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SUMMARY

The discovery of slow slip, an intermediary form of strain release characterized by slow
slip rates, has been one of the most important advances in seismology in recent decades.
We attempt to further our understanding of the physical controls of slow slip in subduction
zones using three different approaches. We generate and train statistical learning models
through supervised classification with the goal of determining the relationship between
five subduction zone parameters and slow slip observations. These parameters include
subducting plate age, relative plate velocity, sediment thickness entering the trench, slab
dip, and seafloor roughness. We find that young subducting lithosphere is strongly
correlated with slow slip in the case of short-term events but not in the case of long-term
events. We use the trained models to predict slow slip observations in regions that are
sparsely instrumented. Slow slip is predicted to occur in many subduction zones globally,
most notably in South America where it is expected to be widespread. In our second
approach, we generate thermal models along strike in Cascadia to estimate fluid flux rates
near the depths of observed slow slip. We observe a correlation between shorter
recurrence times for slow slip and higher fluid flux rates near the location of the mantle
wedge corner. This provides support for models where the recurrence interval is
dependent on the rate of processes that generate and trap fluids. Finally, we use
teleseismic receiver functions to characterize seismic anisotropy in the Cascadia mantle
wedge corner. We examine the potential role that widespread serpentinization may have
in generating the conditions for slow slip. We observe seismic P-to-S velocity ratio (Vp/Vs)
values that are consistent with 40-50% serpentinization. A slow axis of symmetry is
estimated, which corresponds with subparallel foliation consistent with a serpentinized
shear zone being deformed by the downgoing slab. Overall, these results provide further
constraints on the physical controls of slow slip, and thus stress accommodation in
subduction zones as a whole. As subduction zones are the site of some of the most
devastating earthquakes on Earth, furthering our understanding of subduction zone

processes is critical for improving earthquake hazard mitigation efforts.
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PART |I: INTRODUCTION




1

1.1 EARTHQUAKES IN SUBDUCTION ZONES

Subduction zones are the regions where the dense oceanic lithosphere is driven
beneath the more buoyant continental lithosphere. The sinking of the oceanic lithosphere
is the driving force behind plate movement (i.e., plate tectonics), making it a central
feature of the Earth system as whole. The forces generated by the weight of the
subducting slab as it pulls the rest of the plate cause mid-ocean ridges to spread, creating
new lithosphere, where it is then recycled in a subduction zone. This mechanism delivers
oceanic lithosphere, sediments and fluids into the overlying continental mantle which
triggers the melting responsible for creating the continental crust. The entire subduction
system is the source of diverse geological phenomena including volcanism, orogenesis,
accretionary prisms, and arc-trench complexes (Fig. 1.1). This process has far-reaching
societal implications, as they produce megathrust earthquakes which release substantial
amounts of energy causing intense ground shaking and tsunamis. They are thus some of
the most destructive earthquakes on earth, making the understanding of stress release

mechanisms critical.

Subduction zones exist on a spectrum where they display different back-arc
structures, depths of seismicity, and levels of volcanism (Stern, 2002). These differences
largely depend on the pressure-temperature (P-T) structure of the subduction zone which
is primarily constrained by the age of the incoming oceanic crust. Old lithosphere has
substantially cooled, since its creation at spreading ridges, resulting in a cold, dense slab,
while young lithosphere remains hot and more buoyant. Due to its increased density, old
lithosphere readily sinks creating a steeply dipping plate. Young lithosphere, on the other
hand, resists subduction resulting in shallower dips (Fig. 1.2) (Jarrard, 1986). As a result
of contrasting thermal structure and plate geometry, the stress regime in the back-arc
differs substantially in each case. The young lithosphere endmember generally produces

a compressional regime in the back-arc, resulting in significant crustal seismicity, while



extension is observed in the case of old lithosphere. Additionally, the P-T structure of a
subduction zone has important implications with respect to the nature of stress
accommodation. Our traditional understanding of stress release within subduction zones
involves two types of behaviour: earthquakes, where elastic strain is suddenly released
causing ground shaking and stable sliding, where rocks follow the ductile regime and the
two plates slide past one another. The difference in mechanism is a response to the
changing physical conditions at the plate interface, most importantly the change in
pressure and temperature conditions that control the rheological behaviour of the rocks
(Hyndman and Wang, 1993).
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FIGURE 1.1 SCHEMATIC DIAGRAM OF A SUBDUCTION ZONE WITH IMPORTANT STRUCTURAL COMPONENTS
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CONTINENTAL LITHOSPHERE. (STERN, 2002)
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At shallow depths (<50 km), stress is accommodated through fault rupture, which is a
consequence of the coupling between the subducting and overriding plate in a region
known as the seismogenic zone. The continuous convergence of the incoming plate with
the overriding plate leads to the periodic accumulation and release of elastic strain known
as the earthquake cycle. This cycle is defined by three phases which include (1) the inter-
seismic phase, where the plates are locked (no slip) and strain is accumulating, (2) the
co-seismic phase, where sudden rupture occurs, releasing the accumulated strain, and
(3) the post-seismic phase where the fault and surrounding material adjust visco-
elastically to the modified stress state. This final phase may consist of minor instances of
slip called aftershocks. In standard models of stick-slip (i.e., earthquakes) friction, failure
is observed when the ratio of shear stress to normal stress on the surface reaches a
critical value u,, known as the static coefficient of friction. Once sliding begins, the fault
weakens and the frictional resistance decreases to a value known as the dynamic
coefficient of friction, u,; (Scholz, 1998). Rate and state dependent friction (Fig. 1.3)
(Dieterich, 1979; Ruina, 1983) describes the relationship between slip behaviour and

velocity, time, and slip distance based on experimental data and is defined by:
14 Vo0 —
T= [Iio + aln (V_o) + bin (OT)] a, Eq. 1.1

where t is shear stress, u, is the steady state coefficient at slip rate V,, V is the slip rate,
a and b are material constants, L is the characteristic slip distance following velocity steps

and ¢ is the effective normal stress defined as:
0 =0 — 0p, Eq 1.2

where ¢ is the applied normal stress and o, is the pore-fluid pressure. Here, elevated
pore-fluid pressures weaken the frictional strength of a fault by decreasing the effective
normal stress. Velocity-weakening behaviour (when b > a) describes the case in which
the frictional resistance of the fault decreases faster than the stress reduction due to
movement. This is the behaviour that is observed with earthquakes and are associated
with sudden drops in stress. Velocity-strengthening behaviour (when a > b) describes the

opposite case in which a decrease in strength is not observed and stable sliding occurs.



The values of parameters a and b are dependent on material properties that vary based

on temperature and pressure.

With increasing depth, and thus temperature, a fault will transition from velocity
weakening to velocity strengthening frictional behaviour. This transition is observed in
subduction zones where the seismogenic zone terminates at temperatures of ~350°C
associated with the brittle-ductile transition of continental crustal compositions, and in
warm subduction zones will mark the transition from seismic to aseismic behaviour
(Hyndman and Wang, 1993). In the case of dry mantle rocks, this transition is observed
between 600-800°C (Kirby, 1983), thus we would expect to observe seismic behaviour
extend downward into the mantle wedge corner (MWC). This is rarely observed, and the
limit of seismic behaviour is generally associated with the intersection of the subducting
plate with the forearc mantle. The termination of seismic behaviour here is believed to be
a result of the serpentinization of the forearc mantle (Hyndman and Peacock, 2003).
Laboratory experiments show that the serpentine minerals generally exhibit stable-sliding
aseismic behaviour (Reinen et al., 1991) and are likely responsible for the transition to
aseismic behaviour in cool subduction zones. Outside of the seismogenic zone, a region
of conditional stability is observed where seismic rupture is found to propagate but not
nucleate. This site is known as the frictional transition zone and is the location of a recently

discovered form of intermediary stress release called slow slip events (SSES).



Slow Fast Slow

(ab) y

Displacement ——— >

FIGURE 1.3: SCHEMATIC DIAGRAM SHOWING THE EXPERIMENTALLY OBSERVED FRICTIONAL RESPONSE TO AN
INCREASE AND THEN DECREASE IN SLIDING VELOCITY. ADAPTED FROM SCHOLZ, 1998.



1.2 THE DISCOVERY OF SLOW SLIP EVENTS

Due to improvements in both Global Navigation Satellite System (GNSS) and
seismograph station deployment, the discovery and detection of SSEs has drastically
improved our understanding of how accumulated tectonic stress at subduction zones is
released. Unlike regular “fast” earthquakes, stress during SSEs is released over a period
of days to months rather than seconds to minutes. This is observed as intermediate slip
rates between those observed for regular earthquakes, on the order of meters per
second, and stable (i.e., continuous) sliding, up to 10 orders of magnitude slower. SSEs
are typically observed in the transition zone; thus, the frictional characteristics of this

region likely facilitate slow slip occurrence.

Seismologists have noted the existence of a spectrum of elastic deformation events
with characteristic durations and different levels of high and low frequency excitation since
the mid 20" century (Benioff and Press, 1958; Kanamori, 1972; Kanamori and Stewart,
1979). On one end of the spectrum, “slow” or “silent” earthquakes were described based
on their long duration and lack of detectable high frequency radiation (Beroza and Jordan,
1990). Observation of this phenomena includes GNSS-detected anomalous crustal
movements. This is characterized by the transient reversal in the direction of crustal
motion where the GNSS data shows a temporary signal in the direction opposite of plate
movement (Fig. 1.4). Early observations of this behaviour on a continental fault include a
week-long event recorded by borehole strainmeters on the San Andreas Fault (Linde et
al., 1996). In the case of subduction zones, early observations include a 300-day-long
event located in the Bungo Channel in southwest Japan (Hirose et al., 1990) as well as a
two-week-long event in Cascadia with an equivalent moment magnitude (Mw) of ~6.7
(Dragert et al., 2001). Following the observation of slow slip, instances of long-period
tremor were observed in seismic data, again in southwest Japan (Obara, 2002). Tremor
is typically described as a collection of low-frequency earthquakes with periods in the
range of 0.2 to 2 s and are often observed at active volcanoes (Chouet, 1996). In this
case a characteristic gradual rise time in the seismic envelope, which lacks the typical
spike-like signal of a normal earthquake, is observed at multiple stations. By analogy to

these “volcanic tremors”, early observations of “non-volcanic tremor” (also called “tectonic

9



tremor”) were originally attributed to the movement of fluid in subduction zones, which are
liberated by slab dehydration reactions (Obara, 2002). In later studies of the Cascadia
Subduction Zone (CSZ), similar tremor signals were observed, this time being spatially
and temporally correlated with Global Positional System (GPS) detected SSEs (Rogers
and Dragert, 2003). It was then determined that “silent” earthquake was a misnomer and
that in fact slow slip had unique seismic signatures that are different than regular

earthquakes.

10
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1.3 THE GLOBAL OCCURRENCE OF SLOW SLIP EVENTS

A wide variety of these slow slip phenomena is now found at the root of many large
plate boundary fault zones (Fig. 1.4), most commonly in the transition zone which is
located down dip of the seismogenic zone and up dip of the stable sliding zone (Fig. 1.5)
(see reviews in Burgmann, 2018; Behr and Birgmann, 2021; Jolivet and Frank, 2020).
Typically, SSEs (most often with accompanying tectonic tremor) can be observed as
either short-term events, lasting from days to weeks, or long-term events, lasting from
months to years. SSEs have not been observed along all subduction zones and are
sometimes confined to specific segments along a given subduction zone (Schwartz and
Rokosky, 2007).

The Cascadia subduction zone is one of the most reliable sources of SSEs globally
(Rogers and Dragert, 2003). It runs along the western edge of North America, from
northern California in the south to Vancouver Island in the north and is the site of the
subduction of the Gorda, Juan de Fuca Plate, and Explorer plates, from south to north,
beneath the North American plate. SSEs and accompanying tectonic tremor, with
durations of ~2 weeks (Wech et al., 2009) are observed along the entire subduction
margin and are found to occur down dip of the seismogenic zone at the start of the MWC,
corresponding with depths of 25-45 km in a region known as the transition zone (Fig. 1.5)
(Dragert et al., 2004). The margin is segmented along-strike into three regions of unique
SSE behaviour with differences in recurrence time, tremor density, and energy rates
(Brudzinski and Allen, 2007; Wech, 2021).

Another subduction zone known for its reliable source of SSEs is the Nankai trough in
southwest Japan, where the Philippine Sea Plate is subducting beneath the Eurasian
Plate. Short-term SSE’s and accompanying tremor are observed along most of the margin
with a single gap in occurrence within the Kii Channel (Obara, 2002). These short-term
events are found to occur down dip of the seismogenic zone at the start of the MWC and
have recurrence times of 3 to 6 months (Ozawa, 2017; Nishimura et al., 2013). In contrast
to Cascadia where long-term events have not yet been detected, accompanying long-

term events are observed along parts of the margin, just up dip of the site of the short-
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term events within the Bungo Channel and western Shikoku (Hirose et al., 1999; Hirose
and Obara, 2005).

Along the Middle-American Trench, which is the site of the Cocos Plate subducting
beneath the North American Plate along the western coast of Mexico, similar SSE
behaviour is observed to that in southwest Japan. Within Oaxaca in the south and
Guerrero in the central portion of the margin, short-term and long-term SSEs are
observed (Radiguet et al., 2012; Brudzinski et al., 2007; Graham et al., 2015; Correa-
Mora et al., 2008). Large long-term events are found to occur every 4 years in Guerrero
and every 1-2 years in Oaxaca (Graham et al., 2015). Inter-SSE bursts in tremor activity
occur in association with smaller short-term SSEs (Frank et al., 2015; Villafuerte, 2017).
The location of these events follows typical patterns with the short-term events occurring
near the MWC and long-term events occurring just up dip. In the northern part of the
margin, different SSE behaviour occurs as only short-term events are detected, and long-

term events are absent (Brudzinski et al., 2016).

A unique case of SSE occurrence is found at the Hikurangi margin along the eastern
coast of New Zealand where the Pacific Plate subducts beneath the Australian Plate.
Here a diverse range of slow slip behaviour occurs which include shallow (<20 km)
offshore short-term events in the north (lasting 1-4 weeks), and deeper long-term events
(lasting ~1.5 years) in the south (Wallace and Beavan, 2010; Wallace, 2020). In the north,
SSEs are accompanied by spatio-temporally correlated tectonic tremor (Todd et al.,
2016). Hikurangi represents an unusual case of SSE occurrence as it is the site of
subduction of a relatively old, and therefore cold, plate (>100 Myr). Most other cases of
SSEs are found at young and warm subduction zones (e.g., Cascadia, Nankai, Mexico).
Current hypotheses suggest that the rough subducting plate in the north, where
seamounts protrude above the deposited sediment, create heterogeneous stress
distribution that promotes episodic SSEs (Wang and Bilek, 2014).
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Other subduction zones with observed SSE include Costa Rica, Alaska, the Aleutians,
and southern Chile. SSEs have also been observed at the root of some continental
transform faults including the San Andreas Fault in California (Shelly, 2017) and the
Alpine Fault in New Zealand (Wech et al., 2012). It is currently unknown whether all large
active faults host some type of slow-earthquake behaviour. Current limitation associated
with seismic and GNSS station density in some remote areas make detecting slow slip

and tremor challenging.

16



1.4 THE MECHANISM OF SLOW SLIP

In the region where SSEs nucleate, it has been observed that a layer exhibiting low
seismic velocities exists with high compressional-to-shear wave velocity ratios (Vp/Vs)
(Abers, 2005; Audet et al., 2009) that are consistent with the presence of abundant fluid
with near-lithostatic pore fluid pressures. There is still debate on the makeup of the low-
velocity layer (LVL) with some arguing it consists of upper oceanic crustal rocks at high
fluid pressures (Hansen et al., 2012) and others stating that it is predominately composed
of underplated metasedimentary rocks (Abers et al., 2009., Calvert et al., 2011). The
exact makeup of the LVL remains unknown, but the presence of elevated pore-fluid
pressures which decrease the effective normal stress and thus weaken the frictional
strength of the fault, remains a consistent feature of all hypotheses relating to mechanism

behind slow slip.

In the case of the CSZ, the location of SSEs correlates well with the MWC. It has been
suggested that relationship between SSEs and the MWC is a result of the serpentinization
of the mantle forearc. Here, the serpentinized forearc mantle acts as an impermeable
surface that channels fluids, which are released via prograde metamorphic dehydration
reactions, to the site of SSEs (Hyndman, 2015). According to Audet and Burgmann,
(2014), low Vp/Vs ratios in the lower continental crust, above where tremor is observed,
are consistent with silica enrichment from slab-derived fluids and mineralization in quartz
veins. Here the cyclic nature of SSE is related to changes in pore-fluid pressures because
of the breaching and resealing of the plate interface shear zone via mineral precipitation
processes. Gosselin et al., (2020) observed changes in the seismic velocity associated
with the LVL following SSEs, which is consistent with the temporary reduction in pore-
fluid pressure following slow slip. Similar observations have been made in Japan where
temporal changes in seismic attenuation associated with slow slip have been observed,
also suggesting episodic fluid drainage along the plate interface (Nakajima and Uchida,
2018). In New Zealand, time-dependent changes in the stress state of the oceanic crust
are interpreted as being a result of the rise and drop of fluid pressures before and after
SSEs (Warren-Smith et al. 2019). Based on these findings, the fault-valve hypothesis for

SSE occurrence states that the diverse timescales and recurrence intervals of slow slip
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are due to variations in the rate of processes that generate and trap fluids. These
processes include the generation of fluids via metamorphic dehydration reactions, the
transportation of fluids to the site of slow slip, vein closure via mineral precipitation, and
permeability changes due to shearing.

There is some uncertainty in the role of fluid mobilization in generating the elevated
pore-fluid pressures necessary for slow slip. For example, Condit et al. (2020) find that in
the case of warm subduction zones, dehydration of Mid-Ocean Ridge Basalts (MORB)
produce aqueous fluids at the depths of SSEs and up-dip migration of fluids along the
slab is not necessary. In this case the location of slow slip depends on the local P-T
conditions that trigger mineralogical changes that release H20, specifically in this case,
the breakdown of chlorite and lawsonite. Other studies note the remarkable
correspondence between SSE location and the MWC, specifically in the case of Cascadia
(Hyndman, 2015). When fluid mobilization is considered, fluid flux rates may be 5 to 10
times that of in situ dehydration although there is much uncertainty in these values.
Another factor to consider in this case, is the increase in silica source as silica solubility
will be larger for fluids generated at higher temperatures (Hyndman et al., 2015). It has
also been found that the process of fluid release and channelling results in high fluid
volumes in shorter time intervals (<1 year) which better reflect the time scale of SSEs
(Taetz et al., 2018). Overall, the role of fluid mobilization has important implications for
where we observe slow slip as well as the main mechanism behind it. Differentiating
between in-situ and mobilized fluid production requires accurate P-T models with

complementary geochemistry data which is currently limited.

Other suggested mechanisms for controlling slow slip behaviour include effects of fault
dilatancy where the strength of dilatancy can influence modeled SSE behaviour (Segall
et al., 2010; Liu and Rubin, 2010; Liu, 2013). In the case of fluid saturated material,
dilatancy can decrease the pore fluid pressure by creating void space, which can in turn
increase the effective normal stress, strengthening the fault. Increasing the strength of
dilatancy is found to lower slip velocities, lead to longer recurrence intervals, and increase
slip amounts. Effects of slab geometry on SSE behaviour have also been established,

where numerical modeling using rate- and state-dependent friction law show that
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segmentation of slow slip in Cascadia is inversely related to the fault dip and strike angles
of the slow slip zone (Li and Liu, 2016). This implies that slab geometry may have
significant control on the slow slip process. Brudzinski and Allen (2007) note the
correlation between the overlying accreted oceanic terranes in Cascadia and slow slip
recurrence intervals. In this case, the denser and stronger Siletzia terrane of the overlying
continental lithosphere in central Cascadia can accommodate more stress leading to
longer recurrence intervals in this region. Which mechanism contributes most to
controlling slow slip behaviour is an ongoing topic of study. Expanding the scope of many
of these studies to different subduction zones will further establish whether these

mechanisms explain the global variation of slow slip behaviour.
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1.5 OVERVIEW

The discovery of slow slip as an intermediary form of stress accommodation in
subduction zones has been one of the most exciting seismological discoveries in recent
decades. The role that slow slip plays in the earthquake cycle has many implications
including its potential role in accommodating significant amounts of stress leading to
widespread aseismicity (e.g. Cascadia). Stress release via seismic activity is known to
account for a small fraction of total plate motion so further quantification of slow slip events
will improve estimates of the total seismic moment budget. Additionally, SSEs have also
been reported to trigger increases in seismicity within plate segments (Lowry, et al., 2001,
Ozawa et al., 2003) by altering the stress field and reducing the frictional stability of the
fault interface. Our current understanding of the relationship between SSEs and
megathrust earthquakes is limited, but the potential ability for SSEs to influence their
nucleation makes understanding these processes critical (Obara and Kato, 2016). This
work provides key elements in improving our understanding of fault processes at
subduction zones, which is critical in the risk assessment of natural hazards in some of
the most populated regions on earth. With increased knowledge in this field, we can
mitigate the effects of earthquake hazard through improving engineering standards as

well as emergency protocol in high-risk regions.

