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Abstract

Quantifying erosion across spatial and temporal scales is essential for assessing different controlling mechanisms and their
contribution to long-term sediment production. However, the episodic supply of material through landsliding complicates
quantifying the impact of the individual erosional mechanisms at the catchment scale. To address this, we combine the results
of geomorphic mapping with measurements of cosmogenic °Be, 2°Al, and 4C concentrations in detrital quartz. The sediments
were collected in a dense network of nested sub-catchments within the 12 km?-large Girbe basin that is situated at the northern
margin of the Central European Alps of Switzerland. The goal is to quantify the denudation rates, disentangle the contributions
of the different erosional mechanisms (landsliding versus overland flow erosion) to the sedimentary budget of the study basin,
and to trace the sedimentary material from source to sink. In the Giirbe basin, spatial erosion patterns derived from °Be and
Al concentrations indicate two distinct zones:_the headwater zone with moderately steep hillslopes dominated by overland
flow erosion, with high nuclide concentrations and low denudation rates (~ 0.1 mm/yr), and athe steeper lower zone shaped
by deep-seated landslides;—#tere. Here lower concentrations correspond to higher denudation rates (up to 0.3 mm/yr). In
addition, 2°Al/*°Be ratios in the upper zone align with the surface production ratio of these isotopes (6.75), which is consistent
with sediment production through overland flow erosion. In the lower zone, higher 26Al/*°Be ratios of up to 8.8 point towards
sediment contribution from greater depths, which characterises the landslide signal. The presence of a knickzone in the river
channel at the border between the two zones points to the occurrence of a headward migrating erosional front and supports the
interpretation that the basin is undergoing a long-term transient response to post-glacial topographic changes. In this context,
erosion rates inferred from °Be and 28Al isotopes are consistent, suggesting a near-steady, possibly self-organised sediment
production regime over the past several thousand years. -In such a regime, individual and stochastically operating landslides

are-aggregate-overtimeresult in a-specific-regionthe generation of highereresion-withan aggregated signal that is recorded as
a higher average denudation rate- by the cosmogenic isotopes. Although in-situ **C measurements were also conducted, the

resulting concentrations shew-a-nen-conchusiveare difficult to interpret as soil mixing (due to landsliding), sediment storage

or an increase in erosion rates might influence the *C concentration pattern_in a yet non-predictable way.
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1 Introduction

In alpine environments stochastic processes such as landslides often drive sediment production and condition the occurrence
of debris flows (Kober et al., 2012; Clapuyt et al., 2019). During periods of strong hillslope-channel coupling, the processes
operating on the hillslopes deliver detrital material to the channel network, where sediment from various sources becomes
mixed and transported downstream. As a consequence, the sediments at the outlet of an-alpinesuch a catchment are a mixture
of detrital material generated through a large variety of erosional mechanisms in different locations in the upstream basin. This
makes it challenging to allocate the detrital material and to quantify how the different sub-catchments and erosional processes

have contributed to the overall sediment budget. (Battista et al., 2020). This is particularly the case for those basins that are

underlain by a homogenous bedrock lithology, which prevents the identification of different sediment sources using petrologic
fingerprinting methods (e.g., Stutenbecker et al., 2018). In such a context, in-situ °Be has proven a useful tool to quantify the
generation of sediment through erosion (Bierman and Steig, 1996; vonBlanckenburg, 2005) across a large range of catchment
sizes — from small headwater basins (~1 km?; Granger et al., 1996) to major river systems such as the Ganges and Amazon
rivers (Wittmann et al., 2009; Dingle et al., 2018). In addition, °Be-derived denudation rates have also been successfully
applied to explore the controls of various parameters on surface erosion such as: topography; and rock strength (DiBiase et al.,
2010; Carr et al., 2023), environmental conditions (Reber et al., 2017; Starke et al., 2020), rock uplift as well as climatic
variables including precipitation (Roda-Boluda et al., 2019; Chittenden et al., 2014) }envirenmental-conditions{Reberetal;

Beluda-etal-2019); runoff and runoff variability

0 o 0 1S e matic variables including nrecinitation (Rod

(Savi et al., 2015), and frost cracking processes (Delunel et al., 2010; Savi et al., 2015). However, a successful °Be-based

assessment of basin-averaged denudation rates requires that the material at the sampling site is well mixed (Binnie et al., 2006),
representing the contributions from the various tributary basins according to the rates at which sediment has been generated in
them. In catchments where sediment has been episodically supplied e.g-., by landslides, denudation rate estimates may be

biased towards the impact of a specific sediment source (Bierman-and-Steig; 1996;-Savi-et-al-2014)(Bierman and Steig, 1996;

