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Abstract The widening and deepening of river valleys occur at different rates. This co-evolution

is largely undocumented over thousands of years. Uncertainties on incision and widening laws limit

the ability of models to reproduce erosion rates and responses to tectonics and climate over geologic
timescales. We studied two 1 km-deep canyons in northern Chile, both characterized by valley widening
after the upward migration of a major knickzone but with a diachronous incision initiation. We use '°Be
concentrations measured in colluvial deposits to quantify the erosion rates E of along-stream valley flanks.
We observe that E increases in the knickzone, with well-defined relationships (R2 = 0.7): E increases
quasilinearly with the valley-bed slope and decreases with the valley width (exponent ~-0.4). Our results
suggest that E decreases with time but that valley flank weathering may sustain a significant lateral
erosion rate. Our results provide data for testing erosion laws governing valley widening.

Plain Language Summary A common feature of river landscapes is the widening of valleys
downstream (i.e., floodplains). Several studies have explored valley width controls, considering that
different processes can control it, such as lithology and river hydraulic variations downstream. However,
little is currently known about how the widening of valleys, in particular, occurs. To understand these
processes, we studied two 1 km-deep canyons in northern Chile, both characterized by a different valley
width downstream, a sharp change in valley slope (or knickzone), and different timings for the beginning
of the incision. In an original way, we measured the concentrations of '°Be in the colluvial deposits at the
foot of the valley flanks to quantify the rate at which the flanks are eroded at different locations along

the valley. Our results show that the erosion rates increase toward the knickzone, given that they are
positively correlated with the slope of the valley floor and they decrease as the valley width increases. Our
results suggest that the widening rate decreases with time but that the concomitant weathering of the
valley flanks favors their lateral erosion. Our results give confidence in this new approach and provide the
first data set to test the existing valley widening laws.

1. Introduction

Due to the tree structure of drainage networks, the amount of water flowing in streams increases down-
stream, which is accommodated by a change in water velocity and/or in channel geometry such as the river
width-to-depth ratio. An empirical relationship between river width and water discharge (Q,,) is observed
(Leopold & Maddock, 1953). The variation in bedrock river width with a changing Q,, or uplift rate has been
a research focus over the last 20 years, because the river width adaptation controls the incision rate and
thus the landscape response to climate and tectonic variations (Amos & Burbank, 2007; Bufe et al, 2016,
2019; Croissant et al., 2019; Hartshorn et al., 2002; Lavé & Avouac, 2001; Turowski et al., 2009; Whittaker
et al., 2007; Yanites & Tucker, 2010). However, with the exception of some gorges (Barbour et al., 2009; Cook
et al., 2014; Hartshorn et al., 2002), valleys are usually wider than their rivers since channels move and
erode laterally. Yet, factors controlling the rate of valley widening by lateral erosion are poorly understood.

Valley widening occurs by occasional contacts between river channels and valley flanks (Hancock & Ander-
son, 2002). Thus, the valley widening rate depends on erosion processes acting at the scale of the channel
bank itself and on processes controlling the lateral mobility of river channels on the valley floor.
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At the scale of a bedrock river channel bank, field and experimental studies suggest that lateral erosion
is decoupled from the incision of the river (Cook et al., 2014; Johnson & Finnegan, 2015). This potential
decoupling is linked to several phenomena. For clay-rich lithologies, the alternation of wetting and drying
periods physically alters the banks, increases their erodibility and favors lateral erosion over vertical inci-
sion. Lateral erosion may thus be favored by variations in water discharges (Johnson & Finnegan, 2015;
Montgomery, 2004; Schanz & Montgomery, 2016; Stock et al., 2005). In addition, when the sediment sup-
ply increases, the river bed may be protected from vertical incision (cover effect), thereby promoting bank
erosion (Baynes et al., 2020; Beer et al., 2017; Hartshorn et al., 2002; Lague, 2010; Li et al., 2020), although
the role of sediment discharge may vary (Bufe et al., 2019; Cook et al., 2014). The macro-roughness of the
river bed also plays a role by deflecting the trajectory of coarse bedload particles that impact and erode river
banks (Finnegan et al., 2007; Fuller et al., 2016; Li et al., 2020; Turowski, 2020). Conversely, bank height
may limit bank erosion (Bufe et al., 2019). Vegetation is known to increase the cohesion and to limit the
erosion of channel banks (Vargas-Luna et al., 2019), to slow down the lateral mobility of meanders (Lelpi
& Lapotre, 2020), and to increase the minimum stress that needs to be overcome in order to detach blocks
from the flanks (Langston & Temme, 2019).