Based on these premises, my thesis is focused on providing insight into the following
guestions: Why does fault slip behaviour vary across global subduction zones? Can slow
slip behaviour be explained by a single process, e.g., slab dehydration, or are there
various mechanisms by which the mechanical strength of the slab is altered that can
produce these events? What role does the down-going versus overriding plate have in
creating the necessary conditions for slow slip nucleation? These questions are

addressed in each of the following three separate chapters:
Chapter |

In Chapter I, | address the first question by exploring the range of controlling
parameters of subduction zones to a global setting through multivariate analysis of

global geophysical data. Only a few review articles provide an overview of SSE
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behaviour globally with the vast majority focusing on individual subduction zones
and investigating single controlling factors in generating SSEs. For example, SSEs
are thought to occur preferentially in warm (i.e., young) subduction zones; this
factor may not be universal or sufficient by itself to generate SSEs, and other
factors have been proposed. However, most studies use a small number of data
summaries (e.g., age of subducting plate), which has the unintended consequence
of discarding other potential factors and therefore limiting the applicability of
physical models to particular cases. First, we wish to understand which factors
(and combinations thereof) are most important in generating SSEs. In machine
learning parlance, this problem falls in the category of Supervised Classification
problems, where multivariate data and SSE observations are used to train a
mathematical model to learn whether a subduction zone segment hosts SSEs or

not for regions that are well instrumented.

This chapter also addresses the third question by focusing on physical
characteristics of the down-going plate including subducting plate age, relative
velocity, sediment thickness, seafloor roughness, and plate dip. The ability for a
trained model to accurately predict where SSEs occur provides evidence for the
predictive power of the physical characteristics of the down-going plate. In
addition, parametric models can quantify the relationship between a feature and
the outcome through correlation coefficients. This creates two ways to interpret the
potential influence of the down-going plate on SSE generation, with the first
considering the combination of features and the second considering individual

feature effects.
Chapter Il

In Chapter Il, I primarily address the second question by testing the hypothesis that
metamorphic dehydration reactions and the fluids they produce are a driving
mechanism for generating the conditions for slow slip. In addition, | test whether
different patterns in slab dehydration can control different slow slip behaviour,
including recurrence times, energy rates, and tremor density. Our current

understanding of the mechanisms behind slow slip suggests that elevated pore-
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fluid pressures are necessary along the interface where slow slip is observed. This
has the effect of reducing the effective normal stress and therefore the frictional
strength allowing for semi-frictional behaviour where stable sliding would be
expected (Gao and Wang, 2017). To test this hypothesis, | construct temperature
and pressure models along the entirety of a single subduction zone to estimate
slab dehydration rates and compare them to the location of observed slow slip
events. The CSZ provides reliable slow slip occurrence with events being observed
along the entirety of margin occurring every 10-19 months (Brudzinski and Allen,
2007). In addition to the second question, this chapter addresses the first question
by determining how varying subducting parameters affect the pattern of slab
dehydration and how they may limit generation of slow slip. For example, must a
subduction zone be hot to expel water at the correct depths? This further
addresses the third question by modelling a potential mechanism for slow slip

which is mainly driven by factors controlled by the subducting slab.
Chapter 1lI

In Chapter I, to address the third question, | characterize the anisotropic structure
of the mantle wedge corner (MWC) in northern Cascadia to provide further insights
into the role that this area may play in the generation of slow slip. The MWC in
Cascadia is thought to be widely serpentinized which produces a highly foliated
fabric that may play an important role in the channelling of fluid near the site of
slow slip occurrence. | use teleseismic scattering data (known as receiver
functions) to determine the structure of the overriding plate including the MWC.
This produces estimates of the changing 1D isotropic velocity structure, which can
be used to infer layering in the sampled subsurface, as well as the anisotropic
structure, which can be interpreted as being a result of the preferential alignment
of material through foliation in the case of a highly foliated rock such as
serpentinite. This chapter provides constraints on the potential role the overriding
plate has in creating an impermeable layer near the site of SSEs which may be
necessary to weaken the fault through trapping fluids and generating fluid

overpressures.
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2

UNCOVERING THE PHYSICAL CONTROLS OF SLOW SLIP
USING SUPERVISED CLASSIFICATION

ABSTRACT

Deep slow slip events (SSESs) at subduction zones have significantly contributed to refining our
understanding of the megathrust earthquake cycle at the brittle-ductile transition. However, the
specific combination of factors that determine their occurrence has not yet been fully explored.
Here we evaluate the contribution of several of these characteristics using globally mapped
geophysical data that are used as proxies for physical properties of the subducting plate. This is
performed by classifying 25 km-wide, trench-parallel segments into binary classes based on the
observation (or lack thereof) of deep, short- or long-term SSEs. The five characteristics explored
here include subducting plate age, sediment thickness, relative plate velocity, slab dip, and plate
surface roughness. We use these characteristics to train six Machine Learning models based on
different learning algorithms: Gaussian Naive Bayes, Logistic Regression, Linear Discriminant
Analysis, Random Forest, Support Vector Machine, and K-Nearest Neighbour. Short-term SSE
models show that subducting plate age, relative velocity, and sediment thickness have the
strongest predictive power with the first two characteristics negatively correlating and sediment
thickness positively correlating with SSE occurrence, respectively. These results are consistent
with a conceptual model where slow slip is controlled by conditions favoring the enduring release
(and possible storage) of fluids near the source region. However, the relationship between these
features and elevated pore fluid pressures is not established here and further evidence is needed
to validate this hypothesis. We then use a final model constructed as a weighted average of the
best performing models to make predictions on the probability of SSE occurrence, with predicted
short-term SSE occurrence in South America, the Aleutians, Sumatra, Vanuatu and Solomon, as
well as long-term SSE occurrence in the Aleutians, Izu-Bonin, Kuril-Kamchatka, Mariana, and
Tonga-Kermadec. Overall, long-term SSE models do not perform as well as the short-term SSE
models which may indicate that long-term SSEs are controlled by a different and/or extended set

of physical characteristics than the short-term SSEs.
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2.1 INTRODUCTION

The discovery of slow slip events (SSEs) from GPS monitoring has drastically altered
our understanding of how accumulated tectonic stress at subduction zones is released
(Obara and Kato, 2016). Unlike regular “fast” earthquakes, stress during SSEs is released
over a period of days to months and is often associated with tectonic tremor (Rogers and
Dragert, 2003). This is observed as intermediate slip rates between those observed for
regular earthquakes, on the order of meters per second, and stable sliding, up to 10
orders of magnitude slower (Schwartz et al., 2007). When the geodetic and seismic
signals are correlated spatially and temporally, this is referred to as a single event of
episodic tremor and slip, or ETS (Rogers and Dragert, 2003). SSEs have not been
observed along all subduction zones and are sometimes confined to specific segments
along a given subduction zone. The segmentation of SSEs is further complicated by its
complex and variable behaviour. SSEs have been observed with and without tectonic
tremor, up- and down dip of the seismogenic zone, and with varying time scales including
short-term SSEs (with durations of days to a few weeks) and long-term SSEs (with
durations of months to years). Currently, subduction zones with observed episodic slow
slip include: Cascadia (Dragert et al., 2001; Miller et al., 2002; Dragert et al., 2004;
Schmidt and Gao, 2010; Melbourne et al. 2005), Nankai (Hirose et al., 1999; Hirose and
Obara, 2005; Sekine et al.,, 2010), Mexico (Kostoglodov et al., 2003; Maury, 2018;
Burdzinski, 2016), Costa Rica (Voss et al., 2017; Jiang et al. 2017; Walter et al., 2013),
Hikurangi (Wallace and Beavan, 2006; Beavan et al., 2007; Wallace et al. 2012; Wallace
and Eberhart-Phillips, 2013; Todd and Schwartz, 2016), and Alaska (Wei et al., 2012;
Ohta et al., 2006; Fu and Freymueller, 2013).

Despite two decades of research into slow slip events, there is still no consensus on
the range and combination of physical properties that are both necessary and sufficient
to explain their occurrence, with only a few review articles that provide an overview of
deep slow slip behaviour globally (e.g., Schwartz and Rokosky, 2007; Beroza and Ide,
2011; Wang and Bilek,, 2014; Audet and Kim, 2016; Birgmann, 2018). The vast majority
of studies focus on individual subduction zones and investigate single controlling factors

in generating slow slip events, which has the unintended consequence of discarding other
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potential factors. Furthermore, there is a lack of global studies of subduction zone slow
earthquakes that quantitatively investigate the possible combination of controlling factors.
For example, SSEs are thought to occur preferentially in warm (i.e. young) subduction
zones (Beroza and Ide, 2011); this factor may not be universal, or sufficient, by itself to
generate SSEs, and other factors have been proposed (Yabe, 2014; Wang and Bilek,
2014). Most studies use a small number of data summaries (e.g., age of subducting plate)
which has the consequence of discarding other potential factors. Here we attempt to
expand these concepts to a global setting through multivariate analysis of globally
mapped geophysical data that provide proxies for possible controlling factors. This
includes physical, kinematic, and geometric properties of the incoming plate and
overriding plate of subduction zones. By doing so we can remove data biases associated
with specific subduction zones and uncover universally applicable models. These models

can then be used to predict SSE behaviour in poorly monitored areas.

2.2 DATA AND METHODS

2.2.1 FEATURE SELECTION

Subduction zones globally show significant variability as well as along-strike
heterogeneity in a large range of physical properties of both the incoming and overriding
plates. However, evaluating all possible factors that might contribute to the occurrence of
SSEs is prohibitive and likely to yield limited insight. In addition, several factors that are
assumed to influence slow fault slip (e.g., high fluid pressure) are difficult to map and
compare globally. In our approach, we use proxies for a handful of physical properties
using globally mapped geophysical data. We avoid the use of seismic velocity models, as
global models do not have sufficient resolution at the spatial scales analyzed here, and
high-resolution models are not available everywhere and are highly dependent on the
methodology and experimental/field conditions. Furthermore, to develop a predictive
model of slow slip behavior, one must first select the physical characteristics that are
hypothesized to explain the variability in occurrence, and thus, have a mechanism that

relates their contribution to the nature of fault slip.
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One of the most widely accepted mechanisms requires near-lithostatic pore-fluid
pressures to exist where slow slip occurs (Audet et al., 2009; Kato et al., 2010). This fluid
overpressure decreases the effective normal stress, weakening the plate interface and
promoting slow slip. At shallow depths, water is introduced through the compaction of
subducted sediments that stores free water in its pore space. The presence of abundant
sediments near the trench may therefore provide a proxy for fluid availability at depth
(Yabe, 2014; Wallace et al., 2017). At greater depths, fluids are further generated through
various metamorphic reactions involving the dehydration of hydrous minerals as the
subducting oceanic crust is subject to higher temperatures and pressures with increasing
depth (Hyndman and Peacock, 2003; Peacock et al., 2011). These dehydration reactions
occur in high-temperature environments (Peacock, 1990), which is dominantly influenced
by subducting plate age, with younger plates being hotter. Therefore, subducting plate
age may control the spatial and depth occurrence of fluid overpressure, and therefore
slow slip occurrence (lde, 2012). This is indeed observed, as the majority (excluding
Hikurangi) of slow slip events occur in regions of young (<30 Ma) subducting oceanic
lithosphere. If there is a given temperature and pressure window that favours the
nucleation of slow slip events, we can assume that the physical parameters that influence
the time spent within these conditions can increase the probability of their occurrence.
Two physical parameters that limit the time spent in specific temperature and pressure
conditions include plate relative velocity and subducting plate dip, which have been
previously thought to influence slow slip behavior (Brudzinski et al., 2016; Yabe, 2014).
Furthermore, to promote the pore-fluid pressures necessary to weaken the plate
interface, certain characteristics may be necessary to allow trapped fluids to escape more
readily. One such characteristic includes plate surface roughness, where rougher plates

are observed to promote the movement of fluids (Wang and Bilek, 2014).

For the remainder of this paper, we refer to scalar summaries of geophysical data
that are used as proxy for physical characteristics as “features”, to be consistent with the
nomenclature used in machine learning approaches that we adopt here (see section 2.4).
Based on the above conceptual model of slow slip, we select a set of five features that
includes: 1) subducting plate age, 2) sediment thickness at the trench, 3) relative velocity,

4) subducting plate dip, and 5) plate surface roughness. Note that we ignore features that
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are solely associated with the overriding plate, which are much more complicated due to

the (variably) long geological history of the convergent margins.

2.2.2 FEATURE DATA COLLECTION

We define 25 km-wide, non-overlapping, trench parallel segments for global
subduction zones based on the trench models of Bassett and Watts (2017). Each
segment is characterized by an array of scalar values representing each feature of
interest (Fig. 2.1). We collect global spatial data for oceanic crustal age, ocean floor
sediment thickness, subducting slab dip, relative plate velocity, and free air gravity
anomalies. Oceanic crustal age data (Mueller et al.,, 2008) and ocean floor sediment
thickness data (Mueller et al., 2008) are extracted from the National Oceanic and
Atmospheric Administration (NOAA) with 2-minute and 5-minute resolution, respectively.
The grid data are sampled within the 25 km-wide and 200 km-long segments, where each
segment is centered on the trench position with a long axis orthogonal to the trench. The
sampled values are averaged to provide a scalar value for age and sediment thickness
for each segment. Free-air gravity anomaly data (Bonvalot et al., 2012) are extracted from
the International Gravimetric Bureau with 2-minute resolution. Following the procedure
described above, the grid data are sampled for each segment and the standard deviation
of the sampled data is assigned as an estimate for surface roughness. We use gravity
data rather than bathymetry to define roughness in order to avoid a possible negative
correlation between seafloor relief and sediment thickness. Relative velocities between
subducting and over-riding plates are calculated from the UNAVCO online plate motion
calculator at the midpoint of each segment using the HS3-NUVEL1A model (Gripp and
Gordon, 2002). Subducting plate dip values are extracted 100 km landward of the
midpoint of each segment from dip contours defined by the Slab2.0 model (Hayes et al.,
2018).
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FIGURE 2.1: GLOBAL MAPS DISPLAYING THE MAGNITUDE OF THE SCALAR VALUE ASSIGNED TO EACH SEGMENT FOR EACH FEATURE
USED IN THE ANALYSIS. (A) SEDIMENT THICKNESS (MUELLER ET AL., 2008), (B) SEAFLOOR AGE (MUELLER ET AL., 2008), (C) PLATE
DIP (HAYES ET AL., 2018
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2.2.3 SEGMENT CLASS ASSIGNMENT

In our approach, we seek to provide a first-order discrimination of the features
responsible for the occurrence of SSEs through binary classification. Although a more
sophisticated study could use regression analysis to investigate the features contributing
to particular SSE variables in more detail (e.g., moment rate, slip area, hypocentral depth,
etc.), our preliminary work suggests that the small size of the feature data set is a limiting
factor in these types of analysis. Each segment is therefore assigned a binary class label
based on the observation (label “Yes”), or lack thereof (label “No”), of SSEs. We further
assemble two datasets, based on the occurrence of either short-term or long-term SSEs.
In the literature, short-term events are typically described as those with a total duration
on a scale of days to weeks and long-term events are those lasting from months to years
(Obara and Kato, 2016). We use 1 month (30 days) as the cut-off limit for each event
classification. We exclude shallow events (i.e., those that occur at depths of <20 km) in
the classification due to the difficult nature of their detection. Due to variable levels of
instrumentation in different regions, special consideration is given to regions that are
insufficiently monitored and poorly studied. We do not include these segments in the
development of the machine learning models and they are left as unknowns. GNSS
station density is shown in Fig. S2.1 of the supplementary material which can aid in the
determining of the detection threshold for a given subduction zone (i.e. segments with no
observed SSEs but with similar station density as segments that do host SSEs can be
more confidently assigned to the “No” class. SSE occurrence is defined based on
measured slip contours for individual slow slip events as well as cumulative slip contours
over a given period of time depending on data availability. We use tremor as a proxy for
short-term slow slip in regions where small SSEs are suspected but are difficult to detect
via GPS due to high levels of noise. Fig. 2.2 shows the along-strike class label of
segments along subduction zones with known slow slip behaviour based on spatial

constraints of SSEs from previously identified events.

2.2.3.1 ALASKA
Along the Alaskan Trench, deep long-term slow slip events have been observed within

the region (Wei et al., 2012; Fu and Freymueller, 2013) with two main slip patches located
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in the lower Cook Inlet and upper Cook Inlet. Since no short-term events or tectonic tremor
have been observed within the lower Cook Inlet, we assign segments within this region
to the “Yes” class for the long-term dataset and to the “No” class for the short-term
dataset. Further east, abundant tectonic tremor is observed within the Upper Cook Inlet
(Wech, 2016). The along-strike spatial extent of tremor is well constrained as station
coverage is sufficient for detection beyond these boundaries. Evidence of short-term
events in the region have also been observed as abnormal displacements (Freymueller
and Ohta, 2007; Ohta et al., 2006). Due to the observation of both short-term and long-

term events, we assign segments along this region to the “Yes” class for both dataset
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FIGURE 2.2: OVERVIEW OF GLOBAL SLOW SLIP BEHAVIOUR AND CORRESPONDING SEGMENT CLASSIFICATION. SPATIAL CONSTRAINTS
OF SHORT-TERM AND LONG-TERM SSES ARE SHOWN BY GREEN AND YELLOW SHAPES. SEGMENT CLASSES ARE REPRESENTED BY
COLOURED AREAS OCEANWARD OF THE TRENCH. THE AREA IN CONTACT WITH THE TRENCH REPRESENTS CLASSIFICATION OF SHORT -
TERM EVENTS, WHERE GREEN PORTIONS REPRESENT SEGMENTS WITH OBSERVED SHORT-TERM SLOW SLIP AND THE PURPLE
PORTIONS REPRESENT SEGMENTS LACKING SHORT-TERM SLOW SLIP OBSERVATIONS. LONG-TERM SEGMENT CLASSIFICATIONS
FOLLOW ALONGSIDE THE SHORT-TERM EVENTS WITH THE YELLOW PORTION REPRESENTING SEGMENTS WITH OBSERVED LONG-
TERM SLOW SLIP EVENTS AND THE PURPLE PORTION SEGMENTS LACKING LONG-TERM EVENT OBSERVATIONS. DATA SOURCES:
CASCADIA (SSE: BEROZA AND IDE, 2011); MEXICO (SSE: GRAHAM ET AL. 2015; ROUSSET ET AL. 2017; MAURY ET AL. 2018;
VILLAFUERTE, 2017); COSTA RICA (SSE: VOSS ET AL. 2017); ECUADOR (SSE: VACA ET AL. 2018); CHILE (SSE: RUIZ ET AL. 2014);
HIKURANGI (SSE: WALLACE AND EBERHART-PHILLIPS, 2013); JAPAN (SSE: KOBAYASHI, 2017; TANAKA ET AL. 2018, NISHIMURA,
2013); ALASKA (SSE: FU AND FREYMUELLER, 2013; WEI ET AL. 2012)
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2.2.3.2 MEXICO

Along the Middle-American Trench, a wide array of slow slip behaviour has been
observed. Within Mexico, three main regions, Guerrero (Radiguet et al., 2012), Oaxaca
(Brudzinski, et al., 2007; Graham et al., 2015; Correa-Mora et al., 2008), and the Jalisco-
Colima-Michoacan (Ja-Co-Mi) region (Brudzinski et al., 2016) are defined by their varying
slip behaviour. Within Guerrero, large long-term SSEs are found to occur every ~4 years.
Within Oaxaca, long-term SSEs are also observed, repeating every 1-2 years and lasting
~6 month (Graham et al., 2015). Tectonic tremor is spatially separated from the SSEs
and are found to occur down dip of the main slip patch (Kostoglodov et al., 2010; Husker
etal., 2012). Inter-SSE bursts in tremor activity are associated with small short-term SSEs
that occur down dip of the long-term slow slip patches (Frank et al., 2015; Villafuerte,
2017). Similar observations of short-term SSEs have been made in Oaxaca (Husker et
al., 2019) and Ja-Co-Mi (Brudzinski et al., 2016). Due to high observational noise, these
events are difficult to detect using traditional methods. Sparse event detection limits our
ability to spatially constrain the slip patches using GPS measurements; instead we use
tectonic tremor activity to define the spatial constraints of short-term SSEs in the region.
Based on the observations above we assign segments in the Ja-Co-Mi region to the “Yes”
class for the short-term data set and to the “No” class for the long-term dataset, whereas

the segments in Guerrero and Oaxaca are labelled “Yes” in both cases.

