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The southern Cascadia forearc undergoes a three-stage tectonic evolution, each stage
involving different combinations of tectonic drivers, that produce differences in the upper-
plate deformation style. These drivers include subduction, the northward migration of the
Mendocino triple junction and associated thickening and thinning related to the Mendocino
Crustal Conveyor (MCC) effect, and the NNW translation of the Sierra Nevada-Great Valley
(SNGV) block. We combine geodetic data, plate reconstructions, seismic tomography and
topographic observations to determine how the southern Cascadia upper plate is deforming in
response to the combined effects of subduction and NNW-directed (MCC- and SNGV-
related) tectonic processes. The location of the terrane boundaries between the relatively weak
Franciscan complex and the stronger Klamath Mountain province (KMP) and SNGV block has
been a key control on the style of upper-plate deformation in the southern Cascadia forearc
since the mid-Miocene. At ~15Ma, present-day southern Cascadia was in central Cascadia
and deformation there was principally controlled by subduction processes. Since ~5Ma, this
region of the Cascadia upper plate, where the KMP lies inboard of the Franciscan complex,
has been deforming in response to both subduction and MCC- and SNGV-related effects.
GPSdata show that theKMP is currentlymoving to theNNWat ~8–12mm/yrwith little internal
deformation, largely in response to the northward push of the SNGV block at its southern
boundary. In contrast, the Franciscan complex is accommodating high NNW-directed and
NE-directed shortening strain produced by MCC-related shortening and subduction coupling
respectively. This composite tectonic regime can explain the style of faulting within and west of
the KMP. Associated with this Mendocino Crustal Conveyor crustal thickening, seismic
tomography imagery shows a region of low velocity material that we interpret to represent
crustal flow and injection of Franciscan crust into the KMP at intracrustal levels. We suggest
that this MCC-related crustal flow and injection of material into the KMP is a relatively young
feature (post ~5Ma) and is driving a rejuvenated period of rock uplift within the KMP. This
scenario provides a potential explanation for steep channels and high relief, suggestive of rapid
erosion rates within the interior of the KMP.
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INTRODUCTION

Upper-plate deformation in subduction zone forearcs occurs in
response to both short-term (earthquake cycle) and long-term
(million-year plate interaction) processes. New observations of
present-day and long-term upper-plate deformation along
subduction zones globally allow us to identify both upper-
plate behavior that is common across subduction zones as well
as differences in the deformational response of the upper plate
among different subduction margins. For example, during the
2016 Kaikoura, New Zealand event, slip on upper-plate faults was
significant (~5–10 m) and was coincident with slip on the
Hikurangi subduction megathrust (Furlong and Herman, 2017;
Wang et al., 2018). Additionally there was 0.6–4.8 m of uplift of
the coastline during this event (Hamling et al., 2017). Similar
upper-plate faults exist in subduction zones globally and
understanding the tectonic processes that load these faults and
when they slip during the seismic cycle is important for assessing
hazard across subduction forearcs. Although the Cascadia
subduction zone has not experienced a major megathrust
earthquake in modern times, and as a result we do not have
direct observations of its rupture behavior, detailed recording of
its current behavior by geodetic methods, and constraints on its
plate tectonic evolutionmake it an ideal plate boundary to explore
how plate interactions and the evolution of a plate boundary over
millions of years produces permanent deformation of the
upper plate.

The Cascadia subduction zone extends along the western coast
of North America from northern California to British Columbia
(Figure 1) and is defined by the position of the Mendocino triple
junction (MTJ) at its south end and a triple junction at its north
end where the Nootka Fault Zone (NFZ) links the northern end of
the Juan de Fuca ridge to the Cascadia subduction zone (Rohr
et al., 2018). The MTJ migrates northward along the western
margin of North America at approximately 50 mm/yr (Furlong
and Schwartz, 2004), while the northern triple junction has been
relatively stationary with respect to North America since ~4 Ma
(Rohr et al., 2018). As a result, the length of the Cascadia
subduction zone has systematically shortened over time
(Figures 1, 2). Thus, the plate tectonic setting of our study
area in southern Cascadia has significantly changed since the
mid-Miocene (~15 Ma), at which time it was centrally located
along the plate boundary, as compared to its current location
adjacent to the MTJ (Figure 2).

This change in the geography of southern Cascadia over the
last 15 million years, and the associated changes in tectonic
interactions in the region lead to a suite of tectonic processes
(subduction and transcurrent tectonics) that have contributed at
different times and in different ways to upper-plate deformation
in the region. These tectonic drivers act on a spatially varying
upper-plate geology (Figure 1) resulting in distinctive styles of
upper-plate deformation in both space and time. Here we explore
how the upper-plate geology, subduction-interface earthquake-
cycle coupling, and non-subduction tectonic processes associated
with the northward encroachment of the MTJ (including the
development of the San Andreas plate boundary to the south)
interact and produce the observed upper-plate deformation in

present-day southern Cascadia from the mid-Miocene to the
present. Specifically we focus on 1) how the behavior of upper-
plate faults changes as the plate boundary evolves, including the
development of shear zones in the vicinity of the MTJ, and 2) the
spatiotemporal patterns of uplift across different regions of the
southern Cascadia forearc, including a possible rejuvenation in
uplift of the Klamath Mountain province (KMP) over the last 5
million years. We address these key points by building on our
recent results delineating the kinematics and strain within the
terranes in the vicinity of the MTJ, including the Franciscan,
Klamath, Siletz, and Sierra Nevada/Great Valley terranes
(McKenzie and Furlong, 2021; McKenzie et al., 2022). We add
to those results newly obtained crustal (local earthquake)
tomography of the coastal region extending from north of the
San Francisco Bay region to approximately 42°N (Furlong et al.,
2021). This tomography provides a 3-D image of the crustal
structure of the Franciscan and Klamath terranes and defines the
extent of the subducting Gorda slab and the Pacific plate, south of
the MTJ. We also present observations of normalized channel
steepness throughout the region, which provide additional insight
into which regions are potentially undergoing active uplift and
exhumation.

BACKGROUND

Geologic and Tectonic Setting
The region of southern and central Cascadia from the mid-
Miocene to present-day (Figures 1, 2) includes five key
geological domains: 1) the Siletz-Crescent terrane 2) the
northern California Coast Ranges comprised largely of the
Franciscan complex, 3) the Klamath Mountain province
(KMP), 4) the Great Valley Ophiolite (mafic-ultramafic body,
hereinafter referred to as the Great Valley ultramafic body) and
the Great Valley Sequence, both of which are overlain by
Cenozoic basin fill, and 5) the Sierra Nevada (McCrory and
Wilson, 2013; Schmidt and Platt, 2018; Irwin, 1985; Godfrey et al.,
1997; Ernst, 2013). North of ~43°N, the Siletz-Crescent terrane,
an accreted oceanic plateau, makes up the majority of the forearc,
inboard of the present-day offshore accretionary margin (Figures
1, 2) (Wells et al., 1998; McCrory and Wilson, 2013). South of
~43°N, the upper plate is composed of an active accretionary
margin near the trench outboard of the Franciscan complex, a
partially exhumed relict accretionary margin, which is bounded
on its east by the KMP, a composite metamorphic/plutonic
terrane (Irwin, 1985; Irwin, 1985; Schmidt and Platt, 2018).
South of the MTJ, the Franciscan complex continues as the
outboard terrane, and the KMP is replaced at ~40°N by the
Sierra Nevada - Great Valley (SNGV) block composed of the
accreted Great Valley ultramafic body and the Sierra Nevada
terrane.

