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The magmatic origin of the Columbia River Gorge, USA

Nathaniel Klema™?*, Leif Karlstrom', Charles Cannon®, Chengxin Jiang®, Jim O'Connor?,

Ray Wells®, Brandon Schmandt®

Along subduction zones, high-relief topography is associated with sustained volcanism parallel to the plate
margin. However, the relationship between magmatism and mountain building in arcs is poorly understood.
Here, we study patterns of surface deformation and correlated fluvial knickpoints in the Columbia River
Gorge to link long-term magmatism to the uplift and ensuing topographic development of the Cascade
Range. An upwarped paleochannel exposed in the walls of the Gorge constrains unsteady deep magma flux,
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the ratio of intrusive to extrusive magmatic contributions to topography, and the impact of magmatism on Co-
lumbia River incision since 3.5 million years ago. Geophysical data indicate that deep magma influx beneath the
arc axis is ongoing and not aligned with the current locations of volcanic edifices, representing a broad regional

influence on arc construction.

INTRODUCTION

Volcanic arcs represent the highest, steepest, and the most rapidly
changing topography at subduction zones. Localized and unsteady
uplift driven by magmatism, superimposed on background tectonic
deformation, makes these terrains an outstanding laboratory for the
study of volcanic mountain building (I, 2). For more than 100 years,
the Columbia River Gorge (hereafter the Gorge), an enigmatic high-
relief landscape that has shaped human society in the region (3, 4),
has been recognized as a natural laboratory for arc processes (5). As
the largest river on Earth to cross an active volcanic arc, the Colum-
bia River has dissected the Cascades for at least 17 million years
(Ma) (6), exposing a cross section of the Cascade Range and
serving as a near-sea-level base level driving erosion of the sur-
rounding landscape.

As the regional topographic low, the Columbia River corridor
has received, conveyed, and been diverted by lava flows from Co-
lumbia River Flood Basalt volcanism to the east and locally from
the Cascade volcanic arc that it bisects (7). Remnants of these vol-
canic deposits record subsequent deformation of the arc by their
position relative to the modern Columbia River (8). An especially
prominent structural datum is marked by the most recent Columbia
River diversion in the Gorge at 3.5 to 3.0 Ma ago, when arc-derived
lava flows and associated hyaloclastite filled the existing valley and
displaced the river northward to its modern course (9). Hyaloclas-
tite deposits filling this “Bridal Veil” (BV) paleochannel (Fig. 1)
record a subsequent ~900 m of asymmetric anticlinal uplift span-
ning ~80 km of the arc (9). A superposition of this uplift and over-
lying erupted deposits forms the iconic high-relief topography of
the Gorge, which locally rises to 1512 m at the shield volcano
Mount Defiance.

Clockwise rotation of the forearc relative to North America
(Fig. 1) since at least the early Miocene (10) provides a framework
to analyze the underlying drivers of this uplift. North of the Colum-
bia River, tectonic rotation produces compression, mainly manifest
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by east-west—oriented folds and thrust faults (7). South of the Co-
lumbia River, the regime is mostly extensional as evidenced by
north-south—oriented normal faults. Rotational shear is accommo-
dated by right lateral displacements on north to north-northwest
trending strike-slip faults (11, 12). The Columbia River thus sits
at a transition point where tectonic strain is dominantly north-
south, making crustal shortening an unlikely source of the broad
east-west uplift centered on the Gorge. Instead, we hypothesize
that the uplift is due primarily to magmatic crustal inflation. We
will show that late Pliocene and Quaternary deformation of BV
channel deposits is a flexural response to magmatic intrusions
below an elastic upper crust. Magmatic forcing is active at
present, as inferred from gravity, heat flow, and seismic tomography
coincident with uplift, and patterns of Quaternary volcanism.
Current Columbia tributary drainages record transient topographic
adjustment to this spatially variable magmatic uplift field in the
form of fluvial knickpoints that mirror uplift of the BV paleochan-
nel (Fig. 1B).

