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Abstract 9 

The southern Cascadia forearc undergoes a three-stage tectonic evolution, each stage involving 10 
different combinations of tectonic drivers, that produce differences in the upper-plate deformation 11 
style. These drivers include subduction, the northward migration of the Mendocino triple junction 12 
(MTJ) and associated thickening and thinning related to the Mendocino Crustal Conveyor (MCC) 13 
effect, and the NNW translation of the Sierra Nevada-Great Valley (SNGV) block. We combine 14 
geodetic data, plate reconstructions, seismic tomography and topographic observations to determine 15 
how the southern Cascadia upper plate is deforming in response to the combined effects of 16 
subduction and NNW-directed (MCC- and SNGV-related) tectonic processes. 17 

The location of the terrane boundaries between the relatively weak Franciscan complex and the 18 
stronger KMP and SNGV block has been a key control on the style of upper-plate deformation in the 19 
southern Cascadia forearc since the mid-Miocene. At ~15 Ma, present-day southern Cascadia was in 20 
central Cascadia and deformation there was principally controlled by subduction processes. Since ~5 21 
Ma, this region of the Cascadia upper plate, where the KMP lies inboard of the Franciscan complex, 22 
has been deforming in response to both subduction and MCC- and SNGV-related effects. GPS data 23 
show that the KMP is currently moving to the NNW at ~8-12 mm/yr with little internal deformation, 24 
largely in response to the northward push of the SNGV block at its southern boundary. In contrast, 25 
the Franciscan complex is accommodating high NNW-directed and NE-directed shortening strain 26 
produced by MCC-related shortening and subduction coupling respectively. This composite tectonic 27 
regime can explain the style of faulting within and west of the KMP. Associated with this MCC 28 
crustal thickening, seismic tomography imagery shows a region of low velocity material that we 29 
interpret to represent crustal flow and injection of Franciscan crust into the KMP at intracrustal 30 
levels. We suggest that this MCC-related crustal flow and injection of material into the KMP is a 31 
relatively young feature (post ~ 5 Ma) and is driving a rejuvenated period of rock uplift within the 32 
KMP. This scenario provides a potential explanation for steep channels and high relief, suggestive of 33 
rapid erosion rates within the interior of the KMP.  34 

1 Introduction 35 
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Upper-plate deformation in subduction zone forearcs occurs in response to both short-term 36 
(earthquake cycle) and long-term (million-year plate interaction) processes. New observations of 37 
present-day and long-term upper-plate deformation along subduction zones globally allow us to 38 
identify both upper-plate behavior that is common across subduction zones as well as differences in 39 
the deformational response of the upper plate among different subduction margins. For example, 40 
during the 2016 Kaikoura, New Zealand event, slip on upper-plate faults was significant (~5 – 10 m) 41 
and was coincident with slip on the Hikurangi subduction megathrust (Wang et al., 2018; Furlong & 42 
Herman, 2017). Additionally there was 0.6-4.8 m of uplift of the coastline during this event (Hamling 43 
et al., 2017). Similar upper-plate faults exist in subduction zones globally and understanding the 44 
tectonic processes that load these faults and when they slip during the seismic cycle is important for 45 
assessing hazard across subduction forearcs. Although the Cascadia subduction zone has not 46 
experienced a major megathrust earthquake in modern times, and as a result we do not have direct 47 
observations of its rupture behavior, detailed recording of its current behavior by geodetic methods, 48 
and constraints on its plate tectonic evolution make it an ideal plate boundary to explore how plate 49 
interactions and the evolution of a plate boundary over millions of years produces permanent 50 
deformation of the upper plate. 51 

The Cascadia subduction zone extends along the western coast of North America from northern 52 
California to British Columbia (Figure 1) and is defined by the position of the Mendocino triple 53 
junction (MTJ) at its south end and a triple junction at its north end where the Nootka Fault Zone 54 
(NFZ) links the northern end of the Juan de Fuca ridge to the Cascadia subduction zone (Rohr et al., 55 
2018). The MTJ migrates northward along the western margin of North America at approximately 50 56 
mm/yr (Furlong and Schwartz, 2004), while the northern triple junction has been relatively stationary 57 
with respect to North America since ~4 Ma (Rohr et al., 2018). As a result, the length of the Cascadia 58 
subduction zone has systematically shortened over time (Figures 1 & 2). Thus, the plate tectonic 59 
setting of our study area in southern Cascadia has significantly changed since the mid-Miocene (~15 60 
Ma), at which time it was centrally located along the plate boundary, as compared to its current 61 
location adjacent to the MTJ (Figure 2). 62 

This change in the geography of southern Cascadia over the last 15 million years, and the associated 63 
changes in tectonic interactions in the region lead to a suite of tectonic processes (subduction and 64 
transcurrent tectonics) that have contributed at different times and in different ways to upper-plate 65 
deformation in the region. These tectonic drivers act on a spatially varying upper-plate geology 66 
(Figure 1) resulting in distinctive styles of upper-plate deformation in both space and time. Here we 67 
explore how the upper-plate geology, subduction-interface earthquake-cycle coupling, and non-68 
subduction tectonic processes associated with the northward encroachment of the MTJ (including the 69 
development of the San Andreas plate boundary to the south) interact and produce the observed 70 
upper-plate deformation in present-day southern Cascadia from the mid-Miocene to the present. 71 
Specifically we focus on (1) how the behavior of upper-plate faults changes as the plate boundary 72 
evolves, including the development of shear zones in the vicinity of the MTJ, and (2) the 73 
spatiotemporal patterns of uplift across different regions of the southern Cascadia forearc, including a 74 
possible rejuvenation in uplift of the KMP over the last 5 million years. We address these key points 75 
by building on our recent results delineating the kinematics and strain within the terranes in the 76 
vicinity of the MTJ, including the Franciscan, Klamath, Siletz, and Sierra Nevada/Great Valley 77 
terranes (McKenzie et al., 2022; McKenzie and Furlong, 2021). We add to those results newly 78 
obtained crustal (local earthquake) tomography of the coastal region extending from north of the San 79 
Francisco Bay region to approximately 42° N (Furlong et al., 2021). This tomography provides a 3-D 80 
image of the crustal structure of the Franciscan and Klamath terranes and defines the extent of the 81 
subducting Gorda slab and the Pacific plate, south of the MTJ. We also present observations of 82 
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normalized channel steepness throughout the region, which provide additional insight into which 83 
regions are potentially undergoing active uplift and exhumation. 84 

2 Background 85 

2.1 Geologic and Tectonic Setting 86 

The region of southern and central Cascadia from the mid-Miocene to present-day (Figures 1 & 2) 87 
includes five key geological domains: (1) the Siletz-Crescent terrane (2) the northern California 88 
Coast Ranges comprised largely of the Franciscan complex, (3) the Klamath Mountains province 89 
(KMP), (4) the Great Valley Ophiolite (mafic-ultramafic body, hereinafter referred to as the Great 90 
Valley ultramafic body) and the Great Valley Sequence, both of which are overlain by Cenozoic 91 
basin fill, and (5) the Sierra Nevada (McCrory & Wilson, 2013; Schmidt & Platt, 2018; Irwin, 1985; 92 
Godfrey et al., 1997; Ernst, 2013). North of ~43 °N, the Siletz-Crescent terrane, an accreted oceanic 93 
plateau, makes up the majority of the forearc, inboard of the present-day offshore accretionary 94 
margin (Figures 1 & 2) (McCrory & Wilson, 2013; Wells et al., 1998). South of ~43 °N, the upper 95 
plate is composed of an active accretionary margin near the trench outboard of the Franciscan 96 
complex, a partially exhumed relict accretionary margin, which is bounded on its east by the KMP, a 97 
composite metamorphic/plutonic terrane (Schmidt & Platt, 2018; Irwin, 2003; Irwin, 1985). South of 98 
the MTJ, the Franciscan complex continues as the outboard terrane, and the KMP is replaced at ~40 99 
°N by the Sierra Nevada - Great Valley (SNGV) block composed of the accreted Great Valley 100 
ultramafic body and the Sierra Nevada terrane.  101 

