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Abstract: We used concentrations of in situ cosmogenic 1°Be from riverine sediment to quantify the
basin-averaged denudation rates and sediment fluxes in the Plessur Basin, Eastern Swiss Alps,
which is a tributary stream to the Alpine Rhine, one of the largest streams in Europe. We comple-
ment the cosmogenic dataset with the results of morphometric analyses, geomorphic mapping,
and sediment fingerprinting techniques. The results reveal that the Plessur Basin is still adjusting to
the landscape perturbation caused by the glacial carving during the Last Glacial Maximum c.
20,000 years ago. This adjustment has been most efficient in the downstream part where the bed-
rock comprises high erodibility North Penninic flysch and Biindnerschist, whereas glacial land-
forms are still prominently preserved in the upstream region, comprising low erodibility South
Penninic and Austroalpine bedrock. This geomorphic observation is supported by the 1°Be based
denudation rate and sediment provenance analysis, which indicate a much faster sediment pro-
duction in the flysch and schist lithologies. Interestingly, the reach of fast denudation has experi-
enced the highest exhumation and rock uplift rates. This suggests that lithologic and glacial condi-
tioning have substantially contributed to the local uplift and denudation as some of the driving
forces of a positive feedback system.

Keywords: cosmogenic nuclides; sediment fingerprinting; geomorphometric analysis; positive
feedback; Prattigau half-window

1. Introduction

In mountainous areas, the shape of a landscape is the expression of a complex in-
teraction between tectonic and erosional processes over multiple temporal scales [1-4].
Tectonic forces create topography through the vertical upward-directed advection of
crustal material, resulting in rock uplift, whereas erosional processes are mainly driven
by gravitational forces and climate, and result in the downwearing of the accreted mate-
rial. One particular expression of the interaction between tectonic and denudation is a
positive feedback, where erosion-driven unloading has the potential to initiate an iso-
static response of the lithosphere in the form of crustal uplift [5]. Such a mechanism at
work has, for instance, been proposed for the Central European Alps [6,7]. However, for
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the Alps of Eastern Switzerland (Figure 1), several authors have suggested that the high
uplift rates are rather a long-lived consequence of neotectonic shortening [8] than a
feedback response to erosion. Furthermore, the occurrence of high uplift rates was ex-
plained within the context of a shorter timescale of observations, whereby the retreat and
melting of glaciers of the Last Glacial Maximum (LGM), ca. 20 ka ago, was considered to
have induced an isostatic rebound in response to unloading [9-11].
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Figure 1. (a) Geological and tectonic framework of the Alps and the studied drainage basins (modified after [12]). FJ:
Folded Jura, MB: Molasse Basin, CA: Central Alps, PB: Po Basin, TS: Tyrrhenian Sea, AS: Adriatic Sea, Zu: Zurich, Mi:
Milan; (b) geodetic uplift rate in mm a™' [13,14]; (c) apatite fission track pattern in Ma [15]; (d) isostatic anomaly in mGal
[16]; (e) top crystalline basement in m [17].

It has recently been documented that surface denudation rates over the past hun-
dreds to thousands of years are lower than geodetically measured rock uplift rates, par-
ticularly in the Central Alps of Europe [18,19]. This observation was based on a compila-
tion of published and new “Be concentrations in riverine quartz in >350 rivers. Thus, an
active tectonic driving force has to be invoked to explain the occurrence of a surface uplift
component at the scale of the Central European Alps [19]. The authors of the aforemen-
tioned study also emphasized that the identifications of distinct driving forces on surface
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erosion and landscape shape at the regional scale and at that of individual catchments
can be hampered because of the stochastic and site-specific nature of erosion.

The aim of this paper is to explore whether or not a positive feedback response to
erosion can be invoked to explain the high uplift and exhumation rates in the Eastern
Alps of Switzerland (Figure 1). To this end, we focused on the erosional mechanisms and
related denudation rates in the Prattigau half-window near Chur, situated in the Eastern
Alps of Switzerland (Figure 1a). This region exposes North Penninic flysch and
Biindnerschist with a high bedrock erodibility in the core of the half-window, and these
units are overlain by Penninic rocks and the Austroalpine orogenic lid that comprise
limestones, gneiss, and schists with a lower erodibility [20]. We focused on this area be-
cause of previously published evidence for a tectonic control on erosion in the region and
for the occurrence of an inferred, yet contested, positive feedback between denudation
and uplift at least since the Pliocene [21,22] and possibly the Holocene [7]. We focused on
the Plessur Basin (labeled as P in Figures 1b through 1e), situated in the southern part of
this window where geodetically measured rock uplift rates are highest in the region
(Figure 1b) and where the youngest apatite fission track ages have been reported (Figure
1c). We measured the denudation flux in this basin using in situ °Be. We identified the
sediment source areas through provenance tracing, and we related these data to the
lithotectonic architecture of the Plessur Basin and to the topographic imprint caused by
the LGM and possibly previous glaciers. These data are combined with the results of
previous work [22] conducted in the Landquart Basin (labeled as L in Figure 1b) situated
in the northern part of the Préttigau half-window. We then used the combined dataset to
reconstruct a picture about the pattern of erosion at the regional scale during the Holo-
cene and over millennia. It additionally allows us to re-address the problem of whether
or not a positive feedback response to erosion can be invoked to explain the uplift and
exhumation pattern in the region.