2.2.3.3 COSTA RICA

Beneath the Nicoya Peninsula in Costa Rica, both shallow and deep SSEs have been
observed (Outerbridge et al., 2010; Voss et al., 2017) with associated tectonic tremor
(Outerbridge et al., 2010). The recurrence of these SSEs show variability in both the depth
of the slip patch and the slip area, with events lasting from ~1.5 to ~7 months. The
observation of tectonic tremor is evidence of likely short-term SSEs so we assign these

segments to the “Yes” class for both datasets.

2.2.3.4 NEW ZEALAND
The Hikurangi Trench, located off the eastern coast of the North Island of New
Zealand, displays significant along-strike and dip variation in slow slip behaviour. Within

the southern portion of the island, long-term SSEs (lasting ~1.5 years) are observed in
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the Kapiti and Manawatu regions at depths of 25-60 km (Wallace and Beavan, 2010). In
contrast, further north we observe shallow (<20 km), offshore, short-term SSEs lasting
approximate 1-4 weeks (Wallace and Beavan, 2010). Further inland, at the central
Hikurangi margin, moderate length SSEs lasting 2-3 months at depth of 25-50 km are
observed. SSEs along the northern Hikurangi Margin are generally accompanied by
detectable spatio-temporally correlated tectonic tremor (Todd et al., 2016). In addition,
tremor is also found to occur further inland in bursts lasting 2-3 months. The origin of
these events is unknown but currently believed to be associated with undetected long-
term SSEs that are below the geodetic detection threshold (Todd et al., 2016). Based on
these observations, we assign segments in the central to southern portion of the trench
to the “Yes” class in the long-term case and to the “No” class in the short-term case.

Segments located in the north are assigned to the “No” class for both datasets.

2.2.3.5 JAPAN

Southwestern Japan hosts diverse slow slip behaviour along the entire extent of the
Nankai Trough. ETS events with a recurrence interval of 3 to 6 months occur down dip of
the seismogenic zone within Kyushu (Ozawa, 2017), Shikoku (Takagi et al., 2016), Kii
and Tokai (Nishimura et al., 2013). Up dip of the ETS events, long-term SSEs have been
observed within the Bungo Channel and western Shikoku (Hirose et al., 1999; Hirose and
Obara, 2005), in the Tokai region (Ozawa et al., 2002; Suito and Ozawa, 2009; Ozawa et
al., 2016), and the Kii Channel (Kobayashi, 2014; Kobayashi, 2017). We assign segments
in the southern portion of Kyushu to the “No” class, and the majority of segments in
western Shikoku to the “Yes” class for both datasets. Within the Kii Channel a gap in
short-term SSEs is observed so we assign “Yes” for the long-term data set only. Further
east, segments are found only to host short-term events so we assign “Yes” for the short-

term data set until eastern Tokai where we see a return of long-term events.

2.2.3.6 SOUTH AMERICA

South America presents a unique case in which there have been only sparse
observations of slow slip behaviour along its ~4000 km extent. The lack of observed
SSEs may have implications on the conditions that favour slow slip nucleation but may
also be an artifact of poor GPS station coverage. Currently, few regions along the South
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American trench have been found to host SSEs, the first of which is located in the North
Chile seismic gap (Socquet et al., 2017; Ruiz et al., 2014). Here, an 8-month long event
occurred offshore, preceding the 2014 Mw 8.1 North Chile megathrust (Socquet et al.,
2017). From the lack of observable tectonic tremor and deep, short-term events,
combined with evidence of sufficient GPS station coverage to identify SSEs, we assign
the segments including the North Chilean long-term SSEs to the “No” class for both
datasets. The second region in which SSEs have been observed is within the Punta
Galera Mompiche Zone (PGMZ) in northern Ecuador. In late 2012 to early 2013, a 2-
month long, shallow (5-25 km depth) SSE was observed and correlated with seismic
swarms. Seismic data shows the recurrence of these seismic swarms with a periodicity
of ~2 years (Vaca et al., 2017). Further south in central Ecuador, located beneath La Plata
Island, a shallow, short-term SSE event was found to occur (Vallee et al., 2013). Like the
PGMZ events in the north, this event was associated with increased seismic activity in

the slip region.

2.2.3.7 CASCADIA

The Cascadia Subduction zone in western North America extends from northern
California in the south to northern Vancouver Island in the north. It is unique in that
widespread ETS has been observed across its entire length. SSEs in Cascadia were first
discovered in the early 2000’s (Dragert et al., 2001) where GPS reversals were observed
for approximately 2 weeks (Wech et al., 2009). Since then, widespread SSEs have been
observed along the Cascadia subduction zone (Miller et al., 2002; Dragert et al., 2004;
Schmidt and Gao, 2010; Melbourne et al., 2005) where they are both spatially and
temporally correlated with tectonic tremor. These events have a regular periodicity of 10,
14, and 19 months (Brudzinski and Allen, 2007), with slip being measured to occur on the
deep portion of the plate interface at depths of 25-45 km (Dragert et al., 2004). We assign
the label “Yes” for the entire extent of the Cascadia Subduction Zone for the short-term
data set; however, no long-term SSEs have yet been reported despite adequate

observational infrastructure.
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2.2.3.8 SUMATRA

The Sumatra-Andaman subduction zone is one of the most seismically active regions
in the world. The widespread occurrence of abundant seismicity makes it difficult to
identify SSEs through traditional methods due to the saturation of GPS time series with
regular (seismic) fault motion. A systemic search for SSEs was conducted by Feng et al.,
(2015) to determine if the Sumatran GPS array had detected any SSEs since its
installation in 2002. Feng et al., conclude that there is no evidence for SSEs at the scale
of slow slip that is most commonly observed. Based on the determined resolution, it is
concluded that Cascadia-type events are unlikely to occur in the region studied. Based
on these observations, we assign segments located within central Sumatra to the “No”

class for our short-term data set.

2.2.4 MACHINE LEARNING APPROACH

Machine learning (ML) is a computer science approach to uncovering complex
patterns within data that are not obvious based on human observation. It is rapidly
becoming a popular tool for data analytics in the geosciences due to the complex and
interactive nature of the earth system (Bergen et al., 2019). The advantage of machine
learning over other data processing approaches is the ability to learn from data without
being explicitly programmed. Due to the capacity of modern computers to process large
amounts of data, the opportunity exists to reveal new information from various types of
data. Previous ML applications in solid earth geophysics and seismology include (though
not limited to): earthquake detection (Wang & Teng, 1995); earthquake location (Dai &
Macbeth, 1997; Gentili and Michelini, 2006; Reynen and Audet, 2017); earthquake
classification (Mousavi, et al., 2016; Reynen and Audet, 2017); earthquake prediction
(Panakkat and Adeli, 2009); fault slip inversion (Kaufl et al., 2016); predicting mantle
dynamics (Shahnas, et al., 2018); and lithological mapping (Kuhn et al., 2018).

Our approach here is to use supervised classification algorithms to determine which
subduction zone characteristics have predictive power in determining the occurrence of
SSEs. In ML nomenclature, the inputs to ML models are called “features”, as mentioned
above. Supervised training algorithms use data with known classes to determine which

combination of features is most successful in producing a correct output. There are
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various supervised classification algorithms that can be applied, each making unique
assumptions about the distribution of the input data and following different strategies to
classify the data with some being better suited for our purposes than others. We separate
these algorithms based on whether they are linear or non-linear separators. Linear
classifiers have the advantage of interpretability due to creating a linear equation with
coefficients that can provide information on the contribution of each feature to a correct
output. In contrast, non-linear classifiers generally produce better predictions on unknown
datasets since it is often the case that the two classes are not linearly separable. We

explore various linear and non-linear classifiers in the following sections.

2.2.4.1 LINEAR CLASSIFIERS

Logistic Regression

Logistic Regression (LR) (Cox, 1958) uses the logistic function

ex

m, Eq 2.1

to estimate the probability of a binary event with the output of the model being either O or
1. This is done by putting a linear equation with the feature data and parameters into the

logistic function as follows:

1
P(y=1)= 1+e(-(Bo+B1x1++Bnxn))"

Eq. 2.2

The output of logistic regression is a probability between 0 and 1, therefore we set up
the log odds and set it equal to the linear equation:

P(y=1
log (szo;) = Bo + Prx1 + -+ Buxy. Eq. 2.3

The coefficients of the linear combination are determined through Maximum-likelihood
estimation (MLE) (Fisher, 1912). MLE determines model parameters by finding the ones
that maximize the likelihood function. In other words, the best parameters are selected by

minimizing the error between the probability of the predicted class and the actual class

38



observed in the data (e.g. 1 or O in the binary case). Logistic regression makes few
assumptions about the input data making it widely applicable. The tendency for LR to be

unstable with too few training samples is one disadvantage of this method.
Linear Discrimination Analysis

Linear Discriminant Analysis (LDA) (Fisher, 1936) is typically used as a binary
classification algorithm where a linear combination of the predictors is used to separate
the two classes. LDA makes certain assumptions about the probability distribution
function (PDF) of the input data, such as that it is normally distributed and that the
distributions have the same covariance for each class. These assumptions are then
applied to estimate the statistics (mean and variance) for each class that are used to

calculate the discriminant, which in the univariate case is given by:

2
gk (x) = x % - 2% + log (), Eq. 2.4

where k represents the kth class, u,is the mean, o2 is the variance, and m;, is the overall
probability of class k. With multivariate data, we can express the same equation using

vector notation:
ge(x) = xTx y, — %,u};Z‘l + log my, Eq. 2.5

where X1 is the covariance matrix of the gaussian distributions. Solving for x"gives a
linear equation used to predict class probabilities. When all the assumptions are met, LDA
is a very powerful predictor with the ability to perform well on small datasets. Since this is

rarely the case, LDA is often outperformed by other classifiers.
Support Vector Machine

The support vector machine (SVM) algorithm (Cortes and Vapnik, 1995) classifies the
data by finding the hyperplane that maximizes the distance between the closest points of
each class. The hyperplane represents the decision boundary that splits the data into its

different classes. The SVM method can be applied to data that are both linearly separable
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and non-linearly separable, each using continuous functions to define the SVM classifier.
There are various ways of computing the classifier, with the hinge loss function being
commonly used in data that are non-linearly separable. The hinge loss function is defined
as:

max(0,1 — y;(W - x; — b)), Eq. 2.6

where w is the normal vector to the hyper plane, x; are support vectors (points that lie
nearest to the hyperplane), and b represents an offset from the origin. In this case the
function is O if the support vector is on the correct side of the plane. If the support vector
is on the incorrect side of the plane, the value of the function is proportional to the distance

from the margin. We can then minimize the following function to define the hyper plane:
>3, max (0,—y; (- (x; — b)| + AW, Eq.2.7

where 1 is a tradeoff parameter. One benefit of SVM is that it is not affected by the
proportion of training data that belong to each class. This is a common problem with
observed data since it is often the case that one outcome is more frequently observed

than the other.

2.2.4.2 NON-LINEAR CLASSIFIERS

Gaussian Naive Bayes

The Gaussian Naive Bayes (GNB) classifiers (Cooper and Herskovits, 1992) is based
on Bayes Theorem, which describes the probability of an event based on prior knowledge.
Bayes theorem can be written as:

(P(d|h)P(n))

P(hld) = L)

Eq. 2.8

where P(h|d) is the probability of the hypothesis h given the data, d, P(d|h) is the
probability of the data given the hypothesis is true, P(h) is the probability of the
hypothesis, and P(d) is the probability of the data. Here, each feature is considered
independent of one another, and therefore contributes to the probability of an event

separately. The equation is defined by “prior probabilities” that are defined by the input
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data. The goal of Naive Bayes is then to estimate the posterior probability, P(h|d). The
hypothesis (or class) that produces the highest probability is the output and the assigned

class for the given data. In other words, we can maximize the estimator function:
y = argmax p(Cy) [Ti=1 p(x:|Cy), Eq.2.9

that is, the output y can be determined by computing the maximum of the probability of

the feature data, p(x;|Cy), for a specific class Cy.

This algorithm estimates statistics of the data based on the assumption that they are
normally distributed, which is not always the case, and the GNB algorithm is therefore not
universally applicable. One advantage to the GNB classifier is its ability to estimate
parameters with a relatively small number of training data. In addition, due to its simplicity,

it is often a good starting point to test the predictive power of a data set.
Random Forest

The Random Forest (RF) algorithm (Ho, 1998; Breiman, 2001) is a decision tree
classifier that works by splitting the dataset at various points (nodes) in the tree structure.
The resulting split data are then found in what are called child nodes. This occurs
recursively until a specific criterion is met (e.g. the final nodes contain data from a single
class). RF generates bootstrap samples to determine an average classification across
multiple randomly generated trees. We can define the number of trees that are generated,
as well as the number of features that will be split at each level. To determine which
feature to split on at each level of the tree, the concept of information gain is used.

Information gain uses entropy defined as:
H(T) = —Y/_, Pilog,P;, Eq. 210

where P; is the probability of each class in a child node after a split in the tree. The

information gain can be defined as:

I = H(T) — H(T|a), Eq. 211
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where H(T) is the entropy of the parent, and H(T|a) is the entropy of the child node given
the value of attribute a. Due to the random nature of its model generation, RF is a powerful
and versatile classifier as it makes no general assumptions about the dataset. Its use of
bootstrapping gives insight into the robustness of the generated model making it a robust

predictor
K-Nearest Neighbour

The K-Nearest Neighbour (KNN) algorithm (Fix and Hodges, 1951; Cover and Hart,
1961) is a powerful classifier based on the simple assumption that points closer to each
other in feature space are more similar than those further apart. It assigns classes to new
data by determining the most frequent class of the K nearest neighbours, where K can be
adjusted as well as the weights assigned to points based on distance. Cross-validation
tests are used to choose values for K that minimize the classification error. As a non-
parametric model, no assumptions are made regarding the distribution of the dataset,
which broadens its applicability. KNN tends to work best when the sample size is large,

which can limit its accuracy in many circumstances.

2.2.4.3 DEALING WITH A SMALL DATASET

One of the major limitations of using spatial data as input to a classification algorithm
is the difficulty associated with increasing the size of a dataset. The spatial extent used
to describe a single data point is, in a sense, arbitrary, but must also relate to the scale
of the event that we are predicting. Due to the finite nature and limited availability of known
data points, the size of our dataset is small compared to other ML applications. One
concern associated with small datasets is the tendency for them to overfit the data. This
occurs when a model corresponds too closely with the data that is was trained on, and
therefore does not make accurate predictions on an unknown dataset (Hawkins, 2004).
To minimize the effects of overfitting, we use linear models when applicable as their
tendency to overfit the data is lower compared to non-linear models. In the case of the
RF model, we set the maximum depth of the tree to seven, limiting the number of data
splits. Other models (GNB and LDA) make simplifying assumptions that tend towards
better performance on small datasets. In general, overfitting can be prevented by

weighting the output from different models to produce a final prediction (Dietterich, 2000).
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Another limitation associated with small datasets is dealing with unbalanced classes.
Many algorithms are optimized when there is an equal number of training data belonging
to each class. With larger datasets, data can be disposed of from the majority class with
little consequence, which is not the case with small data sets. An alternative approach is
to create synthetic data for the minority class to balance the input data. Here we apply
the Synthetic Minority Over-sampling Technique (SMOTE) (Chawla et al., 2002) to
balance the dataset. This is done by altering feature data one attribute at time within the
difference to neighbouring data points of the same class. This creates a new data point

that differs from the sampled point by the value for one feature.

2.3 RESULTS

2.3.1 FEATURE EVALUATION

Here we evaluate the relationship between five subduction zone features and the
occurrence of slow slip events. Fig. 2.3 shows paired scatter plots depicting the
distribution of input feature data based on the segment classification. The scatter plots
show the relationship between all features for each segment used as input to the ML
model based on their SSE classification. Since the relationship between the features is
only represented in two dimensions, caution must be exercised when basing the

predictive power of each feature on visual inspection of these plots.

2.3.1.1 SHORT-TERM SLOW SLIP EVENTS

Fig. 2.3 shows the feature plots comparing the short-term SSE “Yes” and “No” classes
with 272 segments used as input. The sediment thickness data associated with the “Yes”
class is shown to span from low to moderate values for sediment input. Two peaks are
observed at the lower and higher ends of the distribution. The “No” distribution shows a
smaller range than that observed for the “Yes” dataset with a single large peak at
moderate sediment thickness values (=500 m). The distribution for subducting plate age
shows a partially bimodal distribution with all segments with a “Yes” classification having
an age of <50 million years. The “No” input data shows a split distribution between young
and old subducting lithosphere with the majority being over 50 Ma. We see similar results

in the distributions for relative plate velocity. The “Yes” class data favours a slower
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incoming plate velocity in comparison to the “No” class, with most segments having a
relative velocity of > 65 mm/year. The plate dip input data shows strong overlap between
the distributions for both classes. Segments assigned to the “Yes” class have subducting
plate dips that span from shallow (< 10°) to steeply dipping (~40°), with the majority being
shallowly to moderately dipping. Plate dip values assigned to segments belonging to the
“No” class show a narrower range of values with all dips being shallower than 30°. The
plate roughness distributions show significant overlap between the two classes with
roughness estimates peaking at low to moderate values for both and extending across

most observed values.

Table 2.1 shows the coefficients of each feature in the linear equation that is used to
separate the two classes for our three linear algorithms: LR, LDA, and SVM. The
coefficients can be interpreted as the contribution of each feature in determining the
model output, where increasing positive values favour positive predictions and increasing
negative values favour negative predictions. Subducting plate age is considered by all
three models to most heavily influence the model prediction, with older plates correlating
with a reduced likelihood of a positive prediction. Relative plate velocity is also found to
consistently favour negative predictions across all three models but with lower absolute
values. Sediment thickness values are consistently positively correlated with short-term
SSE occurrence across all three models. Neither plate dip or seafloor roughness appear

to contribute to the occurrence, or lack thereof, of short-term SSEs.
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FIGURE 2.3: PAIRED SCATTER PLOTS AND DISTRIBUTIONS OF INPUT FEATURE DATA. SCATTER PLOTS SHOW THE RELATIONSHIP
BETWEEN ALL FEATURES FOR EACH SEGMENT USED AS INPUT TO ML MODELS BASED ON THEIR SSE CLASSIFICATION IN THE SHORT -
TERM CASE (A): YES (GREEN) OR NO (PURPLE) AND IN THE LONG-TERM CASE (B): YES (YELLOW) OR NO (PURPLE). GREY POINTS AND
CURVE REPRESENT INPUT FROM ALL SEGMENTS GLOBALLY. DISTRIBUTIONS SHOW FREQUENCY OF ASSIGNED SCALER VALUE FOR
BOTH SSE CLASSES IN OUR TWO DATASETS.
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TABLE 2.1: CONTRIBUTION OF EACH FEATURE TO CLASSIFICATION ACCURACY FOR LDA, LR, AND SVM MODELS IN
THE SHORT-TERM AND LONG-TERM SSE CASES. FEATURES WITH LARGEST VALUES (POSITIVE OR NEGATIVE) HAVE
GREATER EFFECT ON THE REGRESSION VALUE (CLASS LABEL). POSITIVE VALUES IMPLY INCREASED LIKELIHOOD OF A
“YES” CLASS LABEL WHEREAS NEGATIVE VALUES IMPLY INCREASED LIKELIHOOD OF A “NO” CLASS LABEL.

