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Abstract We employ numerical models to explore the connection between subduction zone coupling or
megathrust rupture and upper plate faults in the northern Cascadia forearc. Active forearc faults north of the
Olympic Peninsula exhibit similar characteristics: west-northwest strike, oblique right-lateral slip senses, and
low slip rates (<1 mm/yr), but a potential to generate large (M ∼ 7) earthquakes. Previous hypotheses sug-
gest stress in the upper plate from interseismic coupling or coseismic rupture on the subduction zone inter-
face could drive permanent forearc strain. To test these hypotheses, we used a 3D boundary elementmethod
model to predict slip on the Leech River–Devils Mountain fault system if interseismic coupling or coeseismic
rupture cause deformation. Ourmodel predicts reverse left-lateral slip if strain results solely from subduction
zone coupling, or normal right-lateral slip if the faults accommodate strain from amegathrust rupture. These
results contradict observed fault kinematics. By modelling strain partitioning, where only the strain from the
strike-slip component of subduction zone coupling is accommodated in the forearc, we also predict slip that
is inconsistent with observed fault kinematics. These models challenge the hypothesis that subduction in-
terface coupling or coseismic rupture are the primary driver of permanent forearc deformation in northern
Cascadia.

1 Introduction
At subduction zones, partial to full coupling of the
down-going oceanic slab against the upper plate results
in strain in the upper plate crust. Some of this strain
is released as elastic rebound during megathrust earth-
quakes (e.g., Dragert et al., 1994; Leonard et al., 2004),
while some may remain as permanent strain resulting
in faulting and folding in the upper plate (e.g., Bellier
et al., 1997; Marshall et al., 2000; Sieh and Natawidjaja,
2000). This faulting in the upper plate can be a signifi-
cant source of seismic hazard (e.g., Johnson et al., 1999;
Quigley et al., 2012; Ryder et al., 2012; Mouslopoulou
et al., 2015), and constraining how strain is partitioned
into permanent and elastic components is important
in understanding this hazard. Additionally, quantify-
ing permanent deformation in the upper crust can also
provide information on what controls subduction zone
coupling, such as plate roughness and topography, age
of the oceanic plate, curvature of the margin, and the
obliquity of convergence (e.g., Sitchler et al., 2007; All-
mendinger and González, 2010; Morell et al., 2013).
Despite the importance of understanding permanent

forearc deformation, the processes driving this strain
are not completely understood. At several subduction
zones, permanent deformation of the upper plate crust
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is thought to be driven by interseismic coupling on the
subduction zone interface (e.g., McCaffrey et al., 2000;
Wallace et al., 2004; Loveless et al., 2010; Feng et al.,
2012; Delano et al., 2017). Some models argue that
strain resulting from oblique coupling on the megath-
rust is partitioned spatially, with strike-slip faulting ac-
commodating margin-parallel strain in the onshore in-
ner forearc, and reverse faulting and folding accom-
modatingmargin-perpendicular strain occurring in the
offshore outer forearc (e.g., Kimura, 1986; McCaffrey,
1991; Wang et al., 2007). However, other stresses are
also thought to contribute to permanent strain. Some
models argue that forearc faulting could also be in-
duced by stress changes related to coseismic rupture
during large megathrust earthquakes (Loveless et al.,
2010; Duckworth et al., 2021). Additionally, several sub-
duction zones have inner forearc maximum horizontal
stress (SHmax) orientations derived from crustal seismic-
ity that are perpendicular to plate convergence at the
margin, contrary to convergence-parallel SHmax orienta-
tions that interseismic coupling is expected to induce
(e.g., Wang, 2000; Townend and Zoback, 2006; Balfour
et al., 2011; Townend et al., 2012; Dimitrova et al., 2016).
These results suggest permanent forearc strain is not
controlled solely by subduction zone coupling or coseis-
mic rupture of the megathrust, and instead may reflect
the background stress state of the forearc and arc.
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Our models test if the stress induced by either inter-
seismic subduction zone coupling or coseismicmegath-
rust rupture can explain the observed kinematics and
slip history of Holocene-active forearc faults. We use a
3D Boundary Element Method (BEM) model to predict
fault kinematics of the Leech River–Devils Mountain
fault system (LRDM) in northern Cascadia if they re-
sult solely from stress induced by geodetically-derived
interseismic coupling on the subduction zone megath-
rust, or conversely, stress resulting from coseismic slip
on the megathrust (e.g., Delano et al., 2017; Duckworth
et al., 2021). This fault system is unique in that it tran-
sects the entire ∼ 20 to 25 km wide onshore forearc
in northern Cascadia, allowing us to examine margin-
perpendicular variations in forearc strain. We analyze
the effects of strain partitioning by seperately consider-
ing the effects of only the strike-slip component of sub-
duction zone coupling versus unpartitioned coupling.
We then compare these results to previous paleoseismic
studies and instrumental seismicity along this fault sys-
tem to determine if interseismic strain, partitioned in-
terseismic strain, or coseismic strain alone can explain
the observed fault kinematics. These analyses test the
degree to which active forearc faults relieve the stress
imposed by the megathrust throughout its seismic cy-
cle.

2 Tectonic Setting
At the Cascadia subduction zone, the Juan de Fuca
(JdF) plate subducts towards the northeast beneath the
North America (NA) plate at a rate of ∼ 40 mm /yr
(Fig. 1; Yoshioka et al., 2005). Relative plate motion,
subduction zone geometry, and subduction obliquity
vary substantially along strike fromsouth tonorth along
the margin. At the southern extent of the subduc-
tion zone, the trench is oriented ∼ N–S, and JdF-NA
plate motion is highly oblique, with an ∼2:1 ratio be-
tween slab-strike perpendicular and slab-strike parallel
(right-lateral) components of relative platemotion (e.g.,
DeMets et al., 2010; Finley et al., 2019). In northern
Cascadia, the trench is oriented ∼ NW–SE and JdF-NA
plate motion is near-orthogonal, with a ∼ 4 : 1 ratio
between the slab-strike perpendicular and left-lateral
slab-parallel components (Fig. 1; e.g., DeMets et al.,
2010; Finley et al., 2019).
Global navigation system satellite (GNSS) surface ve-

locities of the forearc relative to the stable portion of
the NA plate reflect this change in obliquity and the
broader tectonics of the region (Fig. 1). At the southern-
most extent of Cascadia (Mendocino triple junction),
surface velocities are directed towards the northwest,
partially as a result of northwest motion of the Sierra
Nevada–Great Valley block and westward motion of the
Basin and Range (Wells et al., 1998; McCaffrey et al.,
2000; Wells and McCaffrey, 2013; McKenzie and Fur-
long, 2021). GNSS velocities gradually rotate clock-
wise further north until they are approximately parallel
with JdF–NA relative plate motion in northern Oregon
(Fig. 1). In northern Cascadia, at the northern limit of
the JdF plate and the subduction zone, northeastward
directed velocities are significantly diminished (Fig. 1)

