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Abstract 17 

Pyroclastic density currents associated with large explosive volcanic eruptions can generate 18 
expansive ignimbrite deposits characterized by planar, low-angle surfaces. We demonstrate 19 
the utility of these surfaces for constraining pre-eruptive rock uplift rates based on the relief 20 
of the paleo-landscapes buried beneath them. Using a landscape evolution model driven by 21 
river erosion, we explore the range of permissible landscape geometries beneath an 22 
ignimbrite of a given surface slope. Our results demonstrate a clear correlation between river 23 
channel steepness and the overall slope of the topography, as a function of rock uplift rate. 24 
We show that lower rock uplift rates are generally required to generate gentle landscapes 25 
that can be buried by ignimbrite deposits. Model application to the Early Miocene Cardones 26 
ignimbrite on the western flank of the Central Andes yields pre-eruptive rock uplift rates of 27 
<0.26 km Myr-1, comparable with independent thermochronometric and 28 
geothermobarometric constraints. 29 

 30 
Teaser 31 

Surface slopes of large-volume ignimbrite deposits record pre-eruptive rock uplift rates of 32 
landscapes buried beneath them. 33 
 34 

MAIN TEXT 35 
Introduction 36 

Subduction zones along convergent plate boundaries host some of Earth’s largest mountain 37 
ranges and most explosive volcanoes. Because these high-elevation regions persist over long 38 
timescales, they provide important settings for evaluating orogen-building processes (1, 2), 39 
orogenic influences on regional and global climate (3–5), and interactions between volcanism and 40 
landscape evolution (6). Understanding the evolution of a mountain range requires knowledge of 41 
its rock uplift history. However, rock uplift rates are difficult to determine over long time scales.  42 
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Long-term uplift rates can be assessed using the history of surface uplift, which occurs when 43 
the rock uplift rate exceeds the exhumation rate (the rate at which material is removed from the 44 
surface by erosion or faulting). Surface uplift rates can be estimated from changes in elevation 45 
derived from stable isotope compositions of precipitates or biota (3). Alternatively, rock uplift rates 46 
can be equated with exhumation rates if surface uplift is assumed to be negligible. Most constraints 47 
on exhumation rely on geochemical proxies such as thermochronometric cooling histories (7) or 48 
tied geobarometric and geochronologic constraints (8, 9). 49 

Most long-term constraints on rock uplift rates rely on indirect proxies such as 50 
thermochronometric cooling histories or geobarometric estimates, which require numerical models 51 
to translate primary observations into surface-referenced velocities. These approaches have yielded 52 
critical insights into orogenic development, but their temporal resolution is limited by the spatial 53 
distribution and closure temperatures of the available data. 54 

More broadly, relatively few conceptually distinct constraints on long-term rock uplift rates 55 
exist outside thermochronology and a small number of surface uplift estimates. This lack of 56 
independent tests makes it difficult to evaluate uplift histories over the timescales required for 57 
landscapes to adjust to tectonic forcing. Here, we explore a geomorphic approach that uses the 58 
geometry of landscapes buried beneath large-volume ignimbrites to provide a complementary 59 
constraint on pre-eruptive rock uplift rates, integrated over landscape response timescales. 60 

 We describe a method for constraining rock uplift rates in tectonically active volcanic 61 
regions where landscapes have been buried beneath large-volume, spatially-expansive ignimbrites. 62 
Rather than yielding an instantaneous uplift rate at a single point in the past, this approach constrains 63 
the range of rock uplift rates that could have acted over the time required for a landscape to develop 64 
prior to burial. The key observable is the planar, low-angle surface characteristic of ignimbrite 65 
deposits, which places a geometric limit on the relief of the buried paleo-landscape and thus on the 66 
uplift rate integrated over the landscape response time. Starting with the assumption that 67 
topographic relief is set by the geometry of river channel networks, we run a landscape evolution 68 
model with a form of the stream-power river incision model (10) to demonstrate how rock uplift 69 
rate fundamentally controls the slope of the mountain range orthogonal to the range crest (Fig. 1). 70 
Using this framework, we quantify how combinations of rock uplift rate and erodibility control 71 
range‑scale slope, apply these relationships to landscapes buried by the Cardones ignimbrite, and 72 
compare the resulting uplift‑rate bounds with existing geological and geomorphic constraints.  73 
The paper proceeds in four steps. We first describe the geometry and emplacement of large‑volume 74 
ignimbrites and establish the geometric constraints they impose on buried landscapes. We then 75 
introduce a simplified stream‑power framework to link river network geometry, fluvial relief, and 76 
range‑scale slope. Using two‑dimensional landscape evolution models, we quantify how 77 
combinations of rock uplift rate and erodibility control the range‑scale slopes compatible with 78 
ignimbrite burial and apply these results to the Miocene Cardones ignimbrite of the Central Andes. 79 
Finally, we discuss the implications of these constraints for rock uplift rate histories and orogenic 80 
evolution. 81 

 82 
Fig. 1. Burial of a mountainous landscape beneath a large-volume ignimbrite. (a) Oblique view 83 
of the western Andes of southern Peru and northern Chile. The portion of the landscape colored in 84 
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magenta denotes the extent of Oligocene-early Miocene ignimbrite deposits (simplified from 85 
Garcia et al. (11)). (b) A synthetic landscape overlain by an ignimbrite deposit defined by a plane 86 
dipping 1.5° in the direction of transport. (c) Minimum, mean, and maximum elevation profiles of 87 
the synthetic landscape beneath the ignimbrite parallel to the transport direction. Black dotted line 88 
shows the regression of the maximum elevation profile, which we refer to as the range-scale slope. 89 
Magenta lines depict ignimbrite surface slopes of 1.0°, 1.5° (shown in b), and 2.0°. 90 

