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ABSTRACT

Recent technological advances combined
with more detailed analyses of seismologic
and geodetic observations have fundamen-
tally changed our understanding of the ways
in which tectonic stresses arising from plate
motions are accommodated by slip on faults.
The traditional view that relative plate mo-
tions are accommodated by a simple cycle of
stress accumulation and release on ‘“locked”
plate-boundary faults has been revolution-
ized by the serendipitous discovery and
recognition of the significance of slow-slip
phenomena, mostly in the deeper reaches of
subduction zones. The Cascadia subduction
zone, located in the Pacific Northwest of the
conterminous United States and adjacent
Canada, is an archetype of exploration and
learning about slow-slip phenomena. These
phenomena are manifest as geodetically ob-
served aseismic transient deformations ac-
companied by a previously unrecognized
class of seismic signals. Although secondary
failure processes may be involved in gener-
ating the seismic signals, the primary origins
of both aseismic and seismic phenomena ap-
pear to be episodic fault slip, probably fa-
cilitated by fluids, on a plate interface that
is critically stressed or weakened. In Cas-
cadia, this transient slip evolves more slowly
and over more prolonged durations relative
to the slip in earthquakes, and it occurs be-
tween the 30- and 40-km-depth contours of
the plate interface where information was
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previously elusive. Although there is some
underlying organization that relaxes nearly
all the accrued plate-motion stresses along
the entirety of Cascadia, we now infer that
slow slip evolves in complex patterns indica-
tive of propagating stress fronts. Our new
understanding provides key constraints
not only on the region where the slow slip
originates, but also on the probable charac-
teristics of future megathrust earthquakes
in Cascadia. Herein, we review the most sig-
nificant scientific issues and progress related
to understanding slow-slip phenomena in
Cascadia and highlight some of their societal
implications. We provide a comprehensive
review, from the big picture as inferred from
studies of regional-scale monitoring data to
the details revealed by innovative, focused
experiments and new instrumentation. We
focus on what has been learned largely since
2007, when several major investments in
monitoring and temporary deployments dra-
matically increased the quality and quantity
of available data.

INTRODUCTION

Less than a decade ago, Earth scientists’ view
of the ways in which relative plate motions were
accommodated consisted of a simple cycle of
stress accumulation for hundreds of years or
more on “locked” plate-boundary faults. This
stress was released quasi-periodically within
tens of seconds in major, commonly destructive
earthquakes. Over the last decade, a significant
investment in instrumentation has resulted in
the serendipitous discovery and in-depth explo-
ration of slow-slip phenomena in the Cascadia
subduction zone of the Pacific Northwest re-
gion of the United States (Fig. 1) and elsewhere.
Recognition that these seismically and geodeti-
cally observed phenomena are manifestations of
a significant mode of fault slip that occurs down-
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dip of the “locked” zone has radically changed
the simple view of plate-boundary stress accu-
mulation and release from that of a decade ago
(Beroza and Ide, 2009; Lay, 2009). In addition
to exemplifying the excitement that can surround
scientific discovery and the challenge of solving
new mysteries, findings from studies of slow-slip
phenomena in Cascadia have significant practi-
cal implications for predicting the magnitude,
recurrence, and location of future earthquakes
(Chapman and Melbourne, 2009). The purpose
of this review is to highlight the progress that
has been made in understanding slow-slip phe-
nomena in Cascadia, particularly since 2007,
when seismic and geodetic monitoring activities
in the region were expanded, made denser, and
modernized thanks to the Earthscope program,
national and regional investments for earthquake
hazard monitoring, and a number of focused
field experiments. We begin this review by pre-
senting some background, highlighting the most
significant scientific issues and progress related
to understanding slow-slip phenomena and their
societal implications. In subsequent sections, we
provide a more comprehensive review, begin-
ning with the big picture as inferred from stud-
ies of regional-scale monitoring data, followed
by a review of the observational details that have
been revealed since 2007, and noting the innova-
tions and investments that have facilitated their
illumination. We then highlight the new insights
gained into the responsible physical processes, a
few lessons learned from comparisons between
Cascadia and Japan, and some of the most inter-
esting outstanding questions. We conclude with
speculations about information that the newest
and future investments may reveal.

