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Abstract

Human activities have increasingly strong impacts on the sediment dynamics of
watersheds, directly, for example through water abstraction and sediment extraction,
but also indirectly through climate change. This study aims at disentangling these

impacts on natural sediment fluxes for the Borgne river, located in the Alps of South-
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West Switzerland, using two approaches: First, an assessment of contemporary
sediment sources and their relative contribution to the sediment delivered to the
catchment outlet is undertaken by geochemical fingerprinting and a mixing model.
Second, a spatially distributed conceptual model of suspended sediment production
and transfer is used to quantify the contribution of different portions of the catchment
to the total sediment yield. The model describes the influence of hydroclimatic
variables (rainfall, snowmelt, and ice melt), water diversions and reservoir trapping on
the sediment yield accounting for the erodibility of the different land covers present in
the catchment. The analysis of different scenarios based on this conceptual model
aids the interpretation of the fingerprinting results and the identification of the most
important factors controlling sediment fluxes. Although the conceptual model
overestimates the contribution of the downstream source area and underestimates the
contribution of the upstream source area, the results allow us to qualitatively assess
the impacts of different drivers influencing the sediment yield at the catchment scale.
The results suggest: (1) high sediment yield from the uppermost part of the catchment
due to sediment delivery by glacial ice melt; (2) delayed sediment transfer from areas
impacted by water abstraction; and (3) reduced sediment contribution from areas
upstream of a major hydropower reservoir that intercepts and traps sediment.
Although process (1) and processes (2) and (3) serve to counter one another, our
study emphasizes that the relative impacts of Anthropocene climate change and
human impacts on sediment delivery may be disentangled through multi-proxy

approaches.
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Introduction

Tectonically active mountain belts can be considered the most important suppliers of
water and clastic sediment on our planet mainly because of their large topographic
gradients and associated high erosion rates, and active mass wasting processes
(Hovius et al., 1997; Montgomery & Brandon, 2002; Tucker & Slingerland, 1996;
Willett, 1999). Rivers are the most important transport and distribution systems that
connect these sediment sources with their sinks. The quantities of water and sediment
provided by fluvial networks can considerably affect landscape evolution (e.g. by
triggering mass wasting processes; Korup, 2009), biogeochemical cycles (e.g. by
transporting nutrients or carbon; Stallard, 1998), and biodiversity (e.g. by providing

natural habitats to flora and fauna; Wohl, 2006).

In Central Europe, the Alpine orogen is one of the most important sediment factories
due to its high relief and denudation rates. Its water and sediment feeds major
European fluvial networks such as the Rhine, Rhone, Po, and Danube rivers.
However, like many mountainous regions, the Alps are increasingly affected by climate
change, which result in accelerated glacial retreat (Costa et al., 2018a; Fischer et al.,
2015; Scherrer & Appenzeller, 2006; Serquet et al., 2011) as well as increased rates
of hillslope erosional activity (Micheletti et al., 2015). In parallel, mountainous
environments are directly impacted by humans through land-use, for example through
deforestation and reforestation, and river management (e.g., Anselmetti et al., 2007;
Comiti, 2012; Niedrist et al., 2009; Weber et al., 2007; Wohl, 2006). Yet, we know very
little about the net effects of these processes on sediment delivery downstream, on

their temporal and spatial variability, and of the feedback mechanisms that exist
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between them. This is particularly the case for the Swiss Rhone valley, where water
fluxes have been heavily managed and regulated particularly through the construction
of hydropower dams and flow intake systems (Bakker et al., 2018; Gabbud & Lane,
2016). Despite the strong anthropogenic perturbation, only a very few studies have
considered the possible effects of these water management practices in recent years

on downstream sediment delivery (Loizeau & Dominik, 2000, Lane et al., 2019).

Here, we focus on the catchment of the Borgne, a tributary of the Rhdne river, where
dynamic landscape responses to water abstraction have already been documented
(Bakker et al., 2018; Gabbud & Lane, 2016; Lambiel et al., 2016; Lane et al., 2014,
2017; Micheletti et al., 2015; Micheletti & Lane, 2016; Reynard et al., 2012). The main
goals of this study are (1) to trace the current fine-grained sediment flux in the
catchment through a geochemical fingerprinting approach and (2) to assess the
sensitivity of sediment production and transfer processes to anthropogenic
disturbances. To achieve this aim, we compare results of sediment fingerprinting with
simulations of a spatially distributed conceptual model for suspended sediment load
based on hydroclimatic variables. The spatially distributed conceptual model is
partially based on previous work (Costa et al., 2018b), where the suspended sediment
production from each cell in the modelled catchment domain is simulated by
considering controlling factors, including hydroclimatic forcing (rainfall, snowmelt, ice
melt), surface erodibility, anthropogenic water management, and sediment trapping.
This modelling framework is then applied for a number of scenarios, and the role of
the different controlling factors is assessed by comparing the simulated sediment

composition at the outlet with the measured one.
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Setting

Physiography

The Borgne catchment is the third-largest tributary of the Swiss Rhone river, which
drains one of the largest intramontane catchments located in the Pennine Alps of
southwestern Switzerland (Fig. 1). The Borgne catchment has a total size of 385 km?
and can be divided into two main valleys, the eastern Val d’Hérens and the western
Val d’'Hérémence (Fig. 1). The altitude in the catchment ranges between 492 and 4346
m above sea level (a.s.l.), with a mean elevation of 2390 m a.s.l. According to the
CORINE land cover classification, more than half of the land cover is classified as
open space with little or no vegetation, followed by shrub and/or herbaceous
vegetation association (ca. 22%), forest (ca. 17%), pastures (ca. 5%) and inland
waters (ca. 1%) (Table 1). About 11% of the total catchment area is glaciated today
and most glaciers are located at higher altitudes in the uppermost one third of the

catchment (Table 1).

Climate

The Borgne catchment is characterized by a typical Alpine intramontane climate. We
analyse precipitation and temperature patterns in the catchment based on spatially
distributed datasets provided by the Swiss Federal Office for the Environment, at ~
2x2 km? resolution grid for the period 1975-2017 (Frei et al., 2006; Frei, 2014;
Schwarb, 2000). The mean annual precipitation computed over the observation period

1961-2017 is 1097 mm/y and shows an orographically-driven spatial distribution with



126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

relatively drier conditions at the lower altitudes (minimum of 688 mm/y) and wetter
conditions (maximum of 2008 mm/y) at higher altitudes. The mean annual daily
temperature is -0.7 °C, and is likewise characterized by a strong spatial variability
between the lower and higher altitudes, 7°C and -6°C, respectively. In the late 1980s
and early 1990s, the study area has experienced a substantial increase in mean
annual air temperature (Bakker et al., 2018; Costa et al., 2018a). Rapid glacial retreat
following temperature warming has been reported for many Alpine glaciers during the
last decades (Fischer et al., 2014; 2015), including the ones located in the study area
such as the Glacier de Tsijiore Nouve, the Glacier de Ferpecle and the Haut Glacier

d’Arolla (Gabbud et al., 2016; GLAMOS, 2017).

Water and sediment abstraction

The Borgne catchment is one of the tributaries of the Swiss Rhone river most affected
by human impacts. The construction of a major hydropower dam, the Grande Dixence
was completed in Val d’Hérémence in 1961. The associated lake, the Lac de Dix (Fig.
1), has a water storage capacity of 400 billion m? (Lane et al., 2014). Water is supplied
not only from the ~45 km? large catchment of the lake itself, but also from the
neighbouring valleys through a network of 100 km of transfer tunnels and pumping
stations (Bakker et al., 2018; Anghileri et al., 2018 a; b; Lane et al., 2014; Margot et
al. 1992). The water intakes are equipped with sediment traps for both fine- and
coarse-grained material, from which sediment is flushed down the river at frequencies
up to several times per day (Bakker et al.,, 2018; Lane et al., 2017). In addition,

sediment is mined along the Borgne river channel at least at four locations (Lane et
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al., 2014). Data from local authorities indicate that this mostly concerns coarse-grained

sediment (gravel), but these data are not publicly available.

