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Abstract Referred to as slow slip events, the transient aseismic slip that occurs along plate boundaries
can be indirectly characterized through colocated seismicity, such as tectonic tremor and low-frequency
earthquakes (LFEs). Using the timing of cataloged LFE and tremor activity in Guerrero, Mexico, and northern
Cascadia, I decompose the interaseismic GPS displacement, defined as the surface deformation between
previously detected slow slip events, into separate regimes of tectonic loading and release. In such a way,
previously undetected slow slip events that produce less than a millimeter of surface deformation are
extracted from the geodetic noise. These new observations demonstrate that the interaseismic period is not
quiescent and that slow slip occurs much more often than previously thought. This suggests that the plate
interface where slow slip and tremor occur is in fact strongly coupled and that slow aseismic release occurs
over a wide spectrum of time scales.

1. Introduction

Transient aseismic slip [Dragert et al., 2001] along plate boundaries represents an intermediate mode of release
as the shallow brittle faulting associated with megathrust earthquakes transitions to stable sliding at greater
depths [Wech and Creager, 2011]. Although the largest and longest slow slip events are evident on GPS
displacement records [Dragert et al., 2001; Obara et al., 2004; Kostoglodov et al., 2010], the relatively large obser-
vational noise level can hide smaller episodes of transient slip [Frank et al., 2015a]. Since their discovery, these
geodetically observed slow slip events are almost always accompanied by colocated recurring seismicity:
tectonic tremor and low-frequency earthquakes (LFEs) [Obara, 2002; Rogers and Dragert, 2003; Hirose and
Obara, 2005; Shelly et al., 2007]. Given the more precise identification of tectonic tremor and LFEs in time and
space, many studies interpret their occurrence as indirect evidence of aseismic slip [Shelly et al., 2011; Guilhem
and Nadeau, 2012; Husker et al., 2012; Wu et al., 2015].

We know, however, that the observed surface displacement during a slow slip event cannot fully be explained
by the accumulated seismic moment of observed tremors, because the moment magnitude is often 3–4
orders smaller [Kao et al., 2009; Aguiar et al., 2009; Kostoglodov et al., 2010]. The most likely interpretation that
reconciles this discrepancy is that tremor and LFEs represent the slip that occurs on the brittle asperities along
the plate interface, while slow slip events represent the deformation that happens within the aseismic matrix
that surrounds these seismic asperities. A recent study validated this conceptual model for a special case in
Guerrero, Mexico, by demonstrating that bursts of LFE activity with characteristic activity patterns in between
previously identified slow slip are associated with small aseismic slip events hidden under the observational
noise level [Frank et al., 2015a]. In this study, I generalize this model and suppose that all tremor and LFE activ-
ity is coincident with slow aseismic slip. I evaluate this interpretation making use of catalogs of LFEs under
Guerrero, Mexico, and tectonic tremor in the Cascadia subduction zone to analyze GPS position time series
and show that there is intermittent aseismic release in between previously observed slow slip events.

2. Seismic Event Catalogs and Geodetic Data

The first study region is Guerrero, Mexico, where the plate boundary between the subducting Cocos plate
and the overlying North American plate is subhorizontal at 40 km depth for more than 150 km (see Figure 1a)
and provides an ideal region to study slow earthquakes. The principal slow slip cycle in Guerrero results in
the largest slow slip events in the world about every 4 years [Kostoglodov et al., 2010; Radiguet et al., 2012]
and is accompanied by both tremor and LFEs [Payero et al., 2008; Husker et al., 2012; Frank et al., 2013, 2014].
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Figure 1. Decomposed tectonic loading and release velocities recorded by GPS during hidden slow slip in (a) Guerrero,
Mexico, and (b) northern Cascadia. The GPS networks in both regions are shown by the green triangles. The analyzed
low-frequency earthquakes (LFEs) and tectonic tremor are shown in both panels as gray points. The decomposed
surface velocities during LFE (Guerrero) and tremor (Cascadia) activity are indicated by the arrows: blue for release and
red for loading. The expected direction of tectonic release is shown in the white circle. The dotted contours show the
slab geometry [Audet et al., 2010; Kim et al., 2013].
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A recent effort to systematically search for LFEs in Guerrero from 2005 to mid-2007 produced a catalog of more
than 1.8 million LFEs [Frank and Shapiro, 2014; Frank et al., 2014], providing a highly detailed picture of the
seismicity associated with slow slip along the subduction interface. This catalog has been used in a number
of recent studies [Frank et al., 2015b, 2016], including the aforementioned work that used LFEs in Guerrero as
a guide to identify previously missed slow slip events [Frank et al., 2015a]. The geodetic data in Guerrero are
made up of continuous displacement time series on a local GPS network of 12 stations (see Figure 1a) [Cotte
et al., 2009].

