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Abstract

Alpine water and sediment supply influence the sediment budget of
many important European fluvial systems such as the Rhine, Rhone

and Po rivers. In the light of human induced climate change and
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landscape modification, it becomes increasingly important to
understand the mechanisms of sediment production and supply in
Alpine sediment systems. This study aims to investigate the modern
sediment budget of the upper Rhéne basin, one of the largest Alpine
intramontane watersheds, located in the Central Alps of southwestern
Switzerland. Major areas of sediment generation are fingerprinted by
framework petrography, heavy mineral concentrations and bulk
geochemistry. The relative contributions of the three major sources to
the sediment of the trunk Rhone river are identified by compositional
mixing modelling. Concentrations of the terrestrial cosmogenic
nuclide °Be measured in quartz separated from fluvial sediments
provide spatially averaged denudation rates for selected tributary
basins. Results from sediment fingerprinting and mixing modelling
suggest that tributaries located in the North and the East of the
catchment are generating most of the sediment transported by the
Rhone river to its primary sedimentary sink in Lake Geneva. Despite
having some of the highest denudation rates within the basin,
tributaries located in the southern area of the Rhéne basin are
relatively underrepresented in the sediment budget of the Rhéne
river. These tributaries are severely affected by human activities, for
example through sediment mining as well as water and sediment
abstraction in large hydropower reservoirs. Together, these processes
reduce the basin-wide sediment discharge by about 50%, thereby
explaining most of the observed compositional pattern. In addition,
there is evidence suggesting that large amounts of glaciogenic
sediments are currently supplied by retreating glaciers. Glaciogenic

material with its low °Be concentrations can lead to a significant



overestimation of denudation rates and thus limit the applicability of

cosmogenic nuclide analysis in such glaciated settings.
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1. Introduction

The world’s river networks are important sedimentary systems that
regulate the transport of water and sediment between sources and
sinks (Dearing & Jones, 2003; Meybeck, 2003; Vérosmarty et al.,
2003; Syvitski & Milliman, 2007; Hinderer et al., 2013). The
absolute quantities and rates of sediment supply can considerably
influence biogeochemical cycles (e.g. Ludwig & Probst 1996;
Stallard 1998), biodiversity (e.g. Snelgrove 1997; McLaughlin et al.
2003) and sediment dynamics (e.g. Goodbred & Kuehl 1999;
Diekmann et al. 2008) in relation to sedimentary sinks, as well as
general landscape evolution (Tucker & Bras, 1998; Phillips, 2005,
Korup, 2009), and even mountain building processes (e.g. Willett
1999; Champagnac et al. 2012). Hence, many studies, from surveys
on single river catchments through to the global scale, have analysed
the factors that might control sediment dynamics, such as
geomorphology and relief, climate and tectonics. As the time scales
of interest become shorter, human activities have also been shown to
be important (Milliman & Syvitski, 1992; Summerfield & Hulton,
1994; Harrison, 2000; Montgomery & Brandon, 2002, Vérosmarty et

al., 2003; Molnar et al., 2007; Hinderer, 2012).



In central Europe, most of the major fluvial systems such as the
Rhine, Rhéne, Po and Danube rivers, are fed by Alpine headwaters or
tributaries. Alpine-derived material has thus been found to be
transported out of the orogen for several hundred to thousands of
kilometres (Hay et al., 1992; Tebbens et al., 1995; Bernet et al.,
2004), demonstrating the importance of the Alpine orogen as a
critical sediment source for the European continent. Indeed, high
relief, glacial cover, orographic precipitation, active deformation and
seismicity together with favourable litho-tectonic architecture have
collectively resulted in some of the highest denudation rates currently
measured in Europe (Wittmann et al., 2007; Norton et al., 2011; Cruz
Nunes et al., 2015). In such complex orogenic systems, external
controlling factors, different time scales and sensitive feedback
mechanisms considerably complicate the understanding of sediment
generation. This is particularly critical over the Anthropocene time
scales, in which water and sediment cycles, especially in the Alpine
system, are increasingly influenced by rapid climate change
(Micheletti & Lane, 2016; Lane et al., 2017) and human activity
(Anselmetti et al., 2007; Fatichi et al., 2015).

This progress aside, we still know very little about how spatial
variability in intra-basin properties (e.g. relief, geology,
geomorphology, climate) interact with human activities to influence
sediment transfer from source to sink. Recent and direct impacts of
human activity (e.g. hydropower exploitation) on sediment flux in
Alpine basins may correlate (whether causally or spuriously) with,
for example, the effects of global climate change (Costa et al., 2017).
This makes it critical to distinguish “natural” variability in sediment
transfer in space and time against which human impacts can be
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judged. Thus, this study aims to understand the spatial distribution of
sediment sources and the mechanisms of modern sediment
generation in the upper Rhone basin, which is a large, rapidly
changing intramontane watershed located within the Central Alps in
southwestern Switzerland. In order to quantify processes of sediment
generation, areas acting as important sediment sources are identified
using various fingerprinting techniques and their relative
contributions to the Rhone sediment budget is estimated by
compositional mixing modelling. Spatially averaged denudation rates
inferred from the concentrations of the terrestrial cosmogenic nuclide
%Be provide absolute quantities of sediment production in selected

tributary basins.

2. Setting

The upper Rhéne river, located in the high Alps of southwestern
Switzerland, drains a ca. 5400 km?® large catchment between the
Rhone glacier’s snout (2250 m a.s.l.) and Lake Geneva (372 m a.s.l.).
The drainage area of the Rhone river can be sub-divided into ca. 50
major (>10 km?) tributary catchments (Fig. 1). The size and geometry
of these tributary basins vary significantly within the Rhéne basin,
with the largest and longest tributary basins being located south of
the Rhoéne river.

The watershed of the Rhone river can be considered as a closed
intramontane basin with the primary sedimentary sink being located
in Lake Geneva (Fig. 1). The upper Rhone basin is one of the largest
inner-orogen watersheds in the European Alps with some of the

highest mountain peaks, highest relief, largest glaciers and the



highest rock uplift (>1.5 mm/yr) and highest measured denudation
rates at present (Schlatter et al., 2005; Wittmann et al., 2007;
Schlunegger et al., 2009; Norton et al., 2011). Accordingly, sediment
production and supply is driven mainly by glacial erosion and mass
wasting processes on steep hillslopes, which are largely controlled by
precipitation, snow and ice melt (Costa et al., 2017). The mean
annual precipitation in the upper Rhone basin amounts to about 1400
mm/yr with a strong spatial variability driven by an orographic effect
(Costa et al., 2017). Today, the mean annual water discharge
measured at the basin outlet is about 180 m*/s, and peaks with the
maximum of the snow and ice melt in the summer months (Costa et
al., 2017). The Rhdne valley contained some of the thickest alpine
glaciers throughout the Quaternary period (Florineth & Schliichter
1998; Bini et al. 2009), and today hosts some of the largest Alpine
glaciers (e.g. the Aletsch glacier) (Joerin et al., 2006). Recent glacial
cover in the Rhéne valley is 14%, with individual watersheds in the
Northeast and Southeast being glaciated up to 50%. Geodetic
levelling surveys suggest a spatial gradient of recent rock uplift rates
with a maximum of ca. 1.5 mm/yr in the Northeast to a minimum of
0.3 mm/yr in the West of the catchment (Schlatter et al., 2005).

Within the last century, the Rhéne basin became increasingly
influenced by anthropogenic impact. The main Rhone river was
channelized twice in the periods of 1863 — 1894 and 1930 — 1960,
which reduced the length of the river from 414 to 251 km (Weber et
al., 2007; Meile et al., 2011). This dramatically decreased the fish
diversity in the Rhéne, with only 2 out of 18 historically reported fish
species having been found in 2007 (Weber et al., 2007). Sediment is
extracted along large floodplains within the Rhone river, and also
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within the tributary streams (Fig. 1). Hydropower dams were
constructed since the beginning of the 20™ century with a main
construction phase between 1957 and 1974 (Loizeau & Dominik,
2000). Today, the total capacity of storage reservoirs connected to the
ca. 40 hydropower dams located in the area exceeds 1.35 km?, which
amounts to about 20% of the average annual water discharge of the
Rhone River (Loizeau & Dominik, 2000).

