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ABSTRACT

The concave-inboard (concave toward the overriding plate) geometry of most convergent
margins is considered a natural consequence of the depression of the edge of a thin spherical cap,
whereas concave-outboard margin segments commonly form around indenters on the subduct-
ing plate. At the Cascadia subduction zone, the apex of a >500-km-long concave-outboard bend
in the trench presently shows no obvious subduction of an indenter, but does coincide with the
axis of an outboard-facing concavity in upper-plate rocks arched around the Olympic Penin-
sula in northwestern Washington State, USA. Here we synthesize paleomagnetic and structural
data together with new analyses of Global Navigation Satellite System data to show that the
upper plate at Cascadia has been folded from the Miocene to the present into an orocline with
an axial trace that bisects the Olympic Peninsula. The processes that accommodate bending,
which we suggest include (1) folding by flexural slip on the orocline limbs and (2) shortening,
uplift, and escape within the core of the fold at the Olympic Mountains, have the combined
result of relative motion of the forearc towards the arc at the core of the orocline, and sustained
opposing rotations of the upper plate on the orocline limbs. We propose that oroclinal bending
is promoted and maintained by along-strike variations in plate-boundary tractions resulting
from the geometry of the plate interface at depth and suggest that these processes can contribute
to the development of concave-outboard margins without the need for a subducting indenter.

INTRODUCTION present oroclinal bending within the upper plate

The geometry and shape of convergent mar-
gins and consequent variations in relative plate
motion influence a number of important seis-
mogenic processes, including the distribution
of locking on the plate interface (e.g., Wang et
al., 2003) and strain partitioning between the
megathrust and the overriding plate (e.g., Yu et
al., 1993). The broad concave-inboard geom-
etry of most convergent margins is considered
a natural consequence of the depression of the
edge of a thin spherical cap (e.g., Mahadevan
et al., 2010), while syntaxial concave-outboard
margin segments commonly form around a sub-
ducting indenter such as an oceanic plateau or
seamount chain (e.g., Bendick and Ehlers, 2014;
Marshak, 2004). Along the eastern margin of
the Pacific Ocean, there are several >500-km-
long concave-outboard convergent margin sec-
tions (Bolivia, Panama, and Cascadia; Fig. 1)
that currently show no obvious subduction of
an indenter, but do show evidence for past or

near the apex of the trench concavity (e.g., Silver

Satellite System (GNSS) and paleomagnetic
data together demonstrate that oroclinal bending
has been occurring continuously since at least 26
Ma (Allmendinger et al., 2005a). These observa-
tions suggest that oroclinal bending may be an
important process in the long-term evolution of
concave-outboard convergent margins over long
spatial wavelengths.

Here we focus on a region of the Cascadia
subduction zone where, similar to the Boliv-
ian case, the apex of a >500-km-long concave-
outboard bend in the trench (Fig. 2A) appears
coincident with the axis of an outboard-facing
concavity in upper-plate rocks arched around
the Olympic Peninsula in northwestern Wash-
ington State, USA (Fig. 2B) (Beck and Enge-
bretson, 1982; Brandon and Calderwood, 1990;
Warnock et al., 1993). We use paleomagnetic
and structural data to show that oroclinal bend-
ing is responsible for the arcuate shape of these
rock formations, and use geodetic data to show

et al., 1990; Allmendinger et al., 2005a; John-
ston and Acton, 2003). In the case of the “Boliv-
ian orocline” (BOL, Fig. 1), Global Navigation

that the upper plate has been folding from at
least the Miocene to the present into an orocline.
We propose that ongoing oroclinal bending has
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Figure 1. Convergent margins of eastern Pacific Ocean (trenches outlined in white). Cascadia
(CAS), Panama (PA), and Bolivia (BOL) all display concave-outboard trench geometry and
show evidence for oroclinal bending in upper plate (Silver et al., 1990; Allmendinger et al.,
2005a). Imagery from ESRI DigitalGlobe (https://www.digitalglobe.com). Study area outlined