The first reports of both deep slow slip and its correlation with tectonic tremor were discovered beneath Van-
couver Island [Dragert et al., 2001; Rogers and Dragert, 2003] in the Cascadia subduction zone, the second
region studied here, where the Juan de Fuca plate plunges to the northeast underneath the North American
plate. Since, there have been a number of studies dealing with both tectonic tremor and LFEs in Cascadia
[e.g., Wech and Creager, 2011; Houston et al., 2011; Royer and Bostock, 2014]. The tremor catalog available
from the Pacific Northwest Seismic Network [Wech, 2010] contains almost 300,000 individual tremors spread
between Northern California and British Columbia between August 2009 and December 2015. This study is
limited, however, to the ∼135,000 tremors that occur north of 45.5∘N to focus on the slow slip that occurs
underneath Vancouver Island and Washington [e.g., Wech et al., 2009; Chapman and Melbourne, 2009]. A dense
regional GPS network composed of 74 GPS stations in northern Washington and British Columbia provides
good coverage of the tremor source region (see Figure 1b).

3. Extracting Slow Slip From the Geodetic Noise
3.1. Defining GPS Motion in Between Known Slow Slip Events
The GPS data analyzed here are the horizontal daily position solution time series xi

c(t) at each GPS station i and
on each component c (north-south and east-west), where t is discretely sampled every day. The daily position
time series are first preprocessed to remove the mean and the best fitting long-term linear trend. I then derive
the GPS position to estimate the daily increment of surface motion, Δxi

c(t), as shown in Figure 2:

Δxi
c(t) = xi

c(t + 1) − xi
c(t). (1)

The time series of displacement increments is extremely noisy, much more so than the position time series.
The advantage, however, of moving from position to daily increments is that unlike position, the displacement
increments can be analyzed in a noncontinuous fashion. In other words, the GPS displacement depends on
previous measurements, whereas the daily increment represents the surface motion during a given day, inde-
pendent of the absolute GPS position. One can therefore take any subset of discrete displacement increments
at a given station and analyze them regardless of any temporal gaps in the data.

To concentrate the analysis on the motion that occurs outside of known slow slip, I first define the interaseis-
mic as the time period between previously geodetically observed large slow slip events (Mw > 6.0), analogous
to the interseismic period between large earthquakes. In this study, the interaseismic period that I analyze
is established as the time coverage of the LFE and tectonic tremor catalogs when no detected slow slip is
observed, as shown in Figure 2a and Figure S1 in the supporting information. In Guerrero I use the two pre-
viously reported slow slip cycles [Radiguet et al., 2012; Frank et al., 2015a]. Because the northern Cascadia
subduction covers a larger geographical region over which slow slip events are known to migrate [Wech et al.,
2009], I allow the time periods associated with slow slip to vary over the subduction zone, identifying slow
slip based on the GPS position time series at each GPS station. The interaseismic displacements increments
at each GPS station and component are then computed via equation (1). Because each incremental displace-
ment represents the motion during a given day regardless of the absolute timestamp of the measurement, I
redefine the absolute time of each datum in sequential order to a relative time scale:

d = [0 .. N], (2)

representing each of the N days within the interaseismic period.