The study area comprises basically three litho-tectonic units with
different geological histories (Schmid et al.,, 1996; 2004). The
Central Alps were formed by the collision of the southern European
continental margin with the Adria microplate, thereby closing two
ocean basins located in between them, i.e. the Valais trough and the
Piedmont-Liguria ocean (Trumpy, 1960; Schmid et al., 2004).
Remnants of both basins, as well as the microcontinent Briangonnais,
which separated both basins, are today incorporated in the Alpine
orogen and referred to as the Penninic domain (Schmid et al., 2004).
In terms of lithologies, the Penninic domain comprises ophiolites of
the Valais and Piedmont-Liguria oceans (metabasalts, metagabbros,
serpentinites, calcschists, flysch sediments) as well as gneisses and
micashists from the Briangonnais continent. The European units
comprise autochthonous slices of crystalline basement (External
massifs, Herwegh et al., 2017) as well as “sub-penninic” (i.e.
allochthonous) basement nappes such as the Gotthard nappe and the
Lepontine dome, which contain mostly metagranites and gneisses.
The folded sedimentary cover of the European basement units, the
Helvetic nappes (Fig. 1), comprises mostly carbonates from a passive
margin setting. Rocks of Adria provenance are only present in the
Dent Blanche complex in the South of the study area (Fig. 1), where
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they are represented exclusively by high-grade metamorphic
gneisses.

3. Methods

In order to identify the provenance of sediments transported in the
Rhone river, this study uses several fingerprinting techniques. As this
research focuses on a large-scale provenance tracing, it is not useful
to establish fingerprints for each individual lithology. This would be
complicated given the large number and similarity of some of the
exposed lithologies. Instead, a tributary sampling approach was
chosen, which is based on the assumption that the sediment at the
outlet of a tributary basin represents a natural mixture of all upstream
lithologies (e.g., von Blanckenburg, 2005; Garzanti et al., 2012; Vale
et al.,, 2016). Using such an approach, small-scale lithological
differences are averaged out, and the focus can be set upon large-
scale erosional and sedimentary dynamics. We assume no short-term
(within year or between year) variability in sub-basin response that
might cause the composition of a deposit to vary. Given the
hydrological and litho-tectonic architecture of the basin
(Stutenbecker et al., 2016), it is sufficient to group the tributary
basins into sources within the Penninic domain, the Helvetic nappes
and the External massifs including the sub-Penninic Gotthard nappe
(Fig. 1). While the Helvetic nappes and External massifs are rather
homogenous in terms of their lithologic architecture (mostly
carbonates and metagranitoids, respectively), the Penninic domain is
made up of a wider range of rocks, including oceanic sediments,
oceanic basement, continental basement and its sedimentary cover.

However, at this scale of investigation we consider the different



lithologies as one unit, because most Penninic tributary basins drain
all of these lithologies, and the presence of ophiolites offers great
discriminatory potential of this unit to the other two, ophiolite-free
units.

To provide pure endmember fingerprints of the respective unit,
tributary basins chosen for sediment fingerprinting should ideally
drain only one of the three litho-tectonic units described above.
Catchments with mixed provenance such as the Drance basin that is
underlain by Penninic rocks and units of the External massifs were
thus excluded from this analysis (Fig. 1). Within each litho-tectonic
unit five to six basins were selected to test whether different tributary
basins draining source rocks of the same domain have comparable
fingerprints. These are, for the External massifs, the
Baltschiederbach, Goneri, Lonza, Massa, Minstigerbach and
Wysswasser rivers, for the Penninic nappes, the Borgne, Navisence,
Printse, Turtmanna and Vispa rivers and for the Helvetic nappes the
Avancgon, Dala, Lixerne, Morge and Sionne rivers (see Fig. 1 for
locations). Furthermore, six sampling locations were chosen along
the Rhéne trunk river to trace provenance changes downstream. In
addition to the samples taken for sediment fingerprinting, eight
supplementary locations from the Rhoéne river and nine additional
tributary basins were sampled for terrestrial cosmogenic nuclide
(TCN) analysis in order to constrain absolute denudation rates (Fig.
1). For consistency, the samples taken from within the Rhone river
are numbered 1 to 14 from up- to downstream. The tributary river
samples were collected at the river outlet as close as possible to the
confluence with the Rhone river to make sure that they comprise all
upstream lithologies, but far enough upstream to prevent
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contamination with floodplain sediment of the main Rhone river. The
samples were first sieved and weighed for grain size analysis using
sieves of 31.5, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125 and 0.063 mm openings
(see supplementary data 1) and subsequently separated into three
groups for the analysis: <0.063 mm for bulk geochemistry, 0.063 —
0.25 mm for heavy mineral analysis and petrography and 0.25 — 0.4

mm for TCN extraction.

3.1 Sediment fingerprinting

The sediment composition was characterized using three different
fingerprinting techniques: Framework petrography, heavy mineral
analysis and bulk geochemistry.

Framework petrography data were obtained from thin sections of the
grain size fraction 0.063 — 0.25 mm. At least 250 grains per thin
section were counted under a polarization microscope. Following the
classification schemes introduced by Garzanti & Vezzoli (2003) and
Garzanti et al. (2012) monocrystalline quartz (Q), polycrystalline
quartz including chert (Q,), feldspar (Fsp), carbonate rock fragments
(L¢), sedimentary and low-rank metasedimentary rock fragments
(Lsm), medium- and high-rank felsic metamorphic rock fragments
(L), and metabasite rock fragments (L) Were counted.

Heavy minerals were separated using lithium heteropolytungstate
(LST fast float, p=2.85 g/cm®) from the grain size fraction of 0.063 —
0.25 mm. The extracted dense minerals were prepared as polished
blocks and analysed using a QEMSCAN® facility installed at the
Department of Earth Sciences at the University of Geneva,
Switzerland. The system is featured by the field emission gun (FEG)
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electron source while mineral phase identification relies on the
combination of back-scattered electron (BSE) values and X-ray
spectra, giving information on the elemental composition of the
spectrum acquisition point (Gottlieb et al., 2000). Individual X-ray
spectra were compared to a library of known spectra and a mineral
name was assigned to each individual acquisition point. The X-ray
EDS spectra library, initially provided by the manufacturer, has been
developed further in-house using a variety of natural standards.
Measurements were performed on carbon-coated polished sections.
Analytical conditions included a high vacuum and an acceleration
voltage of 25 kV with probe current of 10 nA. X-ray acquisition time
was 10 ms per pixel using a point-spacing of 5 um.

The QEMSCAN® results included compositional area-percentage
data of up to 134 different grain types. This amount was substantially
reduced to a final number of 14 categories by removing “spurious”
grains (Garzanti & Ando, 2007) such as intergrown light minerals
(quartz, feldspar, evaporites, carbonates), clay minerals (illite,
kaolinite),  phyllosilicates  (chlorite,  biotite, = muscovite),
anthropogenically introduced grains (corundum, steel), and by
grouping together certain mineral groups (see supplementary data 2).
These data were also used to calculate the heavy mineral
concentration (HMC) as introduced by Garzanti & Ando (2007). The
fraction <0.063 mm was chosen for whole rock geochemical analysis
using lithium borate fusion coupled with ICP-ES at the Acmelabs in
Canada. The analytical package included the major element oxides
Si0,, Al,0; CaO, Fe,0;, MgO, NaO, K,O, TiO,, P,0s, MnO,
Cr,03, as well as the trace elements Ba, Ni, Sr, Zr, Y, Nb and Sc. All
results were corrected for the loss of ignition (LOI).
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The three fingerprinting methods applied in this study produce a
large amount of data, for which it is difficult to identify
compositional patterns by conventional visualization methods such as
pie charts or histograms (Vermeesch & Garzanti, 2015). In order to
identify key characteristics such as diagnostic fingerprinting proxies
or inter-sample variability, a statistical treatment of the raw data is
essential. Because compositional data are most commonly measured
relative to each other (e.g. in percent or parts per million), they are
inevitably correlated with each other and sum up to a constant sum of
1 or 100%. In this case, principal component analysis (PCA) is
recommended to reduce data dimensionality, visualize data variance
and to identify sample groupings and key variables (Gabriel, 1971;
Aitchison, 1983, 1990; Aitchison & Greenacre, 2002). Compositional
biplots were created using a centred log-ratio data transformation in
the software CoDaPack (Comas & Thid-Henestrosa, 2011). Where
compositional data were zero, the value was replaced with 0.001

(Martin-Fernandez et al., 2003; Garzanti et al., 2010).

