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Simple mechanical models of the earthquake cycle assume that interseismic elastic deformation is 
recovered during earthquakes, closing the strain budget of steady and episodic slip on the deep 
and shallow subduction interfaces, respectively. However, elevated topography in the forearc high 
requires that some deformation is not recovered over each elastic cycle. Here, we compare constraints 
on deformation over decadal to million-year timescales to disentangle contributions from elastic 
(recoverable) and inelastic (unrecoverable) deformation within the Olympic Mountains of the Cascadia 
Subduction Zone. Over timescales of 103 – 106 yrs, elevated topography, permanent deformation, and 
denudation (from thermochronometry and cosmogenic nuclide data) accumulate in an area adjacent, but 
not identical, to the maximum in geodetically observed reduced vertical velocity and surface upwarping 
over tens of years. The domains of geodetic and geomorphic maximum uplift occur over a 20-60 km wide 
zone overlying the up-dip limits of the zone of conditional frictional stability at the subduction interface. 
We attribute geologic-scale orogenesis, accumulation of topography and advection of rocks in the active 
orogen to unrecoverable deformation as stress is relayed up-dip through parts of the subduction interface 
and dissipated in the overriding plate.

© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The development of mountain topography (corresponding to 
surface uplift) requires the accumulation of permanent tectonic de-
formation (through rock uplift) at a rate greater than, or equal 
to that at which denudation removes topography over geologic 
timescales (Ellis et al., 1999; Melnick, 2016). In the case that 
mountain topography is in steady state and no surface uplift oc-
curs, rock uplift equals denudation and the respective measures 
can be compared with each other (England and Molnar, 1990). 
Rock uplift is commonly determined by geodetic methods (see 
England and Molnar, 1990), whereas denudation and rock exhuma-
tion are often calculated with thermochronometry and cosmogenic 
radionuclide methods. Despite decades of research related to quan-
tifying orogen deformation and exhumation processes, we still 
lack a clear understanding of the relationship between elastic (re-
coverable) and permanent deformation over separated short (e.g., 
∼100–102 yrs.) and longer (e.g., 103–107 yrs.) time scales. This 
shortcoming is exacerbated by recent advances in understanding 
of the mechanics of fault interfaces, with pronounced differences 
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in the accommodation of deformation between footwall and hang-
ing wall, especially in the dip direction.

At subduction zones, observed surface deformation (on time-
scales of 100–102 years) corresponds mostly to elastic strain ac-
cumulated during the interseismic period between major earth-
quakes on the shallow parts of the subduction interface that is 
frictionally locked. However, mechanical models of more complex 
time-dependent deformation have recently evolved from simple 
models of the elastic earthquake cycle on a locked or steadily 
creeping fault interface (e.g., Mansinha and Smylie, 1971; McCaf-
frey et al., 2007; Okada, 1985). In particular, recent work on fault 
mechanics and nonlinear friction combined with direct observa-
tions of tectonic motion demonstrates that subduction interfaces 
have locked domains, freely slipping domains, and transitional 
domains that host complicated and spatially heterogeneous se-
quences of stick and slip (e.g., Bürgmann, 2018; Lay et al., 2012). 
Furthermore, the width and distribution of the respective domains 
affects the shear force at the plate interface, which is critical in 
controlling the mountain height at convergent plate margins (e.g., 
Dielforder et al., 2020; Dielforder and Hampel, 2021; Madella and 
Ehlers, 2021).

In Cascadia (USA) and Japan, the domains of the plate interface 
are arranged mostly sequentially in the dip direction so that the 
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Overview of the Cascadia Subduction Zone and the Olympic Peninsula of North America. a) Map of Cascadia Subduction Zone with depth to the top of the subducting 
slab indicated by dashed contours from McCrory et al. (2012). Gray is land. The extent of locking of the thrust fault is indicated by the yellow area following Hyndman 
and Wang (1993). The extent of tremor associated with episodic tremor and slip (ETS) is based on data from the Pacific Northwest Seismic Network (https://pnsn .org /
tremor). b) Topography of the Olympic Mountains (red triangle indicates Mt. Olympus, 2430 masl), location of GPS stations (data used in this study), and the location of 
thermochronometry and cosmogenic nuclide samples (Adams and Ehlers, 2018; Michel et al., 2018). The white box denotes the area considered for comparing the different 
datasets in Fig. 4. The locations of GPS stations used by Bruhat and Segall (2016) for identifying slow slip events are mostly identical with our GPS stations used in our 
analysis. Labeled maps with thermochronometric cooling ages, denudation rates from cosmogenic nuclides, exhumation rates, and GPS velocities are provided in Figs. 2 and 
3, respectively. Onshore location of the Hurricane Ridge Fault (HRF) is after Brandon et al. (1998). (For interpretation of the colors in the figure(s), the reader is referred to 
the web version of this article.)
shallowest part of the fault interface is locked, sometimes followed 
by a deeper enigmatic ‘gap’ zone, then a zone of conditional fric-
tional stability hosting periodically recurring episodic tremor and 
slip (ETS, Rogers and Dragert, 2003), and finally a steadily slip-
ping zone (Bruhat and Segall, 2016; Wang and Tréhu, 2016). How-
ever, how the spatial extents of these zones change over long-time 
scales (millennial to million years), or even within the earthquake 
cycle, is not well known, nor is the relationship of recoverable 
(elastic) strain to permanent strain that leads to the formation of 
topography in this heterogeneous context.