Savi et al., 2014; Brardinoni et al., 2020), particularly if samples are collected in small basins (Yanites et al., 2009; Marc et

al., 2019). Accordingly, erosion rate estimates for basins where the sediment production has largely been controlled by
landslides requires a sampling strategy where the corresponding upstream size of the basin increases with landslide area if the
goal is to capture a stable long-term erosion rate signal (Niemi et al., 2005; West et al., 2014). This is also the main reason
why few studies have targeted small catchments with stochastic sediment delivery (Niemi et al., 2005; Kober et al., 2012).
Nonetheless, recent work (DiBiase, 2018) has demonstrated that landslides primarily introduce some scatter, but not a strong
bias into erosion rate estimates. Furthermore, the use of paired cosmogenic isotopes with different half-lives, such as °Be —
Al (Wittmann and von Blanckenburg, 2009; Hippe et al., 2012; Wittmann et al., 2011) or *°Be — *C (Slosson et al., 2022;
Skov et al., 2019; Hippe et al., 2019; Kober et al., 2012) have enabled to reconstruct the occurrence of sediment storage in the
source-to-sink sedimentary cascade. They also improved our understanding about the importance of transient erosional effects

on the generation of the cosmogenic signals in fluvial material (e.g., Hippe et al., 2012).
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Here, we use information offered by concentrations of cosmogenic 1°Be, 28Al, and '“C in riverine quartz, which we combine
with the results of geomorphic mapping. The goal is to (i) trace the origin of the sediments, (ii) document the influence of
landsliding on the long-term sediment fluxes, and to (iii) explore the scale-dependency — in space and time — of the resulting
cosmogenic signals. In contrast to most previous studies, we particularly target small basins to identify the impact of landslides
on the generation of cosmogenic signals. To this end, we focus our work on the Giirbe basin situated at the northern margin of
the European Alps. Erosion in this basin has been largely controlled by a large variety of erosional processes including
sediment supply through deep-seated landslides (do Prado et al., 2024), thus making this basin an ideal target for our goals.

We thus cenducta-dense-sampling-program--this-catchment-and-combineaddress our aims using the resultsconcentrations of

the three cosmogenic isotopes (‘°Be, 2Al, and *C) to-allecate-in quartz minerals, which we extracted from detrital sediments
in the eriginchannel network of the materi i i
inthe-studyGlrbe basin;-and-to-trace-the-clastic-material from-the source to-the sink..

2 Local setting

The study area, the 12 km?-large Girbe catchment, is situated at the northern margin of the Swiss Alps (Fig. 1a). The Glirbe
River, with a ~8 km-long main channel-appreximately-8-km-long, originates at an elevation of approximately 1800 m a.s.l.
There the landscape is characterised by steep cliffs made up of Mesozoic limestones that are part of the Penninic Klippen belt
(Jackle, 2013) (Fig.-1b). These units are partially covered by a several- meter-thick layer of glacial deposits (i.e. till, Swisstopo,
2024a). The orientation of the corresponding moraine ridges suggest deposition by small, local glaciers during the Last Glacial
Maximum (LGM) ca. 20’000 years ago (Bini et al., 2009; Ivy-Ochs et al., 2022). The headwater area of the Giirbe catchment
hosts a second main tributary, the Schwéndligraben River (Fig. 1a),which). It originates within Cretaceous to Eocene Gurnigel-

Flysch units-cemprised-of-alternating-layers, which are alternations of marls, sandstones, polymictic conglomerates and
mudstones (Winkler, 1984). The landscape in the source area of this tributary is characterised by a swampy terrain and ancient

deep-seated gravitational slope failures. At approximately 1200 m a.s.l., a knickzone that corresponds to the highest glacial
deposits of the LGM Aare-glacier in this region (Bini et al., 2009) separates the landscape #into an upper and a lower zone.

At this knickzone, the longitudinal profile of the Girbe River steepens from originally 6.5° upstream of this knickzone to 9.3°

farther downstream (Fig. 1c). Similarly to the region upstream of the knickzone, the bedrock in the lower part of the Giirbe

basin is predominantly composed of alternated sandstones and mudstonesmudstone beds that either occur in the Gurnigel-
Flysch unit (Swisstopo, 2024a) or in the Lower Marine Molasse (Diem, 1986). In this lower part of the Girbe basin, the
hillslopes are between 20° and 25° steep and covered by a dense forest made up of spruce.

FiveSeveral areas prone for landshidingthe occurrence of deep-seated landslides have been identified in the lower part of the

y (Zimmermann et al., 2016).
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of-the-Girbe basin{Salvisberg,—2017)-Most of them have been inactive for several tens of years (Zimmermann et al., 2016).

During these times, sediment has mainly been generated through a combination of overland flow erosion and incision by small

torrents that are perched on these landslides. Yet, all of these landslides have also been re-activated periodically, though not

simultaneously. During such periods lasting several days up to several months, they have experienced high slip rates of several

meters per day (Zimmermann et al., 2016). This has resulted in a major re-mobilization of mass also during the following years

when the landslides have become inactive. Notably, most of the active landslides are not directly connected to the main Giirbe

channel (Figs. 2, 3d, e). Therefore, the delivery of material from these landslides to the trunk stream occurred primarily via

lateral tributaries. In cases where such deep-seated mass movements do reach the Giirbe River, undercutting by fluvial

processes has triggered secondary shallow-seated landslides at their toes, resulting in material from the large landslides being

directly supplied to the trunk stream. The combined effect of the aforementioned processes is a relatively high mean annual

sediment discharge of c. 900 — 2600 m®/a at the downstream end of the Giirbe basin (Zimmermann et al., 2016; do Prado et

al., 2024). This was the main reason why approximately 140 check dams have been built during the past century to stabilise
the streambed, reduce the gradient, and thereby regulate the transport of bedload (Salvisberg, 2017; do Prado et al., 2024). At
the downstream end of the lower section, the Glrbe channel transitions into the deposition zone, forming an approximately 4
km? alluvial fan with a distinct apex situated at 800 m a.s.l. On this fan and farther downstream, the Giirbe River flows in an
artificial channel that is stabilised by check dams and flood protection dikes. After passing through an artificial deposition
area, the river enters the Giirbe valley floodplain, where the stream flows in a confined channel until merging with the Aare
River approximately 20 km downstream.