with dashed white box.
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Figure 2. A: Tectonic setting of concave-outboard Cascadia subduction zone, showing Juan
de Fuca—-North America plate motion (thick black arrows, MORVEL model; DeMets et al., 2010)
and Global Navigation Satellite System (GNSS) velocity vectors (thin arrows; error ellipses
[0.43 mm/yr mean standard error] omitted for clarity) relative to stable North America (NA)
(UNAVCO Plate Boundary Observatory database, https://www.unavco.org/data/gps-gnss/data
-access-methods/dai2/app/dai2.html; McCaffrey et al., 2013). Megathrust interseismic lock-
ing pattern is from Wang et al. (2003), where locked zone is dark gray and locking decreases
downdip through effective transition zone (lighter gray); B: Generalized geologic setting sur-
rounding Olympic Mountains (OM), northwestern Washington State, USA, showing geologically
defined axial trace of orocline (ATO), paleomagnetic declinations (Beck and Engebretson, 1982;
Prothero et al., 2008), average orientations of foliations within 23 structural domains (see the
Data Repository [see footnote 1] for details), and Quaternary-active crustal faults with modern
fault kinematics shown by red arrow pairs (U.S. Geological Survey Quaternary Fault and Fold
database [http://earthquake.usgs.gov/hazards/gfaults] unless otherwise noted): 1—Leech River
fault (Morell et al., 2017; Li et al., 2018); 2—Darrington—Devils Mountain fault zone, 3—Utsalady
Point fault; 4—Southern Whidbey Island fault zone; 5—Lake Creek-Boundary Creek fault
(Nelson et al., 2017); 6—Seattle fault; 7—Tacoma fault; 8—Saddle Mountain fault; 9—Canyon

River fault. Eoc.—Eocene; Mio.—Miocene.

led to the development of the concave-outboard

geometry of Cascadia due to along-strike varia-
tions in plate-boundary tractions imposed by the

geometry of the lower plate.

EVIDENCE FOR PAST AND PRESENT
OROCLINAL BENDING AT CASCADIA

Paleomagnetic and Structural Constraints
on Post-Eocene Bending

Inboard of the trench concavity at Cascadia
(Fig. 2A), ophiolitic basalts of the Crescent-
Siletz terrane form an arcuate belt around the
eastern periphery of the Olympic Mountains
(Fig. 2B). This arcuate pattern has long been rec-
ognized, but its origin is debated (Cady, 1975;
Brandon and Calderwood, 1990; Warnock et al.,
1993) and the timing of its formation has previ-
ously been restricted to the Eocene (Johnston
and Acton, 2003). Oroclinal bending, where
an originally linear belt is bent around a verti-
cal axis to form a curved map pattern (Carey,
1955), predicts opposing senses of vertical-axis
rotation on each orocline limb and parallelism
between foliations and paleomagnetic declina-
tions within the orocline (Eldredge et al., 1985).

Observations in the Cascadia forearc pro-
vide evidence for both of these predictions. First,

paleomagnetic declinations measured in rocks
of the Eocene Crescent-Siletz terrane and the
overlying Oligocene Sooke Formation (Beck
and Engebretson, 1982; Warnock et al., 1993;
Prothero et al., 2008) record clockwise rotation
to the south of the Olympic Peninsula, com-
pared to counterclockwise rotation to the north
(Fig. 2B). These data indicate an average of 22°
of post-Eocene rotation, with a reversal of rota-
tion sense located near the axial trace of the
geologically defined orocline in the Crescent-
Siletz terrane (Fig. 2B). Second, structural data
collected from both the Crescent-Siletz terrane
and the Olympic core complex (Washington
Geological Survey, 2017) reveal a systematic
along-strike change shared among paleomag-
netic declinations and the strike of regional
foliations (Fig. 2B; Fig. DR1 in the GSA Data
Repository!). These relationships suggest that
the arcuate shape of the Crescent-Siletz terrane
has resulted from post-Eocene bending of an
originally linear belt, as predicted by an orocline
model (e.g., Eldredge et al., 1985).

!GSA Data Repository item 2019058, Figure DR1,
Table DR1, and GNSS analysis methods, is available
online at http://www.geosociety.org/datarepository
/2019/, or on request from editing @ geosociety.org.
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Geodetic Constraints on Contemporary
Bending

To test whether oroclinal bending is occur-
ring in the Cascadia forearc today, we calculated
vertical-axis rotations using processed GNSS
velocity data from 282 continuous sites and 641
campaign sites, with average time-series lengths
of 10.3 yr and 6.5 yr, respectively (Fig. 2A;
UNAVCO Plate Boundary Observatory [https://
www.unavco.org/data/gps-gnss/data-access
-methods/dai2/app/dai2.html]; McCaffrey et
al., 2013). We first used an adaptive Gaussian
smoothing function (Mazzotti et al., 2011) to
interpolate crustal velocity across a 0.2° x 0.2°
grid. Annual rotation rates were then derived
by calculating the curl of the smoothed velocity
field at each grid point (see the Data Repository
for details).

