
Imaging slow slip fronts in Cascadia with high
precision cross-station tremor locations

Allan M. Rubin
Department of Geosciences, Princeton University, Princeton, New Jersey 08544, USA (arubin@princeton.edu)

John G. Armbruster
Lamont-Doherty Earth Observatory, Columbia University, Palisades, New York, USA

[1] We apply a new method to obtain accurate locations of tremor sources beneath southern Vancouver
Island. Unlike more standard ‘‘cross-time’’ methods, which compare waveforms from different time
windows at the same station, this ‘‘cross-station’’ method compares waveforms from the same time
window at widely separated stations. It performs well, relative to cross-time methods, when the response
to an impulsive tremor source is dominated by the main arrival rather than coda and when multiple
colocated sources are active within the time window examined. We focus on a region roughly 10 km
across that was monitored by the POLARIS deployment from 2003 to 2006. Relative location errors
appear to be <1 km, allowing us to image in great detail rapid and small-scale tremor migrations that
arise behind the main slow slip front. The secondary fronts tend to (a) start at or within about 1 km of the
main tremor front, and propagate back along strike at rates of 10–20 km/h; (b) less commonly do the
reverse, ending at the main front; or (c) propagate up or downdip at or within 1–2 km of the main front.
Estimated stress drops in the secondary events are comparable to that in the main event, implying that
their 25–50 times greater propagation speed results from a similarly greater slip speed.
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1. Introduction: Tremor and LFE
Location Algorithms

[3] Since the discovery of episodic slow slip and
tremor in subduction zones [Dragert et al., 2001;
Obara, 2002], abundant evidence points to a close
temporal and spatial connection between the two
in Cascadia and Japan [for reviews see Gomberg,

2010; Beroza and Ide, 2011; for recent additions
Bartlow et al., 2011, Dragert and Wang, 2011,
Hawthorne and Rubin, 2013a]. The two phenom-
ena are generally interpreted as manifestations of
shear slip on the plate interface on long (slow slip)
or short (tremor) length and time scales [Shelly
et al., 2007a]. Estimates of the seismic moment of
tremor in the frequency range 1–10 Hz suggest
that tremor amounts to only 0.1% of the geodetic
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moment of the contemporaneous slow slip [Kao
et al., 2010]. This disparity has led to the notion
that tremor is a largely passive phenomenon con-
sisting of stuck asperities loaded to failure by sur-
rounding creep.

[4] Because the spatial and temporal resolution of
tremor catalogs far exceeds that of slow slip
obtainable from geodetic data, tremor locations
have become the principle means of inferring the
detailed migration patterns of slow slip [Ghosh
et al., 2010; Houston et al., 2011; Obara, 2012].
Nonetheless, obtaining accurate tremor locations
remains challenging, both because of the scarcity
of correlatable S wave and P wave arrivals and
because tremor can be active over multiple regions
of the fault simultaneously. In this paper, we
implement a new method for detecting and locat-
ing tremor sources, with relative location errors
estimated empirically to be <1 km. We then dis-
cuss some of the implications of these observa-
tions for the mechanics of slow slip.

[5] Tremor location algorithms have generally
fallen into one of three broad categories: (1) Cor-
relating a ‘‘coarse-grained’’ view of coherent
arrivals at stations separated by tens of kilometers,
using envelopes of seismograms most often with
minutes-long windows [e.g., Obara, 2002; Kao
et al., 2006; Wech and Creager, 2008; Boyarko
and Brudzinski, 2010; Ide, 2012]; (2) correlating
seismograms, rather than envelopes, at multiple
stations within one or more small-aperture arrays
[La Rocca et al., 2010; Ghosh et al., 2010, 2012;
Yardim and Gerstoft, 2012]; and (3) correlating
waveforms of different time windows, generally
seconds long, at the same station, and employing a
network of stations to simultaneously detect and
locate sources [Shelly et al., 2007a, 2007b; Brown
et al., 2009; Shelly and Hardebeck, 2010; Bostock
et al., 2012].

[6] Envelope correlation is based on the observa-
tion that tremor amplitude is correlated at widely
separated stations. This is perhaps the method
closest to providing ‘‘routine’’ tremor locations,
and has shown that during slow slip episodes
(SSEs) tremor and slow slip migrate together
along strike for up to 150 km in Japan and almost
300 km in Cascadia [Ito et al., 2007; Kao et al.,
2009]. Averaged over a few tens of kilometers, the
propagation rates appear to be concentrated within
a remarkably narrow range of about 5–15 km/d.
Envelope correlation also led to the discovery of
‘‘rapid tremor reversals’’ [Houston et al., 2011;
Obara, 2012], in which tremor appears to start
near the main slow slip front (as defined by tremor

locations) and propagate back along strike for
some tens of kilometers at speeds 20–50 times
faster. Epicentral location errors were estimated to
be about 5–10 km by Wech and Creager [2008]
and about 1.5 km by Ide [2012] when applying his
method to local earthquakes, but whether this lat-
ter estimate is appropriate for the smaller signal-
to-noise ratio during tremor is an open question.

[7] The second approach takes advantage of the
fact that with stations separated by hundreds of
meters, waveforms rather than envelopes can be
correlated. By correlating the horizontal and verti-
cal components (S wave and P wave arrivals) from
sources directly beneath the array, La Rocca et al.
[2010] showed that tremor in Cascadia was con-
centrated near the plate interface. Ghosh et al.
[2010] showed that in addition to along-strike
migration of the main front at about 10 km/d, rapid
tremor migrations occurred in the slip-parallel
direction at speeds 70–500 times faster (30–200
km/h).

[8] The third approach is akin to the precise rela-
tive location of microearthquakes, in that it takes
advantage of the fact that the waveforms of two
similar and nearly colocated sources appear simi-
lar at a given seismic station. This method was
first applied to ‘‘low frequency earthquakes’’
(LFEs) previously identified by Katsumata and
Kamaya [2003] to be embedded in tremor in
Japan. By cross-correlating waveforms of these
events with each other and with more ‘‘typical’’
earthquakes within the subducting lithosphere,
Shelly et al. [2006] showed that the LFEs were
located along the plate interface beneath Shikoku.
Shelly et al. [2007a] went on to use these events as
templates to sweep through the continuous tremor
recordings, identifying many similar events and
demonstrating that tremor was composed of myr-
iad small LFEs. This technique was the first to
identify dip-parallel migrations that propagated
hundreds of times faster than the main front
[Shelly et al., 2007b].

[9] Brown et al. [2009] carried this technique one
step further, performing an autocorrelation to iden-
tify similar waveforms without the need to identify
templates a priori. Analyzing 3 h of data from
each region, they showed that tremor locations in
Japan, Cascadia, and Costa Rica concentrate along
the plate interface, with a vertical spread of no
more than 5 km. Because the autocorrelation com-
pares each time window to all others, the computa-
tion time increases as the square of the duration of
data examined. Bostock et al. [2012] examined
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data from southern Vancouver Island from 2003 to
2011 using something of a hybrid method, where
they first examined 45 days of data (the two SSEs
in 2004–2005) but performed the autocorrelation
only within 1 h blocks of time. All the detections
within these �103 h were grouped into approxi-
mately 140 families; waveforms of all the events
within each family were then stacked at each sta-
tion and the resulting templates used to sweep
through the continuous data.

[10] Location errors resulting from the template-
matching approach are often not estimated. Shelly
et al. [2007a] and Bostock et al. [2012] (for sub-
duction tremor) and Shelly and Hardebeck [2010]
(for San Andreas fault tremor) note that some time
windows pass the detection threshold for more
than one LFE family. Given accurate relative loca-
tions of the families, the spacing between families
that provide acceptable matches to the same time

window might provide a crude measure of the
location uncertainty.