The runoff conditions of the Giirbe River are characteristic for a pre-alpine environment, exhibiting a nivo-pluvial discharge
regime (Salvisberg, 2017; Jackle, 2013). Between 1981 to 2010 the discharge of the Gurbe River has been continuously
measured at the Burgistein gauging station that is situated ca. 5 km downstream of the Griibe fan (Fig. 1a). During this period,
the mean annual precipitation rates have ranged from approximately 1100 mm/year in the alluvial fan area to nearly 2000
mm/year in the headwaters of the catchment (Frei et al., 2018; based on MeteoSwiss, 2014). Due to the low water storage
capacity of the soils, including the soils in the Penninic Klippen Beltbelt and the regolith cover of the highly saturated, low-
permeability Gurnigel Flysch and Lower Marine Molasse units, the catchment rapidly responds to high rainfall rates, resulting

in peak floods with short durations (Ramirez et al., 2022). The gauging records indeed show that intense summer

thunderstorms, with rainfall intensities up to 30 mm/h, tend to generate large-discharge-events—The-highest-recorded-water
discharge-of 84-m3/s-occurred-on-the20% of July- 1990 (Ramirezet-al-2022:do-Prado-et-al--2024)runoff with large discharge

magnitudes. Such an event with an extremely high discharge of 84 m3/s occurred on the 29" of July 1990 (Ramirez et al.,

4



2022; do Prado et al., 2024). In contrast, the mean annual discharge has been approximately 1.3 m3/s during the survey period.

135 SuehThese high discharge variabilities emphasise the torrential character of the Gilirbe River (Ramirez et al., 2022; Salvisberg,

2022).
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the minimum duration of exposure required to accumulate the measured °Be and 28Al concentrations ranges from 2’000 to
415 67000 years, while for *C concentrations it ranges from 800 to 3’000 years. (Table S6).
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Figure 34: Denudation rates calculated based on the measured °Be, 2°Al and C concentrations. Each colour indicates the zone
represented by the sample-representscorresponding samples, with blue characterizing the upper zone, yellow the lower zone, and red the
420  Gurbe fan apex. Digital The digital elevation model (DEM) is taken from the Federal Office of Topography swisstopo (Swisstopo, 2024d).
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Figure 4:-Caleulated denudation5: Denudation rates calculated based on the 1°Be (left), 26Al (middle) and “C (right) concentrations.
The lighter colours illustrate the highest concentrations (measured in the sample C1s representing the Schwéndligraben sub-catchment in

the upper zone). The lowest nuclide concentrations were measured in the-Samplesample C7s, representing the Meierisligraben tributary in
the lower zone. DBigitalThe digital elevation model (DEM)_is taken from the Federal Office of Topography swisstopo (Swisstopo, 2024d).

4.4 Geochemical sediment-composition_of sediment

The analysed samples showed variable SiO; contentcontents (33 -58 %-wt) and Al,O3 (5 — 12 %-wt), which are anticorrelated
with CaO concentrations (8% to 29%; Table S6). Here, the samples from catchments with limestone-bearing
bedroeklithologies (e.g. C3s; Fig.2);) show the highest concentrations of CaO and the lowest ones of SiO, and Al,Os (Table
S6), leading—toresulting in a dewnstream—decrease—efpattern where the CaO concentrations with—a—dewnstream
decreasingdecrease in the downstream direction. This reflects the corresponding trend in exposed lithologies where the relative
proportion of limestone-lithologies—AMllimestones in the basin decreases downstream. The relative abundance of all other
major oxides gid-varyvaries significantly between individual samples (Table S6). Similarly, trace-elementsthe concentrations

of the trace elements did not vary strongly, with the main trace elements being Sr (325 ppm to 717 ppm), Ba (140 ppm to 310
ppm) and Zr (90 ppm to 220 ppm). AsideApart from the downstream-decrease-ef-decreasing trend of geochemical signals
associated with limestone eentent-in-favourlithologies (Penninic Klippen Belt) — relative to those indicative of Si©.-Si0.- and

Ad03-AlOs-rich Htharenites;bedrock (Flysch and Molasse units) — no systematic variation efin geochemical composition is
visible-in-bothobserved, either for the major oxides and-meastredor for the trace elements (Supplementary Fig. S1).
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5 Discussion