 91 
Explosive volcanic deposition 92 
Ignimbrite deposits 93 

Ignimbrites are matrix-supported, pumice-dominated volcanic deposits created by 94 
pyroclastic density currents (PDCs) (12). Smaller ignimbrites (~10-1–101 km3) are generally created 95 
by dome collapse (13), whereas large-volume deposits (102–103 km3) result from PDCs triggered 96 
by the collapse of Plinian eruption columns or formation of large calderas (14). Many of the largest 97 
ignimbrite deposits were deposited during large eruptions (M > 8 using the scale of Mason et al. 98 
(15)) which may have originated from complex calderas typical of volcano-tectonic depressions, 99 
and are often transported > 100 km from their source (16, 17). While small-volume eruptions 100 
typically produce valley-confined ignimbrites, the largest caldera-forming eruptions can create 101 
regionally extensive deposits defining large areas of uniform topography with a gentle slope. These 102 
are referred to as low aspect ratio ignimbrites (LARIs) (18) (Fig. 1). The thickness of a LARI 103 
deposit can often exceed 1 km, but will vary with the topography of  the paleo-landscape buried 104 
beneath it, i.e. it will be thicker over a paleo-valley than over a paleo-ridge (6, 19).  105 

The modern morphology of a LARI surface is an expression of the initial deposit surface 106 
combined with any post-eruption deformation, erosion, or deposition of materials as surface 107 
processes such as river erosion and hillslope transport were re-established. The initial morphology 108 
of the surface is controlled by the discharge rate of the eruption, the pre-existing surface topography, 109 
and the fluidized state of the flow (20). Many LARI deposits form relatively flat, expansive surfaces 110 
with a gentle slope (0.5°–3°) that dips away from the source vent, causing the deposit to thin down- 111 
dip (6). Local deviations from this pattern can occur due to interaction with pre‑existing topography, 112 
flow impoundment, or ponding, leading to spatially variable deposit thickness. However, such 113 
effects primarily influence local thickness distributions and do not generally reverse the large‑scale 114 
slope of the ignimbrite surface. Because our analysis is based on the regional envelope of maximum 115 
ignimbrite elevations, rather than local thickness variations, these second‑order effects do not 116 
undermine the geometric constraints imposed by ignimbrite burial. 117 

Examples from around the globe with well-constrained initial slopes of 0.5°–3° include: 118 
The Valley of Ten Thousand Smokes ignimbrite (Alaska, USA) (18), Minoan ignimbrite (Santorini, 119 
Greece) (21), Kurile Lake ignimbrite (Kamchatka, Russia) (22), Ito deposit (Aira, Japan) (23), Toba 120 
Tuff (Indonesia) (24), Zaragoza ignimbrite (Los Potreros, Mexico) (25), Bishop Tuff (Long Valley, 121 
USA) (26), Huckleberry Ridge tuff (western USA) (27), and Cerro Galan ignimbrite (Argentina) 122 
(28). 123 

If we assume that the source of the volcanic deposit must be higher than the landscape it 124 
engulfs, then three simple relationships are possible between the ignimbrite surface and the 125 
underlying topography (Fig 1b). (1) The ignimbrite surface is steeper than the range-scale slope of 126 
the buried landscape, consistent with the observation that ignimbrite deposits generally thin away 127 
from the source but are likely to produce a partially buried landscape where higher ridges and peaks 128 
protrude. (2) The ignimbrite surface is less steep than the buried surface, which is not likely over 129 
large distances since it requires ignimbrites to thicken away from their source. (3) The ignimbrite 130 
surface slope is approximately equal to the range-scale slope of the underlying landscape, such that 131 
burial of the paleo-topography represents a limiting case in which the deposit only just overtops the 132 
highest elevations. The key conclusion from these three scenarios is that to completely bury a 133 
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landscape beneath an ignimbrite, the slope of the maximum elevations of the paleo-topography 134 
must be equal to or less than the slope of the initial ignimbrite surface (Fig. 1c). 135 

The steepest landscape that can be completely buried by a given ignimbrite is determined 136 
by a simple geometric criterion based on relative slopes, rather than on assumptions about 137 
ignimbrite volume or thickness. We represent both the ignimbrite surface and the pre‑eruption 138 
landscape by their regional, range‑scale envelope slopes projected over the same profile length. 139 
Complete burial is possible only if the slope of the ignimbrite surface is equal to or less than the 140 
slope of the maximum‑elevation envelope of the paleo‑topography. If the paleo‑topographic 141 
envelope is steeper, the two surfaces intersect upstream and complete burial cannot occur. Thus, 142 
the case where the two slopes are nearly equal represents a near‑threshold condition in which the 143 
ignimbrite only just succeeds in burying the landscape (Fig. 1c). 144 
 145 
The Cardones Ignimbrite, Central Andes 146 

The western margin of the Central Andes, straddling the border between northern Chile and 147 
southern Peru, is defined by a magmatic arc that has evolved in response to continuous subduction 148 
of the Farallon plate beneath South America since the early Jurassic (29). Over time, explosive 149 
volcanism has blanketed much of the region, most notably during a volcanic flare-up in the early 150 
Miocene caused by steepening of the subducting slab after a period of flat slab subduction (30). 151 
This is marked by deposition of the Oxaya Formation, a regionally extensive series of gently west-152 
dipping ignimbrites, the largest of which – the 21.9 Ma Cardones ignimbrite (>1,260 km3) – is 153 
thought to have been sourced from the nearby Lauca Caldera (17, 19). van Zalinge and others (6) 154 
determined that the Cardones ignimbrite originally had a relatively uniform surface slope of 1.5 ± 155 
0.3°, making it a prime example of a LARI deposit. This estimate incorporates the post-deposition 156 
folding and tilting that is recorded in their reconstructed drill core transect. Before applying this 157 
approach to the Central Andes, we first establish the theoretical relationship between fluvial relief, 158 
channel steepness, and range‑scale slope using a simplified stream‑power framework. 159 
 160 
Controls on contractional orogen relief  161 
 LARI deposits make useful datums because of their large spatial extent and the precise age 162 
control offered by radiometric techniques such as U-Pb and 40Ar/39Ar geochronology (31). We use 163 
the slope of the Cardones LARI surface to constrain the (now-buried) pre-eruption topography. We 164 
then use the relief of that topography to infer the uplift rate that created it. Given our assumption 165 
that a buried landscape must be less steep than the deposit overlying it, there should be a definable 166 
limit to the rock uplift rate that formed the landscape prior to eruption. To test this idea, we used a 167 
landscape evolution model for the evolution of river networks to create synthetic landscapes, which 168 
we then compare with the current Cardones ignimbrite topography. The purpose of this section is 169 
not to exhaustively explore stream‑power formulations, but to establish the minimum theoretical 170 
framework required to interpret ignimbrite burial as a constraint on range‑scale relief. 171 

