O o0 N N L R W N =

—_ = =
w = O

—_ = =
~N N L A

N D NN NN NN — —
O 0 9 N Ui A W N — O O

A B B W W W W W W W W W w
N —m O O 0 9N i LN~ O

ScienceAdvances — Manuscript

A AAAS Template

FRONT MATTER

Title
e Landscapes buried beneath large-volume ignimbrites reveal pre-eruptive uplift rates
e Uplift rates revealed beneath large ignimbrites

Authors

Byron A. Adams,"** Frances J. Cooper,!?> Clementine Walsh,? Katharine V. Cashman,*?

Affiliations
'Department of Earth Sciences, University College London, London, UK.
2School of Earth Sciences, University of Bristol, Bristol, UK.
3Department of Earth Sciences, University of Oregon, Eugene, Oregon, USA.

*Corresponding author. Email: byron.adams@ucl.ac.uk

Abstract

Pyroclastic density currents associated with large explosive volcanic eruptions can generate
expansive ignimbrite deposits characterized by planar, low-angle surfaces. We demonstrate
the utility of these surfaces for constraining pre-eruptive rock uplift rates based on the relief
of the paleo-landscapes buried beneath them. Using a landscape evolution model driven by
river erosion, we explore the range of permissible landscape geometries beneath an
ignimbrite of a given surface slope. Our results demonstrate a clear correlation between river
channel steepness and the overall slope of the topography, as a function of rock uplift rate.
We show that lower rock uplift rates are generally required to generate gentle landscapes
that can be buried by ignimbrite deposits. Model application to the Early Miocene Cardones
ignimbrite on the western flank of the Central Andes yields pre-eruptive rock uplift rates of
<0.26 km Myr!, comparable with independent thermochronometric and
geothermobarometric constraints.

Teaser
Surface slopes of large-volume ignimbrite deposits record pre-eruptive rock uplift rates of
landscapes buried beneath them.

MAIN TEXT
Introduction

Subduction zones along convergent plate boundaries host some of Earth’s largest mountain
ranges and most explosive volcanoes. Because these high-elevation regions persist over long
timescales, they provide important settings for evaluating orogen-building processes (I, 2),
orogenic influences on regional and global climate (3—5), and interactions between volcanism and
landscape evolution (6). Understanding the evolution of a mountain range requires knowledge of
its rock uplift history. However, rock uplift rates are difficult to determine over long time scales.
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Long-term uplift rates can be assessed using the history of surface uplift, which occurs when
the rock uplift rate exceeds the exhumation rate (the rate at which material is removed from the
surface by erosion or faulting). Surface uplift rates can be estimated from changes in elevation
derived from stable isotope compositions of precipitates or biota (3). Alternatively, rock uplift rates
can be equated with exhumation rates if surface uplift is assumed to be negligible. Most constraints
on exhumation rely on geochemical proxies such as thermochronometric cooling histories (7) or
tied geobarometric and geochronologic constraints (8, 9).

Most long-term constraints on rock uplift rates rely on indirect proxies such as
thermochronometric cooling histories or geobarometric estimates, which require numerical models
to translate primary observations into surface-referenced velocities. These approaches have yielded
critical insights into orogenic development, but their temporal resolution is limited by the spatial
distribution and closure temperatures of the available data.

More broadly, relatively few conceptually distinct constraints on long-term rock uplift rates
exist outside thermochronology and a small number of surface uplift estimates. This lack of
independent tests makes it difficult to evaluate uplift histories over the timescales required for
landscapes to adjust to tectonic forcing. Here, we explore a geomorphic approach that uses the
geometry of landscapes buried beneath large-volume ignimbrites to provide a complementary
constraint on pre-eruptive rock uplift rates, integrated over landscape response timescales.

We describe a method for constraining rock uplift rates in tectonically active volcanic

regions where landscapes have been buried beneath large-volume, spatially-expansive ignimbrites.
Rather than yielding an instantaneous uplift rate at a single point in the past, this approach constrains
the range of rock uplift rates that could have acted over the time required for a landscape to develop
prior to burial. The key observable is the planar, low-angle surface characteristic of ignimbrite
deposits, which places a geometric limit on the relief of the buried paleo-landscape and thus on the
uplift rate integrated over the landscape response time. Starting with the assumption that
topographic relief is set by the geometry of river channel networks, we run a landscape evolution
model with a form of the stream-power river incision model (/0) to demonstrate how rock uplift
rate fundamentally controls the slope of the mountain range orthogonal to the range crest (Fig. 1).
Using this framework, we quantify how combinations of rock uplift rate and erodibility control
range-scale slope, apply these relationships to landscapes buried by the Cardones ignimbrite, and
compare the resulting uplift-rate bounds with existing geological and geomorphic constraints.
The paper proceeds in four steps. We first describe the geometry and emplacement of large-volume
ignimbrites and establish the geometric constraints they impose on buried landscapes. We then
introduce a simplified stream-power framework to link river network geometry, fluvial relief, and
range-scale slope. Using two-dimensional landscape evolution models, we quantify how
combinations of rock uplift rate and erodibility control the range-scale slopes compatible with
ignimbrite burial and apply these results to the Miocene Cardones ignimbrite of the Central Andes.
Finally, we discuss the implications of these constraints for rock uplift rate histories and orogenic
evolution.

