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Weexamine spatio-geometric patterns in the density of seismicitywithin the Cascadia forearc to gain insight into
controls on seismogenesis. Tremor epicenters exhibit the most regular distribution defining a 40–80 km wide
band extending along almost the entire convergent margin from the southern terminus of Gorda plate subduc-
tion in northern California to the central Explorer plate below northern Vancouver Island. Based on prior charac-
terization of constituent low-frequency earthquakes, the up- and down-dip limits of tremor are assumed to
represent slab isodepth contours at nominal values of 28 and 45 km, between which fluids at near-lithostatic
overpressures are trapped within the subducting slab. Epicenters of earthquakes within the North American
crust are anticorrelated with those of tremor, and concentrated in Washington and northern California where
they are sandwiched between tremor and the Cascade volcanic arc. Seismicity within the subducting plate
possesses the most limited epicentral distribution. Seismicity is confined to shallow depths off Vancouver Island
and in northern California, and projects to greater depths beneath Washington and southern British Columbia.
Comparison of seismicity patterns with long-wavelength slab geometry and thermo-petrologic constraints sug-
gests that seismicity occurrence in Cascadia is governed by an interplay between slab strain, metamorphic dehy-
dration within the subducting oceanic plate, and a plate boundary seal that controls where fluids enter the
overriding plate. The inferred fluid evolution model harbors interesting implications for mantle wedge hydrol-
ogy, forearc crustal composition and volcanism in Cascadia and other warm subduction zones.
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1. Introduction

Cascadia is unusual among subduction zones in its low levels of seis-
micity and absence ofmegathrust earthquakes in historic times. Indeed,
the case for active subductionwas debated for almost a decade after the
advent of plate tectonic theory (Riddihough and Hyndman, 1976), and
the question of aseismic versus seismogenic slip on the plate boundary
thrust persisted for longer still (Heaton and Kanamori, 1984; Rogers,
1988). The true seismogenic potential of the Cascadia megathrust was
established in a detective story involving multiple lines of evidence
(e.g., Adams, 1990; Atwater, 1987; Hyndman and Wang, 1993; Satake
et al., 1996) pointing irrevocably to a history of large thrust events, cul-
minatingmost recently with aM ~ 9 event on the evening of January 26,
1700. Sincemodern recording began, themegathrust interface has been
disquietingly calm with rare occurrences of microearthquakes offshore.
These events were initially detected off the Oregon coast (Trehu et al.,
2008)withmore recent catalogues fromocean bottomdeployments in-
dicating low levels along the entire Cascadia offshore margin (Stone
et al., 2018). Although there has been a complete absence of recorded
regular seismicity along onshore portions of the plate boundary during
this period, a new class of seismicity intimately associatedwith slow slip
(Dragert et al., 2001) is now known to occur down-dip of the inferred
megathrust seismogenic zone at regular (~1 year) intervals (Rogers
and Dragert, 2003), along the entire margin (e.g., Brudzinski and
Allen, 2007). This phenomenon is known as tectonic tremor or, collec-
tively, as episodic tremor and slip (ETS). Away from the plate boundary,
regular seismicity is catalogued within the subducting Juan de Fuca
plate and in the crust of the overriding North American plate but in a
non-uniform geographical distribution with concentrations off western
Vancouver Island, in the Puget Sound region and in northern California
(see, e.g., Ludwin et al., 1991; Rogers and Horner, 1991; Uhrhammer,
1991; and references therein; see also Fig. 1 for a map indicating key
geographic locations and tectonic features). Factors that contribute to
this pattern have been long debated with a growing consensus that
slab pull, plate geometry and metamorphic dehydrations all play roles,
in particular, for slab earthquakes (e.g., McCrory et al., 2012; Wada
et al., 2010). It has also been noted that tremor displays a tendency to-
ward anticorrelation in epicentral distribution with regular seismicity
(e.g., Boyarko and Brudzinski, 2010; Kao et al., 2009). Our focus in this
study is to further consider the distribution of tremor, its spatio-
geometric relationswith other forms of seismicity and the physical con-
ditions under which it occurs. These factors yield further insights into
the nature of both slab and crustal seismicity in the Cascadia forearc
with a number of interesting, more general implications.
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Fig. 1.Map of geographic locations and tectonic features referred to in text. Labels are GS:
Georgia Strait, MTJ: Mendocino Triple Junction, NFZ: Nootka Fault Zone, LRF: Leech River
Fault, OP: Olympic Peninsula, PS: Puget Sound, SAF: San Andreas Fault, SJF: Strait of Juan
de Fuca, TI: Texada Island, VI: Vancouver Island, WV: Willamette Valley. Plate boundaries
are shown as dashed lines, and the locations of the two seismicity profiles in Fig. 8 are
shown as colored dotted lines (NFZ in red, MTJ in magenta).
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Fig. 2. Tremor density (base 10 logarithm of number of detections per square kilometer
per year) distribution along the Cascadia margin. Green triangles represent locations of
volcanic centers.
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2. Spatial patterns in Cascadia seismicity

Webegin our analysiswith a consideration of the spatial distribution
of seismicity along the Cascadia forearc. In particular, we divide seismic-
ity into three classes: tremor, crustal earthquakes, and slab earthquakes.
To illuminate details in the patterns of their distributions we apply a
kernel density estimator (Botev et al., 2010) to epicentral data from rel-
evant earthquake catalogues.

2.1. Tremor

Tectonic tremor was discovered b2 decades ago in Japan (Obara,
2002) and documented shortly afterwards in Cascadia in association
with slow slip, where the two phenomena were originally dubbed ETS
(Rogers and Dragert, 2003). Despite its poorly understood and enig-
matic nature, tremor possesses the most regular epicentral distribution
of the 3 classes of seismicity we shall consider. This behavior is illus-
trated in Fig. 2 where we display tremor density using the catalog of
Wech (2010) for the period August 2009 – January 2018. Tremor ex-
tends along almost the full length of the Cascadia margin from northern
Vancouver Island to northern California. In particular, the along-strike
limits of subduction are clearly demarcated in the north by the subduc-
tion of southern and central portions of the Explorer plate in northern
Vancouver Island (Riddihough, 1977) and at the southern terminus of
Gorda plate subduction in northern California (McCrory et al., 2012).
The tremor epicentral zone width averages approximately 60 km from
aminimumwidth of ~40 kmbeneath the Columbia River to amaximum
width of ~80 km beneath the Strait of Juan de Fuca. Tremor density
appears strongest in northern California and along southern Vancouver
Island and northern Washington.