To assess the influence of rock uplift rate on the relationship between fluvial relief and 172 
mountain range slope, we start with the conservation of mass and the classical stream-power model 173 
of river erosion (32, 33):  174 

𝑑𝑑𝑑𝑑 
𝑑𝑑𝑑𝑑

 = U(x,t) - K(x,t) A(x,t)m S(x,t)n    (1) 175 

where 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 is the surface uplift rate (z is the elevation of a river bed in meters, t is time in years, x is 176 

river distance in meters), U is the rock uplift rate (m yr-1), and K (units depend on m; when m = 1, 177 
the units are m-1 yr-1) is the coefficient of erosion, often referred to as erosional efficiency or 178 
erodibility. K encapsulates the integrated influence of environmental conditions such as climate, 179 
lithology, and factors that modulate erosional efficiency (e.g., roughness, sediment availability, and 180 
hydraulic conditions), A is the drainage area (m2), S is the channel slope, and m and n are 181 
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dimensionless exponents related to runoff variability, channel erosion processes, and hydraulic 182 
geometry.  183 

In steady-state landscapes – used here to mean erosion and rock uplift are approximately 184 

balanced and topography is invariant over time (i.e., 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 = 0) – stream power model predictions agree 185 

with the observation that local channel slopes are inversely proportional to drainage area (34, 35) 186 
and, in natural landscapes, erosion rates scale as a power function of channel slope and drainage 187 
area (33). As a result, steady-state river channels produced by the stream-power model, and those 188 
found in nature, have concave-up forms that make it difficult to discern spatially limited changes 189 
in local channel slope that are critical to understanding river processes. To counteract this effect, 190 
local channel slopes can be adjusted for the downstream increase in drainage area using the 191 
relationship 192 

S(x) = ksn(x) A(x)θ,     (2) 193 
where θ is a dimensionless constant that denotes the concavity of a longitudinal river profile and 194 
the coefficient, ksn, is the channel steepness (34, 36). Channel steepness can be measured by 195 
regression of a χ-plot, a linearized channel profile in which longitudinal distance is replaced by the 196 
integral of upstream accumulation area (χ) (37): 197 

ksn = 𝑧𝑧(𝑥𝑥)
𝜒𝜒(𝑥𝑥)

      (3) 198 

χ(x) = ∫ � 𝐴𝐴0
𝐴𝐴(𝑥𝑥)�

𝜃𝜃𝑥𝑥
0 dx,     (4) 199 

where A0 is a reference area (1 m2 in this study) used to simplify the units of the integral. To compare 200 
channel steepness values from different landscapes it is necessary to use a single θ value, referred 201 
to as θref. When θref is implemented in a suite of landscapes, the term normalized channel steepness 202 
(ksn) is used. Here all channel steepness values are calculated with θref, and are referred to simply 203 
as channel steepness. Quasi-steady-state landscapes with spatially uniform lithology, climate, and 204 
rock uplift rates, have a single channel steepness value, with a concavity equal to the ratio of m and 205 
n from the stream-power model (i.e., θ = m/n) (32). To link the steepness of river channels to rock 206 
uplift rates, we combine equations 1 and 2 to find: 207 

ksn = �𝑈𝑈
𝐾𝐾
�
1
𝑛𝑛.                (5) 208 

Equation 5 shows that channel steepness is directly proportional to rock uplift rate and inversely 209 
proportional to erodibility, such that mountain ranges with high rock uplift rates and low erodibility 210 
will be steeper and have greater relief than ranges with low rock uplift rates and high erodibility.  211 
 Here we consider only the development of fluvial relief, which typically comprises at least 212 
80% of the range-scale relief (38, 39) in non-glaciated orogens. Adding hillslope processes would 213 
significantly increase model complexity without greatly increasing accuracy. Additionally, using 214 
only the stream-power model allows us to constrain the development of range-scale relief with the 215 
fewest number of unconstrained variables. Because this simplified landscape evolution model does 216 
not include hillslope relief, plausible outputs of fluvial relief and channel steepness are likely to be 217 
maxima.  218 
 219 
Erodibility of bedrock river channels 220 
 Measuring the erodibility of rocks in a river channel requires an accurate history of recent 221 
erosion. The most common method for estimating erodibility uses the stream-power model (eq. 1) 222 
to calculate local erosion rates by comparing the form of a modern channel with a paleo-channel of 223 
known age. From these rates and the measured values of S and A, m, n, and K can be estimated by 224 
minimizing the misfit between observed and modelled channel profiles (40–42). Erodibility can 225 
vary by several orders of magnitude between different rivers, even when m and n are held constant 226 
(40). When the effects of rock type are isolated, however, the erodibility of relatively competent 227 
(harder) versus relatively incompetent (softer) rocks may vary by only one order of magnitude (43, 228 
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44). Higher precipitation rates also increase erodibility (43, 45, 46) in tectonically active orogens, 229 
including in the Himalaya, where erodibility may scale proportionally with mean annual 230 
precipitation. In this way, high precipitation rates can subdue topographic relief, potentially 231 
masking high rock uplift rates (45). 232 
 233 
Non-linearity of the stream-power model 234 
 Equation 5 shows the power-law dependency of rock uplift rates and erosion rate (when U 235 
= E) on channel steepness. In steady-state landscapes, the ratio m/n is equal to the concavity of river 236 
channel profiles, so some combination of n, m, and K values should fit the relationship of E or U, 237 
and channel steepness. Although concavity values in natural systems generally vary between 0.35 238 
and 0.65, with most values close to 0.5 (47), inversion of river channel profile data yields highly 239 
variable  n values even though a consistent regional value might be expected (40, 48). Investigations 240 
of the problem from a regional perspective have used relationships between channel steepness and 241 
basin-average erosion rates derived from cosmogenic nuclides (i.e., equation 5) to constrain n (48–242 
51). Regressions of erosion rates and channel steepness suggest that n varies between ~1 and 2 (48, 243 
51–53). 244 
 245 
2-Dimensional model framework 246 

