overall, the results are fairly
consistent across all of the geometries. For geometry 8, all of the blocks within the North
American plate are moving to the Northwest with varying velocities. This motion is consistent
with the northwest migration and impingement of the Sierra Nevada-Great Valley block
(Williams et al., 2006; McKenzie & Furlong, 2021). In terms of block strain, the two
southernmost blocks associated with the San Andreas fault system show shear-to-extensional
strain rates. Moving to the north, the forearc blocks begin to show large components of ENE-
oriented compression. However, the MAD block (Figure A2.16) exhibits extensional strains.
Inspection of the bootstrap results shows that there is a bimodal distribution of strain for this
block, wherein one of the peeks lies near zero and the other lies in the extensional regime.
Therefore, although the average strain rate results favor extension, the alternate result provides
strain rates that are more consistent with shear. This alternate result is consistent with our
regional strain rate maps (Figure 3.2) and with non-zero right-lateral slip-rates on the MRFZ and

Little Salmon systems.
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Figure A2.12 Bootstrap results for average strain rates (red arrows) and block motions (blue
vectors) for block geometries 5-8. Geometry number is indicated in the bottom left-hand corner

of each panel and all maps share the same scale shown for geometry 5.
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Text A2.4 Figures A2.13, A2.14, A2.15, and A2.16 show the boundaries and names of the
blocks used for geometries 5-8. All of the models share identical Juan de Fuca (JDF), Pacific
(PAC), Offshore (OFFS), BEAR, MAC, and BART blocks. With the exception of the North
America block (NA), all of the onshore blocks are named after the north-bounding fault:
Maacama (MAC), Bartlett Springs (BART), Bear River fault zone (BEAR), Little Salmon
(SALM), Mad River fault zone (MAD), and Grogan (GROG). Tables A2.7, A2.8, A2.9 and
A2.10 provide the average Euler pole and strain rate bootstrap results for geometries 5-8, where
&1 1s the most compressive strain rate, & is the least compressive strain rate, and Azimuth is the
azimuth of & in degrees clockwise from North. For these strain rate values, negative values

correspond to compression and positive values correspond to extension.
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. Block boundaries (black lines) and names used for geometry 5.

Block | Latitude | Longitude Rotation &1 & Azimuth
(°N) (°E) Rate (°/Ma) (p-strain) (p-strain) ©)

BART [ 6.23 + -152.46+ | 0.28 £0.03 -12.9+10.7 78.4+22.6 179.2 £ 8.2
4.47 3.31

BEAR | 47.24+ | -107.10+ | -1.42+0.05 | -129.2 £363.4 [ 398.0+398.2 | 78.0 +£33.9
1.40 2.12

GROG | 43.01+ | -117.22+ | -1.25+0.08 -25.6+26.2 553+87.8 [117.2+32.0
0.56 0.83

MAC 4.64 + -156.62+ | 0.39+0.02 -72.6 +10.7 38.9+6.7 21.2+3.6
2.80 2.11

NA 4369+ | -118.76 + | -1.31 £0.01 -119+14 21.1+£29 6.0+£23

0.07 0.06

OFFS | 45.18+ | -118.13+ | -1.19+0.15 - - -
0.61 1.06

SAIM | 4345+ | -114.03+ | -1.35+0.03 | -256.0 +79.1 32.1+21.0 69.6 + 8.1
0.28 0.57

Table A2.7. Average Euler pole and strain rate results for geometry 5 from bootstrap analysis.
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Figure A2.14 Block boundaries (black lines) and names used for geometry 6.

Block | Latitude | Longitude Rotation &1 & Azimuth
(°N) (°E) Rate (°/Ma) (p-strain) (p-strain) ©)

BART | 10.38+ | -149.89+ | 0.31+0.04 -6.0+ 8.6 87.6 2522 [ 1753 +8.2
4.34 3.17

BEAR | 47.24+ | -10690+ | -1.45+0.06 | -214.9+679.4 | 314.9 £362.8 | 67.5+20.7
1.99 1.76

GROG | 43.75+ | -11821+ | -1.29+0.09 - - -
0.44 0.41

MAC 1.70 + -158.88+ | 0.37+0.02 -71.8+11.4 39.4+6.7 21.4+36
2.89 2.16

MAD | 4277+ | -114.81+ | -1.31+£0.04 | -182.1+45.2 -6.5+11.5 76.9+7.6
0.34 0.54

NA 4377+ | -118.86 + | -1.31+0.02 -12.6+1.3 20.1+£2.7 32+1.9

0.06 0.08

OFFS | 4565+ | -118.52+ | -1.23+£0.18 - - -
1.16 0.75

Table A2.8. Average Euler pole and strain rate results for geometry 6 from bootstrap analysis.
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Figure A2.15. Block boundaries (black lines) and names used for geometry 7.