On seismograms, tremor is an emergent and bandlimited (2–8 Hz)
signal that is most readily recognized through the similarity and
systematic moveout of waveform envelopes across local seismograph
networks. As a consequence, temporal resolution of waveform correla-
tion is limited and hypocentral depths are considerably more difficult
to constrain than epicenters. However, with careful signal processing,
individual elements of tremor known as low frequency earthquakes
(LFEs) that display clear P- and S- arrivals can be isolated and precisely
mapped to depth (Shelly et al., 2006). In Cascadia and elsewhere, LFEs
appear to lie within a narrow depth interval (≤ 1–2 km) with polariza-
tions that are consistent with thrust motion on a shallow dipping
plate interface (Armbruster et al., 2014; Royer and Bostock, 2014). On
the basis of this observation and others that are detailed in section 3.2,
we will henceforth assume (as is common, though not universal, cf.
Kao et al., 2009) that tremor is effectively isolated to a plate boundary
shear zone dipping between depths of approximately 28 and 45 km,
that vary only slightly along the margin (e.g., Plourde et al., 2015;
Royer and Bostock, 2014; Thomas and Bostock, 2015).

2.2. Crustal seismicity

To examine the distributions of regular seismicity landward of the
deformation front, we combine regional seismicity catalogues from
U.S. regional networks (University of Washington, 1963; USGS Menlo
Park, 1967) and the Geological Survey of Canada (1989) between Janu-
ary 1984 and January 2018, taking care to remove duplicate events. We
limit our attention tomagnitudesML ≥ 1 as an estimate of completeness
threshold over the region to minimize spatial sampling bias. North of
California, we assign hypocenters above 26 km depth to the North
American crust and those below 30 km depth to the subducting Juan
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de Fuca plate (we note that close to the deformation front this division
may result in some erroneous mapping of shallow intraslab events into
the crust). In northern California (south of 42° N) where shallow slab
structure is complicated but the slab surface is precisely determined
by double-difference hypocentral relocation, we apply the McCrory
et al. (2012) slab model to the double difference catalog of Waldhauser
(2018) to separate crustal from slab seismicity. The crustal seismicity
catalog thus assembled comprises a total of 97,181 epicenters with a
density distribution plotted in Fig. 3. In addition, we superimpose the
external contour of the tremor distribution from Fig. 2 in black to pro-
vide further spatial reference.

As has been previously noted in regional studies of northern (Kao
et al., 2009) and southern (Boyarko and Brudzinski, 2010) Cascadia, epi-
centers of tremor and crustal earthquakes display a strong tendency to
spatial anticorrelation. In northern Cascadia, increased levels of seismic-
ity are most apparent in Washington where seismicity is largely
sandwiched between the down-dip tremor limit and the Cascade arc.
There is minor overlap along Puget Sound where a network of larger
crustal faults has been documented (e.g., Blakely et al., 2011). Much of
the forearc seismicity in this region is swarm-like, occurring over pe-
riods of years to decades, and clustered, frequently as sub-vertical hypo-
center streaks with dimensions of 5–10 km (Balfour et al., 2012; Savard
et al., 2018). Forearc crustal seismicity drops markedly through Oregon
and reappears strongly expressed in northern California, again largely
skirting the envelope of tremor epicenters, except at the very southern
limit of tremorwhere tremor underlies deformation associatedwith the
northern end of the San Andreas fault system. North of Washington,
seismicity also drops though low levels follow the trend of the British
Columbia volcanoes, diverging northward with the down-dip limit of
tremor. On the up-dip side of tremor, crustal seismicity is most
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Fig. 3. North America crustal seismicity density (base 10 logarithm of number of events
per square kilometer per year) along the Cascadia margin. Green triangles represent loca-
tions of volcanic centers.
pronounced at the northern and southern margins of the subduction
zone. Above the underthrusting Explorer plate, concentrations of crustal
events occur off Brooks Peninusula and above the subducting Nootka
fault zone that forms the southeastern boundary with the Juan de
Fuca plate (e.g., Hyndman et al., 1979; Obana et al., 2014). In the latter
case, seismicity approaches, but does not overlap significantly, the up-
dip limit of tremor. In like manner, there is a concentration of crustal
seismicity above the southern edge of the subducting Gorda plate im-
mediately north of CapeMendocino (McCrory et al., 2012) and seaward
of the up-dip tremor limit.
2.3. Intraslab seismicity

Of the three seismicity classes, intraslab (within the subducting
plate) seismicity exhibits the most limited geographical distribution al-
though it mimics the geometry of crustal seismicity to some degree, as
evident from Fig. 4. Events deeper than 40 km are largely restricted to
the Puget Sound and parts landward, with a localized earthquake
``nest” at depths between 60 and 70 kmbelow theGeorgia Strait, south-
east of Texada Island (Merrill and Bostock, 2018). Unlike crustal seis-
micity, there is a significant epicentral overlap between deep intraslab
events and tremor occurrence below the eastern Strait of Juan de Fuca
and southward. Shallow intraslab seismicity (≤ 35 km depth) in north-
ern Cascadia ismost strongly expressed along thewest coast of Vancou-
ver Island with local concentrations off Nootka Island (subsurface
extension of the Nootka fault), beneath Barkley Sound, and the north-
western corner of the Olympic Penisula (Rogers, 1983). These events
parallel the up-dip limit of tremor with some minor overlap. Intraslab
events are infrequent below Oregon, but reappear in a similar pattern
within the subducting Gorda Plate near the Mendocino triple junction
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Fig. 4. Juan de Fuca (slab) seismicity density (base 10 logarithm of number of events per
square kilometer per year) along the Cascadia margin. Green triangles represent
locations of volcanic centers.
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Fig. 5. P-velocity perturbation relative to background (red= slow, blue= fast) at 200 km
depth Cascadia margin (Burdick et al., 2017). Outlines of slab seismicity concentrations
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(McCrory et al., 2012). In particular there is a narrow strip of shallow
(≤40 km) seismicity extending landward to the up-dip limit of tremor
between latitudes 40.2–41.5°N.Wenote that intraslab events are gener-
ally characterized by very low levels of aftershock activity (e.g., Kao
et al., 2008) such that most of the seismicity represented in Fig. 4 con-
sists of temporally isolated events.

