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Current national seismic hazard models for Cascadia use the zone of episodic tremor and slip (ETS) 
to denote the lower boundary of the seismogenic zone. Recent numerical models have suggested 
that an appreciable amount of long-term strain may accumulate at the depth of ETS and questions 
this assumption. We use uplift rates from leveling campaigns spanning approximately 50–70 yrs in 
Washington and Oregon to investigate the amount of potential long-term locking near the ETS zone. We 
evaluate the potential for deeper locking in Cascadia by exploring a range of locking parameters along 
the subduction zone, including the ETS zone. Of the four east–west leveling profiles studied, three show 
a reduction in the misfit when secondary locking near the ETS zone is included; however the reduction 
in misfit values is only statistically significant for one profile. This would suggest that models including 
a small amount of secondary locking are broadly indistinguishable from models without any secondary 
locking. If secondary locking is considered, the leveling data allow for locking up to ∼20% of the plate 
rate near the updip edge of the ETS zone. These results are consistent with, but less resolved, by GPS 
observations.

© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Cascadia subduction zone poses a significant seismic haz-
ard to the Pacific Northwest due to the potential of a megathrust 
earthquake (Atwater, 1987; Goldfinger et al., 2003). Geodetic and 
thermal data suggest that strain is actively accumulating along the 
plate boundary (Hyndman and Wang, 1995). Seismic hazard maps 
that quantify the expected strong motion from a megathrust event 
are constructed from a logic tree of rupture scenarios. One branch 
of these rupture scenarios implicitly assumes that seismic rupture 
will not extend into the zone of episodic tremor and slip (ETS) 
(Peterson et al., 2014). Considering the importance that this as-
sumption has on the seismic hazard, we explore the potential for 
long-term strain accumulation near the ETS zone.

In Cascadia, ETS events represent the transient release of accu-
mulated strain along the plate interface downdip from the seismo-
genically locked zone at 25–45 km depth. These ∼Mw 6 ETS events 
last approximately 10–20 days and have recurrence intervals of 
11–22 months (Dragert et al., 2001; Rogers and Dragert, 2003;
Brudzinski and Allen, 2007; Schmidt and Gao, 2010). The existence 
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of ETS demonstrates that the subducting and overriding plates are 
capable of storing strain at this depth for months to years, and 
perhaps longer. The limited resolution of slip on the deep part of 
the plate interface leaves considerable uncertainty as to whether 
any strain might accumulate over multiple ETS cycles near the 
ETS zone, thereby potentially elevating the seismic hazard by in-
creasing the down-dip limit of the seismogenic locked zone and 
extending the rupture zone inland toward large population cen-
ters.

Geodetic inversions of major slow slip events (SSEs) in north-
west Washington from 1997–2008 reveal that only 50–60% of 
the long-term strain accumulation is released at 25–45 km depth 
(Chapman and Melbourne, 2009; Schmidt and Gao, 2010). Smaller 
SSEs, which are difficult to resolve geodetically, may account for 
the remaining slip deficit within the ETS zone. Based on tremor 
that accompanies slow slip, Wech et al. (2009) inferred that up to 
45% of the strain budget might be attributed to background ac-
tivity in the inter-ETS interval. This would suggest that nearly the 
entire strain budget that is accumulated around the plate bound-
ary within the depth interval of ∼25–45 km is released in ETS 
activity. In contrast, rate-and-state numerical models of SSEs have 
predicted that a sizable portion (∼30–50%) of the slip deficit re-
mains after multiple events (Segall et al., 2010; Colella et al., 2013).