Short-term SSEs

LR LR SVM SVM LDA LDA

Mean | Standard | Mean | Standard Mean | Standard

Deviation Deviation Deviation
Sediment Thickness 1.92 0.87 1.89 0.58 0.50 0.45
Subducting Plate Age -19.07 6.88 -17.04 5.01 -7.04 0.89
Slab Dip 0.06 0.67 0.09 0.47 0.44 0.28
Relative Plate Velocity -1.57 1.33 -0.91 0.80 -1.19 0.27
Plate Surface Roughness -0.32 0.23 -0.19 0.17 -0.57 0.21

Long-term SSEs

Sediment Thickness -1.93 0.45 -1.97 0.39 -1.95 0.42
Subducting Plate Age 0.37 0.62 1.01 0.45 0.59 0.56
Slab Dip -1.37 0.33 -1.27 0.27 -1.37 0.29
Relative Plate Velocity -1.05 0.42 -1.21 0.25 -1.05 0.34
Plate Surface Roughness -0.46 0.26 -0.73 0.24 -0.49 0.18

47



2.3.1.2 LONG-TERM SLOW SLIP EVENTS

Fig. 2.3 shows the feature plots comparing the long-term SSE “Yes” and “No” classes
with 257 segments used as input. Sediment thickness values observed for the “Yes” class
show a narrower distribution than that of the short-term dataset and a higher proportion
of low values. The distributions of age estimates show nearly identical behaviour for both
the “No” and “Yes” classes. Here we observe two peaks at ~50 Ma and ~150 Ma with
only sparse data at moderate ages. The plate dip distributions for the “Yes” class spans
a smaller range than that of the “No” class, varying from shallowly (< 10°) to moderately
dipping (~40°). A distinguishing feature between the “Yes” class from both datasets is the
tendency for the shallowest dipping values (< 10°) to favour the “Yes” class from the long-
term dataset. The relative plate velocity distributions show some clear distinguishing
features between the two classes. The “Yes” class has a concentration of observed
values between ~40 and ~60 mm/year while the “No” class has two peaks at high and
low relative velocities. Overall the distribution is shifted towards slightly higher velocities
than those observed from the “Yes” class in the short-term dataset. Roughness values
show similar behaviour between the two classes and span from 0 to 50 mGal for both

classes.

Coefficients of our linear models shown in Table 2.1, can again be interpreted as the
contribution of each feature in determining the model output. Here sediment thickness
has the highest absolute value with increasing values leading to a decrease in likelihood
of long-term SSE occurrence. Slab dip and relative plate velocity have the next highest
absolute values with increasing values, again, decreasing the likelihood of a positive
prediction made by the models. Plate age and roughness values have the smallest
contribution to all three model outputs with increasing age increasing the likelihood of a
positive prediction and increasing seafloor roughness decreasing the likelihood of a

positive prediction for long-term SSEs.

2.3.2 MODEL EVALUATION
Here we test the performance of the six ML algorithms using cross validation. The data
are shuffled where 70% of the data is selected as training data and the other 30% is

reserved as the test set. The resulting trained models are applied to the test set where
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the performance of the model is evaluated based on correct predictions. This is repeated
50 times for each of the 10 randomly generated datasets, which have been altered with
additional synthetic data, to retrieve performance statistics on each model. To further test
model performance, we quantify the recall and precision (Kent et al., 1955) of the model

results, where

true positives

recall = Eq 2.12

true positives+false negatives’

true positives

precision = Eq 2.13

ture positives+false positives’

The recall quantifies the fraction of total detections described by the model while
precision quantifies the ability of the classifier to not label a sample as positive if it is
negative. To determine a representative estimate for each model, we split the input data
set into a training set consisting of 2/3 of the data set and a test set consisting of 1/3 of
the data set. The model was fitted to the training set for 10 random iterations and the
average recall and precision was computed for each model. Table 2.2 shows the resulting

statistics for each model.

These results show varying levels of performance for each model. For the short-term
SSE models, RF is the best performing algorithm with high accuracy, low standard
deviation, high levels of recall and precision. Our worst performing model is LDA, scoring
the lowest mean accuracy, highest standard deviation, and low precision. The LDA model
recall is very high due to its tendency to over-estimate positive predictions, which is
counteracted by its inability to correctly predict true negatives. The GNB, LR, SVM, and
KNN models perform similarly, with high mean accuracy, recall, and precision, and low

standard deviations.
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TABLE 2.2: RESULTS OF CROSS-VALIDATION TEST OF MODEL ACCURACY FOR GAUSSIAN NAIVE BAYES (GNB), RANDOM
FOREST (RF), LOGISTIC REGRESSION (LR), SUPPORT VECTOR MACHINE (SVM), K-NEAREST NEIGHBOUR (KNN), AND
LINEAR DISCRIMINANT ANALYSIS (LDA) MODELS FOR THE SHORT-TERM AND THE LONG-TERM SSE CASES. THE CROSS-
VALIDATION TEST SHOWS THE STATISTICS OF MULTIPLE CLASSIFYING ROUNDS USING DIFFERENT TRAINING AND
TEST SETS AND CAN BE INTERPRETED AS AN INDICATION OF ROBUSTNESS. EACH MODEL’S RANK, WHICH IS ASSIGNED
BASED ON PERFORMANCE, AND CORRESPONDING WEIGHT (WHICH SUM TO 1) ARE LISTED.

Short-term SSEs

Model Mean Standard Recall Precision Rank | Weight

Accuracy deviation (x2.6)
GNB 93.3 2.0 94.2 92.9 4 0.3
RF 97.4 1.9 96.4 98.8 1 1.0
LR 95.1 1.9 95.0 95.5 3 0.5
SVM 95.8 1.9 95.1 95.7 2 0.5
KNN 92.8 2.4 95.1 92.7 5 0.3
LDA 87.8 3.7 97.7 83.1 6 0

Long-term SSEs

Model Mean Standard Recall Precision Rank | Weight

Accuracy deviation (x2.0)
GNB 69.8 54 84.3 51.4 6 0
RF 93.2 2.9 95.2 92.6 1 1.0
LR 75.5 4.0 78.2 75.0 4 0
SVM 86.7 3.0 78.4 75.8 3 0.5
KNN 87.1 3.1 91.0 82.6 2 0.5
LDA 74.3 4.3 78.5 71.4 5 0
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For the long-term SSE models, RF is again the best performing algorithm with high
accuracy scores across all measures. Out of the remaining models only the SVM and
KNN perform sufficiently well to include in the final weighted model. Overall, the long-term
SSE models perform worse than our short-term SSE models. This may have implications
on the validity of using subducting plate features (or these features in particular) in
evaluating the conditions that favour long-term events. It is possible that overriding plate
features may play a larger role in long-term SSE nucleation. Finally, our models are
ranked from 1 to 6, with 1 being the best performing model, and 6 being the worst for both
the short-term and long-term models. We use the resulting ranks to assign a weight to
each model (Table 2.2), which will be used in predicting SSEs from the “unknown” data

set (see below).

2.3.3 PREDICTIONS
2.3.3.1 SHORT-TERM SLOW SLIP EVENTS

Here we present the results of our final model (Fig. 2.4). We use a weighted average
of the probability of short-term SSE occurrence using all models, where the weights are
related to each model’s ranking during cross-validation (Table 2.2). We exclude the LDA
model as it is the worst performing algorithm as shown through the cross-validation tests.
Along the Aleutian subduction zone, we see high probabilities of short-term SSE
occurrence beginning at Unalaska Island and continuing East to Kodiak Island. Further
west we see moderate probabilities starting east of the Near Islands and continuing to the
Adreanof Islands. West of the Adreanof Islands there is universally low probability of

short-term SSE occurrence.
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Along the Middle America subduction zone, our model predicts widespread high
probability of short-term SSE occurrence. Probabilities are highest in the north but
decrease to less than 60% at the southernmost reach of the Middle America Trench.
Along the Ryukyu Trench we observe high probabilities at the western extent, which
suddenly decrease at Okinawa Island. The probabilities remain low eastward along the
Ryukyu Trench until Kyushu. Along the Solomon Islands, moderate probabilities are
predicted across its western portion. Limited data availability prevents predictions from
being made further east. Along South America, our model predicts widespread short-term

SSE occurrence.

2.3.3.2 LONG-TERM SLOW SLIP EVENTS

Long-term SSE predictions (Fig. 2.5) were made using a weighted average of the three
best performing models: RF, KNN, and SVM. Widespread moderate to high probabilities
of long-term SSEs are predicted along the Tonga-Kermadec subduction zone with
probabilities reaching over 90% along its southernmost extent and most segments having
probabilities over 50%. Along Kuril-Kamchatka, high probabilities are predicted
throughout its central portion. Similar widespread high probabilities are predicted across
the Mariana Trench. These three regions represent our models’ favoured locations for
long-term SSE nucleation. Moderate probabilities of between 30 and 70% are predicted
along Izu-Bonin, Ryukyu, the central to eastern portion of the Aleutians and, the central
and eastern portions of the Sumatran Subduction Zone. Primarily low probabilities are

predicted across South America and Middle America.

2.4 DISCUSSION

2.4.1 FEATURE EVALUATION
2.4.1.1 SHORT-TERM SSES

We can identify subduction zone characteristics that favor short-term SSEs based on
the distribution of observed values for each feature. The universal observation of young

subducting lithosphere favouring SSEs provides support for the temperature/pressure
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driven model of fluid introduction due to metamorphic dehydration reactions, based on
the inverse relationship between lithospheric age and temperature. From these
observations, it is likely that, in order to provide the necessary conditions for short-term
SSEs, high temperatures are required to ensure the threshold conditions for these
reactions occur at depths where SSEs are found to occur. The tendency for segments
that host short-term SSEs to have slower relative plate velocities also supports this model.
In this case, the lower relative velocities increase the amount of time the plate interface
spends at specific temperature and pressure conditions. To generate enough fluid
pressure to promote specific slip behaviors, it is likely that longer durations spent in these
ideal conditions favor short-term SSEs. Subducting sediments is a known source for
introducing fluids into a subduction zone. Our observation of a split distribution between
high and low amounts of subducting sediment for the “Yes” class suggests that in some
cases increased pore fluid pressure from increased sediment input may aid in the
nucleation of SSEs, but it is not necessarily required. The wide range of values observed
for subduction plate dip and plate roughness associated with segments friom the “Yes”
class implies that these values do not independently constrain the occurrence of short-
term SSEs. This does not mean that these characteristics do not influence their behavior,
as the interaction between all features may be still necessary to promote short-term SSE

occurrence.

2.4.1.2 LONG-TERM SSES

Here we can observe some apparent differences between the distribution of feature
values for short-term and long-term SSEs. Firstly, the universal observation of young
subduction lithosphere is not observed with long-term SSEs, therefore the possible
requirement of high subducting plate temperatures associated with short-term events may
not be important for long-term events. It is possible that the tendency for long-term SSEs
to occur up dip of short-term SSEs indicates that different temperature/pressure
conditions are necessary to generate these events, and that the metamorphic dehydration
reactions that produce the necessary pore fluid pressures to generate short-term SSEs
are not needed in this case. The high proportion of low sediment input associated with
long-term SSEs may again have implications on the lesser role of fluid introduction in their

generation. High sediment input may increase pore fluid associated with short-term SSEs
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but this association is less obvious with long-term SSEs. Another notable difference is
observed with subducting plate dip. Generally shallower dips are associated with long-
term events in comparison with the other classes. This may reflect the requirement for
long-term SSEs to occur when the plate interface is in lower temperature/pressure
conditions for a greater length of time. This logic applies again to the observation of slow
incoming plate velocities for most segments hosting any SSEs. As mentioned previously,
it is likely the interaction between the different features that dictates the occurrence of
short-term versus long-term SSEs. Overall, the main pathways of fluid introduction into
subduction zones seem to be more heavily correlated with short-term rather than long-
term SSEs, with implications on the varying role of high fluid pressures in generating

these events.

2.4.2 MODEL PREDICTIONS

To interpret the results of model predictions, we must first consider the implications of
the model input and the limitations associated with a five-parameter model. Our model
predictions relate the probability of slow slip occurrence based on how similar subducting
zone characteristics are to ones where SSEs readily occur. The resulting model also
assumes predictive power of all features used as input and that these features are
sufficient to describe the mechanistic nature of slow slip nucleation. There are likely more
complex interactions of many more subduction characteristics (including those of the
overriding plate) that influence how accumulated strain is released. These results can be
used as a first order estimate of likely slow slip locations based on five easily quantified

subducting plate characteristics.

2.4.2.1 SHORT-TERM SSES

Due to sparse station distribution along the Aleutians, short-term SSEs have yet to be
observed. Currently there is some evidence to suggest that tectonic tremor does occur in
various regions across the Aleutian Islands (Peterson et al., 2011). Our model predicts
similar occurrence of short-term SSEs in regions with previously observed tectonic
tremor, including along the Adreanof Islands and the eastern portion of Unalaska Island.
Additionally, our model predicts a lack of events in regions where tectonic tremor is not

detected including the western portion of the Aleutians. These low probabilities are likely
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the result of the transition from moderate subducting plate ages (~50 million years) to

much older plates (>100 million years).

Along the Ryukyu Trench we observe a shift from high probability to low probability of
short-term SSE occurrence corresponding with the changing age of the subducting
lithosphere. In comparison with previous observations of short-term SSEs in the region
(Nishimura, 2014), the transition to low probabilities corresponds with the observed switch
from deeper events (>25 km) to shallow events (<20 km). This could have implications as

to the role of temperature conditions in generating deep short-term SSEs.

The next region of interest is along the South America Subduction Zone in southern
Chile. Similar to observations in Alaska, tectonic tremor has been observed here with no
correlation to short-term SSEs (Gallego et al., 2013). The high probability prediction
provides evidence that the conditions here are favourable for short-term SSEs, and that
lack of detection may be an artefact of low magnitude events that are below the detection
threshold. Our model goes on to predict widespread high probabilities along the entire
extent of the subduction zone. This result questions our classification of certain segments
along the South American Subduction Zone as hosting no short-term SSEs, which was
based on the detection of shallow and/or long-term events but not short-term events in
the area. There is no significant change in subducting lithosphere characteristics from the
“‘No” labelled segments and the “Yes” predicted segments so we would expect similar
slow slip behaviour in both. A possible alternative explanation to this discrepancy is that

our model is likely limited by the predictive power of the features used.

Next, we examine the predictions made along the Sumatra Trench. Geologic evidence
using coral microatolls to provide records of vertical deformation have been used as
evidence of slow slip events along the Banyak Islands (Meltzner et al., 2015; Tsang, et
al., 2015). Current evidence supports the occurrence of a 15-year long event, which
occurred from 1966 to 1981, but systematic searches for shorter events have been
unsuccessful (Feng et al., 2015). Our model shows similar behaviour here to that
observed along South America, with high probabilities of short-term SSEs adjacent to the
“‘No” labelled segments. We observe a general increase in subducting sediment thickness

north of the classified “No” segments, which may explain the contrasting high probability
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predictions here. Denser station coverage as well as more systematic searches along the
northern portion of the island of Sumatra may be necessary to detect short-term SSEs.
Further east we observe universally low probabilities, a result of older subducting
lithosphere that is negatively correlated with short-term SSEs.

Along the Solomon Islands and Vanuatu, there are no reports of SSE behaviour as a
result of sparse station distribution and lack of studies. The moderate age of subducting
lithosphere along the western portion of the Solomon Trench makes it a possible
candidate for hosting SSEs. The high relative velocity seems to contribute to our model
predicting more moderate probabilities of short-term SSE occurrence due to the general
negative correlation between the two. Along Vanuatu, even younger subducting plate
ages make it an even better candidate for hosting SSEs, as reflected by the widespread

high probabilities predicted by our model.

2.4.2.2 LONG-TERM SSES

Here we analyze the predictions of long-term SSEs made by the weighted model. In
Sumatra, speculation of long-term slow slip behaviour is based on geological evidence,
as mentioned in the previous section. Our model predicts moderate probability of long-
term SSE occurrence in this region with estimates within 45-50%. In South America, slow
slip events have long been searched for, but with sparse GNSS station distribution, they
are difficult to detect. Our models strongly favour the occurrence of short-term over long-
term SSEs, which is likely associated with the young subducting lithosphere found across
most of the South American Subduction Zone. Recent observations of long-term events
in the Atacama region (Klein et al., 2018) are associated with older oceanic lithosphere
(=50 million years old), which is in line with the lack of obvious correlation between young
subducting lithosphere and long-term SSE occurrence. Our model predicts moderate

probabilities of long-term SSE occurrence in this region.

Along the Kuril-Kamchatka, Izu-Bonin, Tonga-Kermadec, and Mariana Trenches,
there is a notable lack of megathrust earthquake occurrence. The moderate-to-high
probabilities of long-term SSE occurrence predicted by our models suggest that a

significant amount of strain accumulation may be accommodated by recurring slow slip
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events. Isolated observations of long-term SSEs in the Bonin islands suggest that slow

slip events can (and does) occur in these types of subducting environments.

2.5 CONCLUSION

We apply Machine Learning techniques to evaluate subduction zone characteristics
and predict slow slip events using scalar values representing certain kinematic,
geometric, and physical properties of subducting oceanic lithosphere. We generate
various models based on two classification schemes, separated based on the occurrence
(or lack thereof) of short and long-term SSEs. The most relevant features used in the
classification of short-term SSEs are subducting plate age, relative velocity and sediment
thickness, with lower values of the former two correlating with increased probability of
short-term SSE occurrence and higher values for sediment thickness correlating with
increased probability. These results are consistent with the hypothesis that elevated pore
fluid pressures are necessary to generate short-term SSE and ETS like events through
prolonged exposition of the subducting plate to specific metamorphic dehydration
reactions. However, we cannot conclude based on these results whether the features
contribute to slow slip in the way described and further validation is required to confirm
this hypothesis. The models predict short-term SSEs in regions where their occurrence
has been speculated, including southern Chile and along the Aleutian Subduction Zone,
as well as long-term SSEs in a variety of poorly monitored regions (e.g. the Pacific
subduction zones). Overall, our models trained on long-term SSE classification perform
poorer than those trained on the short-term dataset. This may have implications in the
lesser contribution of subducting plate features in the generation of long-term events. It
is likely necessary to include overriding plate features to constrain the physical controls
of long-term events and, perhaps to a lesser extent, short-term events. The continued
detection of slow slip events is overall necessary to improve the characterization of
environments hosting these events and provide further constraints of the physical

mechanisms that drive their occurrence.
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3

MARGIN-WIDE VARIATIONS IN SLAB DEHYDRATION IN
CASCADIA AND THEIR RELATIONSHIP TO SLOW SLIP

Abstract

Slow slip events are observed in subduction zones globally, with a wide range of
variations in behaviour, including the periodicity and magnitude of events. These
variations are observed both within and across different subduction zones. Due to their
role in controlling strain accumulation and potential nucleation of regular earthquakes,
understanding the physical environment of slow slip events and the source of their
observed variability is critical to understanding seismogenic processes. Here we calculate
thermal models for 10 trench-normal profiles along the entirety of the Cascadia
subduction zone. The models incorporate lateral changes in incoming plate age and
sediment input, as well as slab geometry and overriding plate structure. Temperatures at
the location of peak slow slip and tremor occurrence (depths of 30-40 km) vary from
525°C in southern Cascadia, to 475°C in central Cascadia, to 550°C in northern
Cascadia. The variability in thermal structure and slab geometry leads to changes in the
rate of calculated fluid flux in the vicinity of the mantle wedge corner where slow slip
events are observed. Fluid flux rates calculated within 25 km and 50 km downdip of the
mantle wedge corner show an inverse relationship with the recurrence time of slow slip
with highest value observed in southern Cascadia, followed by northern Cascadia, and
then central Cascadia. Other along-strike variability in tremor behaviour, such as tremor
strength, correlates spatially with changes in calculated fluid flux pattern but the
relationship between these parameters is not readily defined. This study provides support
for models where variations in the rate of fluid production in the vicinity of the mantle
wedge corner are a potential mechanism controlling the rate of pore fluid pressure buildup

and fluid release during slow slip.
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3.1 INTRODUCTION

The release of accumulated strain at subduction zones has long been thought to occur
via either stick-slip (earthquakes) or stable creeping processes (e.g., Scholz, 1998). A
transient form of large-scale, slow stress release phenomena, collectively referred to as
slow slip events (SSEs; Jolivet and Frank, 2020), were discovered in recent decades
using networks of Global Navigation Satellite System receivers at various subduction
zones (Hirose et al., 1999; Dragert et al.,, 2001). A wide variety of these slow slip
phenomena are now found at the root of most large plate boundary fault zones (see
reviews in Burgmann, 2018; Behr and Biurgmann, 2021; Jolivet and Frank, 2020).
Typically, SSEs (most often with accompanying non-volcanic tremor) can be observed as

either short-term, lasting from days to weeks, or long-term, lasting from months to years.

