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ABSTRACT
SPATIAL RELATIONSHIP BETWEEN GPS SLIP AND SEISMIC TREMOR

DURING CASCADIA SLOW SLIP EVENTS

by
Hillary Lynn Goodner

December 2014

We model GPS deformation and timing of seismic tremor associated with
transient deformation in Cascadia to test the hypothesis that tremor and slip occur
synchronously but are spatially offset. For the period 2010-2013, we use seismic tremor
data with a duration-moment relationship to predict GPS time series and compare them to
observations. We find that observed GPS displacements are best predicted when tremor
locations on the plate interface are shifted 15 km up-dip of their published epicenter. To
test whether the spatial offset of tremor and slip is due to systematic mislocation of
published epicenters, we attempt to identify individual sources of tremor using
Independent Component Analysis. However, our results are inconclusive. Additionally,
our results suggest a moment rate lower than previous studies. We propose that increases
in instrumentation have resulted in an increase in recorded tremor giving the appearance

of a decrease in moment rate.
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CHAPTER 1
INTRODUCTION

The Pacific Northwest is home to the Cascadia Subduction Zone (CSZ), a 1,100-
km long fault zone that runs from central Vancouver Island, BC, Canada to northern
California, USA [Miller et al., 2002] (Figure 1). This zone marks the convergent
boundary between the oceanic Juan de Fuca plate and the North American continental
plate resulting in the volcanic arc of the Cascades and the subduction trench. A less
apparent effect of the subduction zone is strain accumulation. The net northeast motion
of the Juan de Fuca plate relative to the North America plate is 3.5-4.5 cm per year at the
Pacific coast [Heaton and Hartzell, 1987]. The resulting strain accumulated on the
subduction zone has been released in great earthquakes in the past, such as an event in
1700, which could happen again.

Subduction zones, in general, release significant amounts of energy during
megathrust earthquakes (earthquakes with My > 8). In fact, about 85% of all energy
released by earthquakes globally between 1906 and 1986 occurred in subduction zones
[Scholz, 1990]. Large megathrust earthquakes have occurred numerous times in the
instrumental period, for example, the My, 9.5 Chile earthquake in 1960, M,, 9.2 Alaska
earthquake in 1964, M,, 9.1 Sumatra earthquake in 2004, and the My, 9.0 Japan
earthquake in 2011. It is no longer seen as rare for subduction zones to rupture great
lengths and produce earthquakes larger than magnitude 9. Recognizing that the CSZ is
also capable of producing a magnitude 9 earthquake has led to a new focus on hazards

monitoring and risk mitigation in the Pacific Northwest. However, megathrust
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Figure 1: The 1,100 km long Cascadia Subduction zone (line with teeth) is located in the Pacific Northwest
region of the United States. It is comprised of the oceanic Juan de Fuca plate subducting beneath the North
America plate at a rate of 3-4 cm/yr. The northern portion of the subduction zone extends from the
Oregon-Washington border northward to Vancouver Island. Locations mentioned in the text are indicated
by blue dots. Red and black striped lines represent spreading centers and thin red lines represent
transforms faults. Plate motion vectors are relative to stable North America.
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earthquakes are not the only ways in which stored strain may be released in a subduction
zone.

Other processes have been recorded in the past 20 years by seismic and geodetic
instruments, including tremor, aseismic slip, and seismic slip. Some events, such as
Episodic Tremor and Slip (ETS), occur imperceptibly. These events, also known as slow
earthquakes or silent earthquakes, occur on a different time scale than typical
earthquakes. While typical earthquakes rupture within seconds to, at most, minutes, the
rupture time for ETS events is several weeks. Since ETS events occur over a long time
period, no shaking is felt at the surface even though they release the energy equivalent to
a ~My 6.6 or larger. However, no perceptible shaking does not imply no motion on the
surface. GPS stations record their locations in space and time very accurately, which
provides a useful tool to measure this motion on the surface. This motion is referred to as
surface deformation. It is projected onto the fault interface in order to estimate the
amount of fault slip occurring during each event. While surface deformation is typically
less than 0.5 cm over seven days, this surface deformation, projected onto the CSZ fault
interface, translates to approximately 5 cm of fault slip.

Seismic data also provide insight into ETS events. The very high resolution, short
time scale measurements recorded by seismometers can also be used to study different
aspects of ETS events. Non-volcanic tremor is a seismic phenomenon that lacks
impulsive P- and S-wave arrivals. Processing seismic data by filtering allows the
location and duration to be determined. While it is believed that these tremors originate

near the plate interface, this has yet to be conclusively demonstrated. What is known,
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however, is that non-volcanic tremor and surface deformation occur contemporaneously.
This coincidence defines ETS.

