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The forearc topography of the Cascadia subduction zone varies systematically along-strike, with high-
relief in the north and south (the Olympic and Klamath ranges) separated by relatively low relief in its 
central region. This systematic topographic variability reflects the long-term pattern of uplift and erosion, 
however, the underlying cause of uplift and the mechanisms by which current topography is supported 
are unclear. Here, we synthesize results from seismic imaging, geodetic (decadal) and geomorphic 
(millennial) uplift rates, erosion rates, topographic analysis, and characteristics of the megathrust 
interface, with a mechanical model to infer that buoyancy in the subslab asthenosphere influences the 
development and longevity of Cascadia’s forearc topography. The Cascadia margin can be divided into 
three broad segments, with the northern and southern segments characterized by rapid geodetic and 
geomorphic uplift rates, rapid erosion rates, high coseismic subsidence of great megathrust ruptures, 
shallower slab dip angles, and increased plate locking compared to the central segment. Tomographic 
images show low-velocity anomalies beneath the slab in the northern and southern segments, which 
are inferred to be regions of partial melt, resulting from localized upwellings, and regions of positive 
mantle buoyancy. Modeling suggests that these buoyant regions can locally increase the total shear force 
at the megathrust by either shallowing the slab dip — thereby increasing the area of the seismogenic 
zone — or increasing mechanical plate coupling along the megathrust, by increasing normal stress 
and/or the effective coefficient of friction. We propose that: 1) sub-slab buoyancy influences topographic 
development by modulating along-strike patterns of strain within the over-riding plate during the seismic 
cycle, 2) Permanent development of surface topography occurs due to unrecovered strain over thousands 
of seismic cycles, and 3) variations in Cascadia’s forearc topography are laterally supported by changes 
in the total shear force at the megathrust interface. Using independent estimates for slab dip and 
plate locking, we predict the first-order variations in Cascadia forearc topography, with local maxima 
in the north and south as observed. Given our results, variations in subslab buoyancy may be critical to 
explaining forearc topography in other subduction systems.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

The mechanics of convergent margins influence the forces that 
generate and support forearc topography (e.g. Cattin et al., 1997). 
Forearc morphology varies both globally and within subduction 
zones (Bassett and Watts, 2015) and many convergent margins ex-
hibit along-strike variations in plate locking and seismicity (Ando, 
1975; Kopp, 2013). Though pressure and temperature conditions 
control the first-order behavior downdip (Hyndman and Wang, 
1993), most studies investigating behavioral segmentation along-
strike focus on lateral variations in properties of the thrust inter-
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face or adjacent crust (Brudzinski and Allen, 2007; Cloos, 1992; 
Delph et al., 2018; Janiszewski et al., 2019; Littel et al., 2018). Re-
cent findings, however, suggest that dynamics of oceanic astheno-
sphere beneath the down-going plate contribute to along-strike 
segmentation (Bodmer et al., 2018). Here, we explore the relation-
ship between upper mantle processes, megathrust dynamics, and 
the evolution of the forearc landscape.

We focus on the Cascadia subduction zone, exploiting the 
wealth of observations spanning large spatial (upper mantle to 
surface) and temporal (decades to millions of years) scales. Two 
regions of high-relief topography are present in the forearc (the 
Olympic and the Klamath ranges; Fig. 1), separated by the rela-
tively low-relief Oregon Coast Range. Similarly, there is evidence 
from multiple observations for segmentation of megathrust behav-
ior, specifically from historic large earthquakes, episodic tremor 
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Fig. 1. Topographic map of the Cascadia subduction zone. Regions of high forearc to-
pography are observed in northern and southern Cascadia, the Olympic and Klamath 
ranges, respectively. Arrows represent absolute plate motions in a hotspot reference 
frame (DeMetts et al., 2010). White triangles represent current and historic volcan-
ism. Green lines denote the swath used to plot several of the datasets in subsequent 
figures. (For interpretation of the colors in the figure(s), the reader is referred to the 
web version of this article.)

and slip, inferred plate locking, and seismicity (Brudzinski and 
Allen, 2007; Goldfinger et al., 2012; Li et al., 2018; McCrory et 
al., 2012; Schmalzle et al., 2014; Wells et al., 2017). Previous work 
suggested that differences in incoming plate age drive topographic 
variation (Kelsey et al., 1994), however we show that more recent 
observations are inconsistent with this interpretation.

In this paper, we synthesize along-strike characteristics of the 
Cascadia margin in order to address two questions: 1) What con-
ditions give rise to long-term uplift and development of differ-
ential topography in the forearc? 2) What are the mechanisms 
that support current forearc topography? We infer that buoyant 
asthenosphere beneath the subducting slab (Bodmer et al., 2018) 
influences both of these processes by modulating megathrust prop-
erties (slab morphology and/or mechanical coupling of the plates) 
and thus contributes to the first-order response of the overlying 
landscape.