RESULTS
Transcrustal magmatic structure
The mechanical response of Earth's crust to an applied load
depends on the magnitude and spatial wavelengths of forcing as
well as rheological properties that are strongly time and temperature
dependent (13, 14). If the crust is approximated as a thin elastic plate
of uniform thickness, then the lateral wavelength of deformation is
set by a flexural rigidity that scales with effective elastic plate thick-
ness (T,) cubed (15). In arcs, heat released from generations of mag-
matic intrusions ascending through a transcrustal transport
network (16) promotes shallowing of T, through time as crustal
heating promotes a ductile mechanical response at depth (17). In-
trusions dilate overlying elastic crust, producing a mechanical re-
sponse that approximates a thin elastic plate with T, set by this
rheologic transition (18, 19). This model, although it neglects con-
tributions from spatially heterogeneous plate properties, is suffi-
cient to address available constraints relating long-term Gorge
magmatism to the evolution of the upper crust.

The magnitude and pattern of uplift recorded in BV channel hy-
aloclastites is well modeled with T, = 4- to 11-km subject to a net
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Fig. 1. Overview of the Columbia River Gorge. (A) Structural setting, showing GNSS velocities with respect to stable North American reference frame (52) (black arrows),
Yakima Folds (orange lines), the modern and paleo Bridal Veil (BV) Columbia River channels (blue and pink lines), and extent of the Cascades arc (red dash lines). HRFZ,
Hood River Fault Zone. (B) BV hyaloclastite deposits and best-fitting knickpoint locations in Columbia River tributaries. Maximum topographic elevations within 10 km
south of the Columbia River (black line) with prominent faults (dashed lines) (57). (C) Southward orthoview of fluvial catchments, hyaloclastite deposits, and major faults.
(D) Southward orthoview of Oneonta Creek showing the trunk stream knickpoint used in this study (large blue square), and waterfalls associated with layered basalt
stratigraphy (black stars). (E) Regional map of the Columbia River drainage network, showing the Euler pole for Cascadia forearc block relative to North America (70).
Orange lines are compressional structures while yellow lines mark arc-marginal normal faults. (F) Longitudinal profile using area-normalized upstream distance x(x) for

Oneonta Creek with best fitting slope-break knickpoint (section S2).

upward force of ~34 x 10° N distributed over a wavelength of 110 to
130 km. Removal of crust via erosion by the Columbia River and its
tributaries contributes to this force imbalance, but not enough for
isostatic rebound to be a primary driver of uplift. We estimate the
removal of 270 km® of sediment by erosion in tributaries of the Co-
lumbia that enter within the Gorge. For values of T, that fit the de-
formation wavelength of hyaloclastite erosion could contribute
~120 m of flexural uplift at most (section S7). However, this unload-
ing is offset by a similar volume of erupted material deposited on
top of the paleosurface by Cascade Range volcanoes. We therefore
neglect erosional unloading relative to magmatic inflation in forcing
hyaloclastite uplift. This amount of bedrock uplift and resultant ex-
humation by Columbia River incision are similar to values in major
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tectonic orogens (20); however, these situations may not be directly
comparable to the Gorge due to complications of magmatic forcing
and the attenuation of loads in the flexural regime (sections S5
and S6).

Inference of intrusive magmatic forcing as a mechanism for
bedrock uplift is augmented by a broad suite of indirect observa-
tions. Bouguer gravity data (21), although not corrected for
locally steep topography or laterally heterogeneous subsurface
structures, show a negative anomaly over the arc consistent with
flexural uplift due to a buried load (section S4 and fig. S6). Similarly,
regionally interpolated heat flow (22) has a local maximum over the
arc and implies a long-lived magmatic heat source. Both datasets are
consistent with elevated temperatures and silicate melt under the
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area of maximum hyaloclastite uplift at present and likely since the
onset of hyaloclastite deformation (Fig. 2).

High-resolution seismic tomography using Rayleigh and Love
waves (23) shows a region of low shear-wave velocities (V) at
depths >20 km beneath the arc with magnitudes that likely
require both partial melt and elevated temperatures (section S8).
The seismic anomaly is aligned with hyaloclastite deformation in
the Gorge and extends northwest and southeast connecting
Mount St. Helens and Mount Hood at 20- to 30-km depth
(Fig. 2) (23).