[11] The method we apply here is different still.
We refer to it as ‘‘cross-station,’’ in that the funda-
mental correlation is of the same short time win-
dow at widely separated stations, as opposed to
the ‘‘cross-time’’ method of Shelly, Brown, and
Bostock that correlates different time windows at
the same station. The cross-station designation
could also be applied to categories 1 and 2 listed
above, although the first, which compares distant
stations, has used envelopes rather than seismo-
grams, and the second, which compares seismo-
grams, has been restricted to stations or channels
within small-aperture arrays. The surprise might
be that seismograms at stations separated by
10–20 km can correlate so well. However, this is
consistent with Bostock et al. [2012, Figure 6],
which shows that the stacked LFE template
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Figure 1. (a) top: Horizontal velocity seismograms from a magnitude 0.5 local earthquake at stations PGC,
SSIB, and SILB, filtered 1.5–6 Hz and then rotated and shifted to maximize the (unnormalized) cross-
correlation values. Bottom: The normalized cross-correlation value averaged over the three station pairs,
using a 0.5 s moving window, showing that the main S arrival but not the S coda correlates between the
widely separated stations. Time axis is in seconds. (b–d) 18 or 24 s of tremor during three ETS events, each
having nearly the same (61 sample) time offsets between the stations, meaning the same average source loca-
tion to within a few hundred meters. The windows contain both simple coherent arrivals, reminiscent of Fig-
ure 1a but with lower frequency content (e.g., near 79,374 s in Figure 1b and 32,626 s in Figure 1c), and
extended-duration coherent signals (e.g., from 79,361 s to 79,367 s in Figure 1b and 8144 to 8146 s in Figure
1d) that we interpret as superimposed, nearly colocated sources. Amplitudes vary by a factor of 10 between
Figure 1b and Figure 1c.
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waveforms are dominated by relatively simple
arrivals that correlate well even for very different
source-station paths (both for widely separated
LFE families at the same station, and at widely
separated stations for the same family). Examina-
tion of local earthquakes caught by our detector
suggests that it is the direct S arrival and not the S
coda that correlates (Figure 1a). The method is a
modification of that developed by Armbruster and
Kim [2010], which we summarize next.

2. Tremor Detection and Location
from Cross-Time Cross-Correlations

2.1. Long Time Windows

[12] Armbruster and Kim [2010] use stations from
the permanent Canadian network (recording at 40
samples/s) and the temporary southern Vancouver
Island POLARIS deployment (100 s.p.s., down-
sampled to 40), which operated from 2003 to 2006

and captured major episodic tremor and slip (ETS)
episodes in 2003, 2004, and 2005 [Nicholson et al.,
2005]. Armbruster and Kim correlate overlapping
150 s windows with 8 s offsets at pairs of stations
separated by 10–20 km. For each station pair, a 3-
D grid search is undertaken for the azimuth of the
single horizontal component at each station (in
increments of 10�), and the time offset between the
stations (of up to 67 s), that maximizes the (unnor-
malized) cross-correlation value. We expect that
this azimuth parallels the S wave particle motion
direction for the given source and ray path, and
refer to it as the ‘‘optimal station rotation angle.’’
Three stations define three station pairs, allowing
consistency between redundant measurements to
be used for quality control: Each station is a mem-
ber of two station pairs, and so has two independ-
ently determined optimal rotation angles. For a
positive detection these must agree to within 10�.
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Figure 2. Twenty-two thousand tremor locations from the PGC-SSIB-SILB catalog of Armbruster and Kim
[2010], during the major slow slip episodes in March 2003 (green dots), July 2004 (blue), and September
2005 (red), near southern Vancouver Island. Figure 2a plots blue on top of red on top of green, and Figure 2b
shows the reverse, illustrating how reproducible the locations are from one episode to the next. PGC, SSIB,
SILB shown as cyan symbols; triangles are POLARIS stations and circles are part of the Canadian permanent
network. Letters K, M, T, and L denote stations KELB/KLNB, MGCB, TWKB, and LZB. The ‘‘grid-like’’
nature of the locations results from one-sample differences in the time offsets between stations. Western rec-
tangle (solid outline) in Figure 2b shows location of Figures 3–9; eastern (dashed outline) shows location of
Figure 10 and supporting information Figure S5.1

1Additional supporting information may be found in the
online version of this article.
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In addition, to within 63 samples the circuit of
time offsets between stations 1–2, 2–3, and 3–1
must sum to zero. For all detections satisfying
these criteria, a 5-D search is undertaken for the
three station rotation angles (increments now 5�)
and two independent time offsets that maximize
the sum of the three cross-correlation coefficients.
If it is assumed that the tremor is generated along
the plate interface (more on that below), the two
independent time offsets and an S wave velocity
model are sufficient to determine a location. The
location is determined iteratively, using Hypoin-
verse [Klein, 2002] and forcing the depth to be
consistent with the estimated plate interface at the
current epicenter [McCrory et al., 2004].

[13] Armbruster and Kim found that the trio of sta-
tions PGC-SSIB-SILB provided the largest number
of detections and most concentrated locations (Fig-
ure 2). The trio KLNB-SSIB-SILB yielded approx-
imately 5% fewer detections, while the other
POLARIS stations (open triangles) are more nearly
colinear and not as well situated for constraining
locations. The permanent stations (circles) appear
to be too far apart to allow for a large number of
coherent detections, although this is the subject of
ongoing work. Including overlapping windows, the
PGC-SSIB-SILB tremor catalog contains over
22,000 detections from the three major SSEs, and
over 17,000 from inter-SSE time periods. The trio
is able to ‘‘see’’ farther along the strike of the sub-
duction zone than updip, perhaps owing to the
more favorable position relative to the focal sphere
(it is beneficial for the stations to be far from a
shear wave nodal plane) and the relative lack of
SV energy coming from along-strike directions,
energy that for shallow incidence angles can lead
to S-to-P conversions at the surface and a degrada-
tion of coherence between the stations.

[14] For a subset of 1020 detections, Armbruster
and Kim were able to supplement the three-station
locations with at least one more S and one P
arrival, sufficient for a full hypocenter location
with an arrival time misfit. Retaining only the 709
detections with small misfits (likely implying no
cycle skipping) defines a gently NE-dipping plane
with only 1–2 km of vertical scatter [Armbruster
and Kim, 2010], consistent with previous studies
suggesting that the tremor sources lie near the
plate interface [Brown et al., 2009; Bostock et al.,
2012; Nowack and Bostock, 2013].

[15] In addition to these 3-D locations, several
attributes of the three-station catalog indicate that
the method is robust and accurate. Persistent

‘‘wispy’’ sources of tremor only a few kilometers
across are illuminated multiple times in each of
the major ETS events (Figure 2). For each station,
the great majority of the independently determined
optimal rotation angles for sources at a single grid
point agree to within 65�. Moreover, these pre-
ferred azimuths tend to sweep gradually across the
source region in a manner consistent with the
expected S wave particle motion direction for
plate-convergent motion on the plate boundary.
The reproducibility of the independently deter-
mined optimal rotations is remarkable, given how
noisy tremor appears to be, and suggests that cor-
relating only a single (optimal) horizontal azimuth
might help filter out uncorrelated coda or tremor
produced elsewhere on the fault.

