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The Cascadia subduction zone is capable of generating major earthquakes with
moment magnitude as large as 9 at an interval of several hundred years1'3. The
seismogenic portion of the plate interface is mostly offshore and currently locked
as inferred from geodetic data*®. However, episodic surface displacements in the
direction opposite to the long-term deformation motions caused by relative plate
convergence across a locked interface are observed about every 14 months with a
unique tremor-like seismic signature”. Here we show that these tremors are
distributed over a depth range exceeding 40 km within a limited horizontal band.
Many occurred within or close to the strong seismic reflectors above the plate
interface where local earthquakes are absent, suggesting that the seismogenic
process for tremors is fluid-related. The observed depth range implies that tremors
could be associated with the variation of stress field induced by a transient slip
along the deeper portion of the Cascadia interface or, alternatively, episodic slip is

more diffuse than originally suggested.

In anticipation of an episodic tremor-and-slip (ETS) event’” in February—March
2003, the Geological Survey of Canada augmented the existing seismographic network
by deploying temporary broad band instruments to create a dense seismic array in
southern Vancouver Island (Figure 1). Clear tremor signals were first observed on

February 25, 2003 (defined as Day 0) and lasted for more than 3 weeks (Figure 1).



Concurrently, the GPS site near Victoria, at the southern tip of Vancouver Island,
showed a steady westward movement during the first 10 days with a total displacement
of ~3.7 mm. The GPS site located ~175 km toward the northwest near Ucluelet,
however, showed little or no corresponding movement, implying that the slip was

mostly beneath the southern Vancouver Island.

Because of the emergent arrivals and the clustering nature of tremor signals,
determination of tremor origin times and locations using standard seismological
procedures becomes extremely difficult. The newly developed Source-Scanning
Algorithm (SSA) method is used instead to overcome such problems'®. The SSA
method identifies the existence of seismic sources in space and time by calculating the
so-called “brightness” function for all grid points inside the model space. The larger
value of the brightness function means a better consistency between the identified
sources (i.e., epicenter, depth, and origin time) and observed waveforms. A more
detailed description of our SSA analysis and a list of determined tremor locations and

origin times are presented as an online supplement to this article.

The most striking result of our analysis is that ETS tremors are distributed across
a wide depth range of over 40 km, with a peak at the depth of 25-35 km. Two
representative examples, one centered at a shallow depth of 11 km and another at 48
km, are shown in Figure 2 to demonstrate that this wide span cannot be attributed to
analysis uncertainties (which are estimated to be +3 and +5 km for epicentral location
and depth, respectively). Forward calculations indicate that there is virtually no trade-
off between the determined depth and origin time because of the optimal station
coverage (Figures 1 and 2). We also conducted a series of experiments to confirm that
the depth difference did not arise from a systematic bias in the velocity model and/or
different choices of controlling parameters used in the SSA analysis (see the online

supplement for details). For a few relatively large and isolated tremors, the best



solutions are further verified by conventional earthquake location methods and/or 3-D
relocation techniques. All results consistently suggest the existence of ETS tremors over

a wide depth range.

The epicenters of most tremors are confined to a limited band bounded
approximately by the surface projections of 30- and 45-km depth contours of the
subducting plate interface, with a clear northwestward migration pattern (Figure 1). We
construct two cross sections to show the depth distribution of ETS tremors in Figure 3.
The southern section (A—B) corresponds to the initial stage of this ETS sequence (Days
0-6), whereas the northern section (C—D) represents the ending phase. Background
seismicity since 1990 is also plotted for comparison. It is clear that ETS tremors do not
occur strictly along the plate interface (or any other planar structures) as has been
proposed for the slip’. Instead, they are distributed in both the overriding crust and
within the subducted slab (as demonstrated by examples in Figure 2), similar to the

pattern of local earthquakes (Figure 3).

However, ETS tremors have the tendency to occur in places where local
earthquakes are sparse. This is confirmed by simple “nearness” tests on both the tremor
and earthquake datasets. On average, the distance from one tremor to the nearest
earthquake hypocenter is ~10 km, about double of that to the nearest tremor (~5 km). In
contrast, the average earthquake-to-earthquake “nearness” is only 3 km, suggesting that
the difference between the spatial distributions of tremors and earthquakes is not an

artifact.

This difference becomes more apparent when the cross sections are overlaid with
available tomographic images'' and seismic reflection profiles (Figure 3). While 50—
55% of ETS tremors are located within or close to the strong reflectors above the plate

interface, >90% of local earthquakes tend to locate away from the reflectors'*".



Previous studies have shown that these strong reflectors coincide with an electrically

116 and a low shear wave velocity zone'’. It has been argued that these

conductive layer
regions are where fluids released from the dehydration reactions in the subducted
oceanic slab are trapped'*'°. Theoretical calculations of the amplitude contrast also
suggest that the reflectors may be associated with extensive shearing'”>"°. Consequently,
the observed tremor distribution suggests that the underlying physical processes, which

might be closely related to both shear deformation and fluids, are distinct from those

involved in earthquake rupture.

Another noticeable difference can be found in the frequency contents of ETS
tremors and local earthquakes (Figure 4). To ensure that the calculated frequency
spectra are representative of the source characteristics with minimum path effects, we
only include seismograms recorded within 50 km from the corresponding earthquake or
tremor epicenters. The two tremor datasets contain seismograms corresponding to the
10 largest tremors observed in this ETS sequence and the 10 best located tremors in this
study, respectively, whereas the three earthquake datasets are for different magnitude
ranges (M 2.5-3.5, 1.0-1.5, and 0.0-0.2). It is obvious that the stacked Fourier spectra
of ETS tremors show relatively larger amplitudes in the frequency range of 1-5 Hz with
a rapid decrease at higher (5-30 Hz) frequencies (Figure 4). The sharp contrast in the
frequency characteristics between ETS tremors and earthquakes again hints at different

seismogenic behavior.