Here we investigate: (1) the accumulation of permanent de-
formation and topography over multiple timescales, and (2) how 
the observed surface deformation maps to the different domains 
of the subduction interface below. We use the Olympic Mountains, 
overlying the Cascadia Subduction Zone, Western North America 
(Fig. 1), as a case study of the spatial and temporal variability of 
fault slip mechanisms. For our purpose, we compare observations 
of the position and magnitude of instantaneous vertical displace-
ment from GPS time series with denudation rates derived from 
cosmogenic nuclide dating and thermochronometry (Adams and 
Ehlers, 2018; Brandon et al., 1998; Michel et al., 2019, 2018). We 
further compare these observations with vertical displacement re-
lated to ETS and inversions for shear stress on the subduction 
interface from Bruhat and Segall (2016).

2. Methods

2.1. Data comparison

We compare four different observational data sets with each 
other. These include three published data sets: Denudation rate 
data from thermochronometry and cosmogenic nuclides, and ver-
tical displacement due to ETS recorded by GPS. In addition, we 
calculated new GPS-derived reduced rock uplift rates. Map view 
figures of the datasets are provided in Fig. 2 and 3, respectively. 
For a direct comparison of magnitude, spatial scaling, and spatial 
alignment among the datasets, we project them along a transect 
2

crossing the Olympic Peninsula from west to east between -125◦E 
and -122◦E (Fig. 4). However, the spatial extent of the datasets dif-
fers, and the data based on geodetic observations (Fig. 3) cover a 
larger area of the Cascadia Subduction Zone compared to estimates 
of denudation (Fig. 2). To minimize the effects of the bent slab and 
the variable spatial coverage of the different datasets, we focus our 
analysis on the area between latitudes 47◦N and 48.5◦N (dashed 
white box Fig. 1b; Fig. 4).

2.2. GPS data and processing

We calculated the reduced vertical displacement and velocity 
from raw GPS observations in a multi-step process. In this study, 
we define the reduced vertical displacement as the epochal change in 
geodetically-observed vertical position, and reduced vertical velocity
(or rate) as the linear change of displacement over time after sea-
sonal and interseismic tectonic elastic contributions are removed. 
The reduced verticals should therefore be dominated by the persis-
tent (unrecoverable) surface displacements that contribute to the 
growth of topography by the advection of mass.

To calculate the reduced vertical displacement time series, we 
first solve for the daily positions of 88 continuously logging GPS 
stations from open data available in the UNAVCO data archive. 
The stations used include 63 in the Cascadia region and 15 else-
where. Daily positions were determined for every day and for 
fortnightly averages from 1 January 2005 to 31 December 2016 
using a Kalman filter approach implemented in the GAMIT/GLOBK 
processing package and tied to the ITRF08 (International Terres-
trial Reference Frame, 2008 realization) reference frame using the 
15 IGS (International GPS Service) sites outside of the study area. 
Outlier positions were manually edited, and Markov noise added 
to the time series using the station position variance and cross-
correlations. These are standard GPS processing techniques (e.g., 
Herring et al., 2016).

Next, because vertical geodetic displacements are sensitive to 
many different loads, especially hydrologic and seasonal atmo-
spheric masses, the daily vertical (UP) position time series with 
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Fig. 2. Denudation rates considered in this study. a) Denudation rates obtained from thermo-kinematic modeling of thermochronologic cooling ages at the respective sample 
sites (Michel et al., 2018). For the full pattern of denudation rates see Fig. S1. b) Catchment-wide denudation rates based on cosmogenic nuclide dating (Adams and Ehlers, 
2018). Data presented in all subpanels include the depth to the top of the subducted slab (white dashed lines; from McCrory et al., 2012) and the spatial occurrence of 
tremor events from 2014 – 2018 (dark grey circles or dark grey area), which is based on data from the Pacific Northwest Seismic Network (https://pnsn .org /tremor).
formal uncertainties were used to estimate independent annual 
sine and cosine harmonics, semiannual sine and cosine harmonics, 
and secular linear up velocities. The periodic terms together in-
clude the seasonal hydrologic and atmospheric contributions, con-
tributions from the GPS satellite orbits (i.e., the draconitic and 
orbital residuals), and the elastic component (e.g., Bartlow et al., 
2011) of the ETS contribution. The steady linear rate (W) with 
these periodic terms removed is therefore the best geodetic esti-
mate of steady decadal mean rock uplift in the late interseismic 
part of the earthquake cycle (Fig. 3a, Fig. 4d, supplementary Table 
S2). We note that the elastic contribution from ETS to deforma-
tion has an approximately semi-annual recurrence interval, and is 
removed from the GPS signal through the applied periodic filters.