Figure 1 Tectonic setting of northern Cascadia with se-
lectedGNSSvelocity vectors (thinbluearrows) showingmo-
tion with respect to stable North America (UNAVCO, McCaf-
frey et al., 2013). Juan de Fuca plate motion with respect to
North America (DeMets et al., 2010) shown in thick black ar-
rows. Juan de Fuca slab depth contours (Blair et al., 2011)
are shown with dotted lines and are 10 km intervals. UTM
grid coordinates (m) are in NAD83 UTM Zone 10N.

reflecting a cessation of subduction at the boundary be-
tween the JdF and Explorer plates (Savard et al., 2020).
The GNSS velocities (Fig. 1) show that the Cascadia

subduction zone experiences partial to full interseismic
coupling along the megathrust for the entire length of
the subduction zone (Dragert et al., 1994; Hyndman and
Wang, 1995; Wang et al., 2003; Schmalzle et al., 2014;
Li et al., 2018b). Subduction zone coupling occurs off-
shore of western North America, a region we term the
‘outer forearc’, while onshore beneath the ‘inner fore-
arc’, there is little to nomeasurable coupling fromGNSS
data (Schmalzle et al., 2014; Li et al., 2018b). The latest
geodetic models suggest that the width of megathrust
coupling in map view varies from ∼ 50 km in south-
ern Cascadia, to∼ 100 kmnear the OlympicMountains,
to ∼ 60 km in northern Cascadia near Vancouver Is-
land (e.g., Li et al., 2018b) , although these coupling es-
timations contain substantial uncertainty due to insuf-
ficient seafloor geodetic data (Wang et al., 2003; Wang
and Tréhu, 2016). The wider zone of coupling beneath
the Olympic Mountains is due to a lesser slab dip where
there is a bend in the subducting JdF Plate (Fig. 1; Li
et al., 2018b). Slab dip partially controls thewidth of the
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coupled zone because the downdip extent of coupling in
warm subduction zones, such as Cascadia, is thought to
be thermally controlled by the brittle-ductile transition
(e.g., Hyndman andWang, 1993; Hyndman et al., 1997;
Oleskevich et al., 1999). The up-dip extent of coupling
may also be thermally controlled, in this instance by the
depth at which clay-dehydration reactions occur (e.g.,
Vrolijk, 1990;Hyndman andWang, 1995;Moore and Saf-
fer, 2001). In addition to the width of the coupled zone
varying along strike, the degree to which the plates are
coupled to each other varies along-strikewithin the cou-
pled zone (Schmalzle et al., 2014; Li et al., 2018b).
Partial coupling in northern Cascadia is character-

ized by persistent subduction zone creep, and episodic
tremor and slip (ETS) that recover a portion of the elas-
tic deformation of the upper crust (McCaffrey, 2009;
Schmalzle et al., 2014). ETSmaybe influenced by in-situ
dehydration reactions of oceanic crust (Fagereng et al.,
2018; Condit et al., 2020), with increased pore-fluid pres-
sure resulting in tremor. Along-strike changes in sed-
iment thickness on the downgoing slab, and lithology
and porosity of the upper plate, can affect pore fluid
generation and pressure; therefore controlling ETS,
persistent creep, and the degree of coupling (e.g., Au-
det and Bürgmann, 2014; Schmalzle et al., 2014; Wells
et al., 2017; Savard et al., 2018). Along-strike changes in
upper plate roughness also affect the degree of coupling
along the subduction interface (e.g. Wang and Bilek,
2014; Bassett andWatts, 2015; VanRijsingen et al., 2019).
These changes in subduction zone properties along-
strike have resulted in spatially variable coupling that
is dependant not only on slab dip.
The presence and spatial variability of coupling along

the Cascadia subduction interface drives elastic defor-
mation such as coastal upliftmeasured from tide gauges
(Burgette et al., 2009), and to some degree, permanent
deformation such as long-term uplift on the Olympic
Peninsula deduced from river terraces (Delano et al.,
2017). Far-field tectonic stresses, such as those related
to Basin and Range extension (in southern Cascadia)
and distributed right-lateral shear between the Pacific
and NA plates (e.g., Pezzopane andWeldon, 1993; Wells
et al., 1998; McCaffrey et al., 2000, 2007; Wells and Mc-
Caffrey, 2013; McKenzie and Furlong, 2021; Littel et al.,
2023), and stress related to margin parallel mantle con-
vection (e.g., Sternai et al., 2014; Chen et al., 2016) may
also play a role in driving permanent strain that is ob-
served in the upper plate. This permanent forearc de-
formation is recorded in Cascadia by oroclinal bend-
ing, rockuplift, active crustal faulting, and instrumental
seismicity (Fig. 2; e.g., McCaffrey, 1992; Loveless et al.,
2010; Delano et al., 2017; Malatesta et al., 2018; Finley
et al., 2019; Harrichhausen et al., 2023).
In the inner forearc of northern Cascadia, north of

the Olympic Mountains, several active faults accommo-
dating permanent strain have been identified through
paleoseismic observations and instrumental seismicity.
These faults form a network of subvertical to steeply N-
dipping W- to NW-striking structures that have hosted
Holocene surface rupturing earthquakes (Fig. 2a; e.g.,
Johnson et al., 2001; Personius et al., 2014; Morell et al.,
2018; Schermer et al., 2021; Harrichhausen et al., 2023).

Two of these faults, the Leech River and Devils Moun-
tain faults, form a continuous ∼W-striking fault system
(LRDM) that dips steeply north (Johnson et al., 2001;
Li et al., 2018a), and transects the majority of the on-
shore Cascadia forearc across southern Vancouver Is-
land in Canada, and the San Juan Islands and Puget
Lowland in Washington State (Fig. 2). We chose to use
this structure to model megathrust-coupling induced
slip and help constrain the driving force of permanent
deformation in northern Cascadia because of its wide
transect and relatively long paleoseismic record span-
ning theHolocene (e.g., Johnson et al., 2001, 2004a; Per-
sonius et al., 2014; Morell et al., 2017, 2018; Barrie and
Greene, 2018; Harrichhausen et al., 2021).