How strain accumulates in a subduction zone depends primarily on temperature
and rock strength [Pacheco et al., 1993; Hyndman and Wang, 1993]. By temperature and
pressure increasing down-dip along the subduction interface, we may partition the
behavior of the plate interface into a series of zones (Figure 2). The uppermost and
coldest zone is referred to as the seismogenic, or locked, zone, and extends from near the
surface to roughly 30 km depth [Hyndman and Wang, 1993; Nedimovic et al., 2003].
Most earthquakes, including megathrust events, are known to occur in this shallow zone.
At much greater depths, the increase in temperature prevents strain accumulation and
therefore seismic rupture; a zone known as the aseismically slipping region [ Hyndman
and Wang, 1993; Nedimovi¢ et al., 2003]. This region is where the subducting plate rides
smoothly and freely past the overriding plate. The transition between these two zones
must be gradual; otherwise a large strain gradient between the seismogenic and
aseismically slipping regions of the subduction zone would exist. This region is known
as the transition zone, and is located below the seismogenic zone, and extends to
approximately 45 km depth [Hyndman and Wang, 1993; Nedimovic¢ et al., 2003].
Research thus far suggests that ETS events occur in this zone. The occurrence of ETS
events in the transition zone suggests that they transfer stress from the aseismic to the
seismogenic zone; bringing the fault closer to failure, resulting in the next earthquake

possibly similar to the 1700 event [Rogers and Dragert, 2003].



The uncertainty in the precise timing and location of both slip and tremor
phenomena may provide clues to the underlying behavior of the transition zone. The
motivation for my research is the current lack of tremor depth resolution. Further
constraining this measurement would greatly impact the knowledge of how tremor and
slip are spatially related and whether they are two separate phenomena produced during
ETS events. I will examine the spatial relationship between tremor and slip during ETS
events occurring in 2010, 2011, 2012, and 2013 in the northern portion of the CSZ to

resolve these fundamental questions pertaining to ETS.

Figure 2: Three-dimensional view of the subducting Juan de Fuca plate interface.
Temperature and pressure increase with depths, which has a direct effect on rock
strength. Three zones of fault behavior may be defined: The locked, or seismogenic,
zone is located near the surface and extends approximately 30 km down-dip. This
zone is where the majority of earthquakes rupture. The freely slipping, or aseismic,
zone is the deepest zone where the plates slide past each other with little resistance.
In between these two zones lies the transition zone. Here, the conditions are such
that the fault is not fully locked and may allow rupture to occur, particularly during
ETS events. Image courtesy of S. Beck, unpublished.



CHAPTER 11
BACKGROUND

Prior to modern instrumentation, and for most of the twentieth century, the CSZ
was not thought to produce large earthquakes, especially nothing as large as recent
earthquakes in Japan and Sumatra. Up through the 1980°s the CSZ was believed to slip
aseismically primarily due to the lack of recorded earthquakes along the boundary
[Heaton and Kanamori, 1984]. Although the region is home to many native tribes,
written records were not kept. Some of their oral histories refer to events that could be
interpreted as tsunamis, suggesting that this region has been seismically active [Heaton
and Snavely, 1985]. Evidence for large megathrust earthquakes in the Pacific Northwest
in the form of ghost forests, tsunami deposits, and other coastal subsidence features was
eventually uncovered in the late 1980°s [A¢twater, 1987].

Further research in the 1990’s also uncovered reports of a tsunami in Japan with
no known parent earthquake, an event termed an orphan tsunami, during the year 1700
[Atwater et al., 2005]. Correlations between radiocarbon dating, tree ring analysis, and
dating of tsunami deposits, along with written records from Japan, led to the conclusion
that the orphan tsunami was the result of a megathrust earthquake on the CSZ [Atwater et
al., 2005]. These observations of coastal subsidence, in particular, demonstrated that the
subduction zone had been active during the Holocene, a finding that led Atwater [1987]
to warn others that seismic hazard in the CSZ should not be ignored. Further refinement
of coastal subsidence and tsunami deposit mapping has suggested that large earthquakes

are, in fact, common, with a recurrence interval of approximately 530 years [Adams,



1990; Fliick et al., 1997; Atwater and Hemphill-Haley, 1997; Witter et al., 2003;
Goldfinger et al., 2003; Nelson et al., 2006].

By the early 1990’s, a new geodetic network, PANGA, was being installed to
measure surface deformation (and thus strain accumulation) in the Pacific Northwest as a
result of subduction. This geodetic network was originally established in order to
estimate strain accumulation in the CSZ, however, the network also recorded many other
processes, including small, short duration reversals of motion that had not been
previously observed. The data recorded by the PANGA network led to the discovery of
regularly repeating, small amplitude surface displacements roughly a decade after the
network was installed [Dragert et al., 2001; Miller et al., 2002; Rogers and Dragert,
2003].