At the scale of a valley, widening processes are more difficult to address because they involve discrete con-
tact events over long timescales (>1 kyr), for which the frequency and magnitude of the effects are large-
ly unknown. It is likely that the factors that promote the lateral shift of rivers also promote valley flank
erosion. As an example, Stark et al. (2010) show that the sinuosity of meandering rivers increases with
increasing discharge variability, which then appears as a potential control of flank erosion in this specific
case. Similarly, high sediment and water discharges may promote a higher lateral mobility of rivers (Bufe
et al., 2016; Constantine et al., 2014; Wickert et al., 2013) and thus likely increases the probability of their
contact with the valley flanks. Conversely, sediment input coming from the valley flanks themselves may
inhibit lateral erosion if this input is higher than the transport capacity of the rivers (Malatesta et al., 2017).
The efficiency of these processes to widen a valley depends on the nature of the rocks that compose the
eroded bedrock (Brocard & der Beek, 2006; Langston & Temme, 2019). This complexity makes it difficult to
establish a parametrical model for valley widening.

Nevertheless, Hancock and Anderson (2002) proposed a numerical model of lateral planation that consid-
ers a probability of contact between the river and its valley flank that only depends on the channel-to-valley
width ratio. This model thus predicts that the widening rate of valleys decreases with time as they widen
because of the progressive reduced likelihood of contacts between the river and its valley flanks. This de-
crease is also seen in flume experiments on bedrock channels with a fixed base-level, due to the decrease in
sediment transport capacity and shear stress exerted on the river bed and banks as the river widens (Fuller
et al., 2016; Limaye, 2020). In experiments with a base-level fall (Schumm et al., 1987), widening occurs
after a first incision phase driven by the upstream propagation of a knickpoint, and then widening rate de-
creases with time until the valley width has reached a steady-state value (Schumm et al., 1987). By studying
canyons carved into the Tian Shan alluvial piedmont, Malatesta et al. (2018) proposed a similar scenario,
in which widening is first impeded by higher valley flanks, but then dominates when the vertical incision
subsequently stalls. Mouchene et al. (2017) modeled the autogenic incision of the Pyrenean piedmont using
a lateral erosion rate proportional to the sediment discharge. Their model also predicts that, after incision,
valleys widen at a decreasing rate.

Finally, studies that have investigated valley widening processes have often looked for relationships between
valley width Wy, and drainage areas (a proxy for discharge), similar to those accounting for river width (Bro-
card & der Beek, 2006; Langston & Temme, 2019; Leopold & Maddock, 1953; May et al., 2013; Schanz &
Montgomery, 2016; Tomkin et al., 2003). The exponent of the valley width-area power law relationship is
generally larger than the river width one (May et al., 2013; Tomkin et al., 2003), indicating that the valley
width increases more rapidly than the channel width, for reasons that have not yet been demonstrated.

Landscape evolution models that have included different lateral erosion laws predict an equilibrium Wy,

scaling as Q%7 (Carretier et al., 2016; Langston & Tucker, 2018), which is consistent with several obser-

vations (Brocard & der Beek, 2006). This relationship does not seem to discriminate the lateral erosion law.

This nonexhaustive review illustrates the ambiguous effects of certain factors such as water and sediment
discharges on the valley widening rate, potentially because they are not independent and they both act at
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the channel bank and valley floor scale over different periods. A large part of the uncertainty on the lateral
erosion law relies on the lack of a method to quantify the valley widening rates averaged over periods that
integrate the variability of river processes. Here, we take advantage of the relatively simple geometry of
two Andean canyons incising an Oligo-Miocene surface in northern Chile. They present transient stages of
evolution through knickzone retreat, with different degrees of deepening and widening downstream (Fig-
ure 1). We use cosmogenic '°Be concentrations in the colluvium at the foot of hillslopes in these canyons
to estimate the valley flank erosion rate (E). Our aim is to verify the applicability of this approach so as to
explore how E varies downstream from the knickzones as the valleys widen and deepen. Here, the flank is
defined as the hillslope between the valley floor and a summit surface incised by the canyons. The “°Be con-
centration measured in riverine sediment is frequently used to estimate average millennial catchment-wide
erosion rates, by assuming that the concentrations were derived only from in-situ '°Be on hillsides (Portenga
& Bierman, 2011). Our approach is similar, but we use the Be concentration in colluvium sediment instead
of river sediment to record the average erosion rate in their source area, corresponding to a small portion of
the valley flank along the valley.