The concentrations of the cosmogenic isotopes °Be and 2°Al and the resulting erosion rates show distinct differences between
the upper, gently sloping region and the lower, steeper zone of the catchment (Figs. 34 and 45). We first discuss the implications
of this pattern and particularly explore how the cosmogenic signals within the Giirbe basin change in the downstream direction
as sediments derived from landslides impact the cosmogenic signal towards the catchment’s outlet near the fan apex (section
5.1). Next, we combine the 1°Be, 2°Al, and C datasets to investigate the erosional dynamics across different temporal scales.
By comparing the signals preserved by these isotopes, we assess whether the cosmogenic nuclide concentrations reflect the
occurrence of steady erosion over varying timescales, or if they record the effects of inheritance, burial, or transient
perturbations over the same timescales (sections 5.2 and 5.3). As a next aspect, we discuss (i) how the cosmogenic nuclide-
based erosion rates relate to the landscape’s architecture by comparing them with the mapping results (section 5.4), and (ii)
how this pattern has been conditioned by the glacial carving during the past glaciations (section 5.5). We end the discussion
with a notion that in drainage basins where the bedrock is too homogeneous to pinpoint the origin of the detrital material,

terrestrial cosmogenic nuclides offer a viable tool for provenance tracing (section 5.6).

5.1 Downstream propagation and scale dependency of cosmogenic signals

The °Be and %Al concentrations, and consequently the inferred denudation rates, record the occurrence of a variety of
erosional mechanisms across the Giirbe basin. In the upper part of the catchment, high cosmogenic nuclide concentrations
correspond to low denudation rates. This contrasts with the lower nuclide concentrations and higher erosion rates inferred for

the samples collected in the tributaries of the lower zone, along the incised reach downstream of the knickzone (sample G1),

and at the fan apex (Fig. 56). This downstream decrease in concentrations of both nuclides suggests that the pattern of sediment
generation has been stable over the erosional timescale recorded by them. Such an interpretation is corroborated by the same
nuclide concentrations (within uncertainties) encountered in the three riverine samples at the fan apex. This is surprising
because sediment supply through landsliding — in our case in the lower zone — introduces a stochastic variability into the
generation of sediment. Such a mechanism was already demonstrated for other Alpine torrents (Kober et al., 2012; Savi et al.,
2014), where stochastic processes such as landslides and debris flows have resulted in episodic supply of sediment with low
19Be concentrations (Niemi et al., 2005; Kober et al., 2012). This has the potential to perturb the overall cosmogenic signal
particularly in small catchments (Yanites et al., 2009; Marc et al., 2019), thereby (i) leading to variations in nuclide
concentrations within riverine sediments collected from the same channel bed (Binnie et al., 2006) and (ii) introducing scatter
into the dataset (DiBiase et al., 2023). Given the small area (12 km?) and the prevalence of recurrent landslides in the Giirbe
sub-catchments, one might expect the sedimentary material at the Gurrbe fan apex to record such variations. Yet our results
indicate that the overall denudation signal has remained nearly stable at the fan apex (Fig. 56). This highlights an important
scale-dependency in the erosional controls governing the generation of cosmogenic signals in the Giirbe basin. In particular,

at smaller spatial scales (0.25 — 3.5 km?), denudation rates reflect the controls of local geomorphic and geologic conditions on

20
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erosion and material supply, such as repeated deep-seated landsliding as in the case presented here. However, when these
signals with a local origin are aggregated downstream towards the fan apex, they are recorded as a mixed, more stable signal
that averages out the high and low concentrations generated in the individual sub-catchments. In the Girbe basin, such mixing
appears to occur at a spatial scale of less than 10 km?. We thus infer — as this has already been mentioned by the many studies
referred to in this paper in previous sections — that cosmogenic nuclides remain a suitable tool for estimating long-term average
erosion rates over thousands of years for landscapes ereding-withrates between 01l and-< 1 mmyr (vonBlanckenburg, 2005).
Fhis-holds-true-even-inthat have been eroded at rates between 0.1 and < 1 mm/yr (von Blanckenburg, 2005). This holds true

even for catchments influenced by repeated stochastic processes — such as those documented for landslide processes in the

Gurbe basin — provided that the sediment is sufficiently well mixed and that the corresponding cosmogenic nuclides are in an

isotopic steady state (Clapuyt et al., 2019).
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Figure 56: Scale dependency of erosion rate estimates with concentrations of in-situ 10Be. The variety of erosion rates determined for
the scales of small local catchments (blue for the upper zone and yellow for the lower zone) is averaged out for the samples collected at the
fan apex (red) where concentrations of in-situ 1°Be characterise the mixed erosional signal of the entire catchment and thus for a larger scale.