Block | Latitude | Longitude | Rotation Rate &1 & Azimuth
(°N) (°E) (°/Ma) (p-strain) (p-strain) ©)

BART | 8.86+ -150.58 = 0.30+0.03 -12.5+10.4 77.5+21.6 [179.4+8.2
4.35 3.16

BEAR | 4730+ | -107.32 + -1.42+0.12 | -185.7+538.2 | 340.4 +£326.3|73.9+31.3
1.12 1.47

MAC 247+ -158.18 = 0.38 +0.02 -73.4+11.6 39.1+6.9 21.2+3.7
2.88 2.17

MAD | 44.06+ | -115.37 £ -1.25+0.10 -169.9+453 2.5+355 65.4+18.7
0.49 0.90

NA 4378 £ | -118.76 £+ -1.31 +£0.00 -125+14 23.4+27 7.0+2.1

0.07 0.07

OFFS | 4542+ | -118.07 + -1.19+0.15 - - -
0.64 1.07

SALM | 43.52+ | -114.24 + -1.35+0.05 -228.9+82.0 28.1+£255 |72.4+125
0.30 0.65

Table A2.9 Average Euler pole and strain rate results for geometry 7 from bootstrap analysis.
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Figure A2.16. Block boundaries (black lines) and names used for geometry 8.
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Block | Latitude | Longitude Rotation &1 & Azimuth
°N) (°E) Rate (°/Ma) (n-strain) (n-strain) ©

BART | 11.20+ | -149.02 + 0.32+0.03 -10.5+9.8 81.3+233 [177.6+8.4
3.54 2.60

BEAR | 47.18+ | -107.02 + -1.4+0.09 |-2373+658.9|354.5+360.9|71.9+284
1.58 1.80

GROG | 43.10+ | -11829+ | -1.37+0.08 - - -
0.32 0.37

MAC 4.69 + -156.55 = 0.39+0.02 -73.3+10.8 38.7+6.6 21.2+3.6
2.77 2.10

MAD 4454 + | -116.23+ | -1.26+0.07 -293+61.1 [129.2+1134 139.6 +
1.05 1.04 359

NA 4374 + | -118.81+ | -1.324+0.02 -12.1+14 249 +27 5.1+2.1

0.07 0.07

OFFS 4558 + | -117.99+ | -1.17+0.17 - - -
0.67 1.13

SALM | 43.58+ | -113.97+ | -1.32+0.04 | -214.8+90.8 27.2+30.1 |71.5+12.1
0.37 0.62

Table A2.10 Average Euler pole and strain rate results for geometry 8 from bootstrap analysis.

BRFZ | BS |ERFZ| Ga | Gr | LS | Ma | MRFZ | Off | Sa
Dip
Angle 60 89 89 89 89 | 30 | 60 35 45 89
)

Table A2.11 Dip values for the crustal faults in our block models. Note that TDEFNODE does

not allow for dips of 90°, so vertical faults are assigned dips of 89°.
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Difference in Slip Deficit Rate (mm/yr)

Figure A2.17 Map of the MTJ region showing the difference in slip deficit rates on the

megathrust between geometries 5 and 8, where positive values indicate higher slip deficit rates in
geometry 8 compared to geometry 5. Changes in slip deficit rate due to the OFFS block are not

included. Magenta lines delineate the block boundaries for geometry 8.
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CHAPTER 4
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Figure A3.1 Map of displacements for ETS event 9 before the removal of the common mode

signal.
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Figure A3.2. Results from our megathrust depth analysis. Left Results for the downdip limit of

the megathrust fault. The vertical bar indicates the updip depth constraint and each empty circle