2. Study Area

The Chiza and Tana canyons, 0.5-1 km deep (Garcia et al., 2011; Hoke et al., 2007; Schlunegger et al., 2006),
are located on the western slope of the Central Andes (Figure 1). Their incision occurs through the eastward
migration of a knickzone in response to a Miocene surface uplift of the forearc, with diachronous onsets
of canyon incision along the coast, and a mean knickzone migration rate on the order of 1-5 km/m.y (Gar-
cia et al., 2011). An arid to hyperarid climate prevails, with precipitation that increases on average from
< 10 mm/yr in the Coastal Cordillera (CC) toward 100 mm/yr in the Western Cordillera (WC) (Garreaud
et al., 2010). These two canyons progressively widen downstream from a knickzone located roughly 50 and
25 km from the coast in the Chiza and Tana canyons (Figures 1d and 1e). Another steeper knickzone is
found roughly 50 km further upstream in the Chiza Canyon, but is not included in the analysis (Figure 1d).
The headwaters of these two rivers, several tens of kilometers away, are found in the WC. They flow to the
Central Depression (CD) before incising the Coastal Cordillera and reaching the Pacific Ocean (Figure 1a).
In the CD, the Chiza and Tana valleys dissect an extensive, gently westward-dipping erosional surface corre-
sponding to the top of Oligo/Miocene volcano-sedimentary rocks (Oxaya and El Diablo Fm.; Figures 1d and
1e). The canyon incision started at 11 Ma in Chiza based on the minimum age of the upper deposits of the
CD (Garcia et al., 2011). The incision of the Tana Canyon probably initiated more recently, approximately 3
Myr ago, as evidenced by the presence of a paleolake located on the western side of the CD and incised by
the Tana River (Figure 1a). This paleolake likely acted as a local base level for the upstream Tana drainage
until its abandonment at ~3 Ma (Kirk-Lawlor et al., 2013). The Chiza and Tana catchments have compara-
ble drainage areas but the knickzone distance from the outlet as well as the valley width are smaller in Tana
compared to Chiza. As a result, Tana can be considered as being at a less advanced transient stage compared
to Chiza (Garcia et al., 2011). In the investigated area of the two canyons, the bedrock changes along-stream
from the poorly cohesive El Diablo formation to the cohesive volcano-sedimentary Oxaya formations and
then to dioritic intrusive rocks (basement; Figure 1) near the coast. El Diablo appears more erodible, while
it is uncertain if a difference in erodibility exists between the Oxaya formation and the intrusive rocks.
Both canyons have wide bedrock valley flanks partially covered by a regolith that becomes patchy near the
knickzones. Their valley floors are covered by coarse sediment (sand to boulders) except in some portions of
the narrowest gorges in Tana where, according to our field observations, the bedrock outcrops.

3. Methodology

The geometric features of the Tana and Chiza canyons have been measured using 30-m resolution DEM
from NASA’s Shuttle Radar Topography Mission (Farr et al., 2007). The canyons show linear valley flank
cross-sectional profiles downstream from their main knickzone (Figure S1), whereas the flanks are more
convex upstream. In both canyons, the transition from valley flank to valley floor is clearly defined by a
break in the slope that was used to delineate the valley floor margins and to define a valley centerline, along
which the elevation profile and valley bed slope (Sy) and width (Wy) were measured. The valley flank slope
(Sr) was calculated by using a linear fit on elevation data along 120 profiles (spaced at roughly every 0.5 km
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Figure 1. (a) Image (Google Earth™) of the Central Andes in northern Chile showing the four morphotectonic

units and the Tana paleolake boundaries (dotted white line) (Kirk-Lawlor et al., 2013). The green arrows indicate the
considered knickzone in each canyon. (b) Image of the mouth of the Chiza River (Google Earth™). (c) Field photo