We use the slope of maximum elevations (the range-scale slope, SR) to summarize the 247 
geometry of our modeled landscapes because this slope is the limiting factor that determines 248 
whether a landscape can be completely buried by an ignimbrite. Range-scale slope is calculated 249 
from maximum elevations as a function of distance from the front of the model from a simplified 250 
swath profile (Figs. 1 and 2) using a least-square linear regression. Since river networks have a 251 
complex plan-form geometry (channel topology) and an along-river distance greater than the range-252 
perpendicular distance, range-scale slope must be determined numerically. Channel topology, in 253 
turn, is critical for developing realistic drainage divides from which range-scale slope can be 254 
calculated.  255 

Our 2D model uses the framework provided by Landlab (54), an open-source, Python-based 256 
toolkit for simulating surface processes. We do not seek to constrain a full suite of model parameters 257 
to explain any specific topography. Instead, we synthesize landscapes that can be used to quantify 258 
relationships between range-scale slope, channel steepness (ksn), erodibility (K), and rock uplift rate 259 
(U).  260 

Initial experiments were performed on a 22.4 × 22.4 km (~500 km2) regular grid of 200 m 261 
node spacing with one open boundary (Fig 1b). To reduce the time required to reach steady-state 262 
topography and to make the relief metrics more comparable between different simulations, we 263 
initialized each model with the same elevation dataset, which included a river channel network with 264 
a total relief of 10 m. We do this to fix the steady-state topology for resulting landscapes. For each 265 
experiment we assumed a spatially and temporally uniform rock uplift rate and erodibility (see 266 
GitHub link for full codes in Jupyter Notebooks). We allowed the landscape to evolve until a steady-267 
state topography was reached, indicated by stable channel steepness, stable erosion rates in space 268 
and time, and erosion rates equal to the imposed rock uplift rate. 269 

We varied rock uplift rates between 0.1 and 2 km Myr-1 and erodibility from 1 x 10-9 to 1 x 270 
10-6 m-1 yr-1 to produce 560 synthetic landscapes. The choice of single values of erosional efficiency 271 
and rock uplift rate are not indicative of assumed known geologic simplicity, but it is a clear way 272 
of using a sensitivity analysis to explore parameter space. Later in this section we explore the 273 
outcomes of relaxing these initial assumptions of uniformity. We also tested different initial channel 274 
topologies but found this did not affect the resulting topographic metrics. We used n = 2 and m = 1 275 
for all model runs as values of n > 1 are most appropriate in tectonically active settings, and we 276 
expect the value of m/n to be around 0.5 (45, 51, 52, 55). First-order results, however, do not rely 277 
on the values of m or n, if m/n is constant and comparable to natural landscapes. In detail, the non-278 
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linear dependence of erosion rate on slope (i.e., n = 2) will affect the fluvial relief for a given K 279 
value. In other words, n = 2 requires smaller values of K than n = 1 to produce natural topographies 280 
at the same rock uplift rate (Fig. S1). This demonstrates the stream-power model requirement to 281 
have balanced n, m, and K values when comparing synthetic and natural landscapes.  282 
 283 
Constraining non-steady-state topographies 284 

Above we described a framework for using a 2D landscape evolution model to synthesize 285 
steady-state topographies formed by combinations of rock uplift rate and efficiency values, and 286 
below we will show that we can sample a reasonable range of these values using hundreds of model 287 
simulations. Conversely, it is much more difficult to synthesize the infinite possibilities of non-288 
steady-state topographies that could span the same range of elevations as the steady-state 289 
landscapes. This endeavor requires a different approach to efficiently test millions of variable 290 
combinations. 291 

To accomplish this, we first constrain the steepest topography that could be completely 292 
buried by a given ignimbrite using our 2D model output, which we represent on a linearized channel 293 
profile (χ-plot) (see Fig. 2 green datasets). This linearized profile is our comparator plot. We then 294 
create millions of more complex river profiles with convexities and concavities (knickpoints) whose 295 
elevations cannot be greater than that of the comparator plot. The spatial changes in channel 296 
steepness that create these non-uniform profiles could be the result of spatial or temporal changes 297 
in rock uplift rates of climate conditions such as rainfall. We create these profiles by making quasi-298 
random linearized profiles with specific geometric forms, such as a profile containing one convex 299 
knickpoint, but not prescribing the length or steepness of the segments that make up the profile. We 300 
perform this 1D randomization technique millions of times for different geometric channel forms 301 
to create millions of linearized profiles and calculate the mean channel steepness for each simulated 302 
river (see Materials and Methods for details). Each simulation is forced to cover the full elevation 303 
range of the comparator plot to allow for the highest possible mean channel steepness values. We 304 
use the output of these simulations to affirm that the mean channel steepness and mean rock uplift 305 
rate recorded in a river profile will still be related (i.e., eq. 5) in transient conditions. In landscapes 306 
where m and n are uniform over space and time, variations in river profile concavity reflect spatial 307 
variations in channel steepness, which reflect changes in rock uplift rate over space and time.   308 
 309 
Results 310 
Relative influence of erodibility and rock uplift rate on range-scale slope 311 

From the resulting steady-state topography of each K and U combination, we calculate the 312 
channel steepness and range-scale slope. Critically, varying n within the commonly inferred range 313 
(e.g., n = 1–2) alters the inferred erodibility required to match a given landscape geometry but does 314 
not change the uplift‑rate bounds imposed by the ignimbrite surface slope (Fig. S1). Note that the 315 
resulting values of channel steepness are unitless because we use the χ method and a concavity 316 
value of 0.5 to calculate channel steepness. For a given K, U is proportional to channel steepness 317 
and range-scale slope (Fig. 2). Because n > 1, linear changes in rock uplift rate induce non-linear 318 
changes in topographic relief. 319 

 320 
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 321 
 322 

Fig. 2. Swath profiles from three 2D synthetic landscapes with the same erodibility (K = 8 x 323 
10-9 m-1 yr-1) and different rock uplift rates. These swaths collapse the topographies of the entire 324 
model domain. The minimum elevation, maximum elevation, regression of the maximum elevation 325 
(range-scale slope, SR), and χ-plot (channel steepness, ksn) are shown for each landscape. Note that 326 
the minimum elevation curves do not equate to longitudinal river profiles as river distance and 327 
range-scale distance are not the same. 328 
 329 