2.2. Short Time Windows

[16] For determining tremor locations it is not
obvious a priori what the ‘‘optimal’’ window dura-
tion is, and presumably this depends upon the
source characteristics. Armbruster and Kim [2010]
found that the number of overlapping detections
increased monotonically as they increased the win-
dow length from 16 s to 300 s while maintaining
the same 8 s window offset. Long-duration detec-
tions often consist of many short-duration coherent
arrivals, some reminiscent of that in Figure 1a
(Figures 1b–1d). A reasonable expectation is that
if the signal-to-noise ratio is low and the source
region sufficiently compact, long windows may
succeed where short windows would fail. On the
other hand, if the signal-to-noise ratio is high and
the sources are far enough apart that the travel
times to a particular station vary by several sam-
ples, shorter windows should do better. Given suf-
ficient signal, shorter windows seem preferable in
that they should lead to a larger number of inde-
pendent detections and locations that average over
a smaller number of sources.

[17] In this paper, we emphasize 4 s windows. We
use the PGC-SSIB-SILB trio to zoom into particu-
lar spots by adopting the optimal station rotations
and time offsets determined for that location by
Armbruster and Kim [2010]. We then shift the sta-
tion offsets somewhat (typically by up to 619
samples) and note the time offset that maximizes
the normalized cross-correlation value (interpo-
lated assuming a parabolic form for the cross-
correlation maximum) for each of the three station
pairs. Shifts of this size image source regions
about 10–15 km across, depending upon location.
This is small enough that, based on the results of
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Armbruster and Kim [2010], there is usually little
penalty associated with fixing the station rotations
to be the local average. By fixing the rotations we
lose consistency of this angle as a quality control
measure. To compensate, for a ‘‘positive detec-
tion’’ we require that the average of the normal-
ized cross-correlation maxima for the three station
pairs exceed a threshold CCmin, here chosen to be
0.4. In addition, the circuit of time offsets must
sum to less than OFFmax 5 1.5 samples (at 40 Hz)
in magnitude. Positive detections go through a sec-
ond step where the cross-correlation functions are
interpolated to 0.25 samples to determine the inter-
nally consistent time offsets (circuit of offsets
sums to zero) that maximize the average of the
cross-correlation values, which must again exceed
CCmin. These time offsets are then used to locate
the event, under the assumption that it lies on the
plate interface.

[18] Examination of Figure 1 suggests why cross-
station locations can sometimes be more accurate
than cross-time locations. A cross-time location,
for example, would involve comparing the arrival
shortly after 32,612 s in Figure 1c with other
arrivals. There appears to be considerable similar-
ity between that and the arrival just before 32,626
s in Figure 1c, or just after 8132 s in Figure 1d.

On the other hand, there is less similarity between
that and the coherent arrival between 8144 s and
8146 s in Figure 1d, which we would interpret as
resulting from a more extended source-time func-
tion or superimposed nearby sources. Obtaining
locations for 4 s windows involves taking 4 s seg-
ments of these panels and shifting them slightly
to increase the local (in time) normalized cross-
correlation values. We find that the largest cross-
station cross-correlation values for 4 s windows
range from 0.7 to 0.8, but that when all the cross-
station detections are compared cross-time, the
largest values are smaller by >0.1. In other
words, the degradation of similarity that comes
from different source-station paths, for the same
source, is less than the degradation that comes
from different source-time functions for the same
source-station path (see also the inset seismo-
grams in Figure 4).

[19] For the presumably impulsive source in Fig-
ure 1a, the coherence between the waveforms lasts
only about 0.5 s. This suggests that windows even
shorter than 4 s might be optimal. However,
shorter windows increase the likelihood of cycle
skipping and spurious correlations of noise. We
settled on 4 s windows, as well as the values of
CCmin and OFFmax, as an empirical compromise
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Figure 3. (a) Locations of 9200 overlapping 128 s detections during the ETS episodes of 2003 (green
squares), 2004 (blue dots), and 2005 (red triangles), for the region within the western rectangle in Figure 2b.
(b) Logarithm (base 10) of the number of separate 4 s detections per pixel summed over the two most active
days in each of the three ETS episodes for the same region. Pixels with only one ‘‘hit’’ are shown as open
circles. Grid points in both panels have been interpolated to 1/4 sample (1/160 s). 1 km square shows region
for event statistics in Figure 9. Black squares in Figure 3a show map locations of the six LFE families of
Bostock et al. [2012] in this region. Two pairs of these families, including that closest to the origin, share
almost all of their member events.
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between maximizing the number of detections and
minimizing the number that appear to be spurious
(isolated events in space and time that are not con-
centrated in tremor-prone regions and are often
located ahead of the main front).

[20] To minimize missed events we offset adjacent
4 s windows by only 1 s, but to avoid double-
counting of the same event we do not retain all
overlapping windows passing the detection thresh-
old. Instead, we attempt to identify individual
arrivals by multiplying the aligned seismogram
pairs in each window point-by-point and averaging
the three pairs. As these are velocity seismograms,
this is a proxy for the coherent radiated energy
rate in the adopted passband (1.5–6 Hz), and we
denote it as _E

0
:

_E
0ðtÞ5 SAðtÞSBðt

0
BÞ1 SAðtÞSCðt

0
CÞ1 SBðt

0
BÞSCðt

0
CÞ

3
; (1)

where the subscript A, B, or C denotes the station,
S(t) is the seismogram, and t0 accounts for the time
offset between the arrival at stations B or C and
station A. We then note the time of the maximum
_E
0

in the window. If a single arrival dominates
several (up to a possible 4) consecutive windows,
we retain only that window with the largest nor-
malized cross-correlation value. However, to
detect events spaced closer than 4 s, we specify a
minimum time offset Dtmin between the maxima in
different windows that will allow us to accept both
events as independent sources. Based on the short
duration of the coherent signal in Figure 1a, we
accept both of two overlapping windows if the
most energetic arrivals in each are separated by
>0.5 s at the chosen reference station (PGC). This
may admit two sources separated by >0.5 s, or a
single source twice if it radiates for >0.5 s.

[21] To focus on a particular spot for 1 day in the
manner described takes about 1–2 min of
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Figure 4. Locations of (a) 118 overlapping 128 s detections and (b) 181 separate 4 s detections, during a 26
min burst of tremor on 12 September 2005. Colors indicate time in hours. Background of small black circles
indicate all 9200 128 s detections in this region for the ETS episodes in 2003, 2004, and 2005. Bottom: Green
trace is rotated velocity seismogram at station PGC; red sections show windows with detections. Amplitude
units are arbitrary but consistent among all figures in this paper. Blue curve above that shows maximum nor-
malized cross-correlation coefficients for each window (averaged over the three station pairs), given shifts of
up to 619 samples, scaled from 0 to 1. Red dashed line indicates threshold value for a detection (0.1 for 128 s
windows; 0.4 for 4 s windows); in addition, the loop of time offsets must sum to within 61.5 samples of
zero. Inset in Figure 4b shows three superimposed 4 s traces, one for each station, for each of two detections
near 16.4 h separated by 0.35 km (<1 sample) and 100 s. A cross-time measurement would require correlating
the appropriate upper and lower trace at each station.
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computation time on a single processor. A very
active day might yield 1500 detections. Retaining
only nonoverlapping windows typically reduces
this number by half. Accepting overlapping win-
dows with Dtmin 5 0.5 s increases the yield by
about 25% from this lower number; using
Dtmin 5 1 s, that increase is about 15%.

3. Results

3.1. Long Versus Short Windows

[22] We focus first on the region within the west-
ern rectangle in Figure 2b, as it was very active for
2–3 days in each of the 2003, 2004, and 2005 ETS
episodes. As a bridge between the 150 s windows
of Armbruster and Kim and the short time win-
dows to follow, we first show results for 128 s
windows in Figure 3a. Windows are offset every 8
s, and in this figure we retain all of the 9200 over-
lapping detections. As the cross-correlation coeffi-
cients generally decrease with increasing window
length, for the 128-s windows we set CCmin 5 0.1.
Different symbols denote different ETS events,
and show how reproducible the source locations
are from one event to the next. The pixellation
results from interpolating the station offsets to
0.25 samples (1/160 s). Based on the reproducible
shape of the source region over the three events,
the sharp gradients in the number of detections
between nearby grid points, and images of migrat-
ing swarms (e.g., Figure 4a to follow) we estimate
relative location errors for the 128 s windows in
this region to be <0.5 km.