of Chiza Canyon near its knickzone. D and (e) Paleosurfaces (dashed lines) and longitudinal river profiles (solid line)
of the Chiza and Tana canyons, respectively. Cross-section based on the geological map from SERNAGEOMIN along
canyon hillsides (Garcia et al., 2013; Garcia & Fuentes, 2012). It shows the schematic stratigraphic relationship between
the basement outcrops, Oxaya Formation and El Diablo Formation. In both cases, the canyon flanks are covered by a
layer of colluvium (as shown in c) that varies in thickness and prevalence. The green rectangle frames the downstream
50 km-long segment of the valleys where we measured the canyon features displayed in Figure 3.
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Figure 2. Features of the Tana and Chiza canyons: elevation profile, valley bed slope (Sy), valley flank slope (Sg), valley width (Wy) and hillside erosion rate
(E). The location of the measurements is shown in Figures 1d and 1le. The canyon geometries were measured using 30-m resolution data from NASA’s Shuttle
Radar Topography Mission (Farr et al., 2007). The error bars for E represent the uncertainty in the measured *Be concentration and °Be production rates. The
green rectangles show the upstream limb of the knickzones.

and parallel to the flow line direction) for each canyon flank. We used '°Be concentrations from coarse sand
(0.5-1 mm grain size) sampled in colluvium at the foot of the valley flanks along the canyons to estimate
the mean local flank erosion rate (E) (Figures S2 and S3; See Supporting information for a description of
the methodology), by assuming that the '°Be concentration is representative of the production in the area
upslope (Brown et al., 1995; Granger et al., 1996). It is essentially the same approach as the one extensively
used to estimate catchment-wide erosion rates, however it is applied here for the first time to a portion of a
valley flank. In this setting, fewer deviations from the method assumptions are likely to occur compared to
river systems (imperfect mixing at confluences, episodic inputs by deep landslides, cosmogenic production
during river transport; Yanites & Tucker, 2010).

To ensure that it represents the entire valley flank (from top to bottom above the sampling point), each sam-
ple contains five subsamples (~100 g) mixed together, collected along a ~50 m long line at the foot of the
hillslopes, away from active channels at the time of sampling (November 2017—Figure S2). We determined
the '°Be production rate by calculating it on each pixel of an upslope contributing area determined with
a flow routing algorithm on the hillslopes (see Figure S4 and Supplementary Information S1 for details).
Taking into account a topographic shielding, this correction only changes E by a few % (Table S1). In the
following, we will only consider the erosion rates calculated without a topographic correction as recom-
mended by DiBiase (2018).

4. Results

In the two canyons, the valley bed slope Sy regularly decreases downward from the knickzone to the river
mouth (Figure 2). In Tana Canyon, Sy also decreases upstream from the knickzone as the valley profile
changes from concave to convex. The valley width Wy, strongly increases for the two canyons downstream
from their knickzones (Figure 2), reaching a maximum value of ~1.5 km in Chiza and ~0.4 km in Tana, i.e.
roughly five-fold their width above the knickzones. Upstream from the knickzones, Wy, is narrow (<100 m)
and several kilometer-deep landslides (Figure S5) locally influenced the valley widths; this phenomenon is
not investigated here because such huge landslides are not observed in our investigated area downstream.

Both canyons show power-law relationships between the valley width and drainage area with exponents
of 1.59 and 1.58 for the Chiza and Tana valleys respectively, with large data dispersions (Figure S6). These
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exponents are significantly larger than the commonly observed exponents, which are classically within the
0.3-0.5 range (Montgomery & Gran, 2001), probably due to the transient stage of the studied canyons. In
Chiza Canyon, a step in the valley width occurs approximately 10 km upstream from the shoreline, at the
confluence between the studied valley and the Camarones Valley. In Tana Canyon, a confluence with a
hanging valley is located near the knickzone to the south of the main reach. The valley width significantly
increases downstream from this confluence and the knickzone.

Downstream from the knickzones, the flanks of canyons show a nearly linear profile (Figures 1b and S1)
with a constant Sy value close to 35°all along the canyons (Figure 2), close to the angle of repose for dry sand
(Al-Hashemi & Al-Amoudi, 2018). Here, the canyon flanks are regolith-mantled and covered by mm to cm
clasts, forming debris-wedges at their base, and occasionally showing bare bedrock exposure (Figure S2).