This variation in upper-plate geology and the interaction
among the geologic terranes plays an important role in the
style and evolution of upper-plate deformation along the
western margin of North America, which can be divided into
three stages, each reflecting differences in the principal tectonic
drivers acting during each time period (Figures 2, 3).
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FIGURE 1 | Tectonic and geological setting of the study region and surrounding area. (A) Topographic map of northwest North America (SW British Columbia,
Washington, Oregon, northern California, and NWNevada). The names of key geographic and geologic features and provinces are labeled (in yellow on land and in white
offshore). BFZ = Blanco Fracture Zone, MFZ = Mendocino Fracture Zone, MTJ = Mendocino Triple Junction, WGB = Western Great Basin, KMP = Klamath Mountain
province, LGD = La Grange detachment, LMF = Lost Man fault, BMFZ = Bald Mountain fault zone, GF = Grogan fault, ERFZ = Eaton Roughs fault zone, LMFZ =
Lake Mountain fault zone. (B) Kinematic setting of the study region showing present-day motions of the Juan de Fuca plate, Pacific plate and SNGV crustal block with
respect to North America (DeMets et al., 2010; d’Alessio et al., 2005). The blue shaded region is the extent of the subducting slab at depth from Slab2 (Hayes, 2018), and
the dark blue lines are the 10 km slab contours. The KMP, the SNGV block, and the ECSZ are outlined and shaded in orange, green and red respectively. (C)Geological
map of the study region.
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Stage 1: When the MTJ is sufficiently south of a site,
corresponding currently to the region of Cascadia north of
~43°N, the primary tectonic driver of upper-plate deformation
is subduction plate interface coupling.

Stage 2: As the MTJ migrates northward and approaches the
region of interest, NNW-directed shortening associated with the
motions of the MTJ and SNGV block is superimposed on the
subduction coupling signal, producing a composite
deformation field.

Stage 3: After the MTJ passes, a slab window is created beneath
the upper-plate region that experienced the previous subduction and
MTJ/SNGV-related deformation. This relic upper-plate region of
southern Cascadia now responds to deformation primarily within
the Pacific - North America shear zone. Localization of shear and
fault development within this zone leads to the development of the
San Andreas plate boundary, and upper-plate deformation is
overprinted on the inherited (pre-MTJ passage) structures from
the prior tectonic regime.

The evolution of the plate boundaries among the Pacific, North
America, and Juan de Fuca (Gorda) plates along thewesternmargin of
North America results in fundamental changes in plate interactions
over millions of years. For example, the MTJ, which defines the
transition from subduction to translation has migrated nearly 500 km
northward, relative to North America since ~10Ma (Atwater, 1970)
(Figures 2, 3). This means that the current San Andreas plate
boundary zone (Pacific - North America) north of San Francisco
was part of the Cascadia subduction zone as recently as 5–10 million

years ago, with the SNGV block being the main upper-plate terrane
inboard of the Franciscan complex. The San Andreas plate boundary
faults have subsequently developedwithin a deformed upper-plate that
has undergone both subduction deformation and subduction/MTJ-
SNGV composite deformation prior to the passage of the MTJ.

Development of the Present-Day Tectonic
Setting
The lithospheric-scale geometry of the plate boundary in the
vicinity of the MTJ results from the way in which the plate
boundary changed from subduction to a system with northward
and southward migrating triple junctions and the development of
a transform plate boundary (Figure 3). Based on plate
reconstructions the initial triple junctions formed with the
interaction of a short ridge segment, bounded on its north by
the intersection of the Pioneer fault with the North American
margin (Figures 3A,B) (Furlong et al., 2003; Atwater, 1970). The
resulting northward-migrating Pioneer triple junction (PTJ) was
a short-lived configuration, and within a few million years the
Mendocino fault - ridge intersection reached the trench
producing the MTJ (Figure 3C) As a result, the PTJ was
abandoned and the short ridge segment linking the Pioneer
and Mendocino faults ceased spreading. The fragment of the
Farallon plate between the two triple junctions (PTJ and MTJ),
the Pioneer fragment, was captured by the Pacific plate, and has
traversed the North American margin with the Pacific plate since

FIGURE 2 | Schematic plate reconstruction of the study region at ~15 Ma (A) and the present day (B). The locations of key geological and tectonic terranes are
highlighted. The study area is outlined by a dashed black box. At ~15 Ma (A) the study area (present-day southern Cascadia) is in central Cascadia. At present (B) the
study area is within southern Cascadia. Reconstructions were done using the SNGV-North America Euler stage pole (d’Alessio et al., 2005), Pacific–Juan de Fuca Euler
poles (Wilson, 1993) and Pacific-North America Euler poles (DeMets and Merkouriev, 2016).
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~25 Ma as the MTJ migrates northward (Figure 2C) (Furlong
et al., 2003). This fragment extends some distance under the
western edge of North America, which results in the slab window,
just to the south of the MTJ, to be narrower than might otherwise
be expected, based on the subduction geometry north of the MTJ
(Figure 3D).

Deformational Effects of Present-Day
Tectonics in Southern Cascadia
Present-day deformation in the southern Cascadia forearc is
governed by the interaction of three tectonic plates, the Pacific

plate, the Juan de Fuca (Gorda) plate and the North American
plate, that meet at the MTJ. With the passage of the MTJ, a
slab window is created in the wake of the subducting slab
(Dickinson and Snyder, 1979; Zandt and Furlong, 1982;
Furlong, 1984). Furlong and Govers (1999) proposed that
associated with the creation of this slab window,
asthenospheric mantle will flow into the region and
viscously couple the North American plate above to the
adjacent southern edge of the subducting Gorda slab. This
emplacement of asthenosphere into the slab window and
associated viscous coupling (via the Mendocino Crustal
Conveyor (MCC) model) drives a northward motion of the

FIGURE 3 | Schematic plate reconstruction of the region from ~35 Ma–5 Ma. The locations of key geological and tectonic terranes are highlighted. (A) ~35 Ma, (B)
~30 Ma, (C) ~25–20 Ma, (D) ~10–5 Ma.
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overriding North American plate in the vicinity of the MTJ,
leading to crustal shortening and thickening ahead of the MTJ
and crustal thinning in its wake (Furlong and Govers, 1999).
This wave of crustal thickening and thinning propagates to the
NNW at ~50 mm/yr with the MTJ. Associated with this
northward migration are variations in crustal structure,
uplift/subsidence, river drainage reorganization and
thermal variations within this MCC deformation corridor
(Bennett et al., 2016; Lock et al., 2006; Furlong and
Schwartz, 2004; Guzofski and Furlong, 2002; Beaudoin
et al., 1996; Beaudoin et al., 1998). This deformation
associated with the MCC (long-term NNW-oriented
geologic shortening followed by extension) is superimposed
in the existing subduction-driven deformational field as the
MTJ approaches.