Long-term balance of intrusions versus eruptions

Regional covariance along the Cascade Range between crustal geo-
physical anomalies and high topography associated with Quaterna-
ry volcanic vents (24) suggests that magmatism contributes to uplift
throughout the arc. However, understanding the partitioning
between intrusive and extrusive (i.e., eruptions) modes of magma-
tism is challenging (25), so the rates of topographic growth from
intrusive magmatic processes are difficult to quantify. The cross

section of the Cascade Range created by the Columbia River pro-
vides an opportunity to estimate the ratio of intrusive to extrusive
magmatism (I:E) on million-year timescales and assess the relative
contribution of each to arc mountain building.

A Jower bound estimate for the volume of intruded magma can
be calculated as the amount of accommodation space created by hy-
aloclastite deflection between the western margin of uplift and the
fault-bounded eastern margin of uplift (Figs. 3 and 1B). Because all
material overlying the hyaloclastite originated in the Cascades, the
total extruded volcanic output can be estimated as the difference in
elevation between this paleosurface and modern topography. If we
assume an onset time between 3.5 and 3.0 Ma ago (section S1), then
this gives average intrusive and extrusive magma flux estimates of 10
to 13 km?/Ma per kilometer and 3 to 4 km”/Ma per kilometer, re-
spectively. Accounting for spatially variable topography within a
10-km swath south of the Columbia River (assuming that intrusive
uplift is unchanged) gives a distribution with 95% confidence inter-
val of L.E = 2.973¢ (Fig. 3).
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Fig. 2. Geophysical anomalies across the Gorge and their relationships to deformation of the BV paleochannel. (A) Best-fitting uplift model from maximum like-
lihood estimation with 95% confidence model envelope. Light blue squares show knickpoint elevations inferred from a transient fluvial incision model forced by flexural
uplift constrained by hyaloclastite deformation (pink squares). (B) Interpolated Bouguer gravity anomaly and surface heat flow. (C) Average shear-wave velocity anomaly.
The white contour marks region of inferred 2.5 to 4% partial melt (section S8). Black dots are earthquake hypocenters underlying the Gorge since 1970 (58). (D) Hya-
loclastite elevation (squares) and knickpoint elevation (diamonds) versus knickpoint location x(x);. Red dashed line shows uplift predicted by fluvial model using slope-
area regression, while shaded swath shows model predictions (sections S2 and S5). Mismatch between x(x); and knickpoint elevations likely implies time-evolving hy-
draulic conductivity/erodibility of young lava flows. (E) Regional map of shear-wave seismic velocity at 30-km depth showing swath in (C). Red triangles mark the vol-
canoes Mount St. Helens (MSH), Mount Adams (MA), and Mount Hood (MH).
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Fig. 3. Inference of transcrustal magmatic structure. (A) Volume-weighted Gaussian kernel density of Quaternary edifices within 10 km north and south of the Co-
lumbia (24). (B) Intrusive and extrusive magmatic topography, using best fitting flexural uplift model. Dashed lines indicate major fault systems that bound the Hood River
Valley (57). (C) Best fitting plate model defining elastic thickness of the upper crust. Alternating tensile and compressional deviatoric stresses in the plate are inferred to
direct shallow magma ascent and faulting. (D) Ratios of intrusive:extrusive (l:E) magmatism calculated using topography (assuming north-south continuity in flexural
uplift), knickpoint positions, and total calculated volumes of erupted and intruded magma.

Our estimates are similar in magnitude to previous estimates of
magmatic flux required to produce heat flow measured in the
Cascades (26) of 9 to 33 km?/Ma per kilometer. Together with erup-
tive flux estimates of 3 to 6 km’/Ma per kilometer (27), this gives
L.E = 1.5 to 11. Topographically derived I:E values for the Gorge are
a lower bound, because they do not account for deep intrusions that
generate longer wavelength deformation near the surface (18) and
only account for magma underlying the deformed paleosurface. An
upper bound on intrusive volume can be calculated by considering
isostatic compensation to magmatic crustal thickening (I). Airy
isostacy would require magmatic thickening of ~5.5 km and
LLE = 16 at the center of the arc. However, full isostatic compensa-
tion also implies unrealistically small values of effective elastic
thickness (fig. S9), and so we do not favor this scenario.