The seismogenic behaviour of subduction zones is thought to be partially controlled
by temperature through either rate-and-state dependent friction (e.g., Scholz, 1998) or
rheological models (e.g., Hyndman and Wang, 1993). There is evidence that SSEs are
at least partially controlled by similar processes (e.g., Gao and Wang, 2017; McLellan
and Audet, 2020). For instance, the largest SSEs have been mostly observed in
subduction zones of warm (i.e., young) oceanic lithosphere (e.g., Cascadia, Nankai, and
Mexico; Schwartz and Rokosky, 2007; Beroza and lde, 2011) and at the root of
continental transform faults (e.g., Shelly, 2017). A direct relationship between SSEs and
temperature is more difficult to establish than in the case involving regular “fast’
earthquakes as SSEs have been observed at different temperature ranges within the
same subduction zone (e.g. ~550°C-600°C in southern Cascadia (Boyarko and
Brudzinsk, 2010) and ~450°C-500°C in northern Cascadia (Wech and Creager, 2008))
as well as across different subduction zones (e.g. 100-400°C in Hikurangi (McCaffrey et
al., 2008). Instead of a purely thermal control on SSEs, several studies have linked their
location to metamorphic dehydration reactions (e.g., Peacock, 2009; Fagereng and
Diener, 2011; Condit et al., 2020), where estimated peaks in fluid release along pressure-
temperature (P-T) paths of subducting oceanic crust largely coincides with the location of

observed SSEs in various subduction zones. Other studies link the location of fluid
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release to the mantle wedge corner (MWC) where fluid migration is necessary to channel

fluids to the site of SSE occurrence (e.g., Hyndman et al. 2015).

Currently, there are limited studies that examine the variability of the locations of deep
slow slip and metamorphic dehydration along an entire subduction zone (e.g., Yabe et
al., 2014). The Cascadia subduction zone (CSZ), located along the western coast of North
America, provides one of the most reliable sources of SSEs and tremors globally (Rogers
and Dragert, 2003). Their occurrence is observed along the entirety of the subduction
zone (Fig. 3.1) at depths of 30-45 km near the base of the thick plate interface shear zone
(Calvert et al., 2020), with significant along-strike variations in their spatio-temporal and
dynamic properties. For instance, recurrence intervals vary from 10 to 19 months
(Brudzinski and Allen, 2007) and tremors accompanying slow slip show a large range of
radiated seismic energy with highest rates occurring in northern Cascadia, and the lowest
rates in central Cascadia (Wech, 2021). Detailed studies of varying slab dehydration
along strike of the CSZ are comparatively rare; in those studies, the CSZ is broadly
divided into northern, central, and southern regions (e.g., Gao and Wang, 2017; Condit
et al., 2020). Although variations in fluid flux have been inferred from seismic velocity
models (e.g., Delph et al., 2018), no study has focused on modeling the variability of slab
dehydration conditions in the CSZ due to changes in P-T paths, or explored possible

relations with the variability of deep slow slip.

In this study, we determine the thermal structure of 10 margin-normal (Fig. 3.1),
equally spaced profiles along the CSZ to quantify the relationship between changing
patterns in fluid release from slab dehydration and along-strike variation in SSE
behaviour. We first explore the potential links between metamorphic fluid generation and
migration with slow slip behaviour. We then present updated thermal models of the entire
CSZ. Combined with petrologic modelling of the major lithologies found in the subducting
oceanic plate, we estimate fluid flux patterns in the vicinity of SSE source regions. Overall,
we attempt to relate the segmented behaviour of SSEs to changing subducting plate

parameters that influence the thermal and petrologic structure of a subduction zone.
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3.1.1 FLUID CONTROLS ON SLOW SLIP IN CASCADIA

Along the CSZ, the young and warm Juan de Fuca plate system (Juan de Fuca, Gorda
and Explorer micro-plates; see Fig.3.1) is subducting at a low dip angle, which leads to
shallow termination of the seismogenic zone and the extensive exposure of the
megathrust to pressure and temperature conditions favorable to SSE occurrence (e.g.,
Hyndman, 2013). However, the CSZ exhibits along-strike variations in SSE behavior
(e.g., Brudzinski and Allen, 2007) that cannot be explained by the relatively gradual and
predictable differences in temperature in the SSE source region due to slab age alone
(e.g., McCrory et al.,, 2014). Instead, SSE may be influenced either by the spatial
distribution of in situ fluid production through dehydration of the subducting plate (e.g.,
Condit et al., 2020), or the mobilization of slab-derived fluids to the SSE region from
deeper sources (e.g., Hyndman et al., 2015). Shallow metamorphic fluid production in
slabs depends in part on P-T conditions that vary based on several parameters such as
subducting plate age, convergence rate, input sediment thickness, and plate interface
dip. At the CSZ, subducting plate age ranges from ~9 Ma to ~5 Ma (Wilson, 1993), the
convergence rate from ~33 mm/yr to ~43 mm/yr (Angus et al., 2011), and the sediment
thickness from ~2500 m to ~3500 m, the majority of which is accreted onto the margin
(Wang and Trehu, 2016). The plate geometry also changes with the southernmost portion
dipping more steeply in comparison to the north (McCrory et al.,, 2012). These well-
constrained changes in subduction zone parameters along the CSZ could lead to
variations of in situ fluid production and explain the differences in observed SSE
behaviour. At a global scale, in situ fluid production at warm subduction zones has been
found to coincide with the location of SSEs (Condit et al., 2020), without requiring

significant fluid migration from deeper sources.
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FIGURE 3.1: TREMOR MAP OF THE CASCADIA SUBDUCTION ZONE WITH THE LOCATION OF MODELLED PROFILES
ANALYSED IN THIS STUDY. TREMOR DATA IS SOURCED FROM WECH AND CREAGER (2008). SUBDUCTING PLATE
PARAMETERS ARE LABELLED, SHOWING THE CHANGE FROM THE SUBDUCTION OF THE GORDA PLATE (GR) IN THE
SOUTH, THE JUAN DE FUCA (JDF) PLATE IN THE CENTER, AND THE EXPLORER PLATE (EX) IN THE NORTH. BLACK

TRIANGLES SHOW THE LOCATION OF ARC VOLCANOES.
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In contrast to the in-situ fluid production model, the spatial coincidence of the wet,
serpentinized MWC in relation to tremor has led to the suggestion that fluid mobilization
mediated by megathrust permeability structure may instead control SSE behavior (e.g.,
Hyndman et al., 2015; Audet and Biirgmann, 2014). The structural environment that hosts
SSEs is characterized by a low seismic velocity layer (LVL; Abers, 2005) with
anomalously high P-to-S seismic velocity ratios that suggest high pore-fluid pressure and
low vertical permeability (Bostock, 2013; Audet et al., 2009; Peacock et al., 2011; Audet
and Kim, 2016; Delph et al., 2018; Calvert et al., 2020). Coincidental changes in the
seismic velocity of the LVL before, during and after SSEs provides evidence for the
potential role in the fluctuation in pore-fluid pressures, related to cyclic fluid accumulation,
in generating recurrent SSEs (Frank et al., 2015; Warren-Smith et al., 2019; Gosselin et
al., 2020). In Cascadia, this type of fault-valve process is observed to coincide with the
tip of the MWC (Gosselin et al., 2020). Furthermore, subduction shear zones show strong
seismic anisotropy, which has been interpreted as foliated mylonites that channel
migration of fluids released down dip of the MWC to lower pressure regions up dip (along
the foliation plane) where SSEs are observed (Kawano et al., 2011; Song and Kim, 2012;
Okazaki et al., 2013; Hyndman et al., 2015). The suppression of vertical fluid flow (i.e.,
orthogonal to foliation) means that elevated pore fluid pressures can be sustained, and
fluids can be sourced from deeper metamorphic reactions (e.g., Angiboust et al., 2014).
Under this model, in situ fluid production may not necessarily coincide spatially with the

SSE source region.

In addition to slab-derived fluid effects, the geological makeup of the CSZ may play a
role in controlling the episodicity of SSEs. More specifically, SSE behavior is generally
segmented into three broad, 300-500 km-long regions along the subduction zone, which
broadly coincide spatially with a different overriding plate geology with the Wrangellia,
Siletzia, and Klamath terranes located from north to south. This correlation has led to the
hypothesis that the rheology and composition of the upper plate controls slow slip patterns
on the megathrust (Brudzinski and Allen, 2007). However, the effect of upper plate
rheology is difficult to quantify and directly correlate with SSE, and will not be considered

further.
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3.2 METHODS

3.2.1 THERMAL MODELLING

We determine the thermal structure of 10 trench-normal profiles of the Cascadia
subduction zone using the steady state, two-dimensional, finite-element numerical
modelling code PGCtherm2D as described by Wang et al. (1995) which has been used
in several thermal modelling studies (e.g., Currie et al. 2004, Wada and Wang, 2009).
The main parameters that influence the thermal structure of a subduction zone include
the subducting plate geometry, the oceanic plate age, the convergence rate, and the
thickness of incoming sediments. In general, increasing the plate age and the
convergence rate decreases slab temperatures at a given depth, whereas increasing the
subducting plate dip and thickness of incoming sediments increases temperatures. Here
we use a plate age model based on the marine magnetic anomalies described by Wilson
(1993). The convergence rate is determined by calculating the trench normal component
of plate motion based on the model described by Angus et al. (2011). Sediment thickness
is estimated based on seismic refraction data by Trehu et al. (1994) and Flueh et al.
(1998), as summarized by Wang and Trehu (2016). Finally, subducting plate geometry is
from McCrory et al. (2012). The parameters assigned for each profile are summarized in
Table 3.1. Other parameters that must be assigned include the radioactive heat
generation and the thermal conductivity of each rock unit, as well as the amount of

frictional heating along the subducting interface, as discussed below.

The continental and oceanic boundary conditions (i.e., geotherms) are constrained by
backarc heat flow and subducting plate age, respectively. The oceanic geotherm is
calculated using the GDH1 plate cooling model (Stein and Stein, 1992), modified to
include the thermal effects of the thick incoming sediment layer (~3 km) observed for the
CSZ. The continental geotherm is calculated assuming a backarc surface heat flow of 75
mW/m? at a distance of ~400 km from the trench based on the regional average for
Cascadia (Currie and Hyndman, 2006). Upper and lower boundaries of the model have
constant temperatures of 0 °C and 1450 °C respectively. We parameterize our model as
four subdomains: the continental upper crust, the continental lower crust, the subducting

oceanic lithosphere, and the continental mantle wedge. We follow Gao and Wang (2014)
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TABLE 3.1: SUBDUCTING PROFILES PARAMETERS. 'WILSON, 1993; 2ANGUS ET AL, 2011; 3WANG AND TREHU,
2016.

Longitude Latitude Age! (Ma) Convergence Sediment
Rate? (mm yr?) Thickness? (m)
234.92 41.14 7 33.57 2500
234.84 42.04 6.5 34.67 2500
234.76 42.94 7.5 35.76 3000
234.69 43.84 9 36.84 3200
234.61 44.73 9 37.94 3200
234.45 45.62 8 39.05 3200
234.16 46.50 7.5 40.20 2500
233.81 47.36 7.5 41.35 3000
233.33 48.19 6 42.49 3200
232.63 48.94 5.5 43.63 3500
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and assign thermal conductivity values of 2.5 W m'1 K for the continental crust, 3.1 W m-
1K1 for the mantle and 2.9 W m K? for the oceanic crust. Heat production values are
assigned as 0.4 uW m-3for the lower crust, and 0.02 uW m-3 for the oceanic lithosphere
and mantle wedge. In the upper crust, the presence of accreted terranes along the
Cascadia subduction zone lowers the expected heat production, which is associated with
the presence of mafic materials in the forearc. Based on this, we assign a value of 0.2
uW m-2 throughout the upper continental forearc crust (Wang et al., 1995; Wada and
Wang, 2009). The apparent coefficient of friction (u) is set at 0.02 down to a depth of 20
km, as suggested by heat flow data (Gao and Wang, 2014).

We follow Wada and Wang (2009) and use a thin layer (100 m) of low-viscosity
material along the slab interface, which results in a decoupling depth of 70 km (Wada and
Wang, 2009). We assign rheological parameters of the mantle wedge based on wet
olivine dislocation creep (Karato and Wu, 1993). There is currently uncertainty in the
Moho depth of the overriding plate that defines the top of the MWC along the CSZ, due
to the difficulty in resolving the low impedance contrast expected between the hydrated
mantle wedge and overriding crust using seismic data (Bostock et al., 2002; Brocher et
al., 2003). We follow McCrory et al. (2014) and assign the top of the forearc mantle wedge
depth at ~37 km depth along the Vancouver Island, northern California, and Oregon

profiles, and ~42 km along the Washington profiles.

3.2.2 HYDROTHERMAL CIRCULATION

Hydrothermal circulation is commonly incorporated in thermal models of subduction
zones to account for heat advected by moving water found in the subducting slab crustal
aquifer (Davis, 1997; Rosas et al., 2016; Spinelli et al., 2018). The result of the transfer
of heat up dip within the subducting slab is to create anomalously high temperatures
closer to the trench and cooler temperatures landward of the trench. The presence of
vigorous hydrothermal circulation in Cascadia is still in question. Heat flow data at the
trench can currently be explained without introducing the effects of hydrothermal
circulation, therefore the effects of this process on the thermal structure of the CSZ is still
unknown (Wang and Trehu, 2016)
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In the models shown below, hydrothermal circulation is not included. However, to
assess its effect on the thermal structure of the subducting plate, we compare the results
of a single profile (profile 9) modeled with and without hydrothermal circulation. The
proper inclusion of this effect requires the full modeling of thermal convection in
permeable media, which can be computationally expensive. Since we are more interested
in the thermal effects of hydrothermal circulation, we follow the methodology of previously
published works (Harris et al. 2010; Rosas et al. 2016; Spinelli et al. 2018) and use a
conductive proxy for the aquifer based on the Nusselt Number (Davis et al., 1997), Nu,

which is empirically related to the Rayleigh number

2
Ra = M, Eq 3.1
UkK
as
Nu = 0.08Ra’®?, Eq. 3.2

where «a is the thermal expansivity, g is the gravitational acceleration, k is the
permeability, L is the aquifer thickness, p, is the fluid density, g is the heat flux into the
base of the aquifer, u is the fluid viscosity, k is the thermal diffusivity, and K is the thermal

conductivity of the basement rock. A conductivity proxy can then be defined as:
A" = ANu, Eq. 3.3

where 1=2.9 W m K is the original thermal conductivity of the aquifer (Davis et al.,
1997). In our model with hydrothermal circulation, we add a 500 m sediment and 500 m
aquifer layer to the top of the subducting slab and use the proxy conductivity, which is

determined by fitting the calculated heat flow to measured heat flow data.

3.2.3 FLUID FLUX CALCULATION

We follow a similar procedure to that outlined in Spinelli et al. (2018) and Wada et al.
(2012) to determine the total fluid expulsion rate from the slab, as a function of distance
from the trench along each profile (Fig. 3.2). This approach is based on calculating
equilibrium mineral assemblages and their corresponding fluid content from petrologic

and thermodynamic modeling (Hacker, 2008), which allows for the calculation of fluid
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release along a P-T path (Guiraud et al., 2001). Fluid content for the representative
lithologies in the slab were calculated with Perple_X (Connolly, 2009) using the 2004
version of Holland and Powell (1998) thermodynamic database assuming maximum
hydration and fluid saturation for all lithologies. The subducting slab (Fig. 3.2) is
composed of a 500 m-thick section of under-thrusting sediment, 2 km of mid-ocean ridge
basalt (MORB), and 5 km of gabbro. A peridotite layer is not included as significant
dewatering is not predicted for the shallow depths considered here (< 100 km; Wada et
al., 2012). Initial bulk compositions of each lithology are listed in Table 3.2. We divide the
subducting slab into 500 x 500 m cells where pressure-temperature (P-T) conditions are
extracted at each node of the thermal model (Fig. 3.2). The Perplex calculation was done
at a low resolution to match the cell size used in the thermal models. Pressure is
calculated using the bulk density of the overlying lithologies and the depth to each node.
Water content at each node is determined by the phase diagrams for the corresponding
lithology calculated at saturation. This procedure has been widely applied to determine
fluid expulsion rates at subduction zones (e.g. Hacker, 2008; Peacock, 2009; van Keken
etal., 2011; Wada et al., 2012; Rosas et al., 2016; Perry et al., 2016; Spinelli et al., 2018;
Peacock, 2020), and is justified by our need for the petrological model to be compatible

with the thermal models, and mathematically simple enough to be implemented.
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FIGURE 3.2: SCHEMATIC DIAGRAM (NOT TO SCALE) SHOWING HOW TOTAL H20 FLUX IS DETERMINED. H20 WT% IS
CALCULATED FOR EACH CELL BASED ON THE MODELLED P-T CONDITIONS. IF THERE IS A DECREASE IN H20 WT%
FROM ONE CELL TO THE NEXT WITHIN A GIVEN LAYER THE TOTAL EXPULSION OF H20 IS ASSUMED BASED ON THE
DIFFERENCE IN WATER CONTENT BETWEEN THE TWO CELLS. THE TOTAL FLUX IS CALCULATED AS A SUM OF TOTAL
H20 RELEASE FROM EACH LAYER AT A SPECIFIC TRENCH DISTANCE.
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TABLE 3.2: COMPOSITION OF MATERIAL USED FOR PETROLOGICAL MODELLING. (SPINELLI, 2018)

Material | SiO2 | TiO2 | Al0s | FeO | MgO | CaO | Na20 K20 H20 gt CO2 reference
saturation
Sediment | 579 | 08 | 154 | 6 3 24 | 29 2.4 9.2 o | Plankand Langmuir, 1998;
van Keken et al., 2011
MORB | 506 | 15 | 157 | 106 | 76 | 111 | 26 0.2 5.3 o | Pearce, 1976; Wilson, 1989;
Hacker, 2008
Gabbro | 506 | 09 | 161 | 62 | 92 | 125 | 28 0.1 5.2 0 Dick et al., 2000; Hacker,

2008
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In our fluid flux estimation, we consider initial water contents of 9.2 wt% for the
sediments, 4 wt% for basalt, and 1.1 wt% for gabbro. The results shown in Fig. 3.5
assume maximum hydration and fluid saturation, which allows for greater H20 wt %
content than these initial values. To account for this, our fluid flux calculations only allow
water to be released once the calculated water content of a cell becomes less than the
assigned initial value for each lithology (Fig. 3.5, contours) (van Keken et al., 2011). The
change in water content is calculated considering only positive water loss with no H20
ingestion. We implement this by assigning a new minimum of H20 wt% once a cell
experiences a decrease in water content (van Keken et al., 2011). H20 is assumed to be
completely expelled once the slab traverses the entire cell. We further assume
instantaneous migration of liberated fluid from the site of the dehydration to the slab
surface, effectively ignoring any fluid kinematics. The convergence rate controls the rate
of fluid expulsion by setting the time needed for the slab to traverse an entire cell. The
total flux is then calculated as the sum of the calculated H20 released at each node in

each column (Fig. 3.2).

3.3 RESULTS

3.3.1 THERMAL MODELS

Fig. 3.3 shows the resulting thermal models for each profile without including the
effects of hydrothermal circulation. Table 3.3 presents the modelled slab temperature at
the MWC for all profiles. We can observe significant contrast in estimated MWC
temperatures varying from 400-500°C in the central region up to 500-600°C in the north.
This increase in temperature can be attributed to the lower plate age and increased
sediment cover along the northern profiles. Secondary influences include the lower dip of
the subducting slab from south to north. Along the Washington coastline, Moho depth is
estimated at ~42 km, which is deeper than what is observed along northern California,
Oregon, and Vancouver Island (McCrory, 2014), and this further affects the temperature
estimates at the MWC.
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TABLE 3.3: MODELLED TEMPERATURES AT MWC FOR EACH OF THE 10 PROFILES.