Elevation

ignimbrite overlying
paleo-topography

Distance

Fig. 1. Burial of a mountainous landscape beneath a large-volume ignimbrite. (a) Oblique view
of the western Andes of southern Peru and northern Chile. The portion of the landscape colored in
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magenta denotes the extent of Oligocene-early Miocene ignimbrite deposits (simplified from
Garcia et al. (/7)). (b) A synthetic landscape overlain by an ignimbrite deposit defined by a plane
dipping 1.5° in the direction of transport. (¢) Minimum, mean, and maximum elevation profiles of
the synthetic landscape beneath the ignimbrite parallel to the transport direction. Black dotted line
shows the regression of the maximum elevation profile, which we refer to as the range-scale slope.
Magenta lines depict ignimbrite surface slopes of 1.0°, 1.5° (shown in b), and 2.0°.

Explosive volcanic deposition
Ignimbrite deposits

Ignimbrites are matrix-supported, pumice-dominated volcanic deposits created by
pyroclastic density currents (PDCs) (12). Smaller ignimbrites (~10'-10! km?) are generally created
by dome collapse (13), whereas large-volume deposits (10>~10* km?) result from PDCs triggered
by the collapse of Plinian eruption columns or formation of large calderas (/4). Many of the largest
ignimbrite deposits were deposited during large eruptions (M > 8 using the scale of Mason et al.
(15)) which may have originated from complex calderas typical of volcano-tectonic depressions,
and are often transported > 100 km from their source (/6, /7). While small-volume eruptions
typically produce valley-confined ignimbrites, the largest caldera-forming eruptions can create
regionally extensive deposits defining large areas of uniform topography with a gentle slope. These
are referred to as low aspect ratio ignimbrites (LARIs) (/8) (Fig. 1). The thickness of a LARI
deposit can often exceed 1 km, but will vary with the topography of the paleo-landscape buried
beneath it, i.e. it will be thicker over a paleo-valley than over a paleo-ridge (6, 19).

The modern morphology of a LARI surface is an expression of the initial deposit surface
combined with any post-eruption deformation, erosion, or deposition of materials as surface
processes such as river erosion and hillslope transport were re-established. The initial morphology
of the surface is controlled by the discharge rate of the eruption, the pre-existing surface topography,
and the fluidized state of the flow (20). Many LARI deposits form relatively flat, expansive surfaces
with a gentle slope (0.5°-3°) that dips away from the source vent, causing the deposit to thin down-
dip (6). Local deviations from this pattern can occur due to interaction with pre-existing topography,
flow impoundment, or ponding, leading to spatially variable deposit thickness. However, such
effects primarily influence local thickness distributions and do not generally reverse the large-scale
slope of the ignimbrite surface. Because our analysis is based on the regional envelope of maximum
ignimbrite elevations, rather than local thickness variations, these second-order effects do not
undermine the geometric constraints imposed by ignimbrite burial.

Examples from around the globe with well-constrained initial slopes of 0.5°-3° include:
The Valley of Ten Thousand Smokes ignimbrite (Alaska, USA) (/8), Minoan ignimbrite (Santorini,
Greece) (21), Kurile Lake ignimbrite (Kamchatka, Russia) (22), Ito deposit (Aira, Japan) (23), Toba
Tuff (Indonesia) (24), Zaragoza ignimbrite (Los Potreros, Mexico) (25), Bishop Tuff (Long Valley,
USA) (26), Huckleberry Ridge tuff (western USA) (27), and Cerro Galan ignimbrite (Argentina)
(28).

If we assume that the source of the volcanic deposit must be higher than the landscape it
engulfs, then three simple relationships are possible between the ignimbrite surface and the
underlying topography (Fig 1b). (1) The ignimbrite surface is steeper than the range-scale slope of
the buried landscape, consistent with the observation that ignimbrite deposits generally thin away
from the source but are likely to produce a partially buried landscape where higher ridges and peaks
protrude. (2) The ignimbrite surface is less steep than the buried surface, which is not likely over
large distances since it requires ignimbrites to thicken away from their source. (3) The ignimbrite
surface slope is approximately equal to the range-scale slope of the underlying landscape, such that
burial of the paleo-topography represents a limiting case in which the deposit only just overtops the
highest elevations. The key conclusion from these three scenarios is that to completely bury a
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landscape beneath an ignimbrite, the slope of the maximum elevations of the paleo-topography
must be equal to or less than the slope of the initial ignimbrite surface (Fig. 1c).

The steepest landscape that can be completely buried by a given ignimbrite is determined
by a simple geometric criterion based on relative slopes, rather than on assumptions about
ignimbrite volume or thickness. We represent both the ignimbrite surface and the pre-eruption
landscape by their regional, range-scale envelope slopes projected over the same profile length.
Complete burial is possible only if the slope of the ignimbrite surface is equal to or less than the
slope of the maximum-elevation envelope of the paleo-topography. If the paleo-topographic
envelope is steeper, the two surfaces intersect upstream and complete burial cannot occur. Thus,
the case where the two slopes are nearly equal represents a near-threshold condition in which the
ignimbrite only just succeeds in burying the landscape (Fig. 1c¢).

The Cardones Ignimbrite, Central Andes

The western margin of the Central Andes, straddling the border between northern Chile and
southern Peru, is defined by a magmatic arc that has evolved in response to continuous subduction
of the Farallon plate beneath South America since the early Jurassic (29). Over time, explosive
volcanism has blanketed much of the region, most notably during a volcanic flare-up in the early
Miocene caused by steepening of the subducting slab after a period of flat slab subduction (30).
This is marked by deposition of the Oxaya Formation, a regionally extensive series of gently west-
dipping ignimbrites, the largest of which — the 21.9 Ma Cardones ignimbrite (>1,260 km?) — is
thought to have been sourced from the nearby Lauca Caldera (/7, 19). van Zalinge and others (6)
determined that the Cardones ignimbrite originally had a relatively uniform surface slope of 1.5 +
0.3°, making it a prime example of a LARI deposit. This estimate incorporates the post-deposition
folding and tilting that is recorded in their reconstructed drill core transect. Before applying this
approach to the Central Andes, we first establish the theoretical relationship between fluvial relief,
channel steepness, and range-scale slope using a simplified stream-power framework.