Geology

The Central Alps formed during the collision of the European continental margin in the
North and the Adriatic microplate in the South, thereby closing the so-called Penninic
domain in between (Schmid et al., 2004). The Penninic nappes consisted of a northern
marine trough, the Valais Ocean and a southern oceanic basin, the Piedmont-Liguria
Ocean, which were separated from each other by the Briangonnais microcontinent.
The bedrock of the Borgne catchment is made up of three tectonic units (Fig. 2, Table
1). The uppermost 31% of the catchment area is underlain by gneisses and minor
meta-gabbroic and meta-sedimentary rocks of the Austroalpine (Adriatic) Dent
Blanche complex. The middle reaches (ca. 32%) are made of calcschists
(“Bundnerschiefer”’) and meta-basaltic rocks of the Piedmont-Liguria Ocean. The
lowermost 37% of the catchment contain the meta-sedimentary cover (quartzites,
schists, marbles and conglomerates) as well as gneisses of the Briangonnais

microcontinent (Federal Office of Topography Swisstopo, 2011).

Thick Quaternary glacial tills deposited predominantly during the Last Glacial
Maximum (LGM) are widespread, especially in the lowermost parts of the catchment
(Fig. 2). Geomorphological and sedimentological field observations suggest that most
of these tills are moraine deposits sourced by tributary valley glaciers (Lambiel et al.,

2016).

Methods
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We identify the provenance of suspended sediment through a sub-catchment
fingerprinting approach. The relative contribution of the various sub-catchments to the
total fine sediment load is then estimated through mixing modelling. In parallel, we
estimate the hydroclimatic controls on the transfer of material through modelling.
Based on Costa et al. (2018b), our conceptual model assumes that there are three
main hydroclimatic factors driving the suspended sediment regime in Alpine
environments: (1) total daily erosive rainfall, defined as liquid precipitation over snow-
free surfaces, (2) total daily snowmelt, and (3) total daily ice melt. Erosive rainfall
enables hillslope erosion, channel erosion through increased streamflow, and is
responsible for triggering mass wasting events (e.g. landslides and debris flows),
which release large amounts of sediment. Overland flow produced by snowmelt
contributes to hillslope erosion as well as to channel erosion through increased
streamflow. Ice melt flows carry high concentrations of glacially-derived sediment from
sub-glacial channels and proglacial areas. Costa et al. (2018b) demonstrated how all
three hydroclimatic factors contribute to suspended sediment dynamics, but exhibit
different contributions in the entire Swiss Rhone catchment. They showed that while
total daily catchment-averaged ice melt, rich in fine sediment, generates the largest
contribution to the total annual suspended sediment yield at the outlet of the
catchment, total daily catchment-averaged erosive rainfall is responsible for the peaks
in mean daily suspended sediment concentration and consequently determines its

variability.

Spatial datasets
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We extract topographic and geologic variables (watershed outlines, stream network,
glacial cover, lithologies, land cover) using standard topographic and hydrologic tools
within ArcGIS®© version 10.1. The 2-m-resolution digital elevation model swissALTI3P
(Federal Office of Topography Swisstopo, 2014), the 1:500,000 geological map
(Federal Office of Topography Swisstopo, 2011) and the CORINE land cover map
(Steinmeier, 2013) are used as base maps. Precipitation, minimum, maximum and
mean daily air temperature data are available on a ~ 2x2 km? resolution grid for

Switzerland for the period 1975-2017 (Frei et al., 2006; Frei, 2014; Schwarb, 2000).

Sediment source fingerprinting

Sediment was sampled at the outlets of several sub-catchments, where we assume
that the samples represent a natural mixture of all upstream lithologies (tributary
sampling approach, see for example Garzanti et al., 2012; von Blanckenburg, 2005).
Within each of the lithological units defined above, two to three sub-catchments were
chosen based on the lithological architecture of the Borgne catchment (Fig 2). These
are the Borgne d’Arolla and Borgne de Ferpécle for the gneiss end-member, the
Satarma, Bornetta and Gavil streams for the calcschist/meta-basalt end-member and
the Grand Torrent, Manna and Torrent de Faran streams for the meta-sedimentary
end-member. Composite sediment samples were collected from the river bed close to
the outlet of the tributary rivers on one occasion in June 2016, assuming that the
fingerprint of the relatively small sub-catchments (7-40 km2) would be relatively stable
throughout the year. To obtain relative contributions of the source end-members to the
catchment-wide sediment budget samples were taken at the Borgne river mouth close

to the village of Bramois (Figs. 1, 2). In contrast to the small sub-catchments, the
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chemical composition of sediment in the main river is more likely to be variable through
time (e.g., due to anthropogenic activities, but also natural sediment storage, sorting
effects and provenance changes). In order to monitor possible compositional changes
through time, five samples were taken throughout the year 2016 (February, June, July,

August, October) at the same location.

The Quaternary glacial deposits may contribute largely to the catchment output,
because they are only weakly consolidated and thus easily erodible. Field
observations suggest that the tills were sourced by tributary valley glaciers and formed
without significant reworking or sediment entrainment/ mixing from higher units.
However, in order to test this hypothesis and to exclude any affects related to
reworking, which could impact the fingerprinting results, a glacial till sample from a

large, fresh and unvegetated outcrop was also taken and analysed (Fig. 2).

The sediment samples were wet-sieved into three grain size classes: <40 ym, 40-400
pm and >400 ym. No comprehensive grain size analysis was undertaken prior to
geochemical analysis, but the weights of the three fractions were recorded. The 40-
400 ym grain size fraction was milled using a planetary ball mill. Bulk geochemistry is
determined for the <40 pym and 40-400 ym fractions by inductively coupled plasma
mass spectrometry (ICP-MS) using lithium borate fusion at the Acme labs in
Vancouver, Canada. The analytical package includes the major element oxides SiOz,
Al203, CaO, Fe203, MgO, Na20, K20, TiO2, P20s, MnO, Cr203, as well as the trace
elements Ba, Ni, Sr, Zr, Y, Nb and Sc. All results are corrected for the loss of ignition
(LOI). See supplementary material 1 for details on the standards used by the

laboratory and the detection limits.
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Principle Component Analysis (PCA) is used to visualize the data variance and to
produce compositional biplots (Aitchison, 1983; Aitchison & Greenacre, 2002). Log-
ratio transformed biplots are created using the software CoDaPack (Comas & Thio-
Henestrosa, 2011). Following standard statistical methods, the data are analysed in
order to identify the key characteristics discriminating the three defined sources
(Collins et al., 1996; Collins & Walling, 2002; Smith & Blake, 2014). First, elements
used as input variables in a mixing model should behave conservatively between the
sediment source and the catchment outlet. Elements that get enriched or depleted
during transport or deposition, for example through hydrologic sorting or chemical
dissolution, do not fulfil this requirement. Thus, elements that show higher or lower
concentrations in the sample taken at the Borgne outlet compared to the source end-
member compositional range are removed from the fingerprinting dataset. Second,
elements should provide statistically significant discrimination between the source
end-members. To test which elements are suitable to distinguish the three lithological
units defined here, the non-parametric Kruskal-Wallis H-test is used, with a threshold
p-value of 0.05. Finally, stepwise Discriminant Function Analysis (DFA) identifies a
combination of elements that provides the greatest discrimination between the sources
based on the minimisation of Wilks’ lambda (Collins & Walling, 2002; Smith & Blake,

2014).

In order to estimate the relative contributions of the three end-member sources to the
sediment sampled at the Borgne outlet, a mixing model developed by Laceby & Olley
(2015) is used and solved with the Optquest algorithm in Oracle’s software CrystalBall.

The algorithm tests different end-member contributions Ps and finds the best solution

11
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by minimizing the Mixing Model Difference (MMD) between simulated and observed
composition:

MMD = 31 (C; — (ET P+ S5)) = C; (Eq. 1),
where n is the number of fingerprinting elements chosen as input parameters, i is a
fingerprinting element, C; is the concentration of the element i in the Borgne outlet
sample, m is the number of sources s in the catchment (in this case s = 3), Ps the
relative contribution (%) of each source s, and Ssi the concentration of element i in the
source s.