2. Tectonic setting

The Cascadia subduction zone (CSZ) is where the Juan de Fuca 
(JdF) plate converges with North America at a rate of ∼40 mm/yr 
(DeMets et al., 2010) (Fig. 1). The CSZ rupture cycle is estimated to 
be 300–500 yr, with the last great earthquake (M9.0) in 1700 AD 
(Goldfinger et al., 2012). The offshore plate system includes the JdF 
and two smaller fragmenting regions, the Explorer plate and Gorda 
deformation zone (GDZ), to the north and south respectively. The 
age of JdF crust entering the subduction zone is young (<10 Ma). 
Beneath the forearc, ages vary gradually along-strike, despite the 
presence of the Blanco Fracture Zone (BFZ) offshore. This is be-
cause the BFZ is a recent feature (∼4 Ma) resulting from plate 
reorganization in the last ∼8 Ma (Riddihough, 1984; Wilson, 2002; 
Fig. S1). The convergent margin is short, ∼1000 km in length, yet 
multiple studies indicate that structure and behavior vary along 
strike. We define three main segments (northern, central, south-
ern; Fig. 1) from observations of megathrust behavior (see Sec. 3) 
in order to locate and compare key features.

The Olympic mountain range is a forearc high (peaks >2 km 
above sea level) located in northwest Washington, in the northern 
segment of Cascadia (Fig. 1). Glaciation in the Olympics is present 
currently at altitudes of 1.7 km (Fountain et al., 2017) and aver-
age relief (within a 2.5 km radius) reaches ∼1.2 km (Fig. S2). This 
region is comprised of Miocene marine sedimentary rocks and is 
a subaerial subset of a larger regional subduction complex (Ta-
bor and Cady, 1978). The mountainous core is surrounded by a 
horseshoe shaped belt of Eocene oceanic basalt (Tabor and Cady, 
1978). These basalts are a part of the large igneous province Silet-
zia, which extends south into central Oregon and was accreted at 
∼50 Ma (Wells et al., 2014). The Olympics are located inboard 
of a change in margin strike and have a small lateral dimension 
(∼100 km). High elevations are also observed just north in the 
Vancouver portion of the Wrangellia terrain. Uplift of the Olympics 
started ∼18 Ma and topography is thought to be steady state, im-
plying average rates of uplift and erosion that are nearly equivalent 
over the region (Brandon et al., 1998; Brandon and Calderwood, 
1990; Pazzaglia and Brandon, 2001). Though the steady state as-
sumption is widely used in the Cascadia forearc, increases in sed-
iment flux due to Quaternary glaciation have been inferred to in-
fluence subduction mechanics (Adam et al., 2004; Booth-Rea et al., 
2008) and may impact orogenesis.

The Klamath range is a forearc high (peaks >2 km above sea 
level) located in northern California and southern Oregon, in the 
southern segment of Cascadia (Fig. 1). Glaciation in the Klamaths 
is currently present in a small area (<2 km2) located in the Trin-
ity Alps (Fountain et al., 2017) and average relief (within a 2.5 km 
radius) reaches ∼1 km (Fig. S2). The range is comprised of various 
oceanic terranes accreted during the Paleozoic through to Jurassic 
time (Snoke and Barnes, 2006). The Klamaths are located east of 
the GDZ and north of the Mendocino triple junction, the transi-
tion from transform motion along the San Andreas fault system to 
convergence at the CSZ. Uplift of the Klamath range is thought to 
have initiated most recently in the last ∼3 Ma, as inferred from 
the presence of a well-developed erosional surface in the west-
ern range, the Klamath peneplane, which formed ∼5 Ma (Aalto, 
2006; Diller, 1902; Mortimer and Coleman, 1985). Evidence of ear-
lier (Oligocene-Eocene) topographic development associated with 
the accretion of Siletzia and extension of the La Grange fault has 
been inferred for the southeasternmost Klamaths (Batt et al., 2010; 
Piotraschke et al., 2015).

Separating the Olympics and Klamath ranges are the relatively 
low-relief Coast Ranges, located in the central segment (Fig. 1). The 
Coast Ranges exhibit average topography less than 0.5 km above 
sea level (peaks reaching 1 km) and are unglaciated. The Coast 
Ranges are comprised of Eocene sedimentary deposits overlaying 
the accreted Siletzia terrane (Heller and Ryberg, 1983). Uplift of 
the Coast ranges is thought to have occurred since 15–16 Ma (Mc-
Neill et al., 2000) and is in topographic steady state with erosion 
(Roering et al., 2007).

3. Results from previous studies

To address the development and mechanical support of fore-
arc topography in Cascadia, we first synthesize observations and 
inferences from previous work. These studies span several spatial 
and temporal scales, addressing: erosion and vertical uplift of the 
forearc (Sec. 3.1); role of isostacy in supporting forearc topography 
(Sec. 3.2); structure and dynamics of the upper mantle beneath 
the subducting slab (Sec. 3.3); properties of the subducting plate 
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Fig. 2. Along-strike variations in the landscape evolution of the Cascadia forearc. Horizontal dotted lines at 46N and 43.5N represent inferred segment boundaries separating 
northern, central, and southern segments. See Sec. 3.1 for sources. a) Forearc topography within the ∼100 km wide swath (Fig. 1). Red line represents mean elevation, dashed 
lines represent minimum and maximum elevations, and blue area represents one standard deviation. Purple bars represent latitudes where Pleistocene glaciation is observed 
in the forearc. b) Interseismic uplift rates and coseismic subsidence. Blue dots represent individual GPS vertical velocities within and to the west of the swath, black line 
represents the average vertical velocity, and the shaded region represents one standard deviation. Red symbols represent coseismic subsidence during the 1700 event. Note 
the two datasets are plotted on different scales. c) Long term uplift rates and erosion rates. Red lines represent averaged long-term uplift rates from shorecut platforms. 
The red star represents exhumation rate estimate from the Olympics. Purple diamonds represent erosion rates from cosmogenic radionuclide concentrations. d) Tomographic 
image of relative P-wave velocities averaged between 100–250 km depth. This depth represents the subslab region. Dashed lines represent depth contours to top of slab 
(10 km increments).
interface (Sec. 3.4); and mechanical modeling of the forearc relat-
ing plate interface forces to forearc characteristics (Sec. 3.5).