Controls on contractional orogen relief

LARI deposits make useful datums because of their large spatial extent and the precise age
control offered by radiometric techniques such as U-Pb and *°Ar/*°Ar geochronology (37). We use
the slope of the Cardones LARI surface to constrain the (now-buried) pre-eruption topography. We
then use the relief of that topography to infer the uplift rate that created it. Given our assumption
that a buried landscape must be less steep than the deposit overlying it, there should be a definable
limit to the rock uplift rate that formed the landscape prior to eruption. To test this idea, we used a
landscape evolution model for the evolution of river networks to create synthetic landscapes, which
we then compare with the current Cardones ignimbrite topography. The purpose of this section is
not to exhaustively explore stream-power formulations, but to establish the minimum theoretical
framework required to interpret ignimbrite burial as a constraint on range-scale relief.

To assess the influence of rock uplift rate on the relationship between fluvial relief and
mountain range slope, we start with the conservation of mass and the classical stream-power model
of river erosion (32, 33):

d
— = Ux1) - K(xf) A" S(x.0)" )
dz . . . . ) ) Lo )
where d—i is the surface uplift rate (z is the elevation of a river bed in meters, ¢ is time in years, x is

river distance in meters), U is the rock uplift rate (m yr'!"), and K (units depend on m; when m = 1,
the units are m! yr!) is the coefficient of erosion, often referred to as erosional efficiency or
erodibility. K encapsulates the integrated influence of environmental conditions such as climate,
lithology, and factors that modulate erosional efficiency (e.g., roughness, sediment availability, and
hydraulic conditions), 4 is the drainage area (m?), S is the channel slope, and m and n are
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dimensionless exponents related to runoff variability, channel erosion processes, and hydraulic
geometry.
In steady-state landscapes — used here to mean erosion and rock uplift are approximately

.. . . . d _
balanced and topography is invariant over time (i.e., d—i = () — stream power model predictions agree

with the observation that local channel slopes are inversely proportional to drainage area (34, 35)
and, in natural landscapes, erosion rates scale as a power function of channel slope and drainage
area (33). As a result, steady-state river channels produced by the stream-power model, and those
found in nature, have concave-up forms that make it difficult to discern spatially limited changes
in local channel slope that are critical to understanding river processes. To counteract this effect,
local channel slopes can be adjusted for the downstream increase in drainage area using the
relationship
S(x) = ksn(x) A(x)?, 2

where 6 is a dimensionless constant that denotes the concavity of a longitudinal river profile and
the coefficient, ky,, is the channel steepness (34, 36). Channel steepness can be measured by
regression of a y-plot, a linearized channel profile in which longitudinal distance is replaced by the
integral of upstream accumulation area (y) (37):

_z(%)
- 3)
A
10 =I5 (55) . (4)

where A4y is a reference area (1 m? in this study) used to simplify the units of the integral. To compare
channel steepness values from different landscapes it is necessary to use a single 6 value, referred
to as 6. When 60,.r1s implemented in a suite of landscapes, the term normalized channel steepness
(ksn) 1s used. Here all channel steepness values are calculated with 6,7, and are referred to simply
as channel steepness. Quasi-steady-state landscapes with spatially uniform lithology, climate, and
rock uplift rates, have a single channel steepness value, with a concavity equal to the ratio of m and
n from the stream-power model (i.e., 8 = m/n) (32). To link the steepness of river channels to rock

uplift rates, we combine equations 1 and 2 to find:
1

ko= (2)". 5)

Equation 5 shows that channel steepness is directly proportional to rock uplift rate and inversely
proportional to erodibility, such that mountain ranges with high rock uplift rates and low erodibility
will be steeper and have greater relief than ranges with low rock uplift rates and high erodibility.

Here we consider only the development of fluvial relief, which typically comprises at least
80% of the range-scale relief (38, 39) in non-glaciated orogens. Adding hillslope processes would
significantly increase model complexity without greatly increasing accuracy. Additionally, using
only the stream-power model allows us to constrain the development of range-scale relief with the
fewest number of unconstrained variables. Because this simplified landscape evolution model does
not include hillslope relief, plausible outputs of fluvial relief and channel steepness are likely to be
maxima.

Erodibility of bedrock river channels

Measuring the erodibility of rocks in a river channel requires an accurate history of recent
erosion. The most common method for estimating erodibility uses the stream-power model (eq. 1)
to calculate local erosion rates by comparing the form of a modern channel with a paleo-channel of
known age. From these rates and the measured values of S and 4, m, n, and K can be estimated by
minimizing the misfit between observed and modelled channel profiles (40—42). Erodibility can
vary by several orders of magnitude between different rivers, even when m and » are held constant
(40). When the effects of rock type are isolated, however, the erodibility of relatively competent
(harder) versus relatively incompetent (softer) rocks may vary by only one order of magnitude (43,
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44). Higher precipitation rates also increase erodibility (43, 45, 46) in tectonically active orogens,
including in the Himalaya, where erodibility may scale proportionally with mean annual
precipitation. In this way, high precipitation rates can subdue topographic relief, potentially
masking high rock uplift rates (45).