Range-scale slope is linearly related to channel steepness (Fig. 3a) because the relationship 330 
is sensitive only to the ratio of our fixed m and n values. Figure 3b shows the contours of channel 331 
steepness and range-scale slope as a function of varying erosional efficiency and rock uplift rate. 332 
The relationship allows us to calculate an analytical solution for a range-scale slope given a U and 333 
K pair defined by equation 5 (thin, dashed lines in Fig. 3b). Low rock uplift rates and erodibility 334 
values cause contours to converge toward U = 0 km Myr-1. Higher rock uplift rates cause the 335 
contours to become roughly parallel while higher erodibility values increase the distance between 336 
the contours. 337 

Channel steepness (kₛₙ) provides a convenient, scale‑normalized measure of fluvial relief, 338 
but its meaning is not always intuitive outside a river profile context. For reference, the kₛₙ ≈ 162 339 
trunk‑channel example in Fig. 2 corresponds to ~1000 m of fluvial relief over ~18 km of 340 
range‑perpendicular distance. Importantly, this relief does not directly equal the total mountain 341 
range relief (≈1400 m), because range‑scale slope is not controlled by the trunk channel alone. 342 
Tributary networks contribute additional relief at multiple positions along the range, and 343 
drainage‑divide geometry/topology therefore influences the maximum‑elevation envelope used to 344 
define range‑scale slope. This mismatch explains why range‑scale slope cannot be inferred from a 345 
one‑dimensional fluvial profile and motivates our use of two‑dimensional landscape evolution 346 
models to relate channel‑scale metrics to range‑scale geometry. 347 

To bury a landscape beneath an ignimbrite, the initial depositional surface slope of the 348 
ignimbrite must be equal to or greater than the range-scale slope of the landscape. Therefore, for 349 
the Cardones ignimbrite, where SR = 1.5˚ (2), we explore a suite of landscapes with range-scale 350 
slopes ≤ 1.5°. This low-slope topography restricts plausible solutions for combinations of rock 351 
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uplift and erodibility to those above the 1.5° contour in Fig. 3b; to narrow the range of possible rock 352 
uplift rates plausible erosional efficiency must also be constrained. 353 

 354 

 355 
Fig. 3. Results of 2D landscape evolution modelling. (a) Comparison of channel steepness and 356 
range-scale slope (SR) from each model simulation (560 in total) as a function of rock erodibility. 357 
For clarity, only simulations where SR < 3.0° are shown. See Fig. S2 for full results. The slope of 358 
the relationship, SR = ksn /108.3, is set by the river concavity. (b) The variability of range-scale slope 359 
from each combination of erodibility and rock uplift rate. Thick lines are contours of constant range-360 
scale slope (SR; values in black) and channel steepness (ksn; values in gray) through the landscape 361 
evolution model output and thin, dashed lines are analytical solutions from equation 5. Contours of 362 
model output, instead of all model solution points, are shown for clarity. The dark gray wedge 363 
denotes the plausible rock uplift rates for range-scale slopes less than 1.5° and erodibility values 364 
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less than 1 x 10-8 m-1 yr-1 (light gray box). (c) Landscape response times increase strongly with 365 
decreasing erodibility and uplift rate, indicating that low‑relief landscapes buried by ignimbrites 366 
require long‑lived, low uplift rates. 367 
 368 
Constraints from existing estimates of erodibility 369 

Rock uplift rates within our synthetic landscape can be further constrained using estimates 370 
of erodibility from previous studies of natural landscapes. To normalize these erosional efficiency 371 
values to a consistent choice of stream-power exponents (n = 2 and m = 1), and ensure comparability 372 
with our model results, we apply the normalization approach of Barnhart et al. (56) (Table S1) and 373 
use the resulting values throughout the remainder of this paper. Stock and Montgomery (40) 374 
estimated erodibility of 2 x 10-9 to 2 x 10-8 m-1 yr-1  for rivers traversing granites and 375 
metasedimentary rocks in south-eastern Australia,  and 3 x 10-9 to 5 x 10-9 m-1 yr-1 for rivers 376 
traversing basalts in Kauai (USA). Re-analysis of the Australian field area byvan der Beek and 377 
Bishop (42) yielded erodibility values of ~2 x 10-9 m-1 yr-1. Studies of Himalayan igneous- and 378 
sediment-derived metamorphic rocks report a similarly broad range(~2 x 10-9 to 1 x 10-8 m-1 yr-1), 379 
although this range may reflect spatially variable precipitation rather than rock properties (45).  380 

Applying the scaling relationships of Adams et al. (45) together with geologic evidence for 381 
arid conditions in the Central Andes by Miocene time (57), suggests a representative regional 382 
erodibility of ~1 x 10-9 m-1 yr-1. In addition, the very presence of the Miocene ignimbrites provides 383 
plausible values of erodibility, given that (i) the river network has struggled to remove the 384 
ignimbrite deposits over the last ~22 Myr and (ii) there are knickpoints at least 11 Myr old in the 385 
western Andes (58, 59). These observations show that timescales of response are long and 386 
erodibility values must be low (i.e., Fig. 3c). Indeed, Fox et al. (60) invert modern topography to 387 
suggest an erodibility value of 8 x 10-9 m-1 yr-1 for the western flank of the Peruvian Andes. Because 388 
post‑Miocene erosion rates in the region are exceptionally low, any erodibility values inferred from 389 
modern denudation data would imply lower rock uplift rates than those explored here; our adopted 390 
erodibility range therefore represents a conservative upper bound for pre‑eruption conditions. 391 

By stating that rivers have struggled to remove ignimbrite material, we refer to the long‑term 392 
persistence of ignimbrite deposits on interfluves and canyon walls, and to the incomplete 393 
re‑excavation of pre‑eruption topography over tens of millions of years, rather than to short‑term 394 
vertical incision through the deposits. This behavior distinguishes large‑volume ignimbrites from 395 
many other volcanic disturbances, such as tephra falls, lava flows, or debris avalanches, which may 396 
locally perturb hydrology or incision but typically act over more limited spatial extents and shorter 397 
timescales. Our focus here is therefore on ignimbrites as regionally extensive, long‑wavelength 398 
geomorphic perturbations that impose durable constraints on range‑scale landscape geometry, 399 
rather than on the detailed dynamics of post‑eruption landscape adjustment. 400 