The uncertainties of source contributions, based on the variability in element
concentrations, are estimated using a Monte Carlo sampling routine with 10,000
iterations. Normal distributions are calculated for each element and each of the three
sources. The mean value of the 10,000 iterations thus represents the mean
proportional contribution of each source, with the standard deviation representing the
uncertainty. The goodness of fit (GOF) of the mixing modelling results is quantified
based on the difference of the observed and modelled catchment outlet composition

(Laceby & Olley, 2015).

Conceptual modelling of sediment sources dynamics

Based on Costa et al. (2018b), we develop a spatially distributed framework for
suspended sediment production and transfer to analyse the spatial and temporal
variability of sediment dynamics. We consider the three main hydroclimatic forcing
mechanisms that drive the suspended sediment regime in these environments: (1)
total daily erosive rainfall (ER), defined as liquid precipitation over snow-free surfaces,

(2) total daily snowmelt (SM), and (3) total daily ice melt (IM). As these three drivers

12
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represent the typical main forces acting in mountainous regions (see the discussion in
Costa et al., 2018b), the model is widely applicable to alpine regions in general,
although this work focuses particularly on the Borgne catchment. Since suspended
sediment-related data are available only at the outlet of the Swiss Rhéne catchment,
first we calibrate the model on the entire Swiss Rhéne catchment, and, in a second
step, we apply the optimal parameter set to the Borgne catchment.

We test the pair-wise correlation between the hydroclimatic predictors at the cell scale.
Average values of correlation coefficients over the available observation period (1975-
2017) are equal to -0.04 between ER and SM, -0.1 between SM and IM, and 0.3
between ER and IM, indicating low inter-correlation amongst the hydroclimatic factors.
We assume that sediment fluxes generated by these three variables contribute to
suspended sediment yield in a complementary way, both in terms of timing and
magnitude, because of the variety of sediment sources involved (e.g. hillslopes,
channels, glaciers) and the diversity of the erosional and transport processes (e.qg. soil
erosion by raindrop impacts, soil detachment by snowmelt—-driven overland flow).
Although sediment erosion models are usually based on rainfall intensity at the sub-
daily scale (e.g. Francipane et al., 2012; Morgan & Duzant, 2008; Wischmeier & Smith,
1978), we adopt a daily time scale due to data availability and the coarse temporal
resolution of sediment sampling.. This is supported by the results of Costa et al.
(2018b) which using an iterative input variable selection algorithm (Galelli & Castelletti,
2013; Denaro et al., 2017) to show that total daily catchment-averaged ER explains
75% of the variability of suspended sediment concentration at the Rhone river outlet,
including total daily catchment-averaged IM and SM raises the explained variance of

suspended sediment concentration up to 90%.
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Suspended Sediment Production

We conceptualize suspended sediment load, SSL;,, produced in each cell i of the
catchment per time step t (being the time resolution equal to 1 day) as the sum of the
contribution of the three hydroclimatic forcing expressed in the form of a rating curve
(Eq. 2).

SSLiy = A; - k; - [al CER]T a2y - SMPP 4y IM{’g“] -107 (Eq. 2)
Soil erodibility in each cell i is accounted for by the parameter k;. Individual

contributions of sediment load (e.g. a; - ER?;“) are expressed in dag day! m, 4;

represents the cell surface in m?, SSL; , is expressed in ton day* and 107 is a unit

conversion factor.

Suspended sediment transfer

Suspended sediment fluxes are linearly convoluted to the outlet of the catchment (Eq.
3) and integrated to contribute to the total suspended sediment load.

SSLUt = B (1 — ) - SSLig—, (Eq. 3).
where SSLUtet [ton day™] is the total suspended sediment load reaching the outlet of
the catchment at time t, SSL;;_., is the sediment load generated at cell i attime t — t;
computed as in Eq. 2, nc is the total number of cells in the catchment, t; [day] is the
travel time of sediment at cell i, i.e. the time it takes for sediment produced at cell i to
reach the outlet of the catchment. Coefficient f; represents the degree of sediment
dis-connectivity between cell i and the outlet. It expresses the fraction of the sediment

produced at cell i that does not reach the outlet of the catchment, either because it is

14
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diverted to reservoirs and (semi-)permanently trapped. The latter case refers mainly
to sediment that cannot be mobilized and transported due to the reduction in transport
capacity associated with water abstraction schemes. Therefore, the coefficient 1-5;
expresses the fraction of the sediment actually contributing to the suspended sediment
load at the outlet on a sub-annual time-scale. The travel time ; is a function of the
distance of the cell i to the outlet, [; [m], and the velocity of the sediment flux, v; [m s
11. The velocity of each sediment flux produced at cell i, SSL;, is based solely on cell i

and it is assumed constant and equal to an average velocity from the source to the

. I;
sink.t; = v—‘

i

(Eq. 4).

Modelling of hydroclimatic variables

Total daily ER, SM and IM distributed over the entire Swiss Rhone catchment are
estimated on the basis of gridded datasets of total daily precipitation and mean,
maximum and minimum daily air temperature (Frei et al., 2006; Frei, 2014; Schwarb,
2000). Ice, snow accumulation and melting are modelled with a degree—day approach
(e.g. Hock, 2003). Precipitation is divided into rainfall and snow based on a
temperature threshold and rainfall is classified as erosive only on snow—free cells.
Likewise, ice melt occurs only on glacier cells that are snow—free. The temperature
thresholds for snow/rain division and for snow and ice melting are set equal to 1 °C
and 0 °C respectively, based on previous studies in the catchment (e.g. Costa et al.,
2018a; Fatichi et al., 2015). The parameters of the degree-day model are calibrated
and validated on the basis of satellite—derived snow cover maps (MODIS) for the

period 2000-2008 and observations of discharge measured at different locations within
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the Borgne catchment during the period 1975-2015. For more details on the
hydroclimatic modelling as well as the calibration and validation procedure, see Costa

et al. (2018a).

Reference scenario and parameter calibration

The catchment is divided into a regular grid of 500 m by 500 m cells (i.e. 4; = 5002
m?). For the current situation, which we refer to as “reference scenario”, we consider
that soil erodibility, k;, is a function of land cover (Eq. 5). Starting from the CORINE
land cover map (Steinmeier, 2013), we group land cover categories of the Swiss
Rhdne catchment into three main classes of level of erodibility, in order to maintain a
low number of model parameters and preserve the spatial variability in soll
erodibility: (1) forest, wetlands, waterbodies and artificial surfaces such as non-
agricultural vegetated areas, urban fabric, industrial, commercial and transport units
(the categories are named as in the CORINE datasets) are grouped into a low
erodibility class, covering almost 24% of the entire catchment; (2) pastures, arable
land, heterogeneous agricultural areas, permanent crops, and mine, dump and
construction sites are grouped into a medium erodibility class, covering roughly 31%
of the surface; and (3) open space with little or no vegetation, which covers almost
45% of the catchment, is considered part of a high erodibility class. Each erodibility
class is characterized by a unique value of erodibility, k;, with [ = 1, 2,3, where k4, k,
and k5 are model parameters, representing respectively low, medium and high soil
erodibility. To account for the high denudation rates that characterize glaciers (Hallet

et al., 1996), we assume a multiplicative factor, a4, for cells that are partially or fully

covered by glaciers.
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K = {kz “ag if cellis a glaciated cell (Eq. 5)

