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GPS constraints on 34 slow slip events within the
Cascadia subduction zone, 1997-2005
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[1] Refinements to GPS analyses in which we factor geodetic time series to better
estimate both reference frames and transient deformation resolve 34 slow slip events
located throughout the Cascadia subduction zone from 1997 through 2005. Timing of
transient onset is determined with wavelet transformation of geodetic time series. Thirty
continuous stations are included in this study, ranging from northern California to
southwestern British Columbia. Our improvements in analysis better resolve the largest
creep events and also identify many smaller events. At 48.5°N latitude, a 14-month
average recurrence interval has been observed over eight events since 1997. Farther north
along Vancouver Island a host of smaller events with a distinct 14-month periodicity also
occurs. In southern Washington State, some of the largest transient displacements are
observed but lack any obvious periodicity in their recurrence. Along central Oregon, an
18-month recurrence is evident, while in northern California an 11-month periodicity
continues through 2005. We invert GPS offsets of the 12 best recorded events for thrust
slip along the plate interface using a cross-validation scheme to derive optimal smoothing
parameters. These 12 events have equivalent moment magnitudes between 6.3 and 6.8
and have 2—3 cm of slip. Unlike other subduction zones, no long-duration events are
observed, and cumulative surface deformation is consistently less than 0.6 cm. The many
newly resolved smaller transient events in Cascadia show that slow slip events occur
frequently with GPS best capturing only the largest events. It is likely that slow slip
events occur more frequently at levels not detectable with GPS.

Citation: Szeliga, W., T. Melbourne, M. Santillan, and M. Miller (2008), GPS constraints on 34 slow slip events within the Cascadia
subduction zone, 1997-2005, J. Geophys. Res., 113, B04404, doi:10.1029/2007JB004948.

icity. It was originally assumed these events release large
amounts of strain energy without detectable seismic shak-
ing, but independent confirmation of Cascadia events came
jointly from the discovery of subduction-related tremor
signals in Japan [Obara, 2002] and their subsequent corre-
lation in Cascadia with GPS-inferred slow slip events
[Rogers and Dragert, 2003]. Subsequent analysis of GPS
from elsewhere in Cascadia shows that the slow slip events,
also known as episodic tremor and slip (ETS [after Rogers
and Dragert, 2003]) likely occur throughout the Cascadia
subduction zone, including beneath northern California,
with a different and distinctive 10.9 + 1.2 month periodicity,
and offshore central Oregon with a 18 + 2 month periodicity
[Szeliga et al., 2004]. Analyses of seismic tremor from the
region support these GPS-based inferences [Kao et al., 2005;
McCausland et al., 2005] and show that many smaller events
occur beneath what is detectable with GPS.

[3] The mechanism by which slow slip occurs remains
uncertain at the present time, and in particular, whether
creep occurs in the absence of detectable seismicity, simul-

1. Introduction

[2] Over the past decade, continuous geodetic measure-
ments above subduction zones have revealed a range of
transient deformation consistent with creep along the deeper
plate interface. Early GPS and borehole strainmeter tran-
sients offshore Japan were inferred to be slow slip episodes
[Hirose et al., 1999; Kawasaki et al., 1995] but appeared,
because of instrumentation limitations, as isolated occur-
rences. The ongoing proliferation of GPS, however, has
afforded their routine detection both in Japan and elsewhere
[Larson et al., 2004; Lowry et al., 2001; Ohta et al., 2006;
Ozawa et al., 2002]. In Cascadia, the initial recognition
with GPS of transient slow faulting along the megathrust
[Dragert et al., 2001] led to identification of eight addi-
tional events with a regular, 14.5 £ 1 month periodicity
[Miller et al., 2002] and the forecasting of future events,
four of which have occurred to date with the same period-
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taneous with seismicity, or not at all, meaning measured
surface deformation represents the integrated deformation
from a large number of discrete, seismic slip events, has not
yet been determined. Depth estimations from both Cascadia
and Japan show epicentral locations that consistently overlie
the 25 to 40 km depth contours and 350°F isotherm of the
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Interseismic deformation from 1997.0 through 2006.0 from the Cascadia subduction zone.

Stations with labels show transient deformation associated with slow slip along the Juan de Fuca—North
American plate interface. Coastal stations show smaller transients due to their larger radial distance from the
location of transient creep. Velocities are relative to stable North America as realized by SNARF Version 1.0.

subducted plate [Kao et al., 2005; McCausland et al., 2005;
Obara, 2002], suggesting eclogitic dehydration-derived
fluids may play a role in promoting transient slip. Compli-
cating this picture are tremor hypocentral depth estimates in
Cascadia, which appear over a 40 km vertical range
centered around the plate boundary [Kao et al., 2005;
McCausland et al., 2005; Obara, 2002; Royle et al.,
2006]. These depths imply that either tremor sources, and
presumably slip, are spread radially over a wide range, or
unmodeled diffraction of high frequency tremor (typically
1-6 Hz) bias the depth estimates. Along the Nankai Trough
in Japan, however, hypocentral locations of very low
frequency events that occur simultaneously with tremor
both locate to the subducting plate interface [lde et al.,
2007; Ito et al., 2007; Shelly et al., 2006] and show thrust
fault mechanisms [I/de et al.,, 2007]. These inferences
suggest, as of the present time, that tremor originates from
impulsive thrust slip sources along the plate interface and
are not likely scattered radially.

[4] GPS deformation is insensitive to the details of slip and
cannot resolve the source process. However, it is currently the

sole method for constraining the total equivalent moment of
slip for a given episode of tremor, which eludes seismic and
strainmeter analysis at the present time. Since transient plate
interface slip impacts the developing moment budget, either
by reducing the size of a future earthquake or delaying its
recurrence, it is worthwhile to systematically document the
sizes and characteristics of known slow slip events inferable
from existing geodetic measurements. In Cascadia, fore-arc
crustal deformation is dominated by subduction related strain
accumulation (Figure 1), but improvements to processing
show that 34 events of variable frequency and magnitude
occurred from 1997 through 2005, and that these events show
a wide variety of cyclical and aperiodic strain release.

2. GPS Data Analysis

[5] All data were initially point positioned with the
GIPSY-OASIS software [Zumberge et al., 1997], yielding
scatter typically around 1 cm (Figure 2a).

[6] Although this method works well enough for
determining long-term tectonic rates, it is insufficient
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