Our results provide important insights into the physical/mechanical processes
along the Cascadia margin that subsequently control the seismogenic/rheological
behavior of the subduction system. If fluid released from dehydration of subducted
materials plays an important role in forming the strong seismic reflectors in Cascadia’s
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forearc as suggested previously , it may also play a critical role in facilitating the

occurrence of ETS tremors. One possible scenario is that ETS tremors manifest the



hydro-seismic processes in both the overriding continental crust and the subducting
oceanic crust in response to the temporal stress/strain field induced by the transient slip
along the deeper (aseismic) portion of the plate interface. In this case, the existence of
fluids provides a favorable condition for tremors to occur, whereas the stress/strain
variation due to the transient slip actually triggers their occurrences. Alternatively, if the
tremors are interpreted as the de facto seismic part of the episodic slip, then the slip may
have occurred in a zone much more diffuse than previous studies have suggested’.
While the inversion of surface GPS measurements cannot rule out the latter scenario, it
is not only more complex but could also introduce a mass balance problem in the
forearc region, if the diffused slip above the plate interface continues over geological
time scales and permanently displaces material through shearing'’. However, many
other processes can be involved in the mass balance issue in the forearc region,
including frontal accretion that transfers materials into the wedge®’, subduction erosion
or underplating at the base of the forearc*', and regional NS crustal shortening”. From

our observations alone, we cannot conclusively reject either interpretation at this stage.

Whichever interpretation is chosen, a concurrence of tremors and slip in an ETS
event is always implied. However, the original ETS report acknowledged the existence
of minor tremor activities without corresponding GPS signatures’. Similar events have
also been documented for other regions with irregular minor tremors, including
southern Cascadia®™, Costa Rica®*, and southwest Japan®~°. One possible explanation is
that the corresponding slip may be too small to be detected by surface GPS
measurements. The installation of borehole strainmeters in the region and/or increasing

resolution of GPS analysis may be able to provide more diagnostic constraints.

Previous studies have shown that aseismic slips on the interplate thrust zone at

depth may slightly elevate the stress along the locked portion of the interface located
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up-dip , and thereby increase the probability of triggering a large subduction thrust



earthquake®. The wide depth distribution of tremors reported here suggests that detailed
modeling incorporating various slip scenarios is needed to properly address the possible

effect of ETS events on the occurrence of megathrust earthquakes.

Finally, it can be noted that the extraordinarily high signal-to-noise ratio of the
Japanese borehole seismic networks enables the identification of P and S phases of
some relatively large seismic tremors. Using more conventional earthquake location
methods, the depths of Japanese tremors are determined to be 25-35 km**°, a range
remarkably consistent with the peak of tremor depths reported here (Figure 3). If ETS
events in various regions are associated with similar physical processes, then a wide
distribution of tremor depths with a peak in the lower crust can be expected. The

resolution of this extended depth range will depend on the accurate locations of not only

large but also small tremors.

Supplementary Information accompanies the paper on Nature’s website

(http://www.nature.com).
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Figure 1 Maps showing the distribution of seismograph stations (upper) and the
gradual migration path of seismic tremors (lower). CNSN: Canadian National
Seismograph Network; POLARIS: Portable Observatories for Lithospheric
Analysis and Research Investigating Seismicity. This tremor sequence began
on February 25, 2003 (referred as Day 0). Thus D2 means Frebruary 27, 2003
and so on. Each white oval represents one standard deviation (from the
geometric center) of the spatial distribution of tremors occurring in the

annotated day.

Figure 2 Map and profiles showing two seismic tremors occurring at different
locations and depths. Normalized brightness function (br), as determined by
Source-Scanning Algorithm (SSA), is displayed in color. Higher br means a
better consistency between the source location and the observed arrivals of
tremor signals. The large depth difference cannot be an artifact because the
predicted arrivals from erroneous depths are inconsistent with the observed
seismograms (lower panel). Waveforms are plotted in normalized amplitudes,
which are used in br calculation. Station name and the corresponding epicentral
distance are marked at the beginning of each trace. Notice that the predicted
arrival time difference varies with epicentral distance, thus allowing no trade-off

between the depth and the origin time.

Figure 3 Two cross sections showing the spatial distribution of seismic tremors
with respect to background seismicity, regional tomography, and strong
reflectors identified from seismic reflection surveys. Histograms of tremor

numbers at various depths are shown to the right of each cross section. Many
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tremors occurred within (or close to) the reflectors where local earthquakes are
absent (blowups of S84-1 and S84-2). The symbol size of tremors roughly
corresponds to the hypocentral uncertainty. To avoid any distortion from
projecting over a large distance, only tremors and earthquakes within 15 km

from the location of each cross section are used.

Figure 4 A comparison of frequency spectra between local earthquakes and
ETS tremors in northern Cascadia. At frequencies between 1 and 5 Hz, the
amplitudes of seismic tremors are comparable to that of M;~1.5 earthquakes.
However, the high frequency (>5 Hz) content of tremors is much smaller, even
less than that of M;=0.2 earthquakes. Such a dramatic difference in source
spectra suggests distinct physical processes for tremors versus local

earthquakes.
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(T1) A Deep Tremor
09:43:59.0, March 17, 2003
Epicenter: 48.75°N, 124.43°'W
Depth: 48 km

(T2) A Shallow Tremor
05:28:32.1, Feb. 28, 2003
Epicenter: 48.43°N, 123.47°'W
Depth: 11 km
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