Furthermore, the station vertical velocity (W) is a linear combi-
nation of an elastic part due to tectonic loading on the locked part 
of the Cascadia subduction zone and a residual part due to perma-
nent deformation of the domain. To estimate the reduced vertical 
rate, we subtract the forward-modeled elastic bending (Fig. 3b) 
due to the locked subduction zone from Wang et al. (2003) to give 
the reduced vertical displacement (Fig. 4e, Fig. 3c). Although more 
recent inversions for horizontal surface velocities incorporate spa-
tially heterogeneous coupling and locking depths on the Cascadia 
interface, these differ from the earlier purely elastic model in their 
modeled surface velocities only in the offshore part of the subduc-
tion zone (e.g., Li et al., 2018), outside of our study area. Because 
the study area is well inland of the bottom of the inferred locked 
zone, the elastic correction is very smooth across the study area 
(Fig. 3b) regardless of the coupling model used.

In addition to the calculation of the reduced vertical rate, we 
also calculated the tilting rate. Basic continuum mechanics (e.g., 
Turcotte and Schubert, 2014) demonstrates that the horizontal spa-
tial derivative of the smoothed GPS reduced vertical positions and 
velocities can be used to quantify the slope ( ∂z

∂x ), and topographic 
tilt or rotation rate (dashed line in Fig. 4e). Since W (the verti-
cal velocity) is ∂z

∂t , the x-derivative (section-parallel) of W ∂z
∂x∂t was 

calculated to determine the topographic tilting rate.
Finally, we note that the Olympic Mountains were glaciated 

during the last glacial maximum, and continental ice was located 
to the east and north of the range. The reduced rates reported 
3

here are not corrected for glacial isostatic rebound, but based on 
previous work the magnitude of glacial isostatic rebound is be-
tween 0.1-0.3 mm/yr on the Olympic Peninsula (James et al., 2009; 
Yousefi et al., 2020). Therefore, it is a small component of the rock 
uplift interpreted here, and the regional postglacial correction is 
linear across the entire study region and cannot be the source of 
the observed short-wavelength velocity gradients discussed later. 
Contributions from multi-year drought (e.g., Fu et al., 2015) are 
similarly smooth across the study area.

3. Observations from previously published work

3.1. The Olympic Mountains as part of the Cascadia subduction zone

The Cascadia Subduction Zone (CSZ), where the Juan de Fuca 
Plate subducts below North America, extends along the west coast 
from northern California to the northern tip of Vancouver Island 
(Fig. 1a). The Olympic Mountains correspond to the subaerially ex-
posed part of the subduction zone’s accretionary wedge (Brandon 
et al., 1998). Based on thermochronometer cooling ages, cooling 
histories of rocks collected at the Earth’s surface can be recon-
structed, and by modeling the temporal evolution of the geother-
mal gradient, exhumation histories can be reconstructed from sam-
ple cooling histories. In the Olympic Mountains, exhumation is lo-
calized into a circular-shaped pattern (Brandon et al., 1998; Michel 
et al., 2019, 2018; see Figure S1), which is a consequence of the 
syntaxial bend in the subducted slab (e.g., Bendick and Ehlers, 
2014; Koptev et al., 2019; Nettesheim et al., 2018). Anomalous ex-
humation is bounded along strike because of the 3D topology of 
the down-going Juan de Fuca slab (Hayes et al., 2018). Results from 
topographic analyses and denudation rates derived from cosmo-
genic nuclides also corroborate that the evolution of this mountain 
range is mostly controlled by the shape of the subducted slab 
(Adams and Ehlers, 2018, 2017). At the latitude of the Olympic 
Mountains (which form the topographic apex of the forearc high 
of the subduction zone), the locked zone of the fault is inferred 
to be wider than farther to the north and south (Fig. 1a) due to 
the lower angle of subduction below the mountain range (Hynd-
man, 2013; McCrory et al., 2012; Wang and Tréhu, 2016). The last 
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Fig. 3. Maps of the location of GPS stations considered in this study and the respective velocities. a) Rock uplift rates for GPS stations reported in this study. The rates 
correspond to the total, vertical geodetic velocity, and are not corrected for the elastic component. b) Values for the elastic component calculated at the respective location of 
the GPS station using the model of Wang et al. (2003). c) Reduced vertical GPS velocities, derived by subtracting the elastic component (in b) from the rock uplift rates in a).
d) Rock uplift due to episodic tremor and slip (ETS) as reported by Bruhat and Segall (2016). The observed displacement corresponds to the average displacement from eight 
events recorded between 2000–2015. Data presented in all subpanels include the depth to the top of the subducted slab (white dashed lines; from McCrory et al., 2012) and 
the spatial occurrence of tremor events from 2014–2018 (dark grey circles or dark grey area), which is based on data from the Pacific Northwest Seismic Network (https://
pnsn .org /tremor).
known complete rupture of the subduction interface occurred in 
AD 1700 (Wang and Tréhu, 2016).

3.2. Observed Cascadia subduction zone exhumation and deformation 
mechanics

Several geodetic studies near the CSZ assume all observed dis-
placement to be elastic (e.g., Burgette et al., 2009; McCaffrey, 2009; 
Szeliga et al., 2008) based on a limiting model of accumulated 
elastic strain during interseismic periods of the earthquake cycle 
that is recovered coseismically during slip on the thrust fault (e.g., 
Hyndman and Wang, 1993). However, this assumption of elastic 
and fully recoverable deformation is contradictory to several ob-
servations: the presence of topography (i.e., the fore arc high / 
4

Olympic Mountains); discrepancies between rock uplift rates in-
tegrating over different timescales (Kelsey et al., 1994; Penserini 
et al., 2017); and results from modeling studies (Simpson, 2015; 
Wang et al., 2003; Wang and Tréhu, 2016).