Klema et al., Sci. Adv. 9, eadj3357 (2023) 20 December 2023

Seismic tomography of present day crustal structure suggests
ongoing intrusion and provides a modern context for these flux es-
timates. The volume of stored partial melt implied by seismic anom-
alies depends on lower crustal compositions, temperature, and grain
boundary melt geometry (28). Petrologic constraints on storage
temperatures for Mount St. Helens magmas suggest lower crustal
temperatures in the range of 750° to 950°C (29). A long-lived
magma storage zone in the lower crust with this temperature
range is consistent with observed heat flow at the arc front
(section S9). Assuming textural equilibrium of melt [energetically
stable grain boundary geometries; (28, 30)], seismic tomography
suggests ~4-km’ magma per kilometer of arc currently underneath
the Cascade Range at this latitude.
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Topographic response to magmatism

We can gain additional insight into temporal patterns of magma-
tism by leveraging the stable, near-sea-level base level imposed by
the Columbia River as it transects the Cascade Range. Actively
eroding landscapes tend toward dynamic equilibrium conditions
wherein surface erosion and uplift are balanced and fluvial channels
maintain power-law scaling between channel slope and upstream
drainage area (31). An increase in uplift rate generates an up-
stream-propagating kinematic wave of incision that manifests as a
step change in this relationship, referred to as a “slope-break knick-
point” (32). Thus, we expect that a past increase in the rate of mag-
matic uplift should be recorded in the slope-area relations of
tributaries entering the Columbia River.

We focus on channels that enter from the south side of the Gorge
where southward tilting bedrock limits deep-seated landsliding that
is prevalent on the north side of the river (33) (section S2). Here, 16
prominent tributary streams entering the Columbia River provide a
natural landscape evolution experiment in which adjacent streams
are forced by a known uplift perturbation beginning at the same
time (deposition of BV deposits) but with a magnitude that varies
between tributaries. In all catchments, channels cut through similar
layered basalt stratigraphy consisting of Cascades arc volcanic rock
overlying Columbia River Flood Basalts and lenses of hyaloclastite
(9). Variable basaltic layering causes sharp localized knickpoints in
stream profiles (the iconic waterfalls of the Columbia Gorge);
however, at the catchment scale, most tributaries contain a single
slope-break knickpoint that separates each longitudinal profile
into two segments with constant concavity but different slope-
area scaling (Fig. 1).

The upstream position of these knickpoints tracks hyaloclastite
deformation (Fig. 1), implicating a geomorphic adjustment to mag-
matic uplift. Knickpoint propagation speed depends on upstream
drainage area (A) (34), and so to compare different sized catch-
ments directly, we normalize upstream distance along each
channel with respect to drainage area and examine knickpoint po-
sitions relative to the nondimensional upstream coordinate x(x)
(35). The “stream power” model for fluvial bedrock erosion in its
simplest form predicts that a knickpoint associated with a step in-
crease in uplift rate occurring at time T, will be located at position x
(x) = Uty/ks (section S2), where U is the average uplift rate and k; is
an empirical constant that scales the power law relationship between
upstream drainage area and channel slope, dz/dx = kSA(x)_e (32).

Flexural uplift requires continuity in the elastically deformed
upper crust. In the region where the tributary catchments are
located, this assumption is supported by a lack of major faulting
(Fig. 1B). Mechanical coherence then requires that knickpoint
onset time T, (coincident with diversion of the Columbia at 3.5 to
3.0 Ma) is the same for all catchments. A stream-power prediction
for the relationship between knickpoint position [x(x);] and
bedrock uplift [w(y;)] can then be written as w(y,)/x(x); = ki
where i =1: 16 is a catchment index and y; is the across-arc position
of each tributary (fig. $3). This relationship maps hyaloclastite uplift
onto knickpoint positions with k, = 140 + 17 for all catchments
(Fig. 2). This is similar to k, values calculated in other rapidly up-
lifting landscapes (36, 37), although we note that in general k is sen-
sitive to differences in 0 and this makes direct comparison difficult.
In the Gorge, given the constraint of constant t, between channels,
the correspondence between hyaloclastite uplift and knickpoint x-
location implies that knickpoint response times depend on relief
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and are not solely controlled by discharge as has been proposed
elsewhere (38).