2.1 Paleoseismic studies

Paleoseismic studies along the LRDM, summarized in
Table 1 and denoted with letters i–vi on Fig. 2a, indi-
cate this structure has hosted at least five surface rup-
turing earthquakes with oblique slip in the Holocene.
Evidence for surface-rupturing earthquakes is present
as offset Quaternary sediments and offset subaqueous
banks observed in bathymetry along the easternWNW-
striking portion of the Leech River fault on southern
Vancouver Island (Morell et al., 2017, 2018; Harrich-
hausen et al., 2021), and along theDevilsMountain fault
offshore of Victoria, British Columbia and in Washing-
ton State (Johnson et al., 2001, 2004a; Personius et al.,
2014; Barrie andGreene, 2018). Paleoseismic trenching,
geomorphic mapping, and stratigraphic analyses con-
sistently indicate N-side-up motion along both faults
(Table 1). Right-lateral offset of the LRDM is docu-
mented in paleoseismic trenches and by offset banks
at three locations (ii, iii, and v), with the most un-
ambiguous observation of strike-slip kinematics along
the Devils Mountain fault where Personius et al. (2014)
used 3D trenching to show right-lateral offset of glacial
outwash channels and older bedrock faults. In con-
trast, left-lateral offset is documented in a paleoseismic
trench excavated across a southward branch of the Dev-
ils Mountain fault, the Utsalady Point fault (vi). Earth-
quake rupture ages and dated offset stratigraphy sug-
gest a minimum slip-rate of 0.05 mm/yr and a max-
imum of 1.6 mm/yr, with no spatial pattern in min-
ima and maxima observed along strike of the fault sys-
tem (Fig. 2b; Table 1). No evidence for Holocene sur-
face rupture of the western-most W-striking section of
the Leech River fault has been observed, and this por-
tion of the fault has been considered inactive due to
the observation of Oligocene marine sediments non-
conformably overlying the fault on the west coast of
Vancouver Island (MacLeod et al., 1977; Fairchild and
Cowan, 1982; Groome et al., 2003). However, pro-
nounced topographic lineaments following the bedrock
surface trace of this portion of the fault and dense
vegetation potentially obscuring exposures of faulted
Oligocene sediments, may suggest more recent fault
slip (Morell et al., 2017).
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Figure 2 a) Surface traces and kinematics of Quaternary–Active crustal faults in northern Cascadia highlighting the Leech
River (LRF) and Devils Mountain (DM) faults, combined to make the Leech River-Devils Mountain fault system (LRDM). Paleo-
seismic study results and references (locations shown as red boxes i–vi) are shown in Table 1. Fault traces are from theUnited
States Geological Survey (USGS) Quaternary fault and fold database. Quaternary reverse slip has been observed on the Seat-
tle fault zone (SFZ) (Johnson et al., 1994, 1999; Nelson et al., 2003; Blakely et al., 2002), right-lateral slip on the North Olympic
fault zone (Nelson et al., 2017; Schermer et al., 2021), and right-lateral oblique slip on the southernWhidbey Island fault zone
(SWIF) (Johnson et al., 1996; Sherrod et al., 2008). b) Upper plate crustal seismicity (< 35 km depth) in northern Cascadia
from January 1, 1970 through April 29, 2015 compiled by Brocher et al. (2017) from the Pacific Northwest Seismic Network
(2022). SHmax directions calculated by Balfour et al. (2011) from clusters of crustal earthquake focal mechanisms are shown
by black arrow pairs. Adapted from Harrichhausen et al. (2021).
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Fault Location Type Fault dip Kinematics Slip rate Earthquake ages Reference

LRF i Geo-
morphology

Subvertical N-side up N/A N/A Morell et al. (2017)

LRF i Trench Subvertical N-side up 0.2-0.3 mm/yr (ver-
tical slip)

1.7 ± 0.1, 2.2 ±
0.1, 8.7 ± 0.3 ka

Morell et al. (2018)

LRF ii Trench Subvertical Oblique
right-lateral

N/A 9.4 ± 3.4 ka Harrichhausen et al.
(2021)

DMF iii Bathymetric,
seismic reflec-
tion data

Subvertical Oblique
right-lateral

0.8 − 1.3 mm/yr N/A Barrie and Greene
(2018)

DMF iv Well logs 45◦ − 75◦ N N-side up 0.05 − 0.30 mm/yr
(vertical)

N/A Johnson et al. (2001)

DMF v Trench subvertical to
N-dipping

Oblique
right-lateral

0.14 ± 0.1 mm/yr
(strike slip)

2.2 ± 0.1, 8.1 ± 0.1
ka

Personius et al.
(2014)

UPF vi Trench Subvertical Oblique left-
lateral

Mininimum slip rate
= ∼ 1.6 mm/yr

100 − 400, 1100 −
2200, cal B.P.

Johnson et al.
(2004a)

Table 1 Summary table of paleoseismic studies of the Leech River (LRF) and Devils Mountain (DMF) and Utsulady Point
(UPF) fault systems

2.2 Crustal seismicity and forearc stress field
orientations

In northern Cascadia, instrumental crustal seismic-
ity (located at < 35 km depth, recorded by the Pa-
cific Northwest Seismic Network between 1970–2015,
Brocher et al., 2017) is concentrated in a region along
the eastern Leech River fault and the Devils Mountain
fault (Fig. 2b). In comparison, reduced seismicity along
the western Leech River fault (Fig. 2b) may suggest
lower strain rates, which is consistent with this portion
of the fault being inactive. However, crustal seismic-
ity increases again towards the trench from the onshore
portion of the western Leech River fault, resulting in
a ’seismicity gap’ where there is the reduction in seis-
micity between the inner forearc and the offshore por-
tion of the forearc (Fig. 2b; Brocher et al., 2017; Bostock
et al., 2019). Seismicity relocated on the easternWNW-
striking portion of the Leech River fault suggests that
it is a ∼ 60◦ N-dipping zone of subvertical en échelon
faults extending to a depth of ∼ 28 km (Li et al., 2018a).

Earthquake focal mechanisms along the LRDM pre-
dominantly show right-lateral slip on steeply dipping
W–NW striking fault planes, and N–S shortening on
reverse faults (Fig. 2b; Brocher et al., 2017; Li et al.,
2018a). These focal mechanisms are consistent with
oblique right-lateral slip observed in paleoseismic stud-
ies at sites ii, iii, and v (Table 1). NNW–SSE maximum
horizontal compressive stress (SHmax) and σ1 directions
along the fault system, derived from clusters of crustal
seismicity by Balfour et al. (2011), would also predict
that the LRDM accommodates oblique reverse right-
lateral slip if the observed stress was relieved by these
faults (Fig. 2b). However, the SHmax direction derived for
the upper crust offshore the western end of the Leech
River fault would predict a left-lateral component to slip
(Fig. 2b).