[23] Figure 3b sums, for the 4 s windows, the num-
ber of times each ‘‘pixel’’ was hit over the two
most active days in each of the three ETS epi-
sodes. We discard duplicates as discussed in sec-
tion 2.2, resulting in 8201 separate detections. At
first glance the image appears to be a fuzzier ver-
sion of Figure 3a, but by itself fuzzier need not
imply less accurate. Because the 128 s locations
represent an average of many sources, it is possi-
ble that the longer windows are biased toward the
interior of an active source region and away from
the margins. It is also possible that with an irregu-
larly shaped source region, the average location of
all the events in a long window occurs where no
sources are to be found. We base our empirical
estimate of the location error for the 4 s windows
on the temporal distribution of locations, described
in section 3.2.

[24] To get a more complete sense of the relation
between the long and short windows, Figure 4

shows locations from a 26 min tremor ‘‘burst’’ on
12 September 2005. The small black circles show
all the 128 s detections in the three ETS episodes
in Figure 3a, and we interpret them as a proxy for
the portion of the fault capable of generating sig-
nificant tremor. The smooth progression of colors
for the 128 s locations in Figure 4a (from blue to
red with increasing time) suggests a near-
continuous migration of the average tremor source
location as segments as short as 8 s are sequen-
tially added to the front and removed from the
back of each window. This quasilinear progression
over a distance of about 8 km is reminiscent of the
long-window locations from the array of arrays on
the Olympic Peninsula to the south [Vidale et al.,
2011], and, on a somewhat larger scale, the rapid
streaking observed using the Big Skidder array on
the Olympic Peninsula [Ghosh et al., 2010].

[25] The picture that emerges from the 4 s win-
dows is quite different. Rather than taking the
form of a quasilinear track, the shorter windows
show a SE-migrating front that is only 1–2 km
wide in the propagation direction but up to 8 km in
the orthogonal direction (Figure 4b). Comparing
colors in the two panels shows that the 128 s loca-
tions are essentially an average of the contempora-
neous 4 s locations, as anticipated. Elongate fronts
as in Figure 4b are reminiscent of propagating
slow slip fronts in numerical simulations, unlike
the linear track in Figure 4a [e.g., Rubin, 2011].

3.2. Tremor Migrations

[26] The tremor source region depicted in Figures
3–4 exhibits behavior that is quite reproducible
during the different ETS events. In addition to
the slow northwestward migration of the main
tremor front at about 10 km/d this includes the
following:

[27] 1. Activity in the region of highest tremor den-
sity, centered near the origin in these figures, begins
with short bursts of LFEs closely spaced in time,
transitioning to longer bursts more separated in
time. Figure 5 illustrates this pattern for the 2003
ETS episode, where the noise level appears to have
been particularly low as the main front arrives.
Equivalent plots for the 2004 and 2005 episodes are
included as supporting information Figure S1.

[28] 2. The amplitude of individual LFEs is initially
low and increases during the first 12 or so hours of
activity. We elaborate on this in section 3.3.

[29] 3. As can be seen in Figure 5, the imaged
bursts are periods of tremor migration. Most
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commonly these migrations start at or within about
1 km of the main tremor front, defined by tremor
locations up to and including that time, and propa-
gate back along strike at rates of about 10–20 km/
h. This is roughly 25–50 times the propagation
speed of the main front, and about the same as for
the ‘‘rapid tremor reversals’’ identified by Houston
et al. [2011], which occurred on a much larger
scale, up to 50 km. Less often the migrations occur
along dip, again mostly at or within 1 km of the
main front. Less commonly still the migrations
start behind the main front and propagate toward
it, ending at the main front. Finally, on one or two
occasions per ETS episode, and well after the
main front has passed beyond the source region
imaged, the migrating fronts are less clearly
defined but appear to propagate in other directions
(e.g., supporting information Figures S2h and
S3h). This observation is potentially important, if
bolstered by images from other regions, in that it
could suggest that the propagation direction of the
secondary fronts is influenced more by the orienta-
tion of the main front, when it is nearby, than by
pre-existing structural anisotropy on the fault.

[30] Selected migrations from the September 2005
ETS event are shown chronologically in Figure 6.
Both the ‘‘rapid tremor reversals’’ (color progres-

sion in each panel) and the slow propagation of
the main front (progression of blue detections
from panel to panel) can be seen. As in Figure 4,
the small black circles indicate all the 128 s detec-
tions for the three ETS events. Here these circles
are shown red if that grid point was previously
illuminated during the 2005 event, allowing one to
place each migration in relation to the current
location of the main tremor front. To delineate the
main front we prefer the 128 s windows to the 4 s
windows, because over the course of 24 h enough
‘‘false detections’’ accumulate when using the
short windows to obscure the front in map view.
That false detection rate nonetheless is low enough
that very few seem to occur during the roughly 20
min durations of the secondary migrations. Many
presumed false detections can be seen ahead of the
main front during the first half of March 3 in Fig-
ure 5.

[31] Figures 6a, 6b, 6e, 6f, and 6g show back-
propagating fronts that appear to begin at the main
tremor front. Similar examples from the 2003 and
2004 ETS events are shown in supporting informa-
tion Figures S2 and S3. Figures 6c and 6d illustrate
the less common case where the propagation is
along dip, either at (Figure 6c) or about 1 km
behind (Figure 6d) the main front. The systematic
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Figure 5. Red dots are along-strike (N40�W) locations as a function of time for the region of Figures 3 and
4, for about 2 days following the arrival of the main front during the 2003 ETS episode. The main front propa-
gates SE to NW at about 10 km/d; the short bursts are mostly back-propagating fronts moving 250–500 km/d.
Traces at bottom are seismogram envelopes at stations PGC (green), SILB (blue), and SSIB (red). Scarcity of
detections from about 15 to 19 h may be due to noise at SSIB. Blue dots are along-strike locations of members
of the six LFE families of Bostock et al. [2012] in Figure 3a, with absolute locations shifted 1 km to the SE to
better align the shared detections of the two catalogs.
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offset of the 4 s locations in Figures 6c and 6d sug-
gests that this difference is within the resolution of
our locations, and that the later migration clearly
occurs farther behind the front than the first. Simi-

lar behavior can be seen on a larger sale in the
array-based locations of Ghosh et al. [2010]
beneath the Olympic Peninsula during the 2010
ETS episode [see, e.g., Rubin, 2011, Figure 1].
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Figure 6. Locations of 4 s detections (colored circles) for eight tremor bursts during the September 2005
ETS episode, progressing blue to red. Panels and symbols are as in Figure 4b, with the addition that colored
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When such behavior occurred in the numerical
simulations of Rubin [2011], it appeared to be due
to the fact that the earlier migration reduced the
stress closer to the front and increased it further
behind the front. The compact nature of the con-
temporaneous locations in Figures 6c and 6d also

makes it clear that the along-dip elongation of the
many back-propagating fronts in Figure 6 is not
due to larger location errors in the dip direction.
Unlike the back-propagating fronts, those that
propagate along dip are not resolvably wider in the
orthogonal direction.
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[32] We can estimate the velocity and width of
these propagating fronts from the time-distance
plots in Figure 7. On average, the back-propagating
fronts are elongate parallel to �N50�E, roughly
parallel to the plate convergence direction. For con-
venience, we refer to this as the dip direction and
the orthogonal direction as the strike direction
(given the short propagation distances we do not
attempt to distinguish dip-parallel from slip-parallel
in this paper). In Figure 7, the along-strike locations
are colored red and the along-dip locations grey.
The dotted lines in Figures 7e and 7j indicate propa-
gation speeds of 20 km/h (480 km/d), �50 times
the average propagation speed of the main front. In
fact the main front propagates somewhat more
slowly, about 5 km/d, over the distance range
depicted in Figures 6 and 7. Ghosh et al. [2012]
noted that beneath the Olympic Peninsula the main
front propagated more slowly than average, also
about 5 km/d, through regions that were active
tremor sources, and we could be seeing something
similar here. The dashed line in Figure 7b indicates
a propagation speed of 240 km/d. Most of the back-
propagating fronts travel at speeds between this and
480 km/d. The width of the back-propagating fronts
in the propagation direction appears to be roughly
1–1.5 km, an observation we will use when estimat-
ing stress drops in section 4.