Even mechanical solutions that incorporate realistic viscoelastic 
material properties simplify the transition from a freely slipping 
to a locked subduction interface (e.g., Li et al., 2015; Wang et al., 
2003), usually as a fixed line at a discrete ‘locking depth’. However, 
inversions of geodetic and seismic observations from the Casca-
dia megathrust propose a more complicated pattern (see Fig. 1a 
and Fig. 4a), with locked conditions from the trench to depths 
of ∼16 km (Krogstad et al., 2016) or 21 km (Bruhat and Segall, 
2016), then an inferred velocity-strengthening ‘gap’ zone where 
shear stress decreases over time (Bruhat and Segall, 2016). Further 

https://pnsn.org/tremor
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Fig. 4. West to east transects across the Olympic Peninsula, comparing the datasets considered in our analysis. Solid symbols indicate data from the focus study area between 
47◦N and 48.5◦N (white box in Fig. 1b). For completeness, the open, small symbols in panels d) to f) show other data outside the focus area. The solid lines displayed 
in panels d) to f) were fit using all available data. a) The black bars indicate the longitudinal extent of the subducted slab at depth, according to McCrory et al. (2012). 
Because the slab is curved, the same slab depth can be found at different longitudes along strike of the subduction zone (the wider the bar, the stronger the curvature). The 
different zones at the subduction zone interface are indicated at the bottom. b) Mean and maximum elevation of the central Olympic Peninsula between latitudes of 47.4◦N 
and 48.1◦N. c) Estimates of denudation rates, based on cosmogenic nuclide dating (Adams and Ehlers, 2018; green squares) and thermochronometry (Michel et al., 2018; 
blue squares). d) Total, vertical GPS velocities used in this study taken from the UNAVCO data archive and treated as outlined in the methods section. e) Reduced vertical 
GPS velocities (green symbols) were obtained from the GPS velocities by subtracting a forward modeled elastic component (Fig. 3b) using the model of Wang et al. (2003). 
The tilt rate (dashed black line) corresponds to the derivative of the reduced vertical velocity (solid green line) in the x-direction and has units of 10−8 yr−1. The areas 
experiencing westward or eastward surface tilting related to visco-plastic flow are indicated. f) Data related to episodic tremor and slip (ETS), showing the vertical uplift 
due to ETS recorded by GPS stations (Bruhat and Segall, 2016). Tremor events (between 2014–2018) are taken from the tremor database of the Pacific Northwest Seismic 
Network (https://pnsn .org /tremor) and are grouped in number of events per bins of 0.1◦ width. We consider events between 47◦N and 48.5◦N (shaded region) because the 
occurrence of tremor follows the bent shape of the subducted slab (Fig. 1a).
5
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down-dip the plate interface, a zone of conditional friction hosting 
episodic tremor and slip (ETS) is inferred from ∼25–60 km (Bart-
low et al., 2011; Dragert and Wang, 2011; Hawthorne and Rubin, 
2013; Wech and Bartlow, 2014). Finally, below the ETS zone, the 
CSZ slips steadily at the relative plate velocity. These results all 
point toward complex zones over which tectonic stresses may be 
stored as elastic potential, dissipated by aseismic viscous flow, or 
transferred along the subduction interface over time.

3.3. Observed topography and rates of rock uplift and denudation

Two of the published data sets (Adams and Ehlers, 2018; Michel 
et al., 2018) considered here are sensitive to denudation and in-
clude cosmogenic nuclide measurements of 10Be and apatite and 
zircon (U-Th)/He thermochronometry. These datasets have inte-
gration timescales of 103–104 or 105–106 years, respectively, and 
integrate over many seismic cycles to yield a proxy for denuda-
tion associated with long-term deformation. Rates obtained from 
cosmogenic nuclides provide basin-wide denudation rates (Fig. 2b) 
and are plotted at the respective sample site within the tran-
sect (green symbols in Fig. 4c). Previous work by Michel et al. 
(2018) suggested a circular pattern of denudation, obtained from 
thermo-kinematic modeling of thermochronometry data (Fig. S1). 
Here we extract the model-derived denudation rates of Michel 
et al. (2018) at the respective thermochronometer sample loca-
tion and plot these along the transect (blue squares in Fig. 4c). 
All denudation rate data are summarized in supplementary Ta-
ble S1.

Within the Olympic Mountains, the topography increases steadily 
in height from the coast towards the center of the mountain range 
(Fig. 4b) where it reaches its highest elevation at Mt. Olympus 
(2,430 masl, at -123.7◦E in Fig. 4b). Millennial timescale, cos-
mogenic nuclide denudation rates (Adams and Ehlers, 2018) are 
lowest on the western side of the mountain range (∼0.2 mm/yr) 
and increase to maximum values of 1.2–1.4 mm/yr in the core 
of the mountain range (Fig. 2b, 4b). Outlier higher cosmogenic 
nuclide denudation rates (>1.8 mm/yr, indicated in Fig. 4c) were 
influenced by glaciation (Adams and Ehlers, 2018), are not repre-
sentative of denudation caused by rock uplift and excluded from 
consideration here. Million-year timescale denudation rates from 
thermochronometer data (Michel et al., 2018) are highest in the 
core of the range (Fig. 2a). The denudation rates decrease away 
from the core of the range in the profile (Fig. 4c), and also in map 
view (Fig. 2a, S1), such that rates vary between 0.25 mm/yr at the 
coast to 0.9 mm/yr in the area of high topography.