In this work, we investigate the presence of elastic strain that 
is accumulated within the depth range of 25–45 km on the plate 
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Vertical and horizontal velocities in Cascadia used in this study. Colored dots 
represent absolute uplift rates from the four east–west trending leveling profiles. 
Black arrows represent horizontal velocities from permanent and campaign GPS 
measurements. GPS velocities are relative to North America and have been corrected 
for the Oregon block rotation. Error ellipses are 95% confidence. Red contour lines 
are depths of the subducting Juan de Fuca plate beneath North America from Mc-
Crory et al. (2004). Grey arrows indicate the Juan de Fuca to fore-arc convergence 
rates. (For interpretation of the references to color in this figure legend, the reader 
is referred to the web version of this article.)

boundary and released during a typical megathrust cycle through 
the optimization of locking parameters. Although the kinematic be-
havior of ETS has predominately been characterized using geodetic 
(i.e. GPS and strain gauges) and seismic measurements (i.e. tremor) 
from the last 1–2 decades, historical leveling and tide gauge data, 
which extend back nearly 8 decades, provide a means to sup-
plement and extend these recent observations to gain a better 
understanding of long-term deformation in the ETS zone. When 
tied to an absolute reference frame with tide gauge data, level-
ing data provide precise uplift measurements with uncertainties 
significantly lower than current vertical GPS measurements. Our 
findings suggest that the long term accumulated strain is less than 
predicted by some numerical models, but the data do allow for 
a small portion of the slip budget to be stored over multiple ETS 
cycles.

2. Data and methodology

For this study, the vertical displacements of four east–west 
leveling profiles along Cascadia are analyzed: three in Oregon 
(Burgette et al., 2009), and one in northern Washington repro-
cessed with a similar methodology (Fig. 1; Supplementary Text 
S1). Relative uplift rates are derived from National Geodetic Sur-
vey (NGS) first- and second-order leveling surveys along highways 
in western Oregon and Washington, spanning a time-scale from 
the early 1930s to the late 1980s. Burgette et al. (2009) estimated 
up to 80 years worth of uplift rates along the surveys in Cascadia 
by making secondary ties to benchmarks, correcting for sea level 
rise rates, and improving the data processing.

Each leveling profile is tied to benchmarks at tide gauge sta-
tions. After accounting for regional sea level rise, the tide gauge 
uplift rates are used to provide an absolute reference frame to 
the relative uplift rates from the leveling profiles. This, along with 
additional processing methods, helps to significantly reduce the 
standard error of benchmark uplift rates to ∼0.3 mm a−1 along 
the coast, with the error increasing to the east away from the tide 
gauge benchmarks to ∼1 mm a−1. Refer to Burgette et al. (2009)
and the supplement for the complete details of the processing pro-
cedure. We have greater trust in data points with higher uplift 
rates, since individual benchmarks tend to subside over time and 
can be biased downward. However, all reported data are used in 
our analysis.

To complement the leveling results we also include an analysis 
of GPS displacements near the leveling profiles. Due to higher un-
certainties and scatter in the vertical component of GPS compared 
to our leveling data set, we choose to only use the horizontal GPS 
components. We use network site velocities in Cascadia from con-
tinuous and campaign GPS observations compiled, analyzed, and 
made available by McCaffrey et al. (2013), which includes data 
from the Plate Boundary Observatory, Pacific Northwest Geodetic 
Array, Western Canada Deformation Array, National Geodetic Sur-
vey Continuously Operating Reference Sites, and several others. The 
velocities are restricted to sites with at least five years of data, and 
are spatially binned to coincide with the leveling profiles. Sites 
near major volcanic centers are removed. The rotation of Oregon 
and southern Washington is removed using the pole and rate of 
rotation derived by McCaffrey et al. (2013). The north and east 
oriented velocity vectors are rotated into convergence normal and 
convergence parallel components. This allows us to focus on the 
convergence parallel component, where the maximum deformation 
signal is observed.

Time-dependent deformation along the fault since the last ma-
jor rupture (i.e. viscous relaxation of the lower crust or upper 
mantle) could affect the GPS and leveling data differently. Consid-
ering our model assumes an isotropic elastic medium, we do not 
explore how the deformation might evolve with time. Due to the 
difference in averaging intervals and the relative difficulty of re-
solving the expected signal due to secondary locking in horizontal 
displacements (Fig. 2) the leveling and GPS datasets are analyzed 
individually.