The surface velocity that represents the average motion per day during the interaseismic period can then be
determined by the mean of the interaseismic incremental displacements:

vi
c =

∑N
d=1 Δxi

c(d)
N

. (3)
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Figure 2. Extracting the average velocity during the interaseismic period at IGUA in Guerrero, Mexico. (a) First, the daily
derivative of the GPS position time series (top) provides the daily displacement increment (bottom). Previously observed
slow slip, shown as blue patches, is then removed from the displacement increment time series to form the interaseismic
GPS daily displacement time series shown in Figure 2b. The numbers indicate the interaseismic day d (see text) after
each removed slow slip event. (b) The interaseismic daily displacement increments in black are extremely noisy, and the
estimated average velocity v from the mean (dashed red line) is about equal to the standard error of the mean 𝜎. (c) The
average velocity is instead estimated as the slope of the cumulative sum of the daily displacement increments, as the
signal-to-noise ratio is much higher, and the standard error 𝜎 is 2 orders of magnitude smaller. This is further evidenced
by the estimated linear trend (dashed red line) that explains 98% of the cumulative displacement’s variance.

Figure 2b shows, however, that the signal we want to estimate, vi
c, is orders of magnitude smaller than the

noise. One can, however, increase the signal-to-noise ratio by cumulatively summing the individual daily incre-
ments to compute the total displacement during the interaseismic period, as shown in Figure 2c. In such a way,
the signal of interest buried in the noise will stack constructively while the incoherent noise will disappear as it
sums destructively. Figure 2c shows that a linear regression of this cumulative displacement provides a more
robust estimation of the average velocity than the mean of the individual daily increments (see supporting
information for a more detailed discussion). As shown in Figure S1, the cumulative sum of the interaseismic dis-
placement increments at two example GPS stations in Guerrero and Cascadia indicate a strain accumulation
in the direction of tectonic convergence, as would be expected.

3.2. Decomposing GPS Time Series Into Loading and Release
I hypothesize that there are still intermittent periods of release due to undetected slow slip events within the
interaseismic period and that the interaseismic period can therefore be separated into regimes of tectonic
loading and release. If all periods of release associated with undetected slow slip can be removed from the
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Figure 3. Decomposing the interaseismic deformation in between previously observed slow slip events. Daily seismicity
counts of (a) low-frequency earthquakes in Guerrero, Mexico and (b) tectonic tremors in norther Cascadia used to
decompose the interaseismic period. All days where the seismicity count is below the threshold (dashed black line) are
associated with tectonic loading (red), and all days above the threshold are associated with tectonic release (blue).
Consecutive days of release are considered as a single slow slip event (SSE). As shown by the diagrams between
Figures 3a and 3b and 3c and 3d, days of loading (red) and release (blue) are then sorted into two separate time periods.
Cumulative surface displacements recorded (c) at IGUA in Guerrero and (d) at ALBH in Cascadia before and after
decomposition. The black traces show the total cumulative interaseismic surface deformation; the black trace in
Figure 3c is the same trace shown in Figure 2c. The traces in red show the cumulative GPS displacement during the
loading period, while the traces in blue show the cumulative GPS displacement during the release period. Note that the
displacements during release (in blue) are plotted starting at the end of the decomposed loading period to highlight
that the total duration of loading and release is equal to the duration of the interaseismic period. The arrow diagrams
represent the linearly regressed trends after decomposition.

set of interaseismic displacement increments, then the remaining average motion should represent a faster
tectonic loading than that of the full interaseismic period. Consequently, the average velocity during periods
of release when slow slip is inferred to occur should be in the opposite direction of tectonic convergence.