If we use these constraints to take a conservative one order of magnitude estimate of 401 
plausible erodibility values (1 x 10-9 to 1 x 10-8 m-1 yr-1), rock uplift rates are constrained to <0.26 402 
km Myr-1 for topographies with slopes ≤ 1.5° (Fig. 3b). This suggests that the pre-eruption 403 
landscapes buried by ignimbrites on the western Andean margin were of relatively low relief (ksn 404 
~160) due to the relatively low rock uplift rate, as compared to other modern active orogens. An 405 
order of magnitude range of erodibility values is sufficient for this study to adequately constrain 406 
rock uplift rate given the form of the modeled uplift–slope relationships, but need not be adequate 407 
in all settings. 408 
 409 
Constraining timescales of landscape response 410 

The time required for a river network to adjust to a change in rock uplift rate depends on 411 
the characteristic length scale over which adjustment must occur. Because landscape response is 412 
ultimately governed by the distance over which knickpoints must migrate, we performed an 413 
additional suite of model runs at larger spatial scales (100 × 50 km) to obtain response times more 414 
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representative of long Andean river systems during the Early Miocene. For these simulations we 415 
used analytical solutions for erodibility values (Fig. 3b), rock uplift rates of 0.1 to and 2 km Myr-1, 416 
and range-scale slope values of 0.5°, 1.0°, and 1.5°. These models were also initiated with a 417 
landscape containing an established river network and a maximum relief of 10 m. As the adjustment 418 
between two steady-states follows an exponential temporal path in our models, we report the 419 
timescale of response where the landscape has achieved 95% of the expected relief rather than 420 
100%, which can take considerably longer despite the insignificant difference in topography (61). 421 
Figure 3c demonstrates the effect of rock uplift rate, erodibility, and final topographic relief on the 422 
timescale of response. The landscapes with the lowest erodibility, lowest rock uplift rate, and 423 
highest final relief take the longest to achieve a new steady state following a change in rock uplift 424 
rate. 425 
 426 
Assessing complex topographies in 1D 427 
 Our sensitivity analysis of longitudinal river profiles using χ-plot randomization shows that 428 
any complex channel with a profile that can plot beneath a uniform, steady-state river profile must 429 
have a mean channel steepness value less than the steady-state river (Fig. 4). We also show that 430 
more complex profiles have a lower channel steepness than a steady-state profile, when the overall 431 
relief of the profile is conserved. This demonstrates that the uniform, steady-state condition 432 
represents the maximum channel steepness and can be used as a conservative end member to 433 
constrain maximum rock uplift rates. 434 
 435 

 436 
Fig. 4. Complex river profiles from 1D χ-plot randomization. Ten simulations from a population 437 
of three million are shown in each panel, colored by mean channel steepness value (see Fig. S3 for 438 
histograms of all simulations). The thicker pink bounding line represents the maximum steepness 439 
value (ksn = 162) shown in Fig. 3b. (a) Profiles with one concave knickpoint. (b) Profiles with two 440 
concave knickpoints. (c) Profiles with one convex knickpoint. (d) Profiles with two convex 441 
knickpoints. Increasing geometric complexity increases the overall profile concavity and decreases 442 
the mean channel steepness. 443 
 444 



Science Advances                                               Manuscript Template                                                                           Page 12 of 21 
 

Discussion 445 
Can the stream-power model describe buried landscapes? 446 

While the stream-power model might appear overly simplistic for addressing complex 447 
problems of river erosion and the geometry of unobservable landscapes, it can describe the broad 448 
geometry of mountainous landscapes. Moreover, our focus on the range-scale slope means that our 449 
results do not depend on either the model space dimensions or the river channel topology. 450 
Furthermore, our use of channel steepness as a measurement of fluvial relief means that the precise 451 
values of m and n do not matter if their ratio lies within the expected landscape limits (i.e., knowing 452 
the concavity is more important than knowing m or n). Previous work has shown that 0.46 is an 453 
appropriate concavity for rivers on the western Andean margin in northern Chile (59), and sits in 454 
the middle of observed values from other natural landscapes (47). We therefore suggest that values 455 
of n = 2 and m = 1, to yield a concavity of 0.5, provide a reasonable and conservative estimate for 456 
landscape modelling. 457 

The relationship between range-scale slope and fluvial relief within our dataset is controlled 458 
primarily by river channel concavity, although the expected relationship between any measurement 459 
of relief and rock uplift rate or erodibility will change as a function of n (eq. 5). For example, n = 1 460 
predicts a linear relationship between channel steepness and rock uplift rate, whereas n = 2 predicts 461 
a non-linear relationship such that increasing rock uplift rate increases channel steepness as U0.5 for 462 
a constant K. Because K, n, and m are inter-related, however, Fig. 3 holds an accurate guide to 463 
considering rock uplift rates in any landscape where m/n ≈ 0.5. 464 
 465 
Could the buried landscapes have non-uniform topographies? 466 
 Since the pyroclastic density currents responsible for transporting ignimbrites are fluidized 467 
flows that travel downslope, thickness variations in the resulting deposits often record large-scale 468 
topographic perturbations. For example, we might expect a PDC emplaced onto a landscape defined 469 
by steep vent-proximal reaches and gentler downslope portions to show a similar change in the 470 
surface of the ignimbrite in addition to downslope thickening, as seen in the ignimbrite resulting 471 
from the ~7.7 ka eruption of Mt Mazama (Crater Lake), Oregon, USA (62). Similarly, we anticipate 472 
the upper surface of an ignimbrite to record a change from a proximate shallow slope to a more 473 
distal steeper portion of the landscape. That said, the important characteristic of an ignimbrite datum 474 
is an expansive surface that can be approximately described by a single surface slope, and that the 475 
deposit thins in a predictable manner away from the source. If these conditions hold, then minor 476 
perturbations in the paleo-topography that are not discernible in the ignimbrite surface are unlikely 477 
to reduce the accuracy of our estimates of rock uplift rate.  478 