2. Setting
2.1. Lithotectonic Architecture

The tectonic architecture in the area is characterized by a stack of Helvetic, Penninic,
and Austroalpine nappes, which generally show a regional dip toward the SE (Figure 1a).
During Mesozoic times, the Helvetic units were part of the stretched margin of the Eu-
ropean plate and formed the transition toward the Valais Ocean. These rocks crop out to
the NW of the study area and are mainly composed of limestones with marl interbeds.
Currently, the Helvetic thrust nappes overlay the Aar massif, a pre-Triassic crystalline
basement unit, which is largely exposed west of our study area where this massif forms
major topographic peaks. The top of the crystalline rocks then plunges toward the NNE,
where it currently lies at a depth of 10 km beneath the study area (Figure 1e). To the north
of Chur, however, a small outcrop made up of basement crystalline rocks can be found in
the Vittis window ([12,17]; red star on Figure 1).

The Penninic units in the region, which overlay the Helvetic thrust sheets, are di-
vided into Lower, Middle, and Upper Penninic thrust nappes (Figure 2). The Lower
Penninic units comprise Mesozoic-Cenozoic hemipelagic sediments that were deposited
within the Valais trough to the south of the Helvetic sedimentary realm. In the study ar-
ea, the Lower Penninic rocks are represented by the Mesozoic Biindnerschist and the
Upper Cretaceous to Eocene North Penninic flysch that are exposed in the Prattigau
half-window (Figure 2).

The only Middle Penninic unit that is found in the area is the Falknis nappe, which is
mainly composed of Mesozoic limestones that were deposited on the northern margin of
the Briangonnais zone. During Mesozoic times, this zone was a submarine swell that
separated the Valais Ocean from the Piemont Ocean farther north and south, respectively
[12,15,17,23]. On the southern margin of the Briangonnais swell, ophiolitic sequences and
fragments of continental crustal rocks (mélange) were formed during the Jurassic phase
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of spreading within the Piemont Ocean, which are now found in the Arosa Zone of the
Upper Penninic unit ([17,24,25]; Figure 2). The Austroalpine units, situated on top of the
Penninic thrust sheets, are divided into the Lower and Upper Austroalpine nappes and
comprise rocks of the Adriatic continental plate (upper Austroalpine rocks) and its
northern margin ([24]; lower Austroalpine units). The Lower Austroalpine nappes are
mainly composed of Mesozoic limestones and are represented in the study area by the
Rothorn and Tschirpen nappes [17,26] (Figure 2). The Upper Austroalpine units are rep-
resented by Triassic dolomites that make up the Languard nappe, and by Paleozoic
sediments of the basement in the Silvretta nappe [27].
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Figure 2. (a) Lithotectonic framework of the Plessur drainage basin and its main tributaries, and locations of collected
samples. IHC: Infrahelvetic Complex; BS: Biindnerschist; NPF: North Penninic Flysch; FN: Falknis Nappe; AZ: Arosa
zone; TRN: Tschirpen and Rothorn Nappes; LN: Languard Nappe; SN: Silvretta Nappe; Q: Quaternary deposits; (b) Lo-
cation of samples used in this study but collected outside of the Plessur Basin. Samples RHE01 and RHEQ2 were collected
in the Rhine River and are part of this work’s dataset, whereas sample Lan-1 was collected at the outlet of the Landquart
River and is part of the work by [22]. Green dots indicate sites where samples have been processed for provenance tracing
purposes only, whereas yellow dots represent sites where the samples have been analyzed for both provenance and
concentrations of '°Be. Refer to Figure 1 for the explanation of colors. The numbers at the border of the figure indicate the
Swiss coordinates in meters.
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In summary, the lowermost part of the Plessur Basin is underlain by Lower Penninic
Biindnerschist and North Penninic flysch, both of which are part of the Prattigau
half-window (Figure 1a) and have a high erodibility [20]. The headwater part of the
Plessur Basin, however, comprises ophiolites, limestones, and basement rocks of Penni-
nic and Austroalpine origin with a substantially lower bedrock erodibility [20]. As will be
shown below, the differences in bedrock erodibilities are seen in the pattern of surface
denudation and sediment fluxes.