3.1. Topographic evolution of the Cascadia forearc

Vertical motion of the Cascadia forearc varies along-strike, with 
the spatial patterns from multiple observations reflecting the seg-
mentation boundaries defined by megathrust behavior (Fig. 2). 
These observations broadly fall into two categories: short-term 
processes on the scale of an individual seismic cycle and long-
term processes occurring over many seismic cycles, up to millions 
of years. Observations across scales suggest increased uplift rates 
in the northern and southern segments.

Topographic highs are observed in the northern and southern 
segments of the Cascadia forearc corresponding to the Olympic 
and Klamath ranges respectively. The topographic profile, Fig. 2a, 
is derived from 30 m resolution DEM’s within a ∼100 km wide 
swath (see Fig. 1). Local maximum elevations in the northern and 
southern segments are 2.2 km and 1.9 km with mean elevations 
of roughly 1.4 km and 1.0 km, respectively. Comparatively, cen-
tral Cascadia’s coast range only reaches a maximum elevation of 
1.0 km with a mean elevation of 0.4 km. The forearc highs dif-
fer in spatial dimensions, with the Olympics being a narrow fea-
ture (∼100 km width) and the Klamath’s more laterally expansive 
(∼300 km width). These topographic patterns reflect the net re-
sult of the competition between vertical uplift and denudation 
processes and it is unlikely that they are the result of rock type 
variation (Kelsey et al., 1994). Although our analysis doesn’t re-
quire it, long-term uplift and erosion data support an approximate 
balance between uplift and erosion and steady topographic form 
(Willett and Brandon, 2002).

Measurements of short-term vertical motion are larger in the 
northern and southern segments, co-located with regions of high 
topography (Fig. 2b). Observations come from interseismic GPS 
measurements and coseismic subsidence estimates, both of which 
capture deformation during a single seismic cycle. GPS measure-
ments from Plate Boundary Observatory (PBO) stations display av-
erage uplift rates of 1–2 mm/yr in northern and southern Cascadia, 
with maximums reaching 5 mm/yr (Fig. 2b; Schmalzle et al., 2014). 
Conversely, average vertical rates in central Cascadia are indistin-
guishable from zero. The variance of GPS derived velocities is large; 
however, the pattern of observations is corroborated by tide gauge 
and leveling data (Burgette et al., 2009). Estimates of coseismic 
subsidence during the 1700 Cascadia megathrust rupture, derived 
from tidal microfossil studies (Wang et al., 2013), show a decrease 
in subsidence within the central segment (0.5–1 m compared to 
the north/south segments; Fig. 2b). Wang et al. (2013) infer a het-
erogeneous rupture pattern with four high slip patches, but in 
general, coseismic subsidence is observed to be lower in central 
Cascadia for several previous ruptures (Leonard et al., 2010).

Estimates of long-term vertical motion, averaging over many 
seismic cycles, display similar patterns with increased uplift and 
erosion rates in the northern and southern segments (Fig. 2c). 
Long-term uplift rates, averaged from shoreline platform analysis 
estimates (Balco et al., 2013; Kelsey et al., 1994; 1996), and ex-
humation rates, from apatite fission track analysis (Brandon et al., 
1998), show increased rates north and south compared to the cen-
tral segment (Fig. 2c). Compiled erosion rate estimates, derived 
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Fig. 3. a) Plate age variations beneath the forearc swath (see Fig. S1). Red line represents the average and the gray area the total range of the data. Calculated from Wilson 
(2002). b) Comparison of slab depth to predicted crustal thickness. Blue line is the average depth to slab beneath the swath. Green line is the predicted crustal thickness 
from the observed topography assuming full isostatic compensation. Slab depth from McCrory et al. (2012). c) Mean elevation within the forearc swath. Horizontal lines at 
46N and 43.5N represent inferred segment boundaries.
from cosmogenic radionuclide data, suggest rates approaching 1 
mm/yr in northern and southern Cascadia, whereas central Casca-
dia rates are lower, ∼0.2 mm/yr (Fig. 2c; Balco et al., 2013; Bier-
man et al., 2001; Ferrier et al., 2005; Fuller et al., 2009; Livermore, 
2001; Marshall et al., 2017; Penserini et al., 2017; Roering et al., 
2015). Cosmogenic radionuclide erosion rates estimates are ideal 
because they are robust against anthropogenic change. Consistent 
with the notion of steady state topography, the magnitudes of 
long-term uplift rates and erosion rates are broadly in agreement. 
However, long-term uplift and erosion rates are approximately an 
order of magnitude lower than the short-term, interseismic uplift 
rates (Fig. 2b–c; Penserini et al., 2017), which reflects a snapshot 
of elastic strain accumulation in the earthquake deformation cycle, 
similar to other subduction zones (Ramírez-Herrera et al., 2018).