This variation in upper-plate geology and the interaction among the geologic terranes plays an 102 
important role in the style and evolution of upper-plate deformation along the western margin of 103 
North America, which can be divided into three stages, each reflecting differences in the principal 104 
tectonic drivers acting during each time period (Figure 2, 3).  105 

Stage 1: When the MTJ is sufficiently south of a site, corresponding currently to the region of 106 
Cascadia north of ~43 °N, the primary tectonic driver of upper-plate deformation is subduction plate 107 
interface coupling. 108 

Stage 2: As the MTJ migrates northward and approaches the region of interest, NNW-directed 109 
shortening associated with the motions of the MTJ and SNGV block is superimposed on the 110 
subduction coupling signal, producing a composite deformation field.  111 

Stage 3: After the MTJ passes, a slab window is created beneath the upper-plate region that 112 
experienced the previous subduction and MTJ/SNGV-related deformation. This relic upper-plate 113 
region of southern Cascadia now responds to deformation primarily within the Pacific - North 114 
America shear zone. Localization of shear and fault development within this zone leads to the 115 
development of the San Andreas plate boundary, and upper-plate deformation is overprinted on the 116 
inherited (pre-MTJ passage) structures from the prior tectonic regime. 117 

The evolution of the plate boundaries among the Pacific, North America, and Juan de Fuca (Gorda) 118 
plates along the western margin of North America results in fundamental changes in plate 119 
interactions over millions of years. For example, the MTJ, which defines the transition from 120 
subduction to translation has migrated nearly 500 km northward, relative to North America since ~10 121 
Ma (Atwater, 1970) (Figures 2 & 3). This means that the current San Andreas plate boundary zone 122 
(Pacific - North America) north of San Francisco was part of the Cascadia subduction zone as 123 
recently as 5-10 million years ago, with the SNGV block being the main upper-plate terrane inboard 124 
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of the Franciscan complex. The San Andreas plate boundary faults have subsequently developed 125 
within a deformed upper-plate that has undergone both subduction deformation and subduction/MTJ-126 
SNGV composite deformation prior to the passage of the MTJ.   127 

2.2 Development of the Present-Day Tectonic Setting 128 

The lithospheric-scale geometry of the plate boundary in the vicinity of the MTJ results from the way 129 
in which the plate boundary changed from subduction to a system with northward and southward 130 
migrating triple junctions and the development of a transform plate boundary (Figure 3). Based on 131 
plate reconstructions the initial triple junctions formed with the interaction of a short ridge segment, 132 
bounded on its north by the intersection of the Pioneer fault with the North American margin (Figure 133 
3(a),(b)) (Furlong et al., 2003; Atwater, 1970). The resulting northward-migrating Pioneer triple 134 
junction (PTJ) was a short-lived configuration, and within a few million years the Mendocino fault - 135 
ridge intersection reached the trench producing the MTJ (Figure 3(c)) As a result, the PTJ was 136 
abandoned and the short ridge segment linking the Pioneer and Mendocino faults ceased spreading. 137 
The fragment of the Farallon plate between the two triple junctions (PTJ and MTJ), the Pioneer 138 
fragment, was captured by the Pacific plate, and has traversed the North American margin with the 139 
Pacific plate since ~ 25 Ma as the MTJ migrates northward (Figure 2(c)) (Furlong et al., 2003). This 140 
fragment extends some distance under the western edge of North America, which results in the slab 141 
window, just to the south of the MTJ, to be narrower than might otherwise be expected, based on the 142 
subduction geometry north of the MTJ (Figure 3(d)).  143 

2.3 Deformational Effects of Present-Day Tectonics in Southern Cascadia 144 

Present-day deformation in the southern Cascadia forearc is governed by the interaction of three 145 
tectonic plates, the Pacific plate, the Juan de Fuca (Gorda) plate and the North American plate, that 146 
meet at the MTJ. With the passage of the MTJ, a slab window is created in the wake of the 147 
subducting slab (Furlong, 1984; Zandt & Furlong, 1982; Dickinson & Snyder, 1979). Furlong & 148 
Govers (1999) proposed that associated with the creation of this slab window, asthenospheric mantle 149 
will flow into the region and viscously couple the North American plate above to the adjacent 150 
southern edge of the subducting Gorda slab. This emplacement of asthenosphere into the slab 151 
window and associated viscous coupling (via the Mendocino Crustal Conveyor (MCC) model) drives 152 
a northward motion of the overriding North American plate in the vicinity of the MTJ, leading to 153 
crustal shortening and thickening ahead of the MTJ and crustal thinning in its wake (Furlong & 154 
Govers, 1999). This wave of crustal thickening and thinning propagates to the NNW at ~50 mm/yr 155 
with the MTJ. Associated with this northward migration are variations in crustal structure, 156 
uplift/subsidence, river drainage reorganization and thermal variations within this MCC deformation 157 
corridor (Bennett et al., 2016; Lock et al., 2006; Furlong & Schwartz, 2004; Guzofski & Furlong, 158 
2002; Beaudoin et al., 1996, 1998). This deformation associated with the MCC (long-term NNW-159 
oriented geologic shortening followed by extension) is superimposed in the existing subduction-160 
driven deformational field as the MTJ approaches.  161 

At present, in the region south of the MTJ, Pacific-North America right-lateral shear motion is 162 
accommodated in two shear zones. Approximately 75 % of the motion is accommodated within the 163 
coastal region, extending to the western edge of the Great Valley (Bennett et al., 1999, 2003). An 164 
additional 25 % of this motion is accommodated inboard of the main plate boundary along the 165 
eastern margin of the SNGV crustal block (Bennett et al., 1999, 2003), in what is termed the Eastern 166 
California Shear Zone (ECSZ). This inboard shear initiated at ~12-10 Ma, causing a change in the 167 
direction of the SNGV motion from westward to north-northwestward (McQuarrie & Wernicke, 168 
2005). This north-northwestward motion along the northern ECSZ, and therefore motion of the 169 
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SNGV block, accelerated at ~ 6 Ma due to the northward motion of Baja California (Plattner et al., 170 
2010). Taken together, this combination of tectonic processes means that present-day upper-plate 171 
deformation in southern Cascadia records the superposition of processes including Cascadia 172 
subduction earthquake cycle deformation, the migration of the MTJ and its associated thickening-173 
thinning effects, and the NNW motion of the SNGV block facilitated by shear across the northern 174 
ECSZ (Figures 1 & 4; McKenzie et al., 2022; McKenzie & Furlong, 2021). 175 

Over the past several million years, the upper-plate region of the southern Cascadia subduction zone 176 
has undergone a transition from a subduction-only tectonic regime to a setting in which the 177 
subduction environment is becoming increasingly overprinted by deformation associated with the 178 
advancing MTJ and the SNGV block (Figures 2, 3, 4). The combination of time-varying tectonic 179 
drivers and heterogeneous upper-plate crustal properties produces a resulting deformation field that 180 
we are able to dissect in order to explore how these events and processes combine to produce the 181 
resulting geological signature of upper-plate deformation. Among the processes we identify are the 182 
localization of upper-plate shortening, active rock uplift and the development of shear zones. 183 

3 The Kinematic Evolution of Southern Cascadia 184 

The superposition of subduction-related and NNW-directed (MTJ and SNGV) deformation can be 185 
seen in the GPS velocity field in southern Cascadia – documented by McKenzie & Furlong (2021) 186 
(Figure 4, Figure S1). The subduction component is driven by the earthquake cycle and so it 187 
accumulates and recovers every few hundred years during megathrust events. In contrast, the MCC- 188 
and SNGV-driven components have a characteristic time scale of a few million years and their 189 
effects are long-lived or permanent (McKenzie & Furlong, 2021; Furlong & Govers, 1999). Thus 190 
following a large megathrust earthquake, the effects of subduction zone inter-seismic loading of the 191 
upper plate would be largely recovered, and the residual GPS velocity field would predominantly 192 
reflect upper-plate deformation in response to the NNW-directed components.   193 