3. Controls on seismicity

In the previous section, we summarized a number of suggestive
and previously documented patterns in seismicity along the Cascadia
forearc. In particular, we noted i) a slowly meandering band of tremor
along the entire subduction margin, ii) a concentration of deep
(N40 km) slab seismicity to the Puget Sound region, iii) a concentration
of shallow slab seismicity (≤40 km) alongwestern Vancouver Island and
northern California, iv) a distribution of crustal seismicity that displays
landward concentrations in the Puget lowlands and northern California,
and v) a distinct tendency toward anticorrelation in the epicentral dis-
tributions of tremor and crustal seismicity, where the latter occurs. In
this section we examine several factors that likely play significant
roles in defining these patterns, paying particular attention to deviatoric
stress (slab pull), strain (slab curvature), metamorphic reactions, and a
plate boundary seal whose spatial extent includes that of tremor. This
latter element has received rather less attention than the others but
we will argue that it plays an important role in the generation of both
tremor and crustal seismicity.

3.1. Slab deviatoric stress and tomographic constraints

We begin our analysis by considering deep intraslab seismicity.
A number of authors have investigated slab stresses through consider-
ation of focal mechanism solutions. In the Puget Sound region it has
long been recognized that deep slab earthquakes tend to be associated
with normal faulting focal mechanismswith down-dip directed tension
axes (e.g., Crosson, 1981; Rogers, 1983; Spence, 1989). A comprehen-
sive margin-wide study of slab stress by Wada et al. (2010) using
deep events revealed the same pattern of down-dip tension for slab
events in southern British Columbia, Washington and northern Califor-
nia that they interpreted as the result of slab pull, as others before them
(e.g., Spence, 1989). Downdip tension is consistent with deviatoric slab
stresses controlled by by negative buoyancy of the deeper subducting
plate (Frohlich, 1989). Increased slab density due to cooler tempera-
tures is manifest within teleseismic tomography models as positive ve-
locity anomalies (Audet et al., 2008; Burdick et al., 2017; Obrebski et al.,
2010). Thesemodels reveal prominent P-velocity anomalies to ≥300 km
depth beneath southern BC,Washington and northern California where
intraslab earthquakes occur but a conspicuous absence thereof below
Oregon (see Fig. 5) where intraslab events are effectively absent, ren-
dering slab pull an obvious potential control on seismogenesis.

3.2. Slab strain from minimum slab curvature

We proceed to examine the potential role of slab strain in influenc-
ing slab seismicity by constructing a minimum curvature model of
depth to top of the subducting plate (hereafter “slab depth”). Our inten-
tion is not to capture the finer details of slab morphology but rather to
focus on its long-wavelength structure and, in particular, those regions
where extended areas of greater slab strain are expected; actual slab de-
formation can only be more severe.

In the first step of the model construction, we consider 4 slab depth
proxies, sampled evenly and with uniform certainty along strike. The
proxies are (see Fig. 6a): the location of the deformation front, the
upper and lower limits of tremor from Wech (2010) as depicted in
Figs. 3 and 4, and the distribution of the 18 major volcanic centers
along the arc. We define the deformation front to represent a slab
depth of 2.5 km below msl upon consideration of average bathymetry.
Based on studies of LFEs in southern Vancouver Island, Washington
(Royer and Bostock, 2014), central Oregon (Thomas and Bostock,
2015) and northern California (Plourde et al., 2015), we assign nominal
depths of 28 and45 km to the up and downdip limits of tremor. This ap-
proximation is likely poorest for the Explorer plate in the northern
reaches of Cascadia where LFEs align with a nearly horizontal portion
of plate boundary between 30 and 35 km depth (Audet et al., 2008;
Royer and Bostock, 2014). However, as we shall see, it will prove to be
conservative for our purposes. The fourth constraint derives from the
volcanic arc where the slab is assigned a nominal depth of 80 km
based on scattered wave images of the subducting oceanic Moho
(Mann et al., 2017; McGary et al., 2014; Nicholson et al., 2005;
Rondenay et al., 2001). In so doing,we assume that variability in the sur-
face distribution of volcanic centers is due to random perturbations
about this depth contour resulting from lateral, near-surface deviations
in magmatic ascent paths (e.g., Hansen et al., 2016; Bedrosian et al.,
2018.).We treat each of these sets of control points in a consistent fash-
ion by converting to Universal Transverse Mercator coordinates and
fitting a polynomial of degree 6 to the longitudinal coordinate as a func-
tion of the latitudinal coordinate. The resulting slab-depth contours are
plotted in black lines above corresponding control points in Fig. 6a.

The low-order polynomial representation provides a faithful de-
scription of the deformation front and captures the long wavelength
variability in the up- and down-dip limits of tremor. As expected, the
modeled depth of arc magma generation exhibits the greatest variance
with its (volcanic center) control points. It is notable, however, that its
polynomial parameterization closely parallels that of the deformation
front along the entire margin. In contrast, the tremor depth curves
wind gently between the deformation front and arc-depth contours,



Fig. 6. Long-wavelength slabmodel. Panel a) shows control points used to constructmodel: deformation front (red), updip limit of tremor (magenta), downdip limit of tremor (cyan), and
major volcanic centers (greenplusses). Superposed black lines show corresponding 6th order polynomial parametrizationsdefining2.5 km, 28km, 45 kmand 85kmdepth contours. Panel
b) displays 2D slabmodel constructed through biharmonic interpolation of these depth contours and locations of profiles in Fig. 7. Panel c) shows curvature of corresponding slab surface.
Outlines of slab seismicity concentrations are shown in stippled white.

Fig. 7. Profiles across synthetic slab model at the 4 locations shown in Fig. 6b. Note strong
curvature at slab depths near 40 km acrossWashington (solid blue) and northern Califor-
nia (solid magneta), with minor or little changes in slope across central Vancouver Island
(solid red) and Oregon (solid green). The dashedmagenta line represents the plate model
of McCrory et al. (2012) which is precisely defined by double difference relocated hypo-
centers (Fig. 8) at top-of-slab depths b30 km but is unconstrained below. A composite
platemodel that stitches the latter model to the synthetic (solidmagenta) curve at depths
≥30 km would better accommodate constraints from tremor (Plourde et al., 2015) and
imply a steeper slab dip toward the arc.
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approaching the arc-depth contour in the Puget Sound and northern
California regions and receding from that contour in Oregon. We note
that this contour fluctuation is effectively absent in the recent
McCrory et al. (2012) slab model (based on a range of slab depth prox-
ies) but is representedwithin the Audet et al. (2010)model that is based
on a coarsely sampled but uniform suite of receiver function depth esti-
mates. This latter correspondencewith an independent proxy lends jus-
tification to our use of tremor limits as slab depth contours.