The peak vertical displacement due to ETS events (Bruhat and 
Segall, 2016) is spatially coincident with Mt. Olympus (between -
123.8◦E and -123.7◦E, Fig. 4f), and upward directed displacement 
due to ETS is observed between -124.6◦E and -123◦E, whereas 
east of -123◦E the vertical displacements are zero or negative 
(Bruhat and Segall, 2016). The peak in ETS associated tremor activ-
ity (recorded from 2014–2018) is offset from the peak in vertical 
displacement and located at approximately -122.8◦E. From there, 
the occurrence of tremor gradually decreases towards the west and 
no tremor activity is observed west of -124◦E within our consid-
ered study area. Although the spatial extent of ETS is clearly visible 
today (e.g., Fig. 4f), previous studies have suggested the location 
over which the extent (and associated slow slip events) occur may 
not be constant over the seismic cycle, and can lead to megath-
rust earthquakes (e.g., Segall and Bradley, 2012; Wang and Tréhu, 
2016). However, the spatial and temporal scales over which ETS 
events migrate along the subduction zone interface is not well un-
derstood.
6

4. Results

4.1. Reduced vertical velocity and tilt rates

Based on the methods presented in section 2.2, we find that 
the peak in reduced vertical velocity from GPS observations (solid 
green line in Fig. 4e) is located between -123.8◦E and -123.6◦E, 
close to the location of Mt. Olympus. Only the western region of 
the peninsula between -124.6◦E and -123.6◦E has positive (up-
ward) reduced vertical velocities, with maximum rates of 1±0.4 
mm/yr; the remainder of the reduced velocities are near zero or 
slightly negative. There are several caveats associated with elas-
tic corrections to GPS data that are addressed in the discussion 
section. However, we highlight here that regardless of how elastic 
deformation is corrected, the gradient in the elastic correction is 
very low this far from the trench (Wang et al., 2012, 2003; com-
pare also Fig. 4d,e). Given this, even an under- or overestimation of 
the elastic correction would not change the observed short wave-
length reduced vertical velocity anomaly.

The calculated tilt rates show paired positive and negative tilt-
ing (shaded red/blue areas, Fig. 4e), implying westward rotation 
of topography west of Mt. Olympus and eastward rotation of to-
pography to the east of Mt. Olympus. These rotations produce to-
pographic upwarping, from -124.2◦E to -123.4◦E, centered on the 
inferred transition between the enigmatic gap zone and the zone 
of regular ETS. If we further consider as a thought experiment 
the simplified case of a Newtonian viscous material, then a tilt-
ing rate is also a shear strain rate which should be proportional to 
the shear stress (Turcotte and Schubert, 2014). This interpretation 
of the tilting rate is consistent with the inversion of Bruhat and 
Segall (2016) indicating a peak in shear stress rate at the transition 
from the gap zone to the ETS domain on the Cascadian subduction 
interface (Fig. 4a), which decays over time and implies some mech-
anism of stress dissipation.

4.2. Spatial correlations between the different data sets

The compilation of the published datasets and our new reduced 
vertical velocity and tilting rates (Fig. 4) shows the spatial rela-
tionships among the observations, and therefore provides a syn-
optic view of deformation on different timescales. Coincident with 
the location of the highest mean elevation of the range (Fig. 4b), 
high denudation rates from both thermochronometry and cosmo-
genic nuclides are observed between -123.8◦E and -123.2◦E (∼60 
km) along the transect (Fig. 4c). High magnitudes for the GPS-
derived datasets (reduced vertical velocity from this study and de-
rived ETS-induced displacement, Fig. 4e,f) are confined to shorter 
wavelengths (∼20-30 km) at the western edge of the high eleva-
tion/denudation region (Fig. 4e,f). In this area, the tilting of the 
topography also transitions from westward to eastward tilt.

5. Discussion

5.1. Scaling of subduction zone deformation processes

Individual lithospheric deformation processes are manifested at 
different wavelengths and provide insight into mountain build-
ing processes (e.g., Bomberger et al., 2018). Here we present an 
analysis of how the spatial variations in denudation and rock 
uplift shown in Fig. 4 could relate to different deformation pro-
cesses. For example, far from the subduction trench, such as in the 
Olympic peninsula, elastic flexural effects are smooth over wave-
lengths greater than 100 kilometers, so are constant or linear at 
the scale of the study area shown in Figs. 1 and 2. In contrast, the 
deviation of geodetically-constrained rock uplift from any elastic 
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tectonic model represented by our reduced vertical velocity pro-
file has a characteristic wavelength of a few tens of kilometers 
(Fig. 4e). These differences in wavelengths allow separation of the 
surface expression of local variations in the mechanics of subduc-
tion zones from uncertainties in the subduction zone geometry or 
coupling.