Non-linearity of the stream-power model

Equation 5 shows the power-law dependency of rock uplift rates and erosion rate (when U
= E) on channel steepness. In steady-state landscapes, the ratio m/n is equal to the concavity of river
channel profiles, so some combination of n, m, and K values should fit the relationship of £ or U,
and channel steepness. Although concavity values in natural systems generally vary between 0.35
and 0.65, with most values close to 0.5 (47), inversion of river channel profile data yields highly
variable n values even though a consistent regional value might be expected (40, 48). Investigations
of the problem from a regional perspective have used relationships between channel steepness and
basin-average erosion rates derived from cosmogenic nuclides (i.e., equation 5) to constrain n (48—
51). Regressions of erosion rates and channel steepness suggest that n varies between ~1 and 2 (48,
51-53).

2-Dimensional model framework

We use the slope of maximum elevations (the range-scale slope, Sr) to summarize the
geometry of our modeled landscapes because this slope is the limiting factor that determines
whether a landscape can be completely buried by an ignimbrite. Range-scale slope is calculated
from maximum elevations as a function of distance from the front of the model from a simplified
swath profile (Figs. 1 and 2) using a least-square linear regression. Since river networks have a
complex plan-form geometry (channel topology) and an along-river distance greater than the range-
perpendicular distance, range-scale slope must be determined numerically. Channel topology, in
turn, is critical for developing realistic drainage divides from which range-scale slope can be
calculated.

Our 2D model uses the framework provided by Landlab (54), an open-source, Python-based
toolkit for simulating surface processes. We do not seek to constrain a full suite of model parameters
to explain any specific topography. Instead, we synthesize landscapes that can be used to quantify
relationships between range-scale slope, channel steepness (ksx), erodibility (K), and rock uplift rate
0.

Initial experiments were performed on a 22.4 x 22.4 km (~500 km?) regular grid of 200 m
node spacing with one open boundary (Fig 1b). To reduce the time required to reach steady-state
topography and to make the relief metrics more comparable between different simulations, we
initialized each model with the same elevation dataset, which included a river channel network with
a total relief of 10 m. We do this to fix the steady-state topology for resulting landscapes. For each
experiment we assumed a spatially and temporally uniform rock uplift rate and erodibility (see
GitHub link for full codes in Jupyter Notebooks). We allowed the landscape to evolve until a steady-
state topography was reached, indicated by stable channel steepness, stable erosion rates in space
and time, and erosion rates equal to the imposed rock uplift rate.

We varied rock uplift rates between 0.1 and 2 km Myr! and erodibility from 1 x 10 to 1 x
10° m™! yr'! to produce 560 synthetic landscapes. The choice of single values of erosional efficiency
and rock uplift rate are not indicative of assumed known geologic simplicity, but it is a clear way
of using a sensitivity analysis to explore parameter space. Later in this section we explore the
outcomes of relaxing these initial assumptions of uniformity. We also tested different initial channel
topologies but found this did not affect the resulting topographic metrics. We used n =2 and m = 1
for all model runs as values of n > 1 are most appropriate in tectonically active settings, and we
expect the value of m/n to be around 0.5 (45, 51, 52, 55). First-order results, however, do not rely
on the values of m or n, if m/n is constant and comparable to natural landscapes. In detail, the non-
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linear dependence of erosion rate on slope (i.e., n = 2) will affect the fluvial relief for a given K
value. In other words, n = 2 requires smaller values of K than n = 1 to produce natural topographies
at the same rock uplift rate (Fig. S1). This demonstrates the stream-power model requirement to
have balanced n, m, and K values when comparing synthetic and natural landscapes.

Constraining non-steady-state topographies

Above we described a framework for using a 2D landscape evolution model to synthesize
steady-state topographies formed by combinations of rock uplift rate and efficiency values, and
below we will show that we can sample a reasonable range of these values using hundreds of model
simulations. Conversely, it is much more difficult to synthesize the infinite possibilities of non-
steady-state topographies that could span the same range of elevations as the steady-state
landscapes. This endeavor requires a different approach to efficiently test millions of variable
combinations.

To accomplish this, we first constrain the steepest topography that could be completely
buried by a given ignimbrite using our 2D model output, which we represent on a linearized channel
profile (y-plot) (see Fig. 2 green datasets). This linearized profile is our comparator plot. We then
create millions of more complex river profiles with convexities and concavities (knickpoints) whose
elevations cannot be greater than that of the comparator plot. The spatial changes in channel
steepness that create these non-uniform profiles could be the result of spatial or temporal changes
in rock uplift rates of climate conditions such as rainfall. We create these profiles by making quasi-
random linearized profiles with specific geometric forms, such as a profile containing one convex
knickpoint, but not prescribing the length or steepness of the segments that make up the profile. We
perform this 1D randomization technique millions of times for different geometric channel forms
to create millions of linearized profiles and calculate the mean channel steepness for each simulated
river (see Materials and Methods for details). Each simulation is forced to cover the full elevation
range of the comparator plot to allow for the highest possible mean channel steepness values. We
use the output of these simulations to affirm that the mean channel steepness and mean rock uplift
rate recorded in a river profile will still be related (i.e., eq. 5) in transient conditions. In landscapes
where m and n are uniform over space and time, variations in river profile concavity reflect spatial
variations in channel steepness, which reflect changes in rock uplift rate over space and time.