Progress in understanding slow-slip phenom-
ena in Cascadia has revealed a zone of the inter-
face between the subducting Juan de Fuca plate
and overlying North American plate where ~50%
of the relative plate motion is accommodated
by global positioning system (GPS)—detectable
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Figure 1. Schematic tectonic
map of Cascadia. Major prov-
inces (shaded areas and itali-
cized labels) are distinguished by
the dominant deformation style
and rates, stress fields that drive
the deformation, and geologic
histories and structures. Arrows
straddling major plate bound-
aries indicate relative plate mo-
tions, and other solid curves
schematically show trends and
types of crustal faults within the
North American plate. Triangles
denote volcanoes. Figure is modi-
fied from Wells and Simpson
(2001).
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transient slip events (Chapman and Melbourne,
2009). These slip episodes occur with remark-
able regularity and are accompanied by distinct,
low-frequency seismic signals not seen before in
association with tectonic faults (Fig. 2; Dragert
etal., 2001; Rogers and Dragert, 2003). The seis-
mic energy release may be significantly smaller,
and it tracks the aseismic transient slip that
triggers it (Houston, 2007; Aguiar et al., 2009;
Chapman and Melbourne, 2009; Wech et al.,
2009). The seismic sources, and by proxy the
aseismic slip, exhibit patterns indicative of slow-
slip fronts that propagate across a heterogeneous
surface (Ghosh et al., 2009, 2010). Explanatory
models are beginning to emerge that invoke spe-
cial frictional behaviors (Ide et al., 2007b; Liu
and Rice, 2005, 2007, 2009; Rubin, 2008; Segall
and Bradley, 2009) and an important role for
fluid pressure changes (Brodsky and Mori, 2007;
Audet et al., 2009, 2010).

Cascadia refers to the region affected by the
convergence of the continental North American
and oceanic Juan de Fuca, Gorda, and Explorer
plates (Fig. 1). From west to east, the Cascadia
subduction zone includes a sediment-filled
forearc basin, a well-developed forearc high
that extends from Vancouver Island through the
Olympic Mountains and southward, a volcanic
arc forming the Cascade Range, the Yakima
fold-and-thrust belt, and backarc volcanism and
extension in the Columbia Plateau and Basin
and Range (Wells, 1989; Wells and Simpson,
2001) (Fig. 1). The relatively young (ca. 8§ Ma)

964

JUAN DE
FUCA PLATE

|
Pacific Qcean

>
%3
>

Gomberg et al.

NORTH
AMERICAN
PLATE

O Basin
N
= \\*;; |
N\ \\ ¥akima

)
wv
<
S
Q
c(;\ o e
= B fold and
)
3
N
S)
S
(49

& thrust Belt
‘Oregon
block %

GORDA

crust of the largest oceanic plate, the Juan de
Fuca plate, subducts at ~4 cm/yr with respect to
stable North America. The continentally derived
sediments that fill the forearc basin insulate
and warm the subducting plate and are partly
responsible for weakening the interface as sub-
duction proceeds (Savage et al., 1991; Burgette
et al., 2009). These sediments and dehydration
of subducting oceanic crust and uppermost
mantle rocks supply water to the subduction
zone, to depths of ~50 km in Cascadia (Peacock,
2009). As described in the following, slow-slip
phenomena refer to a class of observations in-
dicative of fault-slip modes intermediate be-
tween the end-member behaviors of stick-slip,
or seismic slip, and steady creep.