3.2 Statistical source discrimination

A three-step statistical analysis was used to identify fingerprinting
proxies with a maximum discriminatory potential suitable as an input
for a mixing model (Collins et al., 1996; Cooper et al., 2014; Laceby
et al., 2015). The first requirement is the mass conservation from
source to sink. In nature, however, this condition is not always
fulfilled. For example, heavy minerals might get enriched in fluvial
systems through hydrological sorting (Garzanti et al., 2009) or
cleaved rock fragments might be physically destroyed during
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transport (Garzanti et al., 2015). Mass conservation was verified by
calculating the minimum and maximum values of both source and in-
stream sediments. If the minimum or maximum value of a
component in the in-stream sediment was out of the source range, the
component was removed. Secondly, the non-parametric Kruskal-
Wallis H-test identifies components that provide significant
discrimination between samples from the three sources (Collins et al.,
1996; Collins & Walling, 2002; Evrard et al., 2011). The H-test was
chosen as it does not require data that follow a Gaussian distribution.
Components that did not pass the Kruskal-Wallis H-test (i.e., p-
values > 0.05) were excluded from the mixing model input
parameters.  Finally, amongst the mass-conservative and
discriminatory components, stepwise linear discrimination analysis
(LDA) was used to determine a minimum number of components,
which in combination provide the greatest discrimination between
the source groups. This is achieved by stepwise minimization of
Wilk’s lambda (Collins et al., 1996; Haddadchi et al., 2014; Laceby
& Olley, 2015; Palazon et al., 2015). All statistical analyses were

performed in R version 3.2.2.

3.3 Mixing modelling

Mixing models are commonly used in provenance studies to
determine the relative contributions of source end members to a
sediment population (Collins et al., 1996; Weltje, 1997; Garzanti et
al., 2012). Here, the mixing model equation developed by Laceby &
Olley (2015) is solved with the Optquest algorithm in Oracle’s
software CrystalBall. The Optquest algorithm identifies the
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percentage contributions of endmember sources, which best
reproduce the observed in-stream sediment composition by
minimizing the difference between simulated and observed

composition (MMD).

MMD = ¥i=y(C; — (Xz1 B - 55)) + €

(eq.1)

where n is the number of fingerprinting components chosen as input
parameters, i is a fingerprinting component (e.g. CaO), C; is the
concentration of the component i in the in-stream sample, m is the
number of sources in the catchment (in this case = 3), P the relative
contribution (%) of each source s, and S5 the concentration of

component i in the source s.

3.4 Be-based denudation rates

Catchment-wide denudation rates were calculated from the
concentration of the terrestrial cosmogenic nuclide (TCN) °Be in
quartz. In quartz grains, °Be is mainly produced from *°O through
spallation reactions triggered by secondary cosmic rays (Lal &
Peters, 1967). The concentration of °Be in quartz increases with the
time of exposure to the cosmic ray shower on the Earth’s surface. It
is therefore inversely proportional to the denudation rate (Lal, 1991).
The production rate of TCN from cosmic rays depends on the
elevation and the latitude of the studied location (Lal, 1991), and

needs to be calculated on a pixel-by-pixel basis for each river
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catchment. Additionally, the production of TCN in mountainous
settings can decrease significantly depending on the shielding of the
location due to surrounding topography (topographic shielding) as
well as snow and ice cover (Dunne et al., 1999; Gosse & Philipps
2001).

Sample preparation was accomplished using protocols reported in
(Akcar et al., 2012). Accordingly, ca. 50 grams of pure quartz was
extracted from the 0.25 — 0.4 mm grain size fractions using magnetic
separation, followed by successive leaching with hydrochloric,
phosphoric and hydrofluoric acid, as well as aqua regia. The purified
quartz was then spiked with a °Be carrier and dissolved in
concentrated hydrofluoric acid. Beryllium was stepwise extracted
from this solution using anion and cation exchange column chemistry
following the protocol of Akgar et al. (2012). Final precipitates were
oxidized and pressed into targets for accelerator mass spectrometry
(AMS) analysis . °Be/°Be ratios were measured using the 500 kV
TANDY AMS facility at ETH Zirich (Christl et al., 2013). The
obtained ratios were normalized with the ETH in-house standard
S2007N (Kubik & Christl, 2010) and corrected using a full process
blank °Be/°Be ratio of 2.28 + 0.14 x 10™.

Although around 10 kg of material per sample was collected from the
carbonate-rich Helvetic catchments, less than 20 grams of material
was left after the first leaching step with hydrochloric acid, which is
insufficient for °Be measurement. For future studies, it might be
advisable to use cosmogenic *°Cl instead to obtain denudation rates.
The local production rate and topographic shielding were calculated
based on a 20-m-resolution digital elevation model of Switzerland in
the CAIRN calculator (Mudd et al., 2016). Within this routine, the
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default parameters given in Mudd et al. (2016) were used and
reported in Table 4. Snow cover was accounted for using an
elevation-dependent mean annual snow-cover database for
Switzerland (Auer, 2003). This dataset was subsequently converted
into snow water equivalent thickness (SWE, g/cm?) using an
empirical relationship (Jonas et al., 2009). Spatially averaged snow-
shielding factors were then estimated for each catchment, considering
the estimated mean annual SWE and a neutron attenuation length of
160 g/cm? (Lal, 1991) and incorporated into the CAIRN routine. The
production rate was set to zero for permanently glaciated areas,
which were extracted from the Geological Map of Switzerland
(Swiss Federal Office of Topography Swisstopo, 2011). Note that the
correction factors related to snow and ice shielding are assumed to be
conservative due to possible spatial and temporal variations in snow
thickness and persistence as well as glacier extent over the timescale
integrated by the TCN signal (i.e. 10° — 10°y)

The denudation rates were multiplied with catchment size and an
estimated mean density of 2650 kg/m® in order to obtain absolute
sediment loads in kg/yr for each catchment (see, e.g. Hinderer et al.,

2013; Cruz Nunes et al., 2015; Wittmann et al., 2016).

Note that by sampling sediment at the basin outlet, the concentration
of °Be yields a spatially averaged denudation rate of all erosional
processes in the catchment upstream of the sampling location (Brown
et al, 1995; Bierman & Steig, 1996; Granger et al., 1996).
Geomorphic decoupling of some of the sediment sources and
contributions of large volumes of glaciogenic material might add a

bias in the application of the methodology. We thus emphasize that
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the values reported in this paper represent upper bounds for erosional

fluxes.

4. Results and interpretation

4.1 Sediment fingerprinting

The External massifs shed quartzofeldspathic sands with both
medium- to high-rank felsic metamorphic (mostly meta-granites) and
low-rank metasedimentary rock fragments. The relative abundance of
heavy minerals is moderate (mean HMC 4.6) and the suites are
dominated by epidote and amphibole. The Penninic nappes supply
lithoquartzofeldspathic ~ metamorphiclastic sands with  minor
metacarbonate and metabasite rock fragments. Heavy minerals are
abundant (very rich with a mean HMC 15.4) and related suites are
also dominated by epidote and amphibole. Detritus from the Helvetic
nappes is carbonaticlastic with minor low-rank metasedimentary,
mostly pelitic rock fragments and very low quartz and feldspar
contents. The heavy mineral concentrations are low (mean HMC 1.4)
and the suites are dominated by iron oxides and pyrite with minor
apatite, amphibole and epidote. A summary of all fingerprinting data
can be found in the supplementary data 2.