While geodesists were beginning to recognize periodic surface displacements
from slow earthquakes, seismologists were studying a different phenomena. Seismic
measurements can range over a wide span of frequencies, causing interesting signals can
often be hidden. Some signals that are recorded, such as wind and ocean microseisms,
can mask other interesting signals. An example of an interesting signal that can be
masked by other noise sources is volcanic tremor which is the low frequency (1-9 Hz)
vibration produced by activity within a magma chamber [Beroza and Ide, 2011].
Although the CSZ region contains active volcanoes that produce volcanic tremor,
seismometers also record tremor not related to volcanic systems, referred to as non-
volcanic tremor. In contrast to volcanic tremor, non-volcanic tremor often consists of

high frequency (1-5 Hz) elastic waves. Similar to volcanic tremor, however, non-



volcanic tremor is easily hidden among typical background noise and can be revealed by
filtering the data. In southeastern Japan, Obara [2002] observed these high frequency
tremor signals occurring in a region where no volcanoes were present; coining the term
non-volcanic tremor to describe this phenomena. While non-volcanic tremor resembles
seismic noise and does not appear to contain body wave phases (P- and S-wave arrivals),
the source is nonetheless believed to be tectonic [Obara, 2002; Aguiar et al., 2009].
Rogers and Dragert [2003] identified similar signals in northern Cascadia to those found
in Japan. Their analysis indicated that non-volcanic tremor appeared contemporaneous
with geodetically measured slow earthquakes, and thus they coined the phrase episodic
tremor and slip, or ETS.

ETS events have since been found to occur at other subduction zones [ Gomberg
et al.,2010]. The significance of ETS events in the seismogenic cycle of a subduction
zone is still unclear. However, due to the location of the GPS stations recording the
surface deformation, approximately 100 km from the trench, we understood that these
events occur down-dip of the seismogenic, or locked, zone along the fault interface,
potentially applying additional stress to the locked zone. This stress loading could bring
the fault closer to failing resulting in a megathrust earthquake [Rogers and Dragert,
2003].

Further examination of geodetic and seismic data along the length of the CSZ
demonstrated that ETS events not only occur in the northern portion of the CSZ but also
in the southern portion (refer to Figure 1), but with varying recurrence intervals of

between 10 and 14 months [Szeliga et al., 2004]. During the 18-23 days, dependent upon



each event, when surface deformation was observed, seismic stations also recorded a
spike in the number of hours of tremor per week, providing a strong temporal correlation
between tremor and slip phenomena (Figure 3). By studying a total of 23 slow slip
events with corresponding tremor data, Aguiar et al. [2009] identified a linear correlation
between GPS-inferred moment and the number of hours of tremor observed (Figure 4).
My research refines the spatial and temporal correlation between surface
deformation and non-volcanic tremor. I began by determining the location on the fault
interface that slip occurred during each of the four ETS events that I studied. I further the
understanding of the spatial relationship between tremor and slip during ETS events by
employing a moment-rate function to predict actual GPS measurements from non-
volcanic tremor data. If tremor and slip are truly co-located, I should have been able to
reproduce the observed GPS surface deformation. I also attempted to determine P- and
S- wave arrivals on individual tremor signals by using independent component analysis
(ICA). To date, the ICA algorithm has not been applied to seismic data. Below is a

description of the methods I used to achieve this goal.
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Figure 3: Hours of tremor per week plotted as a function of time along with eastward GPS displacement at
Yreka, California. Spikes in tremor coincide with surface displacement, a behavior characteristic of ETS.

Figure modified from Szeliga et al., 2004. See Figure 1 for lcoations.
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Methods

I retrieved surface displacement data from 33-55 GPS stations located in northern
Cascadia, between central Vancouver Island, BC, to southern Washington, all west of the
Cascade Mountain range (see data tables in Appendix). The timeframe of the data was
August 15-December 15, 2010, August 15-December 15, 2011, June 10—October 11,
2012, and July 15—-November 15, 2013 in order to analyze the 2010, 2011, 2012, and
2013 events, respectively. Data from GPS provides a record of transient surface
deformation caused by slip along the megathrust at depth, and inversion of these
measurements yields information about the moment (energy released) and amount of slip
that occurred for each event. Prior to inverting the data for slip, a model of the fault
interface is divided into equal sized sections to simplify computation [Szeliga et al.,
2008; Chapman and Melbourne, 2009; Aguiar et al., 2009]. In this inversion, elastic
Greens functions are used to approximate the behavior of the lithosphere between the
instrument and the fault interface. The elastic Greens functions provide a set of solutions
that represent the relationship between sections of the fault interface and motion of each
GPS station in both the north and east components. A Laplacian smoothing operator was
also utilized to reduce any large, non-physical strain gradients that result from inversion
of sparse surface displacement data [Melbourne et al., 2003]. These assumptions allowed
me to not only calculate the moment of each ETS event, but also determine the location
of slip on the fault interface during each event. From my inversions, I created two
visualizations for each event; the first is a map of displacement vectors for each GPS

station. The second is a slip distribution diagram showing slip on the plate interface.
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I then analyzed seismic data recorded on approximately 200 seismometers by the
PNSN located between central Vancouver Island, BC and southern Washington. During
my analysis, [ employed two methods: by firstly calculating synthetic GPS measurements
derived from tremor data and comparing it to actual GPS measurements. Secondly, by
decomposing tremor signals to determine whether simpler waveforms can be extracted. I
used tremor locations and durations as a proxy for slip location and amount, and modeled
the resulting surface deformation as a function of time.