In the second step of model construction, we employ the 1-D poly-
nomial parameterizationswithin a 2-Dbi-harmonic spline interpolation
to produce a continuous, minimum curvature depth model for the Juan
de Fuca slab in Fig. 6b. This simple representation in turn allows us to
compute stable estimates of surface curvature (i.e., mean of 2 principal
curvatures) plotted in Fig. 6c. Although the synthetic model is not
supported by the same density of control points along dip as that of
the recent McCrory et al. (2012) model, it holds the advantage that it
is uniformly and consistently sampled along strike by the same 4
contour parameters. In contrast, theMcCrory et al. (2012) employs geo-
graphically variable proxies for slab depth including hypocenter data
sets with varying levels of hypocentral precision and a range of struc-
tural models based on different geophysical observables.

A correspondence exists between regions of high curvature (i.e. ≥
0.004 km−1; positive= concave down) and concentrations of slab seis-
micity. To aid in visualizing variations in slab morphology, we plot pro-
files across the syntheticmodel for central Vancouver Island (A-A': red),
Puget Sound (B-B′: blue), central Oregon (C-C′:green) and northern Cal-
ifornia (D-D' (magenta) in Fig. 7 with locations marked in Fig. 6b. We
note in particular, the broad, shallow dipping arch (Rogers, 1983;
Weaver and Baker, 1988) defined by the tremor contours below Puget
Sound followed down-dip by high slab curvature in the vicinity of
where the largest slab events in Cascadia (e.g., Kao et al., 2008) are
recorded. High model curvature in this region is strongest in the dip di-
rection and generated by the proximity of the down-dip tremor contour
with that of the volcanic arc resulting in a steep increase in slab dip. In
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contrast, as onemoves to the northwest, the tremor contours shift their
course and approach the deformation front, creating greater curvature
in the model offshore Vancouver Island in rough correspondence with
the location of shallow slab events documented for that region
(Rogers, 1983;Wada et al., 2010). This spatial coincidence suggests ten-
sional stresses due to shallow slab flexure as a possible alternative
mechanism to that of a torque force on the Nootka fault zone proposed
by Wada et al. (2010) to explain dip-parallel tension axes for these
events. Slab curvature would be greater still were we to have assigned
amore accurate range of slabdepths to the tremor contour in this region
(30–35 km vs 28–45 km). In fact, a depth profile of seismicity near the
Nootka Fault Zone that includes LFE hypocenters (Gao and Wang,
2014; Royer and Bostock, 2014) strongly suggests that actual slab struc-
ture exhibits a strong bend at shallow depths just seaward of the defor-
mation front (see Fig. 8 and location of profile in Fig. 1) coincidingwith a
marked increase in seismicity and a landward flattening of the slab
(Audet et al., 2010).We further note that slab curvature in Fig. 6c is pref-
erentially oriented in the dip (versus strike) direction and hence would
be expected to generate down-dip tension axes in slab earthquake focal
mechanisms occurring above themid-plane of the slab. Thus slab curva-
ture also affords an alternative explanation to slab pull for deep slab
events beneath Puget Sound. In fact, it is conceivable that slab curvature
is influenced by slab pull, at least at depths near 40 km, thoughwe con-
sider them separately for the present purpose.

The correspondence betweenmodel curvature and slab seismicity is
not, however, evident in northern California. Convergent tremor and arc
contours again predict a region of high slab curvature below the down-
dip limit of tremor that is without a slab seismicity counterpart. Slab
seismicity is instead effectively limited to depths ≤40 km and restricted
to parts effectively seaward of the up-dip tremor limit. McCrory et al.
(2012) have demonstrated that the top of slab in this region is concave
positive from the deformation front to approximately 20 km
depth, whereupon it becomes concave negative at 25 km depth before
reversing again to become concave positive at greater depths (see
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Fig. 8. Seismicity and plate bending/unbending at the northern (top panel) and southern
(bottom panel) termini of Cascadia subduction. Top panel shows strike-perpendicular
section of seismicity near Nootka Fault Zone (NFZ, dotted red profile in Fig. 1)
assembled from the SeaJade OBS experiment (blue dots, Obana et al., 2014), and
relocated regular seismicity (black dots) and LFEs (green dots) from Savard (2018). Blue
line displays bathymetry/topography with respect to mean sea level, whereas red line is
interpreted oceanic crust. Bottom panel shows strike-perpendicular section of relocated
seismicity (black dots) immediately north of Mendocino Triple Junction (MTJ, dotted
magenta profile in Fig. 2) with superposed slab model (red) from McCrory et al. (2012),
and 3 LFEs (green dots) from Plourde et al. (2015). Note different scales of plate
bending/unbending at opposing ends of the subduction zone. Concentration of crustal
seismicity near MTJ at 10 km depth, 55 km distance represents a temporally persistent
cluster of seismicity that includes the 1992 M7.1 Cape Mendocino earthquake and its
aftershocks (McCrory et al., 2012).
Figs. 7, 8). This bending/unbending takes place over a greater strike-
perpendicular distance than that at the Nootka Fault Zone (~150 vs
~60 km) but nonetheless occurs inside the limits represented by the
model deformation front and up-dip tremor-limit contours in Figs. 6, 7
and so is, naturally, absent within our minimum curvature slab-depth
model. However, it is captured within the McCrory et al. (2012) slab
model that is entirely constrained in this region by double-difference
relocated hypocenters (Figs. 7, 8). The fact that significant plate bending
occurs at shallow depths at both ends of the Cascadia subduction zone
(Nootka Fault Zone and Mendocino Triple Junction, Fig. 8) suggests
that plate-edge interactions play a significant role in plate deformation
and, hence, seismicity in those regions.

Consequently, although focal mechanisms and tomographic models
implicate some combination of slab curvature and slab pull in the gen-
eration of deviatoric stresses that contribute to seismogenesis within
the slab, there is sufficient along-strike variability inwhere slab seismic-
ity occurs to implicate other contributing factors. A point worth noting,
however, is that the distribution of crustal seismicity in the deep crustal
forearc regions of Puget Sound and northern California displays a signif-
icantly stronger correspondence with slab curvature. Crustal seismicity
neatly parallels the high curvature regions in themodel (compare Fig. 3
with Fig. 6c), although as mentioned it is shifted slightly landward, im-
mediately down-dip of the down-dip tremor contour.We will return to
this observation in section 3.5.

