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Abstract The Atacama Desert is one of the driest and oldest deserts on Earth, with extremely low
precipitation rates (<2 mm/yr). Mostly abiotic hyperarid environmental conditions prevail, and surface
processes act at extremely low rates over the long-term. To gain knowledge about the rate of surface processes
and age of landscapes in desert environments, terrestrial cosmogenic nuclide derived erosion rate estimates
can be used. Within the Huara Intrusive Complex, situated in the hyperarid core of the Atacama Desert,
basin-averaged bedrock erosion rates from channel sediments are extremely low, that is, less than 1 m/Myr.
Such low rates indicate that fluvial processes operate very slowly or are almost absent. Bedrock erosion rates
of channel knickpoints, however, reveal one to two orders of magnitude higher erosion rates (2—-12 m/Myr).
Erosion rates are remarkably low when compared to the steep surrounding topography. Tectonic uplift creates
higher gravitational potentials for surface processes, controlling the overall erosion rate capacity. However,
erosion itself is taking place by local precipitation capable of exceeding thresholds for surface activity. In the
Atacama Desert, this happens only due to rare severe precipitation events, explaining the extremely low erosion
rates. The efficiency of these events is modulated by local intrinsic processes and conditions, such as high
infiltration capacities of Atacama soils and/or large channel boulder accumulations. Due to the virtual absence
of these precipitation events capable of erosion, the landscape appears to be in hibernation.

Plain Language Summary The Atacama Desert is one of the driest and oldest deserts on Earth,
with extremely low precipitation rates (<2 mm/yr). Surface processes operate at very low rates and on small
spatial scales. To understand the rates of surface activity, cosmogenic nuclides are a widely used tool to
constrain the exposure duration of sediments on the Earth's surface. Within the Huara Intrusive Complex,
situated in the hyperarid core of the Atacama, basin-averaged erosion rates from channel sediments are
extremely low. Such low rates indicate that the transport of sediment is very slow or almost absent, revealing
a landscape in hibernation. Bedrock erosion rates in channels, however, are one to two orders higher. The
studied catchments have been subject to Quaternary tectonic activity, which can explain higher bedrock erosion
rates. Rare precipitation events, typical for desert environments, have to be strong enough to provoke erosion.
Processes associated with extreme long-term aridity modulate the erosive impact of precipitation events; for
example, CaSO,-rich soils soak up water preventing surface runoff or channel boulder accumulations buffer
surface flow reducing the capacity to erode.

1. Introduction

Processes governing fluvial topography formation in hyperarid abiotic environments are generally limited to
low rates over the long term and are predominantly controlled by rare but intense precipitation events (e.g.,
Aguilar et al., 2020; Jordan et al., 2015; Shmilovitz et al., 2020). The Atacama Desert of northern Chile is no
exception and yields erosion rates that are among the lowest measured on Earth (basin averaged erosion rates
~0.5-40 m/Myr, Kober et al., 2007; Mohren et al., 2020; C. Placzek et al., 2014; C. J. Placzek et al., 2010; Starke
et al., 2017). Quantitative assessments of such rates in these extremely arid to hyperarid environments remain
difficult due to the rarity of surface activity. Hence, the application of proxies and/or tools, which integrate over
timescales of up to hundreds of thousands of years, is required. In the hyperarid Atacama Desert, such timescales
have been shown to be captured by the analysis of terrestrial cosmogenic nuclides (TCNs) (S. Binnie et al., 2020;
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Dunai et al., 2005; Evenstar et al., 2017; Kober et al., 2007; Mohren et al., 2020; C. Placzek et al., 2014; C. J.
Placzek et al., 2010; Ritter et al., 2018; Starke et al., 2017). From these studies, it becomes evident that despite
long-term aridity, erosional processes operate at different spatial and temporal scales and that they vary depend-
ing on the sampled geomorphological feature (Kober et al., 2007; Matmon et al., 2015; Mohren et al., 2020; C.
Placzek et al., 2014; C. J. Placzek et al., 2010; Starke et al., 2017). These findings have to be reconciled with the
preservation of large tracts of relict landscapes in the “hyperarid core” of the Atacama Desert (predominantly
spanning the Coastal Cordillera, from 19° to 22°S, Ritter et al., 2018) that indicate the general inactivity of major
landscape-forming processes, such as the shedding of large volumes of sediments and deep incisions.

Catchments situated in the Coastal Cordillera, disconnected from Andean sourced discharge (Figure 1), allow
us to investigate surface processes and rates under predominantly extreme and long-term hyperarid conditions.
In these abiotic environments, drainage basins can be regarded as natural laboratories to investigate the influ-
ence of rare, but intense, precipitation events on topography formation over time. Persistent aridity means that
the gross topographic form is a function of large-scale tectonic structures (Allmendinger & Gonzalez, 2010; S.
Binnie et al., 2020; Ritter et al., 2018). Moreover, due to the scarcity of precipitation, other processes may be at
play controlling and/or modulating surface activity, such as: (a) widespread accumulation of a landscape drap-
ing CaSO,-rich soil that has accumulated by atmospheric deposition and appears to prevent surface runoff by
increasing the infiltration capacity of soils (Jordan et al., 2015; May et al., 2020); (b) armoring by large boulder
accumulations within incised channels, reducing torrential precipitation induced erosion (Fang et al., 2017; Yager
et al., 2007); or (c) slope stabilization due to subsurface salt incrustation, suppressing sediment detachment/
release (Mohren et al., 2020).

In this study, we investigate the interactions of tectonic activity, hyperaridity, and soil inflation on fluvial erosion
in an extreme hyperarid and high relief environment. We measured 2°Al and '°Be cosmogenic nuclide concen-
trations from channel sediments and bedrock within the Huara Intrusive Complex (HIC) to calculate apparent
basin-averaged and bedrock outcrop erosion rates. High-resolution satellite imagery (Pléiades-1B) and a digital
terrain model (DTM) were used to calculate catchment metrics and map geomorphological features. Moreover,
we dated outcropping tephra deposits to constrain erosion in our catchments independently of the cosmogenic
methodology, allowing us to consider biases in the cosmogenic nuclide approach.

2. Regional Setting
2.1. Geological and Geomorphological Background

The study area is located in the Coastal Cordillera of the northern Atacama Desert (Figure 1). The Coastal Cordil-
lera reaches elevations between 900 and 1,700 m a.s.l. and spans between the coastal cliff and Pacific Ocean to
the west and the Central Depression to the east. Being spatially isolated from other larger sedimentation systems,
the Coastal Cordillera between 19° and 23°S experienced the evolution of aridity without being significantly
influenced by allochthonous climate signals, as is the case for landscapes in the Central Depression. Several stud-
ies have already indicated that predominantly arid to hyperarid conditions in this part of the Atacama Desert have
prevailed at least since the Early Miocene (Dunai et al., 2005; Evenstar et al., 2017; Ritter et al., 2018, 2022).
Reasons for this persistent aridity are manifold. Important factors are as follows: (a) its geographic position within
the range of the subtropical high pressure belt (Houston, 2006); (b) upwelling of the cold Humboldt current in
conjunction with the long-term persistence of an atmospheric inversion layer hampering the uptake of Pacific
moisture, and trapping it below 1,000 m a.s.l (e.g., Garreaud et al., 2009, 2010); (c) the orogenic rain shadow
effect of the Andes to the east (e.g., Garreaud et al., 2009, 2010; Houston, 2006; Houston & Hartley, 2003), as
well as (d) a continental rain shadow effect for moisture originating from the Atlantic before moving over the
South American continent toward the Atacama Desert (Houston, 2006).