Earthquakes relax accumulated elastic tec-
tonic stresses and strains in stick-slip fashion,
in which strain energy stored over millennia
while a fault is locked, is relaxed within seconds
to minutes as the fault slips fast enough to radi-
ate seismic waves with broad spectral content.
The slip in these “fast” earthquakes grows in
proportion to the fault rupture dimension, with
ratios of ~10* (i.e., ~1 m for an ~10-km-long
rupture). Because earthquake failure occurs via
dynamic shear failure that involves propagating
seismic wave fronts, the slip proceeds at seismic
wave velocities and thus is completed within
seconds (Kanamori and Brodsky, 2004). Earth-
quake size commonly is measured in terms of its
“moment,” which equals the product of the slip,
ruptured area, and material rigidity (Aki, 1966);

magnitude is proportional to the logarithm of
the moment. Bigger-moment earthquakes radi-
ate larger-amplitude and longer-duration wave
trains. At the other extreme, little or no seismic
radiation accompanies steady creep because
the fault slips at rates comparable to that of the
loading deformation, along shear surfaces suf-
ficiently ductile that, at most, only tiny locked
patches of fault (“asperities”) may exist to ac-
cumulate stresses and fail seismically (Ito et al.,
2007; Schwartz and Rokosky, 2007).

We now know that some faults, or portions
of faults, relieve stored stresses by slipping in
ways intermediate between these end members,
i.e., so slowly (over days to months) that the
inertial forces involved in dynamic rupture are
negligible and little or no seismic wave energy
radiates, and so slippage is said to be “quasi-
static.” This transient slow slip can be observed
geodetically, and GPS data from some subduc-
tion zones have revealed repeated and quasi-
periodic shear slip events with durations of days
to many months at depths of ~25-40 km (Dragert
et al., 2001; Miller et al., 2002). A family of
previously unrecognized seismic signals, which
differ markedly from those of earthquakes, cor-
relates in space (Fig. 3) and time (Fig. 4) with
the geodetically observed slow slip (Rogers and
Dragert, 2003). Whether the seismic radiation
results directly from the quasi-static slow-slip
zone or from some secondary coupled process
remains to be determined. A hallmark difference
between slow-slip phenomena, both seismic and
aseismic, and earthquakes is that for the former,
the displacement appears limited to centimeters
at most and to a ratio between the slip and fault-
dimension (length or width) several orders of
magnitude smaller (Brodsky and Mori, 2007).

Relative to the spectra of earthquake signals
with similar amplitudes, the spectra of slow-
slip seismic signals contain less high-frequency
energy and comparable or more low-frequency
energy. The most commonly observed of these
signals, termed “tremor,” appears much like
quasi-continuous, low-amplitude noise in
the 1-15 Hz frequency band, with emergent
waveforms that have envelopes coherent be-
tween recording sites separated by hundreds
of kilometers (Fig. 2). These coupled seismic
and aseismic phenomena collectively constitute
“slow-slip phenomena.” In Cascadia, tremor al-
ways accompanies geodetically observed slow
slip, although the converse is difficult to prove.
The lack of geodetic signal accompanying some
tremor likely reflects the detection limitations of
the GPS. At its best, GPS data cannot resolve
displacements less than several millimeters,
which corresponds to the signal amplitude ex-
pected from a slow-slip event at typical 35 km
depth with moment-magnitude M ~6.3 (Aguiar
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Figure 2. Examples of seismic signals accompanying slow slip. (A) Tremor recorded at seis-
mic stations on Vancouver Island (each line shows ground motions from a different site). The
relative timing of coherent bursts of energy can be used to locate the source of the radiation.
Amplitudes have been normalized so that all seismograms plot with the same vertical range
(from fig. 3 of Kao et al., 2004). (B) Signals from low-frequency earthquakes recorded on
a temporary seismic array in western Washington. The three seismograms correspond to
vertical, north-south, and east-west ground motions, with first-arriving P-waves most clearly
seen on vertical components and later-arriving S-waves on horizontal components. Waves
from four low-frequency earthquakes can be identified (labeled). The greater precision that
distinct P- and S-wave arrival times can be measured at individual stations, relative to that of
time differences of packets of tremor energy at different stations, permits estimation of more
accurate source locations (from fig. 3 of LaRocca et al., 2009). (C) Example of a signal from a
very low-frequency earthquake originating beneath the Kii Peninsula, Japan, on 28 May 2006,
~02:58, recorded on a vertical component sensor (from fig. 3 of Ide et al., 2008). (D) For
comparison purposes, the signal from a M1.9 earthquake recorded in western Washington.

et al., 2009; Chapman and Melbourne, 2009).
However, data from borehole strainmeters are
more sensitive and have shown that slip accom-
panies shorter-duration tremor episodes that are
below the GPS resolution limit (Wang et al.,
2008). In northern Cascadia, the pronounced,
longer-duration episodes of coupled tremor and
transient aseismic slow slip occur with surpris-
ing regularity and have been named ‘“episodic
tremor and slip” or ETS (Rogers and Dragert,
2003). While transient slow slip has been docu-
mented geodetically in many places globally,
the regularity and pronounced correlation with
tremors observed in Cascadia are found in only
a few subduction zones.