To model the subduction zone, a backslip method is used to es-
timate the slip deficit on the subduction interface (Savage et al., 
2000). The convergence rate is calculated using the Juan de Fuca–
Oregon forearc Euler pole of Wells and Simpson (2001) for the 
Oregon profiles and the Juan de Fuca–North America pole of Maz-
zotti et al. (2007) for the Washington profile. The Juan de Fuca slab 
interface is modeled by discretizing the depth contours of McCrory 
et al. (2004) into triangular subfault patches. Surface deformation 
is estimated using an isotropic elastic half space with a Poisson’s 
ratio of 0.25 and a shear modulus of 40 GPa. Green’s functions are 
calculated using the boundary element program Poly3D (Thomas, 
1993). Slip is ascribed using a combination of dip-slip and strike-
slip motion to account for oblique convergence of the Juan de Fuca 
plate with North America. The slip deficit along the plate inter-
face is prescribed by four free parameters: the down-dip extent of 
the primary seismogenic zone (locked zone), the down-dip extent 
of the transition zone, and a zone of partial locking near the ETS 
zone (also referred to as the zone of secondary locking) where the 
location and magnitude of the locking are allowed to vary sepa-
rately.

The slip deficit rate in the seismogenically locked zone is as-
sumed to be the full convergence rate and fully locked to the 
trench. Although this assumption may not hold true, our model re-
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Fig. 2. Expected displacement rates in central Oregon for vertical and convergence 
parallel deformation. Solid lines and dashed lines depict the expected velocities 
with and without including partial locking near the ETS zone, respectively. The 
depth of the locked and transitions zones are the same. The model including locking 
has 15% locking at a depth of 33 km. The expected signal in the vertical component 
is more distinctive than that expressed in the horizontal component of surface ve-
locity.

sults are insensitive to the extent of locking near the trench given 
that all of our observations are onshore. In the transition zone, the 
slip deficit rate decays exponentially from the full convergence rate 
to zero as described by Wang et al. (2003). We parameterize the 
slip deficit function near the ETS zone as a Gaussian distribution of 
partial locking with a 1-sigma along-dip width of 2 km. The mag-
nitude of coupling and the location of the peak of the Gaussian 
are allowed to vary. This distribution of strain accumulation was 
chosen to correspond with the general shape of observed tremor 
density (Wech and Creager, 2011). A sensitivity analysis revealed 
that the model results for depth and magnitude of the secondary 
coupling are relatively insensitive to the prescribed shape (i.e. tri-
angular, Gaussian, or boxcar).

An iterative procedure is run to explore the full model param-
eter space. We consider locked zone depths ranging from 5 to 
25 km, transition zone depths of 10–40 km, peak ETS zone lock-
ing depths of 25–40 km, and peak ETS zone locking of 0–40%. We 
forward predict the surface displacements and evaluate the good-
ness of fit by calculating the weighted root mean square (WRMS) 
using the data uncertainties for each iteration of the model pa-
rameters (Fig. 3). Misfit plots show the WRMS as a function of the 
model parameters (Fig. 4). Given that a range of model parame-
ters produce a low WRMS, we use a t-test and consider all models 
within a 70% confidence interval from the model that produces the 
minimum WRMS to be statistically indistinguishable. Additionally, 
we consider models that both include and exclude a zone of sec-
ondary locking; an F-test is used to evaluate whether the increase 
in model parameters provides a statistically significant improve-
ment in the WRMS values.