2.2. Study Site—Huara Intrusive Complex

The study site is located in the Pampa de la Perdiz in the eastern part of the Coastal Cordillera, approximately
30 km NE of Iquique (Figure 2). This study focusses on small (<7 km?) catchments draining the Huara Intru-
sive Complex (HIC). The granodioritic HIC (~140-136 Ma, Vasquez & Septlveda, 2013) covering an area of
~140 km? marks the eastern border to the Central Depression and forms a topographic high of up to ~1,700 m a.s.1.
(surrounding area at an elevation of ~1,000-1,200 m a.s.l.). Previous cosmogenic exposure dating of alluvial fan

RITTER ET AL.

2 0f 20



V ad |
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Earth Surface 10.1029/2022JF006986

Coastal Cordillera

<
®
o
1
(¢}
L
b
1
©
Q

Ritter etal.
2022

e Surficial Tephra Deposit
Study Area
Huara Intrusive Complex

! —— Major Tectonic Faults
(mod. from Vésquez a. Sepuilveda 2013)

/® W-Draining Catchments
& E-Draining Catchments

70°100"W 70°0'0"W 69°50'0"W

Figure 1. Sentinel true-color image showing the study area located approximately 30 km northeast of Iquique within the
Coastal Cordillera (created using ArcGIS Pro 2.8.1—pro.arcgis.com—and Adobe Illustrator 2022—adobe.com). Major
tectonic fault systems are indicated in black from Véasquez and Septlveda (2013) and complemented by own mapping (this
study). The surficial extension of the Huara Intrusive Complex (HIC) is indicated with dashed red lines. Dark blue (westward
directed) and light blue (eastward draining) colors encircle major catchments within the HIC. The red rectangle highlights
the study area and the white rectangle marks the study area of Ritter et al. (2022). Straight black lines indicate swath profiles,
shown in Figure S1 in Supporting Information S1.

surfaces to the west of the HIC (Figure 2) indicates that the overall fluvial geomorphology was presumably set
during the Oligocene and Early Miocene and that large-scale deposition of erosional products essentially ceased
during the Early Miocene (Ritter et al., 2022).

Western boundary faults caused uplift and eastward tilting of the HIC (Figure 2, swath profiles Figure S1 in
Supporting Information S1). The western escarpment of the HIC is delimited by two tectonic faults, along which
calcareous sandstones from the Caleta Ligate Formation are exposed (Late Jurassic/Early Cretaceous, Vasquez &
Sepulveda, 2013). Tectonic damming of small basins was initiated by the uplift of the westernmost reverse fault,
causing the formation of basins alternating between endorheic and temporally partly exorheic conditions since
approximately ~5 Ma (Ritter et al., 2022). Fully endorheic conditions prevailed presumably since 600-700 ka
(Ritter et al., 2022). Local mean annual precipitation rates as recently measured by Hoffmeister (2018), at the
CRCI1211 #23 weather station, are less than 6.52 mm/yr (including heavy fog) during the measuring period
March 2018-July 2020 (for location see Figure 2). We assume that precipitation rates are similar across the study
area, although higher precipitation due to a local orographic effect of the higher elevated catchments cannot be
excluded with certainty. This study focusses on three catchments that all currently terminate in endorheic clay
pans and cover similar relief but differ in size and consequently in topographic gradients. These catchments are
presented in the following.

The southern catchment (SC, ~6.4 km?) extends about 6 km into the HIC in the N-E direction. The longitudinal
channel profile is almost linear to weakly convex upward, with several weakly developed knickpoints (Figure 2).
The hillslopes within this catchment are largely covered by debris originating from local bedrock outcrops uphill
(Figures 3a and 3b). Some slopes show “zebra stripe” pattern (Owen et al., 2013), that is, “surface clasts organized
into distinct, contour-parallel bands separated by bare soil” (Figure 3e, Owen et al., 2013); however, the majority
of larger boulders and gravels have accumulated in rills and channels (Figure 3f). Hillslopes in the downstream
part of the catchment (i.e., below the lowest knickpoint) downstream are steep (20.9° + 7.9°). The upstream area,
above the lowest knickpoint, widens up to a U-shaped valley and hillslopes become gentler (15.8° + 8.5°). The
main channel in the upper catchment, and most of its tributaries are filled with boulders (Figure 4). The topog-
raphy in the upper catchment is smooth with a cover of a CaSO,-rich soils and slope debris (Figures 3a and 3b).
In the lower part of the upper catchment, the main channel cuts a pristine (i.e., not reworked; pure and devoid of
fluvial debris) near-surface tephra (Figure 4).
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Figure 2. Overview map of the study area based on Pléiades 1B and Sentinel satellite imagery (created using ArcGIS

Pro 2.8.1—pro.arcgis.com—and Adobe Illustrator 2022—adobe.com). Catchments of interest are outlined with colors
(Northern in orange, Central in green, and Southern in red). Terrestrial cosmogenic nuclide (TCN) and tephra sampling
sites are marked as well as TCN sampling sites (blue and orange squares) of Ritter et al. (2022) and Diederich et al. (2020).
White lines represent channel networks of the studied catchments. Black lines represent fault scarps mapped by Vasquez and
Sepilveda (2013). Note that the adjacent Pampa de Perdiz is separated from the Huara Intrusive Complex (HIC) by two N-S
running tectonic faults. Tectonic activity caused truncation of former catchments and the formation of endorheic basins. The
morphology of the HIC is characterized by fluvial incision and greater relief than the adjacent pampas.

About ~2 km further to the north, a smaller catchment (central catchment [CC], ~0.7 km?) extends up to
~1.5 km into the HIC, likewise in the N-E direction (Figure 2). The main channel and hillslopes are much steeper
compared to the SC (Figure 5). The longitudinal channel profile is nearly linear to weakly convex upward with
two knickpoints. The lowest part of the catchment and the terminal clay pan are largely covered by coarse allu-
vium, including large boulder fields, without an obvious permanent channel. Upstream of the depositional area,
the confined channel is bound by contrasting hillslopes. Bedrock outcrops dominate the northern steep flanks
(24.2° + 9.1°), whereas the southern hillslopes are less steep (22.3° + 7.6°) and smoother, covered by debris and
CaSO,-rich soils (Figures 3a and 3b). Upstream of the lowest knickpoint, the catchment widens, similar to the
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Figure 3. (a) Upstream catchments of the terrestrial cosmogenic nuclide sample sites based on pansharpened Pléiades 1B imagery (created using ArcGIS Pro
2.8.1—pro.arcgis.com—and Adobe Illustrator 2022—adobe.com). Red rectangles indicate examples of major surface processes within those catchments, see (c—f).

(b) Mapping of surface deposits and outcropping bedrock was established using multispectral imagery (Pléiades 1B) to differentiate between surfaces dominated by
either CaSO, cover (light brown) or bedrock /boulder accumulations (red). Note that within the northern catchment (NC) at higher elevations, CaSO, cover is prevalent,
whereas the lower parts with steeper hillslopes are characterized by bedrock outcrops. For the southern catchment (SC), a dominance of boulder accumulations within
the major channel network and an increasing cover of CaSO, in the upper parts of the catchment is indicated. (c) Gravitational slumping of CaSO,-dominated hillslope
surface in the NC. (d) Smaller boulder accumulations within the NC, which are partly buried. (e) Signs of zebra-stripe formation and boulders accumulating in rills on
hillslopes within the SC. (f) Large boulder accumulations/fields filling up the entire channel system within the SC.