The analysis of GNSS velocity data shows
~0.5°-2°/m.y. of contemporary rotation on each
limb of the Olympic orocline, with a distinct
northward transition from clockwise to coun-
terclockwise rotation across the Olympic Penin-
sula (Fig. 3; Table DR1 in the Data Repository).
The switch in rotation sense correlates spatially
with both the reversal in rotations recorded by
paleomagnetic declinations and with the geo-
logically defined axial trace of the orocline
(Fig. 2B). These spatial similarities suggest
that, rather than being solely related to Eocene
processes (e.g., Johnston and Acton, 2003),
oroclinal bending has been continuous through
time, recorded in the long term (>10 m.y.) by
geologic and paleomagnetic data (Fig. 2B), and
in the short term (>10 yr) by the GNSS vertical-
axis rotations (Fig. 3). Moreover, although the
GNSS velocity field of the Cascadia forearc is
strongly influenced by interseismic strain due
to megathrust locking (e.g., Wang et al., 2003),
the correlation between short-term and long-term
vertical-axis rotations in the forearc implies that
a portion of upper-plate crustal strain occur-
ring during the megathrust interseismic period
results in permanent crustal deformation.

OROCLINAL BENDING PROCESSES AT
CASCADIA

Based on our synthesis of paleoseismic, geo-
detic, geomorphic, and thermochronologic data,
we suggest that oroclinal bending at Cascadia
is accommodated via a combination of flexural
slip (Donath and Parker, 1964), orthogonal flex-
ure (Bobillo-Ares et al., 2000), and fold axis—
parallel extrusion (Dietrich, 1989), wherein
transpression with opposite slip sense occurs
on the orocline limbs and compression occurs
within the orocline core (Fig. 2B). Paleoseismic
data show that Quaternary fault kinematics are
dominantly right lateral-transpressional to the
north of the orocline and left lateral-transpres-
sional to the south (e.g., Nelson et al., 2017).
At the core of the orocline, the Olympic Moun-
tains exhibit upper-plate shortening (Mazzotti
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Figure 3. Vertical axis rotations derived from
Global Navigation Satellite System (GNSS)
velocities in Figure 2A. Red and blue wedges
indicate sense and magnitude of rotation;
small orange wedges show 1c uncertainty.
Black and gray wedges show rotations
(and uncertainties) derived from paleomag-
netic data, assuming bending initiated at ca.
18 Ma, the onset time of Olympic Mountain
uplift (Brandon et al., 1998). JDF-NA—Juan
de Fuca—-North America plate motion; CCW—
counterclockwise; CW—clockwise.

et al., 2002), lateral material escape (Nelson
et al. 2017), and high rates of uplift and inci-
sion (Pazzaglia and Brandon, 2001)—processes
that are expected within the core of an actively
developing fold.

We suggest that the geometry of the subduct-
ing slab, and resulting spatial variations in plate-
boundary tractions, are key factors in promoting
and maintaining oroclinal bending at Cascadia.
In map view, the axial trace of the orocline is
subparallel to the hinge of a broad arch (upward
convexity) in the subducting slab (Fig. 4). The
gentler subduction angle at this slab arch hinge
leads to a locally lower thermal gradient along
the plate interface and a consequently wider
locked zone beneath the Olympic Peninsula (Fig.
2A) (e.g., Wang et al., 2003). This configura-
tion results in GNSS crustal velocities that are
greatest near the orocline core (~20 mm/yr) and
decrease to the north and south to ~10 mm/yr
(Fig. 2A). These north-south gradients in forearc
motion promote oroclinal bending by impart-
ing opposing shear strain on opposite limbs of
the orocline.

Given the approximate spatial coincidence
of the axial trace of the orocline with the slab
arch hinge, we further suggest that oroclinal

Geological Society of America | GEOLOGY |

bending at Cascadia results from decoupling
between margin-normal strain accommodated
on the megathrust and slab strike—parallel strain
taken up within the forearc. The trench-parallel
component of relative plate motion is right lat-
eral in sense south of the Olympic Peninsula
and decreases to near zero north of the penin-
sula, without a change in the sense of obliquity
(Fig. 4). However, the component of relative
plate motion parallel to slab strike at ~30-50 km
depth on the plate interface changes sense across
the slab arch hinge, near the axial trace of the
orocline (Fig. 4). Maximum horizontal compres-
sive stress directions (S, ) within the upper-
plate crust, calculated from crustal earthquake
focal mechanisms and borehole breakouts (Bal-
four et al., 2011; Heidbach et al., 2016), trend
subparallel to slab strike and fan around the
Olympic Peninsula in a concave-outboard shape
(Fig. 4). Quaternary-active faults surrounding
the core of the orocline have slip senses con-
sistent with the kinematics predicted by this
crustal stress field (Fig. 4, upper inset). These
observations support the idea that forearc strain
is dominated by slab strike—parallel stresses that
promote opposing senses of shear and rotation
on the orocline limbs.