The WRMS approach assumes that the leveling data is com-
posed of independent observations. However, leveling data is 
known to contain spatially correlated errors that propagate along 
leveling lines. To compare the effects of different error mod-
els, we also use the approach described in Pollitz et al. (1998)
where the covariance matrix is formulated as a combination of 
measurement and non-measurement error. Measurement error 
is correlated and dependent on the distance between neighbor-
ing benchmarks, while non-measurement errors are uncorrelated 
and can come from many different sources (e.g. soil compaction) 
(Amoruso and Crescentini, 2007). The measurement error is ac-
counted for using the method of Arnadottir et al. (1992) where 
the covariance matrix is of a form that treats the differences of the 
benchmark-to-benchmark heights as being measured directly. This 
allows for the data to be treated as independent and uncorrelated. 
This approach strongly weights spatially clustered benchmarks and 
is particularly sensitive to steep localized gradients in the uplift 
profile. To account for the non-measurement error, Pollitz et al.
(1998) include an additional general error term of 0.5 mm/yr that 
is meant to account for the long-period noise levels found in ver-
tical measurements, as described by Wyatt (1989). From this, we 
construct a covariance matrix that includes off-diagonal terms in 
the weighting matrix. The results of these two error model ap-
proaches are compared in the following section.

3. Results

3.1. Leveling analysis

The Neah Bay, Astoria, and Newport profiles all exhibit a reduc-
tion in the WRMS when a secondary locked zone is included near 
the ETS zone. However, the Newport profile is the only one that 
provides a statistically significant improvement in WRMS values. 
The leveling data extending from Bandon, Oregon is the only pro-
file that is best fit without secondary locking. Based on the 70% 
confidence interval limit for acceptable models described in the 
methods section, acceptable models show a maximum secondary 
locking in the range of 10–20% (Fig. 4).

The best-fit models for the Neah Bay profile have a peak lock-
ing of ∼5% located at 33–35 km depth (Figs. 3 and 4). The eastern 
side of the northern Washington leveling profile has a gap where 
it crosses Puget Sound. The points directly west of the Puget Sound 
gap (longitude of ∼−123) show a subtle leveling-off of uplift rates, 
which diverges from the linear eastward trend in decreasing up-
lift rates observed in the western portion of the profile. A model 
that includes locking in the ETS zone better fits these points on 
the western edge of Puget Sound, but the lack of data within the 
Sound makes quantifying the precise magnitude of the locking dif-
ficult.

The best-fit models for Astoria have a peak secondary locking 
of 5–15% located at 28–33 km depth. The high uplift values at 
∼123.2 degrees are under-fit by these models because of the sig-
nificantly more abundant data points on the western end of the 
profile (Figs. 3 and 4). We can improve the fit of the data on the 
eastern end of the profile by manually shifting the peak of the cou-
pling in the ETS zone to 34 km depth and increasing the locking to 
20% at a cost of ∼9% increase in the overall WRMS for the entire 
dataset.

The Newport profile is statistically better fit when locking near 
the ETS zone is included, as indicated by an F-test. The secondary 
uplift is very distinct, and the relatively more dense data sampling 
on the eastern end of the profile compared to other profiles allows 
us to better constrain the locking near the ETS zone. The dimin-
ished coastal uplift suggests that the locked zone is far offshore, or 
is only partially locked. This leads to uncertainty in the amount of 
locking in the primary locked zone, as evidenced by the relatively 
broad misfit field in Fig. 4. Deceasing the locking in the seismo-
genically locked zone to 50% would extend the locked zone to a 
depth of 16 km and would be accompanied by a similar transi-
tion zone depth of 30 km. Regardless of how locking is assigned 
in the primary locked zone, the secondary uplift signature is still 
best fit with secondary locking at approximately 32–35 km depth 
with 15–25% locking.
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Fig. 3. Observed and modeled uplift rates along Cascadia. Red and blue lines indicate the best-fit modeled uplift rates at each leveling benchmark with and without including 
locking near the ETS zone respectively. Error bars are one sigma. Grey lines are the average topography in the region of the leveling profiles. Pink shaded regions indicate 
the longitudinal distribution of tremor along the leveling profiles. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.)
The Bandon profile is best fit with little to no locking near the 
ETS zone. However, the eastern most extent of the Bandon pro-
file ends in the region where the secondary uplift is observed in 
the other two Oregon profiles. The easternmost points on the pro-
file show an increasing uplift trend. Since these few points have 
a minimal impact on the overall fit of the profile, the optimized 
parameters do not adequately fit these eastern points. When a for-
ward model is forced to fit the eastern most points, the results 
indicate secondary locking at 28–32 km depth with 5–10% locking, 
although this leads to some systematic misfits of the data directly 
west of the secondary uplift. This procedure raises the WRMS by 
∼9% compared to the optimal model with no coupling. Alterna-
tively, increasing the locking gradient of the transition zone can 
better fit the eastern data without adversely affecting the fit of the 
western data. While models with steep transition zones result in 
similar locked zone and secondary locking depths, the transition 
zone extends significantly deeper to ∼30–35 km.