SC. Boulders have accumulated within the main channel and tributaries. Portions of the channel and adjacent
hillslopes are covered with tephra.

The northern catchment (NC, ~4.9 km?, ~1 km from CC) consists of one major channel in the lower reaches,
which splits into several branches in the elevated part (Figure 2). The longitudinal channel profile is convex
upwards with two prominent knickpoints. There is a stark contrast in the catchment morphology, as its lower
part includes steep hillslopes and a steep channel profile, which opens up into a plateau-like, fluvially shaped
landscape (Figure 5). In the transition zone, bedrock is outcropping within the channel, forming distinct bedrock
knickpoints (Figures 4a and 4b). Below the transition zone, close to the endorheic pan, the main channel is
largely filled up with debris, presumably directly sourced from the adjacent steep hillslopes. Locally, a gully has
incised up to 2 m into the unconsolidated sediments filling the thalweg. The former flat-floored valley with the
sediment-choked channel changes into a V-shaped valley and bedrock outcrops become more abundant, along
with steeper hillslopes entering the transition zone further upstream. Bedrock outcrops dominate the northern
hillslope and parts of the southern hillslopes in the transition zone (Figures 3a and 3b). Further upstream of
the transition zone, the steep topography changes toward a more gently shaped fluvial morphology and a
plateau-like, low relief landscape. Fields of large boulders and boulder-filled channels appear less developed
as compared to the SCs and/or are buried by finer sediments (Figure 3d). Fluvial erosion in these catchments
has formed a flat-bottom topography with low channel gradients (Figure 4j). Hillslopes and peaks are subdued
and reveal no bedrock outcrops. Surfaces are widely covered by debris and concealed by a significant layer of
CaSO, (Figures 3a and 3b). Mass movements on CaSO,-mantled steep slopes are visible from satellite imagery
(Figure 3c), possibly caused by oversteepening of slopes and potentially triggered by earthquakes. Smaller
tributaries and hillslope rills are filled up with gravels and boulders, but to a much lesser extent compared to
the SC. Fluvial erosion in this more elevated part of the NC appears to be minimal, and a more depositional
character dominates the geomorphology than that observed further south. No major tephra accumulations were
observed; however, minor tephra deposits are visible on eroding hillslopes and locally in incised channel banks
(Figure 4).
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3. Materials and Methods
3.1. Sampling

For this study, we sampled sediments from 11 channels (SC-S1-2, CC-S1-2, and NC-S1-7) within the HIC along
with three bedrock samples at knickpoints (SC-B1, NC-B1, and NC-B2) during field campaigns in 2014, 2015,
and 2017. We avoided sediment sampling directly below knickpoints or tributary mouths, as well as close to slope
failures. Sediment samples consisted of clastic material with small portions of CaSO, dust and volcanic glass.
Cm-sized thick granodiorite chips were chiseled off from bedrock knickpoints.

Two tephra deposits were sampled to supplement the data set of Vasquez and Sepulveda (2013) who mapped and
dated four tephra deposits within the HIC, with ages ranging from 0.62 to 4.08 Ma (biotite **Ar/*°Ar). SC-T1 is a
thick channel-filling tephra in the SC (Figures 1 and 4f). NC-T1 is located in the NC below NC-S5, deposited in
the channel and partly on the adjacent hillslope.

3.2. Analytical Methods

3.2.1. Tephrochronology

Samples taken from tephra deposits were processed using standard mineral separation techniques at the Univer-
sity of Cologne to separate zircon crystals. Single-crystal U-Th/He dating on zircon was applied on one tephra
sample (SC-T1) at the University of Gottingen GOochron Laboratories (Wolff et al., 2021). Zircon from NC-T1
was dated by applying U/Pb dating at FIERCE (Gerdes & Zeh, 2006). A description of the individual dating
methods and data is given in the Section S2 in Supporting Information S1) and data set (Ritter et al., 2023).

3.2.2. Cosmogenic Nuclide Erosion Rate Determination

Bedrock samples taken from knickpoints were crushed and sieved to 250-710 pm. Sediment samples were
sieved to retain the identical grain-size fraction. All samples were subsequently rinsed, magnetically separated
and underwent several density separations to enrich the quartz fraction. The resulting quartz concentrates were
investigated under a microscope and, if necessary, manually picked, and subsequently purified by sequential
HF-leaching (Kohl & Nishiizumi, 1992). Inductively coupled plasma optical emission spectrometry (ICP-OES)
was used to verify that the quartz contained low concentrations of the major elements that can interfere with the
sample preparation chemistry or measurement (e.g., Al or Ti) before dissolution.

Etched quartz samples were dissolved following spiking with certified Be (Scharlab, 1,000 mg/l) and Al (Schar-
lab, 1,000 mg/1) carrier solutions. Accelerator mass spectrometry (AMS) target preparation followed the stacked
column approach from S. A. Binnie et al. (2015), coprecipitating Al and Be hydroxides with Ag following Stone
et al. (2004). Chemical blanks were prepared alongside the samples. '°Be/°Be and 2°Al/?’Al values were meas-
ured on CologneAMS (Dewald et al., 2013) in tandem with the prepared chemical blanks. '’Be/°Be ratios were
normalized to the ICN standard dilution series (Nishiizumi et al., 2007) and 2°Al/?>’Al ratios were normalized
to the °A1 AMS standards provided by Nishiizumi (2004). For 26A1/2’Al samples, stable Al contents of the
dissolved, spiked samples were determined using ICP-OES and standard addition (4 aliquots) in tandem with
quality control measurements of NIST SRM165a. Blank corrected concentrations of '’Be and 26Al were derived
following the equations outlined in S. A. Binnie et al. (2019). The uncertainties in the final concentrations are
the propagated uncertainties of the AMS ratios of both the sample and the appropriate blank together with the
estimated standard deviation of the °Be or 2’Al that the samples contained after spiking.

TCN erosion rates were calculated using the online calculator described in Balco et al. (2008), formerly known as
the CRONUS-Earth online calculator (Version 3, https://hess.ess.washington.edu/math/v3/v3_erosion_in.html).
We applied the LSDn scaling scheme after Lifton et al. (2014), assuming a bedrock density of 2.85 g/cm3

Figure 4. Compilation of field photographs (Source Benedikt Ritter). (a) northern catchment (NC) bedrock sampling site NC-B2. (b) NC bedrock sampling site
NC-BI1. (c) NC sampling site NC-S5. This site is relatively flat, comparable to the adjacent Pampa de Perdiz to the west, indicating no signs of recent attempts to adjust
to the lower base level. (d). Southern catchment (SC) sampling site SC-S2. (e) Tephra in the NC located within the hillslope deposits. (f) Tephra sampling site SC-T'1

in the SC, outcropping further upstream of the sampling point (SC-S1). This tephra is deposited as a thick unit within the main channel throughout this catchment.