[33] Many of the tremor source regions that repeat
during the different ETS events in Figure 2 are too
compact to show migration over distances as large

as that in Figure 6. Nonetheless, several of these
share the characteristics that during a single slow
slip episode activity begins with relatively low-
amplitude LFEs closely spaced in time, and pro-
gresses to larger-amplitude LFEs concentrated in
bursts more separated in time. Such behavior was
also observed by Sweet et al. [2012] to occur
beneath the Olympic Peninsula.

3.3. LFE Amplitude Trends

[34] As can be seen from the seismograms in Fig-
ures 5–7, the seismic amplitudes during tremor
bursts from a particular region increase with time
during an ETS episode. Here, we focus on the
amplitudes of individual coherent arrivals. Figure
8 shows the along-strike location of tremor detec-
tions for 2 days during the 2003 and 2004 SSEs in
the region of Figure 3. Symbol colors indicate rel-
ative LFE amplitude, defined for each 4 s detec-
tion by integrating equation (1) over the 1 s
interval within that 4 s window over which that
integral is maximized. The shortest duration of
large amplitude coherence is about 0.5 s, so the
somewhat arbitrary 1 s integration interval should
produce scatter of less than a factor of 2. Because
we are integrating what is essentially the square of
the coherent amplitude, variations in that ampli-
tude (which exceed a factor of 10) are much more
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Figure 7. Along-strike (red) and along-dip (gray) locations for the eight tremor bursts in Figure 6 (a–g; two
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important than potential variations in signal
duration.

[35] By comparing the amplitude squared for
nearly identical source-station paths and (presum-
ably) focal mechanisms, we are essentially com-
paring radiated energies in the 1.5–6 Hz passband
[Maeda and Obara, 2009]. We take this as a crude
proxy for the relative moment of individual LFEs.
Although it is difficult to establish this with confi-
dence using such band-limited data, Ide et al.
[2008] showed that the energy radiated by tremor
from 2 to 8 Hz was proportional to the time-
varying moment rate of underlying very low-

frequency earthquakes of �100 s duration in
Japan.

[36] So defined, the radiated energies span 3 orders
of magnitude. They are generally low as the main
front passes (blue colors), and increase during the
secondary fronts that follow (red). The black
curves indicate the computed tidal shear stress,
including ocean loads, in this region [Hawthorne
and Rubin, 2010]. There is a clear correlation
between tidal shear stress and tremor activity in
Cascadia and elsewhere [Rubinstein et al., 2008;
Lambert et al., 2009; Thomas et al., 2009; Ide,
2010], and also between tidal shear stress and slow
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Figure 8. Along-strike position as a function of time in the region of Figure 3, for 2 days of 4 s detections
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slip moment rate in Cascadia [Hawthorne and
Rubin, 2010], so one could suggest that the low
LFE amplitude from about 4 to 10 h on 3 March
2003 in Figure 8a reflects the decreasing tidal
shear load at this time. However, neither tidal
stress nor stressing rate can be primarily responsi-
ble for the observed trend, since in the 2004 SSE
(Figure 8b) and 2005 SSE (supporting information
Figure S4) the initially low amplitudes occur both
before and during the peak tidal stress. In addition,
at later times of decreasing tidal shear stress in
Figure 8 the amplitudes are larger.

[37] It is possible that some of the amplitude varia-
tion in Figure 8 reflects spatial variation in the
characteristics of the source region. In Figures 9a–
9c, we limit this region by considering only the 1
km by 1 km square located at the center of activity
in Figure 3b, as first the main front and then the
secondary fronts pass by. Several trends are appa-
rent. The average rate of detections starts out high
and then gradually decays over the course of a few
days, while gradually becoming more intermittent
(small magenta dots). The insets in Figures 9a and
9b show that the trend toward intermittency begins
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Figure 9. (a–c) Cumulative number (small magenta dots), log10 LFE radiated energy (small black crosses;
scale is arbitrary), and cumulative radiated energy (small cyan dots; linear scale) for about 3 days during the
passage of the 2003, 2004, and 2005 slow slip fronts through the square kilometer in Figure 3b. Insets in Fig-
ures 9a and 9b show the first 3 h of activity on an expanded time axis. Larger colored circles show the median
radiated energy during each burst or, if during the first few hours of activity, the median of about 20 detec-
tions. (d) Summary plot comparing the three ETS events, relative to the time of the first detection. Large
circles, median LFE radiated energies from Figures 9a–9c; small dots, cumulative number (for clarity 2005 is
not shown); solid lines, cumulative radiated energy.

RUBIN AND ARMBRUSTER: IMAGING SLOW SLIP FRONTS IN CASCADIA 10.1002/2013GC005031

5384



within the first couple of hours. In parallel, the
LFE radiated energy increases significantly over
the first 12 h or so and then appears to plateau
(black crosses). The decreasing detection rate and
increasing size yield a detected radiated energy
rate that, averaged over several hours (multiple
bursts), is quite constant for about 2 days (small
cyan dots).

[38] The behavior of this square kilometer during
the three major ETS events is very similar (Figure
9d). The cumulative number, cumulative radiated
energy, and LFE radiated energy in 2003 and 2004
plot nearly on top of one another when pinned to
the time of the first detection. The greatest differ-
ence with the 2005 event may be attributable to
‘‘missed’’ detections of low-amplitude LFEs near
the start of activity when the background tremor
amplitude is larger than in 2003 or 2004 (support-
ing information Figure S1). Even so, the median
LFE radiated energy (solid circles) and the rate of
increase of cumulative radiated energy (thin lines)
are very similar to the 2003 and 2004 events (Fig-
ure 9d).

[39] As is common for regions farther down-dip
[Wech and Creager, 2011], the eastern (dashed
outline) rectangle in Figure 2b was active in five
minor tremor episodes as well as the three major
ETS episodes of March 2003, July 2004, and Sep-
tember 2005. One day of 4 s tremor locations for
the three most active episodes (September 2003
and 2005, propagation to the west; April 2006,
propagation to the SE) are shown in supporting
information Figure S5. LFE statistics were tabu-
lated as in Figure 9 within a 1 km by 2 km region;
the results are shown in Figure 10. Although the

number of detected events per episode is less than
in Figure 9, in part perhaps because slip is not
restricted to major ETS events, the temporal trends
of increasing LFE amplitude, decreasing average
rate, and increasing intermittency are readily
apparent.