The results using the full covariance matrix (Table S1 and 
Fig. S1) provide a close match with the results assuming inde-
pendent data for each benchmark. We find that the differences 
between the two sets of model results are insignificant at the 90% 
confidence interval for all of the profiles except Bandon. The Asto-
ria profile has the largest difference in optimal secondary locking 
values, with an increase of 15% when using the full covariance ma-
trix. Additionally, the best-fit locked and transition zone depths 
for Astoria are likely physically unrealistic, with both being located 
at 21 km. This method works well for leveling profiles that have 
approximately evenly spaced benchmarks such as the Neah Bay 
and Newport profiles. However, the Astoria and Bandon profiles 
have many closely spaced benchmarks near the coast and rela-
tively few distantly spaced benchmarks extending inland, which 
results in a much lower weighting of the eastern most data where 
the largest signal from the secondary locking would be expected. 
Thus the heterogeneous sampling along the Astoria profile may ex-
plain why the results differ between the two weighting schemes. 
The optimization using the full covariance is also more sensitive to 
outliers that create steep gradients in the uplift profile. All of the 
Cascadia profiles contain outliers that are likely due to localized 
non-tectonic subsidence, which affect the overall fit to varying de-
grees depending on the location of the neighboring benchmarks. 
Although this approach better accounts for the correlated nature 
of leveling data and is suitable for profiles such as Neah Bay and 
Newport, we have found that it may not be appropriate for char-
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Fig. 4. Weighted root mean square (WRMS) misfit plotted as a function of model parameters for all four leveling profiles. (a) Depths of the locked zone and transition zone. 
White areas fall outside of the modeled parameter space. (b) Depth and magnitude of coupling near the ETS zone. White diamonds mark the optimal fit (lowest WRMS). The 
white squares on the Bandon plots represent the preferred fit to eastern most leveling benchmarks. Magenta diamonds in the upper panels mark the optimal fit of models 
without secondary locking. Acceptable models fall within the white contours, which encircle model parameters within the 70% confidence level of the minimum WRMS. (For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Table 1
Optimal model fits of the leveling data with and without including locking near the 
ETS zone.

Leveling results Neah Bay Astoria Newport Bandona

No locking in ETS zone
Locked zone depth (km) 16.5 17 5b 10.5
Transition zone depth (km) 35.5 26.5 30 18
WRMS (mm/yr) 0.85 1.02 0.7 0.57

Including locking in ETS zone
Locked zone depth (km) 17 19 9.5 10.5
Transition zone depth (km) 35 23.5 28.5 19
Optimal ETS zone locking (%) 4 12 17 5
Depthc of ETS zone locking (km) 33 27 31.5 29.5
WRMS (mm/yr) 0.8 0.96 0.41 0.62

Statistically significantd (90%) No No Yes NA

a The Bandon profile is better fit with no secondary locking. The secondary lock-
ing values are included to show that 5% secondary locking provides a statistically 
similar fit.

b Results are at the edge of the modeled parameter space.
c Midpoint depth of Gaussian slip distribution.
d Statistical significance is calculated using an F-test.

acterizing the secondary locking in the Astoria and Bandon profiles 
(see Table 1).

