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Abstract 15 

Drainage-divide migration, controlled by rock-uplift and rainfall patterns, may play a major 16 

role in the geomorphic evolution of mountain ranges. However, divide-migration rates over 17 

geologic timescales have only been estimated by theoretical studies and remain empirically 18 

poorly constrained. Geomorphological evidence suggests that the Sierra de Aconquija, on the 19 

eastern side of the southern Central Andes, northwest Argentina, is undergoing active westward 20 

drainage-divide migration. The mountain range has been subjected to steep rock trajectories 21 

and pronounced orographic rainfall for the last several million years, presenting an ideal setting 22 

for using low-temperature thermochronometric data to explore its topographic evolution. We 23 

perform three-dimensional thermal-kinematic modeling of previously published 24 

thermochronometric data spanning the windward and leeward sides of the range to explore the 25 

most likely structural and topographic evolution of the range. We find that the data can be 26 

explained by scenarios involving drainage-divide migration alone, or by scenarios that also 27 

involve changes in the structures that have accommodated deformation through time. By 28 

combining new 10Be-derived catchment-average denudation rates with geomorphic constraints 29 

on probable fault activity, we conclude that the evolution of the range was likely dominated by 30 

west-vergent faulting on a high-angle reverse fault underlying the range, together with 31 

westward drainage-divide migration at a rate of several km per million years. Our findings place 32 

new constraints on the magnitudes and rates of drainage-divide migration in real landscapes, 33 

quantify the effects of orographic rainfall and erosion on the topographic evolution of a 34 

mountain range, and highlight the importance of considering drainage-divide migration when 35 

interpreting thermochronometer age patterns. 36 
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1. Introduction 40 

Orographic precipitation has long been predicted to play an important role in the evolution of 41 

mountain belts (Gilbert, 1877; Penck, 1924). Proposed climate-tectonic feedbacks rely on the 42 

idea that enhanced precipitation and associated faster erosion can affect deformation by 43 

modifying both the stress and temperature fields within an orogen (Dahlen and Suppe, 1988; 44 

Beaumont et al., 1992). In orogens where rocks are exhumed at a low angle, lateral rock 45 

advection can counteract asymmetric erosion rates associated with orographic rainfall, and 46 

topographic asymmetry is predominantly controlled by tectonics (Willett, 1999; He et al., 47 

2021). Conversely, in tectonically inactive regions or mountain ranges dominated by steep rock 48 

trajectories, asymmetric erosion should leave a clear topographic imprint: lowering of slopes 49 

on the wetter, more rapidly eroding side of the range and steepening of slopes on the drier, more 50 

slowly eroding side would lead to drainage-divide migration toward the dry side of the range 51 

(Bonnet, 2009). Although it has remained difficult to document clear cases of orogen-scale 52 

climate-tectonic feedbacks (Whipple, 2009), ample evidence has emerged for drainage-divide 53 

migration. Several studies have estimated rates of divide migration over recent to millennial 54 

timescales (Struth et al., 2017; Dahlquist et al., 2018; Hu et al., 2021) or have reconstructed 55 

past drainage-divide positions that differ substantially from today based on thermochronometric 56 

data (Ehlers et al., 2006; Simon-Labric et al., 2014), geomorphic constraints (Oskin and 57 

Burbank, 2005; Prince et al., 2011; Schwanghart and Scherler, 2020), or sediment provenance 58 

(Frisch et al., 1998; Mark et al., 2016). When sustained on million-year timescales, lateral 59 

migration of topography in response to orographic rainfall patterns will impact rock-cooling 60 

histories and ensuing thermochronometric ages, because on the dry side, slower erosion 61 

suppresses exhumation, whereas on the wet side, faster erosion enhances exhumation. Two 62 

modeling studies have illustrated how thermochronometric data from both sides of a mountain 63 

range could be used to reconstruct lateral migration rates of topography (Stüwe and 64 

Hintermüller, 2000; Olen et al., 2012). However, to our knowledge, this approach has not yet 65 

been applied to field data, and despite the apparent commonality of the process, little work has 66 

been done to quantify rates of drainage-divide migration over geologic timescales.  67 

Within the Central Andes of northwest Argentina, orographic rainfall focused on the eastern 68 

flanks of the mountain ranges (Fig. 1) is associated with high millennial-scale denudation rates 69 

derived from in situ 10Be concentrations in river sand (Bookhagen and Strecker, 2012). This 70 

link appears to have persisted over at least the last ca. 6 million years, based on combined 71 

reconstructions of paleotopography and paleodenudation rates from the Humahuaca Basin 72 

(Pingel et al., 2019; Fig. 1). The Central Andes in northwest Argentina constitute an archetypal 73 

broken foreland, characterized by uplifted basement blocks adjacent to intermontane basins 74 

(Strecker et al., 2011). The persistent link between orographic rainfall and rapid erosion, 75 

together with the structural evidence for steep bounding faults along the uplifted basement 76 

blocks, creates ideal conditions to test how climate has affected landscape evolution over the 77 

last several million years in the region.  78 



Figure 1. Location of the Sierra de Aconquija within the 79 
Central Andes. Colors show annual rainfall based on 80 
TRMM2B31 data (Bookhagen and Strecker, 2008) plotted 81 
over shaded relief. Throughout the Central Andes, the eastern 82 
flanks of individual ranges tend to receive the highest rainfall, 83 
which is partly related to southward moisture transport by the 84 
low-level Andean jet (LLAJ). 85 

Several aspects of the Sierra de Aconquija, on the 86 

eastern margin of the southern Central Andes (Fig. 87 

1), highlight the possibility that it has experienced 88 

sustained drainage-divide migration. Orographic 89 

rainfall along the lower, densely vegetated eastern 90 

flanks of the range increases to a peak of ca. 2000 91 

mm/yr at elevations of 2000 m, then decreases to 92 

ca. 300 mm/yr at the range crest, and further drops 93 

to less than 250 mm/yr within the Santa María 94 

Basin to the west (Bookhagen and Strecker, 2008; 95 

Fig. 2). This pattern of orographic rainfall has not 96 

changed substantially during the last few glacial advances (ca. 40 ka, 22 ka, and 12-13 ka based 97 

on dated moraines; D’Arcy et al., 2019): the two most recent advances have been associated 98 

with minor decreases in temperature (of 1 to 4°C) and increases in precipitation (5-27%) relative 99 

to today (Mey et al., 2020). This strong and persistent gradient in rainfall could be responsible 100 

for the morphologic similarities Bonnet (2009) recognized between the Sierra de Aconquija and 101 

his physical experiments of divide migration, with drainage basins on the dry (west) side of the 102 

range showing evidence of recent shortening and splitting. Channel morphology on the wet 103 

(east) side of the range also shows a pattern consistent with orographic rainfall, with reduced 104 

steepness values of tributary channels along the lower, wetter slopes compared to tributaries 105 

from the upper, drier flanks (Fig. 2d). Moreover, steepness values along the trunk streams 106 

increase smoothly upstream despite uniform lithology, as expected if greater rainfall rates and 107 

higher discharge lead to increased downstream erodibility (D’Arcy and Whittaker, 2014; Han 108 

et al., 2015). Finally, published thermochronometric ages from the wet side of the range are 109 

consistently younger than those on the dry side at similar elevations (Sobel and Strecker, 2003; 110 

Löbens et al., 2013; Figs. 2, 3), mimicking the age-elevation patterns predicted by Stüwe and 111 

Hintermüller (2000) and Olen et al. (2012) for laterally shifting topography.  112 