At present, in the region south of the MTJ, Pacific-North
America right-lateral shear motion is accommodated in two
shear zones. Approximately 75% of the motion is
accommodated within the coastal region, extending to the
western edge of the Great Valley (Bennett et al., 1999;
Bennett et al., 2003). An additional 25% of this motion is
accommodated inboard of the main plate boundary along the
eastern margin of the SNGV crustal block (Bennett et al., 1999;
Bennett et al., 2003), in what is termed the Eastern California
Shear Zone (ECSZ). This inboard shear initiated at
~12–10 Ma, causing a change in the direction of the SNGV
motion from westward to north-northwestward (McQuarrie
andWernicke, 2005). This north-northwestward motion along
the northern ECSZ, and therefore motion of the SNGV block,
accelerated at ~ 6 Ma due to the northward motion of Baja

California (Plattner et al., 2010). Taken together, this
combination of tectonic processes means that present-day
upper-plate deformation in southern Cascadia records the
superposition of processes including Cascadia subduction
earthquake cycle deformation, the migration of the MTJ
and its associated thickening-thinning effects, and the
NNW motion of the SNGV block facilitated by shear across
the northern ECSZ (Figures 1, 4; McKenzie et al., 2022;
McKenzie and Furlong, 2021).

Over the past several million years, the upper-plate region
of the southern Cascadia subduction zone has undergone a
transition from a subduction-only tectonic regime to a setting
in which the subduction environment is becoming increasingly
overprinted by deformation associated with the advancing
MTJ and the SNGV block (Figures 2–4). The combination
of time-varying tectonic drivers and heterogeneous upper-
plate crustal properties produces a resulting deformation
field that we are able to dissect in order to explore how
these events and processes combine to produce the resulting
geological signature of upper-plate deformation. Among the
processes we identify are the localization of upper-plate
shortening, active rock uplift and the development of
shear zones.

THE KINEMATIC EVOLUTION OF
SOUTHERN CASCADIA

The superposition of subduction-related and NNW-directed
(MTJ and SNGV) deformation can be seen in the GPS

A B

FIGURE 4 | Plate reconstructions showing the total (subduction plus NNW-directed processes) synthetic GPS velocities for the region from 9 Ma to present-day.
The KMP is outlined and shaded in orange, the Sierra Nevada/Great Valley (SNGV) block is outlined and shaded in green, and the approximate spatial extend of
deformation (thickening and thinning) associated with the MCC is outlined and shaded in blue. (A) ~9 Ma, (B) ~5 Ma, (C) present-day. Reconstructions were done using
the SNGV-North America Euler stage pole (d’Alessio et al., 2005), Pacific–Juan de Fuca Euler poles (Wilson, 1993) and Pacific-North America Euler poles (DeMets
and Merkouriev, 2016).
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velocity field in southern Cascadia–documented by McKenzie
and Furlong (2021) (Figure 4, Supplementary Figure S1). The
subduction component is driven by the earthquake cycle and so it
accumulates and recovers every few hundred years during
megathrust events. In contrast, the MCC- and SNGV-driven
components have a characteristic time scale of a few million
years and their effects are long-lived or permanent (Furlong and
Govers, 1999; McKenzie and Furlong, 2021). Thus following a
large megathrust earthquake, the effects of subduction zone inter-
seismic loading of the upper plate would be largely recovered, and
the residual GPS velocity field would predominantly reflect
upper-plate deformation in response to the NNW-directed
components.

The present-day GPS velocity field has alternatively been
interpreted to reflect rotation of rigid crustal blocks
superposed on subduction (McCaffrey et al., 2000;
McCaffrey et al., 2007; McCaffrey et al., 2013; Savage et al.,
2000, Figure 4A). One suggested driver for this inferred
forearc rotation is the NNW-migration of the SNGV block,
which currently moves with respect to North America at
approximately 11–13 mm/yr (Argus and Gordon, 1991;
Dixon et al., 2000; Plattner et al., 2010). In that scenario,
the SNGV block would impose a NNW-directed force along
the southern edge of the forearc causing blocks to rotate
clockwise (McCaffrey et al., 2007). The motion of the
SNGV is similar to the displacements produced by the
MCC, so the two processes could combine to enhance the
NNW-directed effects on the observed GPS velocity fields
(McKenzie and Furlong, 2021). Since the SNGV block and
the MTJ are moving northward at 11–13 mm/yr and 50 mm/yr
respectively, their combined effect on the velocity field of
southern Cascadia would have been significantly different in
the past. In our analyses we use the results of McKenzie and
Furlong (2021), in which they use plate reconstructions to
incorporate the migrating effects of the tectonic processes that
act in southern Cascadia. We show the 9 Ma, 5 Ma, and
present-day kinematics of the study region using these plate
reconstructions and estimate the GPS equivalent velocity field
pattern (termed here synthetic paleo-GPS) over these times
intervals in light of the past plate motions and the locations of
the MTJ and SNGV block (Figure 4). We then decompose the
present-day GPS velocity field into a subduction coupling and
a NNW-directed component to investigate how strain related
to subduction coupling, the MCC and the SNGV block motion
is distributed across the southern Cascadia upper-plate. The
decomposed present-day velocity fields for the full extent of
the Cascadia subduction zone are shown in Supplementary
Figure S1, and the decomposed data are in Supplementary
Table S1. These results place constraints on where shortening
strains are highest, where we would expect high uplift rates,
and where shear zones are developing at present in southern
Cascadia.

Kinematic Reconstruction
The plate kinematics for the study region at ~9 Ma, ~5 Ma and
the present are shown in Figure 4. The synthetic paleo-GPS in
Figures 4A,B indicate that theMCC and the motion of the SNGV

block only started to affect the upper-plate kinematics of the
present-day region of southern Cascadia at ~5 Ma (Figure 4). The
~9 Ma reconstruction (Figure 4A) shows that the region of
present-day southern Cascadia at ~9 Ma would be centrally
located along the Cascadia margin and would have primarily
been deforming as a consequence of subduction coupling
processes. At this time the MTJ was significantly further south
than it is today and so the effects of the MCC processes would not
have reached this region. Additionally, at ~9 Ma the SNGV block
was ~100 km south of its current location and had not yet started
moving northward in response to motion across the northern
ECSZ (Plattner et al., 2010). Also, southern Cascadia at ~9 Ma
(38°N - 40°N, i.e., the region now south of the present-day MTJ)
would be deforming in response to subduction coupling and the
shortening effects of the MCC, but unlike today the SNGV would
not have been a key driver of upper-plate deformation in the
region. The apparent clockwise rotation seen today in south-
central Cascadia would be muted, with the NNW-directed
velocity field decaying rapidly inland. In addition, at this time
(~9 Ma), there would have been a significant space between the
northern end of the present-day surface expression of the SNGV
block and the southern margin of the KMP. The two terranes are
currently adjacent, suggesting the material in this gap has either
shortened and led to crustal thickening or underthrust the KMP.
Seismicity and several east and northeast-oriented faults and folds
in the northernmost region of the Great Valley and surrounding
regions are indicative of north-south/northwest-southeast
shortening between the Great Valley block and KMP (Unruh
et al., 2003; Unruh and Humphrey, 2017; Angster et al., 2020),
suggesting that at least some of this gap-closure is accommodated
by upper-plate shortening.

From ~5Ma, the present-day region of southern Cascadia may
have started to display the apparent rotation that we see in the
GPS velocities today (Figure 4B), in response to the MTJ
northward migration and the onset of SNGV-related
deformation. Figure 4 highlights that over the past ~10
million years, the key drivers of deformation in present-day
southern Cascadia and south of the MTJ have changed, and it
is only recently (since ~5 Ma) that the present-day southern
Cascadia upper plate, including the KMP, has been deforming
in a composite tectonic regime with subduction, MCC and SNGV
deformational drivers.