3.2. Isostacy of the subducting plate and overriding crust

Here we estimate the isostatic contributions of the subducting 
slab and the overriding crust to forearc elevation; subslab contri-
butions are addressed in Sec. 3.3. We show that contributions due 
to oceanic plate age differences are negligible and our results im-
ply insufficient accommodation space above the subducting slab 
for the crustal thickness variations required to support topography.

Kelsey et al. (1994) suggested that isostatic adjustments due 
to along-strike changes in plate age support forearc topography, 
with high-standing relief underlain by younger oceanic crust. Their 
study assumed that the BFZ corresponds with a >10 My age offset 
in oceanic lithosphere beneath the forearc that migrates north-
ward. Reorganization of the JdF plate system and subsequent de-
velopment of the BFZ, however, did not begin until ∼8 Ma and 
∼4 Ma, respectively (Riddihough, 1984; Fig. S1). A more recent 
plate reconstruction by Wilson (2002) shows that plate age be-
neath the forearc differs by at most 4 My and that age does not 
correlate with the forearc relief pattern (Fig. 3a). Further, using a 
half-space cooling model and plate ages from Wilson (2002), we 
calculate ∼200 m of isostatic elevation variation, an order of mag-
nitude lower than the observed topography (Fig. 3c), which is less 
than half the previous estimate (Kelsey et al., 1994). Several off-
shore studies indicate that the JdF plate is not consistent with the 
half space cooling model (Bell et al., 2016; Byrnes et al., 2017; 
Eilon and Abers, 2017), with estimates of lithospheric thickness 
variations on the order of 10–15 km (Rychert et al., 2018) corre-
sponding to ∼450 m of isostatic elevation variation. This amplitude 
is still far less than the observed topography and, further, the spa-
tial patterns of the two datasets along-strike do not appear well 
correlated.

Using the depth to the slab interface as an absolute bound on 
crustal thickness, we find that there is insufficient space for the 
thickness of continental crust needed to isostatically support to-
pography. Fig. 3b shows an estimate of the maximum possible 
thickness of the crust beneath the forearc, assuming that conti-
nental crust extends down to the slab interface of McCrory et al. 
(2012). Notably, despite the high standing topography in southern 
Cascadia, the forearc crust is relatively thin in this region. Global 
studies indicate an average elevation of 800 m and crustal thick-
ness of 38 km (Amante and Eakins, 2009; Christensen and Mooney, 
1995), which we use as an isostatic reference. Assuming average 
crustal and mantle densities of 2.8 g

m3 and 3.3 g
m3 , respectively, 

crustal thicknesses of 43 km and 40 km are required to isostatically 
support the mean topography in northern and southern Cascadia. 
This is 5–15 km thicker than the local depth to the slab interface 
(Fig. 3b; McCrory et al., 2012) and crustal thickness estimates for 
the region (Gilbert, 2012; Shen et al., 2013). In contrast, crustal 
thickness in central Cascadia is more consistent with isostatic sup-
port (Fig. 3b), though other forces likely contribute to topographic 
development and support.

We can also estimate along-strike changes in elevation due to 
crustal thickness variations and find that predicted patterns do 
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Fig. 4. Along-strike variations in the subslab mantle, slab geometry, and estimated coupling along the megathrust interface. Horizontal dashes represent inferred segment 
boundaries. a) Subslab buoyancy estimate inferred from the seismic tomography (Fig. 3d). Red area represents buoyancy/area estimate if low-velocities are due solely to 
partial melt. Grey regions represent buoyancy/area estimates if temperature is allowed to contribute (temperature capped in increments of 10 K). From Bodmer et al. (2018). 
b) Average slab dip angle in the shallow portion of the megathrust interface. The maximum slab depth considered is 30 km. Calculated from McCrory et al. (2012). c) Average 
plate locking. Average is taken in a 50 km wide swath around the maximum value for a given latitude using the Gaussian locking model from Schmalzle et al. (2014).
not correlate with the observed topography (Fig. S3). Two crustal 
thickness estimates are taken from seismic studies (10–15 km of 
variation along-strike; Gilbert, 2012; Shen et al., 2013) and another 
from the inferred surface-to-slab maximum (McCrory et al., 2012). 
These results show up to 2 km of topographic variation, however 
the along-strike patterns are inconsistent with the observed topog-
raphy. Lastly, we can estimate the along-strike changes in crustal 
density required to support the observed topography (Fig. S3). 
We find average crustal densities of 2.2–2.6 g

m3 in the north and 
2.3–2.5 g

m3 in the south would be required. Using the Nafe-Drake 
curve (Brocher, 2005), this corresponds to average crustal Vp val-
ues (ranging from 3.0–5.3 km/s) that lie more than 2σ below the 
global average (6.45 ± 0.23 km/s; Christensen and Mooney, 1995), 
and below average crustal values in Cascadia (∼5 km/s; Parsons 
et al., 2005; Trehu et al., 1994) except at their maximum limit. 
Moreover, the required variation of average density along-strike 
would result in average crustal velocity variations of ∼1.7 km/s, 
roughly equivalent to the entire range of observed crustal veloc-
ities globally (Christensen and Mooney, 1995). We conclude from 
these comparisons that forearc topography in Cascadia is not sup-
ported isostatically by either the crust or buoyancy variations due 
to age differences of the subducting plate.