 113 

Figure 2. Study area at Sierra de Aconquija with sample locations. White circles show locations of river-sand 114 
samples for 10Be analysis; red and blue circles show locations of thermochronometer samples from dry (Sobel and 115 
Strecker, 2003) and wet (Löbens et al., 2013) flanks of the range, respectively. a) Color-coded elevation over 116 
shaded relief, from TanDEM-X digital elevation data. Numbers inside catchments show catchment-average 117 
denudation rates (mm/yr) derived from 10Be analysis. Rate with asterisk is recalculated from data presented in 118 
Bookhagen and Strecker (2012); all other rates are from this study. Dashed line shows extent of swath profile in 119 
Fig. 3a. b) Color-coded percentage of time with cloud cover, based on ca. 21 years of Landsat 7 data (average of 120 
433 images), plotted over shaded relief. c) Color-coded normalized difference vegetation index (NDVI), derived 121 
from ca. 21 years of Landsat 7 data (average of 21 yearly-averaged images), plotted over shaded relief. Panels (b) 122 
and (c) provide a high-resolution proxy for rainfall. d) Chi-plot of all channels with a minimum drainage area of 1 123 
km2 within the catchment that includes thermochronometer samples from the east side of the range (white channels 124 
in panel a), using a reference concavity index of 0.45. The slope of a channel on a chi plot scales with the channel 125 
steepness value; note the lack of a change in slope along the trunk stream between samples ACON28 and ACON29. 126 
Tributaries are colored according to mean cloud cover, as in panel (b); trunk streams are black. Starting point is 127 
off the map, and was chosen to include the other major tributary in the catchment. Note that tributary channels at 128 
lower elevation have lower slopes (hence lower steepness values) compared to tributary channels at higher 129 
elevation. Chi plots of the other catchments on the wet side show similar patterns. 130 

 131 



 132 

Figure 3. Thermochronometric data from Sierra de Aconquija. Samples are from Sobel and Strecker (2003) on 133 
the western (dry) side in red and from Löbens et al. (2013) on the eastern (wet) side in blue. a) Sample locations 134 
plotted on 14-km wide swath profile. Black line shows mean elevation, gray lines show minimum and maximum 135 
elevations across the swath (location shown in Fig. 2a). b) Apatite fission-track (AFT) ages (with 1σ uncertainties) 136 
plotted against distance along swath profile. c) AFT ages (with 1σ uncertainties) plotted against elevation. Trend 137 
lines show best-fitting linear regression through wet and dry sides (dashed lines show 1σ uncertainties), with 138 
associated apparent exhumation rates. Highest sample on dry side showing anomalously young age was excluded 139 
when calculating the trend. This age was considered an outlier by the original study that reported it (see Sobel and 140 
Strecker, 2003, for discussion). Note that only 11 samples are plotted in panels (b) and (c) from the dry side, 141 
because sample ACON11 has a reported AHe age, but no reported AFT age. 142 

Löbens et al. (2013) suggested that the pattern of thermochronometer ages from the Sierra de 143 

Aconquija could be explained by changes in the structures accommodating deformation over 144 

time, first dominantly east-vergent and later more symmetric, but the potential effects of 145 

topographic evolution on thermochronometer age patterns were not considered in their 146 

interpretations. Here, we use three-dimensional thermal-kinematic modeling to explore whether 147 

the pattern of thermochronometric ages across the Sierra de Aconquija can be used to 148 

distinguish among several potential landscape-evolution scenarios: drainage-divide migration 149 

(simulated through either a topographic shift or a topographic warp), structural evolution (i.e., 150 

a change in the deformation rates along faults and/or their position), or a combination of 151 

structural evolution and drainage-divide migration. Topographic metrics and new catchment-152 

average 10Be-derived denudation rates further allow us to evaluate whether any of these 153 

scenarios is likely to explain the evolution of this landscape. 154 

2. Geologic, topographic, and climate history 155 

The broken foreland of the Central Andes in northwest Argentina comprises uplifted basement 156 

blocks bounded by steep reverse faults that partly reactivated Cretaceous normal faults of the 157 

Salta Rift (Grier et al., 1991; Strecker et al., 2011 and references therein). The Sierra de 158 

Aconquija is composed of Precambrian to early Paleozoic metamorphic rocks and Paleozoic 159 

granites that are thrust above Neogene basin sediments on its NW and SE sides along high-160 

angle reverse faults (Cristallini et al., 2004; Mortimer et al., 2007; Iaffa et al., 2013; Zapata et 161 

al., 2020; Fig. 4a). The shallow (i.e., within ca. 20 km of the surface) geometries of structures 162 

that cut through the basin sediments to the west and east of the Sierra de Aconquija are 163 

constrained by seismic reflection data, which show predominantly west-dipping faults to the 164 

east of the range and east-dipping faults to the west (Cristallini et al., 2004; Iaffa et al., 2013). 165 

In contrast, the geometries of faults directly beneath the range are poorly constrained. Cristallini 166 

et al. (2004) interpreted a few deep, prominent reflectors (Fig. 4a) to suggest that the main 167 

structure accommodating rock uplift of the Sierra de Aconquija is a west-vergent fault rooting 168 



in the middle to lower crust. Continued activity on that structure and associated faults is inferred 169 

from offset Quaternary alluvial fans at the toe of the western range flank (Strecker et al., 1989). 170 

Löbens et al. (2013) suggested a modification to this interpretation, based on the pattern of 171 

thermochronometer ages along the eastern flank of the range. Late-Miocene or younger apatite 172 

fission-track and (U-Th)/He ages characterize all the samples in the elevation transect except 173 

for one sample at the base (ACON29; Fig. 2d), which yielded Cretaceous-Paleogene ages. To 174 

explain the offset in ages, Löbens et al. (2013) inferred the existence of a major thrust with up 175 

to 9 km of west-side-up displacement mid-way up the eastern flank of the Sierra de Aconquija 176 

(Fault B1 in Fig. 4a). They suggested initial activity along that fault since ca. 9 Ma, followed 177 

by activation of the fault bounding the west side of the range between ca. 6 and ca. 3 Ma, and 178 

finally faulting on the east flank stepping out toward the foreland (Fault B2 in Fig. 4a). We have 179 

drawn those proposed east-vergent structures as (dashed) back-thrusts in Fig. 4a, but their 180 

geometries are unconstrained. 181 

Figure 4. Structural cross-section of the 182 
Sierra de Aconquija and imposed 183 
deformation fields used in thermokinematic 184 
modeling. (a) Geologic cross-section based 185 
on seismic-line interpretations from 186 
Cristallini et al. (2004), with structures on SE 187 
flank of Aconquija (labeled B1 and B2) 188 
modified following Löbens et al. (2013). 189 
Geometry of structures is well constrained up 190 
to ca. 20 km depth beneath the Santa María 191 
and Tucumán basins. Geometry of deeper 192 
structures is constrained by seismic data in 193 
regions of the dark gray boxes; dashed lines 194 
indicate inferred geometry. Red and blue 195 
lines above topography show the spatial 196 
distribution of cooling ages reported by 197 
Sobel and Strecker (2003) and Löbens et al. 198 
(2013). Instrumental earthquakes (from 199 
USGS National Earthquake Information 200 
Center) within 100-km wide swath around the profile are projected into the profile; a single available focal 201 
mechanism is also shown (horizontal projection). (b) – (d) Illustrations of main classes of structural deformation 202 
imposed in thermal-kinematic modelling. Arrows indicate motion vectors of rock particles. Red and blue circles 203 
show locations of thermochronometer samples on the dry (red) and wet (blue) sides of the range, plotted on top of 204 
the mean elevation of the topographic swath profile shown in Fig. 3, limited to the spatial extent of the Pecube 205 
models. For simulations that include only drainage-divide migration, i.e., topographic shift or topographic warp, 206 
we assume a uniform vertical rock-uplift field (b). Motion on the west-vergent fault is simulated as in (c). Motion 207 
on the east-vergent back-thrusts is simulated through tilting (differential uplift), as in (d). Note that the vertical 208 
scale of the fault in (c) is reduced by a factor 2; i.e. in reality the fault is twice steeper than shown and soles out at 209 
50 km depth. 210 

Sedimentary records from the Santa María Basin, which borders the Sierra de Aconquija to the 211 

west (Fig. 4a), reflect substantial changes in climate and ecosystems over the last several million 212 

years, which appear to be closely linked to changes in topography. Carbon-isotope data reveal 213 

an increase in C3 plant assemblages and inferred wetter conditions between ca. 5 and 3 Ma, 214 

which was interpreted to result from orographic rainfall triggered by uplift of the Sierra de 215 