Present-Day Tectonic Components of the
Cascadia GPS Velocity Field
We separate the present-day GPS velocity field into two
components, a NE-oriented subduction-coupling driven
component and a NNW-oriented component reflecting
displacements associated with the northward motion of the
MTJ and SNGV block (McKenzie and Furlong, 2021). From
these two displacement components we find that both the NE-
directed and NNW-directed shortening strain rates are highest
within the Franciscan complex, to the west of the KMP. The KMP
itself is accommodating very low NE- and NNW-oriented
shortening rates of ~10–16 s−1 (McKenzie and Furlong, 2021;
McKenzie et al., 2022).
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NNW-Directed Deformation
The NNW-directed GPS velocity field shows a steep decreasing
gradient in velocities over a distance of ~40–50 km (shortening
strain rate of ~10–14 s−1) north of theMTJ within a relatively narrow
channel between the subduction trench to the west and the KMP to
the east (Figure 5A). This has been interpreted to reflect crustal
shortening associated with the MCC process (McKenzie and
Furlong, 2021; Furlong and Govers, 1999). In contrast, to the east
of the MCC corridor, the NNW-directed velocity field has a shallow
decay from ~12mm/yr to 8 mm/yr from south to north across the
KMP (shortening rate of ~10–16 s−1). Although the KMP is internally
experiencing low shortening rates, the northwestern-most region of
the KMP [north of the Cave Junction fault, a structure inferred to
mark the mountain front near Cave Junction, Oregon (Kirby et al.,
2020; Kirby et al., 2021; Von Dassow and Kirby, 2017)] is currently
undergoing crustal shortening at strain rates of ~10–15 s−1

(Figure 5B). This NW region of the KMP, a portion of the
Siskiyou Mountains, exhibits relatively high topographic relief
compared to its surroundings, and the association of high relief,
steep channels and elevated erosion rates (e.g., Balco et al., 2013)
suggest that this relief may be relatively young (McKenzie and
Furlong, 2021; Kirby et al., 2020, 2021). We infer that the
northward velocity gradient represents the relatively rigid motion
of the KMP in response to the northwardmotion of the SNGV-block
to its south–pushing on the southern margin of the KMP and, in

turn, causing the KMP to impinge on the region of the Siskiyou
Mountains (McKenzie and Furlong, 2021). This push on the
southern margin of the KMP, leads the KMP to move relatively
rigidly to the NNW with respect to North America.

In addition to NNW-directed shortening, we observe
right-lateral differential motion between the Franciscan
crust within the MCC corridor and the KMP (Figure 5C).
This differential motion implies a narrow zone of NNW-
oriented right lateral shear adjacent to the KMP’s western
boundary. This localized region of right-lateral shear spatially
coincides with a zone of upper-plate forearc translational
faults inboard of a zone of forearc compression (Kelsey and
Carver, 1988). The zone of forearc translation contains
several NNW-oriented faults including the Grogan fault,
the Lost Man fault and the Bald Mountain fault zone to
the north, and the Eaton Roughs and Lake Mountain fault
zones further south (Kelsey and Carver, 1988; Figure 1).
These faults are optimally oriented for NNW-oriented right-
lateral shear produced by MCC- and SNGV-driven
components.

Subduction Earthquake Cycle Deformation
The NE-component of the GPS velocity field reflects how the
upper plate is being deformed in response to subduction plate
interface coupling along the Cascadia margin. Similar to the

FIGURE 5 | Transects through the present-day NNW-directed and subduction-related GPS decomposed velocity fields. (A)NNW transect (south to north) through
the NNW-directed velocity field within the MCC corridor–the Franciscan complex west of the KMP. Red vectors within the map (top) are the velocities (both grey and red
circles) shown in the profile (bottom). The grey circles are vectors over 25 km from the profile line. (B) NNW transect (south to north) through the NNW-directed velocity
field within the KMP. Red vectors within the map (top) are the velocities (red circles) shown in the profile (bottom). (C) NE transect (west to east) through the NNW-
directed velocity field through the MCC corridor and the KMP. Pink vectors within the map (top) are the velocities (pink circles) shown in the profile (bottom).
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NNW-component, the subduction component of the GPS velocity
field shows a localized region of shortening within the Franciscan
complex, west of the KMP. This is characterized by a steep
gradient in the NE-directed surface velocities from ~17mm/yr
to ~5 mm/yr over a distance of ~125 km within the Franciscan
complex–a shortening strain rate of ~10–15 s−1 (Figure 6). East of
the Franciscan complex within the KMP, the NE-directed GPS
velocities remain at ~5 mm/yr across the region (Figure 6). This
localization of shortening within the weak Franciscan material can
be linked to the effects of subduction mechanical locking
terminating within the relatively weak crustal domain (the
Franciscan complex) to the west of a rigid backstop - the KMP
(McKenzie et al., 2022). In regions where subduction locking ends
trenchward of a rigid backstop, interseismic subduction-related
shortening is localized in the region between the down-dip limit of
locking and the rigid backstop (McKenzie et al., 2022). The upper-
plate region in southern Cascadia that is experiencing localized
subduction-related shortening due to this effect is also within the
northern part of the MCC-corridor. Further north, the weak-to-
strong boundary is significantly closer to the trench (the
Franciscan complex is absent, and Siletz-Crescent terrane
extends offshore) and locking extends beneath this weak-to-
strong transition. McKenzie et al. (2022) find that in that case
there is only a narrow region of localized shortening offshore, west
of the Siletz-Crescent terrane. Additionally the relatively strong
Siletz-Crescent terrane extends the subduction coupling signal far
inland since it does not shorten easily.

The subduction-related displacements observed by the
geodetic stations are largely elastic and recovered during large

megathrust events. However, typical of subduction zones
globally, some fraction of this elastic deformation is
retained as permanent upper-plate deformation over
multiple subduction earthquake cycles (e.g., Melnick et al.,
2006; Meltzner et al., 2006; Saillard et al., 2017; Ramírez-
Herrera et al., 2018; McKenzie et al., 2022). In contrast, the
MCC-process produces permanent crustal shortening over
millions of years, adjacent to and in advance of the
MTJ. Although the geodetic signal can be separated into
subduction and NNW-components and records both
elastic (subduction) and permanent (subduction and
MCC) deformation, the long-term deformation
recorded–for example by slip on upper-plate faults and
permanent uplift of the coastline–records the combined
effects of permanent subduction and MCC deformation,
which are not easily separated.

Vertical Motions
Unlike the horizontal components of the GPS velocity field, the
vertical component cannot be decomposed into separate signals
related to different tectonic drivers based on direction. Instead the
geodetic uplift/subsidence signal records the combined vertical
motions produced by all tectonic drivers in the region. Thus,
although we observe present-day vertical motions of 1–4 mm/yr,
by GPS and other geodetic indicators in the MCC corridor
(Burgette et al., 2009; Blewitt et al., 2018) (Figure 7), we
cannot separate this into a subduction-coupling and MCC
signal without prior subduction locking or MCC-model
assumptions.