(g) Observed gravitational sliding of larger boulders, presumably initiated by frequent earthquakes. (h) Sliding mark of the boulder. (i) Boulder accumulations within
smaller rills on the hillslopes. Transport of these boulders could be purely gravitationally driven into topographic lows. (j) Panorama view of the flat plateau of the NC,
revealing a smooth landscape shaped by diffusive hillslope processes without signs of strong erosion or adaption to the recent base level. On the left of the image is the
major channel incising due to adaption to the recent base level drop downstream.
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(granodiorite), resulting in an attenuation path length of ~56 cm. This approach only accounts for spallogenic
nuclide production, which in very/extremely slowly eroding environments represents the majority of the
total '°Be and 2°Al production in quartz (e.g., Dunai, 2010). Topographic shielding was calculated from our 1 m
DTM (see below) using the ArcMap Toolboxes for catchment-wide (Li, 2013) and discrete samples (Li, 2018).
Two-isotope plots (*°Al/'°Be vs. '°Be concentration) and normalized nuclide concentrations and 2°Al/!°Be ratios
were derived using iceTEA (Jones et al., 2019) open-access script on Matlab (R2021a), that was modified for our
calculations (see Section S2 in Supporting Information S1).

3.2.3. DTM- and Satellite Imagery-Based Data Analysis

Larger scale geomorphological analysis of the entire HIC (Figure S1 in Supporting Information S1) is based on
SRTM Digital Elevation Model (DEM) data (30 m resolution, Farr et al., 2007), whereas Pléiades 1B satellite
imagery (recording date: 17 April 2014; ground resolution: 0.5 m; panchromatic band, http://pleiades.stoa.org/)
was used for high-resolution topographic profiles and geomorphological analysis (Figures 3, 5, and 7, Figure S2
in Supporting Information S1). DEM calculation and orthorectification of pansharpened multispectral imagery
was conducted using Geomatica (Banff 2020-01-07, PCI). DEM calculation and orthorectification of pansharp-
ened multispectral imagery was conducted using Geomatica (Banff 2020-01-07, PCI). Tie point identification
between the two stereo images was conducted automatically and the result was manually edited afterward (X, Y,
Z RMS for n = 64 tie points: 0.065/0.13, 0.014 m/0.03 px, and 0.011 m). Likewise, additional ground control
points (n = 30; X, Y, ZRMS = 0.135, 0.134, and 0.497 m) were automatically collected using Fast Fourier Trans-
form Phase matching, and based on an orthorectified image created from the Pléiades images (obtained using
the Geomatica software). The GCPs were elevation-corrected using the global TanDEM-X terrain model (12
horizontal and mostly better than 2 m vertical resolution). Due to the absence of vegetation or artificial features
in our study area, we consider the derived DEM as a DTM without any further processing.

The final DTM has a resolution of 1 m. Postprocessing using ArcMap (Version 10.6) included smoothing applying
a5 X 5 m moving window. ArcMap was also used to delineate catchment areas, mean elevations, swath profiles, as
well as to calculate catchment-averaged geomorphological metrics such as slope, relief, and hilltop curvature. The
DTM and satellite imagery were further used to map bedrock outcrops, surface covers, and to trace tectonic fault
scarps. Hypsometric curves, that is, normalized elevation-area distributions of each studied catchment, and the
corresponding integrals (Hypsometric Integral [HI]) were calculated after Strahler (1957). Furthermore, normal-
ized stream profiles were generated (Figure 5b). Such profiles can yield information on the tectonic setting in
which the stream is located in, for example, based on the concavity of the longitudinal profile (Demoulin, 1998).
The degree of profile concavity is defined as the maximum distance between an assumed straight original river
profile (linear fit to endpoints) and the normalized stream profile (H,

nax.

) (Demoulin, 1998). The profile concavity,

and the position £, (position of maximal concavity) of 4,

ax (degree of profile concavity) in terms of normalized

distance to the upstream area, can be used to characterize the concavity of a given stream (Demoulin, 1998).

4. Results
4.1. Tephrochronology

U/Pb dating of zircon grains from NC-T1 provided a mean age of 0.93 + 0.14 Ma (+20, n = 16). The mean (U-Th)/He
zircon age of SC-T1 (1.17 + 0.12 Ma, +20, n = 10) is comparable with the U/Pb age of NC-T1. Further details about
the tephra dating results are given in Section S3 in Supporting Information S1 and data set (Ritter et al., 2023).

4.2. TCN Erosion Rates

Blank corrected concentrations of °Be and 2°Al for sediment samples range from 3.90 x 10° to 1.39 x 107, and
from 1.76 x 107 t0 4.99 x 107 atoms g™, respectively (Figure 6, Table 1). Bedrock concentrations of '°Be and 2°Al
are lower, ranging from 3.65 x 10° to 2.18 x 10°, and from 2.36 x 10° to 1.27 x 107 atoms g~', respectively

Figure 5. (a) Swath profiles (minimum and maximum elevation) along the major axis of all three investigated catchments (based on 2 m Pléiades-1B digital terrain
model). Red dots indicate bedrock terrestrial cosmogenic nuclide (TCN) sampling sites and black dots indicate sampling sites for catchment-wide TCN. Red triangles
mark knickpoints based on swath-profile elevation data. (b) Normalized longitudinal profiles after Demoulin (1998). (c) Slope-frequency distribution of all three
catchments. (d) Hypsometric curves of the three studied catchments and type curves from Strahler (1957), showing the three major geomorphic development stages:
young, mature, and Monadnock phases. HI = Hypsometric Integral. Dashed lines indicate the altitudes of the transition from fluvial to diffusive dominant transport/
erosional regime. (e) Catchment-wide !°Be erosion rates plotted against slope and (f) catchment relief.
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(Table 1). The °Be blank corrections amount to <1% for all samples except NC-B2, which has 2.2% of the total
measured concentration subtracted. All 2°Al blank subtractions equate to <1% of the total concentration meas-
ured. 2°A1/'°Be ratios of the sediment samples indicate a certain degree of intermittent burial/storage of sediments
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Table 1

Terrestrial Cosmogenic Nuclide Concentrations, Calculated Maximum Erosion Rates ('°Be Max. Erosion, *°Al
Max. Erosion), Minimum Exposure Ages ('’Be Min. Exp. Age; Al Min. Exp. Age), and Normalized *°Al/"°Be Ratio
(Norm. *Al/'°Be Ratio)

19Be max. 26A1 max. 26A1 min.
0Be (x 107  26A1(x 107  erosion (m/ 19Be min. erosion (m/ exp. age Norm. 20A1/1°Be
ID at/g) at/g) Myr) exp. age (Ma) Myr) (Ma) ratio

SC-S1 1.12+£0.04 443 +025 0.21 £ 0.03 1.66 +0.17 0.30+£0.09 1.09+0.20 0.56 + 0.04
SC-S2 094 +£0.03 355+0.18 0.30+0.04 1.33 +£0.13 049 +0.10 0.82+0.13 0.54 £ 0.03
SC-B1 0.08 +0.00  0.54 +0.03 497 +0.37  0.12+0.01 497 +0.58 0.12+0.01 0.93 +0.07
CC-S1 1.18£0.04 4.17+022 020+ 0.03 1.75 £ 0.19 0.37+0.09 097 +0.16 0.50 £ 0.03
CC-S2 089003 326+0.19 0.33+0.04 1.23 £0.11 0.58+0.12 0.74 +0.11 0.52 + 0.04
NC-S1  039+0.01 1.76 +£0.10 1.16 +0.10  0.46 + 0.04 1.62+0.22 0.30 + 0.04 0.64 + 0.04
NC-BI 022+0.01 1.27+0.07 1.95 +0.15 0.28 + 0.02 2.09+0.27 0.25+0.03 0.82 + 0.05
NC-S2 1.21 +£0.04 3.95+0.23 0.19 + 0.03 1.79 + 0.20 043 +0.10 0.89 +0.15 0.46 + 0.03
NC-S3 1.03+0.04 3.79+0.23 0.27 + 0.04 1.40 + 0.14 048 +0.11 0.84 +0.14 0.52 + 0.04
NC-S4 1.08 +£0.04 4.62+028  0.24 +0.04 1.53 +£0.16 028 +£0.09 1.14+0.22 0.61 +0.04
NC-S5 1.39+0.05 4.99 +0.25 0.13 + 0.03 2.22 +0.27 024 +0.08 1.23+0.24 0.51 +0.03
NC-S6  057+0.02 252+0.16 0.69+0.07 0.74 £ 0.06 095+ 0.16 0.50 +0.07 0.63 + 0.04
NC-S7 0.63+0.02 277+0.18 0.61+0.06 0.81+0.07 0.81 £0.15 0.55+0.08 0.63 + 0.05
NC-B2 0.037 +£0.002 0.24 +0.02 12.20+0.98 0.052 +0.004 12.80 +1.62 0.05 =+ 0.01 0.92 + 0.09