Quilmes on the western side of the basin (Kleinert and Strecker, 2001). This interpretation is 216 



supported by the ca. 6 Ma onset of exhumation of the Sierra de Quilmes recorded by apatite 217 

fission-track ages (Mortimer et al., 2007). A shift to more C4 plants between ca. 3.0 and 2.5 Ma 218 

was suggested to result from the Sierra de Aconquija having reached sufficient elevations to 219 

block incoming rainfall (Kleinert and Strecker, 2001). Similar scenarios of surface uplift of 220 

ranges controlling precipitation patterns have been derived from stable-isotope studies in 221 

several Central Andean sedimentary basins to the north (Pingel et al., 2014, 2016, 2020; 222 

Rohrmann et al., 2016).  223 

Sedimentological and thermochronometric evidence also points to initial surface uplift of the 224 

Sierra de Aconquija by the early Pliocene. The first basement-derived conglomerates appeared 225 

in the Santa María basin within the ca. 5.0 to 3.4 Ma upper Andalhuala Formation, and those 226 

conglomerates dominate deposition in the ca. 3.4 to 3.0 Ma Corral Quemado Formation 227 

(Strecker et al., 1989; Bossi et al., 2001). Exhumation of the range likely started earlier, by ca. 228 

6 Ma, based on time-temperature histories derived from apatite fission-track-length modeling 229 

(Sobel and Strecker, 2003). The time lag between the onset of cooling and the deposition of 230 

basement-derived conglomerates is likely a consequence of initial exhumation of the range 231 

being associated with the removal of ca. 1 km of sedimentary cover that had previously buried 232 

and reheated the basement rocks during the late Miocene (Sobel and Strecker, 2003). 233 

3. Methods 234 

3.1. Thermal-kinematic modeling of thermochronometric data 235 

Drainage-divide migration can lead to differences in thermochronometer age-elevation 236 

relationships on either side of a range if the relevant closure isotherm is non-planar, i.e., at least 237 

partly mimics topography (Stüwe and Hintermüller, 2000). For example, in a setting with a 238 

topographic wavelength of 20 km and relief of 2 km, exhumation rates of at least 1 mm/yr are 239 

required for substantial deflection of the 100°C isotherm. Under these conditions, for a 240 

thermochronometer with a 100°C closure temperature, drainage-divide migration of at least ca. 241 

2 mm/yr will produce detectable differences in cooling ages across the range (Stüwe and 242 

Hintermüller, 2000). However, because differences in age-elevation relationships across a 243 

range can result from either differences in topographic evolution or differences in rock-uplift 244 

history, we explore both possibilities in our modeling approach. 245 

We use three-dimensional thermal-kinematic modeling (Pecube version 3; Braun et al., 2012) 246 

to first explore how drainage-divide migration affects patterns of low-temperature 247 

thermochronometer ages for a model based on the modern topography of the Sierra de 248 

Aconquija. For those model runs, we used a series of synthetic digital elevation models (DEMs) 249 

to simulate the topographic evolution associated with drainage-divide migration. One set of 250 

synthetic DEMs, used to simulate topographic shift, consists of the modern topography that has 251 

been translated laterally in 1-km increments up to a total of 10 km (Fig. 5a). A second set of 252 

DEMs, used to simulate topographic warp, consists of warped versions of the modern 253 

topography, with a warping function that takes the form of a sine curve: maximum spatial 254 

shifting (up to 10 km) occurs along the modern drainage divide, with the amount of shifting 255 

decreasing to 0 at the northwestern and southeastern edges of the model (Fig. 5b). All 256 

simulations start with a synthetic, shifted/warped DEM, and finish with the modern topography. 257 

For this first set of simulations, we explore the total magnitude, rate, and timing of migration. 258 



These simulations allow us to compare our results to broadly similar scenarios modeled by 259 

Stüwe and Hintermüller (2000) and Olen et al. (2012).  260 

Following this exploration of the general impact of drainage-divide migration on 261 

thermochronometer-age patterns, we use a second set of simulations to explore which 262 

landscape-evolution scenarios are consistent with the thermochronologic ages and topographic 263 

evolution reported from the Sierra de Aconquija. All of these models start with flat topography 264 

at 6 Ma at an elevation of 500 m, equal to the estimated elevation of the foreland prior to surface 265 

uplift, followed by topographic growth. We consider several potential scenarios of subsequent 266 

landscape evolution: drainage-divide migration (through topographic shift or topographic 267 

warp), structural evolution, and structural evolution combined with topographic warp.  268 

To define the parameter space explored in the second set of simulations, we consider the 269 

geologic constraints described in section 2 with regards to the onset of exhumation (ca. 6 Ma), 270 

the time at which surface uplift must have started (ca. 5 Ma), and the time at which a minimum 271 

of 2 km of elevation must have been reached (ca. 2 Ma). Additional details on how these 272 

constraints translate into the range of parameter values we tested are provided in the 273 

Supplementary Material. 274 

In the models that involve no structural evolution, we impose vertical rock uplift that is allowed 275 

to vary temporally but not spatially, implicitly assuming that both the western and eastern 276 

range-bounding faults are similarly active throughout the modeled timespan (Fig. 4b). We also 277 

test whether it is possible to explain the thermochronometer-age patterns purely through 278 

structural evolution of the range, or some combination of structural evolution and drainage-279 

divide migration. In these scenarios, we include motion along a model fault (Braun et al., 2012) 280 

that simulates the main west-vergent structure bounding the western side of the Sierra de 281 

Aconquija inferred by Cristallini et al. (2004) (Fig. 4c). In one scenario, fault motion is 282 

combined with a lateral gradient in rock-uplift (i.e., westward tilting, Fig. 4d), to approximate 283 

the deformation field within the region of interest that would result from motion along steeply 284 

dipping east-vergent structures bounding the east side of the range (Faults B1 and B2 in Fig. 285 

4a). Details of the model setup and model parameter values are provided in Table S2. Three-286 

dimensional renditions of the input topography from two model runs are shown as examples in 287 

Fig. S1. Details of all simulations are summarized in Tables S3 and S4.  288 

Thermal-kinematic modeling results are assessed qualitatively through comparisons between 289 

predicted and observed apatite fission-track (AFT) and apatite (U-Th)/He (AHe) age-elevation 290 

patterns on both sides of the range (Figs. 2, 3; Sobel and Strecker, 2003; Löbens et al., 2013), 291 

as well as quantitatively through examination of misfit values, for which we use the reduced 2 292 

statistic (Braun et al., 2012). We include AHe ages where they are available and internally 293 

consistent with the AFT ages (i.e., AHe ages that are younger than AFT ages). We also include 294 

two available zircon (U-Th)/He (ZHe) age constraints (Löbens et al., 2013) in our assessments 295 

of misfit (Table S1). We exclude the ages reported by Löbens et al. (2013) from sample 296 

ACON29, the lowermost sample collected from the eastern side of the range, which are 297 

anomalously old (i.e., AFT age of 118 Ma compared to ca. 2 to 7 Ma for the other samples in 298 

the transect), as we focus our modeling on the final exhumation phase of landscape evolution. 299 

Our aim is not to conduct an exhaustive search of the parameter space to find the single best-300 



fitting scenario, but rather to explore whether any of the scenarios we consider can produce 301 

reasonable fits to the thermochronologic data. 302 

3.2. Catchment-average denudation rates and topographic evolution  303 

We measured the concentration of in-situ produced 10Be in river sands obtained from active 304 

channel bars in catchments on both sides of the Sierra de Aconquija (Fig. 2) to constrain 305 

millennial-scale denudation rates. Details of sample preparation and analysis of 10Be 306 

concentrations are provided in the Supplementary Material. 307 

We use differences in denudation rates from either side of the Sierra de Aconquija to estimate 308 

divide-migration rates. Fig. 5c illustrates how the denudation rates on the dry side (Dd) and wet 309 