Results
Relative influence of erodibility and rock uplift rate on range-scale slope

From the resulting steady-state topography of each K and U combination, we calculate the
channel steepness and range-scale slope. Critically, varying n within the commonly inferred range
(e.g., n = 1-2) alters the inferred erodibility required to match a given landscape geometry but does
not change the uplift-rate bounds imposed by the ignimbrite surface slope (Fig. S1). Note that the
resulting values of channel steepness are unitless because we use the y method and a concavity
value of 0.5 to calculate channel steepness. For a given K, U is proportional to channel steepness
and range-scale slope (Fig. 2). Because n > 1, linear changes in rock uplift rate induce non-linear
changes in topographic relief.
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Fig. 2. Swath profiles from three 2D synthetic landscapes with the same erodibility (K = 8 x
10° m! yr!) and different rock uplift rates. These swaths collapse the topographies of the entire
model domain. The minimum elevation, maximum elevation, regression of the maximum elevation
(range-scale slope, Sr), and -plot (channel steepness, k) are shown for each landscape. Note that
the minimum elevation curves do not equate to longitudinal river profiles as river distance and
range-scale distance are not the same.

Range-scale slope is linearly related to channel steepness (Fig. 3a) because the relationship
is sensitive only to the ratio of our fixed m and n values. Figure 3b shows the contours of channel
steepness and range-scale slope as a function of varying erosional efficiency and rock uplift rate.
The relationship allows us to calculate an analytical solution for a range-scale slope given a U and
K pair defined by equation 5 (thin, dashed lines in Fig. 3b). Low rock uplift rates and erodibility
values cause contours to converge toward U = 0 km Myr!. Higher rock uplift rates cause the
contours to become roughly parallel while higher erodibility values increase the distance between
the contours.

Channel steepness (k) provides a convenient, scale-normalized measure of fluvial relief,
but its meaning is not always intuitive outside a river profile context. For reference, the kg = 162
trunk-channel example in Fig. 2 corresponds to ~1000 m of fluvial relief over ~18 km of
range-perpendicular distance. Importantly, this relief does not directly equal the total mountain
range relief (<1400 m), because range-scale slope is not controlled by the trunk channel alone.
Tributary networks contribute additional relief at multiple positions along the range, and
drainage-divide geometry/topology therefore influences the maximum-elevation envelope used to
define range-scale slope. This mismatch explains why range-scale slope cannot be inferred from a
one-dimensional fluvial profile and motivates our use of two-dimensional landscape evolution
models to relate channel-scale metrics to range-scale geometry.

To bury a landscape beneath an ignimbrite, the initial depositional surface slope of the
ignimbrite must be equal to or greater than the range-scale slope of the landscape. Therefore, for
the Cardones ignimbrite, where Sz = 1.5° (2), we explore a suite of landscapes with range-scale
slopes < 1.5°. This low-slope topography restricts plausible solutions for combinations of rock
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Fig. 3. Results of 2D landscape evolution modelling. (a) Comparison of channel steepness and
range-scale slope (Sr) from each model simulation (560 in total) as a function of rock erodibility.
For clarity, only simulations where Sk < 3.0° are shown. See Fig. S2 for full results. The slope of
the relationship, Sk = ks /108.3, is set by the river concavity. (b) The variability of range-scale slope
from each combination of erodibility and rock uplift rate. Thick lines are contours of constant range-
scale slope (Sk; values in black) and channel steepness (ks»; values in gray) through the landscape
evolution model output and thin, dashed lines are analytical solutions from equation 5. Contours of
model output, instead of all model solution points, are shown for clarity. The dark gray wedge
denotes the plausible rock uplift rates for range-scale slopes less than 1.5° and erodibility values
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less than 1 x 10 m™ yr'! (light gray box). (c) Landscape response times increase strongly with
decreasing erodibility and uplift rate, indicating that low-relief landscapes buried by ignimbrites
require long-lived, low uplift rates.

Constraints from existing estimates of erodibility

Rock uplift rates within our synthetic landscape can be further constrained using estimates
of erodibility from previous studies of natural landscapes. To normalize these erosional efficiency
values to a consistent choice of stream-power exponents (n =2 and m = 1), and ensure comparability
with our model results, we apply the normalization approach of Barnhart et al. (56) (Table S1) and
use the resulting values throughout the remainder of this paper. Stock and Montgomery (40)
estimated erodibility of 2 x 10® to 2 x 10® m! yr! for rivers traversing granites and
metasedimentary rocks in south-eastern Australia, and 3 x 10° to 5 x 10° m™ yr! for rivers
traversing basalts in Kauai (USA). Re-analysis of the Australian field area byvan der Beek and
Bishop (42) yielded erodibility values of ~2 x 10° m™! yr'!. Studies of Himalayan igneous- and
sediment-derived metamorphic rocks report a similarly broad range(~2 x 10” to 1 x 10 m™! yr'!),
although this range may reflect spatially variable precipitation rather than rock properties (45).

Applying the scaling relationships of Adams et al. (45) together with geologic evidence for
arid conditions in the Central Andes by Miocene time (57), suggests a representative regional
erodibility of ~1 x 10° m™! yr'!. In addition, the very presence of the Miocene ignimbrites provides
plausible values of erodibility, given that (i) the river network has struggled to remove the
ignimbrite deposits over the last ~22 Myr and (i) there are knickpoints at least 11 Myr old in the
western Andes (58, 59). These observations show that timescales of response are long and
erodibility values must be low (i.e., Fig. 3¢). Indeed, Fox et al. (60) invert modern topography to
suggest an erodibility value of 8 x 10 m™! yr! for the western flank of the Peruvian Andes. Because
post-Miocene erosion rates in the region are exceptionally low, any erodibility values inferred from
modern denudation data would imply lower rock uplift rates than those explored here; our adopted
erodibility range therefore represents a conservative upper bound for pre-eruption conditions.