3.3. Metamorphic dehydration reactions

Metamorphic reactions taking place within the subducting slab due
to increased temperatures and pressures have long been implicated in
the generation of intermediate depth seismicity and, in recent years,
much attention has been directed toward dehydration reactions in
this regard (e.g., Hacker et al., 2003; Peacock and Wang, 1999; Rogers,
1983).Water enters the oceanic crust andmantle primarily through hy-
drothermal circulation at the ocean ridges and again, just prior to sub-
duction, along normal faults generated through slab flexure at the
outer rise (e.g., Peacock, 2001). At low temperatures, water is stored
largely in solid form within hydrous minerals and in open cracks and
pores. As Cascadia represents a warm end member across subduction
zones, much of this water is released as free fluid by dehydration
reactions occurring at relatively shallow depths below the forearc
(Peacock, 2009; Peacock and Wang, 1999). Rogers (1983) was among
the first studies to argue that slab earthquakes in the Puget Sound
arch region are enabled by stresses induced through volume reduction
accompanying eclogitization of oceanic crust. He further noted that
these volume reductions were approximately commensurate with the
excess slab volumes created by shallow subduction of the Juan de Fuca
plate below the concave-seaward deformation front.

Although other mechanisms (shear heating etc) have been pro-
posed, dehydration embrittlement is at present the most widely cited
explanation for intermediate depth seismicitywith the two leading can-
didate reactions being eclogitization of oceanic crust (e.g., Hacker, 1996)
and the dehydration of serpentinized (antigorite) oceanic mantle
(e.g., Peacock, 2001; Ulmer and Trommsdorff, 1995). The fluids released
in these reactions are thought to increase pore pressures, reduce effec-
tive stress and promote brittle failure. Earlier studies that identified
deep slab seismicity in northern Cascadia as residing primarily within
subducting oceanic crust (Cassidy and Ellis, 1993; Hyndman et al.,
1990) have been superseded by research placing some (Cassidy and
Waldhauser, 2003; Preston et al., 2003) to most slab seismicity within
the uppermost mantle (Abers et al., 2013; Bostock, 2013), due in large
part to the recognition of a significant (N5 km) depth separation be-
tween LFEs and regular slab earthquakes. Moreover, shallow slab earth-
quakes off the coast of Vancouver Island and at the Mendocino triple
junction occur at depths too shallow to be the result of eclogitization.

Thus to the degree that dehydration reactions play a role in the gen-
eration of intraslab earthquakes, antigorite dehydration is implied for



61M.G. Bostock et al. / Lithos 332–333 (2019) 55–66
much if not most slab seismicity. Dehydration of antigorite occurs at
temperatures of 650–700 °C and is largely independent of pressure
(for P b 3 GPa) (Ulmer and Trommsdorff, 1995). Hence this reaction is
expected to occur in subductingmantle at shallow depths in warm sub-
duction zones such as Cascadia. Thermal modelling (e.g., Gao et al.,
2017; Gao andWang, 2014) for northern Cascadia is broadly consistent
with shallower depths of antigorite dehydration off northern Vancouver
Island than more southerly regions (e.g., Puget Sound), though the var-
iations in seismicity patterns along strike are less regular than would be
anticipated were this metamorphic reaction the primary agent of seis-
micity. Hence, it appears likely that slab seismicity is governed by an in-
terplay between metamorphic dehydration reactions and variable
stresses due to slab structure and geometry (McCrory et al., 2012).
The influence of metamorphic dehydration likely extends beyond slab
seismicity in creating conditions conducive to both the generation of
tremor and crustal seismicity. This role centers on fluid production
within the oceanic crust and its subsequent evolution. Further insight
into this evolution can be gleaned from analysis of tremor and LFEs.

3.4. Plate boundary seal

As discussed in section 2.1, LFE hypocenters aremapped to a narrow
depth range in Cascadia and LFE waveform polarizations are consistent
with thrustmotion on a shallow dipping plane. Moreover, LFE hypocen-
ters also coincide with a thin layer of strongly depressed shear velocity,
elevated Poisson's ratio (e.g., Audet et al., 2009; Cassidy and Ellis, 1993),
and high seismic reflectivity and high conductivity (e.g., Hyndman,
1988) that we interpret as overpressured upper oceanic crust
(Christensen, 1984; Hansen et al., 2012). The various geophysical mea-
surements lead to estimates of free fluid content of approximately 3%
(Hyndman, 1988; Peacock et al., 2011). The close association between
LFEs and this pronounced low velocity zone (LVZ) together with a
well-documented sensitivity of tremor/LFEs to minor stress perturba-
tions (e.g., Houston, 2015; Royer et al., 2014; Rubinstein et al., 2009)
indicates that tremor is generated within a persistently overpressured
environment in which effective stresses are very low. This observation
is consistent with the expectation that fluids generated through meta-
morphism are produced at lithostatic pore pressure. Under the assump-
tion that porosity within oceanic crust is dominated by interconnected
cracks, the maintenance of overpressures also requires the presence of
an impermeable seal at the top of the LVZ (Peacock et al., 2011). This
seal effectively prevents fluid transfer from the subducting slab into
the overriding plate or mantle wedge over, and potentially beyond,
the range where tremor is documented. It may form through
deformation-induced grainsize reduction and the development of
highly foliated cataclasites and mylonites (Angiboust et al., 2015;
Peacock et al., 2011).

This line of reasoning provides motivation for a “pore-pressure-
threshold”model to describe the generation of tremor. That is, as meta-
morphic dehydration reactions proceed, fluid pressures build owing to
the presence of the plate boundary seal and eventually reach a thresh-
old level atwhich tremor and low frequency earthquakes are generated.
The underlying physics may involve reductions in Coulomb strength,
changes in rate and state frictional parameters or both, through their
dependencies on effective stress (Scholz, 2002). The threshold model
is consistent with the observation that Cascadia tremor density is
muted belowmajor crustal faults implying that such faults provide frac-
ture pathways for fluid escape from and pore-pressure reductionwithin
subducting oceanic crust (Wells et al., 2017). Development of the plate
boundary seal and overpressures likely commences offshore, based on
marine seismic reflection studies (Bostock, 2013; Nedimovic et al.,
2003) and OBS receiver function analyses (Audet and Schaeffer, 2018;
Janiszewski and Abers, 2015) but threshold pore pressures are not
met until the slab has reached depths near 28 km, the nominal up-dip
limit of tremor, below the continental forearc. It is conceivable that
higher pore pressures are required for tremor generation than for the
occurrence of slow slip that is documented to occur farther up dip
than tremor in the southern Vancouver Island region (e.g., Dragert
and Wang, 2011).