Lk otherwise
A detailed schematic of hydropower infrastructures operating in the Swiss Rhéne
catchment is available from Fatichi et al. (2015). Based on this information, we divide
the catchment into cells that are regulated by hydropower and those that are not. We
further divide cells regulated by hydropower into two categories: cells that are flowing
directly into reservoirs, and cells that lie upstream of water intakes. We assume that
all suspended sediment produced in cells that are not impacted by hydropower
reaches the catchment outlet (8; = 0 in Eqg. 3), while suspended sediment generated
in cells that flow directly into reservoirs is entirely trapped and does not reach the outlet
(B; = 1in Eq. 3). This is appropriate as Lac de Dix is not currently flushed. Based on
measurements of suspended sediment concentrations (Bakker, 2018), it is expected
that only a fraction of the sediment originated at cells upstream of intakes reaches the
outlet. First, only the washload is, at least partially, diverted to the reservoirs together
with the water flow. Second, the reduced transport capacity downstream of water
intakes due to water abstraction may reduce the amount of sediment delivered to
downstream reaches and the rate at which this occurs (Bakker et al. 2018). For cells i
draining into water intakes, we identify the value of the coefficient ; to be equal to 0.5,
based on the following analysis, and supported by results from Bakker (2018). We
calibrate the model parameters, using the procedure described below, with multiple
values of the parameter B; and we choose the value producing the highest model
performance. We discuss the limitation of these assumptions at the end of the paper.
Sediment transfer rates are expected to differ among regulated and unregulated cells.
In particular, sediment that is intercepted by gravel and sand traps is only transferred
downstream during flushing events. Therefore, sediment transfer rates are expected
to be much slower than under natural flow conditions. To allow sediment flux velocities
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to be spatially distributed, we assume that the velocity of the sediment fluxes
originated in cells that are not regulated is constant in time and within the unregulated
domain, and is equal to the parameter v,,,, [m s?]. For cells upstream of hydropower
infrastructures, we assume that the fraction of suspended sediment load that actually
gets to the outlet is travelling at a different velocity, which we model to be constant in
time and within the regulated area, and equal to the parameter v,;,, [m s*]. We are
aware that effects of water abstraction on sediment transport will also impact
downstream reaches. However, in this analysis we assume that stream flow and
suspended sediment transport capacity increases rapidly with distance downstream
from intakes due to the contribution of overland flow from hillslopes, unregulated
tributaries and groundwater. As such sources are not glaciated, we assume that these
have lower sediment loads than the glacial melt flows which are abstracted.

We calibrate the twelve parameters of the model that are the soil erodibility
parameters, k,, k,, and k3, the a, parameter, accounting for high denudation rates in
glaciated areas, the two parameters representing sediment flux velocities v,,; and
Vgiv, and the remaining six parameters of the hydroclimatic multivariate rating curve
(Eq. 2), a; and b; with i = 1, 2, 3, by minimizing the root mean squared error between
mean daily values of suspended sediment load at the outlet of the Swiss Rhoéne
catchment, simulated in the “reference scenario” and derived from observations over
the period from 01 May 2013 until 30 April 2017. Target values of mean daily
suspended sediment load at the outlet of the Swiss Rhéne catchment are estimated
by multiplying measured mean daily discharge and mean daily suspended sediment
concentration derived, on the basis of a calibrated power law relation, from

observations of turbidity collected at the outlet of the catchment (Costa et al., 2018b).
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We adopted a leave-one-year-out cross-validation approach by splitting the available
dataset into a split calibration-validation test to avoid overfitting given the limited
observation datasets. We thus conducted four calibrations and validations over
periods of three and one years, respectively (see Table Al in the supplementary
material 2). To calibrate the model parameters, we use an optimization approach
based on a genetic algorithm. We repeat the optimization procedure 50 times, starting
from randomly generated initial values to reduce the possibility of finding sub—optimal
parameter configurations. For the remaining analysis of this work, we adopt the
parameter values of the tests performing best in validation in terms of root mean
squared error. We will refer to this parameter set as the optimal parameter set in the

following.

Testing scenarios

In a second step, we use the optimal parameter set obtained in calibration for the
“reference scenario” on the entire Swiss Rhéne, to simulate mean daily suspended
sediment load values at the outlet of the Borgne catchment, during the period 1975-
2017, for different scenarios (Table 5). We estimate the sediment composition at the
outlet by separating the sediment originated in the three different lithological units (Fig.
2) and we compare model simulations with results of the sediment fingerprinting
analysis. To assess the impact of the different controlling factors, we test multiple
scenarios (Table 5), starting from a simple configuration and progressively adding
factors such as land cover, glaciers, hydropower reservoirs and water diversions until
reaching the “reference scenario”, representing the current state. The comparison
between the different scenarios allows us to qualitatively evaluate the impact of the

controlling factors on the sediment composition at the outlet of the Borgne catchment.
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In the first scenario, we model a uniform land cover, characterized by low erodibility
(i.,e. k; =k, Vi) for the entire Borgne catchment. We do not consider the larger
sediment supply in glaciated areas a, (i.e. a; = 1) or the effect of hydropower, thus
neither reservoirs nor water intakes are operating (i.e. §; =0V i , Vpat = Vgiy). The
second scenario expands on the first scenario through including the spatial variability
of soil erodibility as function of land cover (i.e. k; = k; with [ = 1, 2, 3). The third
scenario additionally accounts for higher sediment supply in glaciated areas, thus
assigning to the parameter a, the value calibrated for the reference scenario. In the
fourth scenario, hydropower reservoirs are additionally included by assuming that the
coefficient §; is equal to 1 for all cells i that are draining directly into reservoirs, and
equal to zero elsewhere. Scenario five represents the configuration used for calibration
(i.e. the “reference scenario”). Finally, in scenario six we impose the condition that
sediment fluxes originated at cells flowing into water intakes have the same velocity

of cells under natural flow conditions (i.e. v4iy = Vpat)-

Results

Sediment source fingerprinting

The log-ratio transformed biplots visualize the compositional difference between the
samples derived from the three lithological units (Fig. 3). The full dataset on elemental
compositions can be found in the supplementary material 1. The data shows that
sediments from the calcschist/ meta-basalt unit are characterized by elements such
as Fe20s, TiO2, MgO, MnO, Cr203, Sc and Ni, all of which can be expected to be

enriched in sands sourced from marine sediments and basalts (e.g., Bhatia, 1983;
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Rollinson, 2014). The elevated CaO contents can be linked to the carbonate
component in the calcschists. Sediments derived from the gneisses and meta-
sedimentary rocks are characterized by elements such as SiOz, Na20, K20, Ba, Zr, Y
and Nb. The glacial till sample taken from a moraine located within the meta-
sedimentary catchments (Fig. 2) shows a mixed composition of the calcschist/ meta-
basalt and meta-sedimentary origin (Fig. 3). This confirms that glacial tills are rather
local deposits without significant contributions from higher (gneiss) lithologies.
Accordingly, we infer that the glacial tills do not falsify the tributary sampling approach.
High concentrations of Fe203, TiO2, MgO, MnO, Cr203, Sc and Ni in the calcschist/
meta-basalt catchments are characteristic for this lithologic unit in both grain size
fractions (Fig. 3a,b). In contrast, chemical characteristics may differ in the gneiss and
meta-sedimentary catchments (Fig. 3). For example, the element Zr is distinctive for
the gneisses in the <40 ym fraction, whereas it is characteristic for the meta-
sedimentary rocks in the 40-400 ym fraction. This variability suggests that grain size
may control certain elemental concentrations (e.g., von Eynatten et al., 2012). In the
case of Zr and its most common mineral constituent zircon, this suggests that the
gneisses contain more zircons in the finer grain size fraction, whereas in the meta-

sedimentary rocks they are enriched in the coarser fraction.

The grain size distributions show similar patterns between samples from the same
unit, but they differ substantially between the different source rock lithologies (Fig. 4).
The three samples taken within the lowermost meta-sedimentary rocks (Torrent de
Faran, La Manna and Gran Torrent) are the coarsest samples where on average ca.
90% of the grains are coarser than 400 um (Fig. 4a). The samples taken within the

middle reaches of the catchment (Gavil, Bornetta and Satarma; calcschists and meta-
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basalts) contain on average ca 70% of grains that are coarser than 400 um. The
samples from the Borgne de Ferpécle and Borgne d’Arolla, which drain the uppermost
part of the catchment, underlain by gneisses, supply the finest grained material where
on average only ca. 10% of the grains are coarser than 400 ym. The samples collected
at the outlet of the Borgne catchment throughout the year show seasonally variable
grain size distributions (Fig. 4b). The February sample contains exclusively sand-sized
material of between 40 and 400 um size. The fractions of grains coarser than 400 pm
increase steadily in June (ca. 10%), July (ca. 40%) and August (ca. 90%). The October

sample contains ca. 70% of grains coarser than 400 pm.