Note. Further details for the calculation are listed in Supporting Information S1. All uncertainties are +1 standard deviation
(external uncertainty).

within the catchment according to their position in the 26Al/!°Be-1"Be plot (Figure 6a). The data set is stored in
Supporting Information S1 and database (Ritter et al., 2023). Once a sample is buried beneath significant overbur-
den (on the order of several meters), the ratio of 2°Al/!°Be is controlled by the radioactive decay of both isotopes.
As %Al is decaying faster than °Be, the sample will plot below the steady-state erosion island (Dunai, 2010).

Assuming that the sampled sediments have been continuously exposed at the Earth's surface without any loss of
nuclides due to decay by burial, basin-averaged apparent (i.e., maximum; see Section 5) erosion rates inferred
from '°Be and 2°Al concentrations are on the order of <2 m/Myr (minimum exposure age >250 ka), with the
majority being <1 m/Myr (equivalent minimum exposure age >500 ka, Figure 7, Table 1). In most sediment
samples, however, basin-averaged erosion rates inferred from 2°Al concentrations regularly exceed those inferred
from °Be by up to 45%. The timescales over which the erosion rates integrate T, . (i.e., the time to remove
the uppermost ~56 cm of bedrock, assuming spallation dominated production) differ by one order of magni-
tude between basin-averaged erosion rates from sediment samples and bedrock samples (Supplementary).
Basin-averaged erosion rates obtained from slowly eroding catchments integrate over ~1 to almost ~4 Myr, those

in faster eroding parts (especially bedrock) over the last ~50—~500 kyr (Section S3 in Supporting Information S1).

Maximum basin-averaged erosion rates (*°Al, '°Be) in the SC are in the order of <0.5 m/Myr; a slight down-
stream increase in the erosion rate can be observed. '’Be basin-averaged maximum erosion rates are <0.3 m/
Myr. In contrast, the bedrock erosion rate is up to 5 m/Myr. In the central catchment, we also measure low
basin-averaged maximum 2°Al erosion rates (<0.6 m/Myr), with '°Be basin-averaged maximum erosion rates on
the order of <0.3 m/Myr. The NC appears to host two erosion regimes. Low basin-averaged maximum erosion of

Figure 6. Two-isotope plot showing 2°Al/!°Be ratios versus. log '°Be [years] concentrations of sediments and bedrock samples. Ellipses display 1 uncertainty. (a)
Continuously exposed samples should coincide, within uncertainties, with the steady-state erosion island, defined as the area between the upper and lower black
curves representing continuous exposure and steady-state erosion, respectively. Red dashed lines indicate burial isochrons. (b) Calculated continuous exposure isolines
representing the effects on concentrations of different thicknesses (0100 cm) and densities of the covering material (1.0 and 2.0 g/cm?). (c) Relative contributions by
decay and erosion to the 2°Al or '°Be concentration when erosion rates are low. In the application of the basin-wide approach to determine erosion rates with terrestrial
cosmogenic nuclide, the dominance of decay versus erosion in controlling the concentration at very low erosion rates biases the rates toward the most rapidly eroding
parts of the catchment (Granger et al., 2001). The intersection point at which the loss due to decay dominates the concentration is higher for the 2°Al system (~0.6 m/
Myr) than for the '°Be system (~0.3 m/Myr).
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Figure 7. 3D-scene based on Pléiades-1B digital terrain model (2 m resolution) and pansharpened multispectral image (Pléiades-1B), vertical exaggeration 2x
(created using ArcGIS Pro 2.8.1—pro.arcgis.com—and Adobe Illustrator 2022—adobe.com). Compilation of derived terrestrial cosmogenic nuclide catchment-wide
maximum '“Be erosion rates and bedrock erosion rates (in m/Myr), and '°’Be minimum exposure ages (in Ma). Bedrock '°Be erosion rates are up to five times higher
than most of the catchment-wide erosion rates. Calculated reach erosion rates for the respective subcatchments are illustrated.

<0.3 m/Myr (Figure 7) is measured in the upper reaches of the catchment, while the total basin-averaged erosion
rate is on the order of <1.2 m/Myr. Bedrock erosion rates in the NC are between 2 and 12 m/Myr (NC-B1-B2).

4.3. Geomorphic Metrics—Hypsometry

The generated normalized stream profiles yield values for H_, of 0.097 (SC), 0.069 (Central Catchment), and
0.185 (NC), which correspond to values for £, of 0.376, 0.892, and 0.392, respectively (Figure 5b). As such, all
profiles strongly differ from those of well-graded streams commonly associated with fluvial systems in equilibrium
(Leopold & Bull, 1979), where H,,, and E, may approach values closer to 0.3 (Demoulin, 1998). As reflected by
the values for H_,,

strong tectonic activity governing surface processes in these catchments (Demoulin, 1998). The longitudinal profile

the southern and central catchments have almost linear normalized stream profiles, indicating

of the NC shows a larger concavity in the upstream area, turning into a strongly convex zone in the lower portion.
The transition from a concave to a convex profile spatially coincides with the knickpoint located at NC-B1 and
hence reflects the transition between two erosional regimes governed by tectonic uplift. Catchment slope-frequency
distributions display unimodal distributions (Figure 5c). The NC, however, indicates a right-skewed distribution
reflecting the lower relief upper parts of the catchments with a mean slope of ~15°. The central catchment indicates
a symmetric normal distribution with a mean slope of ~24°, presumably due to the small catchment size. The SC
reveals a mean slope of ~17° and a much broader, almost plateau-shaped distribution.

The low basin-averaged erosion rates that we obtain do not show any relation with geomorphic metrics, such as
local relief or mean slope (Figures 5e and 5f). Lowest basin-averaged erosion rates coincide with comparably
steep slopes and high reliefs. TCN erosion rates do not reflect variations of relief between ~100 and 450 m, and
5°-22.5° (sub) catchment-averaged hillslope angles. Higher erosion rates of NC-S7 and NC-S6, however, corre-
spond to a higher channel gradient. Samples from the central catchment (CC-S1-2) reveal extremely low erosion
rates (<0.6 m/Myr), despite the high topographic gradients within the catchment. Comparing catchment erosion
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rates derived here with their mean hillslopes and relief indicates that these parameters are unrelated, indicating a
disconnect between topographic form and surface activity.