(Dw) sides of the range are related to (1) the vertical component of topographic shift, which 310 

leads to either local surface uplift (Us) or surface drop (-Us), and (2) the regional rock-uplift 311 

rate (Ur), or specifically the vertical component of rock uplift:  312 

𝐷𝑤 = 𝑈𝑟 − (−𝑈𝑠)      (1) 313 

𝐷𝑑 = 𝑈𝑟 − 𝑈𝑠       (2) 314 

In the simple case of topographic shift of a mountain with symmetric slopes: 315 

𝑈𝑠 = 𝑉𝑠ℎ𝑖𝑓𝑡 tan(𝛼)       (3) 316 

where Vshift is the rate of topographic shift and  is the mean slope of the range. Because the 317 

difference between the denudation rates on the wet and dry sides of the range, (Dw – Dd), is 318 

equal to twice the surface-uplift rate (Eq. 1, 2), that difference in denudation rates can be used 319 

to estimate Vshift: 320 

𝑉𝑠ℎ𝑖𝑓𝑡 =
1

2⁄ (𝐷𝑤−𝐷𝑑)

tan(𝛼)
       (4) 321 

To estimate the drainage-divide migration rate for a topographic-warp scenario, we start with 322 

the same arguments with regard to solving for surface uplift (Us) or surface drop (-Us). On the 323 

wet flank of a range that is experiencing topographic warping, the surface-drop rate will be non-324 

uniform (Fig. 5d). Here we assume that the dropping region forms a triangle, such that the 325 

maximum drop rate, -Us,max, will be equal to twice the mean drop rate. The maximum surface-326 

drop rate can be converted into a slope-perpendicular drop rate, C, as follows (Fig. 5d): 327 

𝐶 = (𝐷𝑤 − 𝐷𝑑)𝑐𝑜𝑠(𝛼)     (5) 328 

If we assume that topographic warping results in minimal change in the peak elevation, we can 329 

estimate the topographic warp rate, Vwarp, based on C: 330 

𝑉𝑤𝑎𝑟𝑝 =  
𝐶

sin (𝛼)
=

(𝐷𝑤−𝐷𝑑)𝑐𝑜𝑠(𝛼)

sin(𝛼)
=

(𝐷𝑤−𝐷𝑑)

tan(𝛼)
    (6) 331 

The predicted drainage-divide migration rates in the topographic-warp scenario (Eq. 6) are 332 

twice as high as in the topographic-shift scenario (Eq. 4) for a given difference in denudation 333 

rates across the range. This result is sensible, considering that the area of topographic change 334 

driven by topographic warping is assumed to be triangular, with half the area compared to the 335 

parallelogram-shaped region of topographic change driven by topographic shift (Fig. 5). 336 



 337 

Figure 5. Changes in mean topography prescribed for Pecube thermal modeling, and simplified cartoons 338 
illustrating how the two topographic-evolution scenarios relate to denudation rates across the range. Pecube 339 
simulations assume drainage divide migration through time by either a) topographic shift, or b) topographic warp. 340 
Total magnitude of divide migration is either 5 or 10 km in both scenarios. Topographic shift is simulated by a 341 
simple translation of the modern topography, whereas topographic warp is simulated by warping modern 342 
topography with a sine function. All simulations end with the modern topography. c) Cartoon illustrating link 343 
between rate of topographic shift (Vshift) and denudation rates on both sides of the range. Surface uplift lowers the 344 
net denudation rate on the dry side (Dd), whereas surface drop increases the net denudation rate on the wet side 345 
(Dw). d) Link between rate of drainage-divide migration through topographic warp (Vwarp) and denudation on both 346 
sides of the range. 347 

4. Results 348 

4.1. The influence of drainage-divide migration on thermochronometer age patterns 349 

Our first set of thermal-kinematic models show that both topographic shift (Fig. S2) and 350 

topographic warp (Fig. S3) result in patterns of thermochronometric ages that are similar to 351 

those presented in the 2-D models by Stüwe and Hintermüller (2000) and Olen et al. (2012): 352 

ages on the wet side of the range tend to be younger than those on the dry side at similar 353 

elevations, and the age-elevation relationship is steeper (more similar ages at different 354 

elevations) on the dry side of the range than on the wet side. A larger separation in ages between 355 

the two flanks occurs with increasing divide-migration rates. The results from topographic shift 356 

and topographic warp show broadly similar patterns; they differ primarily in age predictions at 357 

the lowest elevations, as this is where the difference between the two topographic evolution 358 

scenarios is greatest (Fig. 5a, b).  359 

Both sets of results corroborate the finding by Stüwe and Hintermüller (2000) that differences 360 

in cooling-age patterns (or plots of age versus elevation) on the wet and dry sides of the range 361 

should be apparent when lateral migration rates are at least ca. 2 mm/yr (2 km/Myr). If divide 362 

migration occurs closer to the present day, the range of ages and lateral separation of ages in 363 

the age-elevation plot is greater than if the migration occurred earlier in the exhumation history 364 

(compare Fig. S2e and f, Fig. S2g and h; Fig. S3e and f; Fig. S3g and h). This effect is most 365 

pronounced for the fastest divide-migration rates explored in these synthetic tests (4 km/Myr). 366 



These tests illustrate that the timing, magnitude, and rate of drainage-divide migration all play 367 

a role in determining the predicted age patterns. 368 

4.2. Investigating the topographic evolution of the Sierra de Aconquija 369 

Following these generic models, we next assess which landscape-evolution scenarios are 370 

consistent with the thermochronologic ages available from the Sierra de Aconquija. Two sets 371 

of simulations yield high misfits when compared to the cooling ages: (1) steady topography and 372 

(2) topography that grows upward and shifts laterally simultaneously, examples of which are 373 

included in the Supplementary Information (Figs. S4 and S5). Both sets of simulations predict 374 

little to no lateral separation of AFT ages between the wet and dry sides in age-elevation plots. 375 

In the case of simultaneous surface uplift and drainage-divide migration, surface uplift acts to 376 

counteract rock exhumation, leading to less deflection of near-surface isotherms and a reduced 377 

difference in ages on either side of the range, in agreement with results by Stüwe and 378 

Hintermüller (2000). 379 

 380 



Figure 6. Comparison of observed AFT and AHe ages with ages predicted from simulations in Pecube, with initial 381 
growth of topography followed by a shift to the northwest. a) and b) simulate 5 km of total shift, with a rate of 1.5 382 
km/Myr (a) or 3 km/Myr (b). c) and d) simulation of 10 km of total shift, at a rate of 2.5 km/Myr (c) or 4 km/Myr 383 
(d). Dark red and blue points in each plot show reported AFT or AHe ages. Black points show predicted AFT ages 384 
throughout model domain. Light blue and light red points show AFT or AHe model-predicted ages at the same 385 
location as the reported data. Uncertainties shown for reported ages are +/- 1σ. 386 

 387 

Figure 7. Comparison of observed AFT and AHe ages with ages predicted from simulations in Pecube, with initial 388 
growth of topography followed by topographic warping leading to drainage-divide migration to the northwest. a) 389 
and b) simulation of 5 km of total warp, with a rate of 1.5 km/Myr (a) or 3 km/Myr (b). c) and d) simulation of 10 390 
km of total warp, at a rate of 2.5 km/Myr (c) or 4 km/Myr (d). All symbols and uncertainties are as in Fig. 6. 391 

Scenarios that yield low misfit values and predict age patterns that broadly match those 392 

observed involve initial vertical topographic growth followed by divide migration through 393 

either topographic shifting (Fig. 6) or topographic warping (Fig. 7). To obtain cooling and 394 

topographic-evolution scenarios that are consistent with both the thermochronologic ages and 395 

independent geologic constraints, the initial rock-uplift rate must be rapid (ca. 2.0 to 2.5 396 

km/Myr), followed by slower rates after a few million years (ca. 0.5 km/Myr). In both sets of 397 



simulations, scenarios with 10 km of total divide migration tend to create larger separations of 398 