The final analysis for my research used seismic data recorded by eight broadband
seismometers that were installed prior to the 2010 ETS event. The campaign network
was a small aperture array in the northeastern region of the Olympic Peninsula near
Sequim, WA (Figure 5). I used independent component analysis (ICA) on the tremor
data in an attempt to identify individual body-wave phase signals from tremor. ICA is a
signal processing strategy used to separate statistically independent signals in a data set

[Comon, 1994; Hyvarinen, 1999; Hyvarinen and Oja, 2000].
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Figure 5: The campaign network of eight broadband seismic stations centered about Sequim, WA. These
seismic stations were deployed for two months in late summer 2010 and recorded tremor data during the

2010 ETS event. Refer to Figure 1 for the location of Sequim, WA.
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CHAPTER III

JOURNAL ARTICLE

1. Introduction

The principal source of moment release in a subduction zone comes from large
(exceeding magnitude 9.0), infrequent (recurrence intervals of hundreds of years)
megathrust earthquakes. In Cascadia (Figure 1), these earthquakes recur approximately
every 530 years with the most recent earthquake occurring on 26 January 1700 estimated
at My, 9.0 [Adams, 1990; Atwater, 1992; Fliick et al., 1997; Atwater and Hemphill-Haley,
1997; Satake et al., 2003; Witter et al., 2003; Goldfinger et al., 2003]. Since the
installation of continuous geodetic monitoring in Cascadia in the late 1990’s, other
sources of moment release have been observed. One of these sources is referred to as
Episodic Tremor and Slip (ETS) events and consists of slow (two-week duration) slip on
the plate interface accompanied by increased high frequency seismic noise, a signal
termed non-volcanic tremor [Rogers and Dragert, 2003].

While the temporal correlation between tremor and slip is strong [Rogers and
Dragert, 2003; Kao et al., 2009; Beroza and Ide, 2011], the physical relationship between
these processes is still poorly understood [Segall et al., 2010].  One assumption about
the relationship between slip and tremor is that they are two aspects of the same process
and occur in a truly simultaneous manner, on or near the plate interface. To test this
assumption, we will use tremor locations and durations as a proxy for slip, and model the

resulting surface deformation as a function of time. If our assumption of true
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Figure 1: The 1,100 km long Cascadia Subduction zone (line with teeth) is located in the Pacific Northwest
region of the United States. It is comprised of the oceanic Juan de Fuca plate subducting beneath the North
America plate at a rate of 3-4 cm/yr. The northern portion of the subduction zone extends from the
Oregon-Washington border northward to Vancouver Island. Locations mentioned in the text are indicated
by blue dots. Red and black striped lines represent spreading centers and thin red lines represent
transforms faults. Plate motion vectors are relative to stable North America.
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simultaneity and co-location are correct, we should be able to reproduce all, or nearly all,
of the observed surface deformation observed in the GPS signal. We will focus on four
ETS events occurring between 2010 and 2013 in northern Cascadia to address the
relationship between tremor and slip.

To begin, we use tremor epicenters and durations from approximately 200 stations
in the Pacific Northwest Seismic Network (PNSN) [Wech and Creager, 2008] to
calculate the depth to the plate interface using a model for the Juan de Fuca plate
interface from McCrory et al. [2012]. Assuming each burst of tremor may be
approximated as a point source and located on the plate interface, we use a linear
moment-versus-duration model [Aguiar et al., 2009] to forward model the surface
deformation as a function of time, generating synthetic time series. We then compare
these synthetic time series to geodetic observations from the Plate Boundary Observatory
(PBO) and Pacific Northwest Geodetic Array (PANGA).