Inference of constant kg across Gorge tributaries is consistent
with fluvial erosion patterns in other high-relief landscapes. Al-
though this parameter is sometimes assumed to covary with uplift
rate (32), a global compilation of fluvial catchments in active tecton-
ic settings (37) suggests an upper limit on k; is set by threshold
channel steepness in rapidly uplifting landscapes. Increase of
coarse sediment supply with uplift, resulting in transport-limited
conditions that modulate the efficiency of fluvial bedrock erosion
(39), is one possible mechanism to achieve bounded k. However,
it is also noteworthy that simple stream-power models are known
to fall short of describing the full range of fluvial process
regimes (40).

The upstream position of knickpoints is less well correlated to
knickpoint elevations in channels (Fig. 2D), which instead reflect
variations in the thickness of Pliocene-Quaternary arc lavas overly-
ing the paleosurface (Fig. 3B). This observation is consistent with
episodic deposition of volcanic bedrock, which leads to strong hy-
dromechanical layering and hydraulic anisotropy that affects
bedrock erosion long after primary emplacement (41). We conclude
that young lava flows in the Gorge produce topographic relief but
have negligible influence on time-averaged rates of channel incision
in underlying strata.

The inferred relationship between knickpoint locations and hy-
aloclastite uplift shows that fluvial profiles record the relative con-
tribution of intrusion versus eruption to topographic development.
If the thickness of erupted deposits is the difference between ob-
served channel elevations above the knickpoints (z,;) and uplift as-
sociated with the knickpoints, then the ratio of intrusive to extrusive
magmatic uplift can then be calculated directly from fluvial chan-
nels as I:E =kyX(x);/zin; = 1.4 £ 0.5. The alignment of this lower
bound with LE calculated through other means (Fig. 3D) suggests
that long-term magma dynamics can be encoded into river net-
works, as has been inferred for tectonic and/or climatic forcing in
nonmagmatic landscapes (36).

DISCUSSION
Entwined upper crustal deformation, arc mountain
building, and magma ascent
Broad, arc-centered crustal deformation in response to intrusive
magmatism can explain several other primary features of the
central Cascades arc. In particular, plate-like flexure of the elastic
upper crust generates a combination of tensile and compressional
stresses (42) that may explain prominent normal faults along the
Hood River Fault Zone (Fig. 1). These extensional features are con-
sistent with north-south maximum horizontal compressive stress
and align with off-axis peaks in deviatoric stress from our best-
fitting flexural model (Fig. 3). To the west of the arc front, subsi-
dence of the Portland basin is coincident with the implied flexural
bulge of our model (43). While flexure cannot itself explain the
magnitude of subsidence there (or in the Hood River Valley to
the east), the resulting topography would route fluvial sediments
and erupted material to these arc margins to the east and west,
causing further loading of the plate and increased subsidence (44).
Unusual spatial patterns of magmatism in the vicinity of the Co-
lumbia River, the widest point of the Quaternary Cascades arc (45),
may also reflect the influence of shallow crustal stresses implied by
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our model. Within the Gorge, local maxima in both the volume-
weighted Gaussian kernel density of volcanic vents (24) and the
thickness of associated erupted deposits are located east and west
of the maximum hyaloclastite layer deformation (Fig. 3). This is
consistent with compressional flexural stresses in the lower half of
an elastic upper crust that route ascending magma toward off-axis
minima in differential stresses (42). The most active Holocene Cas-
cades volcano, Mount St. Helens, sits notably off-axis and in the
forearc northwest of the Gorge. Arc-centered flexure can contribute
to observed lateral migration of ascending magma around inherited
upper crustal structures (46).