3.2. GPS analysis

The subtle change in the horizontal surface deformation due to 
a secondary locked zone makes detection difficult with current GPS 
data, when considering the signal-to-noise (Fig. 2). As can be seen 
with the Neah Bay profile in particular, a model containing a mod-
erate (∼10–15%) amount of coupling near the ETS zone does not 
provide a significantly different fit to the data (Table S2). For all the 
profiles, except Newport, the GPS results have a shallower seismo-
genically locked zone than the leveling results. This could, in part, 
be due to the fact that the GPS and leveling data are averaged over 
different time intervals, and are thus disproportionately affected by 
viscoelastic effects. The best-fit Newport and Bandon profiles have 
especially shallow locked zones, although models that have deeper 
locked zones and shallower transition zones can adequately fit the 
data as well (Figs. S2 and S3). The relatively short averaging inter-
val of the GPS data, which covers a limited number of ETS cycles, 
might also affect the modeled long-term coupling in the ETS zone. 
For example, if a site velocity is derived using an averaging interval 
of 6 years and the ETS cycle is ∼18 months the modeled results 
could show up to a 40% long-term strain accumulation in the ETS 
zone even if there is no long-term strain in that region. This likely 
explains why some GPS profiles have higher coupling ratios near 
the ETS zone compared to the leveling results. The location of the 
modeled peak coupling tends to match fairly well with the level-
ing results, although the coupling in the Neah Bay profile is best 
fit a few kilometers farther updip.

4. Discussion

We find supportive evidence for secondary locking along the 
Newport leveling profile. While the leveling profile near Bandon 
shows a small increase in WRMS values when secondary lock-
ing is included, the profiles near Neah Bay and Astoria show an 
overall improvement with the addition of secondary locking. For 
these three profiles, models with or without a small amount of 
secondary locking are statistically indistinguishable, and thus we 
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Fig. 5. Modeled backslip rates of the four leveling profiles in relation to tremor distribution assuming secondary locking. Black lines represent the modeled backslip along 
each leveling profile. Light grey lines represent the range in acceptable models within a 70% confidence interval (white contours in Fig. 4). Red lines are the distribution 
of tremor locations near each leveling profile. Tremor data is from the automated tremor catalog of Wech (2010) and spans Jan. 2010–Dec. 2013. The vertical axis of the 
tremor data (right axis) is scaled to compare the peak tremor with the locking in the ETS zone. The relatively broader tremor distribution along the Neah Bay profile is a 
combination of both the curved subduction zone and the actual tremor distribution. (For interpretation of the references to color in this figure legend, the reader is referred 
to the web version of this article.)
cannot rule out models with a limited amount of long-term strain 
accumulation near the ETS zone.

If long-term secondary locking exists within the ETS zone, our 
analysis suggests it is only a small fraction of the plate rate. The 
leveling data can be adequately fit with models that range from 
virtually no long-term locking, to models with an upper bound 
of about 20% of the plate rate. Chapman and Melbourne (2009)
found that up to 15% percent locking might persist below 25 km 
depth when using the ETS zone to constrain the downdip extent 
of the transition zone in northern Washington. These results are 
compatible with the findings of Holtkamp and Brudzinski (2010)
who analyzed long-term and transient signals in the GPS time-
series. A few studies have also explored interseismic locking mod-
els with variable locking along dip, and they inferred a double 
locked zone, suggestive of a primary and secondary locked zone 
(McCaffrey et al., 2000; Verdonck, 2005). Thus, the existence of a 
secondary locked zone would be broadly consistent among these 
previous geodetic studies.

Secondary locking is expected to produce a broad, interior uplift 
signal, as illustrated by the forward model in Fig. 2. This interior 
uplift is most evident in the Newport leveling profile. However, the 
interior uplift may be difficult to identify in the other profiles ei-
ther because it is masked by the primary locking signal from the 
seismogenic zone (i.e. Neah Bay profile), or because of insufficient 
data coverage to the east (i.e. Bandon profile). There are other pos-
sible explanations for this interior rise in the leveling data. It could 
represent a long wavelength artifact originating from the propaga-
tion of errors along the leveling line. Our error analysis is designed 
to compensate for this, as uncertainties increase along the leveling 
line and we explore the impact of spatially correlated data. We 
also see hints of an upward interior uplift for the Astoria profile, 
which should be independent from the Newport profile.