All elements in each grain size fraction underwent a statistical discrimination selection.
In the 40-400 um fraction, mass conservation is not fulfilled for P20s, Zr and Y,
whereas MgO, CaO, Na20, K20, TiOz, P20s, MnO, Ba, Zr, Y and Nb do not pass the
Kruskal-Wallis-H-test to distinguish amongst the lithological units. Of the remaining
elements SiO2, Al2O3, Fe203, Cr203, Ni, Sr and Sc, stepwise DFA identified Ni, Al2Os3,
Sc, Srand SiO2to provide greatest discrimination between the three sources. . In the
<40 pm fraction, only Sr and Y do not fulfil the principle of mass conservation, but no
element passes the Kruskal-Wallis-H-test. This poor statistical performance suggests
that in this grain size fraction bulk geochemistry does not provide a suitable
discrimination between the three sources. The compositional biplots suggest that this
is mostly due to the chemical similarity of the gneiss and meta-sedimentary lithologies,
whereas the calcschist/ meta-basalt signature is more distinct. Consequently, the
selection of statistically robust elements as input parameters for the mixing model is

not straightforward for the <40 um fraction. Stepwise DFA was performed regardless
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of the Kruskal-Wallis-H-test results on all mass-conserving elements. DFA suggested
a combination of Cr, Al203, Ba and Nb to provide maximal discrimination between the
three sources.

According to this statistical selection, the elements Ni, Al203, Sc, Sr and SiOz2 in the
40-400 um fraction and Cr, Al203, Ba and Nb for the <40 uym fraction are used as input

parameters for the mixing model.

The results of the mixing modelling using the 40-400 uym fraction (Table 3) show a
consistent dominance (71-84%) of material derived from the gneisses of the Dent
Blanche unit located in the uppermost reaches of the catchment. Contributions of the
meta-sedimentary rocks of the Middle Penninic Briangonnais (15-25%) and the
calcschists/ meta-basalts of the Upper Penninic Piedmont-Liguria Ocean (1-4%) are
less significant.

The mixing model yields seasonal compositional differences of the samples collected
at the Borgne outlet in February, June, July, August and October (Fig. 5): between
June and August, the relative contribution of the uppermost reaches (gneisses)
decreases, while the relative contribution of the meta-sedimentary rocks increases.
The results of the mixing modelling using the <40 pm fraction (Table 4) also show a
dominant contribution (78-87%) of material derived from the Dent Blanche gneisses.
The contribution of meta-sedimentary rocks (15-25%) slightly increases in the summer
months as well, whereas sediment from the calcschists/ meta-basalts is relatively low
during the entire year (5-7%).

Although the statistical element selection is problematic for the <40 um fraction and
the source contribution uncertainties are generally higher than for the 40-400 pm

fraction (Fig. 5), both mixing models yield identical results within uncertainty.
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Modelling of sediment source dynamics

The parameters values resulting from the different model calibrations are quite similar
indicating that the model performs relatively well against overfitting (see Table A2 in
the supplementary material 2). In terms of model performances, Table A3 shows
several goodness of fit measures of the leave-one-year-out calibration-validation
approach. The daily Nash-Sutcliffe efficiency, for example, ranges from approximately
0.5 to 0.7 over the calibration periods although it is lower over the validation periods,
ranging from 0.3 to 0.5. The monthly Nash-Sutcliffe efficiency is higher ranging from
0.5 to 0.9 over the validation period. These results show that the model is satisfactory
in reproducing the observed dataset and that the model complexity is appropriate
given the short observation dataset. Among the four cross-validation tests, the optimal
parameter set used in the following analysis, chosen on the basis of minimum root
mean squared error in validation, results from the test referred to as C1-V1 (Table A1,
Table A3 in supplementary material 2).

Goodness of fit measures such as root mean squared error (RMSE), Nash-Sutcliffe
efficiency (NS), mass balance relative error (MBRE), and correlation coefficient (p) are
computed for calibration and validation based on observed and simulated daily and
mean monthly SSL values (Table 2). The conceptual model reproduces fairly well SSL
at the outlet of the Swiss Rhéne catchment (Fig. 6, Table 2), especially at the monthly
scale. In calibration, NS is equal to 0.54 and 0.80 at the daily and monthly scale
respectively. In validation, the model maintains similarly good performances with NS
equal to 0.51 at the daily scale and 0.79 at the monthly scale. Likewise, values of
correlation coefficients above 0.7 and 0.9 respectively at the daily and monthly scale,

indicate good correlation between simulated and observed SSL both in calibration and
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in validation (Table 2). While the model performs well during summer months, when
SSL reaches its highest values, it overestimates SSL during low flow conditions (Fig.

6, right), as confirmed by the MBRE (Table 2).

In all three lithological units in the Borgne basin, snowmelt is the dominant hydrological
process (Fig. 7). In the uppermost gneiss unit, ice melt contributes relatively more to
runoff than erosive rainfall (Fig. 7c). Conversely, the contribution of erosive rainfall
increases in the lowermost meta-sedimentary unit (Fig. 7a). This reflects the
temperature gradients and spatial distribution of glaciers in the system. In the lower
reaches of the catchment, warmer temperatures lead to higher amounts of
precipitation in the form of rain compared to the higher, colder parts of the catchment.
Model results indicate that in all three lithological units, the relative contribution of ice
melt has increased since the mid 1980s (Fig. 7). The same pattern was observed on
a larger scale in the entire Swiss Rhoéne catchment by Costa et al. (2018a), who
explained this increase by accelerated glacial retreat following a significant
temperature increase in the mid 1980s; as well as for the Borgne itself (Bakker et al.,

2018).

In the first scenario, sediment supply is simulated as a function of hydroclimatic forcing
only. The result suggests high contributions of all three units during the summer
months (Fig. 8). In July, the months of the highest snow- and ice melt, the sediment
load of the Borgne should be derived by up to 40% from gneisses and by 30% each
from the meta-sedimentary and the calcschist/meta-basalt units. In winter, snow- and
ice melt are negligible, and the upper part of the catchment is covered by snow, limiting

the amount of erosive rainfall. In these months, the model simulates a dominant, but
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generally low sediment supply from the lowermost meta-sedimentary rocks only (Fig.
8), because in this modelling framework we do not account for sediment fluxes
entrained by streamflow along channels (which may be dominant in the winter months
due to high snow cover) or released from hydropower system operations. In the
second scenario we include erodibility through land cover. Bare bedrock is more
common in the uppermost part of the catchment, which is underlain by gneisses,
whereas the lower meta-sedimentary and calcschists/ meta-basalt units are partially
protected by vegetation cover. Consequently, the contribution of the gneiss unit
increases significantly in this scenario (Fig. 9, Table 5). The contribution of the gneiss
unit, where most of the glaciers in the catchment are located, increases in the third
scenario (Fig. 9), because the large sediment supply typical of glaciated areas is
accounted for. The rise in the relative contribution of the gneiss unit to sediment and
water fluxes occurs mainly during the summer months (Fig. 9), when snow cover
extent is low, and subglacial/proglacial sediment evacuation by ice-melt is at its
highest. In the fourth scenario, which includes sediment trapping in Lac de Dix, the
contribution of the calcschists and meta-basalts to the total sediment at the outlet of
the Borgne decreases slightly to the benefit of gneisses (Fig. 9, Table 5).