Interestingly, although one might expect that
slow slip is simply part of a continuous spec-
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trum of deformation modes, a popular interpre-
tation is that there is not a continuum but two
distinct modes (Ide et al., 2007b). One mode
contains slow-slip phenomena, and the other in-
cludes the high-speed seismic slip that occurs in
earthquakes. A distinguishing feature between
these two modes is the manner in which their
durations scale with the moment or energy re-
leased (Ide et al., 2007b, 2008).

Although only recognized recently, the ac-
quisition and interpretation of signals from
seismic monitoring networks operated since the
1980s, and from geodetic networks since the
early 1990s, have played a key role in provid-
ing new insights into processes occurring along
fault zones. Expanded continuous monitoring
shows that slow slip having durations of days to

weeks occurs with near-periodicities that differ
from one region to the next along the Cascadia
margin (e.g., over several hundred kilometers;
Brudzinski and Allen, 2007; Holtkamp and
Brudzinski, 2010; Boyarko and Brudzinski,
2010). As monitoring has become more uniform
throughout the Cascadia subduction zone, it has
also become clear that slow-slip phenomena
occur with a spatial and temporal coherence,
implying an underlying organization extend-
ing over nearly the entire length of Cascadia
(Fig. 5) (Boyarko and Brudzinski, 2010). Ob-
servations from temporary seismic deployments
can identify significant temporal variations in
tremor propagation patterns and durations on
time scales of minutes to weeks (Ghosh et al.,
2009, 2010; Kao et al., 2007, 2009).
Documentation and quantification of these
behaviors provide strong constraints on the pos-
sible failure mechanisms. For example, tremor
likely tracks the propagation of slip on the plate
interface, and tremor patterns indicate that,
rather than the entire plate interface slipping as a
rigid block, slip fronts propagate along the strike
of the subduction zone, triggering seismic radia-
tion along an irregular, striated surface (Ghosh
et al., 2010). Estimates of propagation veloci-
ties may permit elimination of some models
involving fluid pressures, because fluid diffu-
sion rates may be too slow to be consistent with
velocities of small-scale tremor “streaks” and
the slip fronts that may drive them (Roland and
McGuire, 2009; Ghosh et al., 2009, 2010). How-
ever, fluid diffusion rates are consistent with the
velocities with which tremor distributions mi-
grate along strike on a regional scale and with
ETS event periodicities (Audet et al., 2010).
Most models of aseismic slow-slip events in-
voke frictional processes on surfaces with prop-
erties that are transitional between values that
predict stick-slip and steady sliding behaviors
(Liu and Rice, 2005, 2007, 2009; Rubin, 2008;
Segall and Bradley, 2009). Some studies have
suggested that these large-scale events represent
the coherent superposition of tiny slips that radi-
ate tremor and other seismic slow-slip signals,
but frictional models of the sources that radiate
slow seismic signals have not yet emerged. Re-
searchers have proposed that fluids play a role
(Shelly et al., 2006; Audet et al., 2009) because
signals with similar spectral and temporal char-
acteristics to tremor occur beneath volcanoes and
have been linked to the movement of magmas
and fluids. A growing body of evidence points to
near-lithostatic pore fluid pressures that reduce
the effective normal stress on source faults that
exhibit slow-slip behaviors (Audet et al., 2009).
The resolution of slow-slip phenomena now
achieved in Cascadia has also been achieved
in the subduction zone of Japan. Although we
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Figure 3 (on this and following page). Illustration of northern Cascadia and 2007 episodic tremor and slip (ETS)
event. (A) The oceanic Juan de Fuca plate sinks or subducts beneath the continental North America plate with an
~4 cm/yr convergence direction, roughly perpendicular to the coast (white arrow). The plates are coupled at part
of their interface (khaki-colored surface) such that relative motion is inhibited or “locked” to varying degree. The
location and mechanism by which the locking changes to a freely slipping interface are uncertain. Here, we show
one model in which the fraction of relative plate motion is portrayed as continuous aseismic slip that increases
downdip from 40% to 80% (dashed contours) (McCaffrey et al., 2007). Inland of the locked zone, tremor epi-
centers projected onto the plate interface (circles) overlie the area that experienced slow slip (gray area on plate
interface) during the last two weeks of January 2007. Color shading of tremor epicenters shows its temporal mi-
gration. Figure is from Forsyth et al. (2009).