FIGURE 6 | (A)NE-directed (subduction coupling) component of the GPS velocity field in the study region. Data (blue vectors) sampled by the NE transects (west to
east) shown are plotted in (B). (B) Profile through the NE-directed GPS velocity field (profiles shown in (A)). The blue transparent line is the synthetic GPS velocity model
result for a finite element model with an upper plate composed of weak material (the Franciscan complex and modern accretionary margin) near to the trench, and a rigid
backstop (the KMP) inboard. The weak to strong boundary in the model is at 160 km (the approximate distance of the KMP boundary from the trench). (C)
Shortening strain rate derived from model velocity results in (B). The uplift rate is based on the assumption of an average upper-plate thickness of 20 km (adapted from
McKenzie et al., 2022).
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The subduction component of the vertical motion during the
inter-earthquake interval largely depends on the location of the
site relative to locking on the subduction plate interface and the
time since the last megathrust earthquake. If the site lies above a
locked region, we expect to record subsidence, however when the
site is inboard of the locked region it could record subsidence,
uplift or zero present-day vertical motion depending on the
details of the coupling (Govers et al., 2018). Some locking
models for Cascadia (e.g., Schmalzle et al., 2014; Li et al.,
2018; McKenzie and Furlong, 2021) find that locking extends
near to and in some cases beneath the present-day coastline of
Cascadia. With that configuration we would generally expect
subsidence along the coastline during the interseismic period. In
southern Cascadia however, crustal thickening associated with
theMCC-process produces some uplift in the vicinity of theMCC
spatial footprint (Figure 4; Furlong and Govers, 1999). As a
result, where the MCC process and subduction are both
contributing to the vertical motions (within the MCC
corridor), the observed total GPS velocity field records the
summation of both processes. In cases where the subduction
coupling signal is subsidence, the addition of MCC uplift may
reduce that subsidence or even combine to produce uplift. In
regions where the subduction coupling signal is uplift, the MCC
contribution would increase the observed uplift.

SEISMIC TOMOGRAPHY CRUSTAL
STRUCTURE

The MCC model involves upper-plate crustal shortening and
thickening in advance of the migrating MTJ, and subsequent
crustal thinning after passage of the MTJ (Furlong and Govers,
1999). How that crustal thickening is converted into upper-plate
deformation is less clear since the MCC model did not place
constraints on potential out-of-plane deformation or specify
deformation mechanisms for the shallow crust (Furlong and
Govers, 1999). Additionally, the geologic structure of the
region affected by MCC deformation is varied, that is the
crust involved has changed substantially over the past 9–10
million years (Figures 3, 4). Prior to ~10 Ma, the region of
MCC shortening/thickening was bounded on the east by the
SNGV block (Figures 2–4). However, by ~ 5 Ma as the MTJ
migrated northward, the upper-plate geologic framework in
southern Cascadia underwent a transition from a Franciscan-
Great Valley to a Franciscan-KMP configuration (Figures 3, 4).
This suggests that prior to 5 Ma the SNGV block was playing a
similar role in upper-plate deformation to the KMP today. To
understand how the MCC and SNGV affect upper-plate
deformation, including permanent uplift and the development
of shear zones, we use the results from a recent seismic

FIGURE 7 | Present-day uplift rates across the southern Cascadia forearc. (A) Graph of uplift versus latitude for GPS (black squares) and benchmark leveling data
(white circles) from coastal regions in southern Cascadia (125°W–123°W) (Burgette et al., 2009; Blewitt et al., 2018). (B)Map of present-day uplift rates. The circles are
benchmark level data (Burgette et al., 2009) and the squares are GPS vertical motions (Blewitt et al., 2018). The semi-transparent interpolated uplift shown in the
background is derived from a grid of the GPS vertical motions with a grid size of 10 km, and masking threshold of 30 km. The dashed red line is the approximate
eastern extent of the maximum upper-plate uplift signal in the region.
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tomography study (Figures 8, 9; A. Villaseñor, K.P. Furlong, H.
Benz, personal communication; Furlong et al., 2021), to identify
the 3D crustal nature of the processes that are driving upper-plate
deformation (specifically crustal thickening and thinning,
permanent uplift, and faulting). Based on this present-day 3D
crustal structure and plate reconstructions of the region (Figures
2, 4), we can explore how the crustal structure and upper-plate
deformation associated with each of these tectonic processes has
evolved over time.

This seismic tomography imagery (Figures 8, 9) shows
systematic differences in the overall pattern of MCC crustal
thickening behavior in the region bounded on the east by the
SNGV block (south) versus the KMP (north). Horizontal depth
slices and cross-sectional profiles highlight the primary
characteristics of the crustal structure in the region. There is a
significant contrast in seismic velocity properties between the
meta-sedimentary Franciscan complex and the adjacent SNGV
block and KMP. South of the MTJ, the Franciscan complex
(p-wave velocities (Vp) of ~5.6–6.4 km s−1) and MCC crustal
deformation (thickening/thinning) is bounded on the east by the
SNGV block (Vp ~6.8–8.0 km s−1), and on the west by the
Pioneer Fragment (Vp ~6.8–8.0 km s−1). North of the MTJ the
Franciscan complex is bounded on the west by the Gorda slab
(~6.8–8.0 km s−1). However, to the east we see that the Franciscan
rocks impinge on and into the KMP crust (Vp ~6.4–6.8 km s−1)
(Figures 8, 9).

This implies that MCC driven upper-plate deformation was,
and is still, localized within the Franciscan complex when
adjacent to the SNGV block. In contrast, MCC-related
deformation appears to extend into the KMP crust, north of
the SNGV block. In particular, a region of Franciscan crust

appears to have intruded >30 km into the SW region of the
KMP at ~10–30 km depth (Figures 8, 9). Associated with this,
there is a ~10 km thick tubular body of what we interpret to be
Franciscan material, that extends an additional ~80 km east into
the KMP at ~20–30 km depth (Figures 8, 9). This injected/
intruded crustal material (Vp 6.0–6.4 km s−1) has an oblate
cylindrical shape and is surrounded by the higher velocity
crustal material of the KMP. We take this to indicate a form
of crustal flow as the Franciscan complex is over-thickened as
part of the MCC process and is then able to wedge or inject itself
into the adjacent KMP crust.

As well as this intrusion of the Franciscan material into the
KMP crust primarily from the west-southwest, there is a separate
region of high p-wave velocity (~6.8–7.6 km s−1) material lying at
~15–30 km depth beneath the south-eastern region of the KMP
crust. This high velocity body can be seen to be a continuation of
the Great Valley ultramafic body to the south and appears to
extend ~50–100 km beneath the KMP to the north (Figures 8,
9B). In contrast to the injected Franciscan crust, this material
appears to lie below the KMP crust, underthrusting the SEmargin
of the KMP.

Discussion of Seismic Tomography Results
The crustal-scale plate boundary structure plays an important
role in the patterns of upper-plate deformation produced by the
tectonic processes acting in southern Cascadia. In particular,
crustal kinematics and deformation driven by the MCC
process and SNGV motion correlate well with many of the
regions of ongoing deformation. We see evidence (e.g.,
thickened crust adjacent to the southern edge of the Gorda
slab, that thins to the south) of the effects of MCC crustal

FIGURE 8 | Seismic tomography results in map view at different crustal levels (10 km, 20 and 25 km) (Furlong et al., 2021). The Great Valley body, the Pioneer
fragment, the Gorda slab, the Franciscan complex and the Sierra Nevada are labeled. Pink dashed lines are 10 km slab contours (Slab2, Hayes 2018). Lines (A–A9,
B–B9, C–C9, D–D9) indicate the locations for the cross sectional profiles shown in Figure 9.
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deformation in the tomography imagery (Figures 8, 9) associated
with the transition from subduction to translation. There are
several instances where the crustal structure observed in the
tomography differs from that expected from the MCC model
(Furlong and Govers, 1999). We interpret these to reflect
differences in the way that MCC crustal thickening is
accommodated in the North American upper plate.