Segment Temperature at
MWC (°C)
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~475
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Slab temperatures around the SSE source region can be similarly compared between
profiles. We use tectonic tremor (Wech and Creager, 2008) as a proxy for SSE source
region and compare tremor distribution with slab temperatures and location of the MWC.
In all cases, the number of tremor events peak at, and just up dip of, the MWC, where
temperatures range between ~475°C to ~550°C. In northern California, SSE occurrence
peaks at ~525°C, in central Oregon at ~475°C, and in Vancouver Island at ~550°C. In
addition, the observed spatial patterns in slab temperatures in the SSE source region are
broadly consistent with the segmentation of SSE recurrence times. We observe a
transition from high to low and back to high temperatures from south to north, which
corresponds with the transition from short to long and back to short recurrence times.
However, there is no direct linear relationship between slab temperature and SSE
recurrence time at this scale, as we observe higher temperatures in Vancouver Island
compared to northern California but shorter recurrence times in the latter. This provides
further evidence that there is no specific slab temperature required for SSE occurrence
(Peacock, 2009); instead, temperature may play an indirect role, combined with other
physical factors, to create the necessary conditions for SSE (e.g., McLellan and Audet,
2020).

Finally, Fig. 3.4 shows the resulting thermal model for profile 9 including the effects of
hydrothermal circulation. We incorporate these results to demonstrate the effects on
subducting profile temperatures in a single case. Hydrothermal circulation acts to
increase temperatures near the trench and decrease temperatures near the MWC. MWC
temperatures are decreased by ~50°C as compared to the case in which hydrothermal
circulation is not included. Figure 3.4c shows the heat flow profile for the model that
includes and excludes the effects of hydrothermal circulation. With hydrothermal
circulation, we observe suppressed heat flow as the high conductivity reservoir transfers
heat up dip from the MWC.
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3.3.2 FLUID FLUX

Based on the pattern of fluid release, we separate the profiles into three regions: the
southern region (profiles 1-3), central region (profiles 4-6), and northern region (profiles
7-10). Fig. 3.5 shows the calculated fluid abundance for the three lithologies and the P-T
paths for three representative profiles (one for each of the three regions described here).
These three distinct P-T paths lead to different sites of dewatering (i.e., decrease in H20
content) within the slab, as new facies are reached at different P-T conditions (Fig. 3.6).
Most notably, the central Cascadia profile reaches epidote-amphibolite facies

assemblages at greater pressures (greater depths) than the northern and southern cases.

Fig. 3.7 shows the resulting H20 flux calculated for three representative profiles, along
with the distribution of tremor events as a function of distance from the trench. The
remaining profiles are shown in the supplementary material (Fig. S3.1). We observe
significant variability in fluid flux profiles along the CSZ with a different pattern observed
for each profile. The southern profile (Fig. 3.7a) shows two main sites of high fluid flux.
The first is located up to 50 km from the trench and is largely a result of dewatering of the
sediment layer (at temperatures of ~295-360°C and pressures of ~0.19-0.28 GPa) and
MORB layer (at temperatures of ~310-400°C and pressures of 0.2-0.35 GPa) (Figs. 3.5-
7). The latter is associated with the transition of the MORB to the greenschist facies where
a significant decrease in H20 content is predicted (Hacker et al., 2003). A second site is
observed just down dip of the MWC, occurring between a trench-normal distance of 175
and 250 km. From 175-200 km, the majority of the initial H2O comes from the dehydration
of the MORB layer, where temperatures and pressures are ~550-600°C and 1.3-17 GPa,
At the onset of dewatering near the MWC, the P-T conditions are characterized by
amphibolite facies assemblages (Fig. 3.6) with water contents of 2-3 wt%. The remaining
water is released at the site of eclogitization, which occurs at P-T conditions of 2 GPa at
500°C to 1.5 GPa at 700°C (Fig. 3.6). This corresponds with a trench distance of 200-225
km (Fig. 3.7) which explains the continued dewatering at these distances. The dewatering
of the gabbro layer begins to contribute to the total flux at conditions associated with
eclogite facies assemblages where H20 wt% drops below 1.1%. This occurs between
200 and 250 km at P-T conditions of 1.7 GPa and 600°C and 2.4 and 710 °C.
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FIGURE 3.5: H20 CONTENT FOR THE THREE LITHOLOGIES IN THE SLAB CALCULATED AT SATURATION. WE APPLIED
A SEMI-TRANSPARENT MASK FOR VALUES GREATER THAN THE PRESCRIBED INITIAL H20 CONTENT FOR EACH
LITHOLOGY (9.2 WT% FOR TURBIDITE, 4 WT% FOR MORB, AND 1.1 WT% FOR GABBRO). WHITE DASHED LINES
SHOW H20 CONTOURS USED IN THE FLUID FLUX CALCULATIONS. P-T PATHS ARE SHOWN FOR THE THREE
REPRESENTATIVE PROFILES. EACH PT PATH IS CALCULATED FOR THE TOP INTERFACE OF EACH LITHOLOGY. A
DECREASE IN H20 WT% IS OBSERVED WHEN MINERALOGICALLY BOUND FLUID IS RELEASED DURING PROGRADE
METAMORPHIC REACTIONS. DATA ARE FROM SPINELLI ET AL. (2018).
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In central Cascadia (Fig. 3.7b), we similarly see early dewatering of the sediment and
MORB layers at trench distances of up to 50 km. In the sediment layer this corresponds
to P-T conditions of ~270°C and ~0.2-0.3 GPa. In the MORB layer the P-T conditions
(~0.2-0.4 and ~280-360°C) are again consistent with greenschist facies assemblages. In
comparison with the southern profile, the second major site of dewatering occurs further
down dip of the MWC (in comparison with the southern profile), at distances between 200
and 300 km from the trench, where P-T conditions range from ~520-690°C and ~1.4-2.4
GPa. The delayed instance of bulk dewatering in this case is a result of the lower
temperatures modelled in central Cascadia. In northern Cascadia (Fig. 3.7c), we again
see a shift in the pattern of dewatering, with bulk decrease in H20 of the MORB layer at
the location of the MWC, similar to what is observed in southern Cascadia. The MORB
layer continues to expel water at trench distances of ~175-275 km corresponding to P-T
conditions of 560-680°C and 1.1-2.1 GPa associated with the transition to amphibolite
and then eclogite facies mineral assemblages (Fig. 3.6). In both the southern and
northern Cascadia cases, early dewatering of the MORB layer occurs due to higher
subducting slab temperatures. We again see a greater fluid flux closer to the MWC with
significant dewatering of the MORB layer within 25 km of its location. In the case that
includes hydrothermal circulation (Fig. 3.7¢), the resulting change in the subduction zone
thermal profile has modest effects on the resulting fluid flux profiles. Early dewatering of
the MORB and sediment layers occurs primarily before the 50 km distance, as in the case
with no hydrothermal circulation. Small differences are observed at the location of the
MWC where we observe increased H20 loss within the MORB layer near the MWC. The
gabbro layer exhibits delayed peak dewatering, with highest levels reached at a distance
greater than 250 km from the trench. This contrasts with a peak at ~230 km in the case
with no hydrothermal circulation. The total flux profile highlights the differences with a
greater proportion of water release past 250 km from the trench. The calculated total flux
values at each distance from the MWC (Table 3.4) shows a modest increase in fluid flux
with the inclusion of hydrothermal circulation. The difference is most pronounced further

down dip of the MWC due to delayed dewatering.
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TABLE 3.4: TOTAL FLUX RATE KG-M-3-Y-1CALCULATED WITHIN ALONG-PROFILES DISTANCE DOWNDIP OF THE MWC.
AVERAGE VALUES ARE CALCULATED BASED ON THE 3 REGIONS DESCRIBED IN TEST. PROFILE 9 SHOWS RESULTS OF
THE HC AND NO HC CASES. HIGHLIGHTED DATA ARE REMOVED FROM

Segment | H20 -25-25km | H20 -25-50 km | H20 -25-75 km | H20 -25-100 km
1 8.40E-03 2.42E-02 3.78E-02 4.02E-02
2 4.08E-03 1.32E-02 3.06E-02 3.98E-02
3 2.34E-03 8.77E-03 2.12E-02 3.54E-02
AVG. 4.94E-03 1.54E-02 2.99E-02 3.85E-02
4 6.82E-04 8.77E-03 2.12E-02 3.23E-02
3) 5.87E-04 4.85E-03 1.90E-02 3.00E-02
6 4.08E-04 2.37E-03 6.73E-03 2.21E-02
AVG. 5.59E-04 5.33E-03 1.56E-02 2.81E-02
7 4.15E-03 8.50E-03 8.50E-03 8.50E-03
8 4.21E-03 6.28E-03 6.28E-03 6.28E-03
9 5.50E-03 1.45E-02 3.06E-02 4.42E-02
10 6.27E-03 2.08E-02 3.86E-02 4.50E-02
AVG. 5.03E-03 1.46E-02 3.46E-02 4.46E-02
9HC 5.16E-03 1.32E-02 2.78E-02 4.52E-02
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We estimate the total amount of H20 released at the base of the MWC as a function
of distance relative to its vertex, encompassing ranges of -25 km up dip to 25, 50, 75 and
100 km down dip (Fig. 3.8). The four distance ranges are visually displayed in Fig. 3.7a
(left panel). The largest fluid release is observed in the southern and northern regions at
all ranges, where there is an approximate three-fold difference between that observed in
the northern and southern regions compared to that in the central region. Fig. 3.7 (top
panels) shows the H20 wt% of the three lithologies based on the P-T conditions that
highlights these differences. The representative central Cascadia profile (Fig. 3.7b) shows
a transition to lower water content at higher pressures, and therefore greater depths,
moving major sites of dewatering further down dip of the MWC. Finally, we observe a
correlation between shorter SSE recurrence times and increased tremor activity with the
maximum fluid flux calculated in each region, for the distance ranges -25-25 and -25-50
km from the MWC (Fig. 3.8).
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FIG. 3.8 (A): ALONG-STRIKE VARIATION IN TOTAL FLUID FLUX CALCULATED WITHIN 25 KM (BLUE), 50 KM (GREEN), 75 (KM) ORANGE, AND 100 KM (RED) DOWN
DIP OF THE MWC. SHADED AREAS REPRESENT THE THREE REGIONS USED TO CALCULATE AVERAGE FLUX VALUES IN TABLE 3.4. RED AREA CORRESPONDS TO
NORTHERN CALIFORNIA TO SOUTH-CENTRAL OREGON, ORANGE AREA CORRESPONDS TO CENTRAL OREGON TO CENTRAL WASHINGTON, AND BLUE AREA
CORRESPONDS TO VANCOUVER ISLAND. PROFILES 7 AND 8 ARE EXCLUDED HERE AS THE DISTANCES USED TO CALCULATE THE TOTAL FLUX RATE EXCEED
MODEL BOUNDS. (B): MAXIMUM FLUID FLUX FOR EACH REGION PLOTTED AGAINST THE ESTIMATED RECURRENCE INTERVAL.
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3.4 DISCUSSION

3.4.1 INFLUENCE OF SUBDUCTION ZONE SEGMENT CHARACTERISTICS

Our results suggest that relatively small changes in subduction zone parameters (e.g.,
subduction zone geometry, subducting plate age, convergence rate, and sediment
thickness) can have a significant influence on the thermal structure and therefore the
pattern of fluid release along a given subduction zone. To first order, these parameters
appear to be relatively uniform in Cascadia with little along-strike variations. However, the
combination of these parameters varies along strike with enough magnitude to alter the

observed pattern of fluid release.

Subduction zone temperatures are largely controlled by the age of the incoming
subducting plate, with secondary influences from the amount of insulating sediment as
well as the convergence rate. In the case of the southern and northern Cascadia,
temperatures are high enough (Table 3.3) to reach dehydration reactions which include
the transition to epidote-amphibolite facies assemblages where water content is
decreased to 2-3 wt% at the location of the MWC. In central Cascadia, temperatures are
lower at the MWC and this dehydration is reached farther down dip. Overall, the young
subducting plate ages present in southern Cascadia (~7 Ma) and northern Cascadia (~6
Ma) reach higher temperatures at the MWC in comparison to those in central Cascadia
where subducting plate ages are in the range of 8-9 Ma. The higher temperatures found
here change the P-T path of the subducting slab enough to alter the location of major
sites of dewatering. In the case of different dewatering patterns in southern and northern
Cascadia, a more steeply dipping subducting plate may contribute to earlier loss of
mineral bound H20 as P-T conditions increase more rapidly. This could explain greater

amounts of fluid expulsion near the location of the MWC.

The location of the MWC, as determined by the continental Moho depth and
subducting plate dip, may also affect P-T paths by changing the average thermal
conductivity of the upper plate. which affects the heat flux. There is significant uncertainty
in the position of the MWC due to continental Moho depth uncertainty along the CSZ
(McCrory et al. 2014; Audet et al. 2010), but current estimates suggest a deeper Moho in
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Washington (~42 km) compared to Vancouver Island and Oregon (~37 km). Considering
constant heat flux, the deeper Moho in central Cascadia lowers the thermal conductivity
across a longer segment of subducting slab, and therefore leads to greater plate interface
temperatures. However, this effect is largely offset by the greater slab age (and therefore
cooler incoming slab) in central Cascadia, whose effect dominates the temperature field
(Fig. 3.3). Steeper P-T paths in central Cascadia imply lower-temperature and higher-
pressure conditions within the mantle wedge itself, which could place constraints on the
degree of serpentinization, as inferred from seismic data (e.g., Bostock et al., 2002;
Brocher et al., 2003). However, to properly account for this effect, the metamorphic and

hydrous conditions within the mantle wedge would need to be considered.

3.4.2 FLUID FLUX

We generally observe that mean tremor density coincides with the location of the
MWC, whereas fluid generation through metamorphic dehydration reactions occurs down
dip of the MWC. This observation appears to be more consistent with the fluid mobilization
model controlling SSE (e.g., Hyndman et al., 2015), in contrast to in situ fluid production
(e.g., Fagereng and Diener, 2011; Condit et al., 2020). Assuming that: 1) our thermal-
petrologic models are accurate; and 2) fluid processes do control SSEs near the MWC
presumably through high pore-fluid pressure (e.g., Audet et al., 2009), it becomes
relevant to examine the migration behavior of H2O towards and within the SSE source

region.

Locally, fluid production is accompanied by a decrease in solid volume, creating a
transient fracture network and high permeability pathway for fluid flow (e.g., Tenthorey
and Cox, 2003; Savard et al., 2018; Calvert et al., 2020). A vertical pressure gradient will
move this fluid upward through the slab until it reaches a low permeability barrier, where
it will likely accumulate or travel up dip along the barrier. Below the MWC, a low-
permeability barrier likely results from serpentinization of peridotitic mantle wedge, which
consumes fluids and results in a volume expansion (Connolly, 1997). The degree of
serpentinization may therefore be another factor that controls SSE occurrence, since the
amount of fluid consumed by serpentinization determines how much free fluid is left and

can accumulate and increase pore fluid pressures. However, according to Brocher et al.
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(2003), serpentinization is observed along the entirety of the Cascadia margin as
anomalously low upper mantle velocities and weak wide-angle reflections from the top of
the upper mantle. This implies that much of the fluid released along the subducting slab
is readily available to accumulate in pore space. Laboratory studies show that the
permeability of antigorite serpentinite is low (Katayama et al., 2012) and that higher
permeability should be observed parallel to relatively high shear stresses, (i.e., parallel to
the plate dip; Hacker et al. (2003)), thus potentially channeling fluid migration up dip. The
depth from which this mechanism can transport fluids up to the location of SSE
occurrence is unknown, but there exists some evidence of up-dip fluid flow on the distance
scales discussed here. Angiboust et al. (2014) use major and trace element data to show
the potential movement of fluids 20-30 km up dip of the source, in this case from down

dip metasomatized eclogites in the western Alps.

The cyclic nature of SSEs can be a result of the time needed to accumulate strain after
the stress drop associated with an SSE event and/or because of pore-fluid pressure build
up after precipitation resealing of the fractured impermeable interface (Audet and
Bdrgmann, 2014; Frank et al., 2015). In the latter case (i.e., the fault-valve model), the
recurrence time would be directly dependent on the rate at which the fluid can be
replenished (e.g., Farge et al., 2021). The inverse relationship between total flux rate and
recurrence time supports the hypothesis that the rate of pore-fluid pressure build-up after
an event is the main driver of SSE recurrence time, as suggested by seismic data
(Warren-Smith et al., 2019; Gosselin et al., 2020). This inverse relationship is most
pronounced when limiting the inclusion of fluid production to ~50-60 km landward of the
MWC. This mechanism may be plausible if this depth is the limit to which free fluid is
incorporated into the pore spaces where SSEs are observed. Geological observations
provide consistent evidence for the fault-valve model through: 1) the recording of low-
angle thrust faulting at low shear strength and near-lithostatic pore fluid pressures with
complete healing of cracks occurring over similar time intervals of SSE recurrence (Ujiie
et al., 2018); 2) isotopic signatures in hydrothermal veins consistent with the precipitation
from metamorphic fluids (Fagereng et al., 2018); and 3) isotopic zoning in an eclogite-

facies shear zone and inferred low permeabilities (Angiboust and Raimondo, 2022;
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Hoover et al., 2022). These studies further connect metamorphic dehydration reactions

to pore fluid pressure build up according to the fault-valve model.

Other variations in along-strike SSE behavior in Cascadia can also be explained by
changing fluid flux. Tremor is shown to have increased density in the northern and
southern most regions of the margin, which in turn is inversely correlated to seismic
velocities in the lowermost forearc crust (Delph et al, 2018). This is consistent with
increased presence of free fluids in the lower crust. In southern Cascadia, tremor is found
to be most active but the highest energy rates are observed in northern Cascadia (Wech,
2021). In central Cascadia, tremor is weaker and less frequent. Fluid flux rates are found
to be correlated with tremor activity but the relationship with energy rates is less clear as
higher energy rates are observed in the north while fluid flux rates are lower than in the
southern case. Wech (2021) suggests a possible trade-off between tremor energy rate

and recurrence interval, which may reflect a change in fault strength.