3.3. Subslab buoyancy

A recent seismic study of the CSZ identifies two localized low-
velocity anomalies beneath the subducting slab in northern and 
southern Cascadia (Fig. 2d; Bodmer et al., 2018) that are co-
located with regions of high topography, increased uplift rates, 
increased erosion rates, and larger coseismic subsidence (Sec. 3.1; 
Fig. 2a–c). In northern Cascadia, the seismic anomaly (�V P ≈ −3%) 
is attributed to upwelling and decompression melting of relatively 
warm mantle entrained (Bodmer et al., 2015) from the nearby 
Cobb hotspot. In southern Cascadia the seismic anomaly (�V P ≈
−1.5%) is attributed to upwelling and decompression melting of 
asthenosphere from beneath the subducting slab, driven by rapid 
northwest motion of the Pacific plate with respect to a relatively 
stagnant GDZ.

Due to presence of partial melt — and possibly a thermal 
anomaly in northern Cascadia — Bodmer et al. (2018) infer that 
these mantle upwellings generate positive buoyancy beneath the 
slab. If the subslab low-density anomalies present between 100 
and 250 km depth are isostatically compensated by surface uplift, 
they would generate an along-strike pattern comparable to ob-
served forearc relief, however, the magnitude of uplift (∼200 m) 
would be an order of magnitude less than observed (Fig. S3). 
A positive buoyancy force, however, would push upward on the 
base of the subducting plate with an average increase in force per 
unit area of 2–8 MPa in northern and southern Cascadia (Bodmer 
et al., 2018; Fig. 4a). These forces could deflect the subducting slab 
upward, resulting in regional scale variations in slab morphology 
and dip. Because density contrasts between the upwardly buoy-
ant subslab asthenosphere and the overlying slab are small, the 
vertical deflection of the slab will be greater than the magnitude 
of surface uplift. Additionally, this buoyancy force could increase 
stress on the megathrust interface. In the next section (Sec. 3.4) 
we summarize observations at the slab interface consistent with 
these ideas.

3.4. Along-strike variations of the slab interface

Geometry of the slab, as well as the coupling between plates, 
can influence both the stress accumulated and released during the 
seismic cycle (Bletery et al., 2016; Schmalzle et al., 2014) and 
the stresses that support the forearc wedge (Dahlen, 1990; Wang 
and He, 1999). Slab geometry and mechanical plate coupling are 
also properties that may be influenced by subslab buoyancy forces 
(Betts et al., 2012; Bodmer et al., 2018).

The morphology of the JdF slab interface varies both along-
strike and down-dip (Bostock et al., 2019; McCrory et al., 2012; 
Fig. 2d, 4c). Depth to interface estimates have been made for Cas-
cadia down to 100 km depth, using earthquake locations and re-
gional seismic studies (McCrory et al., 2012). First order features 
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Fig. 5. Schematic model illustrating the force balance between gravitational forces 
promoting the stretching/collapse of the forearc wedge and the resistive shear forces 
along the megathrust interface. For Cascadia F ≈ F0.

include a broad flattening of the subducting slab in the northern 
segment, where the strike of subduction rotates, and evidence of a 
slab buckle in the southern segment, near the Mendocino triple 
junction. There is also evidence for along-strike changes in the 
average dip angle within the shallow (<30 km depth) and poten-
tially locked portion of the interface (Fig. 4b). Average interface 
dip angles are shallower in the northern and southern segments, 
compared to the central segment, varying by 2.5◦ and 1.5◦ , respec-
tively.

The degree of interface plate locking (the kinematic descrip-
tion of slip at a given moment in the seismic cycle), inferred 
from onshore geodetic observations (Li et al., 2018; Schmalzle 
et al., 2014), also display along-strike variation. Fig. 4c estimates 
the average plate locking along-strike (for a 50 km wide E-W 
band centered on the local locking maximum) using the Gaussian 
model from Schmalzle et al. (2014). The northern and southern 
segments have a ∼25% increase in locking compared to central 
Cascadia. These geodetic models are non-unique, in part because 
of poor constraints offshore, but decreased locking in central Cas-
cadia appears to be a robust feature. Current plate locking (kine-
matic) does not have to reflect the long-term state of mechan-
ical plate coupling (stress and frictional properties) (Wang and 
Dixon, 2004), however, in Cascadia the pattern of locking is con-
sistent with patterns of long-term uplift rates and forearc topogra-
phy.

Both shallower interface dip angles and increased plate locking 
correlate with regions of increased subslab buoyancy (Fig. 4a) and 
increased uplift in the forearc (Fig. 2a–c). In Sec. 3.5 we explore 
how these variations can influence forces along the megathrust in-
terface and in the forearc.