The present-day GPS velocity field has alternatively been interpreted to reflect rotation of rigid 194 
crustal blocks superposed on subduction (McCaffrey et al., 2000, 2007, 2013; Savage et al., 2000, 195 
Figure 4(a)). One suggested driver for this inferred forearc rotation is the NNW-migration of the 196 
Sierra Nevada - Great Valley (SNGV) block, which currently moves with respect to North America 197 
at approximately 11-13 mm/yr (Plattner et al., 2010; Dixon et al., 2000; Argus and Gordon, 1991). In 198 
that scenario, the SNGV block would impose a NNW-directed force along the southern edge of the 199 
forearc causing blocks to rotate clockwise (McCaffrey et al., 2007). The motion of the SNGV is 200 
similar to the displacements produced by the MCC, so the two processes could combine to enhance 201 
the NNW-directed effects on the observed GPS velocity fields (McKenzie and Furlong, 2021). Since 202 
the SNGV block and the MTJ are moving northward at 11-13 mm/yr and 50 mm/yr respectively, 203 
their combined effect on the velocity field of southern Cascadia would have been significantly 204 
different in the past. In our analyses we use the results of McKenzie and Furlong (2021), in which 205 
they use plate reconstructions to incorporate the migrating effects of the tectonic processes that act in 206 
southern Cascadia. We show the 9 Ma, 5 Ma, and present-day kinematics of the study region using 207 
these plate reconstructions and estimate the GPS equivalent velocity field pattern (termed here 208 
synthetic paleo-GPS) over these times intervals in light of the past plate motions and the locations of 209 
the MTJ and SNGV block (Figure 4). We then decompose the present-day GPS velocity field into a 210 
subduction coupling and a NNW-directed component to investigate how strain related to subduction 211 
coupling, the MCC and the SNGV block motion is distributed across the southern Cascadia upper-212 
plate. The decomposed present-day velocity fields for the full extent of the Cascadia subduction zone 213 
are shown in Figure S1, and the decomposed data are in Table S1. These results place constraints on 214 
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where shortening strains are highest, where we would expect high uplift rates, and where shear zones 215 
are developing at present in southern Cascadia. 216 

3.1 Kinematic Reconstruction 217 

The plate kinematics for the study region at ~9 Ma, ~5 Ma and the present are shown in Figure 4. 218 
The synthetic paleo-GPS in Figures 4(a) and 4(b) indicate that the MCC and the motion of the SNGV 219 
block only started to affect the upper-plate kinematics of the present-day region of southern Cascadia 220 
at ~5 Ma (Figure 4). The ~9 Ma reconstruction (Figure 4(a)) shows that the region of present-day 221 
southern Cascadia at ~9 Ma would be centrally located along the Cascadia margin and would have 222 
primarily been deforming as a consequence of subduction coupling processes. At this time the MTJ 223 
was significantly further south than it is today and so the effects of the MCC processes would not 224 
have reached this region. Additionally, at ~9 Ma the SNGV block was ~100 km south of its current 225 
location and had not yet started moving northward in response to motion across the northern ECSZ 226 
(Plattner et al., 2010). Also, southern Cascadia at ~9 Ma (38 °N - 40 °N, i.e. the region now south of 227 
the present-day MTJ) would be deforming in response to subduction coupling and the shortening 228 
effects of the MCC, but unlike today the SNGV would not have been a key driver of upper-plate 229 
deformation in the region. The apparent clockwise rotation seen today in south-central Cascadia 230 
would be muted, with the NNW-directed velocity field decaying rapidly inland. In addition, at this 231 
time (~9 Ma), there would have been a significant space between the northern end of the present-day 232 
surface expression of the SNGV block and the southern margin of the KMP. The two terranes are 233 
currently adjacent, suggesting the material in this gap has either shortened and led to crustal 234 
thickening or underthrust the KMP. Seismicity and several east and northeast-oriented faults and 235 
folds in the northernmost region of the Great Valley and surrounding regions are indicative of north-236 
south/northwest-southeast shortening between the Great Valley block and KMP (Angster et al., 2020; 237 
Unruh & Humphrey, 2017; Unruh et al., 2003), suggesting that at least some of this gap-closure is 238 
accommodated by upper-plate shortening. 239 

From ~5 Ma, the present-day region of southern Cascadia may have started to display the apparent 240 
rotation that we see in the GPS velocities today (Figure 4(b)), in response to the MTJ northward 241 
migration and the onset of SNGV-related deformation. Figure 4 highlights that over the past ~10 242 
million years, the key drivers of deformation in present-day southern Cascadia and south of the MTJ 243 
have changed, and it is only recently (since ~5 Ma) that the present-day southern Cascadia upper 244 
plate, including the KMP, has been deforming in a composite tectonic regime with subduction, MCC 245 
and SNGV deformational drivers. 246 

3.2 Present-day tectonic components of the Cascadia GPS velocity field 247 

 We separate the present-day GPS velocity field into two components, a NE-oriented 248 
subduction-coupling driven component and a NNW-oriented component reflecting displacements 249 
associated with the northward motion of the MTJ and SNGV block (McKenzie & Furlong, 2021). 250 
From these two displacement components we find that both the NE-directed and NNW-directed 251 
shortening strain rates are highest within the Franciscan complex, to the west of the KMP. The KMP 252 
itself is accommodating very low NE- and NNW-oriented shortening rates of ~10-16 s-1 (McKenzie et 253 
al., 2022; McKenzie & Furlong, 2021).  254 

3.2.1 NNW-directed deformation 255 
The NNW-directed GPS velocity field shows a steep decreasing gradient in velocities over a distance 256 
of ~ 40-50 km (shortening strain rate of ~10-14 s-1) north of the MTJ within a relatively narrow 257 
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channel between the subduction trench to the west and the KMP to the east (Figure 5(a)). This has 258 
been interpreted to reflect crustal shortening associated with the MCC process (McKenzie & Furlong, 259 
2021; Furlong & Govers, 1999). In contrast, to the east of the MCC corridor, the NNW-directed 260 
velocity field has a shallow decay from ~12 mm/yr to 8 mm/yr from south to north across the KMP 261 
(shortening rate of ~10-16 s-1). Although the KMP is internally experiencing low shortening rates, the 262 
northwestern-most region of the KMP (north of the Cave Junction fault, a structure inferred to mark 263 
the mountain front near Cave Junction, Oregon (Kirby et al., 2020, 2021; Von Dassow & Kirby, 264 
2017) is currently undergoing crustal shortening at strain rates of ~10-15 s-1 (Figure 5(b)). This NW 265 
region of the KMP, a portion of the Siskiyou Mountains, exhibits relatively high topographic relief 266 
compared to its surroundings, and the association of high relief, steep channels and elevated erosion 267 
rates (e.g. Balco et al., 2013) suggest that this relief may be relatively young (McKenzie & Furlong, 268 
2021, Kirby et al., 2020, 2021). We infer that the northward velocity gradient represents the 269 
relatively rigid motion of the KMP in response to the northward motion of the SNGV-block to its 270 
south – pushing on the southern margin of the KMP and, in turn, causing the KMP to impinge on the 271 
region of the Siskiyou Mountains (McKenzie & Furlong, 2021). This push on the southern margin of 272 
the KMP, leads the KMP to move relatively rigidly to the NNW with respect to North America.  273 

In addition to NNW-directed shortening, we observe right-lateral differential motion between the 274 
Franciscan crust within the MCC corridor and the KMP (Figure 5(c)). This differential motion 275 
implies a narrow zone of NNW-oriented right lateral shear adjacent to the KMP’s western boundary. 276 
This localized region of right-lateral shear spatially coincides with a zone of upper-plate forearc 277 
translational faults inboard of a zone of forearc compression (Kelsey & Carver, 1988). The zone of 278 
forearc translation contains several NNW-oriented faults including the Grogan fault, the Lost Man 279 
fault and the Bald Mountain fault zone to the north, and the Eaton Roughs and Lake Mountain fault 280 
zones further south (Kelsey & Carver, 1988; Figure 1). These faults are optimally oriented for NNW-281 
oriented right-lateral shear produced by MCC- and SNGV-driven components.   282 