2.3 GNSS derived upper plate strain

A combination of GNSS velocity vectors, geologic slip
rates, paleomagnetic declination anomalies, seafloor
spreading rates, and earthquake slip vector analyses
together have been used to produce block models of
northern Cascadia that predict rates and kinematics
on active forearc faults (McCaffrey et al., 2007; Evans,
2022). These models separate the Pacific northwest re-
gion of North America, which encompasses the Casca-
dia subduction zone, into regions of relatively cohesive,
rigid blocks. The Devils Mountain fault is one of the
block boundaries and the McCaffrey et al. (2007) block
model predicts ∼ 0.4 mm/yr of right-lateral normal slip
along this structure. The strike-slip component of this
slip-rate is consistent with both paleoseismic studies
and crustal seismicity. However, the 70% confidence
interval error ellipse for this vector is large (>> 0.4
mm/yr) and a left-lateral reverse slip vector is within its
bounds. The Evans (2022) block model discretizes slip
rates and kinematics along this boundary, and predicts
∼ 0.05 to 0.5 mm/yr of reverse right-lateral slip along
the Devils Mountain fault. The lowest slip-rates, and
the most substantial component of reverse slip, occur
near the intersectionbetween the SouthWhidbey Island
fault zone and the Devils Mountain fault and increase
to ∼0.5 mm/yr towards the west and ∼ 0.2 mm/yr to the
east. Again, the model-derived standard deviations of
these slip rates are larger than the absolute values of
the vectors (∼ 0.1 to 1.0 mm/yr), indicating that oppo-
site slip kinematics are within the error bounds of the
model.
GNSS velocities collected throughout the past several

decades also suggestN–S shortening across theOlympic
Mountains, which has been interpreted to result from a
northward-migrating southern Cascadia forearc (Khaz-
aradze et al., 1999;Mazzotti et al., 2002). Oroclinal bend-
ing, reflected by counterclockwise rotation of the north-
ern forearc and clockwise rotation of the southern fore-
arc about an axial trace that bisects the Olympic Penin-
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Figure 3 Map showing the tectonic processes of Cascadia
thatmay influence right-lateral slip on the LRDM. Clockwise
rotation and northward motion of the southern Cascadia
relative northern Cascadia induces oroclinal bending and
westward escape of the northwest Olympic Peninsula and
western Vancouver Island (Nelson et al., 2017; Finley et al.,
2019; Harrichhausen et al., 2021). Inset shows how orocli-
nal bending results in strike-slip faulting on each limb of
the orocline, similar to flexural slip on a fold. Small blue ar-
rowsshowgridded interpolationof the residualGNSSveloc-
ity field with respect to stable North America from (Mazzotti
et al., 2011) and indicatewest–northwestward escapeof the
Olympic Peninsula and western Vancouver Island. Relative
plate motion from (DeMets et al., 2010). Clockwise rotation
shown in blue and counterclockwise rotation shown in red.
UTM grid coordinates (m) are in NAD83 UTM Zone 10N.

sula (Fig. 3; Miller et al., 2001; Mazzotti et al., 2003; Mc-
Caffrey et al., 2007; Finley et al., 2019), has been sug-
gested to accommodate this shortening (Finley et al.,
2019; Harrichhausen et al., 2021). Paleomagnetic and
structural geology studies suggest oroclinal bendinghas
been ongoing since 18 Ma (Wells and McCaffrey, 2013;
Finley et al., 2019). Right-lateral fault slip on E–W-
striking faults in northern Cascadia is suggested to re-
sult from deformation similar to flexural slip on a fold
limb, during oroclinal bending (Fig. 3; Finley et al.,
2019; Harrichhausen et al., 2021).
GNSS residual velocities, where the estimated elastic

effect of subduction zone coupling is removed from to-
tal GNSS velocities, have also been used to constrain
permanent forearc deformation in Cascadia (Khaz-
aradze et al., 1999; Miller et al., 2001; Mazzotti et al.,
2003, 2011). These residuals are based on subduction
zone couplingmodels and the lack of constraint on cou-
pling (e.g., Wang et al., 2003; Wang and Tréhu, 2016)
may inhibit their usefulness. However, some areas of
the residual velocity fields predict forearc deformation
that is consistent with observed forearc fault kinemat-
ics (Harrichhausen et al., 2021). GNSS residuals pre-
dict northwestwardmotion, or ”escape”, of the Olympic
Peninsula and the west coast of Vancouver Island rela-
tive to stable North America (Mazzotti et al., 2002, 2011),

which, along with oroclinal bending, may accommo-
date the observed N–S shortening across the Olympic
Peninsula (e.g., Nelson et al., 2017; Finley et al., 2019;
Harrichhausen et al., 2021). This trenchward extrusion
of the forearc would also imply right-lateral slip on the
Leech River fault as the portion of Vancouver Island
south of the Leech River fault is moving west with re-
spect to the northern side of the fault (Fig. 3). Towards
the east along the Devils Mountain fault, a south-to-
north reduction in northward residual velocities sug-
gests N–S shortening perpendicular to the strike of the
Devils Mountain fault (Fig. 3; Khazaradze et al., 1999;
Mazzotti et al., 2002, 2011), predicting reverse slip on the
eastern segment of our modelled fault system.

3 Model description
We used a 3D BEM model (e.g., Crouch and Starfield,
1983; Thomas, 1993; Loveless et al., 2010; Delano et al.,
2017; Duckworth et al., 2021) to calculate stress in a lin-
ear elastic half-space representing the upper plate of
the Cascadia subduction zone (based on algorithms in
Meade, 2007). The stress results from prescribed slip
rates on the subduction zone interface that mimic in-
terseismic coupling, coseismicmegathrust rupture, and
partitioned forearc strain. To estimate the slip rates on
the LRDMand associated faults, we calculated slip rates
on meshes representing these faults that are required
to relieve the stress induced by the tractions prescribed
on the subduction zone mesh. This model has previ-
ously been used to estimate slip on other crustal forearc
structures in the Cascadia forearc in Washington State
(Delano et al., 2017; Duckworth et al., 2021; Loveless,
2021). We adapted themodel to include the faults in our
study area, and to test how partitioned strain is accom-
modated by forearc faulting (archived model files avail-
able in: Harrichhausen et al., 2024).
The inputs to the BEM model are: A meshed surface

representing the Cascadia subduction zone with pre-
scribed dip-slip and strike-slip rates representing inter-
seismic coupling, partitioned interseismic coupling, or
coeseismic rupture (Delano et al., 2017); A meshed sur-
face(s) representing forearc fault(s); Coefficients andas-
sumptions governing the elastic properties of the half-
space (Poisson’s ratio and shear modulus). The meshed
surfaces are discretized as triangular dislocation ele-
ments (TDEs) for which slip rates are prescribed or cal-
culated individually. This discretization allows for com-
plex surface geometries, and spatially variable coupling
and slip-rate distributions on the modelled structures.