When compared to steady-state landscapes with uniform boundary conditions, non-steady 479 
or non-uniform landscapes will have different geometries (Fig. 4) that can be defined by a change 480 
in concavity, where the concavity of the landscape is no longer directly related to the ratio of m and 481 
n but instead represents a change in channel steepness over space and time at constant m and n. 482 
Enhanced concavity in both river channel (Fig. 4b) and gross topographic profile can develop in 483 
landscapes that experience a decrease in rock uplift rate over time or where erodibility values are 484 
higher at lower elevations. Spatially variable rock uplift rates can also change the apparent 485 
concavity of a landscape, whereby landscapes become more concave when rock uplift rates increase 486 
toward the range crest and vice versa (59, 63). Conversely, temporal increases in either rock uplift 487 
rate or erodibility can induce large-scale convexities (convex up; Fig. 4c) in both river channels and 488 
gross topographic profiles (64, 65). The extent to which such topographic variations  can be buried 489 
by an ignimbrite such as the Cardones, with its final slope of 1.5°, limits the overall steepness and 490 
long-term rock uplift rate. 491 
 492 
Implications for rock uplift rates in the Central Andes 493 
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 Interpreting these uplift‐rate constraints in the context of prior erosion and exhumation 494 
estimates requires recognizing the strong temporal variability of erosion on the western margin of 495 
the Central Andes. Several studies have suggested higher denudation rates during the Miocene 496 
followed by a pronounced decline associated with the onset of extreme aridity (66), while modern 497 
catchment‑averaged cosmogenic nuclide data indicate exceptionally low present‑day erosion rates 498 
across the region (67). Both paleo‑denudation reconstructions and modern erosion rates integrate 499 
over fundamentally different timescales and depend sensitively on model assumptions and climate 500 
histories. Importantly, the ignimbrite‑based constraints presented here do not rely on adopting 501 
specific paleo‑ or modern erosion rates; instead, they bound the average rock uplift rate acting over 502 
the landscape response time required to generate the buried topography prior to ignimbrite 503 
emplacement. 504 

Our analysis suggests that the western margin of the Central Andes in northern Chile 505 
experienced relatively low rock uplift rates before the Miocene volcanic flare-up. The low-relief 506 
topographies buried beneath the Oxaya Formation ignimbrites are similar to lower elevation 507 
portions of  modern contractional orogens including the eastern Andean fold-and-thrust belt (68), 508 
the physiographic Lower Himalaya of central Nepal (69), and large portions of Taiwan (70). 509 
Despite having much higher rock uplift rates and erosion rates on the order of 4-6 km Myr-1 (71), 510 
Taiwan is thought to have much higher erodibility values, resulting in lower relief landscapes. By 511 
contrast, the Lower Himalaya and portions of the Andean fold-and-thrust belt have relatively low 512 
rock uplift rates due to shallowly dipping faults. 513 

Our model-derived uplift rates cannot be directly compared with those derived from 514 
thermochronology and geobarometry studies because of different integration timescales. Most low-515 
temperature thermochronometric cooling ages on the western Andean margin are Eocene, yielding 516 
time-averaged rock uplift rates from ~50 Ma to the present of < 0.2 km Myr-1 (72). Our rock uplift 517 
rate estimate of <0.26 km Myr-1 is integrated over the much shorter time period required for the 518 
landscape to reach steady state. The length of our model domain and the initial river relief of 10 m 519 
produce a mountain range with a range-scale slope of 1.5° within ~14 Myr (at 95% steady-state), 520 
with K = 4 x 10-9 m-1 yr-1 and U = 0.1 km Myr-1. Here, the time to steady-state is inversely 521 
proportional to K. However, we note that ~14 Myr is an approximate estimate for how much time 522 
may have been required for steady rock uplift rates to create a steady-state landscape, and steady 523 
rates could have persisted for longer. Low-temperature thermochronometry constraints on uplift 524 
rates from the Late Cretaceous/Paleocene to present have suggested low rock uplift rates similar to 525 
the <0.26 km Myr-1 reported here (72) whereas, exhumation rates that integrate over the Incaic 526 
orogeny (~55-40 Ma) are >0.25 km Myr-1 (9). The consistency of our shorter-term constraint over 527 
only ~14 Myr with longer-term constraints from thermochronology suggest a relatively steady 528 
tectonic history since the Incaic, and confirm that the Miocene-Pliocene Quenchua orogeny was 529 
mostly limited to Peru and did not significantly impact northern Chile (73, 74).  530 
The requirement that ignimbrites bury landscapes formed under relatively slow pre‑eruptive rock 531 
uplift rates can be viewed in the broader context of orogenic evolution. Periods of tectonic 532 
stabilization or waning deformation allow sufficient time for river networks to reorganize and for 533 
range‑scale relief to decrease, whereas phases of rapid or spatially variable uplift are unlikely to 534 
generate low‑relief landscapes over comparable distances. Similar relationships between low‑relief 535 
landscapes and slowed or reorganized tectonic forcing have been documented in other orogenic 536 
settings (65). In this framework, ignimbrite burial does not imply a causal relationship between 537 
uplift and volcanism, but rather reflects a geomorphic selectivity: regionally extensive ignimbrites 538 
preferentially preserve landscapes that developed during specific tectono‑magmatic states of an 539 
orogen. Ignimbrites therefore act as long‑wavelength geomorphic markers that sample particular 540 
phases of orogenic evolution, rather than arbitrary snapshots of uplift history. Conclusions 541 

Like other expansive and datable depositional or erosional surfaces, low aspect ratio 542 
ignimbrites provide valuable datums for constraining paleo-topographies and the boundary 543 



Science Advances                                               Manuscript Template                                                                           Page 14 of 21 
 

conditions that formed them. Because ignimbrites generally taper away from their source and form 544 
an upper surface described by a gentle slope, there is a limited suite of landscape geometries that 545 
can lie beneath them. These geometric constraints, coupled with a broad understanding of landscape 546 
erodibility, can be used to constrain tectonic histories. Importantly, ignimbrites that preserve a 547 
relatively low surface slope must cover relatively low relief landscapes. Low relief landscapes, in 548 
turn, can result from low rock uplift rates and commensurate low erosion rates, high erodibility 549 
values due to the prevalence of easily eroded bedrock, or high precipitation rates.  550 