3.2.2 Subduction Earthquake Cycle Deformation 283 
The NE-component of the GPS velocity field reflects how the upper plate is being deformed in 284 
response to subduction plate interface coupling along the Cascadia margin. Similar to the NNW-285 
component, the subduction component of the GPS velocity field shows a localized region of 286 
shortening within the Franciscan complex, west of the KMP. This is characterized by a steep gradient 287 
in the NE-directed surface velocities from ~17 mm/yr to ~5 mm/yr over a distance of ~125 km within 288 
the Franciscan complex – a shortening strain rate of ~10-15 s-1 (Figure 6). East of the Franciscan 289 
complex within the KMP, the NE-directed GPS velocities remain at ~5 mm/yr across the region 290 
(Figure 6). This localization of shortening within the weak Franciscan material can be linked to the 291 
effects of subduction mechanical locking terminating within the relatively weak crustal domain (the 292 
Franciscan complex) to the west of a rigid backstop - the KMP (McKenzie et al., 2022). In regions 293 
where subduction locking ends trenchward of a rigid backstop, interseismic subduction-related 294 
shortening is localized in the region between the down-dip limit of locking and the rigid backstop 295 
(McKenzie et al., 2022). The upper-plate region in southern Cascadia that is experiencing localized 296 
subduction-related shortening due to this effect is also within the northern part of the MCC-corridor. 297 
Further north, the weak-to-strong boundary is significantly closer to the trench (the Franciscan 298 
complex is absent, and Siletz-Crescent terrane extends offshore) and locking extends beneath this 299 
weak-to-strong transition. McKenzie et al. (2022) find that in that case there is only a narrow region 300 
of localized shortening offshore, west of the Siletz-Crescent terrane. Additionally the relatively 301 
strong Siletz-Crescent terrane extends the subduction coupling signal far inland since it does not 302 
shorten easily. 303 
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The subduction-related displacements observed by the geodetic stations are largely elastic and 304 
recovered during large megathrust events. However, typical of subduction zones globally, some 305 
fraction of this elastic deformation is retained as permanent upper-plate deformation over multiple 306 
subduction earthquake cycles (e.g. McKenzie et al., 2022; Ramírez-Herrera et al., 2018; Saillard et 307 
al., 2017; Meltzner et al., 2006; Melnick et al., 2006). In contrast, the MCC-process produces 308 
permanent crustal shortening over millions of years, adjacent to and in advance of the MTJ. Although 309 
the geodetic signal can be separated into subduction and NNW-components and records both elastic 310 
(subduction) and permanent (subduction and MCC) deformation, the long-term deformation recorded 311 
– for example by slip on upper-plate faults and permanent uplift of the coastline – records the 312 
combined effects of permanent subduction and MCC deformation, which are not easily separated.  313 

3.3 Vertical Motions 314 

Unlike the horizontal components of the GPS velocity field, the vertical component cannot be 315 
decomposed into separate signals related to different tectonic drivers based on direction. Instead the 316 
geodetic uplift/subsidence signal records the combined vertical motions produced by all tectonic 317 
drivers in the region. Thus, although we observe present-day vertical motions of 1-4 mm/yr, by GPS 318 
and other geodetic indicators in the MCC corridor (Blewitt et al., 2018; Burgette et al., 2009) (Figure 319 
7), we cannot separate this into a subduction-coupling and MCC signal without prior subduction 320 
locking or MCC-model assumptions.  321 

The subduction component of the vertical motion during the inter-earthquake interval largely 322 
depends on the location of the site relative to locking on the subduction plate interface and the time 323 
since the last megathrust earthquake. If the site lies above a locked region, we expect to record 324 
subsidence, however when the site is inboard of the locked region it could record subsidence, uplift 325 
or zero present-day vertical motion depending on the details of the coupling (Govers et al., 2018). 326 
Some locking models for Cascadia (e.g. McKenzie et al., 2021; Li et al., 2018; Schmalzle et al., 327 
2014) find that locking extends near to and in some cases beneath the present-day coastline of 328 
Cascadia. With that configuration we would generally expect subsidence along the coastline during 329 
the interseismic period. In southern Cascadia however, crustal thickening associated with the MCC-330 
process produces some uplift in the vicinity of the MCC spatial footprint (Figure 4; Furlong & 331 
Govers, 1999). As a result, where the MCC process and subduction are both contributing to the 332 
vertical motions (within the MCC corridor), the observed total GPS velocity field records the 333 
summation of both processes. In cases where the subduction coupling signal is subsidence, the 334 
addition of MCC uplift may reduce that subsidence or even combine to produce uplift. In regions 335 
where the subduction coupling signal is uplift, the MCC contribution would increase the observed 336 
uplift.  337 

4 Seismic Tomography Crustal Structure  338 

The MCC model involves upper-plate crustal shortening and thickening in advance of the migrating 339 
MTJ, and subsequent crustal thinning after passage of the MTJ (Furlong and Govers, 1999). How 340 
that crustal thickening is converted into upper-plate deformation is less clear since the MCC model 341 
did not place constraints on potential out-of-plane deformation or specify deformation mechanisms 342 
for the shallow crust (Furlong & Govers, 1999). Additionally, the geologic structure of the region 343 
affected by MCC deformation is varied, that is the crust involved has changed substantially over the 344 
past 9-10 million years (Figures 3 & 4). Prior to ~ 10 Ma, the region of MCC shortening/thickening 345 
was bounded on the east by the SNGV block (Figure 2, 3, 4). However, by ~ 5 Ma as the MTJ 346 
migrated northward, the upper-plate geologic framework in southern Cascadia underwent a transition 347 
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from a Franciscan-Great Valley to a Franciscan-KMP configuration (Figures 3 & 4). This suggests 348 
that prior to 5 Ma the SNGV block was playing a similar role in upper-plate deformation to the KMP 349 
today. To understand how the MCC and SNGV affect upper-plate deformation, including permanent 350 
uplift and the development of shear zones, we use the results from a recent seismic tomography study 351 
(Figures 8 & 9; A. Villaseñor, K.P. Furlong, H. Benz, personal communication; Furlong et al., 2021), 352 
to identify the 3D crustal nature of the processes that are driving upper-plate deformation 353 
(specifically crustal thickening and thinning, permanent uplift, and faulting). Based on this present-354 
day 3D crustal structure and plate reconstructions of the region (Figures 2 & 4), we can explore how 355 
the crustal structure and upper-plate deformation associated with each of these tectonic processes has 356 
evolved over time.  357 

This seismic tomography imagery (Figures 8 & 9) shows systematic differences in the overall pattern 358 
of MCC crustal thickening behavior in the region bounded on the east by the SNGV block (south) 359 
versus the KMP (north). Horizontal depth slices and cross-sectional profiles highlight the primary 360 
characteristics of the crustal structure in the region. There is a significant contrast in seismic velocity 361 
properties between the meta-sedimentary Franciscan complex and the adjacent SNGV block and 362 
KMP. South of the MTJ, the Franciscan complex (p-wave velocities (Vp) of ~5.6-6.4 km s-1) and 363 
MCC crustal deformation (thickening/thinning) is bounded on the east by the SNGV block (Vp ~6.8-364 
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 365 
Franciscan complex is bounded on the west by the Gorda slab (~6.8-8.0 km s-1). However, to the east 366 
we see that the Franciscan rocks impinge on and into the KMP crust (Vp ~6.4-6.8 km s-1) (Figures 8 367 
& 9).  368 

This implies that MCC driven upper-plate deformation was, and is still, localized within the 369 
Franciscan complex when adjacent to the SNGV block. In contrast, MCC-related deformation 370 
appears to extend into the KMP crust, north of the SNGV block. In particular, a region of Franciscan 371 
crust appears to have intruded > 30 km into the SW region of the KMP at ~10-30 km depth (Figures 372 
8 & 9). Associated with this, there is a ~10 km thick tubular body of what we interpret to be 373 
Franciscan material, that extends an additional ~80 km east into the KMP at ~20-30 km depth 374 
(Figures 8 & 9). This injected/intruded crustal material (Vp 6.0-6.4 km s-1) has an oblate cylindrical 375 
shape and is surrounded by the higher velocity crustal material of the KMP. We take this to indicate a 376 
form of crustal flow as the Franciscan complex is over-thickened as part of the MCC process and is 377 
then able to wedge or inject itself into the adjacent KMP crust. 378 