4. Comparison to Cross-Time
Locations

[40] Using an autocorrelation method, Brown et al.
[2009] obtained locations for 331 detections
within a 3 h window on 22 September of the
2005 ETS episode. But while the detections of
Armbruster and Kim [2010] during that 3 h win-
dow are located near the main front, by this time
tens of kilometers NW of the PGC-SSIB-SILB sta-
tion trio, those of Brown et al. are concentrated
directly beneath the Saanich Peninsula on which
PGC resides, in a region where Armbruster and
Kim [2010] see relatively little activity in any of
the 3 years of the POLARIS deployment. That the
3-D locations of Brown et al. lie near the dipping
plate interface suggest that their detections are
reliable. The mutually exclusive catalogs presum-
ably point to the different sensitivities of a cross-
station method that uses an optimized horizontal
component at three stations, and a cross-time
method that uses three components at seven
stations.

[41] The consistency is greater with the LFE fami-
lies of Bostock et al. [2012]. On average these
families are located updip of the region imaged by
the PGC-SSIB-SILB trio, but where the catalogs
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Figure 10. Cumulative number (red dots), log10 relative LFE radiated energy (black crosses), and cumula-
tive radiated energy (blue dots; linear scale), for 2–3 days during minor (a and c) tremor episodes in Septem-
ber 2003 and April 2006 and (b) the ETS episode of September 2005, as the tremor fronts propagate through a
1 km 3 2 km box (supporting information Figure S5) centered within the eastern rectangle in Figure 2.
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overlap the correlation is obvious. The six LFE
families of Bostock et al. that plot within the west-
ern rectangle in Figure 2 are shown as black
squares in Figure 3a. Only 4 of these are truly
independent, in that two separate pairs of families
show almost complete overlap in their member-
ship. The blue dots in Figure 7 show the along-
strike locations of the family members, shifted 1
km to the SE to better align the shared detections
of the two catalogs. Differences in absolute loca-
tion are to be expected, given the different location
algorithms and number of stations used, but rela-
tive locations are reasonably well preserved.
Examining hours 4–9 or so in Figure 5 suggests
that the LFE families are incorporating members
from within a radius of about 1 km. Even restrict-
ing attention to these 1 km regions during times of
tremor bursts, we find that each catalog has many
members that the other does not, in addition to
many shared detections. A more thorough compar-
ison of the different detection methods is currently
underway.

5. Implications for the Mechanics of
Slow Slip

5.1. Source of Stress Drops for the
Secondary Events

[42] In principle, many sources are available to
drive the secondary fronts associated with the
tremor bursts. Conceivably the ‘‘sliding friction’’
could decrease during each successive secondary
event, although no commonly used friction law
does this. Tides can be ruled out because the sec-
ondary fronts arise too often and during times of
both increasing and decreasing tidal shear stress
(e.g., Figure 8). If we treat the radiated energy of
tremor as indicative of the underlying aseismic
moment of the source region, then perhaps the
most straightforward explanation, given the rela-
tively constant multiday rate of detected radiated
energy in Figure 9, is that the tremor-generating
portion of Figure 3 behaves as a macroscopic
‘‘asperity’’ that is loaded by steadier slip in the
surrounding (less tremor-prone) region. A separate
explanation is still required for the trends of
increasing LFE amplitude and intermittency with
time. A speculative but plausible cause is that the
region is composed of abundant tremor sources in
close proximity, that when first passed over by the
main slow front are in different portions of their
seismic cycle, generating isolated (small) events,
but that these become progressively more

synchronized with the passage of the secondary
fronts, such that larger and larger clusters of proxi-
mal sources fail together.

5.2. Stress Drops in the Main and
Secondary Events

[43] Assuming elastic deformation, stress drops
can be estimated if the total amount of slip and the
spatial extent of the slipping region are known. If
W is the downdip extent of rupture, and a total
slip D accumulates within a distance L of the prop-
agating front, then for L� W an average
stress drop within the slipping region can be esti-
mated as

Ds � D

L

l
p
; (2)

where l is the elastic shear modulus. Equation (2)
is appropriate when the dominant resistance to slip
comes from the proximity of the leading edge of
the rupture; it is the expression for an antiplane
strain slip pulse with a uniform stress drop over L
and no stress singularity where slip reaches its
final value of D [e.g., Rubin and Ampuero, 2009].
In the following, we adopt l 5 30 GPa, and use
the subscripts ‘‘1’’ and ‘‘2’’ to denote the main
event and secondary events, respectively.

[44] For the main event, from geodesy we have D1

� 2 cm [Szeliga et al., 2008; Wech et al., 2009;
Schmidt and Gao, 2010]. Taking the spatial extent
of tremor behind the propagating front as a proxy
for the actively slipping region, L1 � 20 km
[Ghosh et al., 2010]. From (2) this implies Ds1 �
10 kPa. A similar estimate is obtained if we
assume that the dominant resistance to slip comes
from the updip and downdip margins of the rup-
ture and use the expression for a plane
strain crack, Ds 5 (D/W) (l/[12m]) (10 kPa for
W � 75 km from the geodetic references above
and a Poisson ratio m 5 0.25).

[45] The secondary events are too small to be con-
strained by geodesy, but we can make some pro-
gress if we assume that in this region the total slip
D1 measured geodetically accumulates only at
times that produce detectable tremor. If we further
assume that the curve of cumulative radiated
energy in Figure 9 is at least grossly indicative of
the cumulative underlying aseismic moment (e.g.,
that the first 20% of radiated energy does not corre-
spond to 80% of the total slip), then most of the slip
appears to accumulate in N discrete secondary
events, where N is of order 20 (e.g., Figures 8 and
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9). Then with D1 � 2 cm, a ‘‘typical’’ D2 � 1 mm.
The secondary events are dominated by those that
propagate back along strike, where the band of
active tremor at the front is typically 121.5 km
wide (Figure 7). Taking this as indicative of L, L/W
is small enough to make equation (2) a good
approximation. With L2 � 1 km, (2) implies Ds2 �
10 kPa. That is, Ds2 and Ds1 are comparable
because D/L for the main and secondary events are
comparable (2 cm/20 km versus 1 mm/1 km).
Although these estimates are crude, if the question
is whether the stress drops in the secondary events
are similar to or, instead, many times larger or
smaller than that of the main event, the answer
appears to be that they are similar.

[46] There are a few scenarios that could cause this
simple estimate to be a factor of several off. First,
slip and tremor in this region could be completely
decoupled, leaving us with no constraint on D2. This
would be at odds with the simplest and most com-
mon interpretation of tremor, and there are ample
observations that slow slip moment correlates well
with tremor duration [Wech et al., 2009] or number
of detections [Obara, 2010], and that slow slip
moment rate and tremor amplitude are tightly
coupled in Cascadia [Hawthorne and Rubin, 2013a].
However, it is likely that at least some slip in this
region occurs in the times between the tremor bursts.
The reason is that if the region acted as a completely
locked asperity loaded by the surroundings, one
might expect the secondary fronts to migrate from
the outside in. The fact that they start from a quasi-
linear front that gradually propagates NW through
the region suggests that the asperity ‘‘knows’’ where
the main front is, and this seems easiest if it is
actually slipping, presumably within aseismic
regions between discrete LFE sources, prior to each
burst. Although we have no constraint on the amount
of this slip, it seems unlikely that most of the slip
would occur while the region was seismically quiet.

[47] Second, the total slip in this region could be far
from the average value D1 determined geodetically.
Averaged over several slow slip cycles, however,
we expect elasticity to limit the amount that slip
can vary on short spatial scales. Unlike regions fur-
ther downdip, this location exhibits no tremor activ-
ity in the inter-ETS periods [Armbruster and Kim,
2010], suggesting that the slip accumulated over
three consecutive slow slip episodes should not be
far from the geodetic average of the major ETS
events. The similar radiated energy detected from
this region for the three episodes (Figure 9d) is at
least permissive of the slip in each event being sim-
ilar to that of the three-event average.