As a consequence, even though the methods applied here can-
not resolve the locking depth and dip of the subduction interface, 
there is no elastic model that can explain the short wavelength 
power in the rock uplift profile shown in Fig. 4e. The topog-
raphy and denudation profiles also have power at characteristic 
wavelengths of a few tens of kilometers. Hence, stress localiza-
tion effects arising from either the heterogeneity of rate-and-state 
conditions on the subduction interface or of the rheology of the 
crust better match the observed characteristic scaling of all of the 
observational constraints in Fig. 4 (e.g., Bruhat and Segall, 2016; 
Bürgmann, 2018; Li et al., 2015). Additionally, the elastic model 
applied in this study was developed using only the horizontal com-
ponents of sparse Cascadia GPS data from the whole margin (Wang 
et al., 2003). Therefore, it is not derived using the vertical compo-
nents of the denser Olympic Peninsula GPS network analyzed here 
(Fig. 4d).

Within our study area, the topographic elevation, denudation 
rates, and geodetic reduced vertical velocities from the Olympic 
Peninsula all yield a pattern consistent with positive vertical dis-
placements centered in the Olympic Mountains between -124◦E 
and -123◦E (Fig. 4b,c,e). Although observations of deformation and 
denudation are coincident in space, results indicate their character-
istic wavelength appears to vary systematically with the timescale 
of integration. For example, the elevated topography spans ap-
proximately 100 km along the transect, the high denudation rates 
approximately half that distance, and the positive reduced vertical 
velocity only 20-30 km. The domain of the present-day reduced 
rock uplift lies directly above the inferred transition between the 
fully locked and Gap Zone parts of the CSZ and that hosting ETS, 
where the primary subduction interface is between 25 and 35 km 
depth (Fig. 4). Based on a combination of observational constraints, 
emerging fault mechanics results, and continuum mechanics, this 
zone appears to be the part of the CSZ with the most complicated 
behavior.

5.2. Construction of permanent topography

In the steady slip zone (top of Fig. 4), the North American 
and Juan de Fuca plates move past each other at the relative 
plate velocity. This plate motion must ultimately be accommodated 
through the entire subduction zone up dip to close the total tec-
tonic velocity budget. In the ETS zone (the area where tremor 
is recorded between -123.8◦E and -122.3◦E in Fig. 4f) accumu-
lation of stress from the steadily slipping domain below appears 
to interact with a nearly-constant frictional threshold, resulting in 
quasi-periodic slip events that propagate the plate motion up-dip 
to the base of a ‘gap’ zone. Single ETS events nucleate deep on the 
plate interface, and the associated tremor and slip move up-dip 
or along-strike the plate interface (e.g., Dragert and Wang, 2011; 
Wech and Creager, 2011). The location of major tremor activity can 
be spatially offset from the location of maximum slip (Hall et al., 
2018). We also observe that the tremor occurrence decreases up 
dip along the plate interface, and that the maximum vertical dis-
placement due to ETS occurs close to the transition from the ETS 
zone to the gap zone (Fig. 4f). The elastic nature of the ETS dis-
placement (e.g., Bartlow et al., 2011) and the fact that our other 
proxies are reported as rates makes a direct comparison of the ETS 
data with our other reported proxies difficult. This is because the 
short observational timescale and enigmatic nature of ETS events 
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does not allow for the robust calculation of rates from them. We 
therefore refrain from doing so.

The mechanism of slip transfer through the gap zone is not well 
understood, but at least some of the tectonic stress must propagate 
through the gap to the base of the locked domain to eventually be 
released coseismically (Segall and Bradley, 2012). The steep slip 
gradient in the ETS-to-locked transition characterized by Bruhat 
and Segall (2016) implies interseismic stress concentration in this 
area, at depths of 20 – 35 km. At Cascadia, temperatures between 
300 – 500 ◦C are reported to occur within the crust of the overrid-
ing plate at depths of 20 – 40 km (Gao and Wang, 2017; Peacock 
et al., 2011). Furthermore, previous work has indicated accreted 
sediment is present here (Calvert et al., 2011). At these depths 
and temperatures, continental lower crust is inferred to be ductile 
(Burov, 2011). Under these conditions, stresses persisting through-
out the interseismic period are likely to induce visco-plastic, rather 
than elastic, deformation in the crust. If true, then such deforma-
tion near the subduction zone interface would be consistent with 
our observations of upwarping in the interseismic interval and the 
excitation of unrecoverable ‘permanent’ topography. Furthermore, 
visco-plastic deformation at this depth would dissipate some of 
the tectonic stress as required by models of negative shear stress 
rate (Bruhat and Segall, 2016). This interpretation is supported by 
Wang et al. (2012) and Li et al. (2015), who also calculated that 
interseismic viscous deformation excited by the accumulation of 
tectonic stresses below the locked part of subduction zones would 
not all be recovered coseismically and could reduce the elastic po-
tential energy of subduction megathrusts.

In addition, the secular tilting we observe and interpret as 
arising from crustal, visco-plastic deformation above the subduc-
tion interface is also consistent with the persistent topography 
observed today. This interpretation is supported by the spatial cor-
relation between tilting rate, elevated topography and high rates of 
denudation at the surface. More specifically, in the Olympic Moun-
tains, we observe that the maximum denudation rates both from 
thermochronometry and cosmogenic nuclides are spatially corre-
lated only with the positive reduced vertical velocities and the 
paired positive and negative tilting rates indicative of upwarping 
(Fig. 4b,c,e).