3.5 CONCLUSION

Margin-wide variations in subduction zone parameters generate temperature and
pressure conditions within the downgoing Juan de Fuca slab that combine to produce
different fluid flux profiles along the Cascadia subduction zone. We observe three general
patterns of fluid release where the main discriminating factor is the location of the bulk of
basalt and gabbro dewatering with reference to the MWC. Based on this, we observe an
inverse relationship between the total amount of fluid released within 50 km down dip of
the MWC and the SSE recurrence time and tremor activity, with largest total fluid flux
located in southern Cascadia (northern California), followed by northern Cascadia
(Vancouver Island and northern Washington), and central Cascadia (Oregon). These
differences are due to the increased temperatures observed at the MWC in the two prior
cases. We incorporate the effects of hydrothermal circulation and show that it only
produces modest changes in the flux profiles with a trend towards deeper dewatering.
Overall, these results support models where different patterns of slab dewatering and
mobilization influence the rate at which pore pressures increase and generate recurrent

SSEs and contributes to the observed along-strike variations in Cascadia. Further
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investigation is necessary to explore the role of varying free fluid pathways and transport

mechanisms in controlling SSEs.
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4

SERPENTINIZATION OF THE CASCADIA MANTLE WEDGE
CORNER FROM RECEIVER FUNCTION MODELING AND ITS
RELATION TO SLOW SLIP

Abstract

Slow slip events (SSEs) at subduction zones occur in a fluid-rich environment
characterized by the interaction of the plate interface shear zone with the mantle wedge
corner (MWC) of the overriding plate. In Cascadia, the MWC is thought to be
serpentinized in the vicinity of the SSE source region; however, detailed constraints on
the structural makeup of the MWC (e.g., geometry, percent serpentinization, fabrics, etc.),
and its relationship with SSEs, are lacking. We conduct receiver function analysis for five
stations in northern Cascadia to characterize the subduction zone structure and the
presence of anisotropy in the MWC We first invert for the 1D shear-wave velocity (Vs)
structure and identify the presence of a seismic low-velocity layer (LVL) marked by low
Vs and high compressional-to-shear velocity ratio (Vp/Vs > 2) for each of the five stations
used in the analysis. We then use the results of the 1D inversion to solve for isotropic
and anisotropic parameters in the mantle wedge corner including layer thickness, percent
anisotropy, and symmetry-axis orientation. We identify an ~10 km thick MWC beneath
station SNB with Vs of 3.6 km/s and Vp/Vs values of ~1.8, which are consistent with the
presence of 40-50% serpentinization. Anisotropy is characterized by a slow axis of
hexagonal symmetry with a percent anisotropy of 14%. The orientation of the slow axis
corresponds with sub-horizontal foliations, consistent with the presence of serpentinite
being deformed by the downgoing slab. These results support heterogeneous
serpentinization in the mantle wedge corner in Cascadia. Shear-induced foliated fabrics
in serpentinites above the plate interface may play an important role in generating SSEs

through channelling fluids up dip and aiding in the generation of fluid overpressures.
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4.1 INTRODUCTION

The subduction of the Juan de Fuca plate along the west coast of North America
produces the active tectonic margin known as the Cascadia Subduction Zone (CSZ2). Itis
known to produce megathrust earthquakes (Hyndman and Wang, 1993), but overall
exhibits low levels of seismicity and is a rare case of almost aseismic subduction (Bostock
et al., 2019). The young and warm subducting Juan de Fuca plate leads to the shallow
termination of the seismogenic zone in Cascadia with most seismic activity being
restricted to offshore microearthquake events (Stone et al., 2018). In the absence of
regular onshore seismicity, it is instead one of the most reliable sources of recurrent slow
slip events (SSEs) globally (Rogers and Dragert, 2003), which are geodetically observed
slow megathrust fault rupture events that last from a few days to two weeks in Cascadia.
Here, SSEs are observed along the entirety of the margin with recurrence times of 10-19
months (Brudzinski and Allen, 2007). These events originate within the transitional zone,
located down dip of the seismogenic zone and up dip of the stable sliding zone, and
coincide with the onset of the mantle wedge corner (MWC; Hyndman et al., 2015), which
is the triangular prism of mantle rocks sandwiched between the subducting oceanic plate

and the overlying continental crust

In northern Cascadia, the deep (~0-50 km) structure of the subduction zone forearc
has been extensively studied by active and passive source seismic data in the last few
decades, including reflection and refraction studies (e.g., Nedimovic et al., 2003; Calvert
et al., 2004), seismic tomography (e.g., Preston et al., 2003; Ramachandran et al. 2005),
teleseismic receiver functions (e.g., Cassidy and Ellis, 1993; Bostock et al., 2002;
Nicholson et al., 2005; Nikulin et al., 2009; Audet et al., 2009), and joint receiver function-
surface wave inversion (e.g., Delph et al., 2018). Early studies found evidence of a thin
layer with low seismic velocities beneath the forearc crust onshore, which was interpreted
as an underplated fluid-rich layer above the megathrust fault (e.g., Nedimovic et al., 2003;
Calvertetal., 2004). Later studies that use teleseismic receiver functions, which represent
P-to-S wave conversions at boundaries in subsurface seismic velocities and are more
sensitive to the P-to-S seismic velocity ratio (Vp/Vs), interpreted this low-velocity layer

(LVL) with high Vp/Vs as the signature of fluid overpressure within the oceanic crust
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(Abers, 2005; Audet et al., 2009; Bostock, 2013). Elevated pore fluid pressures are a
result of metamorphic dehydration reactions as the subducting lithosphere is subjected
to higher temperature and pressures, and low vertical permeability of the plate interface
(e.g., Peacock et al., 2011; McLellan et al., 2022). The now widely-recognized LVL with
high Vp/Vs in subduction zone forearcs (see Audet and Kim, 2016, and references
therein) is thought to host slow slip events and accompanying seismic tremor (e.g.,
Calvert et al., 2020). Fluid overpressures along the subducting plate interface reduce the
effective normal stress and decrease the frictional strength of the fault, resulting in the
occurrence of SSEs (Abers, 2005; Audet et al., 2009; Liu and Rice, 2007).

In addition to the LVL, Bostock et al. (2002) found evidence of a dramatically reduced,
and even inverted, continental Moho signature above the MWC in Cascadia. This
signature was interpreted as the presence of serpentinites within the MWC, which form
through the interactions of water with ultramafic rocks (Hyndman and Peacock, 2003). As
water is introduced into the overriding plate beneath the forearc mantle, peridotites are
metamorphosed into serpentinites, drastically altering the physical characteristics of the
MWC (Peacock, 1993). Serpentinization was estimated at 40-60% based on the resolved
shear-wave velocity of the MWC. Other studies found additional evidence of
serpentinization of the MWC, including low Moho refracted (Pn) velocities (Brocher et al.,
2003), large low-gravity anomalies and high magnetic anomalies (Blakely et al., 2005)
coinciding with forearc lowlands along the margin. Nikulin et al. (2009) further found
evidence of serpentinization near or above the megathrust fault in central Cascadia using

receiver functions.

The remarkable correlation of the location of the MWC and the site of SSE has led to
the suggestion that the widespread serpentinization of the forearc mantle in Cascadia
may play a role in generating, or regulating, SSEs (Hyndman et al., 2015). Sheared
serpentines are highly anisotropic (Bezacier et al., 2010), and this weak foliation fabric
influences the mechanical strength of the fault by creating planes along which slip can
occur more easily. Serpentinites also display low permeability with values more than one
order of magnitude lower for flow perpendicular to foliation than parallel to foliation

(Reynard, 2013). It has been suggested that the widely serpentinized MWC may
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contribute to SSE occurrence by acting as an impermeable surface, and channelling fluids
up dip to the LVL to increase pore-fluid pressure (Katayama et al., 2012; Hyndman et al.,
2015; McLellan et al., 2022).

The presence of serpentinite in the MWC can be readily identified as they have a
relatively unique seismic signatures with low Vs and high Poisson’s ratio (or equivalently,
Vp/Vs) in comparison to dry mantle peridotites (Christensen, 2004; Bezacier al., 2010).
In addition to isotropic properties, serpentinites display significant anisotropy in the form
of a slow-axis of hexagonal symmetry with percent anisotropy values up to 46% in single-
crystal antigorite (Bezacier al., 2010). This contrasts with other minerals making up
ultramafic rocks including olivine, which has a fast axis of hexagonal symmetry with
values up to 22% (Kumazawa and Anderson, 1969) and pyroxenes with values up to 24%
(Kumazawa, 1969). Overall, our understanding of the relationships between the
occurrence of SSEs and the structural makeup of the MWC is limited, and further

geological and geophysical constraints are needed.

In this study, we attempt to characterize the isotropic and anisotropic velocity structure
of the MWC in northern Cascadia. We use receiver functions to produce 1D seismic
velocity models at 5 stations located at different positions along dip above the subducting
plate. We then use one of these stations that sample the mantle wedge to characterize
seismic anisotropy in the MWC (Fig. 4.1). We then interpret our results in terms of
serpentinization of the MWC and its relation to slow slip. Improved characterization of the
Cascadian MWC provides further insights into the structure of the SSE source region and

will lead to a greater understanding of the mechanism of SSE generation.
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FIGURE 4.1: MAP OF NORTHERN CASCADIA SHOWING THE LOCATION OF THE 5 STATIONS USED IN THE ANALYSIS.
STATION LOCATIONS ARE SHOWN BY BLUE STARS. THE GREY SHADED REGION SHOWS THE SSE SOURCE REGION
INTERPRETED FROM TREMOR DENSITY. ESTIMATED SLAB DEPTH CONTOURS ARE INDICATED BY THE SOLID LINES
(BOSTOCK ET AL., 2019). ADAPTED FROM GOSSELIN ET AL. (2020).
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4.2 METHODS AND RESULTS

4.2.1 TELESEISMIC RECEIVER FUNCTIONS

Teleseismic earthquakes (those at epicentral distances >30°) produce many seismic
body- and surface-wave phases that are recorded by the receiver along the three
components of motion (vertical, and horizontal north and east). The horizontal
components can be rotated to align parallel, and perpendicular to the source-receiver
azimuth, known as the radial and transverse components, respectively. A receiver will
record broadband teleseismic P waveforms including a direct P-wave arrival, which
arrives at near vertical incidence. Found in the coda of the direct P arrival are the signals
of many important P-to-S phase conversions that occur as the seismic body waves
convert and reflect off interfaces separating subsurface layers with contrasting seismic
wave velocities. These includes single converted phases (Ps) and free-surface reflected
phases (PpPs, PsSs, and PpSs) (Fig. 4.2). A widely used technique for characterizing
layer properties in the subsurface is the called the receiver function analysis (Langston,
1979), which exploits these converted phase arrivals to determine the velocity structure
beneath a given seismograph station. In principle, the depth to the discontinuity could be
easily extracted from determining the difference in arrival time between the direct P arrival
and single reflected Ps phase. In reality, the Ps phase is often obscured by the P wave
coda, which contains complex phases due to scattering and refractions resulting from the
heterogenous structure of the earth at the source and along the propagation path. To
characterize the structure beneath a given station, these path- and source-related effects
must be removed from the signal. Receiver function analysis is the method used to
remove the P pulse wavelet from the rest of the seismograms and recover the receiver-

side seismic velocity structure (i.e., the Earth’s impulse response).

The arrivals of several converted phases are visible in the results of a processed
receiver function. Analysis of the pulses can reveal the signature of the subsurface
structure through interpreting features of the signal. These features include the arrival
time of the converted phase, the amplitude and polarity of the pulse, the presence of
energy on the transverse component, and the variation in signal depending on back-

azimuth direction.
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The arrival time of the converted phases are sensitive to seismic velocities but can
also be used to determine the depth to the interface between the two layers. The
polarity of the pulse indicates whether the impedance contrast is positive or negative.
For the direct converted phase (Ps) and the first free-surface multiple (PpPs), a positive
pulse represents an upward decrease in seismic velocity across an interface, whereas a
negative pulse represents the opposite case. This situation is reversed for the other
free-surface multiples (PpSs + PsPs). The amplitude of the phase correlates with the
velocity contrast across the two layers. In the case of a flat isotropic layered structure,
all energy is confined to the radial component with no variation with back azimuth of the
incoming wave as the velocity of seismic waves will be the same in all directions. The
arrival time and amplitude of different phases will depend only on the incidence angle

(or slowness) of the incoming P wave.

In the presence of a dipping layer (Fig. 4.3), energy will also be found on the
transverse component for some back-azimuths due to out-of-plane conversions. Here,
the timing and amplitude of the converted phases on both the radial and transverse
components will depend on the back azimuth and the slowness of the incident ray (Fig.
4.4). Here, P-waves travelling in an up-dip direction will generate larger amplitude Ps
phases on the radial component than those travelling in a down dip direction. Ps phase
amplitude on the transverse component will be largest (positive and negative) at back-
azimuths that correspond to along-strike directions. These differences can be used to

constrain the geometry of the dipping structure including its dip direction and angle.

In the presence of material anisotropy, characterized by seismic waves velocities that
vary as a function of sampling direction, P-waveform energy will again be present on the
transverse component (Fig. 4.4). The arrival of pulses will depend on the orientation and
amplitude of anisotropy, as well as the symmetry of anisotropy. In the case of hexagonal
symmetry (i.e., described by either a fast axis or fast plane of seismic wave propagation),
the orientation can be described based on the trend and plunge of the symmetry axis
whereas the amplitude is described by the percent anisotropy, which is the ratio of

velocities along the fast and slow axes.
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If the plunge of the symmetry axis is greater than zero (i.e., non-vertical), the incident ray
will travel at an angle to the fast-axis orientation, which will result in variations in seismic

phase arrival times and amplitudes based on the back azimuth of the incident ray.

4.2.2 RECEIVER FUNCTION PROCESSING

The recording of a seismogram contains a combination of the source time function,
the Earth’s impulse response, and the instrument response. The mathematical operation
relating the observed seismogram with the Earth’s response and effective source time
function (which includes the instrument response and any near-source attenuation) is
known as convolution and can be described as:

ts

u(t) =s(t) *G(t) = f s(t)G(t — 1)dr, Eq. 4.1
0

where u(t) is the recorded seismogram, s(t) is the effective source-time function, G (t) is
the Earth response, and t, is the duration of the source. When imaging the Earth’s
subsurface, extracting G (t) from u(t) is necessary and is done through by reversing this
operation, called deconvolution. Deconvolution is simple to accomplish in the frequency

domain where it can be defined as:

u(w)

G(w) =m,

Eq.4.2

where G(w), u(w), and s(w) are the Fourier transforms of G(t), u(t), and s(t). This
conceptis applied in the case of the receiver function method where the signals of interest
are those of the P-wave recording on the vertical and radial components. The patrticle
motion of P-to-S converted phases is almost entirely horizontal and will dominate the
radial component. Present on both the vertical and radial components are the source,
path, and instrument effects which must be removed to extract the reflective phases.

Here the receiver function can be defined as:

RF(w) = % Eq.43
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where RF (w) is the Fourier transform of the radial component of the receiver function,
and R(w) and Z(w) are the Fourier transforms of the radial and vertical component
recordings, respectively. Deconvolving the vertical component from the radial component
isolates the locally generated Ps phases from the source, path, and instrument effects

which results in direct sampling of the surface beneath the receiver.

In the presence of seismic noise, the functions R(w) and Z(w) are band-limited, which
leads to near-zero values at the low- and high-frequency limits. This causes instability in
the deconvolution due to the possible presence of very small values in the denominator.
To account for this, the “water-level” technique (Clayton and Wiggins, 1976) stabilizes the
deconvolution by introducing a regularization parameter. Langston (1979) introduced this

technique in RFs, which can be written as:

_ R@)Z(w)
where m is the complex conjugate of Z(w), and
(,b(w):max{Z(w)m, c max [Z(w)mn , Eq.4.5

where c is a constant called the “water-level”, which controls the minimum allowable
value for the denominator in the deconvolution calculation. The value of ¢ is determined

from the standard deviation of the pre-event noise spectrum.

4.2.3 APPLICATION TO CASCADIA

In this study, we use receiver functions (RF) to determine the isotropic and anisotropic
structure of the subsurface beneath 5 stations in the forearc of northern Cascadia,
belonging to the Canadian National Seismograph Network (CNSN). Data used in the
analysis include P-wave seismograms from teleseismic events located at epicentral
distances between 30 and 90 degrees and with magnitude > 5.5, from 1993-2021 with no
constraint on back azimuth direction. Three-component P-wave seismograms were

extracted for 150s time windows around the predicted P-wave arrival (from the IASP91
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global reference model of Kennett and Engdahl (1991)) and down-sampled to 10 Hz. The
horizontal component seismograms were rotated to the radial and transverse orientations
and the data were compiled if the signal-to-noise ratio (calculated on the vertical
component within a 10s window before and after the P wave arrival) was >5 dB. Receiver
functions were calculated by deconvolving the vertical from horizontal components using
the water level method. The RFs for each event were then bandpass filtered with corner

frequencies of 0.1 and 0.5 Hz and stacked to amplify the signal.

Results of the RF calculations are shows in Fig. 4.5. At station PGC, which is thought
to be located just up dip of the mantle wedge corner, the dominant signal is that of a
dipping low-velocity layer (LVL). The signature of this feature is characterized by the
coupled negative-and-positive pulses at ~5s on both the radial and transverse
components, which is associated with the top and bottom boundaries of the LVL,
respectively. This signal is again visible at stations VGZ and LZB, which are located just
up dip of station PGC, but at earlier delay times due to the shallowing of the LVL. We also
see a decrease in amplitude of both the negative and positive pulses at the latter two
stations which is associated with the thinning of the LVL up dip (Audet and Schaeffer,
2018). Further up dip, the signal of the LVL is diminished with a low amplitude polarity
reversal at station PFB. At station SNB, which is located furthest down dip, we see the
latest arrival of the negative and positive pulses, which is consistent with the deeper
location of the subducting slab. The receiver function signals at SNB show greater
amplitudes than those observed further up dip, and with greater complexity in terms of
variations with back-azimuths. This indicates a more complex structural environment than

the simple dipping LVL model.

4.2.4 RECEIVER FUNCTION MODELING
4.2.4.1 ISOTROPIC VELOCITY PROFILES

As a first step in our analysis, we use receiver functions to determine the 1D isotropic
seismic velocity structure beneath each station to produce a background model with flat
layers. Because this model does not produce signal on the transverse component, we
consider only the radial component and stack all data to produce a single representative
RF
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seismogram. To obtain a preferred background 1D seismic velocity model beneath each
station, teleseismic P-wave seismograms are synthesized using a subsurface model
parameterized by a series of discrete, horizontal layers with uniform thickness, density
and seismic velocity. Receiver functions are calculated from the synthetic seismograms
using the process described previously. In practice, we use 30 layers equally spaced in
depth between O (surface) and 60 km depth. Because receiver functions are primarily
sensitive to the P-to-S velocity ratio (Vp/Vs), we fix the background density and P-wave
velocity profiles, where Vp is 5.5 km/s at the surface, smoothly increases to 7.8 km/s
between 15 and 55 km depth (which encompasses Moho depth), and remains constant

thereafter, and estimate S-wave velocity (Vs, or equivalently, Vp/Vs) within each layer.

We calculate a misfit between the observed and predicted receiver functions using
waveform anti-correlation (i.e., 1 — CC, where CC is the correlation coefficient), which has
been shown to be more adequate than least-squares-based misfits in receiver function
modeling studies (e.g., Frederiksen et al., 2003). The anti-correlation misfit is minimized
using a global optimization method based on dual annealing (Xiang et al., 1997). The
result of a single iteration of this procedure is a profile of Vs (or Vp/Vs) as a function of
depth. We account for uncertainty in the reference P-wave velocity model by randomly
perturbing Vp within each individual layer, where perturbations are drawn from a normal
distribution with mean of zero and standard deviation of 0.2 km/s and re-estimating a Vs
profile. This is repeated 20 times to capture the effects of uncertain reference models,
and the Vs profiles are plotted as an ensemble of acceptable models. We select the mean

of the ensemble as the preferred seismic velocity model for each station.

Fig. 4.6 shows the estimated isotropic Vs and Vp/Vs model for station PGC and the
ensemble of best-fit predicted RFs. We see an increase in Vs from ~3 km/s to 4.5 km/s
down to ~30km, where it drops back to ~3 km/s within a 4-6 km thick layer. This drop in
Vs corresponds with an increase in Vp/Vs to ~2.2 over the same depth range. This
inference is consistent with results from previous studies and suggest a layer of low
seismic velocities and high Vp/Vs (i.e., the LVL) at crustal depths. Roughly similar
signatures are observed at all stations, with a LVL depth that matches the location of the
plate interface from Bostock et al. (2019) (Fig. 4.7). We note that for all stations, the LVL
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is located immediately above the plate interface, and the subducting oceanic crust is
characterized by a ~6 km thick gradient in Vs from the base of the LVL to upper mantle
seismic velocities around 4.5 km/s. At station SNB, the LVL signature has a more subtle
drop in Vs but is still characterized by high Vp/Vs at depths of ~40-50 km. We note that
both Vs and Vp/Vs above the inferred LVL signal are generally higher at station SNB than
at station PGC, and that the LVL at station SNB is located deeper than estimated Moho
depth of the overriding (continental) plate from previous studies (~35-40 km, McCrory et
al., 2014). These observations suggest that RF data beneath SNB are sampling a portion

of the mantle wedge corner (MWC).
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4.2.4.2 DIPPING LVL AND MANTLE WEDGE ANISOTROPY

Based on the observed signals in the RF data and the estimated 1D seismic velocity
profiles, we infer the presence of a dipping low-velocity layer beneath all stations, with
increased structural complexity beneath station SNB where the LVL may be in contact
with the MWC. This analysis deliberately omitted the effects of layer dip and anisotropy
in the background velocity model on RF data by ignoring variations with back-azimuth in
both the radial and transverse components, which could be a severe limitation that can
distort and bias interpretation. However, modeling seismograms for layer dip and material
anisotropy is significantly more time-consuming than a simple 1D isotropic velocity model,
and the number of model parameters to estimate becomes unwieldy in a global
optimization procedure. Instead, we use the previous results to discretize the velocity
model into five major units for station SNB and four major units for all other stations. The
layers include: the continental crust, the continental mantle (only for station SNB; this
layer corresponds to the MWC), the dipping low-velocity layer, the dipping oceanic crust,
and the oceanic mantle represented by a half space. A second inversion is then
performed to solve for the thickness of each layer, their average Vs, as well as the dip
direction and angle of the LVL and oceanic crust (equal for both layers). This again is
done by minimizing the anti-correlation misfit between generated and observed RFs,
where in this case the generated RFs are synthetized using a forward modeling code that
accounts for interface dip and possible anisotropy (Audet and Bloch, 2022), and we use
the full range of both radial and transverse RF data including variations in both slowness
and back-azimuth. In a final step, we attempt to identify the presence of anisotropy in the
MWC beneath station SNB by fixing the isotropic model parameters based on results in
the previous step and estimating the five parameters of the MWC (thickness, Vs, percent
anisotropy, trend and plunge of the symmetry axis). We note that a limitation associated
with the optimization problem based on dual annealing is the lack of uncertainty in the

resulting estimates.