If we assume that 0–20% long-term strain is accumulating in 
the ETS zone, then we propose that this strain must be released at 
some point in the megathrust earthquake cycle. It is possible that 
this locking signal originates from some other tectonic process. For 
example, the underplating of sediment beneath the forearc, or ver-
tical uplift by a buoyant mantle wedge could result in a subtle 
uplift of the forearc. However, these processes would produce long-
term uplift that would result in elevated topography if the uplift 
persists over geological time scales. The broad uplift evident in the 
Newport profile is spatially offset from the topography of the coast 
range (Fig. 3). Thus, we conclude that the secondary strain accu-
mulation, if present, must be an elastic process. What is unknown 
is when during the megathrust earthquake cycle this accumulated 
strain would be released, and whether it is released aseismically.

The small component of long-term locking modeled at all four 
profiles appears to be shifted relative to the peak tremor activity. 
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The approximate large-scale relationship between SSEs and tremor 
activity in Cascadia has been shown to correlate well both spatially 
and temporally, although inferences from geodetic observations in 
northern Washington tend to locate slip slightly updip of the peak 
tremor activity (e.g. Wang et al., 2008; Wech et al., 2009; Dragert 
and Wang, 2011; Bartlow et al., 2011). When the distribution of 
tremor is plotted with the modeled backslip profiles of the leveling 
data assuming secondary locking, the peak locking in the ETS zone 
is also located slightly updip of the peak tremor activity, placing 
the locking near the geodetically inferred slow slip (Fig. 5).

While there are tradeoffs in the locking parameters for the 
seismogenic zone, we find that the magnitude of the secondary 
locking in the ETS zone is generally insensitive to the amount of 
up-dip locking. McCaffrey et al. (2013) noted that it is possible to 
satisfy the surface deformation data in Oregon if maximum lock-
ing is reduced in the seismogenic zone. The assumption that the 
slip deficit rate in the seismogenically locked zone equals the full 
convergence rate does affect the depth of the locked zone and 
transition zone in our results. For example, the Astoria leveling 
profile can be fit reasonably well with levels of locking down to 
70% on the updip portion of the interface, while the Newport pro-
file can be reasonably fit with locking as low as 50% in the primary 
locked zone. However, the degree of locking in the seismogenic 
zone only has a minor effect on the amount of partial locking 
near the ETS zone. Additionally, the use of a heterogeneous elastic 
model, or a model that incorporates viscoelastic effects, may also 
help reduce the over WRMS values (Williams and Wallace, 2015;
Wang et al., 2001). However, it is unlikely that the use of these 
models would affect the overall findings shown here.

One important additional relationship to note is that when the 
primary locked zone is assumed to be fully locked, models that 
include secondary locking tend to have modeled locked zones that 
are slightly deeper and shifted to the east. The difference in locked 
zone depths is typically only 1–2 km, but considering the seismic 
hazard imposed by the depth of the locked zone, this may be an 
important consideration for future seismic hazard maps.

A possible explanation for any residual strain accumulation in 
the ETS region is that the combination of large and inter-ETS 
SSEs, which are smaller ETS events not readily resolvable with 
geodetic methods, are not accommodating the total slip deficit 
of the subducting Juan de Fuca plate. While the combination of 
ETS and inter-ETS events is inferred to account for a nearly all 
of the remaining strain budget in this region (Ide et al., 2007;
Aguiar et al., 2009), inter-ETS tremor is found downdip of regu-
lar ETS tremor (Wech et al., 2009; Wech and Creager, 2011), so 
may only accommodate the remaining slip deficit in the downdip 
portion of the ETS zone leaving a fraction of the slip deficit in the 
updip portion of the ETS zone.