AFT ages in age-elevation space (Figs. 6, 7) as well as lower misfit values when assessing all 399 

available thermochronometers (Fig. 8), than scenarios with 5 km of total divide migration. 400 

However, misfits for the topographic-shift 401 

scenarios comprise a wider range, 402 

including much higher values, compared 403 

to topographic-warp scenarios. The 404 

scenarios with the lowest misfits overall 405 

( ≤ 1.1) comprise 10 km of topographic 406 

shift at 2.5 km/Myr or 10 km of 407 

topographic warp at rates of 3.0 to 5.0 408 

km/Myr (Fig. 8). 409 

Figure 8. Misfit values comparing all available 410 
cooling ages with predicted ages from Pecube 411 
simulations involving a) topographic shift or b) 412 
topographic warp. 413 

4.3. Investigating structural evolution of the Sierra de Aconquija 414 

We have shown above that the thermochronometric age patterns reported from the Sierra de 415 

Aconquija can be explained by a morphologic scenario involving surface uplift followed by ca. 416 

10 km of divide migration, but the question remains whether these patterns could also result 417 

from structural evolution of the range. Based on the geometry of structures bounding the 418 

Aconquija basement block to the west and east, we explored whether motion prescribed purely 419 

on the west-vergent structure or sequentially first on the west-vergent structure then on an east-420 

vergent structure could reasonably fit the reported thermochronometric ages. In our explored 421 

scenarios, motion on the west-vergent structure (simulated as in Fig. 4c) is initially rapid (2.0 – 422 

2.5 km/Myr) and slows down to 0.2 – 0.5 km/Myr after a few Myr, to be consistent with the 423 

slowdown in rock-uplift rate required by the combined geological constraints and 424 

thermochronologic data. As in the topographic-evolution scenarios, the model starts at 6 Ma 425 

with flat topography at 500 m elevation, and the topography grows after rock uplift has started. 426 

When imposing motion only on the west-vergent structure, there is little separation of AFT ages 427 

across the range (Fig. 9a). Hence, we consider this scenario unrealistic.  428 

Next, we first imposed rapid (2.0 km/Myr) exhumation on the west-vergent structure, followed 429 

by a lateral gradient in rock uplift starting at 2.5 Ma (from 0 on the west side of the range to 0.8 430 

km/Myr on the east side; Fig. 4d). This latter stage of deformation is meant to simulate motion 431 

along one or both of the back-thrusts that Löbens et al. (2013) inferred to be active within the 432 

last several million years. The resulting age pattern provides a very good match to the reported 433 

AFT and AHe ages (misfit value of 0.85, Fig. 9b).  434 

A final thermo-kinematic scenario we tested involved imposing motion only on the west-435 

vergent structure, but also imposing 10 km of total drainage-divide migration through 436 

topographic warping at a rate of 3 km/Myr. That scenario also results in very good matches to 437 

the AFT and AHe ages, with a very low misfit of 0.89 (Fig. 9c).  438 

 439 



 440 

Figure 9. Comparison of observed AFT and AHe ages with ages predicted from thermal-kinematic simulations in 441 
Pecube, with rock-uplift accommodated by thrusting or tilting. a) Simulation of west-vergent thrusting at 2.0 442 
km/Myr from 6 to 2.5 Ma, then slowing to 0.2 km/Myr since 2.5 Ma, with vertical topographic growth from 5.5 443 
to 2.5 Ma. b) Simulation of west-vergent thrusting with same motion history as in a, combined with westward 444 
tilting since 2.5 Ma. c) Simulation of west-vergent thrusting with same motion history as in (a), but also including 445 
drainage-divide migration through topographic warping. Dark red and blue points in each plot show reported AFT 446 
or AHe ages. Black points show predicted AFT ages throughout model domain. Light blue and light red points 447 
show AFT or AHe model-predicted ages at the same location as the reported data. Uncertainties shown for reported 448 
ages are +/- 1σ. 449 

Although small adjustments to the model parameters may produce slightly lower misfit values, 450 

considering the relatively high uncertainties on the thermochronological data, those scenarios 451 

cannot be distinguished from the ones presented above. As a result, we consider that structural 452 

evolution, or a combination of structural evolution and drainage-divide migration, can explain 453 

the data, but we do not attempt to precisely constrain the timing or rate of fault motion. 454 

4.4. Catchment-average denudation rates 455 

Catchment-average denudation rates are ca. 0.10 – 0.11 mm/yr on the dry side of the range (W1 456 

through W3), and show a much wider range from ca. 0.07 to 1.46 mm/yr on the wet side (E1 457 

though E4) (Table 1, Fig. 2a). One catchment (E4) has two estimated denudation rates, because 458 

the same catchment was sampled by Bookhagen and Strecker (2012) (their sample ARG11). 459 

The denudation rate reported in Table 1 for ARG11 has been recalculated with the same input 460 

parameters and procedure as the other samples.  461 



 462 

Because denudation rates on the wet side of the range are non-uniform, we can only calculate 463 

approximate divide-migration rates. Using the range of denudation rates from the two largest 464 

catchments that reach the divide on the wet side (catchments E3 and E4, with denudation rates 465 

of ca. 0.4 and 1.5 mm/yr), differences in denudation rates across the divide are ca. 0.3 to 1.4 466 

mm/yr. Considering that the mean slope in the vicinity of the data collected is 11°, the estimated 467 

modern topographic-shift rate, Vshift, is 0.8 to 3.6 mm/yr (or 0.8 to 3.6 km/Myr) (Eq. 4). The 468 

same difference in denudation rates across the divide yields a topographic warp rate, Vwarp, of 469 

1.6 to 7.3 mm/yr (Eq. 6). 470 

5. Discussion 471 

The results from our thermal-kinematic modeling show that drainage-divide migration and 472 

structural evolution can both produce reasonable matches to the thermochronometric age 473 

patterns reported from the Sierra de Aconquija. Below, we consider how well each scenario 474 

corresponds with all available field observations, and where additional work may be needed to 475 

better test the viability of the different scenarios. 476 

5.1. Structural evolution of the Sierra de Aconquija 477 

Cristallini et al. (2004) suggested that uplift of the Sierra de Aconquija occurred primarily as a 478 

result of motion along the major west-vergent structure that they suggested underlies the entire 479 

range (Fig. 4a). However, our simulations of exclusively west-vergent motion and vertical 480 

topographic growth produced poor fits to the available thermochronologic ages (Fig. 9a). To 481 

obtain reasonable matches to the ages with a structural evolution scenario, exhumation must 482 

initially be faster on the dry side of the range, and then switch to become faster along the back-483 

thrusts on the wet side (Fig. 9b). Although this scenario produces very good matches to the data 484 

and low misfit values (Fig. 9b), we question whether several kilometers of motion along the 485 

back-thrusts is reasonable. In the seismic lines interpreted by Cristallini et al. (2004), the back-486 

thrust bounding the Aconquija basement block to the east (Fault B2 in Fig. 4a) barely offsets 487 

the Neogene sediments deposited above it. Therefore, it does not appear to contribute 488 

substantially to the required deformation of several km. If motion were instead focused along 489 

the back-thrust inferred by Löbens et al. (2013) to exist mid-way up the eastern flank of the 490 



range (Fault B1 in Fig. 4a), based on the anomalously old age of ACON29, we would expect 491 

to see a clear geomorphic expression of that activity, such as a step-change in channel steepness 492 

values across the fault. However, there is no apparent change in river steepness values across 493 

the zone where Löbens et al. (2013) suggested the fault should intersect the surface (Fig. 2d). 494 