All catchments indicate rather high HI values, reflecting that large parts of their surface remain at high altitudes
(Figure 5d). Consequently, hypsometric curves of the southern and northern catchments can be regarded as a
juvenile stage of geomorphic development, while the central catchment hypsometric curve displays a more inter-
mediate geomorphic development (Strahler, 1957) (Figure 5d). Geomorphometric data are stored in Supporting
Information S1 and data set (Ritter et al., 2023).

S. Interpretation and Discussion

Basin-averaged erosion rate estimates from TCNs use an idealized model of erosional processes, which requires
a set of assumptions to be fulfilled (Granger et al., 2001; Von Blanckenburg, 2005). However, in extreme envi-
ronments, such as the Atacama Desert, some of these assumptions might be violated, which, however, can be
identified using paired cosmogenic nuclides (Campbell et al., 2022). The following section will consider the
sensitivity of TCN-derived erosion rates to processes particular to hyperarid environments.

Our TCN concentrations indicate that extremely low basin-averaged erosion rates presumably prevailed since the
Plio/Pleistocene in parts of the studied catchments, based on T, the time to remove one attenuation path length
(~56 cm, average '°Be T, , ~2.3, average Al T, . ~1.4 Ma (Dunai, 2010; Lal, 1991), see Section S3 in Support-
ing Information S1) and by the position on the two-isotope plot (high '°Be concentrations indicate long-term
exposure, consequently, samples lie to the right in the plot of Figure 6a). Major assumptions that should be
fulfilled when deriving basin-averaged erosion rates from TCN concentrations include steady-state erosion for
the removal of up to 4-5 attenuation lengths of unexposed material (Lal, 1991) and subsequent negligible sedi-
ment transport times to the channel after detachment from the hillslopes, that is, (e.g., Bierman & Steig, 1996).
These assumptions might not be fulfilled in our study area, as we observed indications for long-term sediment
storage, primarily in the lower reaches of the NC at the transition zone from the plateau-like upstream area toward
the deeply incised reaches. Storage of detached bedrock material on the slopes or in channels for periods in excess
of a few hundred thousand years (in the case of '’Be and 2°Al) violates assumptions inherent in the conceptual
TCN-based erosion rate model (Bierman & Steig, 1996). The observed downstream increase in the deviation of
the 2°A1/!%Be ratio from the steady-state island, such as evident for NC-S1, can be attributed to increased tapping
of sediment from storage (<3 m) with long or repeated burial histories. In theory, such a scenario could provide
a simple explanation for the deviation of 2°A1/!°Be ratios from the steady-state island (Figure 6a). However, field
evidence indicates that some samples have complex TCN histories, which cannot be explained by the recycling
of deeply buried sediments (no indication of erosion from stored material upstream of SC-S1-2, CC-S1-2, and
NC-S2-5). Hence, in these cases, the calculated apparent burial durations derived from Figure 6a should be
simply regarded as a measure for the deviation from the steady-state 2°Al/!°Be ratio. Potential processes which
cause the deviation of Al and '°Be concentrations will be discussed in the following.

5.1. High TCN Concentrations—Depth Dependency of Production Versus Decay

The concentration of a given cosmogenic radionuclide at a surface undergoing long-term steady state erosion
is governed by the rates of nuclide production, nuclide decay, and the erosion rate of the surface (Lal, 1991).
With increasing depth below the surface, however, the subsurface nuclide production decreases, and thus the
decay increasingly exerts dominant control on the nuclide concentration. The depth-dependency of the nuclide
production becomes less pronounced with increasing nuclide concentration as radioactive decay becomes more
important relative to the production rate (Struck et al., 2018; Wittmann & von Blanckenburg, 2009). Under
such conditions, 2°A1/!°Be ratios will start to decrease through the profile due to the faster decay of 2°Al. Under
conditions of slow erosion, as found in our study, the 2°Al concentration of a given parcel of subsurface bedrock
moving toward the surface due to erosion could have attained secular equilibrium, independent from the surface
erosion rate, whereas the '°Be concentration continues to increase. Assuming a weathering-limited environment
with outcropping bedrock/regolith at the surface and that the production of cosmogenic nuclides in the subsurface
is modulated by the density of the bedrock (2.85 g/cm?3), rapid mobilization and especially mixing of material
from the near-surface (depths of less than 10 cm) could explain the deviation of the measured 2°Al/!°Be ratio from
the steady-state erosion line (Figure 6b).
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5.2. Impact of Atmospheric Deposition on TCN Concentration in Sediment Samples

This simplified shallow mixing model might be insufficient in extreme hyperarid transport-limited environments,
as the formation of soils (Struck et al., 2018) and additional impacts of atmospheric deposition increase the rock/
sediment column and thus might interfere/violate the general erosion model. Bedrock outcrops in the upper
reaches of the studied catchments are rare (Figure 3b), indicating that detached grains from bedrock are not
simply affected by the attenuation of the density of the regolith and bedrock alone (see above) but additionally
by soil accumulation due to atmospheric deposition (Michalski et al., 2004; Rech et al., 2019; Wang et al., 2015).
The significant soil cover (observed: up to 80 cm) increases the (partially) shielded residence time of grains
on the hillslopes on their transit to the channels. This holds independent of the process of moving the soils and
entrained bedrock material to the channels (mass flow, slump, creep; i.e., well mixed or retaining stratification;
e.g., Figures 3b and 3c¢).

Dust deposition rates from the Atacama Desert based on meteoric '°Be data (Wang et al., 2015) indicate atmos-
pheric deposition rates of the order 3040 cm/Myr. The densities of CaSO-rich soils within the Atacama Desert
range between 1 and 2 g/cm? (e.g., Ewing et al., 2006; Pfeiffer et al., 2021; Wang et al., 2015). We modeled
the effect of sediment cover mimicking a CaSO,-rich soil to illustrate its potential effect on the TCN inventory
(Figure 6a). For this modeling approach, we focused on samples (SC-S1 to 2, CC-S1 and 2, NC-S2 to 5, Figures 2

and 3) in the upper reaches of the catchment. The attenuation correction factor (f,

over) OF subsurface production

of cosmogenic nuclides was modeled for densities between 0.5 and 3.0 g/cm3 (beyond the densities for Atacama
soils, including bedrock density) and various depths (0-120 cm), which cover the potential conditions observed
in our catchment areas (Figure 6b and Figure S3 in Supporting Information S1). For instance, cover thicknesses
of 20-30 with a mean density of 2.0, of ~20—40 with a density of 1.5, or 50 cm with a density of 1.0 g/cm3
can explain the position of our samples in 2°Al/!°Be versus ’Be space (Figure 6b), assuming they spend most
of their time on the hillslopes in (partially) shielded position before entering the channel. Material transport to
the channels by creep and slumping (e.g., Figures 3b and 3c) are compatible with this assumption. Mass flow
would violate it; however, the catchments are devoid of visible traces of mass flow events on the hillslopes. The
values we assume for surface cover are typical for the core region of the Atacama Desert (Ericksen, 1981; Ewing
et al., 2006; Wang et al., 2015). Consequently,'°Be derived erosion rates from channel sediments in the region
might experience similar effects, which go undetected, when using one isotope only.