In order to compare possible differences in the location of tremor and slip for the
events under study, we also calculate slip locations from GPS offsets using the methods
outlined in Szeliga et al. [2008]. In addition, we attempt to separate individual sources of
tremor using independent component analysis (ICA) with data recorded during 2010
from a dense seismic array on the Olympic Peninsula to constrain the location of tremor.
The result of this work can be applied to subduction zones around the world in order to

determine P- and S- wave arrivals to better locate seismic tremor during future events.
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1.1 ETS in northern Cascadia

The occurrence of transient deformation events in Cascadia was first recognized
in 1999, when seven GPS stations located in northwestern Washington captured a short
duration (two-week) reversal of secular motion [Dragert et al., 2001; Miller et al., 2002].
The secular motion for the region is approximately 3-4 cm/yr to the northeast, however,
during this short duration reversal, the motion was to the southwest with a magnitude of
about 0.3-0.4 cm. The relatively sparse network of GPS stations during this time period
made identification of the source of the transient deformation difficult. During the early
2000’s, prior to the installation of the Plate Boundary Observatory, the spatial density of
GPS stations improved and by 2003 the density of surface observations had improved
enough to provide confidence that the observed transient deformation had an origin at or
near the plate interface [Melbourne et al., 2005].

During this time period, high-frequency (1-5 Hz) seismic noise that resembled
tremor associated with magma movement in volcanic settings was observed but did not
appear to be closely associated with volcanism, the phenomenon was termed non-
volcanic tremor [Obara, 2002]. Rogers and Dragert [2003] analyzed these tremor-like
signals and deemed them uncorrelated to local earthquakes and demonstrated that, in an
aggregate sense, they occur contemporaneously with geodetic slow slip in Cascadia. This
contemporaneous occurrence of non-volcanic tremor and geodetic slip was termed
Episodic Tremor and Slip (ETS) [Rogers and Dragert, 2003]. While continuous, high-
precision geodetic measurements were not available prior to 1997 in the Pacific

Northwest, evidence for recurrence of non-volcanic tremor approximately every 14-
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months has been found in seismic paper records, and suggests their regular occurrence
back to at least 1987 [Rogers, 2007].

In northern Cascadia, ETS events are observed approximately every 14 months as
brief (4- to 6-week) reversals in secular motion recorded by GPS [Miller et al., 2002,
Szeliga et al., 2004; Melbourne et al., 2005; Creager and Melbourne, 2007; and others].
During the four to six week duration of each event, rupture appears to propagate along
strike of the subducting Juan de Fuca plate [Dragert et al., 2001; Miller et al., 2002] and
results in an equivalent moment release of approximately My 6.7 [Dragert et al., 2001;
Miller et al., 2002; Melbourne et al., 2005; Szeliga et al., 2008]. During these events, a
temporal relationship between the duration of non-volcanic tremor and the resultant
geodetic moment exists. Aguiar et al. [2009] investigated the correlation and found a
linear relationship exists; 5.17 X 10'® N-m of energy is released during each hour of
tremor. This contemporaneous occurrence of tremor and slip suggest that they are
manifestations of the same process but, until now, no direct connection between the two
phenomena has been shown [ Wech and Creager, 2007]. In this study, we are interested
in constraining the spatial relationship of these two manifestations.

Because they are so common, ETS events are key to understanding the processes
of subduction zones, such as the segmentation of the seismogenic zone in Cascadia
[Szeliga et al., 2004] and stress loading of the locked seismogenic zone [Dragert et al.,
2001; Rogers and Dragert, 2003; Melbourne and Webb, 2003; Ito et al., 2012]. An

understanding of stress loading is particularly important, since it is still unknown whether
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it is possible for an ETS event to trigger a great earthquake in the locked portion of a

subduction zone [Dragert et al., 2001; Rubinstein et al., 2009].
2. Spatial relationship of tremor and slip

On a gross scale, tremor and slip occur contemporaneously during ETS events in
Cascadia [Rogers and Dragert, 2003; Melbourne and Webb, 2003; Szeliga et al., 2004;
Aguiar, 2007 and others]. We are interested in refining this temporal correlation and
further constraining how these two processes are spatially related. To do this, we
modeled ETS events during 2010-2013 using PANGA and MEASURES processed GPS
data along with tremor data from the PNSN [Wech, 2010].

Aguiar et al. [2009] examined 11 years (1997-2008) of ETS events that occurred
margin-wide to compare the moment release to the duration of non-volcanic tremor
during ETS events. Aguiar et al. [2009] determined that a linear relationship exists
between the duration of non-volcanic tremor (hours of continuous tremor) and the
moment released by the slip. This analysis determined a moment rate function to
calculate GPS measurements from tremor data. We used their moment-rate of 5.17 x
10"® N-m per hour of tremor to analyze the spatial relationship between tremor and slip.