To test this hypothesis, I decompose the interaseismic daily displacement increments into two groups based
on the cataloged slow seismicity that is quantified by the daily count of tremors or LFEs, C(d), for each of the N
days in the interaseismic period d. I define slow seismicity here as the temporal and spatial distribution of seis-
mic activity associated with slow slip, e.g., LFEs and tectonic tremor. This decomposition process, described
in the following, is shown in Figures 3, S1, and S2. The first group that contains all of the daily displacement
increments that are observed when there is more than a certain number of LFEs or tremors should repre-
sent the release of tectonic strain that I suppose occurs during the cataloged seismicity due to coincident
slow slip. Although the transient slip events that potentially occur during the cataloged slow seismicity might
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have different slip distributions, the average deformation during slow slip should always be in the opposite
direction of tectonic motion as it represents strain release along the plate boundary. The second group con-
tains the remaining interaseismic GPS displacement increments and should reflect the tectonic loading of the
continental plate by the subducting oceanic plate. In Guerrero, a threshold of 5000 LFEs per day across the
entire GPS network is used to focus on the daily displacement increments that are most likely to show tectonic
release. In Cascadia, I do not define a fixed threshold across the entire subduction zone given the migration
of slow slip along strike and instead adapt the threshold at each GPS station in the following manner. I first
extract a subcatalog of tectonic tremor that only contains the events within 1∘ of latitude of the GPS station
as the slow slip associated with tectonic tremor farther away will likely generate a surface displacement too
small to detect. The threshold is then set as half of the median daily count of 5 min tremor time windows (as
defined and identified by Wech [2010]). Once the displacement increments are sorted according to the above
defined slow seismicity thresholds, the two groups of release and loading increments are then resampled to
a relative time scale via equation (2).

While the interaseismic period and its set of daily displacement increments represent the average motion in
between previously observed slow slip events, the two above defined decomposed groups GPS displacement
increments, respectively, represent the average motion during and in between episodes of interaseismic slow
seismicity. As discussed above, a linear regression of the accumulated displacements then yields the average
surface velocity during what should be tectonic release for the first group and tectonic loading for the second.
The errors in estimating the average surface velocities are shown in Figure S3 and discussed in the supporting
information.

4. Results

An example at one GPS station from each study region is shown in Figures 3 and S1 where we see that
the motion during slow seismicity shows a clear release of tectonic stress. Consequently, the daily displace-
ments increments sorted into the loading group exhibit a faster convergent velocity than the average velocity
observed for the full interaseismic period as predicted. I note that the time periods associated with tectonic
release are often not continuous in time (as shown in Figures 3a and 3b), implying that the estimated GPS
release velocity represents a surface velocity averaged over all of the slow slip events that occur during the
release period.

In an attempt to estimate an average surface displacement of the interaseismic slow slip events shown in
Figure 3, one could consider consecutive days of release as a single-slip transient. In this case, the GPS displace-
ment decomposition detects 25 slow slip events over 2.5 years at IGUA in Guerrero and 94 slow slip events
over 5.5 years at ALBH in northern Cascadia. Using the total cumulative release displacements in Figures 3c
and 3d, the average surface displacement for the detected slow slip events would be ∼0.4 mm in Guerrero
and ∼0.6 mm in Cascadia. These displacements are quite uncertain given a number of factors, such as the
observational GPS error or that these detections most likely do not include the smallest transient slip events
that are expected to occur if the magnitude-frequency distribution of slow slip follows a power law [Wech
et al., 2010]. Regardless of the uncertainties, the average surface displacement produced by the these inter-
mittent release events are well under the geodetic noise level of ∼1–3 mm and most likely would not have
been identified otherwise.