TheMCC-driven thickened crust in the region currently south
of the present-day MTJ occurred when that location was the
southernmost part of the Cascadia subduction plate boundary as
the MTJ was approaching (Furlong and Govers, 1999). For
example, at ~9–10 Ma, when the MTJ was located
substantially further south (Figures 2, 3), the locus of MCC

shortening and crustal thickening (at and north of the MTJ)
would have been bounded on the east side by an abrupt transition
from the Franciscan complex to the Great Valley crust. The
region of MCC-related deformation is always bounded on the
west by the subducting plate (north of the MTJ) and the Pioneer
Fragment (Figures 2, 3, 8, 9) immediately south of theMTJ–since
both features migrate with the MTJ. The result of this Franciscan-
bounding crustal structure is that when the MTJ was south of
approximately 39°N, the corridor of MCC-deformation would
have been restricted to a narrow channel of the Franciscan
complex between the Pioneer Fragment and the SNGV block.
This is seen in the narrow width (<100 km) of the thickened low
seismic-velocity material in that region.

FIGURE 9 | Seismic tomography cross sections (A–A9, B–B9, C–C9, D–D’). Topographic swath profiles for each cross-section are shown above. The swaths used
in the topographic profiles are shown in Supplementary Figure S3. Cross section lines are shown in Figures 8, 10. The green dashed line shows the approximate
extent of the Gorda slab and Pioneer fragment beneath North America. The approximate locations of the surface boundaries for the geologic terranes are labeled at the
top of each cross section.
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Over the past 3–5 million years, with the continued northward
migration of the MTJ and SNGV block, the eastern margin of the
MCC corridor changed from being defined by the SNGV block to
the KMP. Prior to the switch to the KMP, theMCC deformational
channel widened as a result of the northern segment of the Great
Valley ultramafic block being oriented more northward
(Figure 2). This switch from SNGV to the KMP acting as the
eastern boundary to the deformational channel has also led to a
substantial change in how MCC crustal thickening is
accommodated. North of the MTJ, the MCC crustal
thickening is still bounded on the west by the subducting slab
but seems to intrude into (or otherwise be emplaced within) the
KMP crust. This low seismic-velocity Franciscanmaterial appears
to wedge the KMP crust apart, and flow and inject itself into the
existing KMP crust (Figures 8, 9); i.e. we see that the low-velocity
material lies between two regions of KMP crust. Additionally, this
low-velocity intrusion is not planar, as might be expected for a
situation where the KMP over-thrusts the Franciscan crust.
Instead, as seen in the tomographic cross-sections (Figure 9),
it is a cylindrical intrusion within the KMP crust. For these
reasons and its continuity to the Franciscan complex we interpret
the low-velocity material to be injected Franciscan crust that has
undergone crustal flow in its emplacement.

Other possible explanations for this intra-crustal low-velocity
material such as lithologic variations within the KMP, or thermal
variations are harder to explain based on the geometry and extent
of the region of anomalous crust. Additionally, starting at ~6 Ma,
the SNGV block began to accelerate (Plattner et al., 2010),
converging with and pushing the KMP ahead of it. The
tomography results imply that as part of that convergence,
Great Valley material that was initially in the gap between the
SNGV and KMP prior to SNGV movement, appears to
underthrust the southeastern margin of the KMP. (Figures 8,
9). During the Eocene to Miocene, exhumation (Batt et al., 2010;
Piotraschke et al., 2015) of material in the footwall (north) of the
La Grange fault lead to crustal thinning in the hanging wall to the
south. This region of La Grange crustal thinning could have
provided the space where we observe the northern limit of the
emplaced Great Valley body beneath the KMP crust, potentially
having replaced this previously exhumed material. This region of
impingement or underthrusting of the northern limits of the
Great Valley body also serves as an eastern and southern
bounding constraint on the region of the Franciscan crustal
flow within the KMP, producing a nose-like protuberance of
the lower-velocity material across the KMP.

We interpret this major change in how MCC crustal
deformation is accommodated, predominantly within the
Franciscan complex and its interaction with the adjacent
KMP, to generate different styles of upper-plate faulting and
uplift throughout the region. In particular, patterns of upper-
plate faulting and uplift in present-day southern Cascadia and
the KMP are likely to be geologically recent (since ~5 Ma) - since
most crustal shortening/thickening in the MCC model occurs at
and just to the north of the MTJ. In contrast, at latitudes south of
~39°N (i.e., located in southern Cascadia at ~10–5 Ma), MCC
upper-plate deformation was restricted to a narrow zone
<100 km in width, bound by the rigid Great Valley block to

the east. Since 5 Ma, this corridor of Franciscan material has
been able to expand laterally (>50 km) into the KMP. Thus,
prior to ~5 Ma we expect topographically a relatively narrow
“ridge” (<100 km wide) of uplift in the MCC corridor and from
~5 Ma to the present, we see that the MCC-shortening zone has
widened across the boundary between the Franciscan and KMP
crust. Therefore, the upper-plate deformational response to the
MCC in present-day southern Cascadia, including the KMP,
should be relatively recent (<5 Ma), since it is only from 5 Ma
that MCC deformation has been active in that region
(Figures 3, 4).

The study area straddles the southern edge of the subducting
Gorda slab and in addition to the effects that this location has on
processes such as the MCC, the behavior of the southern slab
edge has also been proposed to affect asthenospheric mantle
flow in the region (Zandt and Humphreys, 2008). Zandt and
Humphreys (2008) proposed that if there is significant rollback
of the Gorda slab that mantle flow could be induced around the
southern edge of the slab, akin to the mantle flow inferred
around the northern edge of the subducting Pacific slab at
Tonga (e.g., Foley and Long, 2011). As discussed by Zandt
and Humphreys (2008), such mantle flow is a longer wavelength
feature that would be centered to the east, within (and
underlying) the Basin and Range province. It also would
likely be at greater depths than we are considering in this
work, thus would have only a minor impact on our study
region. Results of previous studies of mantle anisotropy along
coastal North America indicate that our study region is within
the mantle flow realm primarily affected by the local subduction
and the lithospheric slab window. As shown by Hartog and
Schwartz (2000) the upper-most mantle anisotropy within the
subduction domain is consistent with down-dip to the east flow,
and in the slab window south of the southern edge of the Gorda
slab, the mantle flow is similarly dipping down to the east likely
indicating mantle upwelling into the slab window from the
adjacent mantle wedge, consistent with the geochemistry of the
Coast Range volcanics erupted above the slab window (Furlong
et al., 2003). The crustal flow of the Franciscan crust that we
interpret to occur in the middle and lower crust, is separated
from the upper-mantle flow regime by the lower crust and
lithospheric mantle of the North American plate.