In the fifth scenario, which represents the scenario closest to the actual conditions, the
seasonal pattern of sediment contribution is substantially different to all the other
scenarios (Fig. 9). In this scenario, the impact of water abstraction schemes is included
by allowing the storage of sediment in the reservoirs and (temporarily) in the
catchment, due to a reduced sediment transport capacity (i.e. §; = 0.5 for all cells i
located in areas draining to water intakes), and by allowing reduced sediment transfer
rates to downstream reaches due to reduced transport capacity (i.e. v,q¢ # Vgip)- The

optimization used in the calibration procedure finds a much smaller value for the
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velocity of the sediment fluxes originated in areas affected by water diversions than
those originated in areas under natural flow regime: roughly 5 x 10° m s (430 m day
1) and 0.8 m s (69 km day™) respectively. As a consequence, average travel times of
sediment originated upstream of water intakes are equal to roughly three months (Fig.
10b). This is much longer than that of sediment generated in the unregulated fraction
of the catchment, which model results indicate to be shorter than 1 day (Fig. 10a). As
a result, sediment from the uppermost gneiss unit, which hosts most of the water
abstraction schemes (Fig. 1), reaches the catchment outlet almost three months after
being generated, resulting in a delayed signal with a higher relative contribution during
winter (Fig. 9). In addition, due to within-river sediment storage, the contribution of the
gneiss source rocks decreases at the annual scale (Table 5). In scenario six results in
identical values for an annual relative contribution from the three lithological units
(Table 5), but it yields a different seasonal distribution (Fig. 9). This is as expected,
because the velocity of the sediment originated in the regulated areas in the catchment
is forced to be equal to the transfer velocity of material generated in the unregulated

areas.

None of the model scenarios accurately mirrors the source contributions inferred from
fingerprinting (Fig. 11). Both mixing models (<40 and 40-400 um) show a general
dominance of sediment derived from gneiss sources in the system (~80% on average).
Similarly, the model scenarios predict the highest contribution to be derived from
gneiss sources (51% on average, whilst metasedimentary contribute ~23% and
calcschists/ meta-basalts contribute ~26%). However, the model substantially

underestimates the contribution of the gneiss unit (on average by roughly 30%) and
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674  overestimates the contribution of calcschists/ meta-basalts (on average by roughly
675 20%) and metasedimentary rocks (on average by roughly 8%).

676  Scenario five performs better than the other scenarios (Fig. 12). Mean monthly

677  values of relative contribution, simulated at the sampling months in different

678 scenarios are compared with observations by means of correlation coefficients and
679 mean absolute errors (Fig. 12). Both metrics indicate that scenario five reproduces
680  better than other scenarios the contribution of the three sediment sources. In

681 particular, correlation coefficients suggest that scenario five better represents the
682 temporal evolution of the relative contribution (Fig. 12). Results indicate that, by

683 including the delayed contribution of sediment produced in areas regulated by water
684 intakes, scenario five is the only scenario capable of mimicking the substantial

685 contribution of sediment derived from the most upstream gneisses unit during winter

686 months (Fig. 12).
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Discussion

Possible grain size effects

The discrepancy between model simulations and observations of relative contributions
of the three lithological units could arise from the different spatial availability of sand-
sized sediment, which is the grain size targeted in this study. We showed a distinct
seasonal grain size variation in the sampled sediment at the catchment outlet with
coarser grains occurring in the summer months (Fig. 4b). This grain size variability at
the outlet mirrors the annual water discharge pattern typically observed in such an
Alpine catchment. With the onset of more rapid snow- and ice melt in summer, the
water discharge peaks in the months between May and September, increasing the
sediment transport capacity and facilitating the transport of larger grains (Tucker &
Slingerland, 1991). However, such an effect is complicated here by the impacts of
hydropower operations, as rates of flushing of water intakes are low in June, rise to a
maximum in August and fall to November.

Whilst grain size distributions of sediment produced by glacial erosion can be highly
variable, glacial outwash is generally known to contain large amounts of finely crushed
sand and silt particles (Bagnold & Barndorff-Nielsen, 1980; Blott & Pye, 2001;
Krumbein, 1934; Stephenson et al., 1988). Although the gneisses are the mechanically
strongest lithology (Niggli & de Quervain, 1936) with theoretically very low erodibilities
(Kuhni & Pfiffner, 2001), significantly more fine-grained sediment might be produced
in this part of the catchment due to intense glacial erosion. Indeed, the gneiss unit
supplies more sand-sized sediment (40-400 pm) than the calcschist/ meta-basalt and
the meta-sedimentary samples (Fig. 4a). In contrast, erosion in the lower reaches of
the catchment is dominated by mass wasting and fluvial processes (Lambiel et al.,
2016; Reynard et al.,, 2012), which tend to produce coarser-grained sediment. In

particular the lowermost meta-sedimentary catchments supply high amounts of
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material coarser than 400 ym (Fig. 4a). Sediment supplied from the calcschist/ meta-
basalt unit still contains some fine-grained sediment, which is probably due to the
presence of more glaciers and lithologies with a higher erodibility compared to the
meta-sedimentary unit (Kihni & Pfiffner, 2001). The grain size distributions of Borgne
outlet samples throughout the year 2016 furthermore confirm a relationship between
the grain size distribution and the composition at the outlet. With coarser grains in
transport during summer more meta-sedimentary material is detected. Furthermore,
the sub-catchment source samples were only taken on one occasion. We therefore
cannot exclude the possibility that even at the sub-catchment scale the sediment
shows chemical variations depending on the exported grain size. These grain size
variations on different temporal and spatial scales, although challenging to quantify
(e.g., Smith & Blake, 2014; Laceby et al., 2017), should be investigated in more detail.
Accordingly, we conclude that most of the misfit between the observations and the
modelling results could be caused by spatially variable production of sand-sized
sediment in the system, which is not quantified in enough detail and not included into

the model.

Possible temperature signals

Despite the described discrepancies between fingerprinting results and suspended
sediment modelling, the modelling framework allows for the qualitative assessment of
the effects of hydroclimatic processes, sediment storage, and alterations of sediment
transfer rates due to water extraction in headwater channels on the observed sediment
source contributions at the outlet. In particular, the results from the sediment
fingerprinting and mixing modelling approach suggest that the Dent Blanche gneisses
contribute the greatest proportion of sediment (mean ~80%) to the catchment outlet

throughout the year. Such high contributions can be expected due to summer ice melt,
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which predominantly affects the heavily glaciated gneiss unit. The sediment production
and transfer model supports this by simulating high sediment supply in response to ice
melt during the summer months (Figs. 8, 10). High contribution of glaciogenic material
is further supported by the cosmogenic nuclide inventory of the Borgne as investigated
by Stutenbecker et al. (2018). 1°Be concentrations as low as 5.02 + 0.47 x 102 atoms/g
guartz were measured in quartz from river bed sand of the Borgne river outlet, which
yield an exceptionally high denudation rate of 2.74 + 0.56 mm/y (Stutenbecker et al.,
2018). A high contribution of glaciogenic material, which commonly exhibits very low
10Be concentrations, could explain the overall low °Be concentrations measured at the
catchment outlet and the consequently high denudation rates (Delunel et al., 2014;

Godard et al., 2012).

Recently, Costa et al. (2018a) showed that the contribution of ice melt increased
significantly in the Swiss Rhéne catchment in response to a basin-wide temperature
increase larger than 1 °C in the mid 1980s. This is consistent with the accelerated
glacial retreat observed in many Alpine glaciers during that period (Fischer et al., 2014;
2015), including the glaciers located in the Borgne catchment (Gabbud et al., 2016;
GLAMOS, 2017). The analysis of hydroclimatic variables in this study mirrors this
relative increase of ice melt on a sub-catchment scale (Fig. 9). Lane et al. (2017)
showed a rapid increase in sediment export following the onset of rapid recession of
the Haut Glacier d’Arolla in the mid 1980s, a major contributor to the Borgne; and
similar findings were made for a set of further intakes downstream (Bakker et al., 2018)
as well as in sedimentation in the Swiss Rhdone delta of Lake Geneva (Lane et al.,
2019). Bakker et al. (2018) found that despite significant flow abstraction, the majority
of sediment, ranging from boulders to silt, delivered to intakes is transported

downstream and sediment connectivity is maintained over the time-scale of decades.
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Lane et al. (2019) confirmed that this signal could be seen in an elevated flux to and
deposition in the Rhéne delta from the 1980s. This interplay shows that with increasing
temperatures and accelerating glacial retreat, higher contributions of glacial ice melt
may lead to increased proportions of glaciogenic material entering the sediment routing
system, and despite large-scale water management impacts, here related to

hydropower. This is reflected in high contributions of gneisses at the Borne basin outlet.