The processes that lead to down-dip termination of tremor may in-
volve a drop in pore pressure or a change in plate boundary rheology.
It is notable, however, that the strong parallelism in up- and down-dip
tremor contours, their transitions and general consistency in LFE depths
along the margin suggests similar sensitivities to physical properties,
e.g., pressure and temperature. Another constraint arises from the ob-
servation that the down-dip tremor limit appears to coincide with an
abrupt reduction in the contrast of the LVZ as imaged in receiver func-
tion images across southern Vancouver Island, southern Puget Sound
and central Oregon (Abers et al., 2009; Bostock et al., 2002; Nicholson
et al., 2005). This termination is generally interpreted to indicate the
onset of eclogitization, consistent with thermal and petrologic model-
ling at shallow depths near 45 km in Cascadia (Peacock and Wang,
1999; Rondenay et al., 2008). Thermal-petrological modelling by
Abers et al. (2013) suggests that transformation of metabasalt to
eclogite along warm subduction zone P-T paths is exothermic with a
net volume reduction between total reactant and product mineralogies,
including solid and fluid phases, across the multi-component phase
boundary. In the context of the pore-pressure thresholdmodel outlined
above, it is conceivable that the volumedecrease associatedwith this re-
action could cause pore pressures to decrease below the tremor thresh-
old, resulting in the cessation of tremor. Accordingly, the down-dip limit
of tremor in this interpretation represents a proxy for the onset of oce-
anic crustal eclogitization. Previous authors (Audet et al., 2009; Savard
et al., 2018) have further proposed that eclogitization compromises
the plate boundary seal enabling fluids to escape the slab. The mecha-
nism through which the breach is achieved is unclear, however, and
one might reasonably expect the seal to persist after pore pressures
drop. We will return to this point in the following section.

3.5. Fluid escape

A number of observations indicate that fluids generated through de-
hydration reactions within the subducting slab in Cascadia eventually
escape into the overriding forearc mantle wedge and continental
crust. Hydration of the mantle wedge (Hyndman and Peacock, 2003;
Peacock, 1993) has been proposed by several authors based on the ob-
servation of a weak, absent or inverted continental Moho along most
of the forearc that is inferred to be due to the juxtaposition of continen-
tal crust with an extensively serpentinized mantle wedge (Bostock
et al., 2002; Brocher et al., 2003; Hansen et al., 2016). The timingofman-
tle wedge serpentinization is not well constrained given the extended
history (≥40 Ma) of subduction along the margin, and relative thermal
stability of a serpentinized wedge (cf. Kirby et al., 2014). Helium (He3/
He4) ratios that measure the proportion of primordial to radiogenic
helium provide evidence that slab fluids eventually find their way into
the continental crust. McCrory et al. (2016) have measured He3/He4 in
mountain springs along the margin and documented a punctuated in-
crease in He3/He4 proceeding landward into the forearc region suggest-
ing a focused expulsion of fluids beginning above the mantle wedge
corner.

Additional evidence for ingress of slab fluids into the continental
crust arises in traveltime inversion studies of crustal structure beneath
southern Vancouver Island and environs that indicate the presence of
low Poisson's ratio anomalies in the forearc crust above the mantle
wedge. Ramachandran and Hyndman (2012) and Hyndman et al.
(2015) attributed these features to silica precipitation from slab fluids
originating in the slab. Their model involves slab fluids directed into a
cool forearc crust immediately seaward of the wedge corner by the
presence of a serpentinized and impermeable wedge mantle. Using an
expanded traveltime data set, Savard et al. (2018) have imaged the
same region with double-difference tomography (Zhang and Thurber,
2003) and noted an association between low Poisson's ratio regions
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and elevated levels of clustered seismicity down-dip of tremor, consis-
tent with Fig. 3. They proposed that significant quantities of quartz
within the forearc crust are produced through metasomatic reactions
enabled by fluids fluxed through the mantle wedge down-dip of the
plate boundary seal. This explanation obviates mass balance issues
that arise with the slab-silica precipitation hypothesis. These same
fluids are inferred to promote increased levels of clustered seismicity
within the continental crust through fault-valve seismic pumping
(Sibson et al., 1988). Accordingly, we consider clustered seismicity in
the Cascadia forearc crust to represent an additional proxy for the in-
gress of slab fluids (cf., Vidale and Shearer, 2006).

We now return to the variable spatial distribution of forearc crustal
seismicity and its correlation with regions of large-scale slab curvature.
As discussed in section 2.2 and evident in Fig. 3, high concentrations of
crustal seismicity are sandwiched between the down-dip limit of
tremor and the volcanic arc in the Puget Sound region and northern Cal-
ifornia. In the context of the pore-pressure thresholdmodel, the general
paucity of crustal seismicity in the tremor epicentral region is simply ex-
plained by the presence of the plate boundary seal and a consequent
lack of high fluid concentrations through most of the overlying crust.
However, the appearance of crustal seismicity and other fluid proxies
immediately landward of tremor epicenters implies that fluids escape
from the slab beneath the mantle wedge in these two regions but are
prevented from doing so in adjacent locations along strike, i.e. Oregon
and British Columbia, where forearc crustal seismicity is largely absent.

An explanation for this along-strike variability in crustal seismicity is
supplied by the long wavelength slab structure presented in Figs. 6, 7.
Puget Sound and northern California represent regions of high, positive,
slab curvature below the landward forearc that closelymirror the along-
strike distribution of seismicity concentrations landward of the tremor
zone. Conversely, the large separations between tremor and volcanic
arc (and more specifically, the inferred slab isodepth contours) in
Oregon and north/central Vancouver Island imply a more gradual and
subdued bend in the subducting slab (Fig. 7). The spatial correspon-
dence between model slab curvature and crustal seismicity implies
that fluid expulsion from the slab into the forearc is further controlled
by slab curvature. Tensional stresses due to positive (concave down)
slab curvature are greatest at the top of the slab and we posit that
resulting extensional strains breach the plate boundary seal and release
fluids from the subducted oceanic crust into the forearc crust beneath
Puget Sound and northern California promoting seismicity. Beneath Or-
egon and north/central Vancouver Island, we propose that tensional
stresses are insufficient to compromise the seal at these levels, forcing
fluids to greater depths prior to their release below the volcanic arc.

4. Implications

In the previous section we proposed that spatial patterns in the
distribution of seismicity in Cascadia are governed by the interplay be-
tween 3 essential factors: deviatoric stresses due to slab pull/curvature,
pressure- and temperature-dependent metamorphic reactions, and the
development and compromise of a plate boundary seal which controls
where fluids exit the slab.We now proceed to examine the broader im-
plications of these inferences.