[48] Third, the slip in each secondary event could
accumulate over a length scale L much larger or
smaller than 1 km. If the tremor band was only
200 m wide but appeared as 1 km because of
location error, the actual stress drop would be
five times larger. However, if the smearing out in
the strike direction is <1 km, as might be sug-
gested by Figure 6c, this interpretation would be
difficult to reconcile with observed fronts some-
times being 1.5 km wide. Alternatively, the
region of active sliding could be many times
larger than the observed region of contemporane-
ous tremor generation, reducing the stress drop
by the same factor. Even if the slip rate
decreased by a factor of 10 from the region
within 1 km of the front to a region several kilo-
meters behind, however, one would expect to
detect a minority of events in those more distant
regions, and this does not appear to be the case.
Perhaps, in addition, the amplitude of individual
LFEs correlates with local slip speed, so that it is
more difficult to detect LFE sources farther from
the front where the slip speed is less (note that
this is not the only possibility ; another, consist-
ent with the accepted view of repeating earth-
quakes on creeping faults, is that when the slip
speed is lower the recurrence interval is longer
but the event size is roughly the same). This must
be treated as a reasonable possibility, but note
that the region near the origin in the panels in
Figure 6 consistently produces the largest-
amplitude tremor, and that it typically remains
silent as secondary fronts move to the SE and
produce smaller-amplitude events.

5.3. Propagation Speeds of the Main and
Secondary Fronts

[49] One of the most obvious enigmas of slow slip
events is the large difference in propagation speed
between the main front and the secondary fronts
that arise behind it. By definition the total slip D
accumulates in the time the front propagates a dis-
tance L, so kinematically

Vprop

Vslip
5

L

D
; (3)

where Vprop is the propagation speed and Vslip is
the average slip speed within L. For a fault in an
elastic solid obeying a particular friction law we
think of the strain D/L as being determined by the
stress drop, so substituting (2) for L/D yields the
following relation between the propagation speed,
slip speed, and stress drop:
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Vprop5
Vslip

Ds
l
p
: (4)

[50] Thus if we observe from tremor migration
rates that Vprop22/Vprop21 � 40, and estimate as in
section 4.2 that Dss22 � Dss21 (that is, [D/L]2 �
[D/L]1), then (4) implies that the average slip
speed in the secondary events exceeds that in the
main front by about a factor of 40.

[51] As a consistency check, we can compare the
detected radiated energy rate during migration of
the secondary fronts to that during the first few
hours following the arrival of the main front, when
the detected LFE rate is more continuous in time.
Assuming that these rates are roughly proportional
to the underlying fault moment rates, we can trans-
form relative radiated energy rates to relative slip
rates by considering only sources within the square
kilometer contributing to Figure 9 (assuming that
the region slipping at any one time is not much
smaller than that square kilometer). We find that
within that square kilometer the dozens of second-
ary bursts in the 2003–2005 ETS episodes have
radiated energy rates that exceed that in the first
few hours by factors of roughly 10–100, with a
median of 35. This is close to the ratio of slip rates
estimated above. To use this as supporting evi-
dence of that difference in slip rates we must
assume that the average slip rate during the first
few hours of activity reflects the slip rate of the
main event. In fact, the average radiated energy
rate during the first few hours is not meaningfully
different from the average over the first 2 days
(Figure 9). So we can assume either that the slip
rate during the first few hours after the arrival of
the main front is rather steady and representative
of the slip rate in the main event, or else that
Vprop21 is sensitive to the average slip rate behind
the front, whether or not that average rate is real-
ized anywhere (either within the tremor generating
region or only in the quieter surroundings). Given
the short time scales of the initial tremor bursts
visible in the insets of Figure 9, we cannot rule out
the possibility that essentially all the tremor we
see at early times reflects small back-propagating
fronts below our resolution limit.

[52] To reproduce propagation speeds for the up
and downdip tremor migrations that are up to hun-
dreds of times faster than the lateral migration
speed of the main front [Shelly et al., 2007b;
Ghosh et al., 2010], Rubin [2011] focused on the
Ds term in equation (4). He designed a 2-state
variable friction law intended to generate a larger
stress drop at the main front, propagating into a

region that had not slipped for a year, than at the
secondary fronts that developed behind the main
front (in fact, Rubin emphasized the stress drop at
the tip of the propagating front rather than the
average Ds, but the approach is comparable; see
Appendix A). In the end, the modeled secondary
fronts propagated more rapidly because of both
larger slip speeds and smaller stress drops, but the
difference in stress drop was greater. This seems
inconsistent with the simplest interpretation of the
observations presented here, which instead impli-
cate a difference in slip speed roughly as large as
the observed difference in propagation speed.

[53] It is not obvious that any commonly used fric-
tion law can give rise to this inferred difference in
slip speed or the observed difference in propaga-
tion speed. Some aspect of the operating friction
law must limit SSEs to low sliding velocities. If
this mechanism acts as a ‘‘hard’’ speed limit, then
larger propagation speeds for the secondary fronts
can arise only from smaller stress drops. For
example, in the simplified numerical implementa-
tion of rate-state friction adopted by Colella et al.
[2012], the slip speed is fixed by the user a priori.
Their simulations produce both slowly propagat-
ing main fronts and secondary fronts that start near
the main front and propagate back along strike at
rates about four times faster. Because the slip
speeds in the main and secondary events are pre-
scribed to be identical, the difference in propaga-
tion speeds reflects a factor of �4 smaller stress
drops in the secondary events. As described in
supporting information of Colella et al. [2012],
this difference results primarily from the ratio of
the logarithms of the values of the (suitably nor-
malized) state variable ahead of the two fronts. In
their model, the state variable ahead of the front is
essentially the time since the region last slipped.
The important point is that because stress drop
(and hence propagation speed) depends only loga-
rithmically on state, changing state enough to
change the stress drop by a factor of 40 seems
extraordinarily difficult.

[54] Luo and Ampuero [2012] and Hawthorne and
Rubin [2013b] generated back-propagating fronts
in slow slip simulations that solved the full rate-
state friction equations. Slip was made ‘‘slow’’ by
using a cut-off velocity for the influence of state
evolution on frictional strength, such that for
larger slip speeds the fault approaches pure
velocity-strengthening behavior. This imposes a
‘‘soft’’ limit on slip speed. Hawthorne and Rubin
employed a spatially homogeneous fault and
imposed a sinusoidal load to study the observed
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tidal modulation of slow slip. The sinusoidal load
triggered back-propagating fronts that propagated
more slowly than the main front, and that when
they began were separated from the main front by
a significant fraction of W, the parameterized
along-dip extent of the slipping region, where the
slip rate had already slowed markedly from its
peak value. Although many back-propagating
fronts in Japan and Cascadia appear to be tidally
triggered [Obara, 2012; Thomas et al., 2013], the
low propagation speed and large separation from
the main front make these modeled fronts seem to
be poor analogs for the secondary fronts imaged in
this paper.

[55] Luo and Ampuero [2012] instead employed a
spatially heterogeneous fault with many grid
points representing seismic (‘‘tremor’’) asperities
in an otherwise aseismically slipping background.
The back-propagating fronts in their simulations
start near the main front, consistent with our
images, triggered by failure of one or more asper-
ities, and propagate several times faster than the
main front, up to a factor of 20 for a particular
choice of model parameters (Y. Luo, personal
communication, 2013). Although it is not yet clear
which aspects of the model produce this large dif-
ference in propagation speeds, there is certainly
much to be learned from exploring heterogeneous
simulations of this sort.