5.3. Caveats and broader implications

There are several caveats associated with this study that war-
rant discussion. Some of the items mentioned below can poten-
tially be addressed in future work. First it is important to bear in 
mind that significant changes occur along strike of the Cascadia 
subduction zone, including slab dip (Hayes et al., 2018; McCrory et 
al., 2012), the width of the locked zone (e.g., Fig. 1a), the distri-
bution of episodic tremor and slip (Wells et al., 2017), and lateral 
variations in topography and denudation rate (Bodmer et al., 2020). 
Compared to areas further north and south, the Olympic Moun-
tains are an area of flat slab subduction. The resulting slab ge-
ometry results in localized exhumation (Bendick and Ehlers, 2014; 
Koptev et al., 2019; Michel et al., 2018; Nettesheim et al., 2018). 
We suggest that our proposed change in subduction zone prop-
erties and the visco-plastic deformation is distinct, persistent, and 
well-measured at the latitude of the Olympic Mountains compared 
to other areas of the subduction zone. This might be due to three 
factors including: the slab geometry below the Olympic Moun-
tains; the presence of underplated sediment at depth (Calvert et 
al., 2011); or the stability of the different accommodation mecha-
nisms on the subduction interface.

Second, we suggest that much of the reduced vertical veloc-
ity (the difference between the GPS uplift rate and the predicted 
elastic component from the inter-seismic elastic locking model) is 
manifested as permanent deformation leading to the construction 
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and maintenance of topography. This interpretation is sensitive 
to the rheology and architecture of the study domain, such that 
variations in the depth, viscosity, and equations of state for inelas-
tic materials would change both the scaling and the total strain 
budget of the surface deformation (e.g., Koptev et al., 2019). For 
example, highly non-linear viscous models should be expected to 
localize deformation more than Newtonian models. Unfortunately, 
a more detailed modeling approach (e.g., visco-elastic, plastic) that 
goes beyond the elastic correction applied here is unlikely to be 
fruitful because of the introduction of additional, poorly or un-
constrained, free parameters in coupled thermo-mechanical sim-
ulations.

Third, the geodetic and geomorphic constraints presented here 
are sensitive to different time scales. More specifically, the geodetic 
data record processes over tens of years whereas the geomorphic 
data are sensitive to processes active over thousands or hundreds 
of thousands of years. Therefore, we cannot determine whether 
the reduced vertical velocities represent a steady state regime that 
builds the topography or whether they represent just a snapshot of 
vertical velocities that change in magnitude, scaling, and location 
within and between seismic cycles. Hence, our assumption that 
the reduced vertical velocity is steady-state and provides all of the 
deformation stored as topography is only a bounding constraint. 
However, the similarity in the magnitudes, spatial locations, and 
characteristic scaling of geodetic and geomorphic rates suggests 
that the natural example of Cascadia is likely to be close to the 
limit in which most of the reduced vertical rock uplift contributes 
to orogenesis.

Furthermore, the present-day interseismic locking geometry 
may itself be time-dependent. For example, Bruhat and Segall 
(2017) suggested that the creeping zone of the subduction inter-
face (comprised of the gap zone and the zone of ETS) propagates 
up-dip over time during the interseismic period. While their in-
terpretation is not unique, we find that a temporal migration of 
where permanent deformation occurs on the subduction zone in-
terface is consistent with our results. We see that the present-day 
maximum in the reduced vertical velocity (Fig. 4e) is located at the 
up-dip (westward) limit of the ETS zone and maximum in the to-
pography. However, the high topography of the Olympic Mountains 
extends >100 km to the east (Fig. 4b) of the maximum in reduced 
vertical GPS velocities. Thus, construction of all the high topog-
raphy in the Olympic Mountains would require that permanent 
deformation at the subduction zone (as suggested here) migrates 
through time along the subduction zone interface from east to 
west, consistent with the up-dip migration of the creeping zone 
through time proposed by Bruhat and Segall (2017). In addition, 
recent work highlighted that the maximum elevation of topogra-
phy at convergent plate margins depends on the shear force on 
the plate interface (Dielforder et al., 2020; Dielforder and Hampel, 
2021). A higher shear force is expected in the creeping zone (com-
pared to the freely slipping zone below). Given the width of the 
high-topography area a spatial migration of the creeping zone over 
the seismic zone seems likely.

Fourth, climatic perturbations on million-year timescales like 
the onset of the Northern Hemisphere glaciation also affect the 
comparison and spatial correlation between the different datasets, 
because the present-day topography of the Olympic Mountains 
(as shown in Fig. 4b) is modified by Plio-Pleistocene glaciation 
(Adams and Ehlers, 2017; Montgomery, 2002). Michel et al. (2018)
suggested an increase in denudation rates with the onset of the 
Plio-Pleistocene glaciation, modifying the topography such that the 
pre-glacial, maximum elevation of the mountain range was higher, 
and that more elevated topography was present to the west of 
Mt. Olympus. Hence, the initial (pre-glacial) topographic signal is 
different from what we observe today, and today’s topographic sig-
nal is the combined effect of the long-term tectonic processes and 
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short-term modifications by climatic perturbations. But, if the to-
pographic gradient was indeed steeper and the highest topography 
focused in the area around Mt. Olympus, then this would suggest 
an even stronger spatial correlation between the areas of highest 
topography and the area where we today observe the highest re-
duced vertical velocity (Fig. 4e).