5.2 Steadiness of the denudation signals across time scales

Concentrations of cosmogenic nuclides in riverine quartz have the potential to record the erosional history of a landscape,
provided that (i) the nuclide production has occurred at a steady rate across the spatio-temporal scale over which they integrate
erosion rates, and (ii) the nuclides are saturated (e.g., vonBlanckenburg, 2005). A potential deviation from these assumptions
could be caused by a sedimentary legacy from past glaciations (Jautzy et al., 2024). This also concerns the Girbe basin, as the
study area has a history of erosion and material deposition by local and regional glaciers — most notably by the Aare glacier.
The coverage of the surface by glaciers could have led to transient shielding of the surface during glacial times, potentially
distorting the cosmogenic isotope signal (Slosson et al., 2022). Yet our °Be and 26Al-based denudation rates point to an

integration time < 8,000 years, whereas for C, it is even shorter with < 3,000 years (Table S6). These ages are significantly
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younger than the last major glacial advance at around 12-11 ka ago (lvy-Ochs et al., 2009). Therefore, we conclude that a
potential inheritance from pre-glacial surfaces does not significantly affect our data for all nuclides.

A further potential bias in quantifying denudation rates with cosmogenic nuclides could be introduced through sediment
storage and reworking along the sediment cascade (e.g., Wittmann et al., 2020; Halsted et al., 2024). However, the ratios of
the °Be and 2°Al concentrations are close to the values characterizing a nuclide production close to the surface (Fig. 67).
Additionally, the resulting denudation rates are overall in good agreement with each other, at least in the upper zone and at the
basin’s outlet. This suggests that the °Be and 2°Al concentrations do not record the occurrence of a significant erosional
transience during the past kyrsmillennia, at least if the nuclide concentrations in the samples from the upper zone and the
downstream end of the Girbe basin are considered. We therefore consider, and this has already been noted in the previous
section, that the signals preserved by the concentrations of in-situ °Be and 26Al do record a pattern of erosion and sediment
generation that has been stable at least during the erosional timescale of both isotopes, which are several thousand years. We
acknowledge, that in the lower zone the supply of material through landsliding does result in a measurable discrepancy between
the 1°Be and 2°Al-based denudation rates (Figs. 254, 6 and 67), a pattern which is discussed in section 5.4. We also note that
the denudation rate pattern of the short-lived “C is distinctly different from that of °Be and 2°Al, which renders interpretations

thereof more complex (see next section 5.3).
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Figure 67: Two-nuclide diagram showing the °Be concentrations versus the 2°Al concentrations. The %Al concentration is plotted
against the 1°Be concentration. The concentrations are within the field that is characteristic for a surfacenuclide production on the surface.
The occurrence of long-term burial can be excluded for our samples.

5.3 Potential controls on the pattern of cosmogenic *C
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sueh-controls-on-the-14C-denudation-pattern-in-our-dataset.Here, we present several arguments as to why the pattern of 14C

concentrations in the riverine sediments of the Gurbe basin is not straightforward to explain. First, as outlined by Hippe (2017),

in cases where the signal integration timespan exceeds the half-life of the corresponding cosmogenic isotope, a portion of the
accumulated radionuclides will decay before the material is completely eroded. The result is a reduction of the 14C
concentrations, which could lead to an artificially high erosion rate (Hippe, 2017). In our case, the minimum exposure time
required to accumulate the observed 14C concentrations is less than 3,000 years — well below the isotope’s half-life of 5,730
years. This makes unaccounted radioactive decay an unlikely primary cause of the low 14C concentrations in our samples.
Second, a recent inereasechange in erosion rates on timescales shorter than the signal integration-time of 10Be and 26Al could
explain why the 14C-based denudation rates are up to three times higher than the estimates derived from the other isotopes.
This is-equivalent-towould require a siuationscenario where the 14C signal is already recording this increase in denudation,
while the concentrations of 10Be and 26Al have not yet registered such a change. While-this-could-aceount-for-why-al-4C-

based-denudationratesare-higherthan-those-derived-from-the-other two-nuclidesHowever, in rapidly eroding landscapes (>

500 mm/kyr) 10Be concentrations initially adjust more rapidly to changes in erosion rates than 14C concentrations (Skov et

al., 2019). This difference arises from the higher muogenic production of 14C at depth, which can cause a temporary increase

of 14C concentrations relative to 10Be in freshly exposed bedrock and detrital material during periods of accelerated erosion.

As a consequence, an acceleration of erosion can only be reliably detected several thousand years after the change (Skov et

al., 2019; see also Mudd, 2017). The exact duration of this latency depends on both the magnitude and timing of the

perturbation that caused the change. In other words, a scenario in which a period of accelerated erosion began several thousand

years ago could explain why some "“C-based denudation rates are higher than those derived from the other two nuclides. Yet,

it does not explain the relative differences in 14C-based denudation rates between the sampled catchments (Figs. 34 and 45).
Particularly, the pattern is not consistent throughout any of the three zones, and the denudation rate variation within the zones

is higher than the variation between the zones (Fig. 3)-4). This would require a scenario in which the increase in erosion rates

was different in magnitude and timing across all sub-catchments. Therefore, the inconsistent spatial pattern, along with greater

within-zone than between-zone variations, suggests that the observed changes in “C concentrations cannot be explained solely

by an increase in erosion rates. Third, geomorphic processes such as soil mixing or intermittent sediment storage during