Flow abstraction practices delays the arrival of climate signals downstream

Whilst hydroclimatic forcing provides a feasible explanation for the dominance of
sediment derived from gneiss source rocks during the summer months, the equally
high contribution of this unit observed during the winter months (Figs. 5, 10) is not yet
fully accounted for. The model predicts little to no sediment supply during the winter
months from this unit, because the hillslopes of the catchment are frozen and snow-
covered, especially at higher altitudes. Indeed, during the sampling campaign in
February 2016 snow cover extended across almost the entire catchment (SLF, 2016),
eliminating possible contributions from erosive rainfall or snow-melt relating to the
other units, found at lower altitudes. An explanation for the nonetheless high supply
sediment from the gneiss unit during winter arises from model scenario five (Fig. 11).
Although water abstraction and sediment trapping in the higher reaches of the
catchment do not completely prevent the transfer of sand-sized particles to the outlet,
the water management does cause a substantial delay in transfer of ca. four months
(Figs. 9 and 12). Field observations suggest that intake flushing upstream, mainly
within the gneisses, tends to leave drapes of fine sediment downstream, which is
temporally stored within the main stream after abrupt flushing-event cessation and re-
entrained with the onset of a following flushing event (Bakker et al., 2019).

Consequently, our results suggest that the high contribution of sediment derived from
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the gneiss unit during winter is not caused by actual sediment supply from the (snow-
covered or frozen) hillslopes, but due to the delayed transfer of sediment that is
temporarily stored within the system. In Fig. 11, the shape of the curve of scenario five
is the only one similar to the curves from fingerprinting results, suggesting that this
model scenario, although not accurate, predicts the best overall patterns of sediment

delivery.

Possible effects related to hydropower storage of sediment

None of the scenarios succeeds in explaining the overall very low contribution of
calcschists and meta-basalts. The maximum contribution of these lithologies according
to the mixing modelling is 6.8 £ 3.9 % (in July) and thus up to four times lower than the
contribution predicted by the different scenarios. Because the calcschist/meta-basalt
fingerprint is excellent and well distinguishable from the other two units (Fig. 3), it is
unlikely that our approach failed to detect this sediment at the catchment outlet. Part
of the explanation for the lack of the sediment may be provided by modelling scenario
four. The reservoir lake Lac de Dix was built into the calcschist/ meta-basalt bedrock
in Val d’Hérémence (Fig. 2). Sediment produced on the hillslopes of the 45 km? large,
partially glaciated reservoir catchment gets directly trapped in the lake. In the modelling
scenario four sediment is permanently trapped in the lake (over the investigated
timescale). Results show that the reservoir trap reduces the contribution of calcschists/
meta-basalts from on average 30% in scenarios one to three to 20%. However, the
relative contribution of the calcschist/ meta-basalt unit in scenario four is still one and
a half (<40 um) to three times (40-400 um) larger than observations, suggesting that
other factors which are not explicitly accounted in the model are responsible for the
very limited contribution coming from this unit.
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Limitations of both approaches

Although we showed that the combination of conceptual modelling and a field-based
fingerprinting/mixing modelling approach offers the opportunity to compare and verify
results and to qualitatively test the influence of different variables on the sediment
dynamics, both methods used in this study have limitations.

Results from the fingerprinting/mixing modelling approach showed that grain size
variations cannot be neglected both at the sub-catchment and the catchment scale.
The wide grain size window adopted here (40-400 um) should be divided into several,
narrower grain sizes in order to better detect grain size changes throughout the year.
Furthermore, we only sampled sediment from the sub-catchments on one occasion
assuming that they would have a rather stable sedimentary fingerprint due to less
intense anthropogenic impact and less sediment reworking. This simplification could
contribute to the error in source endmember composition and therefore influence the
mixing modelling results.

The conceptual model on sediment production and transfer has a fairly simple
conceptual structure and some of the modelling assumptions could be improved if
more information was available. In particular, the hypothesis that the hydropower
reservoirs completely block the sediment could be softened by having more
information about the management strategies. Moreover, although sediment transport
velocities are expected to vary in space and time together with discharge (along
streams) and/or overland flow (along hillslopes), the model includes solely the delayed
transfer of sediment trapped in water intakes. In the current version of the model, we
define the fraction of the sediment actually contributing to the suspended sediment
load at the outlet (coefficient Bi) a-priori. We distinguish areas impounded by reservoirs
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(Bi = 1) from areas impounded by water diversions (Bi = 0.5) and unregulated areas (Bi
= 0). These values allow only for a coarse characterization of the sediment dis-
connectivity in the catchment and channel system. In the presence of a bigger dataset
these parameters could be calibrated. In particular, a value of the parameter greater
than zero (Bi > 0) for the unregulated areas could represent the process of sediment
storage within the catchment. Furthermore, sediment connectivity indexes, such the
ones proposed by Cavalli et al. (2013) and Borselli et al. (2008) could be considered
when increasing the spatial resolution of the model so to better represents topographic
features such as contributing area, slope, flow path and topographic roughness, which
are smoothed out at the current 500 m by 500 m resolution. The scarce data
availability, restricted to only four years of daily data, might limit the ability of the model
to properly reproduce the sediment formation and transfer in very diverse hydro-
meteorological conditions with respect to the ones observed in the training datasets.
Finally, the simplicity of the conceptual modelling framework as well as the limited data
availability does not allow the simulation of the grain size effect, which appears to play

a significant role in the sediment composition at the outlet of the catchment.

Conclusions

By combining a sediment fingerprinting approach with a conceptual, spatially
distributed sediment production and transfer model, we are able to qualitatively infer
the relative seasonal contributions of the different factors controlling sediment
dynamics in the Alpine Borgne catchment. The study shows that the Borgne sediment
is predominantly, ~80%, derived from the uppermost one third of the catchment, where

sediment supply is controlled by glacial ice melt. This case study suggests that with
35
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increasing temperatures in response to climate change, rapidly retreating glaciers and
potentially increased connectivity, glacial outwash is expected to remain the most
important sediment source in the Borgne catchment. As glacier retreat is a widespread
phenomenon in the Alps (e.g. Fischer et al., 2015), these considerations may apply to
other catchments undergoing these changes, at least whilst glacier cover if sufficient

to provide the meltwater needed to maintain sediment export (Lane et al., 2017).

Although the upper reaches of the Borgne catchment are impacted by flow abstraction,
sediment is still being transferred through the system to reach the outlet of the
catchment on annual basis. However, sediment transfer is delayed due to decreased
sediment transport capacities, which could explain why glacial sediment is also
dominating the system during the winter months. The Lac de Dix reservoir in Val
d’Hérémence traps sediment produced in the middle reaches of the catchment,
underlain by calcschists and meta-basalts, thereby explaining a lower contribution of
this unit to the overall sediment budget. However, the actual observations cannot be
adequately reproduced by the model simulations, which we interpret to be linked to

spatially variable production of sand-sized sediment.

In addition, the work implies that the increase in sediment delivery from deglaciating
catchments may well be countered by water management, but the extent to which this
is the case depends on the nature of the water management scheme. Here, the
hydropower system involved both a large dam and also a large number of water
abstraction systems. Despite lowering transfer rates, the latter maintain sediment
connectivity and this means that despite the catchment having very significant
hydropower exploitation, the signal of climate change impacts on glaciogenic sediment

production could still be identified at the catchment outlet (Lane et al., 2019).
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We show that both the modelling and the fingerprinting approaches have limitations
and could be improved by considering additional factors such as grain size
distributions. However, only the combination of both methods offers the opportunity to
verify the results from numerical modelling and to qualitatively assess the impacts of

different drivers influencing the sediment yield at the catchment scale.
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Tables

Table 1: Summary of investigated properties (geology, glaciers and land cover) of the

three lithological units.