2.2. Rock Uplift and Exhumation

As previously mentioned, the study area has experienced one of the highest uplift
rates in the Swiss Alps during the past decades, reaching up to 1.3 mm a [13,14] (Figure
1b). The contour lines of rock uplift rates display a similar shape as those of apatite fission
track cooling ages (Figure 1c), where the occurrence of highest uplift and lowest apatite
fission track ages of c. 4 Ma are centered near Chur [15,23,28]. These young ages point to
one of the fastest exhumation rates in the Central European Alps [17,21,29], and the
contour lines follow the boundaries of the Prittigau half-window (Figure 1c). Interest-
ingly, the location with the highest exhumation rates also corresponds to the region with
the largest negative Bouguer anomalies near Chur [16] (Figure 1d), which suggests that
the loads related to the surface topography are overcompensated in the region where the
study area is situated [30-32].

2.3. Geomorphologic Framework

The Plessur Basin is a tributary of the Alpine segment of the Rhine River (here
named Upper Rhine), located in the southeastern Swiss Alps. The basin covers an area of
ca. 265 km?, and its trunk, the Plessur River, is ca. 30 km long (Figure 2). The lowermost
section of the Plessur Basin is located within the Prattigau half-window. The Plessur Ba-
sin hosts four main tributaries streams: (i) the Rabiusa, which entirely drains
Biindnerschist and North Penninic flysch rocks; (ii) the Sagabach, flowing through Pen-
ninic units; (iii) the Sapiinerbach, which drains mainly Penninic rocks and a small part of
Austroalpine units; and (iv) the Welschtobelbach, which is entirely sourced in Austroal-
pine units (Figure 2). The catchment areas of these tributary streams vary from ca. 25 to
60 km2.

The cross-sectional geometries of the major tributary basins are generally V-shaped
(Figure 3, transects EE” and FF’) and reflect the ongoing dissection of the streams during
the Holocene [33]. This observation is often verified in the lowermost part of the Plessur
Basin, in the Rabiusa sub-catchment, and in the lowermost part of the Sagabach
sub-catchment. In contrast, in the headwater areas of the Plessur Basin, which also in-
cludes the Sapiinerbach and Welschtobelbach sub-catchments, U-shaped cross-sectional
geometries and multiple convex-concave segments along the course of the valley are
more common (Figure 3, transects AA’ and BB’, and Figure 4), both of which are an in-
dication for glacial carving during the LGM and previous glaciations [34,35].
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Figure 3. Map of the ice thickness in the Plessur basin during the LGM (from [35]) and main geomorphologic features.
The contour lines of the ice thickness map display the elevations of the ice surface in meters above sea level. The map also
Scheme 4. Picture of a U-shaped valley and an associate hanging valley in the Welschtobelbach sub-catchment, nearby the

PLEOQ9 site (Figures 2 and 3).
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Figure 4. Picture of a U-shaped valley and an associate hanging valley in the Welschtobelbach
sub-catchment, nearby the PLE09 site (Figures 2 and 3).

3. Methods

Following the scopes of the paper, we assembled geomorphic, provenance, and
cosmogenic data to reveal that the Biindnerschist and North Penninic flysch units have
been the most important sediment sources at least during the Holocene, and that the
material contribution from the Austroalpine cover nappes has been less. We will relate
the high denudation rates in the flysch and schist units to the high erodibility of these
lithologies. We will then combine this information with data on long-term exhumation
rates, offered by published fission track ages [15], and with the results of geodetic sur-
veys where modern rock uplift rates has been measured [13]. These data suggest that
uplift and exhumation have occurred at the highest rates in the Préttigau half-window
that exposes Biindnerschist and Penninic flysch units with high bedrock erodibilities. We
will use the combined information about (i) the long-term exhumation pattern; (ii) the
geodetically measured uplift rates; (iii) the provenance of the material; (iv) the cosmo-
genic data; and (v) information on the landscape’s properties to propose that (a) erosion
has occurred at the highest rates where bedrock with high erodibilities is exposed, (b) this
pattern of erosion has occurred during the past millions of years including the Holocene,
and that (c) the area of highest denudation rates coincides with the region of highest rock
uplift and exhumation rates. Because of this spatial relationship between erosion and
uplift over multiple time scales, we will propose that uplift and denudation could have
been accelerated through a positive feedback mechanism. Following this concept, we will
first describe the methods and the results of the geomorphic investigations, and we pro-
ceed with a presentation of how the sources of the material have been determined, and
how, in combination with cosmogenic data, the pattern of sediment generation is quan-
tified through budgeting. In doing so, we will also consider the dataset by Glaus et al.
[22], which includes seven cosmogenic data so that our inferences will be based on a da-
taset with a total of 13 concentrations of cosmogenic “Be.