transport could in part explain the observed differences between the 14C and 10Be/26Al-derived denudation rates. In
particular, sediment could be stored — e.g., in response to landsliding — below the production zone of 14C, during which the
14C inventory is partially lost due to the radioactive decay of this isotope (Hippe et al., 2012; Kober et al., 2012; Hippe, 2017;
Skov et al., 2019);). Such a process-which has been referred to as transient shielding by Slosson et al. (2022). Because the
10Be/14C ratios in the Altiplano samples range between 3.6 and 15.2 — significantly higher than the surface production ratio
of 0.31 — Hippe et al. (2012) interpreted the relatively low 14C concentrations in the riverine sediments as a record of storage
rather than surface erosion. However, since the 10Be/14C ratios of the riverine samples in the Giirbe basin range from 0.4 to
0.75 (Fig. 8) and thus do not fully fall within the complex exposure field, we consider it unlikely that the 14C concentrations

primarily reflect a signal of sedimentary storage. Furthermore, in the upper zone of the Gurbe basin, we exclude the occurrence
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of widespread storage following sediment mobilization, as there is no evidence in the landscape that such processes have taken
place (e.g., the presence of large sedimentary bodies along the channels or talus cones as was reported by Slosson et al. (2022)
from their study area:). In summary, while 14C has the potential to provide valuable insights into shifts in erosional dynamics,
sediment storage, and episodic mobilization of material from deeper levels (Hippe et al., 2012; Hippe, 2017), we are unable to
conclusively determine the specific processes responsible for the observed pattern of 14C concentrations and denudation rates

in the Gurbe basin.

5.4 Landscape architecture and corresponding °Be and 2°Al signals

The comparison of the geomorphic map with the °Be and %Al concentrations and the calculated denudation rates exhibits a
distinct difference between the upper and lower zone, each characterised by specific topographic features and dominant
erosional processes. Specifically, the landscape in the upper zone of the Girbe catchment is characterised by smooth slopes
and the occurrence of partly incised channels with low steepness values and a low connectivity to the hillslopes. Such properties
are characteristic for a landscape where overland flow erosion, eralso referred as hillslope diffusion according to Tucker and
Slingerland (1997), have controlled the generation of clastic sedimentary material (van den Berg et al., 2012). The high
cosmogenic nuclide concentrations and, as consequence, the low denudation rates together with the 26Al/°Be concentration
ratios of 7.41 + 0.69 and 7.23 + 0.67 — that are close to the surface production ratio of 6.75 (Balco et al., 2008; Nishiizumi et
al., 1989) — are consistent with such an interpretation (Figs. 6-and-7). The similarity in the denudation rates calculated for the
two long-lived nuclides supports the interpretation of a-stable-undisturbedan erosional regime without significant perturbations

(Fig. 9a), at least for the time scale of thousands of years as recorded by both isotopes. We note that shallow landslides and

localised rockfall do occur in this upper zone, but the resulting deposits are partly disconnected from the channel network,
thereby minimizing their impact on the sediment budget of the Girbe catchment (Fig. 2 & 3). In contrast, the lower zone
exhibits a more dynamic erosional regime, where steeper slopes (20° to 25°) together with the predominant occurrence of
mudstones in the Flysch and Upper Marine Molasse bedrock (Diem, 1986) offer ideal conditions for the displacement of
midmedium- to deep-seated landslides. Mapping also shows that landslides have impacted the sediment budget of the Giirbe

River either through direct material supply of sedimentinto the main channel, where iimaterial is thensubsequently remobilised

and transported downstream, or through erosion of the-landslide bodies by tributariestributary streams and associated hillslope

processes such as overland flow erosion and shallow-seated landslides, thereby reworking the previously displaced material.
Theln general, such stochastic nature-of-landslidingprocesses results in episodic sediment inputs with relatively low °Be
concentrations, as material is exhumed fast from greater depths (e.g., Niemi et al., 2005)-\A/e-use-these-mechanisms-to-explain
therelatively high-°Al/*°Be ratios between 776+ 1.07 to- 9.54+ 1.17 {Fig.). In the Girbe basin, however, most landslides

have remained dormant for decades, but have reqularly been re-activated with slip rates of several meters per day. These re-

activations have resulted in the excavation of material along multiple trajectories from depth to the surface, and finally to the

channel network. The mixing of material from different exposure trajectories (Fig. 9b) most likely explains the relatively high

25A1/*°Be concentration ratios between 7.76 + 1.07 to 9.54 + 1.17 (Fig. 6) that we determined for the riverine material in three
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tributaries with material sources in these landslides. Additionally;the The discrepancy between the 1°Be- and 2°Al-based erosion

rates — with ratios ranging from 1.1 to 1.4 {Fig—/—suggests— is a further support of the inferred complex erosional history
invelving—material-sourcedfrom-varying-depths—and-subjected-to-different pathways—during-transpert-along the sediment
cascade (Fig. 9a). These findings reinforce-the-view-wheredemonstrate that the occurrence of landsliding not only results in
an overall increase of erosion rates but also introduces a variability in the cosmogenic nuclide-signals-as-seen-here-by-the
%Al9Be concentrationratios?Al/*°Be concentration ratios. Yet, if such cycles of landslide quiescence and activity have

occurred multiple times and at different locations in a basin, the resulting cosmogenic concentrations will converge to a stable