We examined GPS data to resolve the location of the slip component of ETS
events. First, we determined accurate displacements for each GPS station by fitting a
hyperbolic tangent function (Figures 7-10) with a fixed slow earthquake duration [Larson
et al.,2004]. Figures 7-10 are examples of the hyperbolic tangent fit for several stations

during each ETS event analyzed (refer to Figure 6 for station locations). The total offset
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calculated by the hyperbolic tangent function provides a more precise measurement of
surface displacement from cleaned GPS data. Once the displacement was measured, we
inverted them using elastic Green’s functions from Okada [1992] to determine the
geodetically-inferred slip for each fault patch during each individual event. Laplacian
smoothing was applied to decrease sharp strain gradients between polygons on the fault
interface [McCrory et al., 2012]. We display our results in two ways. First with velocity
vector plots to demonstrate the surface offsets at individual stations during each event
(Figures 11-14). These plots display the magnitude of surface displacement along with

the modeled slip on the fault interface at the location of GPS stations.

50°
49° 1 ASC04
AP439
APTRF ASC02

AALBH AP438
48°’ AP436
47°
46°
-126°  -125° 124" -123° -122° 121

Figure 6: Reference map of northern Cascadia showing the
seven GPS stations (black triangles) whose times series
appear in subsequent figures.
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and our modeled interpretation of the amount of slip on the fault interface determined by
our inversion. We also created slip distribution maps (Figure 15) from the calculated
inferred slip and plot the results on a parameterized plate interface of the Cascadia
subduction zone. The slip distribution maps provide the estimated location of the slip on

the fault interface during ETS events.

-126° -124° -122° -120° -126° -124° -122° -120°

Figure 15: Slip distributions for each of the 4 ETS events occurring during the period 2010-2013 in
northern Cascadia. Slip on the plate interface is modeled from GPS observations of surface deformation
shown in Figures 11-14. The majority of the slip occurs at approximately 30 km depth. The shape and
depth of the plate interface is from McCrory et al., 2012.

We analyzed tremor location and duration data [Wech, 2010] by applying a linear

moment-rate function [Aguiar et al., 2009] to convert tremor data to predicted GPS
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measurements. This data set contained tremor burst locations and durations in 5-minute
increments. For each burst of tremor, there was a 2.5-minute (50%) overlap to ensure
there was no missing data. We then assumed linear scaling between seismic tremor and
moment [Ide et al., 2007; Aguiar et al., 2009]. Since depth information for tremor bursts
is poor, we assumed that each tremor burst is located directly below its epicentral
location and on the plate interface. Once the data was projected onto the fault interface
below the epicentral locations, we forward modeled the tremor as a dislocation to predict
GPS measurements. We re-ran this procedure with different distances, up-dip and down-
dip, along the fault interface from their original locations, and calculated the expected
surface displacement signals at each GPS station. We find that the tremor locations must
be moved up-dip along the fault interface by roughly 15 km to match the expected GPS

offsets shape and relative amplitude (Figure 16).
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Figure 16: Comparison of synthetic GPS data (green) predicted from tremor burst data with actual daily

GPS observations (purple). Left column shows tremor bursts located on the plate interface directly below
the epicentral locations calculated by the PNSN. The right column shows the same tremor bursts moved 15
km up-dip from their epicentral locations calculated by the PNSN. All plots begin on August 15,2010 with

a horizontal black bar indicating duration of one month. Y-axis represents eastward displacement in mm

with the vertical black bar representing 2 mm.
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3. FastICA application

Typical earthquake location algorithms rely on the clear distinction of P- and S-
wave arrivals and the difference between P- and S-wave velocities in the solid Earth. The
emergent nature of non-volcanic tremor (Figure 17) coupled with a near-complete lack of
identifiable phases [Obara, 2002; Dragert et al., 2004] render these traditional algorithms
useless. Thus, location strategies for non-volcanic tremor have typically involved the
cross-correlation of waveform envelopes [Kao and Shan, 2004, McCausland et al.,
2005]. This method hinges on differences in the arrival times of high amplitude tremor
bursts on different stations rather than differences in the arrival times of coherent phases
with known travel times. Thus, the accuracy of locations derived from envelope cross-

correlation are unknown due to uncertainty in the travel times of individual tremor bursts.

Cascadia
X 10-8 m/s

Figure 17: Example of non-volcanic tremor from seismic records in Cascadia. Areas highlighted in gray
represent non-volcanic tremor signal. Modified from Aguiar et al., 2009.

Recent investigations, however, have begun to suggest that some non-volcanic
tremor waveforms do, in fact, contain recognizable S-wave and occasional P-wave
arrivals [Shelly et al., 2006]. The possibility that non-volcanic tremor waveforms consist

of typical body-wave arrivals raises the question of why these phases are not often
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discernible in the data. One possibility is that non-volcanic tremor signals consists of
coherent P and S-wave arrivals from multiple, closely spaced sources, and the observed
emergent nature is the result of destructive interference. If one were able to separate out
each coherent source, distinct P and S-wave arrivals should be visible. In this way, the
identification of these distinct sources becomes analogous to the solution of the cocktail
party problem from machine learning [Haykin and Chen, 2005].