3.1 Subduction zonemesh
The Cascadia subduction zone mesh and slip-rates are
from Delano et al. (2017), with the subduction zone
geometry based on slab contours from McCrory et al.
(2006). EachTDEof themesh is defined by its own strike
and dip based on the slab contours, and these orien-
tations are used to resolve the strike-slip and dip-slip
components of deformation. The slip rates on the Cas-
cadia subduction zone mesh equate to the slip-deficit,
or the rate of potential elastic slip accumulated on the
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subduction interface due to coupling in mm/yr. These
slip deficit values have been calculated using a geodeti-
cally constrained block model that uses a GNSS velocity
field consisting of 1717 stations, in conjunction with in-
dependently (geologically) calculated relative blockmo-
tions to predict slip on the block boundaries (Meade
and Loveless, 2009; Delano et al., 2017). This block
model uses potentially active faults as block bound-
aries, and includes a block boundary that is close to
our mapped trace of the LRDM. The coupling model re-
solves ∼ −13 to 35 mm/yr of dip-slip deficit and ∼ −35
to 10 mm/yr strike-slip deficit on the subduction zone
interface, where positive slip rates are reverse and left-
lateral, respectively. The greatest coupling is located
where the subducting slab geometry changes from ∼N-
striking to ∼NW-striking at UTM 530000 m N and the
slab dip is reduced (Fig. 4a). At this location, the strike-
slip deficit also changes from right-lateral to left-lateral
from south to north due to a change in the obliquity
of subduction that occurs at the same location. At the
southern extent of the modelled slab, the Delano et al.
(2017)model prescribes an excess of dip slip on the sub-
duction interface (i.e., where the slip deficit is negative).
The negative slip deficit here has also been described
by other coupling models and it may result from fore-
arc GNSS velocities in this region being significantly in-
fluenced by complex interactions with the Mendocino
triple junction (e.g., Saux et al., 2022). This region is far
enough away (> 500 km) from the LRDM that it likely
has little impact on our results. More details on the
block model used to calculate the slip deficit and the
Cascadia subduction zone mesh used in our model are
described in Delano et al. (2017) (Supplementary Mate-
rial).
We prescribed three different slip rate distributions

to the subduction zone mesh to predict slip rates on
the LRDM due to unpartitioned interseismic coupling
(Model A), interseismic strike-slip coupling (to model
partitioned forearc strain, Model B), and coseismic
megathrust rupture (Model C). For Model A, we pre-
scribe a negative (normal) slip-deficit rate and a cor-
responding left- or right-lateral slip-deficit rate in the
opposite direction of relative plate motion (Fig. 4a, b).
These slip deficit rates imposed on the upper plate
mimic the dragging of the upper plate along the subduc-
tion interface during interseismic coupling. To model
partitioned forearc strain (Model B), we prescribe zero
dip-slip deficit rates to the subduction zone mesh, thus
only the strike-slip deficit rates remain as model inputs
that deform the elastic half-space. Finally, to model co-
seismic megathrust rupture (Model C), we prescribe a
positive (reverse) slip rate and a corresponding strike-
slip rate parallel with relative plate motion (Fig. 4c, d),
mimicking the full elastic recovery of the upper plate
during, or immediately after, a rupture of the entire Cas-
cadia subduction zone.

3.2 Forearc fault meshes

We constructed the meshed surface representing the
LRDM by extrapolating surface traces of the faults at
a specified dip to a maximum depth. The surface

traces inWashington Statewere interpolated from John-
son et al. (2001); Personius et al. (2014); Greene et al.
(2018), Personius et al. (2014), and Greene et al. (2018).
The trace of the Leech River fault is based on geomor-
phic mapping from Graham (2018), Morell et al. (2017,
2018), and Harrichhausen et al. (2021), as well as ge-
ologic mapping of the fault from Massey et al. (2005).
We also extended the Leech River fault ∼ 40 km off-
shore to the west based on a map of the Leech River
fault by MacLeod et al. (1977). Although this portion
of the fault may not be active (MacLeod et al., 1977;
Fairchild and Cowan, 1982; Groome et al., 2003), SHmax
orientations have been calculated from crustal seismic-
ity in this region (Balfour et al., 2011), providing ob-
servations to compare to our modelled fault kinemat-
ics. We extracted UTM coordinates (NAD83 Zone 10N)
from the vertices of these surface traces and used a pub-
lished MatLab script (available at https://github.com/
jploveless/meshing) to produce amesh constructed from
3000 m sided triangles. We used a depth of 28 km and a
dip of 60◦ N for the fault system based on relocated seis-
micity on the Leech River fault from Li et al. (2018a).
We also use three additional multi-fault models us-

ing the same subduction zone slip rate distributions
as Models A–C: Model D–interseismic coupling, Model
E–partitioned interseismic coupling, and Model F–
coseismic rupture. These multi-fault models include
the eastern LeechRiver fault, theDevilsMountain fault,
Utsalady Point fault (Johnson et al., 2004b), Strawberry
Point fault (Johnson et al., 2001), and the SouthWhidbey
Island fault (Johnson et al., 1996; Sherrod et al., 2008).
The purpose of including the additional fault zones was
to test howmultiple structures interact with each other.
We chose to include these faults as their surface traces
all converge towards each other. We also chose to ex-
clude thewesternW-striking segment of theLeechRiver
fault in this model, as there is no reported evidence of
offset Upper Oligocene sediments that overlie this seg-
ment of the fault on the west coast of Vancouver Is-
land (MacLeod et al., 1977; Fairchild and Cowan, 1982;
Groome et al., 2003), and we wanted to test how remov-
ing this portion of the fault would affect its kinemat-
ics. We limited the down-dip projection of each fault
to 20 km and set them all to dip 75◦ towards the north
or northwest. We used these new parameters to ensure
that the surfaces did not cross-cut one another.