Table 4.1 shows the results of the inversion for station PGC in the isotropic case while
Fig. 4.8 shows the observed and predicted receiver functions. We observe an ~3.6 km
thick LVL with a Vp/Vs ratio of 2.5. This is consistent with previous estimates of Vp/Vs
beneath station PGC (Audet et al., 2009) supporting the robustness of the inversion.
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Table 2 shows the result of the inversion for station SNB in the isotropic case (i.e., without
anisotropy in the MWC). The inversion solves for 8 parameters, which include the
thickness and Vs of the continental crust, MWC, LVL, and oceanic crust. The results show
an ~3.4 km LVL at depths of ~52 km below the surface, with an elevated Vp/Vs of ~2.2
which is consistent with previous observations (Audet et al., 2009). The results also show
an ~10 km thick MWC at this location. If we assume a distance of ~25 km between the
beginning of the MWC corner and station SNB based on the modelling of Moho depth by
McCrory et al., 2014, as well as a slab dip of 15°-25°, the expected thickness of the MWC
is ~6.7-11.6 km. Therefore, our estimate is within the range predicted from the geometry
of the subducting slab. The results also indicate a Vs of ~3.6 km/s and a Vp/Vs ratio of
1.8 within the MWC. Using these results, the model was further parameterized to only
solve for the anisotropic structure of the MWC beneath station SNB, by fixing the isotropic
structure just determined. With a fixed Vp and estimated Vs (which returns the same
value as the previous step), the anisotropy is further characterized by three parameters,
which include the percent anisotropy and the trend and plunge of the axis of symmetry.
The results estimate ~-14% anisotropy with a trend of ~235° and a dip of ~89°. The

negative percent anisotropy implies a slow axis of symmetry.
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TABLE 4.1: RESULTS OF THE INVERSION FOR STATION PGC IN THE ISOTROPIC CASE. WE SOLVE FOR LAYER THICKNESS
AND VS OF THE UPPER CRUST, LVL, SLAB CRUST, AND VS OF THE SLAB MANTLE.

. Density* Vp* Vs
Thickness (m) (kg /mg’/) (mz;s) (m/s)
Upper Crust 35684 2600 6540 3679
LVL 3570 2600 6540 2532
Slab Crust 4235 2600 6540 3710
Slab Mantle N/A 3200 8000 4619

TABLE 4.2: RESULTS OF THE INVERSION FOR STATION SNB. WE FIRST SOLVE FOR THE THICKNESS AND VS IN THE
ISOTROPIC CASE FOR THE UPPER CRUST, MWC, LVL, AND SLAB CRUST, AND THE VS OF THE SLAB MANTLE. THESE
VALUES ARE THEN FIXED, AND A SECOND INVERISON IS DONE TO SOLVE FOR ANISOTROPY IN THE MWC.

Thickness | Density* | Vp* Vs Percent Sl?‘f’:ﬁg's' S:;\l:vr-lg):s

m kg/m?3 m/s Anisotro

(m) (kg/m?) | (m/s) | (m/s) Py (deg) (deg)
Upper | 43167 2600 | 6540 | 3965 N/A N/A N/A
Crust
MWC 9760 2620 6600 | 3609 -14 235 89
LVL 3398 2600 6540 | 2973 N/A N/A N/A
Slab 6966 2600 6540 | 3802 N/A N/A N/A
Crust
Slab

N/A 3200 8000 | 4619 N/A N/A N/A
Mantle

*These values are fixed in the inversion.
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4.3 DISCUSSION

4.3.1 EVIDENCE OF MANTLE WEDGE SERPENTINIZATION

The results shown here are consistent with widespread serpentinization of the MWC
in Cascadia. We observe low Vs and high Vp/Vs which differ from the values of normal
upper mantle peridotite; therefore, a largely peridotite MWC is unlikely. Furthermore,
olivine gives rise to seismic anisotropy represented by a fast axis of symmetry where
percent anisotropic values of ~10% are considered high. Vs and Vp/Vs values estimated
here are instead consistent with typical values observed for antigorite-serpentinite (Vs of
3.5-3.8 km/s and Vp/Vs of ~1.85; Reynard, 2013). The estimate of Vs can be used to
approximate a 40-50% level of serpentinization, which supports previous observations of
incomplete serpentinization in the MWC (Bostock et al., 2002). Values up to 40-50%
anisotropy have been observed in naturally foliated serpentinite, which represents an
end-member case of extreme anisotropy (Bezacier et al., 2010). The magnitude of
seismic anisotropy found here (~14%) again provides support for incomplete
serpentinization of the MWC in Cascadia as lower percent anisotropy may reflect the

heterogeneous distribution of serpentinite and peridotite in this region.

The anisotropy of foliated serpentinite is characterized by a slow axis of symmetry,
resulting in two fast axes (which form a fast plane) aligned parallel to foliation, and one
slow axis aligned perpendicular to foliation. Therefore, based on our results, the
anisotropic parameters correspond with a sub-horizontal planar foliation fabric with a
strike of ~325° and a dip of ~1°. The predicted strike of foliation is nearly parallel to the
trench while the dip is at an angle of ~15-25° from the subducting plate. This is consistent
with that of a highly sheared serpentinite being deformed by the downgoing slab, similar
to S-C mylonitic fabric (Song and Kim, 2012). These results are in agreement with
predicted anisotropy patterns from lab measurements (Katayama et al., 2009) and
observed anisotropy from seismic studies (Long and van der Hilst, 2006; Smith et al.,
2001).
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4.3.2 IMPLICATION FOR SLOW SLIP IN CASCADIA

The presence of an LVL with high Vp/Vs has been widely observed at the top of
subducting slabs at global subduction zones (Abers, 2005; Audet and Kim, 2016) and is
well correlated with the site of SSE occurrence. Metamorphic dehydration reactions,
occurring in the slab as it undergoes an increase in P-T conditions, are known to release
fluids near the site of the MWC and LVL (Condit et al., 2020; McLellan et al., 2022), which
can raise pore fluid pressures at the plate interface to near lithostatic levels (Audet al.,
2009). This has the effect of reducing the effective normal stress and allowing slip to occur
in regions that would otherwise be frictionally stable (Gao and Wang, 2017). There is
current debate on whether the fluids are produced in situ (Condit et al., 2020) or are
transported up dip from beneath the MWC (Hyndman et al., 2015; McLellan et al., 2022).
The remarkable correlation between tremor location and the MWC along the entirety of
the CSZ provides strong support for the latter hypothesis as the permeability structure of
serpentinite may play a vital role in mobilizing fluids along the plate interface (Kawano et
al., 2011). Our results, as well as previous observations (e.g. Bostock et al., 2002, Bocher
et al. 2004), suggest that the MWC in Cascadia is widely, but incompletely, serpentinized.

Serpentinite has significant effects on the permeability structure of the interface
between the overriding forearc mantle and subducting slab. Laboratory studies indicate
that there is strong permeability anisotropy in serpentinite, with higher permeability being
observed parallel to shear, and thus plate dip (Katayama et al., 2009; Kawano et al.,
2011; Okazaki et al., 2013). In this case, the impermeable serpentinite plays two roles in
generating fluid over pressures, first by creating an impermeable seal to trap fluids by
restricting vertical movement, and secondly, by channelling fluids up dip where they can
accumulate more readily. Furthermore, the inferred fault-valve behaviour of the plate
interface during slow slip, whereby cyclic accumulation and release of fluid pressure
accompanies slow slip events, is observed at stations near the MWC in Cascadia
(Gosselin et al., 2020). This lends further support to the fluid mobilization hypothesis
(Hyndman et al., 2015; McLellan et al., 2022). Finally, we note that serpentinite fabrics
may also play a role in the frictional process itself by controlling the dynamic friction and
slip stability (Scuderi and Carpenter, 2022).
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4.3.3 OTHER IMPLICATIONS

The 40-50% level of serpentinization estimated here may have implications regarding
transport pathways of fluids through the overriding plate. Based on the P-T condition and
age of the subducting system in Cascadia, complete serpentinization of the MWC would
be expected from simple fluid diffusion through a porous medium (Abers et al., 2017).
Our estimated 40-50% serpentinization indicates that fluid diffusion may not be effective
in the MWC, most likely due to the large permeability anisotropy just discussed (Kawano
et al.,, 2011). Serpentinization may be complete near the interface where fluids are
abundant but may prevent the vertical movement of fluid, and thus further serpentinization
of the MWC, upwards of this serpentinite-rich layer. Instead, this excess fluid can be
channeled up dip and accumulate in the LVL (Fig. 4.8). We note that our data would not
resolve a vertical gradient in serpentinization, and only provide a bulk estimate over the
entire MWC.

Due to the weak rheology and low density of serpentinite, widespread serpentinization
of the MWC has significant implications for mantle wedge convection models where a
fully coupled subducting slab and mantle wedge are typically assumed (McKenzie, 1969).
In this case, the mantle wedge moves downwards at the same velocity as the subducting
slab. In the case of a hydrated mantle wedge, the weak rheology of serpentinite will
decrease the coupling between the subducting slab and mantle wedge focusing
deformation in the serpentinized layer preventing full mantle wedge convection (Hyndman
and Peacock, 2003). The low density of serpentinite also creates positive buoyancy which
counteracts typical convection patterns of mantle wedge flow (Davies and Stevenson,
1992; Kincaid and Sacks, 1997). With normal flow patterns occurring elsewhere in the
MWC, the hydrated forearc mantle can become isolated from the overall mantle wedge
flow system (Hyndman and Peacock, 2003). This presents another possible explanation
for incomplete serpentinization due to sluggish mantle mixing from convection induced
flow. Here, peridotites from deeper within the mantle may be cycled up dip resulting in a

heterogenous distribution of serpentinites and peridotites in the MWC.
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4.4 CONCLUSIONS

We use receiver function analysis to identify the presence and nature of anisotropy in
the Cascadia MWC. We estimate an ~10km thick mantle beneath station SNB with low
Vs and high Vp/Vs which is consistent with the presence of serpentinite. We observe 14%
anisotropy with a slow-axis of symmetry that corresponds with trench-parallel and sub-
horizontal foliations. This is consistent with the presence of highly sheared serpentinite
being deformed by the downgoing slab. The seismic properties of serpentinite measured
here imply incomplete serpentinization of the Cascadia MWC. We hypothesize that the
permeability anisotropy of serpentinite may prevent vertical fluid flow, thus limiting
widespread serpentinization to the region surrounding the plate interface. We further
suggest that serpentinite may play an important role in channelling fluids up dip to the site
of the LVL, which promotes the generation of SSEs. This potentially implicates the
serpentinized MWC in playing an important role in setting the conditions necessary for
slow slip. Further characterization of serpentinites in global subduction zone forearc

mantles will continue to provide insight into the role it plays in slow slip occurrence.
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PART Ill: CONCLUSIONS
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5

5.1 SUMMARY OF RESULTS

In this thesis, three approaches were used to answer questions regarding the physical
conditions that facilitate the nucleation of SSEs on a global scale as well as along a single
subduction zone. Machine Learning techniques were used to determine the relationship
between short-term and long-term SSEs and subducting plate features, including the
oceanic plate age, sediment thickness entering the subduction zone, seafloor roughness,
slab dip, and relative plate velocity. We find a strong correlation between young
subducting oceanic lithosphere and short-term SSEs, which is consistent with models of
SSEs where elevated temperatures are necessary to generate fluids through
metamorphic dehydration reactions at the shallow depth of the transitional friction zone.
More moderate correlations are observed with sediment thickness and relative velocity
where a thicker sediment layer is positively correlated with short-term SSE and relative
velocity is negatively correlated with short-term SSE. The models trained in the short-
term case showed sufficient predictive power with mean accuracies between 85 and
100%. We used these models to predict the occurrence of short-term events along South
America, northern Sumatra, southern Mexico, the Aleutian Islands, Ryuku, and Vanuatu.
There is less obvious correlation between these features and long-term SSEs. The
relationship between subducting plate age and these events is not established here and
the models in the long-term case showed less success with model accuracies between
70 and 90%. This may provide support for models of slow slip that invoke different driving

mechanisms of fault weakening in each case.

The second approach involved constructing thermal models along the entirety of the
CSZ to determine margin-wide variations in slab dehydration. The thermal structure of a
subduction zone depends on many of the physical characteristics described in the
previous approach. This includes the subducting plate age that determines the geotherm

of the incoming plate, the plate dip that describes the geometry of the slab, sediment
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thickness that acts as an insulating layer affecting the geotherm, and the plate
convergence rate that affects shear heating along the plate interface. The variations in
these parameters along strike in Cascadia are significant enough to produce different
patterns of slab dehydration. We observe greater fluid flux rates in northern and southern
Cascadia in the vicinity of the MWC and site of slow slip in comparison with those
observed in central Cascadia, which correlates with recurrence times between events in
these regions. These results are consistent with models where the rate at which fluid

overpressures are generated drive variations in SSE behaviour along strike.

The third approach utilized teleseismic receiver functions to estimate isotropic and
anisotropic seismic velocity structure of the Cascadia forearc, specifically in the MWC.
We invert for these structural parameters by minimizing the misfit between observed and
synthetic receiver functions generated for different model setups. In the isotropic case,
we estimate Vs and Vp/Vs in the MWC that are consistent with 40-50% levels of
serpentinization. Anisotropy is characterized by values of 14% with a slow axis of
symmetry that corresponds with sub-parallel foliations. This final approach considers the
role of the overriding plate in generating slow slip, where the presence of widespread

serpentinization near the interface facilitates fluid mobilization to the site of SSEs.
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5.2 THESIS TOPICS REVISTED

Overall, this thesis provides insight into the following questions:

1)

)

Why does fault slip behaviour vary across global subduction zones?
The results of chapter | indicate that variations in the physical characteristics of
the subducting slab likely play a role in the type of slip behaviour observed at
subduction zones. Young subducting lithosphere is strongly correlated with
short-term SSEs indicating that the thermal structure of the forearc may play
an important role in generating the conditions necessary for slow slip. The
results of chapter Il indicate that slip behaviour along a given subduction zone
may vary based on the P-T conditions near the plate interface. These
conditions control the pattern of slab dehydration, which in turn can drive
recurrence patterns of SSEs. The thermal structure and geometry of the
subducting slab vary widely globally, which may influence slip behaviour based
on the depth of important metamorphic dehydration reactions. These results
also favour models where serpentinization plays a role in localizing SSEs near
the MWC through fluid mobilization. The results of chapter Il provide evidence
for the role of serpentinization of the MWC in generating elevated pore fluid
pressures near the site of SSEs. The degree of serpentinization of the MWC in
global forearcs varies greatly based on the thermal structure and geometry of
the subducting slab as described above. If serpentinization plays an important
role in facilitating episodic deep SSE, an MWC that lacks widespread
serpentinite may also lack the conditions necessary for slow slip.

Can slow slip behaviour be explained by a single process, e.g., slab
dehydration, or are there various mechanisms by which the mechanical
strength of the slab is altered that can produce these events?

The results of chapter | suggest that different mechanisms may be behind
generating short-term versus long-term SSEs. Parameters that control the
thermal structure, and in turn patterns of slab dehydration, correlate more

closely with short-term rather than long-term events. This may support the idea
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1D)

that the difference in location and behaviour (e.qg., lack of tectonic tremor) of
long-term events may be a result of a different mechanism of nucleation. The
results of chapter Il support models of slow slip where metamorphic
dehydration reactions are a mechanism of fault weakening through the
generation of elevated pore-fluid pressures. Here, an abundance of fluid is
released in the vicinity of the MWC, which may then be channeled to the site
of slow slip. Furthermore, the along-strike variation in SSE behaviour and
calculated slab dehydration patterns is consistent with the rate of fluid

production being a mechanism of generating diverse slow slip behaviour.

What role does the down-going versus overriding plate have in creating
the necessary conditions for slow slip nucleation.

The results of chapter | and Il provide evidence for the role of the down-going
plate in producing the conditions necessary for SSEs. Down-going plate
features such as subducting plate age, sediment thickness, and relative plate
velocity correlate with the observance of short-term SSEs. The mechanism in
which variations in these parameters control the spectrum of slow slip
behaviour is explored in chapter Il, where they are shown to alter the pattern of
slab dehydration. Chapter Ill looks at the role of widespread serpentinization in
the overriding plate mantle in facilitating the generation of elevated pore fluid
pressures at the site of SSEs. The correlation between the location of the MWC
and slow slip as well as the incomplete nature of serpentinization in Cascadia
support mechanisms in which serpentinites in the overlying mantle acts as an

impermeable layer that channels fluid up dip to the location of SSEs.
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5.3 FUTURE CONSIDERATIONS

Continuing research with a focus on slow slip at a global scale will provide further
insight into whether slow slip is a universally observed mechanism of stress
accommodation or whether its occurrence is constrained to regions with certain physical
properties. Improvements in GNSS and seismograph station density will provide clarity to
these questions as the detection threshold for events is lowered, providing further
constraints on where slow slip is and isn’t observed. It will also provide insight into the
different mechanisms behind short-term and long-term SSEs, including whether they are
generated by the same processes (i.e., elevated pore-fluid pressures) or if the different
site of their nucleation represents different mechanisms of fault-strength weakening.
Chapter | of this thesis represents the first iteration of the novel application of machine
learning methods to the study of global slow slip. This type of work will benefit greatly
from improvements in slow slip detection by removing limitations associated with a small
dataset as well as providing further constraints on models predicting slow slip. Further
work of this nature can explore more characteristics of subduction zones, most notably
those of the upper plate which were not explored here, to further our understanding of the

conditions that favor slow slip.

Further improvements in thermal and petrologic modelling of subduction zones will
provide a better understanding of the conditions that generate SSEs. Current limitations
associated with thermal modelling include uncertainty in specific model parameters
including the degree of hydrothermal circulation, the amount of heat generated through
shear heating, the contribution of heat producing elements, as well as in subduction zone
structure (e.g. depth to Moho, slab contours). Further resolving these estimates will
produce more accurate models, better revealing the conditions at the site of slow slip
occurrence. Chapter Il of this thesis represents a rare attempt to model the along-strike
variation in P-T conditions at high resolution along a single subduction zone. Applying this
methodology to different subduction zones will provide further constraints on the
relationship between fluid flux and slow slip, as well as the role the MWC plays in

generating the conditions necessary for slow slip.
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Geochemical analysis of major and trace-element data and isotopic compositions can
be used to determine the degree of fluid mobilization which will provide important
constraints on the rate at which fluid overpressures are generated. The mechanism of
slow slip generation presented in this thesis implicates the role of fluid transportation in
generating elevated pore fluid pressures. Studying exhumed subduction zone rocks will
provide further constraints on the extent of fluid transport as well as how widespread
these processes are. This will aid in distinguishing the relative importance in the rate of
processes that generate fluids (e.g., slab dehydration; fluid mobilization) versus those that

trap fluids (e.g., mineral precipitation).

Characterizing the environment of slow slip will aid in the generation of models of fault-
slip that can explain the diverse spectrum of stress accommodation in subduction zones.
Constraints on the rheology of important lithologies, structural heterogeneity, P-T
conditions, and pore-fluid pressures are all necessary to meaningfully parameterize

models to better represent the subduction zone system.

General improvements in geophysical and geological observations in subduction
zones will further our understanding of the earthquake cycle and the role that slow slip
plays in it. The significant amount of stress accommodated by SSEs globally has
important implications on earthquake hazard estimates. A universal model of subduction
zone deformation, which accounts for the spectrum of slip transients as well as other
modes of deformation, will increase our understanding of earth processes. In doing so, it
will improve hazard mitigation efforts which have far reaching societal implications, both

economically and for public safety.
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FIGURE S2.1: MAP OF GNSS STATION DENSITY FOR EACH SUBDUCTION ZONE OF INTEREST.
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