Strategies for solving the cocktail party problem have been investigated in the
past decade [Haykin and Chen, 2005]. This process is analogous to several microphones
in a room hosting a cocktail party. The microphones are recording the guests as they
converse. Each guests voice has its own unique waveform signature that is later
separated from the cluster of voices on the recording by employing a FastICA
application. Common strategies used to resolve this problem involve two primary
methodologies, and employ either Independent Component Analysis (ICA) or Principal
Component Analysis (PCA). PCA methods seek to separate input signals into orthogonal
bases, or uncorrelated variables. By comparison, ICA separates a signal into statistically
independent variables. These two approaches are distinct because statistical
independence implies non-correlation, but non-correlation does not imply statistical
independence.

Calculation of the components in PCA relies on second-order statistical moments
(e.g. variance) and, as such, depends on Gaussian components. Calculation of the
components in ICA relies on higher-order statistical moments and performs much better

when non-Gaussian signals are involved [Comon, 1994]. Since earthquake phase
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arrivals, in particular early arriving body-wave phases have been shown to exhibit non-
Gaussian characteristics [Persson, 2000], ICA appears to be the preferable algorithm for
our task.

We chose the Fast Independent Component Analysis (FastICA) algorithm as our
computation algorithm in our attempt to determine statistically unique tremor signals.
The FastICA algorithm takes # simultaneously recorded signals from additively mixed
sources and separates them into, at most, n statistically independent signals. Our
application of the FastICA attempts to separate the individual tremor signals during
tremor bursts.

We attempted to employ the FastICA algorithm to data from a campaign network
consisting of eight broadband seismic stations that were installed prior to the 2010 ETS
event near Sequim, WA (refer to Figures 1 and 5). These seismic stations recorded
several weeks of tremor data that coincided in time with the GPS recorded ETS event.
We analyzed sections of data with the strongest tremor and employed the FastICA
algorithm, but did not yield clear P- or S-wave arrivals. Issues with signal delay and
noise may have made interpretation difficult and our results were inconclusive.
Suggestions for future work include creating a trial data set containing mixtures of known
individual tremor signals to test whether the FastICA algorithm can reproduce the input

set of known tremor signals.
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4. Results

During our analysis of predicted GPS measurements, we found that the predicted
GPS measurements calculated by the tremor had much larger offsets than the actual
recorded observations by the GPS stations. In order to compensate for the larger
displacements we scaled the moment rate function from Aguiar et al. [2009] by a factor
of roughly 0.5. In order to best fit the observed geodetic slip signals, scaling factors were
varied station-by-station and event-to-event. The average scaling factors were 0.48, 0.45,
0.46, and 0.60 for the 2010, 2011, 2012, and 2013 events respectively (Figures 1920).
We conclude that on average, the moment rate function used in the Aguiar et al. [2009]
study must be reduced by roughly half in order to best match observed geodetic data. We
consider the amount of tremor that is recorded by seismic stations has increased
drastically due to the number of stations installed since their study. Since there are
approximately 125 seismic stations located within the originating location of tremor, near
Puget Sound, seismic tremor may be recorded for a longer duration as compared with
previous slow earthquakes. This would lead to an increase in observed tremor and may
be a viable explanation as to why the predicted GPS measurements had much larger
offsets.

By comparing the location of tremor and slip in map view (Figure 18), it is
difficult to decipher whether they are produced from the same location on the fault
interface. We are able to confidently determine the location of slip by inverting GPS
displacement measurements. This results in slip centered at approximately 30 km depth,

on the fault interface (Figure 15). However, in order to reproduce the shape of GPS
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surface displacement observations, it was necessary to move tremor locations up-dip 15
km (Figure 16). This strong agreement in time series shape suggests tight temporal
correlation of tremor and slip. However, the requirement of relocating the tremor
suggests close, but imperfect, co-location. These features are not apparent when

considering the gross locations from both methods (Figure 18).

48° -
5
4
S
2§

125° 4247 qo3° -122°

Figure 18: GPS inferred slip (contours) and seismically observed tremor density (colored squares) for the
2010 ETS. Note the broad overlap of both aspects of ETS. Tremor density is represented as a count of

total number of tremor events per square km. Slip is the same as in Figure 15. Maximum slip for this ETS
event is 24 mm.
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Figure 19: Fit of synthetic GPS (green) from tremor data with respect to measured GPS data (purple) for
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2010-2011 ETS events. The synthetic GPS is calculated at 15 km up-dip of epicentral locations

projected on the fault interface. Numbers to the right of each plot indicate the required scaling of the
synthetic GPS to fit the measured GPS signal. All plots begin on June 1, 2010 and 2011 respectively
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with a horizontal bar indicating a duration of one month. Y-axis represents eastward displacement in mm

with the vertical black bar representing 2 mm.
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Figure 20: Fit of synthetic GPS (green) from tremor data with respect to measured GPS data (purple)
for 2012-2013 ETS events. The synthetic GPS is calculated at 15 km up-dip of epicentral locations
projected on the fault interface. Numbers to the right of each plot indicate the required scaling of the
synthetic GPS to fit the measured GPS signal. All plots begin on June 1, 2012 and 2013 respectively
with a horizontal bar indicating a duration of one month. Y-axis represents eastward displacement in
mm with the vertical black bar representing 5 and 2 mm. respectively.
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S. Discussion and conclusions of spatial relationship