As well as this intrusion of the Franciscan material into the KMP crust primarily from the west-379 
southwest, there is a separate region of high p-wave velocity (~6.8-7.6 km s-1) material lying at ~15-380 
30 km depth beneath the south-eastern region of the KMP crust. This high velocity body can be seen 381 
to be a continuation of the Great Valley ultramafic body to the south and appears to extend ~50-100 382 
km beneath the KMP to the north (Figures 8 & 9(b)). In contrast to the injected Franciscan crust, this 383 
material appears to lie below the KMP crust, underthrusting the SE margin of the KMP.  384 

4.1 Discussion of Seismic Tomography Results 385 

The crustal-scale plate boundary structure plays an important role in the patterns of upper-plate 386 
deformation produced by the tectonic processes acting in southern Cascadia. In particular, crustal 387 
kinematics and deformation driven by the MCC process and SNGV motion correlate well with many 388 
of the regions of ongoing deformation. We see evidence (e.g. thickened crust adjacent to the southern 389 
edge of the Gorda slab, that thins to the south) of the effects of MCC crustal deformation in the 390 
tomography imagery (Figures 8 & 9) associated with the transition from subduction to translation. 391 
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There are several instances where the crustal structure observed in the tomography differs from that 392 
expected from the MCC model (Furlong & Govers, 1999). We interpret these to reflect differences in 393 
the way that MCC crustal thickening is accommodated in the North American upper plate. 394 

The MCC-driven thickened crust in the region currently south of the present-day MTJ occurred when 395 
that location was the southernmost part of the Cascadia subduction plate boundary as the MTJ was 396 
approaching (Furlong and Govers, 1999). For example, at ~ 9-10 Ma, when the MTJ was located 397 
substantially further south (Figures 2 & 3), the locus of MCC shortening and crustal thickening (at 398 
and north of the MTJ) would have been bounded on the east side by an abrupt transition from the 399 
Franciscan complex to the Great Valley crust. The region of MCC-related deformation is always 400 
bounded on the west by the subducting plate (north of the MTJ) and the Pioneer Fragment (Figures 2, 401 
3, 8, 9) immediately south of the MTJ – since both features migrate with the MTJ. The result of this 402 
Franciscan-bounding crustal structure is that when the MTJ was south of approximately 39° N, the 403 
corridor of MCC-deformation would have been restricted to a narrow channel of the Franciscan 404 
complex between the Pioneer Fragment and the SNGV block. This is seen in the narrow width (< 100 405 
km) of the thickened low seismic-velocity material in that region.  406 

Over the past 3-5 million years, with the continued northward migration of the MTJ and SNGV 407 
block, the eastern margin of the MCC corridor changed from being defined by the SNGV block to 408 
the KMP. Prior to the switch to the KMP, the MCC deformational channel widened as a result of the 409 
northern segment of the Great Valley ultramafic block being oriented more northward (Figure 2). 410 
This switch from SNGV to the KMP acting as the eastern boundary to the deformational channel has 411 
also led to a substantial change in how MCC crustal thickening is accommodated. North of the MTJ, 412 
the MCC crustal thickening is still bounded on the west by the subducting slab but seems to intrude 413 
into (or otherwise be emplaced within) the KMP crust. This low seismic-velocity Franciscan material 414 
appears to wedge the KMP crust apart, and flow and inject itself into the existing KMP crust (Figure 415 
8 & 9); i.e. we see that the low-velocity material lies between two regions of KMP crust. 416 
Additionally, this low-velocity intrusion is not planar, as might be expected for a situation where the 417 
KMP over-thrusts the Franciscan crust. Instead, as seen in the tomographic cross-sections (Figure 9), 418 
it is a cylindrical intrusion within the KMP crust. For these reasons and its continuity to the 419 
Franciscan complex we interpret the low-velocity material to be injected Franciscan crust that has 420 
undergone crustal flow in its emplacement. 421 

Other possible explanations for this intra-crustal low-velocity material such as lithologic variations 422 
within the KMP, or thermal variations are harder to explain based on the geometry and extent of the 423 
region of anomalous crust. Additionally, starting at ~6 Ma, the SNGV block began to accelerate 424 
(Plattner et al., 2010), converging with and pushing the KMP ahead of it. The tomography results 425 
imply that as part of that convergence, Great Valley material that was initially in the gap between the 426 
SNGV and KMP prior to SNGV movement, appears to underthrust the southeastern margin of the 427 
KMP. (Figures 8 & 9). During the Eocene to Miocene, exhumation (Piotraschke et al., 2015; Batt et 428 
al., 2010) of material in the footwall (north) of the La Grange fault lead to crustal thinning in the 429 
hanging wall to the south. This region of La Grange crustal thinning could have provided the space 430 
where we observe the northern limit of the emplaced Great Valley body beneath the KMP crust, 431 
potentially having replaced this previously exhumed material. This region of impingement or 432 
underthrusting of the northern limits of the Great Valley body also serves as an eastern and southern 433 
bounding constraint on the region of the Franciscan crustal flow within the KMP, producing a nose-434 
like protuberance of the lower-velocity material across the KMP.  435 
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We interpret this major change in how MCC crustal deformation is accommodated, predominantly 436 
within the Franciscan complex and its interaction with the adjacent KMP, to generate different styles 437 
of upper-plate faulting and uplift throughout the region. In particular, patterns of upper-plate faulting 438 
and uplift in present-day southern Cascadia and the KMP are likely to be geologically recent (since ~ 439 
5 Ma) - since most crustal shortening/thickening in the MCC model occurs at and just to the north of 440 
the MTJ. In contrast, at latitudes south of ~ 39°N (i.e. located in southern Cascadia at ~10-5 Ma), 441 
MCC upper-plate deformation was restricted to a narrow zone < 100 km in width, bound by the rigid 442 
Great Valley block to the east. Since 5 Ma, this corridor of Franciscan material has been able to 443 
expand laterally (> 50 km) into the KMP. Thus, prior to ~ 5 Ma we expect topographically a 444 
relatively narrow “ridge” (< 100 km wide) of uplift in the MCC corridor and from ~5 Ma to the 445 
present, we see that the MCC-shortening zone has widened across the boundary between the 446 
Franciscan and KMP crust. Therefore, the upper-plate deformational response to the MCC in present-447 
day southern Cascadia, including the KMP, should be relatively recent (< 5 Ma), since it is only from 448 
5 Ma that MCC deformation has been active in that region (Figures 3 & 4).  449 

The study area straddles the southern edge of the subducting Gorda slab and in addition to the effects 450 
that this location has on processes such as the MCC, the behavior of the southern slab edge has also 451 
been proposed to affect asthenospheric mantle flow in the region (Zandt and Humphreys, 2008). 452 
Zandt and Humphreys (2008) proposed that if there is significant rollback of the Gorda slab that 453 
mantle flow could be induced around the southern edge of the slab, akin to the mantle flow inferred 454 
around the northern edge of the subducting Pacific slab at Tonga (e.g. Foley and Long, 2011). As 455 
discussed by Zandt and Humphreys (2008), such mantle flow is a longer wavelength feature that 456 
would be centered to the east, within (and underlying) the Basin and Range province. It also would 457 
likely be at greater depths than we are considering in this work, thus would have only a minor impact 458 
on our study region. Results of previous studies of mantle anisotropy along coastal North America 459 
indicate that our study region is within the mantle flow realm primarily affected by the local 460 
subduction and the lithospheric slab window. As shown by Hartog and Schwartz (2000) the upper-461 
most mantle anisotropy within the subduction domain is consistent with down-dip to the east flow, 462 
and in the slab window south of the southern edge of the Gorda slab, the mantle flow is similarly 463 
dipping down to the east likely indicating mantle upwelling into the slab window from the adjacent 464 
mantle wedge, consistent with the geochemistry of the Coast Range volcanics erupted above the slab 465 
window (Furlong et al., 2003). The crustal flow of the Franciscan crust that we interpret to occur in 466 
the middle and lower crust, is separated from the upper-mantle flow regime by the lower crust and 467 
lithospheric mantle of the North American plate. 468 