I plot in Figure 1 the average loading and release GPS velocities estimated from the linear regressions of the
decomposed cumulative displacements for every analyzed GPS station in both regions. Although there is
some significant scatter in the observed velocities in Guerrero, nine out of 12 GPS stations exhibit motion
whose direction is more than 90∘ from the direction of tectonic convergence and is interpreted as release.
This scatter is most likely due to the larger observational noise in Guerrero, as seen in Figure S4. The strong
east-west motion that flips from east to west moving north from DOAR to MEZC is most likely explained by the
recently reported sinistral strike-slip motion along the La Venta fault [Gaidzik et al., 2016]. I note that the two
closest stations to the LFE sources (MEZC and IGUA), where one would expect the strongest motion associ-
ated with slow slip, exhibit the largest release velocities. In northern Cascadia, there is an extremely coherent
distribution of motion during tremor activity with a large majority of the 74 GPS stations showing motion
toward the southwest, the direction of tectonic release. It is not surprising to see that the GPS stations close
to the Mount St. Helens volcano, who are more likely to be more sensitive to volcanic processes than tectonic
motion, produce erratic surface velocities. That the surface velocities at Mount St. Helens that are incoherent
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Figure 4. Stripping away the different cycles of slow slip to approach 100% plate coupling. (a) The colored lines and
arrows, respectively, represent the smoothed cumulative surface displacements and average loading velocities
estimated from the (b) GPS displacements recorded at IGUA in Guerrero, Mexico for different time scales of slow slip.
Black trace: from 1 January 2005 to 15 April 2007 (the time coverage of the LFE catalog). Blue trace: same time period as
black, but without the time window of the 2006 Mw 7.5 slow slip event [Radiguet et al., 2011], shown as the blue patch
in Figure 4b. Green trace: same time period as blue but without the time windows of the small 90 day slow slip events
[Frank et al., 2015a] indicated by the green patches in Figure 4b. Red trace: the decomposed cumulative loading
displacement computed in this study (red trace in Figure 3a). The dashed arrow in Figure 4a represents the maximum
theoretical loading rate at IGUA if the subduction interface was 100% coupled in both the seismogenic zone and the
slow earthquake source region [Savage, 1983]. The numbers indicate the surface velocity in centimeters per year.

with the rest of the GPS network also demonstrate that the average surface velocities measured here do not
reflect any regionally coherent geodetic noise, such as atmospheric perturbations or other common modes,
that can exist in the GPS data. I note that there are a few stations, such as NEAH, that produce average release
velocities in the direction of tectonic motion, but as discussed further in the supporting information, these
stations mostly located close to the coast have higher levels of observational noise during the winter months
most likely linked to storms. In both regions, the observed loading velocities reproduce well the direction of
tectonic convergence.

5. Discussion and Conclusions

The coherent motion during LFE and tremor activity that reflects tectonic release across GPS networks in both
Guerrero and northern Cascadia strongly suggests that there are many small episodes of transient aseismic
slip hidden within the observational noise. This implies that one “cycle” of slow slip in a given plate segment,
such as the well-known 10–14 month cycle in northern Cascadia, is not sufficient to explain the variety of time
scales of transient aseismic release observed both here and in other studies [Hirose and Obara, 2005; Frank
et al., 2015a]. I therefore suggest that just as the interseismic period of the seismic cycle is never completely
quiescent and is punctuated by relatively smaller seismic events, the interaseismic loading period between
large slow slip events is also interrupted by smaller transient aseismic release events.

To determine the impact of the “hidden” slow slip reported here on the estimation of plate coupling, I con-
sider in Figure 4 the evolution of the loading rate as a function of the different cycles of slow slip in Guerrero,
Mexico [Kostoglodov et al., 2010; Frank et al., 2015a]. Given the different time scales of slow slip in Guerrero
(every 4 years, every 90 days, and the hidden events identified here), I define four different times periods: (i) 1
January 2005 to 15 April 2007 (the time coverage of the analyzed LFE catalog), (ii) the same time period as (i)
but removing the time window associated with the large 2006 Mw 7.5 slow slip event [Radiguet et al., 2011],
(iii) the same time period as (ii) but removing the time windows associated with the seven smaller 90 day slow
slip events [Frank et al., 2015a], and (iv) the same time period as (iii) but removing the days associated with
release as defined in section 3.2 and shown in Figure 3. I then estimate the average loading rate for each of the
different time periods at IGUA, the GPS station situated directly above the largest concentration of cataloged
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LFE activity (Figure 1) that has been shown to be sensitive to slow slip all along the plate boundary [Radiguet
et al., 2011, 2012; Frank et al., 2015a].