Geodetically-inferred slip and seismic tremor occur contemporaneously during
ETS events and are thought to be two manifestations of the same process [Rogers and
Dragert, 2003; Obara et al., 2004]. GPS networks, such as PANGA and MEASURES,
and the seismic array PNSN captured data representing these two aspects during ETS
events occurring in 2010-2013. Results from our study show that slip and tremor occur
synchronously but are spatially separate processes because the timing of the events are
comparable, however, PNSN tremor locations appear deeper on the plate interface than
slip due to the need to move these locations up-dip to reproduce GPS surface
observations. This aspect of ETS cannot be easily seen by plotting bulk tremor and slip
locations (Figure 18).

Inverting GPS data resulted in moment magnitudes of between My 6.7-6.8 for
each of the 2010, 2011, 2012, and 2013 ETS events studied. The slip distribution for
each event show the majority of slip occurring at approximately 30 km depth on the fault
interface similar to previous work [Szeliga et al., 2004; Szeliga et al., 2008]. The 2010
ETS event had the most localized slip distribution, centered about the northeastern
Olympic Peninsula, WA at a depth of approximately 30 km. The 2011 event is well
constrained near the same region as the 2010 event, however, a very small amount of slip
is projected toward southwestern Washington. This is believed to be due to remnant
signals from another ETS event occurring farther south on the CSZ. The 2012 event is
relatively well constrained in the northeastern portion of the Olympic Peninsula but has

recorded GPS displacements farther north along Vancouver Island, BC. Since there are
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no GPS stations located off shore, the slip cannot be constrained to an acceptable up-dip
depth and is an artifact of the model. The 2013 event had the least constrained slip
distribution. This is due to the lack of data available; since most of the slip occurred
below Vancouver Island, B.C., the stations that recorded the surface deformation were
limited.

Tremor during these events, however, is suggested to occur below the slip on the
fault interface. This is suggested by the necessity of moving tremor locations up-dip 15
km in order to reproduce GPS surface observations (Figures 16, 19, and 20). When we
compared our predicted GPS from tremor data to the actual GPS measurements and
determine that it was essential for the moment rate function calculated by Aguiar et al.
[2009] to be scaled by approximately 0.5. A possible reason for scaling the moment rate
function was because of the substantial amount of instruments added to the network. The
increase in instrumentation available to record data provided a significant increase in the
amount of tremor recorded. Each station was analyzed and scaled appropriately. We
then averaged the scaling factors for each year to determine an average scaling factor;
which are as follows: 0.48, 0.45, 0.46, and 0.60 for the 2010, 2011, 2012, and 2013 ETS
events respectively (Figures 19 and 20). All of these results suggest that tremor and slip
do occur simultaneously in time but are spatially separate phenomena.

Although we attempted to employ the FastICA algorithm to determine statistically
independent tremor signals, our results were inconclusive. Locating tremor is a difficult
task due to the lack of depth resolution from seismic records. Since tremor signals lack

impulsive P- and S-waveforms, calculating the location of tremor at depth is nearly
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impossible. The presence of P- and S- waveforms would allow for the calculation of
accurate tremor locations, including tremor depth, using standard seismological
algorithms. We employed the FastICA algorithm in an attempt to extract these
waveforms from the data. We were unable to recover coherent P- or S-waveforms. It is
unclear whether signal delay or noise may have been factors leading to incoherent

waveforms.
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APPENDIX

Table 1 lists the GPS surface displacement observations for the 2010 ETS event.
Offsets were determined from fitting a hyperbolic tangent function to MEASURES and
PANGA GPS time series using the methods outlined in Larson et al. [2004]. Table 2 lists
the GPS surface displacement observations for the 2011 ETS event. Offsets were
determined from fitting a hyperbolic tangent function to MEASURES and PANGA GPS
time series using the methods outlined in Larson et al. [2004]. Table 3 lists the GPS
surface displacement observations for the 2012 ETS event. Offsets were determined
from fitting a hyperbolic tangent function to MEASURES and PANGA GPS time series
using the methods outlined in Larson et al. [2004]. Table 4 lists the GPS surface
displacement observations for the 2013 ETS event. Offsets were determined from fitting
a hyperbolic tangent function to MEASURES and PANGA GPS time series using the

methods outlined in Larson et al. [2004].
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