cosmogenic signal farther downstream and thus for a large spatial scale. This is the case for the outlet of the Glirbe basin where

we determine consistent cosmogenic nuclide signals. This implies that at the scale of individual tributary basins, which is < 2

km? in our case, the production of sediment can be highly stochastic. At the scale of an entire basin — in our case the Gurbe

basin with a size of 8 km? — the ensemble of the stochastic processes converges to a sediment cascade that can be characterized

as steady state, at least for the time scale recorded by the cosmogenic isotopes.
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Figure 9: Sediment cascade in the Giirbe basin recorded by cosmogenic nuclides (a) Ratios between 2Al- and °Be-based denudation
rates. In the upper zone the ratios between the denudation rate calculated with both isotopes are in very good agreement. In the lower zone
the 8Al-based denudation rates are lower than the °Be-based rate, leading to ratios that are larger than one. At the fan apex the ratios between
605 both rates are in a relatively good agreement. The grey shading is representing the + 10% envelope of the isotope ratio. (b) conceptual model
of different sediment trajectories along the medium- to deep-seated landslide bodies leading to lower nuclide concentrations in tributaries.

5.5 The importance of glacial conditioning as an erosional driving force

In a previous study, Delunel et al. (2020) showed that a large part of the catchment-averaged denudation rates in the European

Alps can be understood as a diffusion-type of process

610 al2020) - where-denudationrates-linearhy — or a mechanism which we refer to as overland flow erosion following Battista et

al. (2020) — where denudation rates increase with mean-basin hillslope angles until a threshold hillslope angle of 25°-30°

(Schlunegger and Norton, 2013). Because the hillslope angles in the Giirbe catchment are below the 25° threshold, one would
predict an erosional signal that could indeed-be explained by such a mechanism. While indeed-all our denudation rates do fall
in the predictedcorresponding range of denudation rate—rangerates (cf. Fig. 5 of Delunel et al., 2020) and since such an

615 assignment is certainly correct for the upper part of the Gurbe catchment (section 5.4), the lower zone chatlengesdeviates from

this simplisticacknowledgably useful categorization. Indeed, despite the slopes being flatter than 25°, erosion in this region
ishas been dominated by deep-seated landslides that are perched by a channel network-in-which-the-eroded-landslide-material
has-been-evacuated-downstream. Such a combination of processes has typically been reported for landscapes steeper than 30°
in the European Alps (Delunel et al., 2020) and other mountain ranges, e.g. the San Gabriel Mountains (DiBiase et al., 2023).

620 This difference of erosion highlights the importance of another driving force than lithology alone because Flysch bedrock also
occurs in the upper zone where landslides are largely absent, but where the hillslopes are less steep. Because the elevation of
the knickzone separating the upper from the lower zones corresponds to the level of the LGM Aare glacier in this region (Bini

etal., 2009), it is possible that the formation of the knickzone along the Giirbe River was conditioned by glacial carving during
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the LGM and possibly previous glaciations. Accordingly, the relatively flat channel and hillslope morphology in the area
upstream of the knickzone could be explained by damming effects related to the presence of the Aare glacier. In contrast, the
shape of the topography downstream of the knickzone was most likely conditioned by erosion along the lateral margin of the
Aare glacier. Accordingly, the formation of a relatively steep flank could explain why the course of the Giirbe River is steeper
than would be expected for a river with a same catchment size (do Prado et al., 2024), and why erosion on the hillslopes has
been dominated by landsliding instead of overland flow erosion. Similar controls were already proposed by Norton et al. (2010)
and van den Berg et al. (2012) upon explaining the occurrence of landscapes dominated by gentle hillslopes upstream of
glacially conditioned knickzones and steeper hillslopes downstream of them. In such a context, a lowering of the base level
after the retreat of the LGM glacier would have initiated a wave of headward erosion, with the consequence that the entire
catchment is in a transient stage of landscape evolution (Abbihl et al., 2011; Vanacker et al., 2015). Accordingly, while the
Gurnigel Flysch and Lower Marine Molasse bedrock seem to promote the occurrence deep-seated landslides — thus overriding
the expected diffusionoverland flow-controlled behaviour typically observed in catchments with similar slopes elsewhere — a
steeping of the landscape due to glacial carving needs also be considered as an additional condition accelerating erosion in the

lower part of the basin.

5.6 Geochemical composition of the detrital material, and the use of cosmogenic isotopes for pRProvenance tracing with

concentrations-of cosmogenic-nuclides

the—riverine—material,—yield-—nen-conclusiveresults—The whole rock geochemical analysis discloses a picture that is

characteristic for a basin where limestones and litharenitessandstones are the main lithological constituents, as already

demonstrated by Glaus et al. (2019) and Da Silva Guimardaes et al. (2021) for other basins in the Alps. Yet, in contrast to the
aforementioned studies, the results of our studyresearch did not allow a differentiation of the erosional signals derived from
the various parts of the Giirbe basin, because here the only difference in composition among the samples seems to relate to the
relative proportion of limestone constituents in the detrital material (section 4.4). However, the outcropping limestone units
are only present locally in some of the headwater reaches (Fig. 2). This introduces a potential limitation: while our quartz-
based cosmogenic nuclide measurements provide valuable erosion rate estimates, they are inherently blind to sediment
generated from quartz-free lithologies, such as limestonelimestones. This raises the question of whetherpreferential-eresion