4.2 Is the KMP undergoing active uplift? 469 

The crustal structure, as seen in the tomography results, strongly correlates with the present day 470 
topography in the Klamath and Siskiyou Mountains (Figure 9). We can see in the various 471 
tomographic profiles a correlation between subsurface crustal structure (in particular, thickness of the 472 
Franciscan complex) and elevation. For example in profile A-A’ (Figure 9(a)) the systematic 473 
thickening of the Franciscan crust (from ~ 20 km to ~30-35 km) in association with MCC crustal 474 
deformation correlates with a nearly 2 km elevation change along the profile. The abrupt decrease in 475 
crustal thickness and change in composition as the profile crosses from the Franciscan Coast Ranges 476 
to the Great Valley is seen in a substantial drop in elevation. 477 

Perhaps more diagnostic of the link between crustal structure and elevation are the correlations seen 478 
in profiles B-B’ and C- C’ (Figures 9(b), (c)). These profiles cut across the intruded nose of the 479 
Franciscan complex that we interpret to be intruded or injected into the KMP crust. The maximum 480 
elevation occurs at ~120-150 km along profile B-B’, crossing this region. Profile C-C’, which runs 481 
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along the length of this Franciscan “nose” shows a systematic increase in elevation, that culminates 482 
in the region of Mt Eddy which sits above the eastern terminus of the low velocity body. Mt Eddy is 483 
the highest elevation in the KMP, and is in a region of high local relief. We interpret that this reflects 484 
the role that this crustal injection has played in driving uplift. The coincidence of the highest 485 
elevation above the eastern end of the material may indicate the time progression of uplift as the 486 
crustal material flows eastward. 487 

Thermochronology studies from the KMP (apatite fission track (AFT) and apatite (U-Th)/He 488 
(Piotraschke et al., 2015; Batt et al., 2010)) show that there have been two periods of regional cooling 489 
and exhumation within the province: (1) A late Cretaceous-Paleocene episode of regional cooling and 490 
exhumation; and (2) a Middle Tertiary (Eocene-Miocene, ~45-15 Ma) more localized episode of 491 
rapid exhumation of the footwall of the La Grange detachment fault (Cashman & Elder, 2002). This 492 
faulting occurred with high slip rates of 2 mm/yr over ~30 million years (Piotraschke et al., 2015). 493 
The currently exposed surface is thought to have been brought to depths of ~2-3 km at the end of the 494 
latter unroofing event. If this exhumation event had continued to the present at moderate-high uplift 495 
rates, we would expect younger thermochronology ages as a consequence of deeper regions of the 496 
crust being exhumed. The preservation of Eocene to early Miocene Apatite (U-Th)/He ages in 497 
samples implies minimal exhumation since the main unroofing event. As a result, evidence of current 498 
exhumation likely reflects a relatively recent active process.  499 

Despite evidence for the most recent cooling/uplift being during the Eocene to Miocene, and minimal 500 
evidence of horizontal crustal shortening, the KMP is a topographically anomalous region of the 501 
southern Cascadia forearc, exhibiting higher elevations and topographic relief than the surrounding 502 
regions (Figures 1 & 10). One means of assessing whether differences in topography may be related 503 
to differential rock uplift involves looking at patterns of normalized channel steepness (ksn) across the 504 
region (e.g. Kirby & Whipple, 2012; Wobus et al., 2006; Kirby & Whipple, 2001; Whipple & 505 
Tucker, 1999). We use TopoToolbox 2 (Schwanghart & Scherler, 2014) to calculate the normalized 506 
channel steepness across the region using a reference concavity of 0.45 and create a smoothed ksn 507 
map shown in Figure 9. The drainage network ksn map used in the interpolation is shown in Figure 508 
S2. When we compare these results to the seismic tomography imagery, we find there are spatial 509 
correlations between ksn at the surface and inferred tectonic processes at depth.  510 

Our results show three key regions of elevated ksn: 511 

(1) There is a region of high ksn in the northwestern-most KMP and the Siskiyou Mountains (Figure 512 
10). This region is coincident with the highest present-day geodetic and benchmark (tide gauge and 513 
leveling) uplift rates observed along the Cascadia coastline (Figure 7, Blewitt et al. 2018, Burgette et 514 
al. 2009), and preliminary assessment of erosion and fluvial incision rates (Balco et al., 2013; Von 515 
Dassow & Kirby, 2017) suggest that this region is experiencing elevated erosion rates relative to the 516 
forearc to the north and west (Kirby et al., 2020).  517 

(2) A large portion of the KMP itself has high values of ksn compared to its surroundings, specifically 518 
between 41° N and 42.5° N. This area overlaps with the northern region of the low velocity 519 
intracrustal region imaged in the tomography, that we interpret to be an intrusion of Franciscan 520 
material into the KMP (Figure 10). This area is also in the footwall of the La Grange detachment 521 
fault, that underwent a period of exhumation during the Eocene to Miocene (Piotraschke et al., 2015; 522 
Batt et al., 2010).  523 
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(3) South of the KMP there is a region of high ksn in the Yolla Bolly mountains that coincides with 524 
the thickest region of the MCC-thickened crust (Figures 8 & 10).  525 

These observations suggest that there are three regions of the southern Cascadia forearc that may 526 
currently be experiencing (or have very recently experienced) active tectonic uplift. In particular, the 527 
interior of the KMP may be undergoing a recent rejuvenation in uplift, perhaps associated with the 528 
onset of MCC- and SNGV-related deformation at ~6-5 Ma. 529 

4.3 Possible Causes of Recent Uplift across Southern Cascadia 530 

4.3.1 Uplift within the northwest KMP and Siskiyou Mountains 531 
The region of the northwestern-most KMP and the Siskiyou Mountains has both high ksn and is 532 
experiencing some of the highest rates of present-day (2-4 mm/yr) uplift across the Cascadia margin 533 
(Blewitt et al., 2018, Burgette et al., 2009, Figure 7). Uplifted marine terraces along the coast at these 534 
latitudes also indicate high long-term uplift rates (~0.25 – 0.9 mm/yr, Kelsey & Bockheim, 1994; 535 
Kelsey et al., 1994). Present-day horizontal GPS motions show significant NE- and NNW-directed 536 
shortening strain in the region (Figures 5 & 6). McKenzie & Furlong (2021) proposed that this 537 
NNW-directed shortening strain may be driven by the push of the SNGV block along the KMP’s 538 
southern boundary. In addition to this NNW-directed tectonic driver, the results of McKenzie et al. 539 
(2022) imply that this region of the Cascadia upper plate, between the down-dip limit of coupling and 540 
an upper-plate rigid backstop will be undergoing high rates of localized subduction-related 541 
shortening in response to coupling on the plate interface. The combination of subduction-related 542 
shortening strain and NNW-directed shortening strain could explain the high present-day geodetic 543 
uplift and high topographic relief in this region. 544 

4.3.2 Rejuvenation of Uplift of the KMP 545 
The subduction and NNW-directed components of the GPS velocity field show that at present the 546 
KMP is accommodating low rates of NE- and NNW-oriented shortening (~10-16 s-1) (Figures 5 & 6). 547 
Thus, bulk crustal thickening of the KMP is an unlikely mechanism for driving recent uplift. We 548 
have interpreted the intracrustal low velocity body in the seismic tomography slices (Figures 8 & 9) 549 
to be Franciscan crustal material that has thickened and intruded into the KMP at mid-crustal levels 550 
as a consequence of crustal flow. We hypothesize that localized NNW-directed shortening, 551 
superimposed on NE-directed subduction-driven deformation, enables Franciscan crust to intrude 552 
into the KMP along a plane of weakness at depth. This injection of additional crustal material at 553 
depth into the KMP, would drive differential rock uplift within the KMP, providing an explanation 554 
for relatively recent uplift and generation of topographic relief. These effects associated with the 555 
MCC have only been affecting upper-plate deformation in this region since ~5 Ma (Figure 4).  556 