5.4. Relation of the Secondary Fronts to
the Tremor ‘‘Hot Spots’’

[56] Figure 2 and previous work [Ghosh et al.,
2010, 2012] demonstrate that detectable tremor is
concentrated within isolated regions of the slow
slip source region. We would like to understand
the nature of these regions and their relation to the
secondary fronts we have observed. On the one
hand, we have suggested that the simplest explana-
tion for the tremor bursts is that these regions act
as ‘‘asperities’’ that are stuck during most of the
time that their surroundings creep more steadily.
This implies (observationally) that activity at adja-
cent hot spots might be largely uncorrelated, with
each likely having its own recurrence interval, and
(mechanically) that the presence of these hot spots
is essential to the generation of the secondary
fronts. The boxed areas in Figure 2 are among the
most active source regions imaged by the PGC-
SSIB-SILB station trio, and given the small frac-
tion of the slip surface generating detected tremor
in that figure it is very likely that the ratio of seis-
mic to aseismic slip in those areas is far larger

than the average value of 0.1% estimated by Kao
et al. [2010]. Thus, it seems plausible that tremor
could influence the evolution of slow slip on these
length scales.

[57] On the other hand, one could ask how the sec-
ondary fronts we image are related to the much
larger ‘‘rapid tremor reversals’’ (RTRs) described
by Houston et al. [2011], which are centered just
updip of the region well imaged by PGC-SSIB-
SILB. These RTRs cover a region considerably
larger than the separation between the various
tremor hot spots in Figure 2, which implies (obser-
vationally) that activity between adjacent hot spots
is correlated, and suggests (mechanically) that the
hot spots, while allowing us to image the larger-
scale reversals, might be irrelevant to their genera-
tion. If so, another source of stress is required to
drive them. As was already noted, in both Japan
and Cascadia there is evidence that the large RTRs
are tidally modulated [Obara, 2012; Thomas
et al., 2013], but the fact that they appear to
repeatedly rupture the same region during a single
ETS event suggests that tides alone may not be a
sufficient explanation [Thomas et al., 2013]. It
should be possible to obtain high-resolution
images of some large-scale Cascadia RTRs, as the
source region identified by Houston et al. [2011]
appears to be well imaged by the trio of stations
LZB-TWKB-MGCB (L, T, and M in Figure 2).

6. Conclusions

[58] We have derived a method for obtaining pre-
cise relative locations of LFE sources and applied
it to three ETS episodes beneath southern Vancou-
ver Island. Unlike more traditional ‘‘cross-time’’
methods, this ‘‘cross-station’’ method compares
waveforms from the same time window at widely
separated stations. The main requirement for suc-
cess appears to be that a simple source have a sim-
ple ground motion response at three seismic
stations that are not too near a shear-wave node.
Many stacked LFE templates of Bostock et al.
[2012] are dominated by a dipole-like main arrival
that correlates well between stations, with rela-
tively low-amplitude coda. The low coda ampli-
tude allows tremor that consists of several nearly
colocated LFE sources (or a single source with a
complex source-time function) to continue to cor-
relate well cross station, even though it will not
correlate well cross time unless that source-time
function is reproduced multiple times. We see evi-
dence of this in that when we compare our cross-
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station detections that locate to a single spot cross
time, the largest cross-time correlation coefficients
are substantially lower. The location accuracy is
also enhanced by cross correlating only the single
horizontal component that appears to parallel the S
wave particle motion at each station, as deter-
mined by Armbruster and Kim [2010].

[59] In the region we have focused on, empirical
relative location errors appear to be 1 km or less
for 4 s windows. In each of the three ETS episodes
the main activity lasts about 2 days, with occa-
sional sources generated over the next few days.
Activity as the main tremor front arrives pro-
gresses from a high rate of low-amplitude detec-
tions closely spaced in time, to a lower average
rate of high-amplitude detections more ‘‘burst-
like’’ in time. The same temporal progression has
been observed in other ETS events beneath the
Olympic Peninsula [Sweet et al., 2012]. We find
that these bursts are times of rapid tremor migra-
tions, where ‘‘rapid’’ is typically 10–20 km/h, 25–
50 times faster than the main front, and compara-
ble to the speed of the larger-scale ‘‘rapid tremor
reversals’’ described by Houston et al. [2011].

[60] The secondary fronts most commonly start at
or within about 1 km of the main tremor front and
propagate back along strike, but also propagate
along dip at or within 1–2 km of the main front,
and occasionally start behind and propagate
toward the main front. Well after the main front
has passed beyond the region, one to two migra-
tions per ETS episode may propagate in other
directions. The width of the secondary fronts that
propagate along strike are quite narrow, typically
1–2 km, in the propagation direction, and up to 8
km in the orthogonal direction. Those that propa-
gate along dip are not resolvably narrower in the
propagation direction than in the orthogonal
direction.

[61] As the style of LFE activity evolves during
each ETS episode, the rate of detected radiated
energy over the course of 2 days remains fairly
steady. The total amount of detected radiated
energy and its rate are quite reproducible from one
event to the next. If we assume that the total slip
during each ETS episode (�2 cm) accumulates
only at the times that tremor is produced and in
rough proportion to the detected radiated energy,
then a ‘‘typical’’ tremor burst produces about 1
mm of slip. This suggests that the strain in the
main and secondary events (2 cm/20 km versus 1
mm/1 km) are more similar than their propagation
rates, implying that the much higher propagation

speeds of the secondary events derives primarily
from a correspondingly higher slip speed and not a
smaller stress drop. This is qualitatively consistent
with the much higher radiated energy rates in the
secondary events, when controlling for the size of
the slipping region by viewing the same square
kilometer of fault. This observation places a non-
trivial constraint on models of slow slip and
tremor.

Appendix A: Different Forms of the
Slip Speed/Propagation Speed Relation

[62] To explain the large difference in propagation
speed between the main and secondary fronts, Rubin
[2011] used a variant of equation (4) that focused on
the near-tip region:

Vprop5
Vmax

Dsp2r
al; (A1)

where Vmax is the maximum slip speed at the front,
Dsp2r is the stress drop from the peak value at the
front to the residual value behind, and the coeffi-
cient a depends upon the precise distribution of
near-tip stresses but numerically ranges only from
about 0.6 to 0.8 for the friction laws tested
[Ampuero and Rubin, 2008; Liu and Rubin, 2010;
Rubin, 2011]. Comparing (A1) to (4) shows that

Vmax

Vslip
5

Dsp2r

Dss

1

ap
; (A2)

where Vslip denotes the average slip speed over
the region of size L where most of the slip
accumulates.

[63] Each of equations (A1) and (4) is valid. In prac-
tice, when analyzing the output of numerical simula-
tions it is simpler to apply (A1) because it is more
straightforward to determine both Vmax and Dsp2r than
the ‘‘average’’ values Vslip and Dss. In addition, it is eas-
ier to derive an analytical a priori estimate of Dsp2r

than of Dss. The former can be estimated by integrating
the friction equations through an idealized step increase
in velocity to a slip speed Vmax, while the latter requires
more fully coupling the equations of friction and elas-
ticity. Despite the lack of precision in estimating aver-
age values for Vslip and Dss, however, when comparing
to observations equation (4) has the significant advant-
age that the geodetic constraint is on Vslip and not Vmax.
Rubin [2011] sidestepped this issue, implicitly relying
on the result than for simulations using popular friction
laws the ratio Vmax/Vslip does not vary much in an order
of magnitude sense (from, very roughly, a value of
�10). In principal, however, if one were to admit any
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possible friction law, it seems that the ratio Vmax/Vslip

could take on any value. For example, one could have
arbitrarily large stress drops acting over arbitrarily
small slip distances, greatly increasing Vmax while pro-
ducing only a negligible change in the fracture energy.
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