A-limestone h-areas—could-bias—ourcosmogen ghal—for-example by-diluting—gua ontributionshow well the total

sediment load and the erosion rates — the latter ones inferred from the cosmogenic nuclide data — are in agreement with each

other. In particular, high erosion rates in the headwater areas made up of limestones could lead to a high relative abundance of
limestone grains in the Girbe sediments farther downstream. in—prineiple—thisThis, in turn, could lead—teresult in an

underestimation er—distertion-of the effective denudation rates: if such budgets are only based on cosmogenic isotopes.
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However, in the-case-ofthe-our case, we observe only a limited contribution of the limestone lithologies to the sediment budget

of the entire Giirbe basin~a«e- as we do not see any systematic variation in the geochemical composition of the detrital material.

\We therefore consider thi

eroston—rates— rates as representative — particularly when—usedas we use them to tracemap spatial variations in eresion

meehanismsthe generation of sediment across the basin. Mateml#aemg%nth@eneentra&en&eﬁm-s&mset@peam%basms

e-hereAdditonally, and more important, the

use of paired nuclides — in our case %°Al to °Be — vields conclusive information on the origin of the detrital material as

sediments derived from landslides repeatedhy-supphy-sediments-and thus from deeper levels where-the-productionratio-of Al

and-**Be-is-higherthan-onthesurface(Akecaretal-2017tend to have a higher ratio between the concentrations of both isotopes
than sedimentary particles generated through overland flow erosion alone (Akear et al., 2017; Dingle et al., 2018; Knudsen-et

al-—2020Knudsen et al., 2020))-the-detrital- material-has-a-high-*5Al/°Be-concentration-ration-contrast the ratio-of the same

demonstrates that concentrations of cosmogenic isotopes offer suitable information for allocating the source of sediments in

drainage basins where other provenance tracing methods, in our case whole-rock geochemical compositions of the upstream

catchmentriverine material, yield non-conclusive results. Here, we demonstrate that this-cenceptsuch approach to trace the

origin of the material holds even in a basin where the spatial contrasts in measured erosion rates are relatively low. In such

cases, a reconstruction of both the sediment sources and the associated erosional mechanisms requires a dense sampling

strategy, as implemented in this work — a need that was already emphasised by Clapuyt et al. (2019) and Battista et al. (2020).
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Conclusions

This study demonstrates that cosmogenic nuclides are ideal tracers for identifying the origin of detrital material in basins with
spatially varying erosion rates. They not only allow us to determine the region where most sediment has been generated, but
also yield crucial information to reconstruct the mechanisms through which erosion has occurred (e.g., overland flow erosion
versus landsliding), particularly when multiple isotopes are used. In the Giirbe basin, we were able to reconstruct such patterns
and mechanisms using concentrations of in-situ '°Be and 2°Al measured in riverine quartz. However, the concentrations of in-
situ '*C, which we also measured in the same samples, yielded non-conclusive results. Also in the Gurbe basin, we found that
the erosional processes were different in the upper zone above the LGM trim line where the landscape is flat and sediment
generation has been dominated by overland flow erosion, and in the region below it where the landscape is steeper and erosion
has been accomplished by landsliding and fluvial incision. This points to a legacy of the current erosional mechanisms
stemming from the glaciations, where carving of the valley flanks by the LGM (Late Glacial Maximum) and earlier glaciers
steepened the landscape, thereby promoting erosion below the LGM margin following the glaciers’ retreat. This initiated a
wave of headward retreat and the formation of an erosional front separating an upper part with low erosion rates (overland
flow erosion) from a lower part where erosion occurs more rapidly and has mainly been accomplished by landsliding. In the
Gurbe basin, we identified this erosional front through the occurrence of a distinct knickzone in the longitudinal stream profile.
This phase of headward retreat thus suggests that the Giirbe basin has been in a long-term transient state of topographic
development where the current accelerated erosion and landsliding in the lower zone has been glacially conditioned. Yet
despite this transient state of basin development, we find — based on the concentrations of cosmogenic °Be and Al in the
riverine material — that the pattern and rate of sediment generation has been quite stable and thus steady during the past
thousands of years. This was surprising because landslides have the potential to introduce a stochasticity in the way of how
erosion and sediment generation occurs. It thus appears that the transient adjustment of the Girbe basin to post-glacial
conditions has occurred in a near-steady, possibly self-organised way, resulting in sediment generation, which has occurred at
nearly constant rates at least during the past thousands of years. Because cosmogenic Al and °Be integrate erosional signals
over millennia in the Gurbe basin—including periods during which environmental conditions have changed—we expect a

similar pattern of sediment generation and transfer in the near future, even under the current warming climate. Consequently,

in the near future, the local authorities are likely to be-cenfronted-withface the same sediment transfer mechanisms through

the basin and the cascade of check dams as they-arethose occurring today.
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