4.1. Mantle wedge hydrology

One of the primary motivations for the fluid-evolution model de-
tailed in section 3.5 arises from the previously documented
anticorrelation in epicentral distributions of tremor and crustal seismic-
ity, in particular where the latter occurs landward of tremor in south-
western British Columbia, Washington and northern California (Fig. 3,
Kao et al., 2009; Boyarko and Brudzinski, 2010). The boundary between
these two distributions, namely the down-dip limit of tremor, must
generally coincide with slab depths close to our nominal 45 km value,
based on hypocentral locations of the deepest LFEs. The model thus
implies that fluids fluxed from the slab down-dip of tremor must tra-
verse ~10 km or more of substantially serpentinized mantle
(e.g., Nicholson et al., 2005). The inferred causality between high slab
curvature and crustal seismicity concentrations further implies a fluid
flux from slab through to crust that is steady state at time scales
bb1 Ma. An alternate interpretation whereby fluids originate within a
dehydrating wedge (i.e. serpentinized at some earlier time) as a result
of, for example, secular warming of the incoming subducting plate
(cf. Kirby et al., 2014), fails to account for this association. Vidale et al.
(2014) have suggested that deep long-period earthquakes (or DLPs)
observed within the forearc mantle wedge at depths of 36–45 km in
central Oregon (with low levels of crustal seismicity, Fig. 3) may mani-
fest embrittlement created through antigorite dehydration, a scenario
that ourmodel will accommodate. That is, lower levels of forearc crustal
seismicity in Oregon may result from commensurately lower fluid
fluxes sourced from a dehydrating wedge with little or no present-day
contribution from the slab. The higher density of regular earthquakes
in the crust overlying forearcDLPs in central Oregon lends some support
to this conjecture (see Vidale et al., 2014, their Fig. 4). We note, how-
ever, that DLPs originating in themantle wedge have yet to be detected
outside of Oregon.

A long-standing debate (e.g., Moody, 1976; O'Hanley, 1992) has
existed concerning whether serpentinization proceeds under constant
composition or constant volume conditions. Serpentinization of perido-
tite at constant composition (i.e. closed system after addition of water)
leads to major increases in volume of 30–50%. Much attention in recent
years has focused on understanding permeability development during
serpentinization (e.g., Malvoisin et al., 2017; Rudge et al., 2010). Our as-
sociation of crustal seismicitywith regions of high tensional strain at the
slab surface would suggest that permeability development within
the mantle wedge is sufficient to maintain significant vertical fluid
fluxes over time scales bb1 Ma, nothwithstanding predictions of low-
permeability, sheared serpentinite above the slab interface (Katayama
et al., 2011). The potential field signature of wedge serpentinization in-
volves coincident negative gravity and positivemagnetic anomalies that
extend along a margin-parallel strip of the Cascadia forearc (Blakely
et al., 2005). This combination is unusual among common crustal lithol-
ogies but consistent with presence of low-density (~2.6 g/cm3)
antigorite and magnetite generated as a by-product of serpentinization
of themantle wedge (Evans, 2008). The potential field anomaly also co-
incides with the Puget Sound/Willamette Valley lowlands, thus chal-
lenging the notion that serpentinization should give rise to
topographic highs as a result of volume increase (Fyfe and McBirney,
1975). Resolution of this conundrum will likely require combined
thermo-mechanical, petrological and fluid dynamical modelling ac-
counting for fluid production, consumption and migration accompany-
ing mantle serpentinization and crustal eclogitization.

4.2. Forearc crust

It is conceivable that fluid escape into the forearc crust down-dip of
tremor is sustained over geologic time scales (≥10 Ma) commensurate
with the duration of “warm subduction” conditions, and thereafter
through dehydration of a relict mantle wedge (Kirby et al., 2014). The
forearc crust in such instances may be considered as extreme among
terrestrial environments as regards prolonged exposure to fluid flow,
an inference with relevance to crustal composition. Several authors
have noted low Poisson's ratio anomalies in forearc (e.g., Doi et al.,
2013; Halpaap et al., 2018; Hyndman et al., 2015; Kato et al., 2010;
Ramachandran and Hyndman, 2012; Savard et al., 2018) and former
forearc crust (Lin and Shearer, 2009), often in associationwith clustered
seismicity and inferred fluids. Explanations typically involve either the
presence of excess (alpha-) quartz that has an unusually low Poisson's
ratio (e.g., Christensen, 1996) or the presence of fluid filled porosity
with more equant geometry (e.g., Takei, 2002). Metasomatic reactions
within forearc crust enabled by fluids fluxed from the slab may allow



63M.G. Bostock et al. / Lithos 332–333 (2019) 55–66
both mechanisms to play a role in the generation of these anomalies.
Many of these reactions produce quartz at the expense of other silica
bearing minerals via cation replacement and involve net solid volume
reduction (e.g., Savard et al., 2018). Evidence for in-situ quartz genera-
tion within forearc crust has been reported by Fisher et al. (1995), and
support for porosity development through fluid induced metasomatic
alteration associated with earthquake swarms and low Poisson's ratios
(Dahm and Fischer, 2014), is presented by Heinicke et al. (2009) for
low pH systems.

An association between quartz, fluids and swarm seismicity is also
noted in the context of orogenic (“meso-thermal”) gold deposits (Cox,
2016; Sibson et al., 1988) begging the question as to whether a genetic
link exists with warm subduction zone environments (Savard et al.,
2018). Goldfarb and Groves (2015) argue that such deposits can be
formed through fluids fluxed into the forearc crust from a devolatilizing
slab or mantle wedge. It is tempting to further speculate as to whether
the substantial representation of orogenic gold deposits formed in the
late Archean (e.g., Cawood and Hawkesworth, 2013) results from a
greater prevalence of warm subduction earlier in Earth's history. It is
worth remarking that southern Vancouver Island has a history of gold
mining with initial discovery in the Leech River in 1864. This river
formed above the Leech River Fault, a major structural feature marked
by clustered microseismicity (Li et al., 2018; Morell et al., 2017;
Savard et al., 2018), which transects an extensive low Poisson's ratio
anomaly in the Cascadia forearc crust (Savard et al., 2018).

4.3. Volcanism

The locations where fluids produced by metamorphic dehydration
reactions exit the slab are expected to influence the general patterns
of arc volcanism. Dehydration in warm subduction zones, such as
Cascadia, involving the subduction of young oceanic plates is antici-
pated to initiate at shallow depths such that any fluids lost to the forearc
are unavailable to promote magma generation (Kirby et al., 1996).
Hence,warm subduction zones are frequently cited as having lowvolca-
nic output, although Hildreth (2007) provides compelling arguments
that Cascadia volcanic output in the Quaternary is not low relative to
other arcs (e.g., NE Japan, central America, Alaska Peninsula), in partic-
ular through Oregon. Sherrod and Smith (1990) estimated extrusion
rates along the Cascade arcwithin the past 2Ma. They noted high extru-
sion rates (3–6 km3/km/Ma) in central Oregon,flanked by lower rates in
southern Washington (1.6 km3/km/Ma) and northern California
(3.2 km3/km/Ma), with the lowest rates in northern Washington and
British Columbia (0.21 km3/km/Ma). Accounting for preservation bias
due to glaciation does not affect this hierarchy in extrusion rates
(Hildreth, 2007). Consequently, there is general anticorrelation be-
tween concentrations of seismicity and volcanic output. Following
from section 3.5, it is natural therefore to propose that increased slab
curvature enables fluid escape at shallower slab depths leading to
higher levels of forearc seismicity, whereas smooth slab topography
promotes the fluid retention to greater depths (≥ 80 km) andmore pro-
digious melt generation.