The cosmogenic-derived E values, between 9.8 + 1.7 and 85.9 + 16.6 m/Ma (Table S1), are in the range of
the known values for steep slopes in the Atacama Desert (Carretier et al., 2018) and are of the same order of
magnitude as the known catchment mean erosion rates in this area (Carretier et al., 2018; Starke et al., 2017).
In Chiza Canyon, E increases upward from 9.8 + 1.7 m/Ma near the river mouth to 31.2 + 6.1 m/Ma near
the knickzone (Figure 2). Similarly, in Tana Canyon, E increases upward from 34.9 + 5.7 to 85.9 + 16.6 m/
Ma at the knickzone and then decreases to 5.5 + 1.2 m/Ma upstream. We performed a repeatability test in
Tana by measuring two samples on opposite sides of the 1.4 km-wide valley near its mouth. We obtained un-
distinguishable '°Be concentrations (samples QTT05 and QTT06, Table S1), which supports our approach.

The whole data set shows that E broadly increases with Sr (Figure 3a), with a large dispersion of the data
for increasing S, as has also been observed in numerous studies, where the erosion rate increases and varies
dramatically near the gravitational stability slope (Carretier et al., 2013; Ouimet et al., 2009). Yet, the disper-
sion of E around Sy suggests that other factors likely influence E. We observe a better correlation between E
and Sy (Figure 3b): higher E values are measured for higher Sy values, near the knickzones. Last, our data
also indicate an inverse relationship between E and Wy (Figure 3c) and a co-variation of E with Wy, and Sy
(Figure 3d).

5. Discussion and Conclusions

To quantify the valley flank erosion rates, we assumed steady-state '°Be concentrations over an integration
timescale on the order of 1 m/E (Lal, 1991), that is, in the range 10-100 ka. During this period, the sea level
dropped ~120 m in several steps between ~125 ka and the Last Glacial Maximum (LGM) ~25 ka ago. This
drop in sea-level potentially accelerated the erosion near the river mouths of the investigated canyons. To
estimate this potential bias, we modeled several scenarios of erosion acceleration between —125 and —25
ka (Figure S8). In the more realistic scenario, where we assume that the valley flanks erode at a slower rate
than the sea level drop, the bias is on the order of the uncertainty for the °Be production rate (20%). As
this bias is not spatially homogeneous but is expected to decrease from the coast upward, its effect would
be to weaken the observed upstream increase in E. Considering a much larger bias (>100%), E would even
decrease upward from the coast, contrary to what we observe for the two canyons.

Similarly, we found that the erosion rate variation associated with the knickzone retreat is not recorded in
the '°Be concentrations, as the retreat rate is slow enough (~1-5 km/Ma) to allow the '°Be concentrations
to equilibrate with the erosion rates (Figure S9).

Another potential bias concerns valley width near outlets. During the low stand of the LGM, rivers may
have carved a narrower valley, now buried by postLGM aggradation. Unfortunately, there is no available
data on the sediment thickness in these canyons. In the worst case (incision of 120 m below the current
valley floors with constant Sr at depth) the buried valley floor near the outlet would be 22% narrower in
Chiza and 100% in Tana. If true, this effect would then have only a minor influence on the Chiza data set
and would not significantly change the trends observed in Figures 2 and 3. However, we cannot rule out
that the potential Wy overestimation does not have a major influence on the Tana data. But in that case,
the consistency between both datasets (Figure 3) would only be a coincidence, something that we consider
to be unlikely. Moreover, as discussed above, E should decrease upstream in that case, contrary to what is
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circle indicates the data point located upstream the Tana knickzone.

observed. Then, we believe that this end-member scenario is unrealistic and that the overestimation of the
valley width due to the valley aggradation only has a minor influence in our data set.

Part of the material incised by the rivers consists of sediments from the uppermost El Diablo formation.
Madella et al. (2018) showed that these sediments could contain an inheritance of roughly 10* atoms/g of
1°Be. In the Tana Valley, our ’Be concentrations are greater than or equal to these concentrations. Two sam-
ples taken on two sides of the Tana Valley at the same distance from the outlet, with different thicknesses
of the El Diablo sediments, yield the same concentrations (QTT05 and QTT06: Table S1), suggesting that
the inheritance of this formation does not significantly bias our erosion rates. In the Chiza Valley, the '°Be
concentrations are one order of magnitude higher, well above the inheritance value reported by Madella
et al. (2018).

Finally, shallow landslides and mass wasting on the studied valley flanks may generate imperfect mix-
ing during the transfer of the materials on the hillslopes as well as time variations in the "°Be concentra-
tions at the sampling points. Nevertheless, the consistent spatial pattern of E (Figure 2), the same '°Be
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concentrations in the two samples located on opposite sides of the Tana Valley and the correlations of E
with geomorphic parameters (Figure 3) suggest a minor effect of shallow landslides on our estimate of the
erosion rates.