Is the Klamath Mountain Province
Undergoing Active Uplift?
The crustal structure, as seen in the tomography results, strongly
correlates with the present day topography in the Klamath and
Siskiyou Mountains (Figure 9). We can see in the various
tomographic profiles a correlation between subsurface crustal
structure (in particular, thickness of the Franciscan complex) and
elevation. For example in profile A-A’ (Figure 9A) the systematic
thickening of the Franciscan crust (from ~20 km to ~30–35 km)
in association with MCC crustal deformation correlates with a
nearly 2 km elevation change along the profile. The abrupt
decrease in crustal thickness and change in composition as the
profile crosses from the Franciscan Coast Ranges to the Great
Valley is seen in a substantial drop in elevation.
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Perhaps more diagnostic of the link between crustal structure
and elevation are the correlations seen in profiles B-B′ and C- C’
(Figures 9B,C). These profiles cut across the intruded nose of the
Franciscan complex that we interpret to be intruded or injected
into the KMP crust. The maximum elevation occurs at
~120–150 km along profile B-B′, crossing this region. Profile
C-C’, which runs along the length of this Franciscan “nose” shows
a systematic increase in elevation, that culminates in the region of
Mt Eddy which sits above the eastern terminus of the low velocity
body. Mt Eddy is the highest elevation in the KMP, and is in a
region of high local relief. We interpret that this reflects the role
that this crustal injection has played in driving uplift. The
coincidence of the highest elevation above the eastern end of
the material may indicate the time progression of uplift as the
crustal material flows eastward.

Thermochronology studies from the KMP (apatite fission
track (AFT) and apatite (U-Th)/He (Batt et al., 2010;
Piotraschke et al., 2015)) show that there have been two

periods of regional cooling and exhumation within the
province: 1) A late Cretaceous-Paleocene episode of
regional cooling and exhumation; and 2) a Middle Tertiary
(Eocene-Miocene, ~45–15 Ma) more localized episode of rapid
exhumation of the footwall of the La Grange detachment fault
(Cashman and Elder, 2002). This faulting occurred with high
slip rates of 2 mm/yr over ~30 million years (Piotraschke et al.,
2015). The currently exposed surface is thought to have been
brought to depths of ~2–3 km at the end of the latter unroofing
event. If this exhumation event had continued to the present at
moderate-high uplift rates, we would expect younger
thermochronology ages as a consequence of deeper regions
of the crust being exhumed. The preservation of Eocene to
early Miocene Apatite (U-Th)/He ages in samples implies
minimal exhumation since the main unroofing event. As a
result, evidence of current exhumation likely reflects a
relatively recent active process.

Despite evidence for the most recent cooling/uplift being
during the Eocene to Miocene, and minimal evidence of
horizontal crustal shortening, the KMP is a topographically
anomalous region of the southern Cascadia forearc, exhibiting
higher elevations and topographic relief than the surrounding
regions (Figures 1, 10). One means of assessing whether
differences in topography may be related to differential rock
uplift involves looking at patterns of normalized channel
steepness (ksn) across the region (e.g., Whipple and Tucker,
1999; Kirby and Whipple, 2001; Wobus et al., 2006; Kirby and
Whipple, 2012). We use TopoToolbox 2 (Schwanghart and
Scherler, 2014) to calculate the normalized channel steepness
across the region using a reference concavity of 0.45 and create a
smoothed ksn map shown in Figure 9. The drainage network ksn
map used in the interpolation is shown in Supplementary
Figure S2. When we compare these results to the seismic
tomography imagery, we find there are spatial correlations
between ksn at the surface and inferred tectonic processes
at depth.

Our results show three key regions of elevated ksn:

1) There is a region of high ksn in the northwestern-most KMP
and the Siskiyou Mountains (Figure 10). This region is
coincident with the highest present-day geodetic and
benchmark (tide gauge and leveling) uplift rates observed
along the Cascadia coastline (Figure 7, Blewitt et al., 2018;
Burgette et al., 2009), and preliminary assessment of erosion
and fluvial incision rates (Balco et al., 2013; Von Dassow and
Kirby, 2017) suggest that this region is experiencing elevated
erosion rates relative to the forearc to the north and west
(Kirby et al., 2020).

2) A large portion of the KMP itself has high values of ksn
compared to its surroundings, specifically between 41°N
and 42.5°N. This area overlaps with the northern region of
the low velocity intracrustal region imaged in the tomography,
that we interpret to be an intrusion of Franciscan material into
the KMP (Figure 10). This area is also in the footwall of the La
Grange detachment fault, that underwent a period of
exhumation during the Eocene to Miocene (Batt et al.,
2010; Piotraschke et al., 2015).

FIGURE 10 | Interpolated channel steepness (ksn) for the region of
southern Cascadia. The blue dashed line shows the extent of the Pioneer
fragment from the tomography results. The black dashed lines shows the
approximate extend of low velocity (Franciscan) material within the KMP,
derived from the tomography results. The white and yellow solid lines are the
6.4 km/s p-wave velocity contours from the tomography imagery at 20 and
25 km depth respectively, that we interpret represent the extent of the
thickened Franciscan crust at those depths. The purple dashed line is the
25 km depth of the 6.8 km/s p-wave velocity contour, that we interpret to
outline the Great Valley ultramafic body at that depth.
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3) South of the KMP there is a region of high ksn in the Yolla
Bolly mountains that coincides with the thickest region of the
MCC-thickened crust (Figures 8, 10).

These observations suggest that there are three regions of
the southern Cascadia forearc that may currently be
experiencing (or have very recently experienced) active
tectonic uplift. In particular, the interior of the KMP may
be undergoing a recent rejuvenation in uplift, perhaps
associated with the onset of MCC- and SNGV-related
deformation at ~6–5 Ma.

Possible Causes of Recent Uplift Across
Southern Cascadia
Uplift Within the Northwest Klamath Mountain
Province and Siskiyou Mountains
The region of the northwestern-most KMP and the Siskiyou
Mountains has both high ksn and is experiencing some of the
highest rates of present-day (2–4 mm/yr) uplift across the
Cascadia margin (Blewitt et al., 2018; Burgette et al., 2009,
Figure 7). Uplifted marine terraces along the coast at these
latitudes also indicate high long-term uplift rates
(~0.25–0.9 mm/yr, Kelsey and Bockheim, 1994; Kelsey
et al., 1994). Present-day horizontal GPS motions show
significant NE- and NNW-directed shortening strain in the
region (Figures 5, 6). McKenzie and Furlong (2021) proposed
that this NNW-directed shortening strain may be driven by
the push of the SNGV block along the KMP’s southern
boundary. In addition to this NNW-directed tectonic
driver, the results of McKenzie et al. (2022) imply that this
region of the Cascadia upper plate, between the down-dip
limit of coupling and an upper-plate rigid backstop will be
undergoing high rates of localized subduction-related
shortening in response to coupling on the plate interface.
The combination of subduction-related shortening strain and
NNW-directed shortening strain could explain the high
present-day geodetic uplift and high topographic relief in
this region.

Rejuvenation of Uplift of the Klamath Mountain
Province
The subduction and NNW-directed components of the GPS
velocity field show that at present the KMP is accommodating
low rates of NE- and NNW-oriented shortening (~10–16 s−1)
(Figures 5, 6). Thus, bulk crustal thickening of the KMP is an
unlikely mechanism for driving recent uplift. We have interpreted
the intracrustal low velocity body in the seismic tomography
slices (Figures 8, 9) to be Franciscan crustal material that has
thickened and intruded into the KMP at mid-crustal levels as a
consequence of crustal flow. We hypothesize that localized
NNW-directed shortening, superimposed on NE-directed
subduction-driven deformation, enables Franciscan crust to
intrude into the KMP along a plane of weakness at depth.
This injection of additional crustal material at depth into the
KMP, would drive differential rock uplift within the KMP,
providing an explanation for relatively recent uplift and

generation of topographic relief. These effects associated with
the MCC have only been affecting upper-plate deformation in
this region since ~5 Ma (Figure 4).