The secondary locking along the subduction zone may be linked 
to the intersection of the Moho of the North American plate with 
the subducting plate interface. The physical and compositional 
changes near the Moho could result in an increase in locking 
by affecting several parameters, such as fluid migration from the 
dehydrating slab, a change in frictional stability, or a change in 
bulk strength of materials. In one possible explanation, which has 
also been proposed by Holtkamp and Brudzinski (2010), the in-
crease in locking could be due to a rheological difference at the 
Moho, where the subducting slab encounters the stronger, poten-
tially brittle, overriding mantle. Chen and Molnar (1983) showed 
that the composition of the upper mantle near the Moho allows 
for seismic deformation at higher temperatures (600 ◦C–800 ◦C) 
than the lithosphere (250 ◦C–450 ◦C). The area of secondary lock-
ing would then be constrained to the along-dip section of the plate 
boundary between the Moho and the high temperature onset of 
crystal plasticity in the mantle. The difference in temperatures at 
the Moho among subduction zones could help explain why differ-
ent subduction zones exhibit different ETS behaviors.

Although there is some variability among studies, the Moho in 
Cascadia is typically thought to be at a depth of 30–40 km, with 
additional variability along strike (Bostock et al., 2002; Nedimovic 
et al., 2003; Nicholson et al., 2005; Wang et al., 2008; Peacock 
et al., 2011; Gao et al., 2011). This range in depth is consistent 
with the depth of tremor (Brown et al., 2009), as well as the mod-
eled depth of the secondary locking found in the leveling data. 
The strength of the over-riding mantle would be at a maximum 
at the Moho and decrease with depth. This could explain why the 
modeled secondary locking, as well as geodetically derived slip dis-
tribution of SSEs, are located on the updip extent of the tremor 
distribution, while the inter-ETS tremor is located downdip of the 
peak secondary locking where the overriding mantle is weaker. 
Finer tomographic imaging of the Moho near the slab interface and 
more precise source locations of tremor may help to elucidate the 
spatial relationship of the mantle corner with ETS and the sec-
ondary locking.

While the model of Chen and Molnar (1983) provides a use-
ful conceptual framework for understanding a region of locking 
in the ETS zone, we acknowledge that the fault interface is likely 
more complex than this simplified view. The fault zone is likely 
composed of heterogeneous materials that are sheared along the 
surface. The actual transition in fault properties and behaviors 
in this area is likely more diffuse. The overriding material along 
the fault in the ETS zone is thought to have low permeability 
which allows for elevated pore fluid pressures, decreasing the 
effective normal stress (Audet et al., 2009; Ghosh et al., 2010;
Peacock et al., 2011). The ability to hold even a small amount of 
long-term strain in the ETS zone appears counter to the low ef-
fective stress that has been inferred for the ETS zone. A successful 
conceptual model must account for the how the fault is able to 
be temporarily weakened, while also maintaining partial long-term 
locking on the updip edge of the ETS zone that persists over many 
ETS cycles.

5. Conclusions

We have explored the potential of long-term strain accumula-
tion near the ETS zone on Cascadia. Based on our findings, the 
assumption that ETS delineates the downdip extent of possible 
megathrust rupture may not be definite. However, we only have 
clear evidence of secondary locking from the Newport leveling pro-
file. If locking exists near the ETS zone, it must be a small fraction 
of the plate rate. This small amount of partial locking is consistent 
with, but difficult to resolve in the GPS data, and may have sig-
nificant implications on the kinematic behavior of the Cascadian 
subduction zone.

Secondary locking in the ETS zone must be released within 
the megathrust earthquake cycle. This could be accomplished by 
megathrust earthquakes propagating into the ETS zone, effectively 
extending the rupture area farther down-dip than previous mod-
els predict and increasing the moment magnitude by up to 5%. 
Alternatively, the accumulated strain could be released through 
aseismic processes, such as in future large ETS events, long-term 
ETS events, or as afterslip.
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