4.3.3 Uplift within the southern MCC corridor 557 
South of the KMP, the region of high ksn correlates with the thickest (>30 km thick) crust within the 558 
MCC corridor (Figures 8, 9, 10). South of this region the extensional (later stage) effects of the MCC 559 
are expected, and we see a systematically thinning crust, and active volcanism within the Clear Lake 560 
Volcanic field (Furlong & Schwartz, 2004; Furlong & Govers, 1999). This region of the upper plate 561 
is where the MCC model shows a transition from shortening strain (to the north) to extensional strain 562 
(to the south), and thus we might expect that this region – in response to MCC effects – should not be 563 
experiencing significant active uplift at present (Furlong & Govers, 1999). However, a few million 564 
years ago this region would have been shortening and thickening, similar to the upper plate currently 565 
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in the vicinity of the MTJ. Thus, this region of high ksn may be recording the channel response to a 566 
transition from an actively shortening to an actively thinning crust.  567 

5 Faulting and Shear Zone Development 568 

In addition to numerous accretionary margin faults linked to displacements on the megathrust 569 
detachment offshore near to the trench, there are several active crustal-scale upper-plate structures 570 
onshore within the Franciscan and KMP crust. In southern Cascadia, these faults are being loaded by 571 
the composite set of forces associated with both subduction and NNW-directed shortening and shear 572 
(McKenzie & Furlong, 2021; McCrory, 2000; Kelsey & Carver, 1988). Additionally, with the 573 
generally NNW/NW strike of these faults (e.g. the Grogan fault, Figure 11), they are optimally 574 
oriented for both reverse dip-slip in response to subduction-related SW-NE shortening and right-575 
lateral shear motion west of the KMP (Figures 5 & 11). As the MTJ migrates northward, these faults 576 
are well oriented to participate in the developing San Andreas plate boundary. These faults 577 
potentially undergo a change in their behavior over time from dominantly dip-slip to dominantly 578 
strike-slip motion as the MTJ approaches and the plate boundary transitions from subduction to 579 
transform. Initially, such faults would likely exhibit reverse motions, due to subduction coupling 580 
related NE-directed shortening of the upper plate. As the MTJ moves further north, a right-lateral 581 
shear zone develops along the western margin (Figures 5 & 11). As a consequence, NNW-oriented 582 
faults within the right-lateral shear zone, such as the Grogan fault, the Lost Man fault and faults 583 
within the Bald Mountain fault zone (Figure 11) are loaded by both right-lateral shear strain and 584 
subduction-related shortening strain. During this time interval, these faults could experience reverse, 585 
oblique or right-lateral motion. As the MTJ continues its northward advance and this upper-plate 586 
crust transfers from the Cascadia subduction zone to the San Andreas (Pacific-North America) plate 587 
boundary, the NNW-oriented faults become loaded by right-lateral shear stresses, developing further 588 
as San Andreas plate boundary structures.  589 

It is unclear when these subduction zone upper-plate faults are primarily active – whether coincident 590 
with megathrust rupture or during times between major subduction zone events. There is a set of 591 
faults that occupy a similar location within the transition zone at the southern end of the Hikurangi 592 
subduction zone (in northern South Island, New Zealand) to strike-slip motion along the Alpine fault 593 
system (Furlong and Herman, 2017). These upper-plate faults experienced extreme vertical and 594 
strike-slip motion during the 2016 Kaikoura megathrust earthquake (Hamling et al., 2017), which 595 
involved simultaneous rupture of the megathrust and these upper-plate faults. If the equivalent upper-596 
plate faults in southern Cascadia behave similarly, this could explain the large, permanent vertical 597 
motion observed along the southern Cascadia coastline, documented by uplifted marine terrace 598 
platforms (Padgett et al. 2019; Kelsey et al., 1994; Kelsey & Bockheim, 1994; Muhs et al., 1992; 599 
Kelsey, 1990).  600 

6 Conclusions 601 

The overall deformational effects on the upper plate of the southern Cascadia forearc from the 602 
superposition of multiple tectonic processes, including subduction coupling, the MCC process, and 603 
the northward motion of the SNGV block can be identified by consideration of the decadal-scale 604 
motions of the upper plate and the regional long-term geomorphic and geologic record. In regions 605 
where subduction coupling is not the sole contributor to upper-plate deformation, for example near 606 
plate boundary transition zones such as the MTJ region, understanding the upper-plate effects of 607 
superposed tectonic processes is important. Being able to separate these effects is crucial when using 608 
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upper-plate observations to determine the characteristics of subduction zone processes such as plate 609 
interface coupling.  610 

In addition to the primary role of subduction coupling, upper-plate deformation in Cascadia is also 611 
affected by shortening driven by the migration of the MTJ and SNGV block, acting on varying 612 
upper-plate lithologies, depending on the location of upper-plate terrane boundaries. From the mid-613 
Miocene to the present, the nature of the interactions between these geological terranes with the 614 
tectonic drivers has changed significantly as a consequence of the migration of the MTJ. At ~15 Ma, 615 
the KMP was in central Cascadia and subduction coupling was the main tectonic driver in that 616 
region. At that time the primary role of the SNGV block was as the rigid backstop inboard of the 617 
Franciscan complex. As the MTJ migrated northward, the KMP became the backstop east of the 618 
Franciscan complex, and the SNGV became a driver of NNW-directed deformation in southern 619 
Cascadia.  620 

The crustal architecture both within the primary MCC deformational corridor, and its bounding 621 
terranes, has a significant impact on how the crustal thickening and thinning occurs. South of the 622 
MTJ, the MCC-related deformation of the Franciscan complex was constrained to a relatively narrow 623 
region between the Pioneer fragment and the SNGV block, when the MTJ was further south. In this 624 
case the effects of the MCC on uplift would have been restricted to this narrow channel (Figure 11). 625 
In contrast, deformation of the Franciscan complex north of the MTJ, where the bounding terrane to 626 
the east is the KMP, is not constrained to a narrow channel. Instead, from seismic tomography 627 
imagery we see that in addition to crustal shortening and thickening within the MCC corridor, the 628 
thickened Franciscan complex is able to flow and intrude into the KMP at mid-crustal levels (Figures 629 
8, 9 & 11). This intruded Franciscan crust primarily deforms the western margin of the KMP, but 630 
there is also a narrow injection of this material further eastward into the KMP (Figures 8 & 9). The 631 
MCC has only been contributing to upper-plate deformation in this region since ~5 Ma, and as a 632 
result this intracrustal flow and injection is most likely a relatively young feature, that will continue 633 
to propagate northward with the MTJ. Similarly, the underthrusting of the Great Valley ultramafic 634 
body beneath the SE margin of the KMP, which we interpret from the seismic tomography, could 635 
continue to propagate northward with the SNGV block. We find that the impingement of the 636 
Franciscan material and the Great Valley ultramafic body on the KMP may be generating a 637 
rejuvenation of uplift of the KMP since ~5 Ma, inferred from high channel steepness within the 638 
interior of the KMP at present.  639 