5.3. Cosmogenic Nuclide Derived Erosion Rates Close to Secular Equilibrium of Radiogenic 2°Al—1'Be

WEe calculate rather low basin-averaged erosion rates from our 2°Al and '°Be concentrations, meaning that radio-
genic decay cannot be ignored and one of the assumptions used for calculating basin-averaged nuclide-derived
erosion rates might be violated (Bierman & Steig, 1996). The rates in slowly eroding parts of a catchment are
underestimated in such environments due to a partial loss of the erosion signal by decay, violating the assumption
of an equitably produced signal from the entire catchment. Therefore, the inferred basin-average erosion rate
will be biased to higher values, inadequately representing slower eroding parts of a basin (Granger et al., 2001)
(Figure 6¢). This bias is more pronounced for the shorter-lived 2°Al as compared to '°Be. Erosion rates in excess
of around 0.3 (°Be, Granger et al., 2001) and around 0.6 m/Myr (*°Al, von Blanckenburg, 2005) minimize this
bias. Many of the calculated basin-averaged erosion rates in our study area are close to or beneath these lower
limits (Figure 6a, Table 1). The low 2°Al/!°Be ratios we find for samples from the upper catchments, which are
all within uncertainty at the point of saturation (Figure 6b), require erosion rates below 0.1 m/Myr. Since we are
biased to higher rates (Granger et al., 2001), this is an upper limit. In the following section, to simplify the discus-
sion and maintain comparability with previous studies, we use the calculated '°Be erosion rates as conservative
estimates of the erosion rate.

5.4. Independent Erosion Rate Constrains

Dated tephra deposits yield U/Pb (NC-T1) and U-Th/He (SC-T1) ages of approximately ~1 Ma (supplementary).
Other tephra deposits of similar age or older have been mapped by Vasquez and Sepulveda (2013) in the vicinity
of our study area. The preservation of easily erodible tephra deposits outcropping at the rims or hillslopes of
fluvial channels (Figures 4e and 4f) indicates that these deposits have not been subject to notable erosion since
at least ~1 Ma. The erosion of the tephra-deposits we observed were all linked to channel erosion (Figure 4f).
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Located at the outlet of the SC, Diederich et al. (2020) investigated a short sediment core and seismic data from
an endorheic clay pan. A rough extrapolation with the published age-depth model (~4 m depth, basal age of
~68 ka), the clay pan size (~0.12 km?), the potential maximum depth of the sedimentary infill from seismic data
(30-40 m) and the catchment size of the entire SC (~12 km?), and assuming that the entire catchment equally
contributed to the filling of the clay pan, an erosion rate of ~0.4 m/Myr can be approximated (bedrock density
2.85, sediment infill 2.0 g cm™3). For the calculation, an oversimplified triangular box for the sedimentary basin
was assumed. Therefore, the sedimentary infill is likely to be overestimated, that is, the approximated erosion
rate reflects a maximum value and could be considerably lower than calculated. The crudeness of the calculations
notwithstanding, this erosion rate is in good agreement with the rates derived from cosmogenic nuclides (Table 1,
Figure 7).

Basin-averaged erosion rates derived in this study are at the lower end of published rates from the Atacama
Desert, most likely due to the location of our catchments within the hyperarid core of the desert. While other
studies found higher rates at the fringes of the hyperarid core (Mohren et al., 2020; Starke et al., 2017), low rates
of about ~1 m/Myr are found within the Coastal Cordillera (Mohren et al., 2020; C. Placzek et al., 2014) and
the southern extents of the desert (Nishiizumi et al., 2005). Mohren et al. (2020) have shown that such low rates
can be maintained despite high elevational gradients induced by geologically recent (Mid Pleistocene) base-level
lowering. High TCN concentration clearly demonstrate a predominant hyperarid climate during the past few
millions of years in our study area.

5.5. Bedrock Erosion Rates Contrast Low Basin-Averaged Erosion Rates

TCN-derived bedrock channel erosion rates are one to two orders of magnitude higher (2-12 m/Myr) than
basin-averaged erosion rates (<1 m/Myr, Table 1, Figure 7). More rapid bedrock channel erosion rates in relation
to much lower upstream basin-averaged erosion rates of regolith mantled hillslopes are illustrative of the intra-
catchment transition between different erosional regimes (Crosby & Whipple, 2006). The contrasting erosion and
deposition milieus of the upstream knickpoint area versus the downstream area, that is, high-altitude low relief
and transport-limited environment versus the bedrock channel, high relief, weathering limited environment, are
indicative of this transition. From a geomorphological perspective, the notion of bedrock knickpoint migration,
or lack thereof, governing lower erosion rates further upstream is typical of a predominantly bottom-up controlled
system (Bishop, 2007). Higher bedrock erosion rates in the channels suggest the importance of tectonic forcing
for landscape evolution in our study area via uplift-induced base-level change. The upstream areas, which appear
to be in a state of long-term stasis, have yet to adapt to the new boundary conditions communicated to the lower
portions by the knickpoints.

The comparison of basin averaged erosion rates may be affected by a grain-size bias if higher altitudinal parts of
steep catchments produce larger grain-size, which are subsequently unrepresented in samples of sand grain-size
(Lukens et al., 2016). However, in our study area, the topography of the catchments is the opposite of the more
typical case discussed in Lukens et al. (2016). In our case, the lower catchment areas are steeper compared to
the flatter upper areas, such that the grain-size of transported material does not increase with elevation. Conse-
quently, the potential bias described in Lukens et al. (2016) does not pertain to the present study.

The patterns of higher channel sediment TCN concentrations versus lower bedrock concentrations contrast some
of the results presented in the study of C. Placzek et al. (2014), who comprehensively analyzed both sample types
in the arid to hyperarid Atacama Desert (eastern and interior Coastal Cordillera, ~22°-25°S). In contrast to C.
Placzek et al. (2014), basin averaged erosion rates from channel sediments in our study area reveal much higher
TCN concentrations than bedrock TCN concentrations. Although erosion rates obtained in our study are in the
same order of magnitude for basin averaged erosion rates (0.6-2.5 m/Ma, C. Placzek et al. (2014)), bedrock
erosion rates from bedrock knickpoints in our study area are at the upper end of reported erosion rates by C.
Placzek et al. (2014). Isolated surface boulder erosion rates (bedrock) investigated by C. Placzek et al. (2014)
represent mostly weathering-dominated erosion and not, to a large extent, erosion due to fluvial activity (running
water with sediment load).

Bedrock erosion rates determined from spatially dispersed outcrops protruding from the crests of hillslopes
(1.5-5.0 m/Myr '“Be recalculated using applied calculation scheme in this study, Nishiizumi et al., 2005) can
provide insights into the magnitude of diffusive surface processes, that is, the downwearing of topography under
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arid to hyperarid climates. Hillslope bedrock erosion rates from Kober et al. (2007) obtained from sampling sites
in the Western Cordillera indicate much higher bedrock erosion rates (up to 46 m/Myr). In contrast, TCN erosion
rates (24°-27°S) reported by Owen et al. (2011) indicate mainly hillslope erosion rates derived from the bedrock/
saprolite interaction zone from soil pits (~1 m/Myr), which represent a different erosion rate compared to basin
averaged erosion rates from channel sediments and bedrock erosion rates. Nevertheless, Owen et al. (2011)
reported one channel bedrock erosion rate of 1.3 m/Myr ('°Be erosion rate with indications of complex burial),
which is one of the lowest bedrock channel erosion rates published so far in the Atacama Desert. Our bedrock
samples are taken from channel beds in an active tectonic setting, which might explain higher bedrock erosion
rates, representing the culmination of advective processes. Similar observations were reported by Mohren
et al. (2020), who found bedrock erosion rates further to the south, adjacent to the Rio Loa, to be on the order of
~40 m/Myr.