focus herein on Cascadia, the identification of
controlling properties and the testing of models
of the processes that generate slow-slip phe-
nomena require observations and inferences
from different tectonic settings (e.g., transform,
convergent, and extensional boundaries) and
with varied temperatures, rock types, etc. For
example, comparisons of thermal models and
observations of slow-slip phenomena from Cas-
cadia and other subduction zones lead to the
conclusion that the phenomena do not require
a specific temperature or metamorphic reaction
(Peacock, 2009). Another example with both
scientific and pragmatic implications considers
the connections between slow-slip phenomena
and earthquakes. A growing global database of
observations is beginning to reveal an anticorre-
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lation between these benign and destructive slip
modes, respectively (Kao et al., 2009).

Locked subduction-zone plate boundaries
are sites of “megathrust” earthquakes, like the
devastating 2004 M9.1 Sumatra—Andaman and
2010 MS8.8 Chilean earthquakes. Geologic and
historic records show that comparable ~M9.0
earthquakes have occurred in Cascadia, most
recently in 1700, and future ones are likely
(Dragert, 2007; Olsen et al., 2008). The degree
to which sliding along the interface between the
subducting and overlying plates keeps up with
the rate of convergence, generally referred to as
the “coupling” on the fault, varies with depth
from being fully locked to slipping steadily.
Slow-slip phenomena originate in the region
between the locked zone where earthquakes oc-

cur and the freely slipping zone below. Thus, de-
fining the locations and mechanisms by which
accumulated plate motion is accommodated by
slow-slip phenomena also helps to predict the
location and nature of the rupture zone of future
great Cascadia earthquakes, particularly their
proximity to major urban communities along
the Georgia Strait in British Columbia, Puget
Basin in Washington, and Willamette Valley
in Oregon. Previously, the boundaries of the
locked zone were thought to be offshore at plate
interface depths of <15 km. This estimate was
based largely on GPS, strain gauge, and leveling
data, and the assumption that significant locking
terminated at the 350 °C isotherm, which was
derived from models of the temperature varia-
tions with depth along the interface (Hyndman

Geological Society of America Bulletin, July/August 2010
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Figure 3 (continued). (B) Schematic cross section of the Cascadia subduction zone modified from Audet et al.
(2009, 2010) and Kao et al. (2009). The various slip modes believed to occur along the plate interface are noted
(khaki lines), and the corresponding observed phenomena indicative of each are listed below. The zone of high
fluid pressure is inferred from seismic images and corresponds to the E-zone, the top of which has been inferred
recently to be the plate interface where aseismic slow slip occurs. Tremor source location estimates concentrate at
and above the interface (see text), albeit with large uncertainties.

and Wang, 1995; Wang et al., 2001). Only a
few direct observations from within the locked
zone exist because large or small earthquakes on
the interface fault are rare in Cascadia (Tréhu
et al., 2008). A simple relationship between
locking and the thermal structure now appears
questionable, as evident in results of ETS stud-
ies (Kao et al., 2005; Wech and Creager, 2008;
Boyarko and Brudzinski, 2010) and new ther-
mal models (Peacock, 2009; Kummer and Spi-
nelli, 2009). New GPS analyses along the entire
margin suggest that the depth of coupling var-
ies along strike and perhaps non-monotonically
along dip (Holtkamp and Brudzinski, 2010).
The most significant practical change resulting
from analyses of ETS observations has been the
suggestion that the locked zone and future great
earthquakes may extend ~60 km farther in-
land in Washington (Chapman and Melbourne,
2009). In southernmost Oregon, a recent study
of tidal and leveling records also infers an inland
shift of the transition from locked to decoupled
by ~30 km (Burgette et al., 2009).