Biplots facilitate the pinpointing of the compositional differences
between samples derived from the External massifs, the Penninic and
the Helvetic nappes (Fig. 2). Key components characterizing the
Penninic sediment are for example metabasite rock fragments,

tourmaline, olivine, pyroxene, Cr,03 and Ni, which can be expected
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in sediments partially derived from ophiolitic sources. The
dominance of carbonates in the Helvetic sediments is expressed by
key components such as carbonate rock fragments, wollastonite, CaO
and Sr. Sediment derived from the External massifs is characterized
by components such as quartz, feldspar, high-rank felsic
metamorphic rock fragments, titanite, zircon and monazite. The PCA
results confirm that different tributary basins of the same litho-
tectonic unit have comparable compositional signatures and that there

is a significant variability between the three main litho-tectonic units

(Fig. 2).

4.2 Source discrimination

The principle of mass conservation was fulfilled for all components
except for the sulphide traps in the heavy mineral dataset (see
supplementary data 2). Kyanite, apatite, olivine, zircon, rutile,
tourmaline and Ni did not pass the Kruskal-Wallis H-test (Table 1).
Stepwise LDA suggests that the combination of the components
Ca0, FeyOs, Lgm, L. and Na,O provides the best discrimination
between the three endmember sources and so these should be used in
the mixing model (Table 2). However, in order to compare the
different methods and to test the influence of statistical pre-selection
of components with a theoretically high discriminator potential onto
the results, the mixing model was run separately with all components

as well as with the pre-selected components for all three datasets.

4.3 Mixing models

18



The results obtained from mixing modelling differ quite substantially
depending on which of the three fingerprinting methods was used
(Table 3). However, within each fingerprinting technique, the choice
of input parameters (all or statistically selected ones), does not
change the results significantly (Table 3). When the petrographic
dataset is used as an input, results suggest that material derived from
the External massifs is the dominant constituent of the Rhdne river
sediments (61 — 69%), followed by Helvetic material (18 — 20%) and
Penninic material (13 — 19%). When using the bulk geochemical data
obtained from the <0.063 mm grain size fraction as an input, the
modelled results shift towards a higher Helvetic (38 — 43%) and very
low Penninic (2.6 — 4%) contribution. This could be an expression of
the easier mechanical destruction of carbonate material, which
accordingly could be found more frequently in finer grain sizes.
However, the most striking difference occurs when the heavy mineral
dataset is used, in which case the result suggests that 100% of the
sediment close to the Rhone river delta has Penninic sources. The
most likely interpretation of this deviating value initiates from the
fact that Penninic samples tend to have much higher heavy mineral
concentrations (HMC) than samples from the External massifs or the
Helvetic nappes (see supplementary data 2). Here, a correction factor
could be applied (Garzanti et al., 2008), where both hydraulic sorting
processes and the actual difference of heavy mineral fertility of the
different source rocks are considered. Even if this could be
accomplished with sufficient detail, the very low HMC of Helvetic
material and its consequent dilution or absence in Rhéne river heavy
mineral suites would remain evident. In addition, heavy minerals
show the lowest discriminatory potential amongst the three
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fingerprinting datasets. For example, in the compositional biplots,
only ~60% of data variance is explained by the first two principal
components, whereas this percentage is much higher for the
geochemical (82%) and the petrographic (85%) datasets (Fig. 2).
Most heavy minerals failed the Kruskal-Wallis H-test (Table 1),
indicating that their concentrations in the source sediments are not
significantly different enough to provide a suitable fingerprint. In
stepwise LDA, samples were always correctly classified based on
their geochemical and petrographic compositions, but not based on
their heavy mineral concentration (Table 2).

It can therefore be concluded that fingerprinting in the Rhone basin
works best with proxies derived from framework petrography or bulk
geochemistry. This is reflected in the stepwise LDA (Table 2), which
amongst the entire dataset (petrography, geochemistry and heavy
minerals) produced the best results with a combination of
petrographical and geochemical proxies only (CaO + Fe,O; + Lgy +
L. + Na,0O). Using these proxies as inputs, the model output suggests
that at the river site closest to the Rhone delta in Lake Geneva, the
Rhone’s fine sediment (<0.250 mm) is composed of 57% detritus
derived from the External massifs, 23% of Penninic material and
20% of Helvetic material. Given the differences in methods and
definition of the source areas, our results are in line with those of
Garzanti et al. (2012), who suggested that Rhone sands were
dominated by External massif material (~75%).

Although the goodness-of-fit achieved wusing pre-selected
components from the entire dataset (CaO + Fe,O3+ Ly, + L + Na,O)
seems to be satisfactory, great care should be taken when interpreting
such measures of model performance, as they have been found to be
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not truly indicative or even misleading in some cases (Garzanti et al.,
2012; Laceby & Olley, 2015). As suggested by Garzanti et al. (2012),
attention should be given to the geological significance of a model
rather than relying on numerical measures only. Accordingly, we
decided to validate our model by calculating source contributions for
samples located at different positions within the Rhone river (Fig. 3).
Because of the overall architecture of the basin, this allows us to test
whether the model predicts the logically expected incorporation of
litho-tectonic units into the watershed at certain sampling locations.
Using the parameters CaO + Fe,O3 + Lgy, + Lo + Na,O, the model
predicts 100% External massif contribution for the Rhéne-1 sample,
where the Rhone river only drains External massif units (Fig. 3). At
location Rhone-6, a minor contribution of Helvetic material is
predicted, which is geologically plausible, as some carbonate cover
of the European basement is preserved in the External massifs as
well. At location Rhone-11, where finally all of the three litho-
tectonic units outcrop within the watershed, the model correctly
predicts contributions of all three sources. Accordingly, it can be
concluded that the model performance is also satisfactory in

geological terms.

4.4 “Be-based denudation rates

°Be concentrations of the tributary basin samples yield denudation
rates between 0.19 + 0.04 mm/yr (Mundbach) and 7.43 £ 2.04 mm/yr
(Ilgraben) (Table 4). Spatially averaged denudation rates along the
Rhone river vary substantially between 0.13 + 0.03 and 1.40 £ 0.32
mm/yr with an average value of ca. 0.87 mm/yr. The large variability
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of °Be concentrations even in samples collected in close proximity
indicates that Rhdne sediments are not well mixed (Fig. 4).

Absolute sediment loads derived from the calculated denudation rates
range from 0.012 + 0.003 x 10° kg/yr (Mundbach) to 3.101 + 0.613 x
10° kg/yr (Drance). At the outlet of the basin, a total sediment flux of
15.977 + 3.216 x 10° kg/yr was obtained (Table 5).