3.5. Mechanics of the forearc

The long-term mechanics of the subduction zone forearc can be 
expressed in terms of the total shear force along the megathrust 
interface and opposing gravitational forces at the interface, which 
promote stretching and collapse of the forearc (Fig. 5; Dahlen, 
1990; Wang and He, 1999). Here, we present a quasi-static 2D 
along-dip model of the forearc which we will use to relate subslab 
buoyancy to topography (Fig. 5), assuming steady state topography 
so that erosion does not influence the force balance as has been 
proposed for connections between glaciations and deep melt gen-
eration in volcanic regions (e.g., Huybers and Langmuir, 2009).

Following Wang and He (1999), we define the trenchward 
stretching force, F , and the total shear force along the megathrust 
interface, F0. The stretching force (F ) arises due to topographic 
relief in the forearc being laterally unconstrained, resulting in devi-
atoric horizontal tension in the lower part of the plate. It is defined 
as:

F = �ρgb2 sin(α + β)

2 sin(α)
(1)

where �ρ is the average density contrast between the forearc and 
material left of the wedge (approximated here as �ρ = 2 g

cm3 ), g is 
acceleration due to gravity, b is the height above the incoming or 
undeformed oceanic plate, α is the angle of the topographic relief 
with respect to the incoming oceanic plate, and β is the interface 
dip angle (Fig. 5).

The total shear force along the megathrust interface is due to 
frictional coupling of the plates. It is defined as:

F0 = μ′σn W ≈ 1

2
μ′W dρg (2)

where μ′ is the effective coefficient of friction, ρ is the density of 
the forearc wedge, W is the downdip width of the coupled region, 
and we assume the plates become uncoupled at critical depth, d, 
perhaps dependent on the thermal structure (Hyndman and Wang, 
1995). Mechanical plate coupling is defined as the level of long-
term stress on the interface using a static friction law τ = μ′σn

(Wang, 2000; Wang and Dixon, 2004), where τ is the shear stress 
and σn is the normal stress. The effective coefficient of friction μ′
contains contributions from the static coefficient of friction, pore 
pressure effects from fluids, and any other conditions that may 
influence frictional properties. This describes a long-term interac-
tion along the interface as opposed to the short-term kinematic 
plate locking condition, the latter of which may change between 
or during seismic cycles. The width of the coupled region can be 
defined as a function of the coupling depth limit d and interface 
dip β , such that W = d

sin(α)+sin(β)
. Thus, a decrease in interface 

dip increases the coupled width and the total shear force can be 
rewritten as,

F0 = μ′σnd

(sin(α) + sin(β))
(3)

here, the magnitude of F0 depends on both the interface dip angle 
(modulating the coupled width, W ) and mechanical plate coupling 
(μ′σn). The total shear force at the megathrust interface increases 
due to shallowing the interface dip angle or increasing mechanical 
plate coupling (Fig. S5).

We can link forearc topography to the total shear force by re-
lating equations (1) and (3). For Cascadia F ≈ F0 (Wang and He, 
1999). Thus:

�ρgb2 sin(α + β)

2 sin(α)
≈ F0 = μ′σnd

(sin(α) + sin(β))
(4)

This describes a forearc dynamically supported by the long-
term shear forces at the interface. Using reference values of α =
1.5◦ , β = 11.5◦ (average dip angle in central Cascadia), and b =
4 km (measured from the top of the oceanic crust; appropriate 
for Cascadia after ignoring the ∼1 km thick sediment layer), we 
estimate a 25% increase in the resistive shear force is needed to 
support a 1 km increase in forearc topography (Fig. S5). Using ref-
erence value μ′ = 0.03 (Wang and He, 1999), we estimate that 
a 1 km increase in forearc topography requires either a 2◦ shal-
lowing of the slab dip or a 33% increase in the mechanical plate 
coupling μ′σn (Fig. S5).

4. Discussion

We propose that buoyant anomalies in the subslab region lo-
cally increase the total shear force along the megathrust through 
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Fig. 6. Conceptual model for the Cascadia subduction zone. In northern and south-
ern Cascadia subslab buoyancy influences the overlaying megathrust by changing 
the slab morphology (shallowing the dip) and increasing the degree of mechani-
cal plate coupling. This leads to preferential growth of topography in these regions 
and provides support for the high standing topography that is present. In central 
Cascadia, where subslab buoyancy is absent, slab dips are steeper and coupling is 
reduced leading to reduced topographic development and supported topography.

some combination of decreased average dip angle of the shal-
low subduction interface and increased mechanical plate coupling 
(Fig. 6). These factors can influence short-term processes such as 
where interseismic uplift and plate locking occur. In the long-term, 
if interseismic uplift is consistently related to the long-term uplift 
pattern, then total shear force variations affect where excess topog-
raphy is most likely to develop. Thus, subslab properties influence 
along-strike variations in forearc vertical motion through time. Fur-
ther, we suggest that along-strike changes in the total shear force 
acting on the thrust interface support the variable topography in 
the forearc.