Knowledge of slow-slip phenomena also
may improve time-dependent forecasts of dam-
aging earthquakes. Although slow-slip relieves
accumulated stresses in a nondestructive man-
ner, it also perturbs the stress field acting on
the locked zone of the plate interface, as well

as on the surrounding faults. As observations of
both earthquakes and slow-slip phenomena have
improved, a physically meaningful spatial and
temporal relationship between them has begun
to emerge (Kao et al., 2009). At present, the
change in probability estimates of a major earth-
quake on the locked zone of the plate interface
resulting from several centimeters of slow slip
can be calculated by employing Coulomb stress
and frictional models (Mazzotti and Adams,
2004; Beeler, 2009). The readiness and role of
such probability estimates in formulating public
policy are now being debated.

THE BIG PICTURE

The “big picture” of slow-slip phenomena in
Cascadia has been documented using data from
regional networks of permanent, continuously
recording seismic and GPS stations. In early
2007, the density of seismic stations reached a
maximum in northern Cascadia as the Earth-
scope Transportable USArray rolled through
the region, and coverage was supplemented
by several temporary arrays. In addition, the
Earthscope Plate Boundary Observatory pro-
vides continuous data from new permanent
GPS stations and, for the first time in Cascadia,
from borehole strainmeters and borehole seis-

mometers. In this section, we highlight some
of the key elements of the “big picture” illumi-
nated using data from the permanent seismic
and GPS installations.

Quasi-static slow-slip events manifest as tran-
sient reversals in geodetically observed displace-
ment directions (Figs. 4 and 5A). These aseismic
slip events occur regularly along the length
of Cascadia, have a characteristic duration of
one to five weeks, exhibit uni- or bi-directional
along-strike propagation, and typically accrue
5 mm of transient surface displacement. Over
three dozen geodetically inferred transient
slip events have been observed Cascadia-
wide since 1997 (Rogers and Dragert, 2003;
Szeliga et al., 2008; Kao et al., 2009; Chapman
and Melbourne, 2009; Holtkamp and Brudzin-
ski, 2010; Schmidt and Gao, 2010). Slip models
derived from the GPS data show a consistently
narrow downdip width of the slow-slip zone—
the majority of slip occurs between the 30- and
40-km-depth contours on the plate interface (as-
suming the widely cited interface depth model
of McCrory et al., 2006) (Fig. 6).

Peaks in tremor activity have accompanied
all of the quasi-static slow-slip events (Fig. 4),
and have been documented on regional seismic
networks with similar regularity since 1997
(Kao et al., 2009). In Cascadia, GPS-detected
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Figure 4. Iconic display of epi- 50
sodic tremor and slip (ETS) in

Cascadia showing the synchro- T
nous occurrence of slow slip and 40—+

vigorous tremor activity. Daily
changes in measured east-west
displacements of the global po-
sitioning system (GPS) station
at Victoria, British Columbia,
relative to stable North Amer-
ica (blue circles) show that the
site moves eastward on aver-
age at ~5 mm/yr (green line). It
does so in a sawtooth fashion by
moving eastward more rapidly
than the average for 15 mo and
then westward ~4 mm over a
period of 2 wk (red line). These
transient reversals are caused
by slow slip on the deeper plate

Victoria GPS station

interface. Tremor activity oc- 20—+

curs throughout the year gen- 1 Normal levels

erally for less than a few hours of tremor aci;ivity | I L

per day, except during slow-slip - 199 4I 1 199 6I 1998 2000

events, when activity is seen to

—240

—120

Tremor activity (h over 10 d)

2004

2002

2006

increase by more than an order of magnitude. Only analog seismic data exist prior to 1996, and the same pattern is apparent in these but is
not easily quantified. Figure is updated from Rogers and Dragert (2003).