Uplift Within the Southern Mendocino Crustal
Conveyor Corridor
South of the KMP, the region of high ksn correlates with the
thickest (>30 km thick) crust within the MCC corridor (Figures
8–10). South of this region the extensional (later stage) effects of
the MCC are expected, and we see a systematically thinning crust,
and active volcanism within the Clear Lake Volcanic field
(Furlong and Govers, 1999; Furlong and Schwartz, 2004). This
region of the upper plate is where the MCC model shows a
transition from shortening strain (to the north) to extensional
strain (to the south), and thus we might expect that this region–in
response to MCC effects–should not be experiencing significant
active uplift at present (Furlong and Govers, 1999). However, a
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FIGURE 11 | Summary map showing the tectonic setting, geographic
regions, and key tectonic processes acting in the study region that produce
upper-plate deformation of the North America plate. North of ~43°N
subduction-coupling is the dominant tectonic process acting to deform
the upper plate. The light grey shaded region shows the approximate N-S
extent of the MCC process on the upper plate. The dark grey shading shows
the region of the highest crustal thickness within the MCC corridor, outlined
based on the 20 km depth tomography imagery. The horizontal dashed
region within the KMP, shows the approximate extend of the Franciscan
crustal material injected into the KMP at mid-crustal levels. The Pioneer
fragment is shaded in light blue. The teal shaded region is the SNGV block.
The dotted lined region within the SNGV block shows the approximate extent
of the Great Valley ultramafic body at mid-crustal levels.
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few million years ago this region would have been shortening and
thickening, similar to the upper plate currently in the vicinity of
the MTJ. Thus, this region of high ksn may be recording the
channel response to a transition from an actively shortening to an
actively thinning crust.

FAULTING AND SHEAR ZONE
DEVELOPMENT

In addition to numerous accretionary margin faults linked to
displacements on the megathrust detachment offshore near to
the trench, there are several active crustal-scale upper-plate
structures onshore within the Franciscan and KMP crust. In
southern Cascadia, these faults are being loaded by the
composite set of forces associated with both subduction and
NNW-directed shortening and shear (Kelsey and Carver, 1988;
McCrory, 2000; McKenzie and Furlong, 2021). Additionally, with
the generally NNW/NW strike of these faults (e.g., the Grogan
fault, Figure 11), they are optimally oriented for both reverse dip-
slip in response to subduction-related SW-NE shortening and
right-lateral shear motion west of the KMP (Figures 5, 11). As
the MTJ migrates northward, these faults are well oriented to
participate in the developing San Andreas plate boundary. These
faults potentially undergo a change in their behavior over time
from dominantly dip-slip to dominantly strike-slip motion as the
MTJ approaches and the plate boundary transitions from
subduction to transform. Initially, such faults would likely
exhibit reverse motions, due to subduction coupling related NE-
directed shortening of the upper plate. As the MTJ moves further
north, a right-lateral shear zone develops along the western margin
(Figures 5, 11). As a consequence, NNW-oriented faults within the
right-lateral shear zone, such as the Grogan fault, the Lost Man
fault and faults within the Bald Mountain fault zone (Figure 11)
are loaded by both right-lateral shear strain and subduction-related
shortening strain. During this time interval, these faults could
experience reverse, oblique or right-lateral motion. As the MTJ
continues its northward advance and this upper-plate crust
transfers from the Cascadia subduction zone to the San
Andreas (Pacific-North America) plate boundary, the NNW-
oriented faults become loaded by right-lateral shear stresses,
developing further as San Andreas plate boundary structures.

It is unclear when these subduction zone upper-plate faults are
primarily active–whether coincident with megathrust rupture or
during times between major subduction zone events. There is a
set of faults that occupy a similar location within the transition
zone at the southern end of the Hikurangi subduction zone (in
northern South Island, New Zealand) to strike-slip motion along
the Alpine fault system (Furlong and Herman, 2017). These
upper-plate faults experienced extreme vertical and strike-slip
motion during the 2016 Kaikoura megathrust earthquake
(Hamling et al., 2017), which involved simultaneous rupture
of the megathrust and these upper-plate faults. If the
equivalent upper-plate faults in southern Cascadia behave
similarly, this could explain the large, permanent vertical
motion observed along the southern Cascadia coastline,
documented by uplifted marine terrace platforms (Kelsey,

1990; Muhs et al., 1992; Kelsey and Bockheim, 1994; Kelsey
et al., 1994; Padgett et al., 2019).

CONCLUSION

The overall deformational effects on the upper plate of the
southern Cascadia forearc from the superposition of multiple
tectonic processes, including subduction coupling, the MCC
process, and the northward motion of the SNGV block can be
identified by consideration of the decadal-scale motions of the
upper plate and the regional long-term geomorphic and geologic
record. In regions where subduction coupling is not the sole
contributor to upper-plate deformation, for example near plate
boundary transition zones such as theMTJ region, understanding
the upper-plate effects of superposed tectonic processes is
important. Being able to separate these effects is crucial when
using upper-plate observations to determine the characteristics of
subduction zone processes such as plate interface coupling.

In addition to the primary role of subduction coupling, upper-
plate deformation in Cascadia is also affected by shortening
driven by the migration of the MTJ and SNGV block, acting
on varying upper-plate lithologies, depending on the location of
upper-plate terrane boundaries. From the mid-Miocene to the
present, the nature of the interactions between these geological
terranes with the tectonic drivers has changed significantly as a
consequence of the migration of the MTJ. At ~15 Ma, the KMP
was in central Cascadia and subduction coupling was the main
tectonic driver in that region. At that time the primary role of the
SNGV block was as the rigid backstop inboard of the Franciscan
complex. As the MTJ migrated northward, the KMP became the
backstop east of the Franciscan complex, and the SNGV became a
driver of NNW-directed deformation in southern Cascadia.

The crustal architecture both within the primary MCC
deformational corridor, and its bounding terranes, has a significant
impact on how the crustal thickening and thinning occurs. South of
the MTJ, the MCC-related deformation of the Franciscan complex
was constrained to a relatively narrow region between the Pioneer
fragment and the SNGV block, when the MTJ was further south. In
this case the effects of theMCCon uplift would have been restricted to
this narrow channel (Figure 11). In contrast, deformation of the
Franciscan complex north of the MTJ, where the bounding terrane to
the east is the KMP, is not constrained to a narrow channel. Instead,
from seismic tomography imagery we see that in addition to crustal
shortening and thickening within the MCC corridor, the thickened
Franciscan complex is able to flow and intrude into the KMP at mid-
crustal levels (Figures 8, 9, 11). This intruded Franciscan crust
primarily deforms the western margin of the KMP, but there is
also a narrow injection of this material further eastward into the KMP
(Figures 8, 9). The MCC has only been contributing to upper-plate
deformation in this region since ~5Ma, and as a result this intracrustal
flow and injection is most likely a relatively young feature, that will
continue to propagate northward with the MTJ. Similarly, the
underthrusting of the Great Valley ultramafic body beneath the SE
margin of the KMP, which we interpret from the seismic tomography,
could continue to propagate northward with the SNGV block. We
find that the impingement of the Franciscan material and the Great
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Valley ultramafic body on the KMPmay be generating a rejuvenation
of uplift of the KMP since ~5Ma, inferred from high channel
steepness within the interior of the KMP at present.
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