By stating that rivers have struggled to remove ignimbrite material, we refer to the long-term
persistence of ignimbrite deposits on interfluves and canyon walls, and to the incomplete
re-excavation of pre-eruption topography over tens of millions of years, rather than to short-term
vertical incision through the deposits. This behavior distinguishes large-volume ignimbrites from
many other volcanic disturbances, such as tephra falls, lava flows, or debris avalanches, which may
locally perturb hydrology or incision but typically act over more limited spatial extents and shorter
timescales. Our focus here is therefore on ignimbrites as regionally extensive, long-wavelength
geomorphic perturbations that impose durable constraints on range-scale landscape geometry,
rather than on the detailed dynamics of post-eruption landscape adjustment.

If we use these constraints to take a conservative one order of magnitude estimate of
plausible erodibility values (1 x 10 to 1 x 10 m™ yr'!), rock uplift rates are constrained to <0.26
km Myr! for topographies with slopes < 1.5° (Fig. 3b). This suggests that the pre-eruption
landscapes buried by ignimbrites on the western Andean margin were of relatively low relief (&,
~160) due to the relatively low rock uplift rate, as compared to other modern active orogens. An
order of magnitude range of erodibility values is sufficient for this study to adequately constrain
rock uplift rate given the form of the modeled uplift—slope relationships, but need not be adequate
in all settings.

Constraining timescales of landscape response

The time required for a river network to adjust to a change in rock uplift rate depends on
the characteristic length scale over which adjustment must occur. Because landscape response is
ultimately governed by the distance over which knickpoints must migrate, we performed an
additional suite of model runs at larger spatial scales (100 x 50 km) to obtain response times more
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representative of long Andean river systems during the Early Miocene. For these simulations we
used analytical solutions for erodibility values (Fig. 3b), rock uplift rates of 0.1 to and 2 km Myr™!,
and range-scale slope values of 0.5°, 1.0°, and 1.5°. These models were also initiated with a
landscape containing an established river network and a maximum relief of 10 m. As the adjustment
between two steady-states follows an exponential temporal path in our models, we report the
timescale of response where the landscape has achieved 95% of the expected relief rather than
100%, which can take considerably longer despite the insignificant difference in topography (67).
Figure 3c demonstrates the effect of rock uplift rate, erodibility, and final topographic relief on the
timescale of response. The landscapes with the lowest erodibility, lowest rock uplift rate, and
highest final relief take the longest to achieve a new steady state following a change in rock uplift
rate.

Assessing complex topographies in 1D

Our sensitivity analysis of longitudinal river profiles using x-plot randomization shows that
any complex channel with a profile that can plot beneath a uniform, steady-state river profile must
have a mean channel steepness value less than the steady-state river (Fig. 4). We also show that
more complex profiles have a lower channel steepness than a steady-state profile, when the overall
relief of the profile is conserved. This demonstrates that the uniform, steady-state condition
represents the maximum channel steepness and can be used as a conservative end member to
constrain maximum rock uplift rates.

-

a. One concave b. Two concave
Channel Steepness

| —
60 100 140

((\%
S
R
&

c. One convex

Normalized Elevation_‘ Normalized Elevation

(=]
o

0.5 1 0.5 1

Normalized y Normalized y

Fig. 4. Complex river profiles from 1D y-plot randomization. Ten simulations from a population
of three million are shown in each panel, colored by mean channel steepness value (see Fig. S3 for
histograms of all simulations). The thicker pink bounding line represents the maximum steepness
value (ks» = 162) shown in Fig. 3b. (a) Profiles with one concave knickpoint. (b) Profiles with two
concave knickpoints. (c¢) Profiles with one convex knickpoint. (d) Profiles with two convex
knickpoints. Increasing geometric complexity increases the overall profile concavity and decreases
the mean channel steepness.
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Discussion
Can the stream-power model describe buried landscapes?

While the stream-power model might appear overly simplistic for addressing complex
problems of river erosion and the geometry of unobservable landscapes, it can describe the broad
geometry of mountainous landscapes. Moreover, our focus on the range-scale slope means that our
results do not depend on either the model space dimensions or the river channel topology.
Furthermore, our use of channel steepness as a measurement of fluvial relief means that the precise
values of m and n do not matter if their ratio lies within the expected landscape limits (i.e., knowing
the concavity is more important than knowing m or n). Previous work has shown that 0.46 is an
appropriate concavity for rivers on the western Andean margin in northern Chile (59), and sits in
the middle of observed values from other natural landscapes (47). We therefore suggest that values
of n=2 and m = 1, to yield a concavity of 0.5, provide a reasonable and conservative estimate for
landscape modelling.

The relationship between range-scale slope and fluvial relief within our dataset is controlled
primarily by river channel concavity, although the expected relationship between any measurement
of relief and rock uplift rate or erodibility will change as a function of n (eq. 5). For example, n =1
predicts a linear relationship between channel steepness and rock uplift rate, whereas n = 2 predicts
a non-linear relationship such that increasing rock uplift rate increases channel steepness as U° for
a constant K. Because K, n, and m are inter-related, however, Fig. 3 holds an accurate guide to
considering rock uplift rates in any landscape where m/n = 0.5.

Could the buried landscapes have non-uniform topographies?

Since the pyroclastic density currents responsible for transporting ignimbrites are fluidized
flows that travel downslope, thickness variations in the resulting deposits often record large-scale
topographic perturbations. For example, we might expect a PDC emplaced onto a landscape defined
by steep vent-proximal reaches and gentler downslope portions to show a similar change in the
surface of the ignimbrite in addition to downslope thickening, as seen in the ignimbrite resulting
from the ~7.7 ka eruption of Mt Mazama (Crater Lake), Oregon, USA (62). Similarly, we anticipate
the upper surface of an ignimbrite to record a change from a proximate shallow slope to a more
distal steeper portion of the landscape. That said, the important characteristic of an ignimbrite datum
is an expansive surface that can be approximately described by a single surface slope, and that the
deposit thins in a predictable manner away from the source. If these conditions hold, then minor
perturbations in the paleo-topography that are not discernible in the ignimbrite surface are unlikely
to reduce the accuracy of our estimates of rock uplift rate.