Additional samples from the lower slopes of the Sierra de Aconquija would help to better test 495 

this scenario, and also allow an assessment of whether the reported old age for ACON29 is 496 

reliable. Thus, although we can match the remaining thermochronologic data well by imposing 497 

a purely structural evolution history, that scenario does not appear to be supported by the 498 

stratigraphic and geomorphic observations.  499 

A caveat to this conclusion is that the deformation field that we imposed in our thermal-500 

kinematic modeling is simplified. Thermal-mechanical modeling would enable a more realistic 501 

simulation of the deformation field in regions where back-thrusts develop, and could be used 502 

to assess which boundary conditions lead to the inferred structural evolution. Such models 503 

would also enable explorations into potential feedbacks between topographic and structural 504 

evolution in a region that experiences orographic precipitation. Furthermore, strong differences 505 

in erodibility along the flanks of the Sierra de Aconquija may mask changes in steepness 506 

associated with active thrusting. Although such a step-change to lower erodibility in the hanging 507 

wall of the fault (needed to offset the increase in steepness expected in areas of faster rock 508 

uplift) seems unrealistic in this region of uniform lithology, we cannot fully rule it out. 509 

5.2. Drainage-divide migration at the Sierra de Aconquija 510 

Divide migration at a rate of ca. 2 to 5 km/Myr, which has persisted over several millions of 511 

years through either topographic warping or shifting, can explain the pattern of 512 

thermochronologic ages across the Sierra de Aconquija (Figs. 6-8). These results are consistent 513 

with the estimated divide-migration rates of ca. 1 to 7 km/Myr based on the difference in 514 

modern, millennial-scale denudation rates between the wet and dry sides of the range. Together, 515 

these results imply that links between orographic rainfall and erosion that are observed today 516 

in the Central Andes (Bookhagen and Strecker, 2012) and appear to have persisted over the last 517 

several Myr (Pingel et al., 2019) could have had a substantial impact on the topographic 518 

evolution of individual ranges. 519 

The available thermochronometric data do not allow us to distinguish whether the Sierra de 520 

Aconquija was affected by either topographic shifting or topographic warping: both sets of 521 

topographic simulations can yield similarly low misfits to the data (Fig. 8). However, in the 522 

case of topographic shifting, one would expect denudation rates to be near-uniform across the 523 

wet flank of the range, whereas topographic warping would lead to lower denudation rates on 524 

the lower slopes on the wet side, compared to the upper slopes (Fig. 5c and d). Based on our 525 
10Be-derived denudation rates, catchments on the wet side that are farther south have lower 526 

denudation rates, which might result from partial blocking of rainfall by a topographic rise to 527 

the east of the sampling points E1, E2, and E3 (Fig. 2a). Despite that north-to-south variation 528 

in denudation rates, catchment-average denudation rates on the wet side are higher for the 529 

catchments that reach up to the drainage divide (E3 and E4; Fig. 2a) compared to those that 530 

only drain the lower slopes of the range (E1 and E2; Fig. 2a), thus providing support for 531 

drainage-divide migration through topographic warping. 532 



The modern denudation rates do not exclude the possibility of some degree of wholesale 533 

topographic shift, which would require activation of new structures to accommodate a lateral 534 

shift in topography. Although it is difficult to map structures along the densely vegetated, lower 535 

eastern slopes of the Sierra de Aconquija, the inferred activation of a back-thrust mid-way up 536 

the slope (Löbens et al., 2013) could be the expression of topographic migration toward the 537 

west. On the dry west flank of the range, the disruption of Quaternary fan surfaces that drape 538 

across the toe of the range (Strecker et al., 1989) provides support for active westward (outward) 539 

propagation of structures. Further evaluation of this possibility would require coupled thermal-540 

mechanical and surface-process modeling. 541 

5.3. Combining structural deformation and drainage-divide migration 542 

In our initial models of drainage-divide migration, we imposed a uniform rock-uplift field 543 

throughout the model domain. A structural implication of spatially uniform rock uplift is that 544 

high-angle structures bounding the Sierra de Aconquija on the west and east sides are 545 

simultaneously active at similar rates. For the reasons described in section 5.1, we question the 546 

viability of km-scale motion on the east-vergent structures along the eastern side of the range 547 

(Faults B1 and B2 in Fig. 4a). Another possibility is that motion has been accommodated 548 

predominantly along the major west-vergent structure, but topography was also affected by 549 

drainage-divide migration. Our simulation of this combined kinematic and climatic forcing of 550 

landscape evolution produces very good fits to the observed thermochronologic ages, and is 551 

consistent with the available stratigraphic and geomorphic constraints (Fig. 9c). For this reason, 552 

we consider a scenario of structural evolution as envisioned by Cristallini et al. (2004), with 553 

motion predominantly occurring along the west-vergent structure, together with drainage-554 

divide migration through topographic warping, to be the scenario most likely to capture the 555 

landscape evolution of the region. 556 

Drainage-divide asymmetry may not only be caused by asymmetric rainfall patterns, but can 557 

also result from horizontal rock advection and/or asymmetric uplift, with the divide migrating 558 

toward the side of the mountain range with higher uplift rate or in the direction of rock advection 559 

(e.g., Willett et al., 2001; He et al., 2021). The topographic asymmetry towards the west 560 

observed at the Sierra de Aconquija is both qualitatively and quantitatively consistent with the 561 

model predictions by He et al. (2021) for an uplift gradient in the case of a single west-vergent 562 

fault (i.e., Fig. 9a). However, because our simulations of west-vergent thrusting combined with 563 

drainage-divide migration require a substantial slowing of the thrusting rate in the last few 564 

million years (from ca. 2.5 to ca. 0.5 km/Myr), the degree of tectonically induced asymmetry 565 

in this case should have been reduced, thus driving eastward drainage-divide migration in the 566 

last few million years. This scenario is inconsistent with geomorphic observations (Bonnet, 567 

2009) and the 10Be derived denudation-rate data, which suggest ongoing westward drainage-568 

dive migration at the Sierra de Aconquija (Fig. 9a). The alternative, purely structural-evolution 569 

scenario (i.e., with no drainage-divide migration, thrusting first on the west-vergent structure 570 

and then on an east-vergent back-thrust; Fig. 9b), would also imply drainage-divide migration 571 

toward the east since the onset of eastward thrusting, which is again inconsistent with evidence 572 

for ongoing westward migration. Although some of the modern asymmetry of the range could 573 

result from non-uniform rock uplift, ongoing westward divide migration at the Sierra de 574 



Aconquija supports the scenario of drainage-divide migration combined with west-vergent 575 

thrusting, with drainage-divide migration predominantly driven by orographic rainfall. 576 

5.4. Implications of drainage-divide migration on interpretations of thermochronometric 577 

data 578 

Despite the growing recognition of the potential for divide migration to affect landscape 579 

evolution, there has been little consideration of how lateral evolution of topography may affect 580 

interpretations of thermochronometric data, apart from theoretical numerical simulations 581 

(Stüwe and Hintermüller, 2000; Olen et al., 2012). Our simulations of drainage-divide 582 

migration at rates of 3 to 5 km/Myr provide good fits to thermochronology data that span both 583 

sides of the Sierra de Aconquija, with the wet side of the range yielding younger ages overall 584 

compared to the dry side of the range. If data from only one side of a range that has experienced 585 

asymmetric exhumation and drainage-divide migration were considered when interpreting its 586 

exhumation history, a biased picture could emerge. Such a situation provides another example 587 

of spatial variation in cooling ages that can be interpreted erroneously (Schildgen et al., 2018). 588 

Whether the topography of a range has experienced substantial lateral changes in response to 589 

asymmetric precipitation could depend strongly on rock-exhumation pathways. At the Sierra 590 

de Aconquija and several other ranges within the broken foreland of the Central Andes, high-591 

angle reverse faults bounding the ranges drive steep rock trajectories. This inference is 592 

supported by a preserved paleosurface atop the Cumbres Calchaquies, a range just north of 593 

Aconquija, which shows minimal tilting, despite having experienced ca. 4 km of surface uplift 594 

since the time it was exhumed from beneath foreland sediments (Sobel and Strecker, 2003; 595 