4.1. Influence of subslab buoyancy on the megathrust interface

Along-strike variations in subslab buoyancy could impact slab 
morphology, locally shallowing the slab in regions overlaying buoy-
ant anomalies. This notion is similar to the morphology of subduct-
ing slabs being dependent on their density structure, with more 
buoyant (younger) slabs tending towards flat subduction (Royden 
and Husson, 2009). The age of the JdF slab varies by <4 Ma be-
neath the forearc (Wilson, 2002; Fig. 3), thus the expected density 
variation of the slab is low. However, the young age of the slab 
(∼10 Ma), and corresponding low elastic thickness (Te ≈ 8.5 km 
with a flexural wavelength ≈1 km), make it more susceptible to 
morphologic changes due to insignificant flexural response. Geo-
dynamic models have shown that introducing buoyant material 
into a subduction zone impacts the dynamics, locally shallowing 
slab dip angles, advancing the subducting trench, and modifying 
the strike of the subduction zone (Betts et al., 2012). Observations 
of decreased slab dip in northern and southern Cascadia (Fig. 4) 
are consistent with an upward directed force acting on the slab 
from below, working in opposition to forces associated with crustal 
loading and slab pull.

We postulate that excess subslab buoyancy may also change the 
state of stress at the megathrust interface, locally increasing me-
chanical plate coupling above buoyant regions. Mechanical plate 
coupling (stress and frictional properties) can be increased in two 
ways, either by increasing the normal stress σn or increasing the 
effective coefficient of static friction μ′ . Increases in normal stress 
could arise if the flexural rigidity of the overlaying crust is large 
enough to oppose buoyancy forces from below, raising the normal 
stress above lithostatic conditions. Increases in the coefficient of 
friction could arise from several factors, as μ′ contains parameters 
that model cohesion, pore fluid pressure, and the true coefficient 
of friction, all of which are poorly constrained. While, the exact 
mechanism by which mechanical plate coupling could increase is 
unclear, there is evidence that buoyancy variations influence stress 
on the interface. Slab buoyancy variations due to thermal age have 
been linked to earthquake size distributions, with more buoyant 
(younger) slabs linked to larger earthquakes (Nishikawa and Ide, 
2014; Scholz, 2015), which in turn have been linked to fault stress, 
with larger events corresponding to increased stress (Scholz, 2015; 
Spada et al., 2013). Assuming that the pattern of current kinematic 
plate locking reflects the long-term dynamic trends (see Sec. 4.2), 
observations of increased plate locking above regions of subslab 
buoyancy (Fig. 4) are consistent with buoyancy-modulated me-
chanical plate coupling.

Other mantle scale features could potentially influence the 
megathrust. Particularly the fragmented nature of the slab downdip 
and the presence of the “slab hole” (Hawley and Allen, 2019; Roth 
et al., 2008), could impart nonuniform slab pull forces across the 
margin. How forces due to downdip heterogeneity are distributed 
up-dip is unknown and it is not clear how they may impact the 
seismogenic region. Further, variations within the mantle wedge 
(Gao and Shen, 2014) may impact rheology, fluid fluxes, and flow 
patterns in the arc and backarc but it is unclear how they may 
couple into the forearc region. There is still debate on how these 
features impact the large scale geodynamics of the region (Long, 
2016), thus we choose to focus on one aspect of the mantle-
megathrust interaction, subslab buoyancy, for which we feel we 
have good constraints and a compelling mechanism.

4.2. Forearc uplift

We hypothesize that heterogeneity beneath the subducting slab 
influences where topographic development is most likely to occur 
within the forearc (Fig. 6). This occurs because subslab buoyancy 
laterally modulates the long-term total shear force on the interface 
by shallowing slab dip and/or increasing mechanical plate coupling 
(see Sec. 4.1). The current state of kinematic plate locking need not 
reflect long-term dynamic trends; in Cascadia, however, they ap-
pear to be consistent over many seismic cycles (Fig. 2, 4; Sec. 3.1), 
indicating a stable relationship. We observe increased plate locking 
in the northern and southern segments where we infer an increase 
in total shear force due to subslab buoyancy. Thus, we suggest that 
subslab buoyancy influences the pattern of interseismic plate lock-
ing for any given seismic cycle.

The distribution and degree of plate locking is a first order 
control on interseismic deformation (Li et al., 2018; Schmalzle et 
al., 2014). For Cascadia, the pattern of long-term vertical uplift in 
the forearc appears to be related to this pattern of interseismic 
vertical deformation (Fig. 2), however, the values are an order of 
magnitude lower. This suggests that some fraction of strain is un-
recovered during the seismic cycle and is instead converted into 
permanent deformation (Kelsey et al., 1994). Contributions to the 
net uplift over the seismic cycle can come from interseismic, co-
seismic, and postseismic stages (Hu et al., 2016), making it difficult 
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to parse the relative impact of each phase on long-term deforma-
tion. If consistent over many seismic cycles, however, this leads 
to topographic development. This mechanism has been proposed 
to explain forearc highs globally (Bassett and Watts, 2015). In this 
scenario then, subslab buoyancy influences where topography de-
velops by locally increasing the degree of plate locking over many 
seismic cycles, thus progressively and selectively building up strain 
unrecovered during the seismic cycle in those regions.