Lastly, the permanent plastic deformation expressed as topogra-
phy and advection of rocks represents the total deformation after 
the full earthquake cycle is completed, and includes the (yet un-
observed) co-seismic phase. Given this, our estimate of permanent 
deformation, like our estimates of rock uplift from geodesy, has a 
degree of unquantifiable uncertainty to it. We currently don’t know 
where we are within the seismic cycle, aside from that at the CSZ 
margin, mega-earthquakes have average recurrence intervals of five 
centuries, with the last mega-earthquake having occurred in AD 
1700 (Wang and Tréhu, 2016).

5.4. Comparison to other settings and geologic processes

The interpretations presented here are similar to previous find-
ings identified along 2,000 km of the central Andean coast where 
lower parts of the subduction zone interface are segmented over 
geologic timescales and moderate earthquakes in the condition-
ally stable domain lead to the long-term construction of topog-
raphy (Madella and Ehlers, 2021; Melnick, 2016). However, sub-
duction of the Nazca Plate under South America has resulted in 
an subduction-erosion tectonic setting for at least the last 20 Ma, 
in contrast to the accretionary setting observed in Cascadia (All-
mendinger and González, 2010; Armijo et al., 2015; Lamb and 
Davis, 2003; Martinod et al., 2016; Oncken et al., 2003; von Huene 
and Ranero, 2003). This suggests that regardless of the tectonic 
setting (erosive or accretionary), deep seated processes near the 
subduction zone interface are responsible for surface uplift over 
geologic timescales.

The geologic structures forming at the subduction zone in-
terface and responsible for long-term surface uplift most likely 
include duplex structures that result in thickening of the upper 
plate and the possible transfer of lower plate material into the up-
per plate during individual duplex formation. This interpretation 
is supported by seismic profiles across the Cascadia fore-arc that 
suggest duplex formation (e.g., Calvert et al., 2006). Furthermore, 
underplating of subducted material has been documented in accre-
tionary complexes elsewhere (e.g., Kimura et al., 1996; Meneghini 
and Moore, 2007; Onishi et al., 2001; Schmidt and Platt, 2018). It 
is likely that deformation related to the underplating of material 
and duplex formation also contributes to rock uplift and formation 
of topography.

6. Conclusions

We find that the patterns of denudation rates obtained from 
cosmogenic nuclides and thermochronometry in the Olympic 
Mountains are similar. This similarity suggests that most long-term 
(permanent) deformation occurs in the center of the mountain 
range, where topography is highest. The permanent deformation 
recorded by topography and dating techniques partially aligns with 
a peak in reduced vertical velocity observed using geodetic meth-
ods, as well as with high rates of surface tilting. Based on com-
parisons to previous studies of subduction interface processes, we 
conclude that the coincidence of patterns in the denudation rates 
and GPS data suggest that localized stresses on the plate interface 
of the Cascadian Subduction Zone excite viscous deformation in 
the accreted sediments of the lower crust. This deformation may 
dissipate some of the tectonic shear stress in the enigmatic ‘gap’ 
zone, generate permanent topography through crustal thickening 
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and duplex formation, enhance denudation rates, and perhaps limit 
the maximum moment of Cascadian megaquakes.

The findings presented here have broad implications for un-
derstanding the relationship between orogenesis and the seismic 
cycle. For example, previous studies have highlighted that com-
parisons between methods integrating over different timescales 
contain discrepancies (e.g., Friedrich et al., 2003; Niemi and Clark, 
2018; Penserini et al., 2017; Stock et al., 2009; Huntington et al., 
2007). This could in part be due to short timescale observations 
(e.g., geodetic) recording both elastic and inelastic components, 
whereas observations over longer integration timescales only 
record inelastic deformation. Our study shows that the removal 
of the elastic component by forward modeling holds promise for 
identifying a permanent component of deformation contained in 
a GPS-determined rock uplift rate. In our case, geodetic reduced 
vertical rock uplift rates are similar in magnitude to the observed 
denudation rates and around 1 mm/yr. They differ mainly in their 
characteristic length scales, with the length scale of uplift decreas-
ing with decreasing integration duration. For example, as previ-
ously mentioned, both the pattern of topography and denudation 
rates occur over longer wavelengths than the positive reduced ver-
tical GPS uplift anomaly. With less than one seismic cycle captured 
in the geodetic observations, we cannot determine whether this 
implies a systematic trenchward propagation of the most active 
topography-forming region of deformation.

Our uncertainty stems from possible spatial variations in the 
location in the visco-plastic deforming region within and between 
seismic cycles, variations in the mechanics of the subduction inter-
face over time, or changes in the geometry of the subduction inter-
face over many seismic cycles. The presence of high elevation east 
of the positive reduced vertical velocity suggests that the geodetic 
pattern we observe over decadal time scales has either migrated 
west with time or fluctuates back and forth underneath the region 
of high topography (Segall and Bradley, 2012). Alternatively, the 
pattern is biased by the fact that the Cascadia Subduction Zone is 
now late in the interseismic period (Wang and Tréhu, 2016), when 
visco-elastic simulations predict widening of a domain of surface 
subsidence related to the downdip limit of the ETS zone.
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