Zapata et al., 2020). Considering our results from the Sierra de Aconquija, these ranges are 596 

likely each affected by substantial drainage-divide migration. In other mountain belts, 597 

horizontal advection of rocks may offset asymmetric erosion patterns, and eventually lead to 598 

steady-state topography. For example, in the southern Alps of New Zealand, exhumation along 599 

the transpressional Alpine fault leads to steeper exhumation pathways along the western side 600 

of the range, which is also much wetter compared to the eastern side (e.g., Willett, 1999). There, 601 

the onset of orographic precipitation at ca. 7 Ma has led to a significant increase in exhumation 602 

rates (Lang et al., 2020), consistent with modeling expectations (Zavala et al., 2020), but has 603 

not modified the topographic asymmetry of a mountain range that appears to be dominated by 604 

lateral rock advection. 605 

6. Conclusions 606 

Orographic rainfall, and its related impact on landscape evolution, can have a substantial effect 607 

on age patterns recorded by low-temperature thermochronometers. We examined this effect at 608 

the Sierra de Aconquija in the southern Central Andes, which has been subjected to a strong 609 

and persistent orographic rainfall gradient. Based on three-dimensional thermal-kinematic 610 

modeling, we found that several scenarios of landscape evolution (structural evolution, 611 

drainage-divide migration, and a combination of both) can produce reasonable fits to the 612 

thermochronologic ages reported from the wet and dry flanks of the range. By considering these 613 

scenarios in the context of our new 10Be-derived catchment-average denudation rates and 614 

geologic/geomorphic constraints on the structural evolution of the region, we conclude that the 615 

scenario most consistent with the full set of empirical data comprises initial topographic growth 616 



due to west-vergent thrusting, followed by drainage-divide migration through topographic 617 

warping at a rate of several km/Myr, driven predominantly by orographic rainfall. Mountain 618 

ranges that are characterized by steep rock trajectories (or where active tectonics has waned) 619 

and that experience significant orographic precipitation patterns will be particularly sensitive 620 

to drainage-divide migration. In such settings, cooling-age patterns can be interpreted in 621 

multiple ways, and careful integration of independent data is required to assess the most realistic 622 

tectonic and topographic-evolution scenarios.  623 
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Using geologic constraints on landscape evolution to limit model parameter values 

We considered the geologic constraints described in section 2 to constrain the range of parameter 

values we explored in our thermal-kinematic modeling. The geologic constraints can be summarized 

as follows: 

1) Time-temperature histories derived from apatite fission track-length modeling (Sobel and 

Strecker, 2003) indicate rapid cooling starting at ca. 6 Ma, and slower cooling between 4 and 

2 Ma; 

2) Basement exhumation started no later than ca. 4 Ma, based on the presence of basement-

derived conglomerates within the ca. 5 to 3.4 Ma Andahuala Formation (Strecker et al., 1989), 

and the dominance of basement-derived conglomerates within the 3.4 to 3.0 Ma Corral 

Quemado Formation (Strecker et al., 1989; Bossi et al., 2001); 

3) Stable-isotope values within the Santa María Basin to the west (Kleinert and Strecker, 2001) 

indicate at least 2000 m of elevation had developed by 1.4 Ma. 

These geologic constraints on the evolution of the Sierra de Aconquija imply rapid unroofing of at 

least 1000 m of sediment starting at ca. 6 Ma with minimal associated surface uplift. Exposure of less 

erodible basement between ca. 5 and 4 Ma led to a decrease in exhumation rates and simultaneous 

rapid topographic growth (Sobel and Strecker, 2003) at a rate of ca. 1 to 2 mm/yr. Because surface 

uplift cannot exceed rock uplift, this geologic constraint defines a minimum rock-uplift rate at the start 

of the modeling. Considering that the thermochronologic ages furthermore require exhumation at a 

rate of ca. 1 mm/yr to occur between ca. 5 and 3 Ma (based on the best-fit average slope of the age-

elevation relationships), the total rock uplift must be ca. 2 to 3 mm/yr in the first few million years of 

the model runs. However, if we impose a rock-uplift rate of 2 to 3 mm/yr until 0 Ma in the simulation, 

the predicted thermochronologic ages are much too young compared to the observed ages. Hence, the 

rock-uplift rates must decelerate after the first few million years of the simulations that include 

topographic growth. 

In our model simulations that did not involve any initial topographic growth, we found that rock-uplift 

rates of ca. 1.0 mm/yr consistently yielded the lowest misfit values, in line with our predictions based 

on the best-fit slope of the age-elevation relationship. For simulations that involved initial topographic 

growth followed by drainage-divide migration, we found that rock-uplift rates of 2.3 to 2.5 mm/yr in 

the first few million years of the simulation, followed by a slower rock-uplift rate of 0.4 to 0.5 mm/yr 

starting at 3.5 Ma, consistently yielded the lowest misfit values. Values different from these produced 
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age-elevation relationships with slopes that were a poor match to the data and/or yielded ages that were 

systematically too young or too old compared to the reported ages. 

10Be sample preparation, measurement, and denudation-rate calculation 

Samples were processed at the GeoForschungsZentrum (GFZ) Potsdam HELGES laboratory 

following standard procedures (Nishiizumi et al., 1989; von Blanckenburg et al., 2004; Wittmann et 

al., 2016). Quartz from the 250-700 μm size fraction was concentrated by removing magnetic fractions 

followed by HCl and H2O2 treatment to dissolve carbonates and organic material. Samples were then 

leached in a 2%HF/2%HNO3 solution a minimum of three times for 12h each in an ultrasonic bath to 

dissolve non-quartz minerals and remove meteoric 10Be. Column chemistry and target preparation 

followed procedures described by von Blanckenburg et al. (2004) and Wittmann et al. (2016). A carrier 

of 150 µg of 9Be was added to each sample prior to quartz digestion and isolation of Be(OH)2 via 

column chemistry. Be was then oxidized to BeO and prepared as targets for analysis by accelerator 

mass spectrometry (AMS). AMS measurements were performed at the University of Cologne, 

Germany. Measured Be isotope values were normalized to the standards KN01-6-2 and KN01-5-3 

with a nominal 10Be/9Be ratio of 5.35*10-13 and 6.32*10-12, respectively. Concentration corrections 

were performed for each sample based on the blank ratios processed with the same batch of samples. 

After obtaining the 10Be concentration in our samples, we calculated catchment-average denudation 

rates with the ArcGIS toolbox Basinga (Charreau et al., 2019). Catchment-average 10Be production 

rates were scaled with the Lal/Stone model from a global average sea-level high-latitude production 

rate of 4.11 atoms g-1 yr-1 based on the ERA40 atmosphere model (Martin et al., 2017) and corrected 

for variations in paleomagnetic intensity through time. We did not correct for topographic shielding, 

following DiBiase (2018), nor for ice/snow cover. Justification for the latter is based on the integration 

times of the samples, which do not extend back to the last glacial period (see Results), and also 

considering that the thin, transient snow cover that occurs on the uppermost slopes will have an 

insignificant impact on catchment-average production rates. 
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Figure S1. Snapshots of three-dimensional renditions of model simulations ACN20 (grow topography 

followed by 10 km of topographic shift at 4 km/My) and ACN41 (grow topography followed by 10 

km of topographic warp at 2.5 km/My). Colors on surface indicate exhumation rate. 
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Figure S2. Predicted AFT ages plotted against latitude and elevation throughout model domain after 

laterally shifting topography 5 km (a-d) or 10 km (e-h). In all models, the starting and ending 

topography is identical to the modern topography; the lateral shift imposes a change in latitude only. 