The observed loading rates in Figure 4 show that as we consider the time periods between smaller and smaller
slow slip events, we arrive at a coupling of 80%, approaching the theoretical loading rate at IGUA predicted
by 100% elastic coupling along the plate interface in both the seismogenic zone and the slow earthquake
source region [Savage, 1983; DeMets et al., 2010]. One can imagine that once all transient slip is identified, the
estimated loading rate will be equal to the theoretical rate. If slow slip does obey a power law distribution as
previously suggested [Wech et al., 2010], the smallest slow slip events that escape detection could explain the
20% coupling that is still missing in Figure 4. This result shows that where slow slip, tremor, and LFEs occur, the
plate boundary is in fact strongly coupled and that this coupling is broken by intermittent episodes of tran-
sient aseismic slip. I therefore suggest that the observed geodetic coupling reported along plate boundaries
is biased by slow slip hidden within the noise and is systematically underestimated [Chapman and Melbourne,
2009; Radiguet et al., 2012].

The coupling at plate boundaries has an ambiguous physical mechanism as values of coupling less than 100%
can be justified either by geometrical heterogeneities along the interface that freely slip and consequently
do not accumulate stress or that the loading is interrupted by undetected periods of release [Wech et al.,
2009; Radiguet et al., 2012]. As shown in Figure 4, the results reported here support the latter interpretation
and suggest that estimates of plate coupling strongly depend on the time scale used to estimate the loading
rate. This conclusion therefore implies that future numerical models should not rely on a temporally fixed
geometrical fault coupling with aseismic rheologies that freely slip.

Finally, I infer from these results that we currently only observe and study a small portion of the full spec-
trum of transient aseismic slip that occurs. As shown here, along with previous work [Frank et al., 2015a], new
observations of aseismic slip are possible with existing data sets when seismological information is exploited.
Such interdisciplinary investigations with different data sets will most likely continue to yield results that go
beyond what is possible with only one type of data.

References
Aguiar, A. C., T. I. Melbourne, and C. W. Scrivner (2009), Moment release rate of Cascadia tremor constrained by GPS, J. Geophys. Res., 114,

B00A05, doi:10.1029/2008JB005909.
Audet, P., M. G. Bostock, D. C. Boyarko, M. R. Brudzinski, and R. M. Allen (2010), Slab morphology in the Cascadia fore arc and its relation to

episodic tremor and slip, J. Geophys. Res., 115, B00A16, doi:10.1029/2008JB006053.
Chapman, J. S., and T. I. Melbourne (2009), Future Cascadia megathrust rupture delineated by episodic tremor and slip, Geophys. Res. Lett.,

36, L22301, doi:10.1029/2009GL040465.
Cotte, N., A. Walpersdorf, V. Kostoglodov, M. Vergnolle, J.-A. Santiago, and M. Campillo (2009), Anticipating the next large silent earthquake

in Mexico, Eos Trans. AGU, 90(21), 181–182, doi:10.1029/2009EO210002.
DeMets, C., R. G. Gordon, and D. F. Argus (2010), Geologically current plate motions, Geophys. J. Int., 181(1), 1–80.
Dragert, H., K. Wang, and T. S. James (2001), A silent slip event on the deeper Cascadia subduction interface, Science, 292, 1525–1528.
Frank, W. B., N. M. Shapiro, V. Kostoglodov, A. L. Husker, M. Campillo, J. S. Payero, and G. A. Prieto (2013), Low-frequency earthquakes in the

Mexican Sweet Spot, Geophys. Res. Lett., 40, 2661–2666, doi:10.1002/grl.50561.
Frank, W. B., and N. M. Shapiro (2014), Automatic detection of low-frequency earthquakes (LFEs) based on a beamformed network response,