The extreme high denudation rate calculated for the Iligraben sample
is a statistical outlier. Sediment in the Illgraben catchment is mainly
derived from frequent rock falls on the north-western flank and
debris flows on south-eastern flank (Schlunegger et al., 2009;
Bennett et al., 2012; 2013). These massive erosional events supply
large volumes of material within a very short time span (Berger et al.,
2011), which explains the exceptionally high denudation rates.
Denudation rates of sediment taken from the main Rhone river,
however, never exceed 1.40 mm/yr, indicating that the input of
lligraben material with extreme low-'°Be concentrations does not
noticeably influence the "°Be-budget on the investigated spatial and
temporal scale (Fig. 4). All other calculated denudation rates are
comparable to catchment-wide denudation rates that were previously
reported from neighbouring regions in the Alps (Wittmann et al.,
2007; Norton et al., 2010). In order to compare the denudation rates
between the litho-tectonic units defined in the compositional
analysis, the tributaries were grouped together according to their
dominant bedrock geology (Fig. 5). Results show that mean
denudation rates in the Penninic tributaries (1.23 £ 0.71 mm/yr) are
slightly, but not significantly higher than in the External massifs

(0.81 = 0.39 mml/yr).
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5. Discussion

Discrepancy of denudation rates and mixing modelling results

Results from compositional mixing modelling suggest that 57% of
the mixed sediment reaching Lake Geneva is composed of material
derived from the External massifs, whereas the Helvetic nappes and
the Penninic nappes contribute 20% and 23%, respectively.
Generally, sediment supply volumes should scale with catchment
size (Wilson, 1973; Milliman & Syvitski, 1992; Syvitski et al., 2003;
Church, 2017) at least to the point at which a basin area begins to
contain significant contributions from two or more lithologies with
relatively different erodibilities (Church, 2017). Considering that ca.
56% of the Rhone basin is underlain by Penninic lithologies and only
27% by rocks of the External massifs, Penninic material seems to be
relatively underrepresented in the sediment budget. In a previous
study, Garzanti et al. (2012) came to similar conclusions. These
authors suggested that higher denudation rates in the Northeast of the
Rhone basin may lead to an overrepresentation of material derived
from the External massifs. This explanation would be supported by
the observation that the highest modern rock uplift rates are measured
in the area of the External massifs (Schlatter et al., 2005) and a strong
correlation of rock uplift and denudation rate has been reported in the
Central Alps (Wittmann et al., 2007). Our results, however, do not
show significantly higher denudation rates in tributaries located in
the External massifs (Fig. 5). On the contrary, some of the highest
denudation rates have been obtained for tributary basins located in

the Penninic nappes.
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This suggests either that a different process is responsible for the
observed sediment composition or that the spatial pattern of modern
denudation is substantially different from the longer-term one
obtained through TCN analysis. The °Be-based denudation rates
integrate over a time span of ca. 100 — 3000 years (assuming a
cosmic ray absorption depth of ca. 600 mm). In order to explain
significant changes of denudation rates in modern times a process
acting on much shorter time scales than this integration time would
be required, and this process could possibly be directly observable
today. In the following part, we will explore potential solutions to

explain the observed discrepancy.

Textural differences of the sediments

It is well established that rocks and the sediments they produce may
have substantially different erodibilities and subsequent stabilities
during transport. In the study area, the erodibilities of the rocks were
classified to be “very low” for the granites of the External massifs,
“low” for the metamorphic rocks of Penninic nappes and “medium”
for the Helvetic carbonates by Kiihni & Pfiffner (2001), based on the
geotechnical map of Switzerland by Niggli & de Quervain (1936). It
thus seems possible that the less stable Helvetic and Penninic rocks
break down faster compared to the sediments derived from the
External massifs, both during weathering and during transport. As a
consequence, sediment produced from the Penninic or Helvetic
nappes could already be finer grained when entering the Rhéne river,
and subsequently get enriched in the very fine suspended or even

dissolved sediment load during transport.
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Grain size analysis prior to mineral separation does not support this
hypothesis. The grain size distributions of the samples taken at the
tributary river outlets are largely comparable (Fig. 6). There is, in
contrast, some evidence supporting that certain lithologies are being
enriched in the finer fraction during transport in the Rhone river. The
analysis of the <0.063 mm fraction yielded higher contributions of
Helvetic carbonates (>40%) than in the 0.063 — 0.25 mm fraction
(<20%). However, Penninic material is not enriched, but in contrast
virtually absent in the <0.063 mm (<5%) compared to the 0.063 —
0.25 mm fraction (>10%). Therefore, a dominant control of textural
characteristics onto the sediment composition appears unlikely to

explain the observed pattern.

Misfit of modern and longer-term denudation and sediment loads

Several studies already reported on discrepancies between modern
(measured) and longer-term (TCN-derived) sediment loads related to
the misfit of timescales (e.g. Schaller et al., 2001; Covault et al.,
2013; Wittmann et al., 2016). In Europe, sediment discharges derived
from TCN analysis were shown to exceed modern measurements by
1.5 4 times in the Loire, Meuse, Neckar and Regen rivers (Schaller
et al., 2001) and by 2 — 3 times in the Po river basin (Wittmann et al.
2016). These authors relate the mismatch to the fact that gauging
data, in contrast to TCN-derived loads, do not account (a) for
potentially significant bed load (Turowski et al., 2010), (b) for
material derived from infrequent, but large erosional events such as
landslides (Schaller et al., 2001), or (c) for sediment storage between

source and sink (Covault et al., 2013). In particular, sediment loads
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derived from '°Be concentrations only account for sediment
production in the catchment, and are not necessarily sensitive to
sediment storage. Sediment leaving a basin may have the same °Be
concentration irrespective of the presence or amount of sediment
storage in the upstream area of the sampling point (Wittmann et al.,
2016).

In the upper Rhdne basin, one gauging station near Porte du Scex, ca.
5 km upstream of the river mouth, records suspended sediment
concentrations. Accordingly, sediment discharge can only be
compared on a basin scale, not on the tributary basin scale. Measured
mean annual suspended sediment discharge at Porte du Scex is
around 2 x 10° kg/yr, although for 2012 and 2013, higher values of
up to 6 x 10° kg/yr were recorded (Swiss Federal Office of the
Environment, 2017). In contrast, the total sediment load at the basin
outlet calculated from °Be concentrations (Table 5) amounts to ca.16
x 10° kg/yr, i.e. 3 — 8 times more than the measured value.

Since the portion of sediment discharge through bed load transport in
the upper Rhone river is estimated to amount to only 9 — 11% of the
total sediment load (Schlunegger & Hinderer, 2003; Hinderer et al.,
2013), this cannot fully explain the mismatch between the two
datasets. Likewise, sediment input from landslides generally has a
negligible effect in larger catchments such as the upper Rhdne basin,
although it may disturb the TCN signal in smaller basins that are
dominated by mass wasting processes such as the Iligraben (Niemi et
al., 2005; Yanites et al., 2009). Sediment storage, however, is known
to have been significant in the upper Rhéne basin throughout the
Quaternary. For example, a valley fill of more than 800 m thickness
was identified in the main Rhone valley using gravimetric and

26



seismic methods (Kissling & Schwendener, 1990; Pfiffner et al.,
1997). Smaller-scale storage exists in the deposits of glacial tills,
rock glaciers or along hillslopes in some of the tributary catchments
(Otto et al., 2009). In general, it is well established that only a
percentage of the sediment eroded from a basin reaches the
catchment outlet, and this percentage tends to decrease, to potentially
small fractions, with increasing basin size (Walling, 1983). The
reason for this effect is debated (e.g. Parsons et al., 2006) but is
generally thought to relate to an increase of accommodation space as
basin area increases (de Vente & Poesen, 2005; Fryirs et al., 2007,
Bléthe & Korup, 2013; Fryirs, 2013). Accordingly, the wide and flat
valley bottom of the main Rhone river could provide significant
storage capacities for sediment, which could explain some of the
mismatch between the observed and calculated sediment loads.
However, storage along the main river could not explain the observed
pattern of sediment composition, as it is unlikely that the main
floodplain would preferentially store detritus from the Penninic
nappes, and not from the External massifs or the Helvetic nappes.
Furthermore, the storage ability and capacity of the Rhoéne river
floodplain is probably significantly reduced today due to the
correction and channelization of the river course.