A uniform background exhumation rate of 1 mm/yr is imposed starting at 6 Ma for all simulations 

except for a, in which it is imposed starting at 10 Ma. The time interval of shifting is indicated above 

each set of sub-plots. Plots a-d illustrate the effect of increasing the lateral shifting rate for a total shift 

of 5 km. Plots e-g show the effect of both the rate of shifting (compare e and h) and the timing of the 

shifting (compare e with f and g with h). The effects of differing total magnitudes of shifting are shown 

by comparing c with e and d with g. 
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Figure S3. Predicted AFT ages plotted against latitude and elevation throughout model domain after 

topographic warping of 5 km (a-d) or 10 km (e-h). In all models, ending topography is identical to the 

modern topography; the starting topography is warped using a sine function (see main text). A uniform 

background exhumation rate of 1 mm/yr is imposed starting at 6 Ma for all simulations except for a, 

in which it is imposed starting at 10 Ma. The time interval of topographic warping is indicated above 

each set of sub-plots. Plots a-d illustrate the effect of increasing the warping rate for a total drainage-

divide migration of 5 km. Plots e-g show the effect of both the rate of warping (compare e and h) and 

the timing of warping (compare e with f and g with h). The effects of differing total magnitudes of 

warping are shown by comparing c with e and d with g. 
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Figure S4. Comparison of reported AFT and AHe ages with model-predicted ages from Pecube 

simulation with steady topography and a uniform exhumation rate of 1 mm/yr. Red and blue points in 

each plot show reported AFT or AHe ages. Black points show model-predicted AFT ages throughout 

the model domain. Light blue and light red points show model-predicted AFT or AHe ages at the same 

location as the reported ages. Uncertainties shown for reported ages are +/- 1σ. 

 

 

 

Figure S5. Comparison of reported AFT and AHe ages with model-predicted ages from Pecube 

simulations with topography that grows and shifts laterally simultaneously. a) Topographic shift at a 

rate of 2 km/Myr for a total of 10 km, with an imposed uniform exhumation rate of 1.5 mm/yr. b) 

Same model parameters as in (a), but with an imposed uniform exhumation rate of 1.2 mm/yr. Red 

and blue points in each plot show reported AFT or AHe ages. Black points show model-predicted AFT 

ages throughout model domain. Light blue and light red points show AFT or AHe model-predicted 

ages at the same location as the reported data. Uncertainties shown for reported ages are +/- 1σ. 
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Table S1. Thermochronology data used to constrain the thermo-kinematic models 

Sample 

Longitude 

(ºW) 

Latitude 

(ºS) 

Elevation 

(m a.s.l.) 

AFT age 

±1σ (Ma) 

# 

grains 

AHe age 

±1σ (Ma) 

# 

grains 

ZHe age 

±1σ (Ma) 

# 

grains 

ACON12 66.108350 27.201733 5250 3.6±0.6 22     

ACON11 66.108530 27.201730 5005   4.4±1.4 3/3   

ACON10 66.113350 27.193917 5035 5.1±0.7 22     

ACON9 66.113250 27.189867 4856 5.7±0.8 20     

ACON7 66.118117 27.181783 4446 5.9±0.5 20     

ACON6 66.115267 27.177250 4196 5.8±0.7 20     

ACON5 66.109300 27.172917 3984 6.0±0.7 20     

ACON4 66.120517 27.165450 3886 4.2±0.7 25     

ACON3 66.129333 27.157583 3706 4.9±0.6 20     

ACON2 66.130800 27.150400 3486 5.0±0.7 20     

ACON1 66.132833 27.144500 3283 5.1±0.6 22     

ACB1 66.158333 27.150000 2994 4.8±0.6 26 2.8±0.8 2/3 18.6±6.3 4/4 

ACON20 66.041917 27.137083 4988 5.9±0.8 20     

ACON21 66.038650 27.132333 4847 5.3±0.5 20     

ACON22 66.027833 27.135983 4576 4.6±0.5 20     

ACON23 66.013950 27.149850 4270 4.8±0.4 20     

ACON24 66.005533 27.162033 4028 4.5±0.5 20     

ACON25 65.993150 27.171850 3715 3.2±0.4 20     

ACON26 65.982750 27.173533 3395 3.3±0.4 20 2.4±0.4 2/4   

ACON27 65.976516 27.171250 3047 2.6±0.3 20     

ACON28 65.973383 27.173567 2830 2.8±0.4 20 2.8±0.3 1/2 7.9±2.5 3/3 

 

AFT: apatite fission-track; AHe: apatite (U-Th)/He; ZHe: zircon (U-Th)/He. AFT data for samples ACB1 and 

ACON1-ACON12 are from Sobel and Strecker (2003); AFT data for samples ACON20-ACON28 and all AHe 

and ZHe data are from Löbens et al (2013). Number (#) of grains reported for AFT is total number of grains 

counted; for AHe and ZHe: number of grains taken into account for calculating average age / total number of 

replicates. Uncertainty on AHe/ZHe ages is standard deviation of individual grain ages or uncertainty on single-

grain age in case of single replicate. 
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Table S2. Thermal and age-prediction model parameters used in Pecube. 

Parameter Value/reference 

Model thickness 30 / 50 km* 

Model basal temperature 600 / 1000 ℃* 

Heat production 0.2 ℃ /My 

Thermal diffusivity 25 km2/My 

Surface temperature at sea-level 25 ℃ 

Atmospheric lapse rate 5 ℃ /km 

Default age for non-reset samples 50 Ma 

AFT annealing kinetics Ketcham et al. (1999); fanning curvilinear model 

AHe diffusion kinetics Farley (2000); 100 m grain 

ZHe diffusion kinetics Reiners et al. (2004); 100 m grain 

*Model thickness was 30 km for all models with topographic evolution only; 50 km for models including 

structural evolution to accommodate deep west-vergent fault – basal temperature was adjusted to maintain the 

same stable geothermal gradient.  

 

References for Supplementary Material 

Charreau, J., Blard, P.-H., Zumaque, J., Martin, L.C.P., Delobel, T., Szafran, L., 2019. Basinga: A cell-

by-cell GIS toolbox for computing basin average scaling factors, cosmogenic production rates and 

denudation rates. Earth Surf. Proc. Landf., 44(12), 2349-2365. https://doi.org/10.1002/esp.4649 

DiBiase, R., 2018. Short communication: Increasing vertical attenuation length of cosmogenic nuclide 

production on steep slopes negates topographic shielding corrections for catchment erosion rates. 

Earth Surf. Dyn., 6, 923–931. https://doi.org/10.5194/esurf-6-923-2018 

Farley, K.A., 2000. Helium diffusion from apatite: General behavior as illustrated by Durango 

fluorapatite. J. Geophys. Res. 105, 2903–2914. https://doi.org/10.1029/1999jb900348 

Ketcham, R.A., Donelick, R.A., Carlson, W.D., 1999. Variability of apatite fission-track annealing 

kinetics: III. Extrapolation to geological time scales. American Mineralogist 84, 1235–1255. 

Martin, L.C.P., Blard, P.H., Balco, G., Lavé, J., Delunel, R., Lifton, N., Laurent, V., 2017. The CREp 

program and the ICE-D production rate calibration database: a fully parameterizable and updated 

online tool to compute cosmic-ray exposure ages. Quat. Geochronol. 38, 25-49. 

https://doi.org/10.1016/j.quageo.2016.11.006 

Nishiizumi, K., Kohl, C.P., Winterer, E.L., Klein, J., Middleton, R., 1989. Cosmic ray production rates 

of 10Be and 26Al in quartz from glacially polished rocks. J. Geophys. Res. 94, 907–917. 

doi:10.1029/JB094iB12p17907 

Reiners, P.W., Spell, T.L., Nicolescu, S., Zanetti, K.A., 2004. Zircon (U-Th)/He thermochronometry: 

He diffusion and comparisons with 40Ar/39Ar dating. Geochimica et Cosmochimica Acta 68, 1857–

1887. https://doi.org/10.1016/j.gca.2003.10.021 

von Blanckenburg, F., Hewawasam, T., Kubik, P.W., 2004. Cosmogenic nuclide evidence for low 

weathering and denudation in the wet, tropical highlands of Sri Lanka. J. Geophys. Res. 109, F03008. 

doi:10.1029/2003JF000049 

https://doi.org/10.1016/j.quageo.2016.11.006
https://doi.org/10.1016/j.gca.2003.10.021


10 
 

Wittmann, H., Malusà, M.G., Resentini, A., Garzanti, E., Niedermann, S., 2016. The cosmogenic 

record of mountain erosion transmitted across a foreland basin: source-to-sink analysis of in situ 10Be, 
26Al and 21Ne in sediment of the Po river catchment. Earth Planet. Sci. Lett. 452, 258–271. 

doi:10.1016/j.epsl.2016.07.017 

 

 

 

 