Additional factors may contribute to the kinematics of the Cas-
cadia forearc such as, extension faulting (e.g. along the La Grange 
fault; Batt et al., 2010; Piotraschke et al., 2015), glacial isostatic 
adjustments, and variations in sediment supply and accretionary 
wedge dynamics offshore (Adam et al., 2004; Booth-Rea et al., 
2008). Accounting for every constituent of forearc topographic de-
velopment is beyond the scope of this paper, though some, such as 
extension, may also be influenced by subslab buoyancy. Instead, we 
present the above model as a viable argument for subslab buoy-
ancy as a first order contributor to the development of variable 
forearc topography in Cascadia.

4.3. Support of high forearc topography

Topographic highs in the forearc, once emplaced, must be sup-
ported or else gravitational forces in the crustal column will pro-
mote relaxation. We have shown that for Cascadia, isostatic forces 
alone cannot adequately explain the topographic variation (see 
Sec. 3.2). Instead, we infer that subslab buoyancy alters the slab dip 
angle and/or mechanical plate coupling along the interface, which 
locally increases the total shear force that opposes stretching and 
the collapse of the forearc, thus allowing for higher forearc topog-
raphy (see Sec. 3.5).

To investigate this, we examine how variations in mechanical 
plate coupling and slab dip angle could modulate the total sup-
ported topography via resistive shear forces. We use the mechani-
cal model from Sec. 3.5 (Eq. (4)) to estimate forearc topography (b) 
along-strike (as a function of latitude) using observations from the 
Cascadia margin as guidelines (Fig. 7). This is done not as a precise 
estimate of topography, but as a conceptual test to verify whether 
the magnitude and first-order pattern of forearc topography can be 
explained via our model.

We start by examining the effect of slab dip angle and me-
chanical plate coupling individually, although we suspect that both 
properties contribute and may be covariant. First, mechanical plate 
coupling is held constant (see Sec. 3.5) and slab dip is allowed 
to vary along-strike with values corresponding to those plotted in 
Fig. 4b (green line Fig. 7). Next slab dip is held constant (β =
11.5◦) and the mechanical plate coupling is varied. Because we 
do not know the exact distribution and magnitude of long-term 
mechanical plate coupling we use the inferred plate locking as a 
proxy. To do this we multiply the averaged plate locking fraction 
(Fig. 4c) by a factor of 0.058 and equate it to the μ′ term of me-
chanical plate coupling μ′σn (purple line Fig. 7). This is done so 
that the average plate locking value (54%) is equivalent to the as-
sumed value of μ′ = 0.03 from Sec. 3.5.

Allowing both slab dip angle and mechanical plate coupling 
to vary along-strike we predict higher topography in the north-
ern and southern segments, with local maximums collocated with 
observed local maximums in forearc topography (black line Fig. 7). 
Our model successfully predicts the broader spatial pattern of fore-
arc topography in Cascadia and estimates elevations which are 
generally within ∼1 km of the observations. The ability of the 
model to predict these first-order features suggests that resistive 
shear forces, modulated along-strike by subslab buoyancy, are a vi-
able mechanism influencing topographic variation in the Cascadia 
forearc.
Fig. 7. Predicted topography assuming support comes from the resistive shear force 
at the megathrust interface. Black line represents the predicted topography using 
along-strike slab dip angle and plate locking variations as variable inputs. Grey re-
gion is the observed maximum topography in the defined swath (Fig. 1). Green line 
represents the predicted topography only due to variations in slab dip angle. Purple 
line represents the predicted topography only due to variations in plate locking.

This calculation is presented as a proof of concept rather than 
a precise estimate as several details are not considered by the 
model. These include the structure of the forearc (e.g. Delph et al., 
2018; Janiszewski et al., 2019), the relationship between long-term 
mechanical plate coupling and current kinematic plate locking, 
and precise isostatic contributions from the mantle to the surface, 
influence from slab structure. These features are also likely im-
portant in explaining forearc topography in this region, providing 
motivation for more detailed modeling in the future. Discrepan-
cies between our model predictions and the observed topography 
such as the overestimation in the north and south, underestima-
tion in central Cascadia, and differences in the wavelength of topo-
graphic features may be due to these unaccounted factors. Finally, 
our model only considers the 2D influence of subduction related 
processes, however, 3D processes and edge effects may also be im-
portant in Cascadia especially near the Mendocino triple junction 
region.

5. Conclusion

The topography of the Cascadia forearc is spatially correlated 
with several independent observations. Regions of high topogra-
phy in the north and south correspond with increased interseismic 
uplift rates, increased coseismic subsidence, increased long-term 
uplift rates, increased erosion rates, low-velocity anomalies in the 
subslab region, increased inferred subslab buoyancy, shallower slab 
dip angles, and increased plate locking. We suggest that buoy-
ancy forces arising from subslab heterogeneity modulate the total 
shear force on the megathrust interface by shallowing the slab dip 
and/or increasing mechanical plate coupling. In this way, subslab 
buoyancy can indirectly contribute to subduction processes, influ-
encing where topographic development is most likely to occur and 
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providing dynamic lateral support for current topographic varia-
tions.
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