The one segment of Cascadia that does not conform to this pattern is
the Garibaldi volcanic belt in British Columbia that is characterized by
both low levels of volcanic output and low concentrations of forearc
seismicity. Along this stretch of arc there are 2 additional variables to
consider relative to other portions of the subduction zone. They are
the rapid decrease in plate age and a change in stress regime, both influ-
enced by the switch in margin strike from north to northwest. It has
been argued that the northward transition to a more compressive
state, reduces the penetration of magmas into and through the crustal
column (Hildreth, 2007; Rogers, 1985). Low levels of crustal seismicity
persist to the northwest in British Columbia in Fig. 3, but appear to be
focussed below the arc as opposed to the intervening forearc down-
dip of tremor. It is conceivable that these events are related tomagmatic
processes.
We note that previous authors have linked slab morphology with
volcanic output. Guffanti and Weaver (1988) divided the Cascade arc
into segments that relate to inferred changes in geometry of the
subducting Juan de Fuca plate as defined by slab seismicity in the
Puget Sound and northern California. They specifically identified the in-
fluence of the Puget Sound arch (Weaver and Baker, 1988) and defined
segment boundaries in northern Oregon and northern California that
roughly delimit the region of shallow slab curvature shown in Fig. 6.
Our results can thus be considered a refinement of this earlier work.
4.4. Other subduction zones

The factors identified in section 3 as controlling seismicity in
Cascadia should be demonstratively operative in other warm subduc-
tion zones to have general validity. The influence of slab pull/geometry
(e.g., Frohlich, 1989; Spence, 1987) andmetamorphic dehydration reac-
tions (e.g., Hacker et al., 2003; Peacock andWang, 1999) have been long
and extensively considered in the context of slab seismicity. Here we
will focus instead on the proposed significance of a plate boundary
seal, which has not hitherto received widespread attention. The least
ambiguous proxy for the presence of the plate boundary seal is the doc-
umentation of tectonic tremor that, in the range of environments it has
been observed to date, bears an association with near-lithostatic fluid
pressures. Tectonic tremor ismost prominently expressed inwarm sub-
duction zones (Ide, 2012). Herewe consider two subduction zones with
tectonic tremor comparable to that in Cascadia, namely eastern Alaska
and southwest Japan.

Tremor was initially identified in eastern Alaska by Peterson and
Christensen (2009) and an extensive tremor catalog has since been as-
sembled by Wech (2016) who mapped a broad tremor region extend-
ing over 500 km along strike. Chuang et al. (2017) extracted a suite of
LFE templates from tremor to constrain their depths. Tremor/LFEs in
Alaska extend over a similar along-dip width (between 40 and 80 km)
to Cascadia but occur down-dip of the mantle wedge (as opposed to
straddling it) between 40 and 60 km depth. These authors also docu-
mented (see their Fig. 2a) an anticorrelation between epicenters of
tremor and regular earthquakes, and a marked increase in crustal seis-
micity immediately landward of the down-dip limit of tremor, like
that in Cascadia. Moreover, they explained the absence of volcanism
down-dip of tremor (the Denali volcanic gap, see Rondenay et al.,
2010) as due to shallow release of slab fluids from the uppermost
crust of the subducted Yakutat plateau. These correlations between
tremor, seismicity and volcanism are consistentwith the fluid evolution
model we have outlined above for Cascadia.

Tremor zone width in Nankai, averaging near 20 km, is significantly
narrower than that in Cascadia and its trajectory winds more widely,
implying significant contortions in plate geometry (Obara, 2002). This
narrow width renders it more difficult to assess an anticorrelation
with crustal seismicity since some lateral diffusion of fluids is expected
uponmigration to the surface, thereby blurring epicentral distributions.
Nakajima and Hasegawa (2016) have examined crustal velocity struc-
ture immediately above slab depths at which tremor occurs. These au-
thors observed that tremor activity is anticorrelated with large
(positive and negative) excursions in Vp/Vs, negative perturbations in
Vp and Vs, and increased attenuation and splitting. They argued that
such signatures relate to the increased levels of crustal metamorphism
above regions with diminished or absent tremor activity, caused by
fluid escape from the slab in these regions. This interpretation is consis-
tent with the observation of reduced tremor density below major
crustal faults in Cascadia (Wells et al., 2017), and the notion of a pore-
fluid pressure threshold for tremor generation. We further speculate
that high levels of both crustal and slab seismicity in the Nankai forearc
manifest the interplay of large deviatoric stresses and strains resulting
from high levels of slab curvature with metamorphic dehydration in
warm slab conditions. In comparison with Cascadia, this combination
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of factors results in a more complete expulsion of slab fluids within the
Nankai forearc, leading to a near absence in arc volcanism.
5. Conclusions

Much of our analysis of the controls on seismicity patterns in
Cascadia draws upon observations and relations that have long been
recognized or suspected; notably the importance of slab geometry and
metamorphic dehydration. The novel element in our treatment arises
in the exploitation of tremor and low frequency earthquakes for the
constraints they deliver on i) the distribution of a plate boundary seal
that controls fluid retention/expulsion within/from the slab, and ii)
and the long-wavelength morphology of the subducting plate along
the Cascadia margin as a proxy for slab strain, that together deliver in-
sights into the along-strike variability in forearc crustal seismicity. A
simple model of shallow fluid release down-dip of tremor in regions
of strong slab curvature provides a cogent explanation for the distribu-
tion of concentrated seismicitywithin the forearc of theNorthAmerican
plate with broader implications. In particular, it affords insight into
systematic variations in volcanic extrusion rates along the Cascade arc,
hydrological properties of the serpentinizedmantlewedge, and compo-
sitional modification of the North Amercan forearc crust through meta-
morphism and metasomatism aided by focused fluid infiltration. These
processes are likely to be of general relevance towarm subduction envi-
ronments elsewhere, in both the past and present day.
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