The largest tributary basins (e.g. the Vispa, Drance and Borgne
basins) are all located in the Penninic nappes and, in theory, could
accommodate, and thus store, larger volumes of sediment than the
comparatively smaller tributaries located in the Helvetic nappes or
the External massifs. For instance, Fig. 7 shows that the length of the
trunk river is positively correlated to catchment size. Sediments have
to travel longer distances in the large Penninic basins with a higher
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probability of being trapped along the way compared to the shorter
rivers of the Helvetic and especially the External massifs tributaries.
In the Penninic Borgne basin, for instance, sediment accumulation
rates as high as 9 cm/yr were measured along some braided river
sections between 1959 and 2014 (Bakker et al., 2017). However, the
deposition along the river beds or on the hillslopes may not be
permanent and sediment may be remobilized. In the absence of
comprehensive modern measurements of sediment storage in
different basins, this effect and its impact onto the basin-wide
sediment budget remains hard to quantify.

In addition to natural, potentially only temporary sediment storage
along the hillslopes or river beds, sediment storage and removal by
human activities could play a significant role in the study area. The
upper Rhone basin accommodates some of Europe’s largest
hydroelectric power plants and their connected water storage
reservoirs (Anselmetti et al., 2007; Fatichi et al., 2015). Most of the
structures, and in particular the facilities with the largest storage
capacities, were constructed in the large southern tributaries draining
the Penninic nappes in the middle of the 20™ century (Loizeau &
Dominik, 2000). Dams lead to the direct trapping of very fine-
grained sediments in the connected water reservoirs (Vorésmarty et
al., 1997; 2003; Kummu & Varis, 2007; Syvitski & Milliman, 2007)
and, in the absence of reservoir flushing flows, to the permanent
storage of sediment. In the upper Rhéne basin, only six reservoirs
have storage capacities large enough to be managed without regular
flushing. These are the Mauvoisin, Les Toules, Lac de Dix, Moiry,
Mattmark and Emosson reservoirs, of which the first five are located
in the Penninic nappes and the latter one in the External massifs.
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Total sediment accumulation rates from these reservoirs amount to a
(semi)-permanent storage of ca. 0.4 x 10° kg/yr (Beyer-Portner, 1998;
Hinderer et al., 2013), of which 0.38 x 10° kg/yr (94%) are accounted
for by the five Penninic reservoirs (Table 6).

In addition to water management, the upper Rhéne basin is subject to
intense sediment mining. According to the extraction volumes
published by Kiindig et al. (1997), between 0.5 and 1.7 x 10° kg/yr of
modern fluvial sediments are permanently removed from the study
area (Table 7), of which the majority is extracted along the main
Rhone river (0.3 — 0.8 x 10° kg/yr). Additional volumes of 0.1 to 0.6
x 107 kglyr are extracted in the Penninic tributaries, 0.02 to 0.08 x
10° kglyr in the Helvetic tributaries and 0.05 to 0.2 x 10° kg/yr in the
tributaries located in the External massifs (Table 7). Sediment to be
used as construction material is one of the most important resources
in Switzerland. Due to the steadily increasing demand and price, it is
likely that the amount of extraction sites as well as the extracted
volumes increased in recent years, which is why we consider the
maximum volumes reported by Kindig et al. (1997) to be closer to
reality than the minimum estimates.

In summary, our estimates suggest that up to 2 x 10° kg/yr of
sediment is removed from the upper Rhéne basin by human
activities, which is the same amount as it is being discharged at Porte
du Scex (Fig. 8). The relative underrepresentation of Penninic
material as observed in the sediment composition could be a
consequence of focused human impact in the Penninic tributaries,
where up to ca. 1 x 10° kg/yr are either stored in the reservoirs or

extracted at mining sites.
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Overestimation of denudation rates and sediment loads

Even though we inferred that artificial sediment storage and
extraction significantly impact sediment fluxes in the study area with
respect to the total sediment discharge, the volumes compiled here
fail to fully explain the mismatch between the calculated and the
measured sediment loads (Fig. 8).

Therefore, an additional explanation lies in the uncertainty of the
calculated denudation rates. The basic principle of catchment-wide
denudation is the assumption that the entire catchment supplies
sediment to the sampled sediment at the outlet according to the local
denudation rates. However, given the strong human impact due to
semi-permanent storage, water management and sediment extraction,
this principle might be violated. Additional complications in
interpreting the TCN-derived sediment loads could arise from the
relatively large proportion of glaciated surface in the upper Rhéne
basin (ca. 14%). Glaciogenic material derived from sub- or proglacial
areas usually has very low °Be concentrations (e.g. Delunel et al.,
2014). If glaciers contribute large amounts of this sediment to the
system, the resulting catchment-wide denudation rates are apparently
high, but do not necessarily represent a real spatial average of the
basin (Godard et al., 2012). In the Central Alps, glacial retreat
increased substantially in response to short-term climatic changes
within the last decades (e.g., Fischer et al., 2014). As glaciers retreat,
they expose large proglacial areas covered by unconsolidated, easily
erodible sediment. Accordingly, sediment discharge from glacial
areas was found to have increased recently in several locations in the

upper Rhdne basin (Micheletti et al., 2015; Lane et al, 2016; Delaney
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etal., 2017). However, in order to quantify the actual contributions of
glacial sources and to understand the limits they might impose,

individual sub-basins should be explored in greater detail.

6. Conclusions

In this study a multi-method approach was used to fingerprint the
three main lithological units present in the upper Rhéne river basin.
Results show that granitoids of the External massifs, carbonates of
the Helvetic nappes and mixed meta-oceanic and continental
basement rocks of the Penninic nappes have distinct petrographical,
chemical, and, to some extent, mineralogical fingerprints.
Compositional modelling showed that sediment close to the basin
outlet is composed of 57% External massif material, followed by
23% Penninic material and 20% Helvetic material. The
concentrations of the TCN *°Be in fluvial sand suggest a different
contribution, in which absolute denudation rates and thus sediment
loads are actually highest in the southern Penninic tributaries.
Overall, the sediment discharge calculated from denudation rates at
the basin outlet is around 16 x 10° kg/yr in contrast to a measured
value of only 2 x 10° kg/yr.

We hypothesized that the overestimation of TCN-derived sediment
loads could be a combination of two processes. On the one hand, we
showed that significant amounts of sediment are stored within or
extracted from the system by water management and sediment
extraction, in particular in the Penninic unit. Overall, an amount of
up to 2 x 10° kg/yr seems to be diverted from the natural flux by
human activities. On the other hand, the TCN-derived denudation
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rates and resulting sediment loads could be overestimated due to the
strong human impact and due to high inputs of glaciogenic sediment
from retreating glaciers. Here, the role of glacial sources within

individual tributary basins should be further investigated.
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Fig. 1: Location and tectonic map of the upper Rhéne basin showing
the general litho-tectonic architecture of the basin (Federal Office of
Topography Swisstopo, 2011), the main Rhéne river, its tributary
rivers and watershed outlines, sampling locations, glaciers (Federal
Office of Topography Swisstopo, 2011), hydropower dams with
significant storage capacity and their catchments (Swiss Committee
on Dams, 2011; Hinderer et al., 2013) and sites of sediment
extraction (Kiindig et al., 1997). The abbreviations refer to the names
of the rivers: Ava = Avancon, Aeg = Aegene, Bal =
Baltschiederbach, Bie = Bietschbach, Bli = Blinne, Bor = Borgne,
Dal = Dala, Dra = Drance, Far = Farne, Gam = Gamsa, Gon =
Goneri, Il = Illgraben, Lix = Lixerne, Lon = Lonza, Mas = Massa,
Mor = Morge, Mun = Mundbach, Miin = Munstigerbach, Nav =
Navisence, Pri = Printse, Sio = Sionne, Tri = Trient, Tur =
Turtmanna, Vis = Vispa, Wys = Wysswasser.