7 Figure Captions 640 

Figure 1. Tectonic and geological setting of the study region and surrounding area. (a) Topographic 641 
map of the northwest North America (SW British Columbia, Washington, Oregon, northern 642 
California, and NW Nevada). The names of key geographic and geologic features and provinces are 643 
labeled (in yellow on land and in white offshore). BFZ = Blanco Fracture Zone, MFZ = Mendocino 644 
Fracture Zone, MTJ = Mendocino Triple Junction, WGB = Western Great Basin, KMP = Klamath 645 
Mountain province, LGD = La Grange detachment, LMF = Lost Man fault, BMFZ = Bald Mountain 646 
fault zone, GF = Grogan fault, ERFZ = Eaton Roughs fault zone, LMFZ = Lake Mountain fault zone. 647 
(b) Kinematic setting of the study region showing present-day motions of the Juan de Fuca plate, 648 
Pacific plate and SNGV crustal block with respect to North America (DeMets et al., 2010; d’Alessio 649 
et al., 2005). The blue shaded region is the extent of the subducting slab at depth from Slab2 (Hayes, 650 
2018), and the dark blue lines are the 10 km slab contours. The KMP, the SNGV block, and the 651 
ECSZ are outlined and shaded in orange, green and red respectively. (c) Geological map of the study 652 
region.  653 
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Figure 2. Schematic plate reconstruction of the study region at ~15 Ma (a) and the present day (b). 654 
The locations of key geological and tectonic terranes are highlighted. The study area is outlined by a 655 
dashed black box. At ~15 Ma (a) the study area (present-day southern Cascadia) is in central 656 
Cascadia. At present (b) the study area is within southern Cascadia. Reconstructions were done using 657 
the SNGV-North America Euler stage pole (d’Alessio et al., 2005), Pacific – Juan de Fuca Euler 658 
poles (Wilson, 1993) and Pacific-North America Euler poles (DeMets & Merkouriev, 2016). 659 

Figure 3. Schematic plate reconstruction of the region from ~35 Ma – 5 Ma. The locations of key 660 
geological and tectonic terranes are highlighted. (a) ~35 Ma, (b) ~30 Ma, (c) ~25-20 Ma, (d) ~10-5 661 
Ma. 662 

Figure 4. Plate reconstructions showing the total (subduction plus NNW-directed processes) synthetic 663 
GPS velocities for the region from 9 Ma to present-day. The KMP is outlined and shaded in orange, 664 
the Sierra Nevada/Great Valley (SNGV) block is outlined and shaded in green, and the approximate 665 
spatial extend of deformation (thickening and thinning) associated with the MCC is outlined and 666 
shaded in blue. (a) ~9 Ma, (b) ~5 Ma, (c) present-day. Reconstructions were done using the SNGV-667 
North America Euler stage pole (d’Alessio et al., 2005),  Pacific – Juan de Fuca Euler poles (Wilson, 668 
1993) and Pacific-North America euler poles (DeMets & Merkouriev, 2016). 669 

Figure 5. Transects through the present-day NNW-directed and subduction-related GPS decomposed 670 
velocity fields. (a) NNW transect (south to north) through the NNW-directed velocity field within the 671 
MCC corridor – the Franciscan complex west of the KMP. Red vectors within the map (top) are the 672 
velocities (both grey and red circles) shown in the profile (bottom). The grey circles are vectors over 673 
25 km from the profile line. (b) NNW transect (south to north) through the NNW-directed velocity 674 
field within the KMP. Red vectors within the map (top) are the velocities (red circles) shown in the 675 
profile (bottom). (c) NE transect (west to east) through the NNW-directed velocity field through the 676 
MCC corridor and the KMP. Pink vectors within the map (top) are the velocities (pink circles) shown 677 
in the profile (bottom).  678 

Figure 6. (a) NE-directed (subduction coupling) component of the GPS velocity field in the study 679 
region. Data (blue vectors) sampled by the NE transects (west to east) shown are plotted in (b). (b) 680 
Profile through the NE-directed GPS velocity field (profiles shown in (a)). The blue transparent line 681 
is the synthetic GPS velocity model result for a finite element model with an upper plate composed 682 
of weak material (the Franciscan complex and modern accretionary margin) near to the trench, and a 683 
rigid backstop (the KMP) inboard. The weak to strong boundary in the model is at 160 km (the 684 
approximate distance of the KMP boundary from the trench). (c) Shortening strain rate derived from 685 
model velocity results in (b). The uplift rate is based on the assumption of an average upper-plate 686 
thickness of 20 km (adapted from McKenzie et al., 2022). 687 

Figure 7. Present-day uplift rates across the southern Cascadia forearc. (a) Graph of uplift versus 688 
latitude for GPS (black squares) and benchmark leveling data (white circles) from coastal regions in 689 
southern Cascadia (125 °W – 123 °W) (Blewitt et al., 2018; Burgette et al., 2009). (b) Map of 690 
present-day uplift rates. The circles are benchmark level data (Burgette et al., 2009) and the squares 691 
are GPS vertical motions (Blewitt et al., 2018). The semi-transparent interpolated uplift shown in the 692 
background is derived from a grid of the GPS vertical motions with a grid size of 10 km, and 693 
masking threshold of 30 km. The dashed red line is the approximate eastern extent of the maximum 694 
upper-plate uplift signal in the region. 695 
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Figure 8. Seismic tomography results in map view at different crustal levels (10 km, 20 km and 25 696 
km) (Furlong et al., 2021). The Great Valley body, the Pioneer fragment, the Gorda slab, the 697 
Franciscan complex and the Sierra Nevada are labeled. Pink dashed lines are 10 km slab contours 698 
(Slab2, Hayes 2018). Lines A-A’, B-B’, C-C’ and D-D’ indicate the locations for the cross sectional 699 
profiles shown in Figure 9. 700 

Figure 9. Seismic tomography cross sections A-A’, B-B’,C-C’ and D-D’. Topographic swath profiles 701 
for each cross-section are shown above. The swaths used in the topographic profiles are shown in 702 
Figure S3. Cross section lines are shown in Figures 8 and 10. The green dashed line shows the 703 
approximate extent of the Gorda slab and Pioneer fragment beneath North America. The approximate 704 
locations of the surface boundaries for the geologic terranes are labeled at the top of each cross 705 
section. 706 

Figure 10. Interpolated channel steepness (ksn) for the region of southern Cascadia. The blue dashed 707 
line shows the extent of the Pioneer fragment from the tomography results. The black dashed lines 708 
shows the approximate extend of low velocity (Franciscan) material within the KMP, derived from 709 
the tomography results. The white and yellow solid lines are the 6.4 km/s p-wave velocity contours 710 
from the tomography imagery at 20 km and 25 km depth respectively, that we interpret represent the 711 
extent of the thickened Franciscan crust at those depths. The purple dashed line is the 25 km depth of 712 
the 6.8 km/s p-wave velocity contour, that we interpret to outline the Great Valley ultramafic body at 713 
that depth. 714 

Figure 11. Summary map showing the tectonic setting, geographic regions, and key tectonic 715 
processes acting in the study region that produce upper-plate deformation of the North America plate. 716 
North of ~43 °N subduction-coupling in the dominant tectonic process acting to deform the upper 717 
plate. The light grey shaded region shows the approximate N-S extent of the MCC process on the 718 
upper plate. The dark grey shading shows the region of the highest crustal thickness within the MCC 719 
corridor, outlined based on the 20 km depth tomography imagery. The horizontal dashed region 720 
within the KMP, shows the approximate extend of the Franciscan crustal material injected into the 721 
KMP at mid-crustal levels. The Pioneer fragment is shaded in light blue. The teal shaded region is 722 
the SNGV block. The dotted lined region within the SNGV block shows the approximate extent of 723 
the Great Valley ultramafic body at mid-crustal levels.  724 
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Supplementary Material 

1 Supplementary Figures and Tables 

This file includes supplemental figures S1, S2 & S3. Each are referenced in the main manuscript. 

 

1.1 Supplementary Figures 

Supplementary Figure 1. GPS velocity data, a subset of which are used in Figures 5 & 6. (a) GPS 
velocity data used in the GPS decomposition – GPS data are from the UNR Geodetic Laboratory. (b) 
Subduction (NE-directed, aligned with the Juan de Fuca-North America relative motion at each 
station) component of the GPS velocity field. (c) NNW-directed (aligned with the SNGV-North 
America relative motion at each station) GPS velocity field. The data shown in (a), (b), and (c) can be 
found in Supplementary Table 1.  
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Supplementary Figure 2. (a) Drainage network ksn map used in the interpolation (b) derived from 
30 m USGS DEM. Reference concavity = 0.45, smoothing distance = 1 km. (b) Interpolated ksn map. 
Grid radius = 5 km. 
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Supplementary Figure 3. Map of study region 
showing the location of topographic swath profiles 
shown in Figure 9 in the main manuscript.  
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