Several studies have linked the evolution of canyons in the western Central Andes to the retreat of knickzones
(Abbuehl et al., 2011; Garcia et al., 2011; Schildgen et al, 2007, 2010; Schlunegger et al., 2006; Trauerstein
et al., 2013). Along the Tana and Chiza canyons, the deepening induced by the knickzone retreat drives the
formation of steep linear valley flanks. Our data show that E is at its maximum for narrow valleys, near
the retreating knickzone, and progressively decreases downward as Sy decreases and the valley widens, as
observed in experiments performed on rivers responding to a base-level fall (Schumm et al., 1987).

An original aspect of our study is the potential link between valley width and flank erosion rates. Despite
the potential bias discussed above, whole datasets exhibit clear inverse relationships between E and Wy,
(Figure 3c) following a power law with an exponent of ~-0.4. We consider the possibility that this correla-
tion is not a causal relationship, as Wy, is inversely correlated with Sy, which is itself correlated to E (Fig-
ure 3). Nevertheless, our estimated E includes a vertical incision rate component, and a lateral erosion rate
component (Fig. S10). Part of the erosion rate of the valley flanks is likely the result of lateral erosion caused
by single or multiple channels as they wander across the floodplain due to avulsion or bank erosion, given
that the contact between a river and its flanks is a necessary condition for a valley to widen (Hancock &
Anderson, 2002). This view is supported by our field observations of the recent activation of hillslope debris
where channels were in contact with the valley flanks. The measured erosion rate is therefore not only the
result of the incision rate, controlled by Sy, but also of the widening rate of these valleys via the lateral ero-
sion of the rivers. The vertical incision rate likely controls the valley flank erosion rate E in the knickzones,
where the channel and valley widths are very similar. Conversely, near the valley mouths, far downstream
from the knickzones, we can assume that the lateral erosion rate dominates over the incision rate and that
the valley lateral erosion rate is close to E. Without an independent quantification of the vertical incision
component, it is not possible to estimate the longitudinal variation of the lateral erosion rate without more
details here. With this limitation in mind, we discuss the previous findings in light of our results.

Following the concept developed by Hancock and Anderson (2002), we hypothesize that the widening rate
of the Chiza and Tana valleys is controlled by the frequency of the episodic contacts between the chan-
nels and their valley flanks. In addition to a predicted decrease in the incision rate downstream from the
knickzone, part of our observed downstream decreasing trends in the flank erosion rates may be explained
by the decreased probability for channels to be in contact with their flanks in wide valleys. This negative
effect of valley width is supported by the smaller E in Chiza than in Tana near their outlets (where E is close
to the lateral erosion rate).

Our data do not show clear evidence that valley widening is limited by valley flank height (Malatesta
et al., 2017) (Figure S11). Lateral erosion seems to be efficient enough to remove the sediments supplied
from the eroding valley flanks, and to maintain their slope close to 35° during the widening process. We can
speculate that as E decreases downward, the conversion of bedrock to more erodible regolith may favor lat-
eral erosion, which may partly counterbalance the reduced probability of contact between an active stream
and the valley flanks. This positive role of weathering at the valley scale could broaden previous findings
about physical weathering of river banks (Montgomery, 2004).

If true, lateral channel mobility and weathering over a millennial timescale should be key for understand-
ing the geometry of the Chiza and Tana canyons and their erosion rates, which requires further research. In
particular, the evaluation of the relative impacts of water and sediment discharges requires an independent
estimate of the vertical incision rate. Therefore, we consider our study to be a first step toward this in that it
provides a new tool. Given the lack of knowledge on valley widening laws in landscape evolution models,
our datasets may constitute a unique benchmark for testing numerical models on the geometric evolution
of valleys.

Our results suggest that it is possible to document the long-term erosion rate of canyon flanks using cos-
mogenic nuclides in colluvium. This approach is different from taking sediment within the river, which
can only be used to quantify the erosion rate of nested catchments, and provides a more local erosion rate
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averaged over periods that integrate the contributions of all erosive events. We anticipate that repeating
this approach in other simple canyons may provide new clues on transient river deepening and widening,
something that is much needed in order to test models.
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