Fig. 2: Compositional biplots derived from principle component
analysis for the petrographic dataset (a), the heavy mineral dataset (b)
and the geochemical dataset (c). The coloured dots represent the
tributary river samples. The length of the red rays is proportional to
the amount of variation explained by the corresponding element. The
abbreviations of the fingerprinting elements in a) and b) refer to the
following petrographical or mineralogical proxies: Q =
monocrystalline quartz, Q, = polycrystalline quartz, Fsp = feldspar,
L. = carbonate rock fragments, Ls, = sedimentary and low-rank
metasedimentary rock fragments, L; = medium- and high-rank felsic
metamorphic rock fragments, L, = metabasite rock fragments, Grt
garnet, Amph = amphibole, Ky = kyanite, Ap = apatite, Mon
monazite, FeOx = iron oxides, Ep = epidote, Ol = olivine, Px
pyroxene, Rut = rutile, Tit = titanite, Tour = tourmaline, Wol
wollastonite, Zr = zircon.

Fig. 3: Schematic representation of the Rhdne river (not to scale)
showing the tributary rivers sampled for compositional analysis
(arrow length is proportional to basin size). Pie charts represent the
modelled relative contributions of the three sources to sediment
sampled at different locations within the Rhone river.

Fig. 4: Schematic representation of the Rhone river and its tributary
basins (not to scale) showing the development of denudation rates (in
mm/yr) downstream the Rhone river. The length of the arrows refers
to the size of the tributary basins.

Fig. 5: Boxplots displaying the range of denudation rates between
tributaries draining the External massifs and the Penninic nappes.
The extremely high denudation rate obtained for the lllgraben sample
was excluded (see text).
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Fig. 6: Ternary plot showing the grain size distributions of the
collected tributary samples. For the full dataset, see supplementary
data 1.

Fig. 7: Plot showing the strong correlation of catchment size and the
length of the trunk river for all tributary basins investigated in this
study.

Fig. 8: Schematic source-to-sink model for the upper Rhéne basin
including the measured sediment discharge at the basin outlet, the
total sediment production calculated from cosmogenic nuclides and
the numbers on human-induced sediment diversion compiled in this
study.
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Table 1: Results of the Kruskal-Wallis H-test for each element. Elements with a p-value > 0.05 (asterisked) are considered to be not statistically different
between the three source units.

Fingerprinting method Elements H value p value

Framework Monocrystalline quartz (Q) 12.876 0.002

Petrography Polycrystalline quartz (Q,) 12.053 0.002
Feldspar (Fsp) 13.365 0.001
Carbonate rock fragments (L) 13.504 0.001

Sedimentary and low-rank
metasedimentary rock fragments (Lgy,) -~ 9.965 0.007

Medium- and high-rank felsic

metamorphic rock fragments (L) 10.067 0.007
Metabasite rock fragments (L) 14.379 0.001
Heavy mineral Garnet (Grt) 8.355 0.015
analysis Amphibole (Amph) 9.380 0.009
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Kyanite (Ky) 1.086 0.581*
Apatite (Ap) 2.780 0.249*
Monazite (Mon) 9.388 0.009
Iron oxides (FeOx) 9.360 0.009
Epidote (Ep) 9.380 0.009
Olivine (Ol) 2.647 0.266*
Pyroxene (Px) 6.512 0.039
Rutile (Rut) 2.340 0.310*
Titanite (Tit) 10.519 0.005
Tourmaline (Tour) 4.705 0.095*
Wollastonite (Wol) 13.325 0.001
Zircon (Zr) 3.782 0.151*
Bulk geochemistry Sio, 13.346 0.001
Al,O; 7.088 0.029
Fe,O3 9.722 0.008
MgO 7.512 0.023
CaO 13.346 0.001
Na,O 13.346 0.001
K,0 9.440 0.009
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TiO,
P20s
MnO
Cry,03
Ba

Ni

Sr

Zr

Nb
Sc

9.051
9.912
11.522
10.341
9.118
4.318
10.110
6.569
10.110
8.051
8.581

0.011
0.007
0.003
0.006
0.010
0.115*
0.006
0.037
0.006
0.018
0.014
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Table 2: Elements selected through stepwise linear discriminant analysis (LDA). The error refers to the percentage of samples not correctly classified by the

respective step.

Fingerprinting method Output elements Error Wilk’s lambda
Framework 1) L. 6.3% 0.06398
petrography 2) Lc + Lgm 0% 0.00536
3L+ Limt Qp 0% 0.00230
4) Lc + I—sm + Qp + I—mb 0% 0.00112
Heavy mineral 1) Tit 20% 0.26412
analysis 2) Tit + Amph 6.7% 0.09884
3) Tit + Amph + Mon 6.7% 0.03748
4) Tit + Amph + Mon + Ep 6.7% 0.01177
Bulk geochemistry 1) CaO 6.3% 0.03346
2) CaO + Fe,04 0% 0.00653
3) Cao + Fe,0;+ Na,O 0% 0.00265
4) CaO + Fezo3+ Nazo + A|203 0% 0.00149
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5) CaO + Fe,03+ Na,0 + Al,0;+ Cr,030% 0.00074
All data 1) CaO 6.7% 0.03495
2) CaO + Fe 04 0% 0.00688
3) CaO + Fe,03+ Loy 0% 0.00242
4) CaO + Fe;,03+ Lo + L 0% 0.00112
5) CaO + Fe,03+ Ly + L + Na,O 0% 0.00034
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Table 3: Contribution of the three source units to the sediment at the Rhone outlet as modelled based on different fingerprinting elements as input

parameters. The goodness of fit (GOF) is a measure for model performance used by Laceby & Olley (2015).

Fingerprinting Input External Penninic Helvetic GOF
method parameters massifs (%) nappes (%) nappes (%)
Framework Lc+ Lom + Qp + Limp 61.8+2.1 22.1+2 16.2+1.2 53%
petrography

all elements 68 2.5 11.7+£3.6 20.3+1.1 55%
Heavy mineral Tit + Amph + Mon 100 0 0 54%
analysis +Ep

all elements 100 0 0 52%
Bulk CaO + Fe,0O3+ Na,O 548=+1 261 426+1 78%
geochemistry  + Al,O3+ Cr,03

all elements 4821 4+1.1 47.8+2.8 74%
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ACCEPTED MANUSCRIPT

All data CaO + Fe, O3+ Ly 56.9%9.6 234+23 19.7+1.0 74% M&O



Table 4: Summary of factors relevant for the °Be analysis and interpretation. The 1-sigma '°Be uncertainty includes AMS, production and muon
uncertainties. All calculation were based on the default parameters given in the CAIRN routine (Mudd et al., 2016), including 1.39 Myr for the half-life of
1%Be, 2.65 g/cm?® for the density of quartz and 4.30 at/g/yr as sea level high latitude production rate.

River Material %Be carrier 1%Be concentration Production Topographic  Snow Ice extent Denudation
sample dissolved (g) added (mg) (x10° at/g) scaling shielding shielding correction rate (mm/yr)
Aeg(ene) 44,93 0.1579 23.60 £ 2.55 6.34 0.926 0.869 0.924 0.55+0.12
Bal(tschiederbach)44.75 0.1562 26.04£1.76 7.17 0.885 0.889 0.895 0.53+0.10
Bie(tschbach) 44.80 0.1612 39.92 £1.40 6.63 0.876 0.908 0.944 0.34 £ 0.06
Bli(nne) 44.44 0.1980 22.24 +4.32 6.75 0.889 0.888 1.000 0.65+0.18
Bor(gne) 44 .81 0.1591 5.02 £ 0.47 7.11 0.931 0.907 0.849 2.74 £ 0.56
Dra(nce) 45.07 0.1596 7.44 +0.53 6.48 0.916 0.915 0.878 1.73+0.34
Far(ne) 45.13 0.1600 12.51 £ 0.65 472 0.947 0.910 1.000 0.90+0.18
Gam(sa) 45.36 0.1586 12.43 £0.70 6.14 0.934 0.893 0.996 1.13+£0.22
Gon(eri) 45.33 0.1591 16.21 £1.00 6.69 0.911 0.879 0.928 0.83+£0.16
lli(graben) 45.09 0.1584 1.42 £0.27 4.63 0.884 0.921 1.000 7.43 £2.04
Lon(za) 44.60 0.1592 12.13+£0.70 6.93 0.915 0.892 0.909 1.15+£0.22
Mas(sa) 44.58 0.1581 8.43+1.11 9.70 0.925 0.866 0.551 1.36 £0.31
Mun(dbach)  44.71 0.1962 73.18 £8.08 6.62 0.853 0.893 1.000 0.19+0.04
Miin(stigerbach)45.55 0.1595 12.47 +0.79 1.27 0.917 0.878 0.892 1.14 +0.22
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Nav(isence)
Pri(ntse)
Tri(ent)
Tur(tmanna)
Vis(pa)