3.3 Elastic half-space assumptions

The BEMmodel employs the prescribed slip deficit rate
distributions to analytically calculate the stress rate at a
given point in a linear, homogeneous elastic half-space,
characterized by a Poisson’s Ratio of 0.25 and shear
modulus of 3x108 Pa. The BEM model then predicts
slip-rates on crustal faults by solving for the slip-rate on
each crustal faultTDE required to completely relieve the
stress rate on a traction-free surface at that point in the
elastic half-space. Displacement normal to any of the
TDEs is not allowed in the model to prevent fault open-
ing. The model assumes a linear homogeneous crust,
and that the crustal faults are traction-free surfaces that
relieve all of the stress imposed on them, including the
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Figure 4 Prescribed slip rates (tractions) on a mesh representing the Cascadia subduction zone interface that drive elastic
deformation and forearc fault slip in the boundary element method (BEM) model. Interseismic dip-slip (a) and strike-slip
(b) deficit rates represent interseismic coupling. Coseismic dip-slip (c) and strike-slip (d) rates represent coseismic slip. The
mesh representing the LeechRiver-DevilsMountain forearc fault system (LRDM) is shown inblack, and the JuandeFuca (JDF),
North America (NA), and Pacific plate boundaries are shown in green. UTM grid coordinates (m) are in NAD83 UTM Zone 10N.
Input slip deficit and slip rates are from (Delano et al., 2017).

stresses induced by slip on neighboring TDEs on the
sameor neighboring faults. Therefore, wherewemodel
multiple crustal faults, the slip rates are lower where
the faults are in close proximity to each other as the
strain is distributed. Additionally, slip rates are lower
at the edges of the faults where there are no free sur-
faces. Themodel does not take into account viscous de-
formation below the brittle-ductile transition, changes

of fluid pore pressure, or fault slipmechanics and earth-
quake recurrence intervals. However, the simplicity
of the model allows us to conduct a first-order test of
whether stress due to elastic deformation of the fore-
arc bymegathrust coupling or rupture, results in the ob-
served fault kinematics along the LRDM.
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4 Model Results

Model A, where unpartitioned coupling on the Cascadia
subduction interface (including both the strike-slip and
dip-slip components) drives strain in the upper plate,
predicts reverse left-lateral slip along the entire LRDM
(Fig. 5a). Reverse slip rates range from ∼ 0 to 3 mm/yr
with thehighest rates at the farwestern endof theLeech
River fault, and where the Leech River fault bends and
strikes WNW. This western increase in slip rate is par-
tially due to higher slip rates being produced where the
fault is located closer to the subduction interface. Left-
lateral strike slip rates range from∼ 0 to 3.5mm/yrwith
a steady increase in slip rates towards the western end
of the fault system, again due to proximity to the sub-
duction interface. Strike-slip rates decrease down-dip
on the LRDMmesh away from the Earth’s surface.
Model B, where the prescribed strike-slip deficit rates

on the megathrust mimic partitioned forearc strain,
predicts that the LRDM accommodates left-lateral (red)
slip, and both normal (blue) and reverse (red) compo-
nents of dip slip (Fig. 5b). Modelled dip-slip rates range
from∼ 0.6mm/yr of normal slip on theW-strikingwest-
ern end of the Leech River fault to ∼ 0.15 mm/yr of re-
verse slip along the W-striking Devils Mountain fault.
Very little to no slip is calculated on the NW-striking
middle segment of the fault system, except for one ∼
5 km section in the middle of this segment where < 0.1
mm/yr of reverse slip is estimated. Modelled strike-slip
rates are also lower for the partitioned coupling model:
∼ 0 to 0.7 mm/yr of left-lateral strike slip with the rate
decreasing towards the east away from the subduction
zone. The overall reduction in slip-rates are expected
due to the lower absolute value of the slip deficit rates
prescribed on the subduction interface.
In Model C (Fig. 5c), coseismic rupture on the

megathrust results in calculated slip-rate distributions
for the LRDM that are the opposite of Model A. Instead
of reverse left-lateral slip, normal and right-lateral slip
with slip rates ranging from ∼ 0 to 3 mm/yr increasing
towards thewesternendof theLeechRiver fault arepre-
dicted.
In Models D–F (Fig. 6), where we include multiple

faults (the eastern Leech River, Devils Mountain, South
Whidbey Island, Strawberry Point, and Utsalady Point
faults), we see similar slip-rate distributions compared
to the previously describedmodels that only include the
LRDM. In all of the multi-fault models, slip rates are
lower where the faults overlap each other (they are sub-
parallel in space) and deformation is partitioned onto
multiple surfaces. Also, the NW-striking South Whid-
bey Island fault has greater slip rates than the the more
westerly-striking Utsalady Point, Strawberry Point, and
Devils Mountain faults. In Model D, where unparti-
tioned interseismic coupling drives strain, all of the
modelled faults are predicted to accommodate < 0.7
mm/yr of reverse dip slip and< 1.6mm/yr of left-lateral
slip. Model E, where only strike-slip coupling drives de-
formation, predicts < 0.45 mm/yr of left-lateral slip on
the forearc faults. The far-eastern down-dip portion of
the Leech River fault, and where the Leech River fault
overlaps with the South Whidbey Island fault, show <

0.05 mm/yr of normal slip while the rest of the faults
show < 0.2 mm/yr of reverse slip. Finally, in Model
F, coseismic rupture on the megathrust drives the op-
posite kinematics of the interseismic coupling model
(Model D), with < 0.7 mm/yr of normal slip and < 1.6
mm/yr of right-lateral slip.

5 How do the BEM models compare
with previous studies?

Ourmodels of upper plate fault kinematics indicate that
the elastic response of the upper plate to subduction
zone coupling, or coseismic rupture, cannot be the sole
explanation for the permanent deformation accommo-
dated by the modelled upper plate faults in northern
Cascadia. Predominantly left-lateral reverse slip pre-
dicted in the interseismic models (Models A, B, D, and
E) differs in strike-slip sense from the right-lateral fault
kinematics inferred on these structures in paleoseis-
mic studies (Fig. 2a, Table 1a), instrumental seismic-
ity (Fig. 2b), and geodetic block modelling. The coseis-
micmodels (Models C and F) predict normal slip, which
is not inferred for any of the structures in this study.
In contrast to these inconsistencies, the single fault in-
terseismic coupling model (Model A) and instrumen-
tal seismicity suggest similar reverse left-lateral strain
regimes off the west coast of Vancouver Island, and
may indicate subduction zone coupling is an important
driver of faulting in the outer forearc.