Outside the Gorge, local widening of the Quaternary arc is asso-
ciated with the Boring and Simcoe distributed vent fields (Fig. 1)
(45). The Columbia River itself could play a role in this local wid-
ening of arc magmatic surface expression, as surface unloading
from persistent fluvial incision generates topographic stresses
known to influence magma ascent pathways in other settings
(47). Current topography represents a ~25-MPa topographic load
difference between the Gorge and adjacent arc (48). Quaternary
average erosion/sediment production rates implied by projecting
the hyaloclastite layer over the Gorge are 77 to 90 km?’/Ma
(section S7). This missing volume represents total magmatic topo-
graphic construction, at least 270 km’ or ~6 to 9 km>/Ma per kilo-
meter based on ~10- to 15-km north-south extent of the Gorge.
This roughly matches inferred deep magmatic influx rates.

Last, transcrustal evidence ranging from geomorphology of river
channels to seismic tomography of the crust suggests persistent,
long-lived magmatism that is not directly associated with any
major stratovolcano. Seismic and geodetic data show that arc
magma reservoirs are commonly offset from their associated volca-
noes (49), suggesting that sustained magma storage between adja-
cent volcanoes (as inferred here) is more common than previously
recognized (46). In general, this implies that arc magma transport
networks are not always strongly aligned with volcanic edifices. Our
work suggests that intrusive magmatism has a broad organizing in-
fluence (50) spanning surface topographic development, crustal
stress state, and magma ascent pathways.

MATERIALS AND METHODS

We synthesize existing structural, geophysical, and topographic data
to build a case for sustained magmatic uplift in the Columbia Gorge.
Data that inform the current state of the crust (gravity, heat flow,
and seismic tomography) implicate magma at depth. Data that
inform Pliocene/Quaternary crustal deformation include deformed
hyaloclastites, arc marginal faulting, the distribution of volcanic
vents around the arc front, and knickpoints in fluvial tributaries
to the Columbia. Our hypothesis that ongoing long-lived magma-
tism is responsible for arc-centered uplift over the last ~3.5 Ma is
supported by models constrained by both current and geologic data.
Further information regarding our modelling approach can be
found in the Supplementary Materials.

Coupled flexural uplift/transient fluvial knickpoint model
Structural deformation is inferred by compiling elevations of BV
paleochannel deposits (51). An upper bound on the timing of de-
formation (3.5 Ma) is ascribed on the basis of radiometric dating of
overlying basalt flows (section S1).

Klema et al., Sci. Adv. 9, eadj3357 (2023) 20 December 2023

We model this deformation as flexure of a homogeneous thin
elastic plate subject to basal pressure from magmatic intrusion.
Given the lack of east-west tectonic motions resolvable in interseis-
mic Global Navigation Satellite System (GNSS) (52) and paleomag-
netic (10) data, we assume no lateral forcing on the plate in which
case the thin-plate flexure equation can be written in one dimension
as

b d*w(y)
dy*

+pw(y)g = q(») (1)

where w(y) is vertical displacement as a function of position across
the arc(y), D is flexural rigidity of the plate, p; is the density of ma-
terial infilling the deflection (presumably magma), g is gravitational
acceleration, and g(y) is the vertical load on the plate. Equation 1 is
solved using Fourier transforms giving

Q(s)
(27‘[5)4D +pig

where W(s) and Q(s) are Fourier domain elevation and pressure,
respectively, as a function of across-arc wave number (s). Taking
an inverse Fourier transform of Eq. 2 gives the deformation of the
plate in the spatial domain. From Eq. 2, an isostatic response func-
tion describes the wave number response of the crust to vertical
loading of the base (fig. S9). For plausible values of Young's
modulus (E), Poisson's ratio (v), and effective elastic thickness
(T.), the observed wavelength of hyaloclastite deformation is best
explained as flexural (section S6).

In the flexural regime, deformation is constrained to a character-
istic wavelength (15) regardless of the shape of an applied load. We
therefore assume a Gaussian force distribution g(y) of fixed width
and only vary the total force on the base of the plate in our model
inversions (section S5 and fig. S7). A lack of major displacements
along faults within the main region of deformation suggests me-
chanical continuity of the upper crust, supporting our idealization
of deformation with a thin-plate model. As noted in Discussion
(Fig. 3), the across-arc distribution of mapped faults, as well as
the distribution of volcanic vents, is also consistent with stress pat-
terns expected from thin-plate flexure.