When compared to steady-state landscapes with uniform boundary conditions, non-steady
or non-uniform landscapes will have different geometries (Fig. 4) that can be defined by a change
in concavity, where the concavity of the landscape is no longer directly related to the ratio of m and
n but instead represents a change in channel steepness over space and time at constant m and n.
Enhanced concavity in both river channel (Fig. 4b) and gross topographic profile can develop in
landscapes that experience a decrease in rock uplift rate over time or where erodibility values are
higher at lower elevations. Spatially variable rock uplift rates can also change the apparent
concavity of a landscape, whereby landscapes become more concave when rock uplift rates increase
toward the range crest and vice versa (59, 63). Conversely, temporal increases in either rock uplift
rate or erodibility can induce large-scale convexities (convex up; Fig. 4c) in both river channels and
gross topographic profiles (64, 65). The extent to which such topographic variations can be buried
by an ignimbrite such as the Cardones, with its final slope of 1.5°, limits the overall steepness and
long-term rock uplift rate.

Implications for rock uplift rates in the Central Andes
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Interpreting these uplift-rate constraints in the context of prior erosion and exhumation
estimates requires recognizing the strong temporal variability of erosion on the western margin of
the Central Andes. Several studies have suggested higher denudation rates during the Miocene
followed by a pronounced decline associated with the onset of extreme aridity (66), while modern
catchment-averaged cosmogenic nuclide data indicate exceptionally low present-day erosion rates
across the region (67). Both paleo-denudation reconstructions and modern erosion rates integrate
over fundamentally different timescales and depend sensitively on model assumptions and climate
histories. Importantly, the ignimbrite-based constraints presented here do not rely on adopting
specific paleo- or modern erosion rates; instead, they bound the average rock uplift rate acting over
the landscape response time required to generate the buried topography prior to ignimbrite
emplacement.

Our analysis suggests that the western margin of the Central Andes in northern Chile
experienced relatively low rock uplift rates before the Miocene volcanic flare-up. The low-relief
topographies buried beneath the Oxaya Formation ignimbrites are similar to lower elevation
portions of modern contractional orogens including the eastern Andean fold-and-thrust belt (68),
the physiographic Lower Himalaya of central Nepal (69), and large portions of Taiwan (70).
Despite having much higher rock uplift rates and erosion rates on the order of 4-6 km Myr™! (71),
Taiwan is thought to have much higher erodibility values, resulting in lower relief landscapes. By
contrast, the Lower Himalaya and portions of the Andean fold-and-thrust belt have relatively low
rock uplift rates due to shallowly dipping faults.

Our model-derived uplift rates cannot be directly compared with those derived from

thermochronology and geobarometry studies because of different integration timescales. Most low-
temperature thermochronometric cooling ages on the western Andean margin are Eocene, yielding
time-averaged rock uplift rates from ~50 Ma to the present of < 0.2 km Myr™! (72). Our rock uplift
rate estimate of <0.26 km Myr! is integrated over the much shorter time period required for the
landscape to reach steady state. The length of our model domain and the initial river relief of 10 m
produce a mountain range with a range-scale slope of 1.5° within ~14 Myr (at 95% steady-state),
with K = 4 x 10° m! yr! and U = 0.1 km Myr!. Here, the time to steady-state is inversely
proportional to K. However, we note that ~14 Myr is an approximate estimate for how much time
may have been required for steady rock uplift rates to create a steady-state landscape, and steady
rates could have persisted for longer. Low-temperature thermochronometry constraints on uplift
rates from the Late Cretaceous/Paleocene to present have suggested low rock uplift rates similar to
the <0.26 km Myr™! reported here (72) whereas, exhumation rates that integrate over the Incaic
orogeny (~55-40 Ma) are >0.25 km Myr! (9). The consistency of our shorter-term constraint over
only ~14 Myr with longer-term constraints from thermochronology suggest a relatively steady
tectonic history since the Incaic, and confirm that the Miocene-Pliocene Quenchua orogeny was
mostly limited to Peru and did not significantly impact northern Chile (73, 74).
The requirement that ignimbrites bury landscapes formed under relatively slow pre-eruptive rock
uplift rates can be viewed in the broader context of orogenic evolution. Periods of tectonic
stabilization or waning deformation allow sufficient time for river networks to reorganize and for
range-scale relief to decrease, whereas phases of rapid or spatially variable uplift are unlikely to
generate low-relief landscapes over comparable distances. Similar relationships between low-relief
landscapes and slowed or reorganized tectonic forcing have been documented in other orogenic
settings (65). In this framework, ignimbrite burial does not imply a causal relationship between
uplift and volcanism, but rather reflects a geomorphic selectivity: regionally extensive ignimbrites
preferentially preserve landscapes that developed during specific tectono-magmatic states of an
orogen. Ignimbrites therefore act as long-wavelength geomorphic markers that sample particular
phases of orogenic evolution, rather than arbitrary snapshots of uplift history. Conclusions

Like other expansive and datable depositional or erosional surfaces, low aspect ratio
ignimbrites provide valuable datums for constraining paleo-topographies and the boundary
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conditions that formed them. Because ignimbrites generally taper away from their source and form
an upper surface described by a gentle slope, there is a limited suite of landscape geometries that
can lie beneath them. These geometric constraints, coupled with a broad understanding of landscape
erodibility, can be used to constrain tectonic histories. Importantly, ignimbrites that preserve a
relatively low surface slope must cover relatively low relief landscapes. Low relief landscapes, in
turn, can result from low rock uplift rates and commensurate low erosion rates, high erodibility
values due to the prevalence of easily eroded bedrock, or high precipitation rates.