Wys(swasser)

Rhéne-1
Rhbéne-2
Rhéne-3
Rhoéne-4
Rhéne-5
Rhone-6
Rhbéne-7
Rhéne-8
Rhone-9
Rhéne-10
Rhéne-11
Rhéne-12
Rhéne-13
Rhone-14

45.03
44.80
45.13
45.31
45.39
45.89
45.59
45.08
44.88
45.08
45.34
44.82
44.87
45.27
45.02
44.62
4498
49.97
45.16
45.34

0.1604
0.1587
0.1568
0.1597
0.1592
0.1592
0.1574
0.1579
0.1578
0.1939
0.1580
0.1942
0.1535
0.1579
0.1942
0.1933
0.1571
0.1750
0.1596
0.1614

11.04 £0.63
2545+ 1.06
10.95+1.41
24.63+1.03
15.65 +0.87
9.72+0.77

13.79+£1.30
16.75+ 1.68
10.29£1.30
18.77 £ 2.42
12.47 £1.33
42.20 + 4.66
10-14 £ 0.75
12.12 £ 0.83
21.58 +2.48
29.01 + 8.57
9.27+1.20

97.29 £10.17

9.67 +1.03
9.93+0.77

7.06
5.96
5.01
7.58
8.65
8.63
7.20
6.40
6.73
6.47
6.26
7.05
6.83
7.38
7.14
7.01
6.96
6.75
6.36
6.23

0.932
0.950
0.900
0.941
0.915
0.926
0.914
0.921
0.924
0.920
0.920
0.922
0.919
0.914
0.917
0.918
0.919
0.923
0.920
0.920

0.899
0.889
0.918
0.882
0.899
0.865
0.851
0.857
0.856
0.858
0.86

0.854
0.856
0.852
0.854
0.856
0.856
0.858
0.863
0.862

0.838
0.972
0.898
0.913
0.817
0.642
0.875
0.933
0.872
0.901
0.896
0.791
0.845
0.831
0.860
0.873
0.873
0.887
0.902
0.907

1.21+0.23
0.52+0.10
0.94 +0.22
0.63+0.12
1.00£0.19
1.23+0.24
0.96 £0.20
0.77+£0.16
1.23+0.28
0.67£0.15
0.97+0.21
0.28 £0.06
1.22+0.24
1.07+0.21
0.60+0.13
0.45+0.17
1.40 +0.32
0.13+0.03
1.28 +0.27
1.23+0.25
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Table 5: Sediment yields calculated from the denudation rate obtained from TCN analysis and the catchment size. To calculate yields in kg/yr from volumes
(m®/yr), an average density of 2650 kg/m® was assumed.

River Catchment Denudation Sediment yield Sediment
size (km?) rate (mm/yr)  (x10° m3/yr) yield (x10° kglyr)

Aeg(ene) 36.0 0.55+0.12 204 0.052 £ 0.011
Bal(tschiederbach) 42.6 0.53+0.10 22+ 4 0.060 £ 0.012
Bie(tschbach) 21.9 0.34 £0.06 71 0.020 + 0.004
Bli(nne) 18.3 0.65+0.18 12+3 0.032 £ 0.009
Bor(gne) 385.1 2.74 £ 0.56 1055 + 217 2.795 + 0.575
Dra(nce) 674.8 1.73+0.34 1170 £ 231 3.101 £ 0.613
Far(ne) 29.0 0.90+0.18 265 0.069 £ 0.014
Gam(sa) 385 1.13+£0.22 43+8 0.115 + 0.022
Gon(eri) 40.0 0.83+£0.16 3317 0.088 £ 0.017
Ili(graben) 11.0 7.43 £2.04 82+22 0.217 + 0.060
Lon(za) 161.5 1.15+0.22 186 + 36 0.492 + 0.095
Mas(sa) 202.9 1.36+0.31 275 £ 62 0.730 £ 0.165
Mun(dbach) 23.8 0.19+0.04 4+1 0.012 + 0.003
Miin(stigerbach) 15.7 1.14+0.22 18+3 0.048 £ 0.009
Nav(isence) 255.8 1.21+0.23 310 £59 0.821 £ 0.158
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Pri(ntse)
Tri(ent)
Tur(tmanna)
Vis(pa)
Wys(swasser)

Rhone-14

72.1
83.2
108.0
773.9
84.6

4919.1

0.52+0.10
0.94+£0.22
0.63+0.12
1.00 +0.19
1.23+0.24

1.23+0.25

38+7

78 +18
68 + 13
772 147
104 £ 21

6029 + 1214

0.100 +0.019
0.208 + 0.048
0.181+0.034
2.045 +0.389
0.275 + 0.055

15.977 + 3.216
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Table 6: Volumes and masses of sediment stored in large hydropower reservoirs without significant flushing. Volumes from Beyer-Portner (1998), published
in Hinderer et al. (2013). The masses were calculated assuming a density of 1500 kg/m3.

Site

Lac d’Emosson
Lac des Dix

Lac les Toules
Lac de Mauvoisin
Lac de Moiry
Mattmarksee

Total

Unit Sediment
volume (m*/yr)

External massifs 15000
Penninic nappes50000
Penninic nappes1750
Penninic nappes167800
Penninic nappes6000
Penninic nappes26680

All 267230

0.075
0.003
0.252
0.009
0.040

Sediment
mass (x10° kg/yr)

0.023

0.401
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Table 7: Ranges of sediment extraction volumes at locations within the main Rhéne river and its tributaries (based on a compilation of Kindig et al., 1997).

Masses were calculated from the given volumes assuming a density of 1600 kg/m®.

Site

Brig/Glis
Evionnaz
Leuk
Martigny
Pfynwald
Pfynwald
Vionnaz
Baltschieder
Fiesch
Naters
Chamoson
Eison
Evoléene
Gamsen
Hérémence
Stalden

Unit

Rhone river
Rhéne river
Rhéne river
Rhone river
Rhéne river
Rhone river
Rhéne river
External massifs
External massifs
External massifs
Helvetic nappes

Sediment volume

(m°/yr)
10000 — 50000

50000 —1000000.080 —

10000 — 50000
10000 — 50000

50000 — 1000000.080 —
50000 — 1000000.080 —

10000 — 50000
10000 — 50000
10000 — 50000
10000 — 50000
10000 — 50000

Sediment mass
(x10° kglyr)
0.016 — 0.080
0.160

0.016 - 0.080
0.016 — 0.080
0.160

0.160

0.016 - 0.080
0.016 - 0.080
0.016 — 0.080
0.016 - 0.080
0.016 — 0.080

Penninic nappes10000 — 50000
Penninic nappes10000 — 50000
Penninic nappes10000 — 50000
Penninic nappes10000 — 50000
Penninic nappes10000 — 50000

0.016 - 0.080
0.016 —0.080
0.016 - 0.080
0.016 —0.080
0.016 - 0.080
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Volleges Penninic nappes10000 — 50000 0.016 - 0.080

Volléges Penninic nappes10000 — 50000 0.016 —0.080
Sum Rhéne river 190000 — 500000 0.304 - 0.800
Sum External massifs 30000 — 150000 0.048 — 0.240
Sum Helvetic nappes 10000 - 50000 0.016 — 0.080
Sum Penninic nappes70000 — 350000 0.112 - 0.560

Sum All 300000 — 1050000 0.480 - 1.680
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