Lithological unit | Surfac | Glaciate | Land cover (%)
e area|d area
(km?) (km?)
Ope | Forest | Shrub | Pasture | Othe
n S S S r
Gneisses 118 38.0 91.8 | 1.2 7.0 0 0
(31%) | (32%)
Calcschists/meta | 124 1.4 (1%) |55.2 |9.9 26.9 4.7 3.3
-basalts (32%)
Meta- 143 2.5(2%) | 24.6 |34.4 31.6 8.3 1.1
sedimentary (37%)
rocks
All 385 41.9 55.2 | 16.6 22.2 4.6 1.4
(11%)
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1219

1220

1221

1222

Table 2: Goodness of fit measures for the conceptual model of suspended sediment

load in calibration (C1: May 2013 — April 2016) and in validation (V1: May 2016 — April

2017), at the daily and the monthly time scale: root mean squared error (RMSE), Nash-

Sutcliffe efficiency (NS), mean balance relative error (MBRE), and correlation

coefficient (p).

Calibration — C1
01 May 2013 — 30 April 2016

Validation — V1
01 May 2016 — 30 April 2017

daily
RMSE [ton dayl] 12562.37 7367.06
NS [0 - 1] 0.54 0.51
MBRE [%] -19.10% -41.56%
p[-1 +1] 0.74 0.73
monthly
RMSE [ton day!] 3770.70 2336.79
NS [0 - 1] 0.80 0.79
MBRE [%] -19.12% -41.37%
p[-1 +1] 0.91 0.96
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1225

Table 3: Results from mixing modelling using the 40-400 um grain size fraction and

stepwise DFA-selected input parameters (Ni, Al20s, Sc, Sr, SiO2). Values represent

the mean value and the standard deviation (uncertainty) of 10000 iterations.

Borgne Contribution of | Contribution of | Contribution of | Goodness

sample gneisses (%) calcschists/ meta- of fit
meta-basalts sedimentary (GOF)
(%) rocks (%)

February 84.4 +3.3 0.8+0.4 14.8+3.1 67%

June 84.1+3.2 09+05 149+3 69%

July 72.1 +£3.8 3.6+1.2 24.3+3.2 74%

August 71.2+6.5 3.8+21 25.1+£4.8 75%

October 84.4 + 3.3 1.1+0.6 145+3 75%

52
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1227

1228

Table 4: Results from mixing modelling using the <40 pym grain size fraction and

stepwise DFA-selected input parameters (Cr203, Al203, Ba, Nb). Values represent

the mean value and the standard deviation (uncertainty) of 10000 iterations.

Borgne Contribution of Contribution of Contribution of Goodness
sample gneisses (%) calcschists/ meta- of fit (GOF)
meta-basalts (%) | sedimentary
rocks (%)

February |86.8+6.5 46+28 8.6+6.1 67%

June 83.2+8.2 53+3.1 11.5+8 70%

July 80.2 £ 8.7 6.8+3.9 13+8.6 69%
August 78.6 £ 9.7 6.5+3.7 14.9+9.9 68%
October |80+8.8 6.7+3.8 13.3+8.8 68%
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1230

1231

1232
1233
1234
1235
1236
1237
1238
1239
1240
1241
1242

Table 5: Mean annual relative contribution and difference to the “reference scenario”

of the three main lithological units to the sediment at the outlet of the Borgne for the

scenarios from one to six.

Scenario

Mean annual relative contribution and
difference to "reference scenario" (%)

Meta-

sedimentary

rocks

Calcschists

/ meta-
basalts

Gneisses

Spatial variability in
hydroclimatic forcing

35

11

31

34

-19

Spatial variability in hydroclimatic
forcing and erodibility

19

30

51

Spatial variability in hydroclimatic
forcing and erodibility + higher
sediment supply in glaciated
areas

18

29

53

Spatial variability in hydroclimatic
forcing and erodibility + higher
sediment supply in glaciated
areas + reservoirs

18

20

62

Spatial variability in hydroclimatic
forcing and erodibility + higher

5 [ sediment supply in glaciated
areas + reservoirs + water
diversions

24

23

53

Spatial variability in hydroclimatic
forcing and erodibility + higher
sediment supply in glaciated
areas + reservoirs + water
diversions - sediment flux
velocity constant in space

24

23

53

54



Q) S
e Bramois

Rho e
L

Swiss Rhoéne basin

=46°10'N

O sediment extraction site|
lake catchment

\_) « water intake
N

water transfer in tunnels

Fig. 1: Map of the Borgne tributary basin and its fluvial
network (in blue). Water abstraction tunnels that transfer
water within the river or into the reservoir lake Lac de Dix
are indicated after Margot et al. (1992). Topographic base
map created with ArcGIS® software. Copyright © Esri
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Fig. 2: Geological map of the Borgne basin showing the tripartition of the catchment into meta-
sedimentary rocks of the Middle Penninic Briangonnais unit (lowermost reaches), calcschists and meta-
basalts of the Upper Penninic Piedmont-Liguria Ocean (middle reaches) and gneisses of the Adriatic Dent
Blanche complex (uppermost reaches). The fluvial network, the sampled sub-catchments and sample
locations are shown as well. The numbers of the samples refer to the following streams:

Sample 1 = Borgne d’Arolla, sample 2 = Borgne de Ferpécle, sample 3= Satarma, sample 4 = Bornetta,
sample 5 = Gavil, sample 6 = Grand Torrent, sample 7 = La Manna, sample 8 = Torrent de Faran,
sample 9 = Borgne outlet close to the village of Bramois. The sample indicated with a star was taken
within a glacial till deposit (see text for further explanation).
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Fig. 3: Log-ratio transformed compositional biplots derived
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Fig. 4: Ternary plot displaying grain size distributions obtained through wet sieving. a) Grain size
distribution of all tributary basin samples, taken on 1st of June 2016, and the corresponding
sample taken on the same day at the Borgne outlet. The tributary samples form three distinctive
clusters depending on the lithological unit they were taken from. Note that the June outlet sample
grain size distribution resembles the cluster of sediment taken from the gneiss unit. b) Variation
of grain size distributions from samples taken at the Borgne outlet during the months of February.
June, July, August and October, 2016. Note the general increase of coarse sediment (>400 um)
during the year.
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Fig. 6: Observed and simulated suspended sediment load at the outlet of the Swiss
Rhéne catchment for the calibration period May 2013 — April 2016 (left). Scatter plot of
observed and simulated daily values (right). Mean monthly observed values with blue
dashed line with circles and simulated values with black line with dots; shaded areas r

epresent £ standard errors.
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erosive rainfall ER, snowmelt SM and ice melt IM within each lithological
unit (a, b and c).
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Fig. 9: Mean monthly relative contribution of the three lithological units to the
suspended sediment yield at the outlet of the Borgne basin for the six different
scenarios (scenario one to six) for the period 1975-2017.



(a) (b)

| ] UNREGULATED AREA | ] REGULATED AREA - DIVERSIONS
200
100 ¢

150 t

2 o

8 8 100}

c 50 c
50

0 - : 0
0 0.25 0.5 0.75 1 0 30 60 90 120 150 180 210
Time [day] Time [day]

Fig. 10: Frequency distribution of the travel time of sediment fluxes originated from
(a) unregulated areas and (b) regulated areas upstream from flow abstraction.



Calcschists and meta-basalts
50 T T T T T T T T T T

--83-- Samples <40 um]
--3%-- Samples < 40-400 pxm]

O  Scenario 5 - 2016
—=— Scenario 5

Scenario 1
Scenario 2
Scenario 3
~——— Scenario 4
— Scenario 6

Metasedimentary rocks

BD T T T T T T T T
60 B
40 A
20 | : e — i
A= )

) :
0 1 1 1 1 1

1 2 3 4 5 6 7 8 9 10 11 12

Gneisses

100
80
60
40

20

Month

Fig. 11: Comparison of relative source contributions derived from the mixing
modelling and the six scenarios of the conceptual model. Dark and light blue
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