Using the initial surface geometry of the large-volume Miocene Cardones ignimbrite on the
western margin of the Central Andes and the theory of the stream-power model, we have
constrained average Oligocene-Miocene rock uplift rates to a maximum of 0.26 km Myr!. These
results provide a robust independent constraint on the development of the Central Andes aligned
with existing thermochronometric and geothermobarometric constraints and consistent with a
period of relatively slow subduction zone convergence.

We have used the Central Andean Miocene flare-up as a case study in this paper, but the
lessons learned are broadly applicable to other regions that preserve large-volume ignimbrites. Our
modelling results provide a framework to constrain the paleo-topographies buried beneath other
low aspect ratio ignimbrites, provided there is good reason to suggest the river networks would
have had concavity values close to 0.5. The transferability of our method could be improved with
more precise values of m and/or n. Landscape modelling experiments would also improve our
understanding of volcanic landscapes, particularly the relationship between eruption discharge,
topographic roughness, and ignimbrite thickness or runout and improve estimates of ignimbrite
volumes by predicting paleo-topographies and the rates and patterns of post-eruption erosion.
Taken together, our results indicate that regionally extensive ignimbrite burial preferentially records
landscapes shaped during periods of relatively slow or spatially uniform uplift. This suggests that
ignimbrite surfaces are not generic markers of orogenic uplift, but instead sample tectono-magmatic
states in which landscapes have sufficient time to equilibrate prior to burial. More broadly,
ignimbrite burial provides a geomorphic filter on uplift histories, highlighting specific phases of
orogenic evolution rather than the full range of tectonic conditions.

Materials and Methods
Calculation of time to steady-state

The calculation of time to steady-state (¢) is difficult in synthetic and real landscapes as
minor fluctuations in forcing factors or minor numerical instabilities may preclude a landscape from
being 100% stable. In addition, the non-linear propagation of erosion signals over time often results
in perhaps unreasonable estimates of time to steady-state, whereby considerable amounts of time
are spent waiting for the last few meters of the highest relief areas to finish adjusting. Therefore, it
is common to assume some threshold by which the landscape is functionally in steady-state without
every square meter being stable. For our purposes, we assume steady-state when the mean erosion
rate of the new landscape has reached 95% of the modelled rock uplift rate. Where ¢ satisfies the
equation:

0.95 =E(t)/U (6)

Calculation of y-plot randomization
To constrain the range of longitudinal river profiles compatible with a prescribed maximum
fluvial relief, we generate synthetic y-profiles using a randomized, rule-based construction in
x-elevation space. The y coordinate is defined following the stream-power formulation and is
calculated using Hack’s Law (35)
L = cAr (7)
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where the exponent, /, was set to 0.6 and the coefficient ¢ was set to 4.53 x 107! to achieve a channel
steepness value of 162 for the initial steady-state y-plot. We used values of m=1,n=2,6=0.5 for
consistency with our 2D models. We created randomized y-plot using four rules.

1) The left end point of the lowest segment was set to z; = 0 and y1 = 0. The right end point
was found by randomly selecting a y value and then using a channel steepness value between
1 and 162 to calculate a new elevation value at the selected y (i.e., eq. 3).

2) If the boundary between the previous segment and the next segment was to be a concave
knickpoint, the next segment needed to have a greater channel steepness. The left endpoint
of this segment was set to be the right endpoint of the previous segment. The right endpoint
was determined by picking a new y value and selecting a new elevation bounded by a
minimum value calculated using the channel steepness of the previous segment and a
maximum value set by the elevation of the initial steady-state profile at the selected y value.

3) If the boundary between the previous segment and the next segment was to be a convex
knickpoint, the next segment needed to have a lower channel steepness. The left endpoint
of this segment was set to be the right endpoint of the previous segment. The right endpoint
was determined by picking a new y value and selecting a new elevation bounded by a
minimum channel steepness value of 1 and a maximum channel steepness set by the
previous segment.

4) The last segment was calculated by finding the required channel steepness value to connect
the right endpoint of the previous segment with the maximum y and elevation values from
the initial steady-state y-plot.

These rules were repeated millions of times with varying combinations of knickpoints to

produce the data shown in Fig. 4 and S3. See GitHub site for full code.

Geometric interpretation of y-plot randomization.

Although y is parameterized using Hack’s law and stream-power exponents to define the
steady-state y—z reference profile, the y-plot randomization is used here to sample admissible
longitudinal geometries subject to a fixed maximum fluvial relief. All synthetic profiles are
constrained to share the same maximum y and elevation values defined by the steady-state
profile; variation among realizations reflects only the redistribution of slope along the profile
through different combinations of concave and convex knickpoints. Varying Hack’s law
coefficients or exponents rescales y and the associated channel-steepness values, but does not
alter the relief-limited envelope that governs the range-scale slopes used to constrain uplift rates.
As a result, uplift-rate bounds derived from the y-randomization are controlled by the imposed
geometric limits rather than by the specific choice of length—area scaling parameters. This
approach allows efficient sampling of admissible longitudinal geometries consistent with a
fixed maximum fluvial relief, without requiring assumptions about transient discharge
variations or time-dependent incision processes.
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