5.6. Landscape Evolution and Dominant Factors Governing Surface Processes

In general, surface activity is extremely low within the HIC catchments (Table 1), which underscores the predom-
inant hyperarid climate since at least the Miocene. Our apparent erosion rates calculated from cosmogenic nuclide

concentrations of 1°Be and 26Al integrate over the Late Pliocene and Pleistocene (7,

in Section S3 in Supporting
Information S1). Beyond that timespan, TCN exposure ages from adjacent and previously connected alluvial fans
and fluvial meandering channels directly to the west of the HIC (Ritter et al., 2022) indicate predominantly arid to
hyperarid conditions since at least the Early Miocene. Based on surface exposure dating and incorporated tephra
deposits within the Alto Hospicio formation (Vasquez & Sepilveda, 2013), Ritter et al. (2022) concluded that
most of the erosional products situated at the foot of the HIC today were delivered as a result of fluvial incision
of the HIC prior to or during the Early Miocene. The overall fluvial topography of the HIC was likely formed
already before/during the Oligocene to Early Miocene. Younger (Miocene to recent) landscape modification,
such as debris flows onto alluvial fan surfaces and more recent fluvial incision into older alluvial fan deposits, are
regarded as insignificant contributors to the bulk of fluvial erosion within the HIC.

As the climate has been predominantly hyperarid since at least the Early Miocene, tectonic activity is the major
cause of landscape modification by driving base-level changes and consequently increasing relief and slope
angles. The latter was indicated by several studies to be the most important factor for initiating surface runoff
and erosion during recent rare precipitation events in the hyperarid Atacama Desert (Jordan et al., 2015; May
et al., 2020).

Precipitation records covering the observational timescale from the Atacama Desert are scarce (Schween
et al.,, 2020). Exceptional precipitation events in March 2015 (e.g., Bozkurt et al., 2016), January 2020
(Vicencio Veloso, 2022), and March 2022 (Cabré et al., 2022) have received considerable attention. These events
mostly occurred several hundred kilometers further south. There are no observational records of extreme rain
events in the study area, either due to an observational gap or the long-term absence of such events. One of
the most recent rain events in the region, which caused severe damage in the proximal coastal town of Iquique
(Vicencio Veloso, 2022), did not affect the study area in the Coastal Cordillera (<1 mm precipitation weather
station 23—Cerro Constancia, Hoffmeister, 2018). Rare gravel layers in the 68 ka sediment record in the termi-
nal pan of the southernmost catchment (Diederich et al., 2020) indicate that extreme events (those that can wash
gravel onto a flat surface over a distance of ca. 300 m) occur less than once in 10 ka. The same study (Diederich
et al., 2020) points to low but steady sedimentation and erosion rates over the last 68 ka. In any case, due to
the long half-lives of '°Be and 2°Al and the long averaging timescales of the TCN methodology, TCN-derived
erosion rates are insensitive to short-term changes in erosion rates (Kirchner et al., 2001).

Areas that are not directly affected by base-level drops near the catchment mouths, such as the upper “plateau”
of the NC, have hillslopes mantled by a soil layer enriched in atmospherically deposited CaSO, that can protect
from erosion. Studies conducted in the Atacama Desert (Jordan et al., 2015; May et al., 2020; Pfeiffer et al., 2021)
identified the potential of CaSO-rich soils on rare and/or artificial precipitation events to prevent overland flow
by increasing infiltration capacity. Hortonian overland flows may be suppressed by high infiltration capacities,
subsequently causing a self-reinforcing mechanism by stabilizing and protecting these covers from any erosion.
For the March 2015 event, with locally up to 85 mm/24 hr precipitation, Jordan et al. (2015) found indications that
flat-angle hillslopes and surfaces (<7°, based on 90 m SRTM) experienced no measurable surface modifications,
thus implying that surficial covers of CaSO,-rich soils may hinder surface activity by absorbing rain.
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In the SC, accumulations of interlocking large boulders (several dm to m size; Figure 4f) in the channels armor
their beds from erosion, thereby slowing valley incision (see additional information in Section S4 in Supporting
Information S1). These boulder accumulations are found as high as the channel heads of tributaries (Figures 3
and 4i). Gravitational hillslope transport, assisted by seismic shaking (Figure 5h, Matmon et al., 2015; May
et al., 2019; Quade et al., 2012), is the likely process transporting the boulders in to the channels (see additional
information in Section S4 in Supporting Information S1). Seismic shaking would also assist in interlocking the
boulders (Figure 4f).

Higher erosion rates in bedrock channels can be best explained by the removal of protective elements, such
as sediments and boulder accumulations. Channel slopes are steeper, preventing the accumulation of enough
CaSO,-rich soil to reduce the erosional impact of precipitation events. Furthermore, bare bedrock is prone to
physical weathering processes driven by high diurnal temperature variability (Min./mean/max. air temperature
[2 m]: 2.19°C/16.64°C/28.61°C, Hoffmeister, 2018). Recent soil disc infiltrometer measurements on hillslopes
from the southern Atacama Desert revealed that only precipitation exceeding 78 mm/hr was able to saturate soils
and infiltration capacity and to initiate overland flow (Pfeiffer et al., 2021). We assume a similar situation for
the upper catchments of the current study. In rare events with overland flow, and consequently channel flow, the
boulder accumulations we observe in some channels (Figures 3e, 3f, and 4f) will slow the velocity of runoff and
thus reduce its erosive capacity. Averaged over long timescales, channel incision is reduced, as is the pace of
which adjacent hillslopes adjust (see also Shobe et al. (2021)).

6. Conclusion

Our study addresses the lack of erosion rate studies in the hyperarid Coastal Cordillera of the Atacama Desert and
the importance of applying a two-isotope TCN approach in hyperarid environments. The TCN-derived erosion
rates indicate that predominantly slow rates of surface activity prevailed in this part of the Atacama Desert during
the Pleistocene and likely beyond. As a result, basin-averaged erosion rates are extremely low, even in catch-
ments with steep slopes and high relief. The preservation of early Miocene surfaces in close proximity (Ritter
et al., 2022) indicates that low erosion rates have probably prevailed during the entire Miocene. Long-term aridity
leads to a partial decoupling of erosion and geomorphological parameters, which has important implications for
landscape evolution models in arid to hyperarid environments. Studies in less severely water-limited landscapes
have established a positive correlation between mean slope or catchment relief and erosion rates (e.g., S. A.
Binnie et al., 2007; Dibiase et al., 2010; Portenga & Bierman, 2011), however, this correlation may not hold for
hyperarid landscapes, where topographic slope may be largely decoupled from erosion rates, and significant parts
of the landscape are in a form of hibernation. In our specific case, erosive episodes are linked to rare precipitation
events exceeding the large saturation and infiltration capacity of calcium sulfate-rich soils. The rarity of these is
confirmed by local sediment records (Diederich et al., 2020). Upland channels are, in places, choked with large
boulders that reduce the erosive power of runoff during extreme rain events. The boulders are transported from
the hillslopes to the channels by gravitational sliding, aided by seismic shaking. The combination of long-term
aridity, sulfate-soils, and seismically induced channel obstructions are key factors in preserving a tectonically
uplifted landscape.
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Erratum

The originally published version of this article contained several typographical errors. In Figure 6, '°Be in the
X-axis in parts A and B were incorrect. In the X-axis, the description should be '°Be [years]. In Table 1, the ratios
under the Norm. 2°A1/!°Be column were incorrect. In addition, the supporting information has been updated with
a revised Table S1. These errors have been corrected, and this may be considered the authoritative version of
record.
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