5.1 Paleoseismic studies
The fault kinematics produced in the BEM models are
inconsistent with most of the observed active kinemat-
ics from paleoseismic studies of the LRDM, whether it
is modelled as a single structure (Models A-C) or mul-
tiple faults (Models D-F). Paleoseismic investigations
predominantly observe reverse right-lateral slip aside
from a study on the Utsalady Point fault (Fig. 2a; Ta-
ble 1). These observations are in contrast with the sin-
gle structure andmulti-fault unpartitioned interseismic
coupling models predicting reverse left-lateral slip on
all faults (Models A and D). In the strain partitioning
model (Model B), the sense of dip slip switches along
the western portion of the Leech River fault. However,
as Model B still predicts left-lateral slip along the length
of the fault, it is still inconsistent with the paleoseis-
mic observations. Finally, both the coseismic models
(Models C and F) produce right-lateral slip on all fore-
arc faults, similar to paleoseismic observations (Fig. 2a;
Table 1). However, they also predict normal slip on N-
dipping faults, inconsistent with the observedN-side up
motion along the LRDM.
Despite the inconsistencies between the BEM mod-

els and paleoseismic observations in slip sense, most of
themodelled absolute slip rates compare relatively well
with most of the observed slip rates (Table 1). Model
B, and Models D through F estimate absolute slip rates
(0 to 1.5 mm/yr) that are similar to the slip rates ob-
served in paleoseismic studies. Given this similarity,
we speculate that the paleoseismic slip sense observa-
tions could incorporate alternating slip histories result-
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Figure 5 Dip-slip and strike-slip rates on the LRDM resulting fromunpartitioned coupling inModel A (a), strike-slip coupling
inModel B (b), and coseismic slip inModel C (c) on the Cascadia subduction zonemesh (Fig. 4). Red denotes reverse slip-rates
and left-lateral slip rates, while blue denotes normal slip rates and right-lateral slip rates. Surface trace of the LRDM shown
with solid black line. Fault dips away from the surface trace to the north. UTM grid coordinates (m) are in NAD83 UTM Zone
10N.

ing from stress reversals during the megathrust cycle
(e.g., Hasegawa et al., 2012; Regalla et al., 2017; Cortés-
Aranda et al., 2022), and the kinematics observed today
are the net sum of these alternating slip sense events.
This hypothesis could explain why left-lateral slip sense
is observed on the Utsulady Point fault in contrast to
right-lateral slip sense or pure dip slip along the rest of

the fault system along strike, such as the Devil’s Moun-
tain Fault (Fig. 2a; Table 1). Although this possibil-
ity exists, the most unambiguous observation of strike-
slip displacement are right-laterally offset channels ob-
served in 3D trenching along the Devils Mountain fault
(Personius et al., 2014), and the oblique right-lateral slip
is consistent with interseismic GNSS and seismicity ob-
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Figure 6 Maps showing modelled dip-slip (left) and strike-slip (right) rates on on multiple faults in the northern Cascadia
forearc. Slip in the models results from unpartitioned coupling in Model D (a), only strike–slip coupling in Model E (b), and
unpartitioned coseismic slip in Model F (c) on the Cascadia subduction zone mesh (Fig. 4). Red denotes reverse slip-rates
and left-lateral slip rates, while blue denotes normal slip rates and right-lateral slip rates. Modelled faults are the eastern
Leech River (LRF), Devils Mountain (DM), Strawberry Point (SP), Utsalady Point (UP), and SouthWhidbey Island (SWIF) faults.
Surface trace of the crustal faults are shown with solid black lines. Faults dip away from the surface trace to the north. UTM
grid coordinates (m) are in NAD83 UTM Zone 10N.

servations (Fig. 2b; Fig. 3). This consistency between
trenching and interseismic observations is indicative
that permanent interseismic strain is right-lateral, and
is in contrast with all of our interseismic BEM models
(Models A, B, D, E). Finally,Models A andCpredictmax-
imum slip rates of up to 3 to 3.5 mm/yr at the western
end of the LRDM,whichhavenot been observed in pale-
oseismic investigations. In fact, these highest modelled

slip rates occur where the LRDM is thought to be inac-
tive (MacLeod et al., 1977; Fairchild and Cowan, 1982;
Groome et al., 2003). Thus this inconsistency may be
further evidence that our simple model of elastic defor-
mation resulting from the megathrust cycle cannot be
used to explain the observed forearc faulting in north-
ern Cascadia.
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5.2 Crustal seismicity
Similar to the paleoseismic observations, recorded
crustal seismicity, which has occurred during an inter-
seismic period in theCascadia subduction zonemegath-
rust cycle, is also inconsistent with the BEM models of
inner forearc (onshore) fault kinematics. Upper plate
focal mechanisms (Brocher et al., 2017; Li et al., 2018a)
and SHmax directions derived from crustal seismicity
(Balfour et al., 2011) predict right-lateral reverse slip
along the LRDM (Fig. 2b). This reverse right-lateral slip
is inconsistent with the interseismic coupling models
(Models A, B, D, and E) that predict a left-lateral compo-
nent of strike slip along themodelled upper plate faults,
as well as the coseismic BEM models (Models C and F)
that yield anormal component of dip slip on these struc-
tures.
In contrast to the inner forearc, the reverse left-

lateral slip predicted by our unpartitioned interseis-
mic coupling model (Model A) in the outer forearc off
the west coast of Vancouver Island is consistent with
SHmax directions derived from upper plate seismicity
in the same region. At the farthest west end of the
Leech River fault, off the west coast of Vancouver Is-
land, the SW–NE SHmax direction from crustal seismicity
would predict left-lateral reverse slip on a W-trending
fault (Fig. 2b), consistent with slip produced by our un-
partitioned interseismic coupling model (Model A). Al-
though the western on-land portion of the Leech River
fault has formerly been deemed inactive (MacLeod
et al., 1977; Fairchild and Cowan, 1982; Groome et al.,
2003), crustal seismicity increases offshore towards the
west (Fig. 2b), suggesting the stress rate also increases
offshore (Stevens and Avouac, 2021), and potentially
indicates offshore active faulting. There is no evi-
dence that this offshore faulting is along the Leech
River fault. However, our interseismic model shows
left-lateral oblique slip on aW-striking fault, which im-
plies the same SW–NE SHmax direction as calculated by
Balfour et al. (2011). This SW–NE SHmax direction is
consistent with inferred kinematics on seismically im-
aged structures in the forearc basin sediments west
of Vancouver Island. The imaged structures are late
Pliocene NE-verging reverse faults and folds (Hayward
andCalvert, 2007) andmay still be active. This areawest
of Vancouver Island is immediately above where cou-
pling on the megathrust increases towards the trench
(Schmalzle et al., 2014; Li et al., 2018b, Fig. 4a, b;). We
speculate that these observations indicate subduction
zone coupling may be important in controlling perma-
nent strain in the outer forearc closer to the trench,
which is proximal or immediately above the locked por-
tion of the megathrust.