Geophys. J. Int., 197(2), 1215–1223.
Frank, W. B., N. M. Shapiro, A. L. Husker, V. Kostoglodov, A. Romanenko, and M. Campillo (2014), Using systematically characterized

low-frequency earthquakes as a fault probe in Guerrero, Mexico, J. Geophys. Res. Solid Earth, 119, 7686–7700, doi:10.1002/2014JB011457.
Frank, W. B., M. Radiguet, B. Rousset, N. M. Shapiro, A. L. Husker, V. Kostoglodov, N. Cotte, and M. Campillo (2015a), Uncovering the geodetic

signature of silent slip through repeating earthquakes, Geophys. Res. Lett., 42, 2774–2779, doi:10.1002/2015GL063685.
Frank, W. B., N. M. Shapiro, A. L. Husker, V. Kostoglodov, H. S. Bhat, and M. Campillo (2015b), Along-fault pore-pressure evolution during a

slow-slip event in Guerrero, Mexico, Earth Planet. Sci. Lett., 413, 135–143.
Frank, W. B., N. M. Shapiro, A. L. Husker, V. Kostoglodov, A. A. Gusev, and M. Campillo (2016), The evolving interaction of low-frequency

earthquakes during transient slip, Sci. Adv., 2, e1501616, doi:10.1126/sciadv.1501616.
Gaidzik, K., M. T. Ramírez-Herrera, and V. Kostoglodov (2016), Active crustal faults in the forearc region, Guerrero sector of the Mexican

subduction zone, Pure Appl. Geophys.,1–25, doi:10.1007/s00024-015-1213-8.
Guilhem, A., and R. M. Nadeau (2012), Episodic tremors and deep slow-slip events in Central California, Earth Planet. Sci. Lett., 357, 1–10.
Hirose, H., and K. Obara (2005), Repeating short-and long-term slow slip events with deep tremor activity around the Bungo channel region,

southwest Japan, Earth Planets Space, 57(10), 961–972.
Houston, H., B. G. Delbridge, A. G. Wech, and K. C. Creager (2011), Rapid tremor reversals in Cascadia generated by a weakened plate

interface, Nat. Geosci., 4(6), 404–409.
Husker, A. L., V. Kostoglodov, V. M. Cruz-Atienza, D. Legrand, N. M. Shapiro, J. S. Payero, M. Campillo, and E. Huesca-Pérez (2012), Temporal

variations of non-volcanic tremor (NVT) locations in the Mexican subduction zone: Finding the NVT sweet spot, Geochem. Geophys.
Geosyst., 13, Q03011, doi:10.1029/2011GC003916.

Kao, H., S.-J. Shan, H. Dragert, and G. Rogers (2009), Northern Cascadia episodic tremor and slip: A decade of tremor observations from 1997
to 2007, J. Geophys. Res., 114, B00A12, doi:10.1029/2008JB006046.

Acknowledgments
I thank Nathalie Cotte for providing
the Guerrero GPS time series. The
Cascadia GPS time series was obtained
through UNAVCO with support from
the National Science Foundation (NSF)
and National Aeronautics and Space
Administration under NSF Cooperative
Agreement EAR-0735156. I am grateful
to everyone who participates in the
maintenance of the GPS network
in Guerrero, including Vladimir
Kostoglodov and José Antonio
Santiago. I also thank Michel Campillo,
Germán Prieto, Nikolaï Shapiro,
Vladimir Kostoglodov, Mathilde
Radiguet, Aurélien Mordret, and Piero
Poli for discussions that improved this
manuscript. W.B.F. was supported by
NSF grant EAR-PF 1452375. The data
used are available upon request to
W.B.F.

FRANK SLOW SLIP HIDDEN IN THE NOISE 8

http://dx.doi.org/10.1029/2008JB005909
http://dx.doi.org/10.1029/2008JB006053
http://dx.doi.org/10.1029/2009GL040465
http://dx.doi.org/10.1029/2009EO210002
http://dx.doi.org/10.1002/grl.50561
http://dx.doi.org/10.1002/2014JB011457
http://dx.doi.org/10.1002/2015GL063685
http://dx.doi.org/10.1126/sciadv.1501616
http://dx.doi.org/10.1007/s00024-015-1213-8
http://dx.doi.org/10.1029/2011GC003916
http://dx.doi.org/10.1029/2008JB006046


Geophysical Research Letters 10.1002/2016GL069537

Kim, Y., R. W. Clayton, P. D. Asimow, and J. M. Jackson (2013), Generation of talc in the mantle wedge and its role in subduction dynamics in
central Mexico, Earth Planet. Sci. Lett., 384, 81–87.