LONG-LIVED (>10 M.Y.) OROCLINAL
BENDING AND ITS RELATIONSHIP TO
MARGIN CONCAVITY

The alignment (within ~20 km distance and

~10°-20° trend) of the geologically (Fig. 2B) and
geodetically defined (Fig. 3) axial traces of the
orocline suggests that the processes that accom-
modate oroclinal bending, including flexural slip
on the limbs and shortening, uplift, and escape
within the orocline core, have persisted at the
same position within the upper plate over a rela-
tively long (>10 m.y.) period of time. Assuming
that the Olympic orocline has persisted since at
least the Miocene onset of uplift of the Olympic
Mountains at ca. 18 Ma (Brandon et al., 1998),
the paleomagnetic rotations measured in Eocene
rocks imply an average rotation rate of 11.25| +
1.0°/m.y., which is comparable to the geodeti-
cally derived contemporary average rotation rate
of 10.96l £ 0.85°/m.y. (Fig. 3; Table DR1). If oro-
clinal bending at Cascadia is intrinsically related
to both slab geometry and subduction obliquity,
as we suggest, these results imply that the cur-
rent along-strike variations in slab geometry and
subduction obliquity have remained in the same
position relative to the upper plate since at least
the Miocene.

Although the initiation of bending may have
been influenced by past margin geometry or the
subduction of an indenter, we suggest that the
concave-outboard geometry at Cascadia can be
sustained by these persistent along-strike varia-
tions in slab geometry and subduction obliquity
alone. The crustal processes associated with oro-
clinal bending should result in relative arcward
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Figure 4. Along-strike changes in subduc-
tion obliquity with respect to Juan de Fuca
slab depth contours (white lines; McCrory et
al., 2012), and horizontal compressive stress
(Symay) directions in the upper plate (Balfour et
al., 2011; Heidbach et al., 2016). Black arrows:
Juan de Fuca—-North America (JDF-NA) rela-
tive plate motion; gray and red arrows: slab
contour—normal and slab contour—parallel
components of motion, respectively (see
lower inset) (MORVEL model; DeMets et al.,
2010). Upper inset: Simplified S, orienta-
tions (green arrows) relative to strike and
known kinematics of active faults (fault num-
bering and references as in Fig. 2).

motion of the trench along the axial trace of
the orocline, and relative seaward rotation of
the trench in the orocline limbs. Assuming that
rates of influx of accreted sediment and outflux
of eroded sediment at the trench are in equilib-
rium at all points along strike (Pazzaglia and
Brandon, 2001), the long-lived opposing shear
strain inherent to the geometry and kinemat-
ics of the plate margin will maintain a trench
concavity that aligns with the axial trace of the
orocline, as observed in Cascadia.

Similar patterns of vertical-axis rotations,
crustal shortening, relative plate motions,
and slab geometry occur at the apex of the
~5000-km-long concave-outboard bend in the
South American margin near Bolivia. Much like
at Cascadia, long-lived and ongoing bending of
the Bolivian orocline is recorded by paleomag-
netic and GNSS vertical-axis rotations, both of
which are opposite in sign and similar in rate on
each orocline limb (Allmendinger et al., 2005a).
The axial trace of the Bolivian orocline also cor-
responds with both a convex-upward slab arch in
the subducting Nazca plate (Hayes et al., 2012)
and a reversal in subduction obliquity at the apex
of the margin concavity. Kinematics of Pliocene—
Quaternary faulting (Allmendinger et al., 2005b)
and modelling of GNSS data (Bevis et al., 2001)
suggest that margin-parallel shortening occurs
on margin-normal faults in the core of the Boliv-
ian orocline, in a similar manner as at Casca-
dia. These similarities indicate that persistent
oroclinal bending, related to slab geometry and
subduction obliquity, may be a common charac-
teristic of the upper plate at concave-outboard
convergent margins.
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CONCLUSIONS

We demonstrate, for the first time, that active
bending of the Olympic orocline has persisted
from at least the Miocene (ca. 18 Ma) to the
present, and is accommodated by flexural slip on
the orocline limbs and crustal shortening, exhu-
mation, and lateral escape within the orocline
core. We observe a subparallelism in map view
between the axial trace of the orocline and the
hinge line of an arch in the subducting slab, indi-
cating that oroclinal bending is maintained by
opposing senses of shear on the orocline limbs
due to variations in plate-boundary tractions
intrinsic to the geometry of the slab arch. Our
results imply that the Cascadia margin, much
like at Bolivia, is an example of a long-lived
orocline that has led to the development of a
long-wavelength concave-outboard margin con-
cavity, without the need for the subduction of an
indenter in the present.
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