Using the initial surface geometry of the large-volume Miocene Cardones ignimbrite on the 551 
western margin of the Central Andes and the theory of the stream-power model, we have 552 
constrained average Oligocene-Miocene rock uplift rates to a maximum of 0.26 km Myr-1. These 553 
results provide a robust independent constraint on the development of the Central Andes aligned 554 
with existing thermochronometric and geothermobarometric constraints and consistent with a 555 
period of relatively slow subduction zone convergence. 556 

We have used the Central Andean Miocene flare-up as a case study in this paper, but the 557 
lessons learned are broadly applicable to other regions that preserve large-volume ignimbrites. Our 558 
modelling results provide a framework to constrain the paleo-topographies buried beneath other 559 
low aspect ratio ignimbrites, provided there is good reason to suggest the river networks would 560 
have had concavity values close to 0.5. The transferability of our method could be improved with 561 
more precise values of m and/or n. Landscape modelling experiments would also improve our 562 
understanding of volcanic landscapes, particularly the relationship between eruption discharge, 563 
topographic roughness, and ignimbrite thickness or runout and improve estimates of ignimbrite 564 
volumes by predicting paleo-topographies and the rates and patterns of post-eruption erosion. 565 
Taken together, our results indicate that regionally extensive ignimbrite burial preferentially records 566 
landscapes shaped during periods of relatively slow or spatially uniform uplift. This suggests that 567 
ignimbrite surfaces are not generic markers of orogenic uplift, but instead sample tectono-magmatic 568 
states in which landscapes have sufficient time to equilibrate prior to burial. More broadly, 569 
ignimbrite burial provides a geomorphic filter on uplift histories, highlighting specific phases of 570 
orogenic evolution rather than the full range of tectonic conditions. 571 

 572 
 573 
 574 
Materials and Methods 575 
Calculation of time to steady-state 576 
 The calculation of time to steady-state (t) is difficult in synthetic and real landscapes as 577 
minor fluctuations in forcing factors or minor numerical instabilities may preclude a landscape from 578 
being 100% stable. In addition, the non-linear propagation of erosion signals over time often results 579 
in perhaps unreasonable estimates of time to steady-state, whereby considerable amounts of time 580 
are spent waiting for the last few meters of the highest relief areas to finish adjusting. Therefore, it 581 
is common to assume some threshold by which the landscape is functionally in steady-state without 582 
every square meter being stable. For our purposes, we assume steady-state when the mean erosion 583 
rate of the new landscape has reached 95% of the modelled rock uplift rate. Where t satisfies the 584 
equation: 585 

0.95 = 𝐸𝐸�(𝑡𝑡)/𝑈𝑈    (6) 586 
 587 
Calculation of χ-plot randomization 588 
 To constrain the range of longitudinal river profiles compatible with a prescribed maximum 589 
fluvial relief, we generate synthetic χ-profiles using a randomized, rule‑based construction in 590 
χ‑elevation space. The χ coordinate is defined following the stream‑power formulation and is 591 
calculated  using Hack’s Law (35)  592 

𝐿𝐿 = 𝑐𝑐𝐴𝐴ℎ     (7) 593 
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where the exponent, h, was set to 0.6 and the coefficient c was set to 4.53 x 10-1 to achieve a channel 594 
steepness value of 162 for the initial steady-state χ-plot. We used values of m = 1, n = 2, θ = 0.5 for 595 
consistency with our 2D models. We created randomized χ-plot using four rules.  596 

1) The left end point of the lowest segment was set to z1 = 0 and χ1 = 0. The right end point 597 
was found by randomly selecting a χ value and then using a channel steepness value between 598 
1 and 162 to calculate a new elevation value at the selected χ (i.e., eq. 3).  599 

2) If the boundary between the previous segment and the next segment was to be a concave 600 
knickpoint, the next segment needed to have a greater channel steepness. The left endpoint 601 
of this segment was set to be the right endpoint of the previous segment. The right endpoint 602 
was determined by picking a new χ value and selecting a new elevation bounded by a 603 
minimum value calculated using the channel steepness of the previous segment and a 604 
maximum value set by the elevation of the initial steady-state profile at the selected χ value. 605 

3) If the boundary between the previous segment and the next segment was to be a convex 606 
knickpoint, the next segment needed to have a lower channel steepness. The left endpoint 607 
of this segment was set to be the right endpoint of the previous segment. The right endpoint 608 
was determined by picking a new χ value and selecting a new elevation bounded by a 609 
minimum channel steepness value of 1 and a maximum channel steepness set by the 610 
previous segment. 611 

4) The last segment was calculated by finding the required channel steepness value to connect 612 
the right endpoint of the previous segment with the maximum χ and elevation values from 613 
the initial steady-state χ-plot. 614 

These rules were repeated millions of times with varying combinations of knickpoints to 615 
produce the data shown in Fig. 4 and S3. See GitHub site for full code. 616 
 617 

Geometric interpretation of χ‑plot randomization. 618 
Although χ is parameterized using Hack’s law and stream‑power exponents to define the 619 
steady‑state χ–z reference profile, the χ‑plot randomization is used here to sample admissible 620 
longitudinal geometries subject to a fixed maximum fluvial relief. All synthetic profiles are 621 
constrained to share the same maximum χ and elevation values defined by the steady‑state 622 
profile; variation among realizations reflects only the redistribution of slope along the profile 623 
through different combinations of concave and convex knickpoints. Varying Hack’s law 624 
coefficients or exponents rescales χ and the associated channel‑steepness values, but does not 625 
alter the relief‑limited envelope that governs the range‑scale slopes used to constrain uplift rates. 626 
As a result, uplift‑rate bounds derived from the χ‑randomization are controlled by the imposed 627 
geometric limits rather than by the specific choice of length–area scaling parameters. This 628 
approach allows efficient sampling of admissible longitudinal geometries consistent with a 629 
fixed maximum fluvial relief, without requiring assumptions about transient discharge 630 
variations or time‑dependent incision processes. 631 
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