Kostoglodov, V., A. L. Husker, N. M. Shapiro, J. S. Payero, M. Campillo, N. Cotte, and R. W. Clayton (2010), The 2006 slow slip event and
nonvolcanic tremor in the Mexican subduction zone, Geophys. Res. Lett., 37, L24301, doi:10.1029/2010GL045424.

Obara, K. (2002), Nonvolcanic deep tremor associated with subduction in southwest Japan, Science, 296, 1679–1681.
Obara, K., H. Hirose, F. Yamamizu, and K. Kasahara (2004), Episodic slow slip events accompanied by non-volcanic tremors in southwest

Japan subduction zone, Geophys. Res. Lett, 31, L23602, doi:10.1029/2004GL020848.
Payero, J. S., V. Kostoglodov, N. Shapiro, T. Mikumo, A. Iglesias, X. Pérez-Campos, and R. W. Clayton (2008), Nonvolcanic tremor observed in

the Mexican subduction zone, Geophys. Res. Lett., 35, L07305, doi:10.1029/2007GL032877.
Radiguet, M., F. Cotton, M. Vergnolle, M. Campillo, B. Valette, V. Kostoglodov, and N. Cotte (2011), Spatial and temporal evolution of a long

term slow slip event: The 2006 Guerrero Slow Slip Event, Geophys. J. Int., 184(2), 816–828.
Radiguet, M., F. Cotton, M. Vergnolle, M. Campillo, A. Walpersdorf, N. Cotte, and V. Kostoglodov (2012), Slow slip events and strain

accumulation in the Guerrero gap, Mexico, J. Geophys. Res., 117, B04305, doi:10.1029/2011JB008801.
Rogers, G., and H. Dragert (2003), Episodic tremor and slip on the Cascadia subduction zone: The chatter of silent slip, Science, 300(5627),

1942–1943.
Royer, A., and M. Bostock (2014), A comparative study of low frequency earthquake templates in northern Cascadia, Earth Planet. Sci. Lett.,

402, 247–256.
Savage, J. (1983), A dislocation model of strain accumulation and release at a subduction zone, J. Geophys. Res., 88(B6), 4984–4996.
Shelly, D. R., G. C. Beroza, and S. Ide (2007), Non-volcanic tremor and low-frequency earthquake swarms, Nature, 446, 305–307.
Shelly, D. R., Z. Peng, D. P. Hill, and C. Aiken (2011), Triggered creep as a possible mechanism for delayed dynamic triggering of tremor and

earthquakes, Nature Geosci., 4(6), 384–388.
Wech, A. G. (2010), Interactive tremor monitoring, Seismol. Res. Lett., 81(4), 664–669.
Wech, A. G., and K. C. Creager (2011), A continuum of stress, strength and slip in the Cascadia subduction zone, Nat. Geosci., 4, 624–628.
Wech, A. G., K. C. Creager, and T. I. Melbourne (2009), Seismic and geodetic constraints on Cascadia slow slip, J. Geophys. Res., 114, B10316,

doi:10.1029/2008JB006090.
Wech, A. G., K. C. Creager, H. Houston, and J. E. Vidale (2010), An earthquake-like magnitude-frequency distribution of slow slip in northern

Cascadia, Geophys. Res. Lett., 37, L22310, doi:10.1029/2010GL044881.
Wu, C., R. Guyer, D. Shelly, D. Trugman, W. Frank, J. Gomberg, and P. Johnson (2015), Spatial-temporal variation of low-frequency earthquake

bursts near Parkfield, California, Geophys. J. Int., 202(2), 914–919.

FRANK SLOW SLIP HIDDEN IN THE NOISE 9

http://dx.doi.org/10.1029/2010GL045424
http://dx.doi.org/10.1029/2004GL020848
http://dx.doi.org/10.1029/2007GL032877
http://dx.doi.org/10.1029/2011JB008801
http://dx.doi.org/10.1029/2008JB006090
http://dx.doi.org/10.1029/2010GL044881

	Abstract
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