5.3 GNSS derived strain and previous BEM
modelling

Geodetic block models of Cascadia use GNSS velocities
to constrain the relative rotations of microplates, inter-
seismic elastic deformation due to locked faults along
microplate boundaries, and the distribution of coupling
along partially locked faults. Slip rates are calculated
using the difference between the rotation rates at the

block boundaries (Meade and Loveless, 2009; Evans,
2022). Thus, these models represent an inversion of the
GNSS velocities, while our model ”drives” forearc de-
formation using the stress that results from subduction
zone coupling. As the block models are inferred to be
a prediction of the current deformation being observed
at the block boundaries, they are a useful comparison
with our modelled fault kinematics.
Twoof theblockmodels that include theDevilsMoun-

tain fault as a block boundary estimate right-lateral slip
along this structure (McCaffrey et al., 2007; Evans, 2022),
which is inconsistent with our prediction of left lateral
slip on the Devils Mountain fault, the entire LRDM, or
the network of forearc faults (Models A, B, D, and E).
TheMcCaffrey et al. (2007) blockmodel indicates a nor-
mal, right-lateral slip-rate slip rate of ∼ 0.4 mm/yr on
the Devils Mountain fault, consistent with our model
driven by coseismic rupture (Model C). However, the
McCaffrey et al. (2007) block model reflects interseis-
mic GNSS velocities, and the error on the block model
is large enough that left-lateral reverse slip is also pos-
sible. Therefore we hesitate to use this comparison
to make any deductions about coseismic elastic defor-
mation controlling permanent forearc deformation on
this segment of our modelled fault system. Finally, the
Evans (2022) block model predicts ∼0.05 to 0.5 mm/yr
(standard deviation of up to 1 mm/yr) of reverse right-
lateral slip along the Devils Mountain fault, which is in-
consistent with all of our models of upper plate fault
kinematics.

6 What drives the observed oblique
right-lateral slip?

Our BEM models suggesting that elastic response of
the upper plate to interseismic subduction zone cou-
pling and coseismic rupture alone cannot explain the
observed fault kinematics of the LRDM may be repre-
sentative of a larger area in Northern Cascadia. Simi-
lar BEM modelling by Duckworth et al. (2021) predict-
ing slip on the North Olympic fault zone ∼ 50 km south
of the Leech River fault (Fig. 1b), also concludes that
stress arising from interseismic coupling does not drive
the right-lateral oblique motion observed on this fore-
arc fault zone. They suggest that coseismic strain may
have resulted in reverse right-lateral slip; or, that the
North Olympic fault zone acts as the northern bound-
ary of a rotating tectonic block (”Olym” block, McCaf-
frey et al., 2013) and that strain along the boundary is
the result of a deformation field larger than the subduc-
tion zone. Their coseismic BEM model, like ours, pre-
dicts normal slip and contrasts with the reverse slip that
has been observed in paleoseismic studies (Schermer
et al., 2021) and bedrock mapping (Polenz et al., 2004).
Therefore, we conclude that these observations suggest
coupling or coseismic rupture also donot drive fault slip
on the Olympic Peninsula, andmay indicate our results
are not just confined to the LRDM andmay reflect most
of northern Cascadia.
Since our models indicate that subduction zone cou-

pling and coseismic rupture alone cannot explain the
observed strike-slip fault kinematics in the inner fore-
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arc of northern Cascadia, we propose that permanent
deformation accommodated by the LRDM combined is
the combined effect of subduction zone processes and
far-field tectonic processes. This interpretation is sup-
ported by the McCaffrey et al. (2007) and Evans (2022)
block models, which predict right-lateral slip on the
Devils Mountain fault and is in agreement with crustal
seismicity and paleoseismic studies (Fig. 2). As these
block models are based on GNSS data covering the en-
tirety of the Pacific Northwest region (McCaffrey et al.,
2007), they support our conclusion that including far-
field deformation is needed to reproduce the observed
fault kinematics in forearc strain models. Similar con-
clusions from studies of other subduction zones have
been made where permanent inner forearc deforma-
tion is thought to reflect the background stress state
of the forearc and is not directly related to subduction
zone coupling (e.g., Townend and Zoback, 2006; Tow-
nend et al., 2012; Dimitrova et al., 2016).
A far-field tectonic process that we suspect is a sub-

stantial factor in driving forearc strain in northern Cas-
cadia is the oroclinal bending of the Cascadia forearc,
which accommodates north-south shortening across
the Olympic Peninsula and may promote its westward
escape (Fig. 3; Nelson et al., 2017; Finley et al., 2019;
Harrichhausen et al., 2021). Right-lateral slip on the
LRDM, in the case of oroclinal bending, is a result of
flexural slip along the northern limb of the orocline
(Fig. 3). Westward escape of the Olympic Peninsula rel-
ative to the northern forearc would also induce right-
lateral motion on roughly west- and east-striking upper
plate faults. Because residual GNSS velocities south of
the Devils Mountain fault do not indicate westward es-
cape immediately south of the Devils Mountain fault
(Fig. 3), we suggest that the primary driver of right-
lateral slip, at least at the eastern end of the LRDM, is
flexural slip, while westward escape may explain right-
lateral motion further west on the Leech River fault.
In addition to the previously described tectonic pro-

cesses, we have not considered other drivers of forearc
strain, such arc-parallel flow in the mantle wedge (e.g.,
Sternai et al., 2014; Chen et al., 2016) or buoyancy con-
trasts along the forearc (e.g., Rippke, 2020), that could
potentially result in right-lateral slip along the LRDM
fault. Although it is beyond the scope of this study, con-
sidering these other sources of forearc strain in future
models is essential to determinewhat processes control
permanent deformation of forearcs at different subduc-
tion zones.

7 Conclusions
Our BEM models suggest that elastic forearc strain
from interseismic coupling would result in predomi-
nantly left-lateral reverse slip along the LRDM, and that
elastic strain from coseismic megathrust rupture re-
sults in right-lateral normal fault slip. In addition, our
models using only the strike-slip component of inter-
seismic coupling to drive fault slip, mimicking fore-
arc strain partitioning, also predict predominantly left-
lateral forearc faulting. Multi-fault models predict the
same fault kinematics as single faultmodels, albeit with

lower slip rates, especially where faults are in close
proximity to each other. These results are not consis-
tent with paleoseismic studies, instrumental seismicity,
and geodetic block models which predominantly indi-
cate right-lateral, reverse fault kinematics on the mod-
elled faults in northern Cascadia. This result allows
us to deduce that observed permanent deformation in
the inner forearc in northern Cascadia does not solely
accommodate elastic strain driven by subduction cou-
pling or coseismic rupture. SHmax directions predicting
left-lateral slip along the furthest west, offshore portion
of the modelled Leech River fault, are consistent with
our interseismic coupling models. We speculate that
this result suggests some of the elastic strain from sub-
duction zone coupling may be reflected by permanent
deformation in the outer forearc, closer to the coupled
portion of themegathrust. In the inner forearc, we sug-
gest that oroclinal bending, and west-northwestward
extrusion of the Olympic Peninsula and the southwest-
ern tip of Vancouver Island induce right-lateral slip on
the LRDM.
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