slow-slip events are always accompanied by
tremor (Figs. 4 and 5) and both locate in the same
or overlapping regions (Fig. 6), landward of the
inferred megathrust seismogenic zone (Wech
etal., 2009; Aguiar et al., 2009; Kao et al., 2009;
Boyarko and Brudzinski, 2010). Some tremor is
located above this to ~25 km depth, and tremor
between ETS events appears to be deeper, be-
tween 35 and 45 km depth (Aguiar et al., 2009;
Kao et al., 2009; Wech et al., 2009, Audet et al.,
2010; Boyarko and Brudzinski, 2010). The ac-
companying tremor distribution appears to be
resolvably wider than the region of detectable
quasi-static slow slip, systematically extending
further inland (Fig. 6), for reasons that can only
be speculated about. Measured surface displace-
ments constrain models of causative slip along
the subduction plate interface, which have been
used to estimate equivalent moment magnitudes
ranging between M,, 6.2 and 6.8 for individual
slip episodes. Although the data are not as com-
plete south of Washington State, the general
coincidence of aseismic slow slip and tremor
appears to apply to the entire Cascadia subduc-
tion zone, at least on scales of tens of kilome-
ters and several days (Boyarko and Brudzinski,
2010) (Fig. 5).

The similarity in temporal and spatial distri-
butions of tremor activity and quasi-static slow
slip and inference that the two phenomena are
physically coupled permit quantitative budget-
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ing between the accumulation and relaxation of
strain energy in Cascadia. This budgeting is an
essential ingredient of earthquake forecasts and
hazard assessments. Although tremor sources
themselves likely accommodate an insignifi-
cant fraction of the plate-motion deformation
(Houston, 2007), some studies have proposed
using tremor as a proxy to monitor quasi-static
slow-slip (Aguiar et al., 2009; Hiramatsu et al.,
2008; Shelly, 2010) based on the fact that sev-
eral measures of tremor activity appear propor-
tional to geodetically derived estimates of slip.
Assuming this relationship can be extrapolated
to smaller slip values, the detection of tremor
in the absence of GPS signals makes tremor a
more sensitive indicator of small-magnitude
quasi-static slow slip. Moreover, tremor sources
can be tracked with greater spatial and tempo-
ral resolution than geodetically estimated slow
slip. Wech et al. (2009) made several important
inferences from a tremor catalog from north-
ern Cascadia spanning 2004-2008, derived
from Pacific Northwest Seismic Network data.
As in Chapman and Melbourne (2009), the
continuous cataloging of tremor activity in
northern Cascadia by Wech et al. (2009) shows
that 45%—65% of the plate convergence rate of
4 cm/yr is accommodated during ~2-wk-long
ETS events every ~15 mo, and 55% of all tremor
activity occurs during these events when GPS
data indicate that 2-3 cm of quasi-static slip oc-

curs on the plate interface. The remaining 45%
of all tremor is observed during the ~14.5 mo
between ETS events, when slip is presumably
too small to be detected by GPS. However, it is
uncertain whether these inter-ETS tremors indi-
cate that the remaining convergence is fully ac-
commodated because these tremor sources are
located slightly downdip of ET'S tremor sources.
The Wech et al. (2009) catalog also shows that
the updip edge of the distribution of tremor epi-
centers is very sharp, rising from just detectable
to its peak within ~20 km, and this may reflect
a change in plate interface properties. Just up-
dip of this boundary, the plate interface may be
locked, with all plate convergence accommo-
dated as seismic slip during megathrust earth-
quakes. Unfortunately, the interpretations based
on available GPS measurements are nonunique,
and it is also possible that this region accom-
modates some fraction of plate convergence
accommodated by slow slip that is either con-
tinuous or varies on time scales longer than the
10 yr since monitoring began. However, such a
model requires that such slip occur here without
generating any tremor.

THE FINER-SCALE PICTURE
Details of slow-slip phenomena on time scales

of days to weeks, and spatial scales of kilome-
ters, add important constraints on the underlying
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