Slope-break fluvial knickpoints are extracted from 1-m lidar data
available through the Oregon Department of Geology and Mineral
Industries  (https://gis.dogami.oregon.gov/maps/lidarviewer/).
Fluvial channels and catchments are extracted from raw topograph-
ic data in MATLAB (53).

We assume a stream power—type erosion law in which changes in
elevation (z) within fluvial channels are described by

dzlx) _ U(x) — Ka%(xx)nA(x)m

o ©)
where x is distance upstream (and approximately orthogonal to the
Columbia in most drainages), U(x) is uplift rate, and A(x) is drain-
age area upstream of a point in the channel. Empirical constants K,
n, and m account for variation in erosional efficiency due to lithol-
ogy, climate, and hydrology (32). Knickpoint locations are identi-
fied by finding the best fitting piece-wise linear fit to plots of
river elevation versus drainage area-normalized distance from the

W(s) = 2)

channel confluence with the Columbia [x(x) = [% %E)edx].
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Below knickpoints, channel segments connected to base level
through a consistent slope-area scaling relationship are assumed
to represent dynamic equilibrium between uplift and erosion. The
position of a knickpoint x(x); in tributary channel i at across-arc
position y; in terms area-normalized upstream distance [x(x)] can
be related to total uplift since the onset of the knickpoint via

X(x)i = w(yi)/ks (4)
where w(y;) is the total uplift since onset (taken to be hyaloclastite
elevation at the cross arc position of the channel) and k; is the slope
of the river longitudinal profile in the x-space (sections S2 and S3).

We perform a grid search using Eqgs. 2 and 4 for 16 Columbia
tributaries, over plausible values of flexural rigidity (5 x 10*° Nm
< D < 12 x 10*° Nm), total force on the plate (31 x 10°N < Foor
< 38 x 10° N), and the fluvial proportionality constant that maps
uplift onto knickpoint positions (110 < k, < 170). This we pose
as a Bayesian inverse problem, in which the posterior probability
density function o(m) is proportional to the product of assumed
prior knowledge a(m) and a likelihood function that measures
model-data misfit L(m)

o(m) o< a(m)L(m)

(5)
Marginal posterior probability density functions for model pa-
rameters can be seen in fig. S7.

Supporting geophysical datasets

Heat flow (22) and Bouguer gravity (21) anomalies are detrended to
highlight structure at length scales comparable to that of observed
hyaloclastite uplift (110 to 130 km). A region of interest is defined
with a north-south extent of 45.5°N to 45.8°N and an east-west
extent of 123°W to 120.5°W (fig. S5). Ranges of detrended values
for each dataset are shown in Fig. 2B. Arguments for attributing
each of the respective anomalies with magma storage in the mid
crust consistent with our magmatic uplift hypothesis can be
found in the Supplementary Materials (sections S4, S8, and S9).
In particular, the admittance between Bouguer gravity and hyalo-
clastite deformation suggests a flexural response to buried loading
(fig. S6).

The seismic tomography model used in this study is described in
detail in (23). To derive the relationship between Vg (shear-wave
velocity) and melt fraction, we approximate the mid-lower crustal
magmatic system as a complex of crystals and melt and apply an
effective medium theory (54) to estimate its elastic properties, in-
cluding compressional wave speed (V}), shear-wave speed (V),
and density (p) (55). We then use the estimated elastic properties
of the solid and melt phase to compute the velocity of a two-
phase aggregate by initially assuming air-filled pore spaces and
then correcting the velocity to accommodate the liquid phase
(56). These calculations yield melt fraction estimates of 3 to 6%
for basaltic compositions and 1.5 to 4% for dacitic compositions
with an estimated total melt volume of 1 to 3.7 km’ per north-
south kilometer of arc. To test plausibility of this result, we use a
simple conduction model to show that the magnitude of peak
heat flow measured along the arc axis is consistent with long-
lived magma flux into the lower/mid crust at depths spanning ob-
served low seismic Vg velocities (section S9).
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