represents an inversion run with a different downdip depth limit. The filled circle indicates the

downdip depth that we use for the final inversion. Right Results for the updip limit of the

megathrust fault. The vertical bar indicates the downdip depth constraint and each empty circle

represents an inversion run with a different updip depth limit. The filled circle indicates the

updip depth that we use for the final inversion.
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Figure A3.3 Model results for ETS Event 1 (August 2016). A Vector map showing horizontal

surface displacements for ETS event 15. Purple vectors with cyan filling show displacements at

index stations. Circles show the location of tremor during the event and are colored by the

number of days that passed since the first instance of tremor. B Distributed slip model from our

inversion with the contours (black lines with green shading) outlining every 2 mm of fault slip. C

Vector map showing the predicted surface displacements resulting from the slip model in panel

B. D Vector map showing the misfit between the observed and predicted surface displacements.
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Figure A3.4 Model results for ETS Event 2 (September 2016). Panels are the same as Figure

A3.3.
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Figure A3.5 Model results for ETS Event 3 (April 2017). Panels are the same as Figure A3.3.
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Figure A3.6 Model results for ETS Event 4 (July 2017). Panels are the same as Figure A3.3.
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Figure A3.7 Model results for ETS Event 5 (October 2017). Panels are the same as Figure A3.3.
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Figure A3.8 Model results for ETS Event 6 (December 2017). Panels are the same as Figure
A3.3.
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Figure A3.9 Model results for ETS Event 7 (May 2018). Panels are the same as Figure A3.3.
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Figure A3.10 Model results for ETS Event 8 (June 2018). Panels are the same as Figure A3.3.
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Figure A3.11 Model results for ETS Event 9 (November 2018). Panels are the same as Figure

A3.3.
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Figure A3.12 Model results for ETS Event 10 (February 2019). Panels are the same as Figure

A3.3.
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Figure A3.13 Model results for ETS Event 11 (March 2019). Panels are the same as Figure
A3.3.
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Figure A3.14 Model results for ETS Event 12 (July 2019). Panels are the same as Figure A3.3.
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Figure A3.15 Model results for ETS Event 13 (November 2019). Panels are the same as Figure

A3.3.
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Figure A3.16 Model results for ETS Event 14 (December 2019). Panels are the same as Figure

A3.3.
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Figure A3.17 Model results for ETS Event 15 (June 2020). Panels are the same as Figure A3.3.



172

44"
42" -
40° 1 T T
-126° —124° —122° -120° -126° —124° —122° ~120°
Days Slip (mm)
{ 4
C D «’ f
F s p J /
J |
~
) - Eg 7\ o r /
| —
44 ; 44" |
_ S y SN
-~ & S
L, - % ) A S ‘\ \
g "5y AT f ol
’ < \ g ¥
42" 4\ - - r 42" — N
o e A 3
b i A
" ~ /
1 mm i J 1 mm 3 N Ny
/ y.
{ {
N .
40° — : 40° L :
-126° —124° —122° -120° -126° —124° —122° -120°

Figure A3.18 Model results for ETS Event 16 (September 2020). Panels are the same as Figure
A3.3.
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Figure A3.19 Model results for ETS Event 17 (November 2020). Panels are the same as Figure
A3.3.
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Figure A3.20 Model results for ETS Event 18 (March 2021). Panels are the same as Figure
A3.3.
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Figure A3.21 Model results for ETS Event 19 (September 2021). Panels are the same as Figure

A3.3.



Event # | Moment Magnitude (Mw) | Tremor Misfit

(hours) (%)
1 6.73 225 0.66
2 6.51 74 0.67
3 6.60 99 0.63
4 6.42 218 0.55
5 6.62 72 0.76
6 6.72 320 0.84
7 6.42 205 0.64
8 6.42 204 0.75
9 6.51 132 0.77
10 6.41 134 0.73
11 6.50 149 0.76
12 6.47 201 0.57
13 6.48 143 1.00
14 6.69 275 1.22
15 6.49 203 0.61
16 6.53 83 0.82
17 6.32 112 1.02
18 6.85 776 0.87
19 6.52 411 0.6
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Table A3.1 Equivalent moment magnitude (Mw), tremor hours, and model misfit for each of the
19 ETS events in southern Cascadia.
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