3.1. Morphometric Analysis
3.1.1. Knickzones and Steepness Indices

Topographic variables provide evidence for how the landscape has been shaped in
response to tectonic and surface driving forces (e.g., [1,7,36-37]). Among the various
morphometric parameters, longitudinal river profiles offer the most diagnostic infor-
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mation on how streams have adjusted to changes in uplift, erosional mechanisms, and
rates [38].

River profiles ideally have a concave-up shape, and deviations thereof in general
and knickzones in particular indicate the occurrence of perturbations such as a modifi-
cation in erosion and/or uplift rates and patterns (e.g., [37,39,40]). Knickzones are gener-
ally initiated in the lowermost section of a river profile, from where these steps migrate
upward through the channel network [38,40—42]. In this study we identified the occur-
rence of knickzones in the Plessur Basin using a 50 m resolution digital elevation model
(DEM) that was resampled from a 2 m resolution LiDAR DEM provided by Swisstopo®.
The resampling was done in order to reduce the computing time. We extracted the lon-
gitudinal stream profiles of the main channel and the main tributaries from this digital
dataset within an open-source GIS environment. The data were then exported into a
spreadsheet and included information on profile length, altitude, slope, and drainage
area. From these data, we calculated the steepness indices for these river profiles fol-
lowing Flint’s law [43] using TopoToolbox, a MATLAB script [44]. We normalized the
steepness index (ksn) through a constant concavity value of 0.45 [45], which allows for a
better comparison of river profiles with varying drainage areas. Knickzones in the lon-
gitudinal stream profiles were then identified along reaches with high ks values. Their
locations were also verified in the 2 m resolution LiDAR DEM.

3.1.2. Hypsometry, Slope Distribution, and Landscape Shape

The distribution of elevations within a basin bears relevant information on the ex-
tent of which a basin has been dissected by fluvial processes after the retreat of glaciers at
the end of the LGM (e.g., [46]). Such data are commonly illustrated with a hypsographic
curve where the cumulative area is plotted versus the relative elevation [47,48]. Addi-
tionally, the area under the curve, also known as the hypsometric integral (HI), can be
calculated and normalized. This value represents the proportion of a basin that lies below
a given elevation [49]. In addition, conceptual investigations have shown that a convex
curve (HI > 0.5) is indicative for a young and thus immature stage in the development of
a fluvially controlled landscape, whereas a concave curve (HI < 0.5) points toward a more
mature stage [47,50]. Here, we reproduced such diagrams and extracted elevation data
for the major tributaries and the trunk stream from a 2 m resolution DEM within an open
source GIS environment.

Slope has been shown to exert one of the most important controls on erosion and
sediment production [19,51,52]. In addition, hillslope steepness and length can positively
influence runoff [53]. Moreover, it has been shown that denudation rates increase with
steeper slopes until a threshold hillslope angle of c. 32°-35° (angle of repose) has been
reached [19,52,54,55]. For landscapes where the hillslopes are steeper than this threshold,
correlations between slope and denudation rates decouple [19,52]. We thus analyzed the
slope distribution and the average slope of the Plessur and surrounding basins in an at-
tempt to identify possible differences in sediment production and denudation between
these basins. The analysis was based on a 50 m resolution DEM.

Finally, we mapped V-shaped versus U-shaped valley bottoms on the 2 m Li-
DAR-DEM for the Plessur Basin. These correspond to areas where streams have dissected
into the previously glacially shaped landscape (e.g., cross section FF” on Figure 3), or al-
ternatively, these can be considered as reaches where the original glacial landscape is still
preserved (e.g., Figure 4).

3.2. Sediment Provenance

We determined the bulk geochemistry of selected river samples to allocate the
sources of the clastic riverine sediment. The samples were collected along the main
stream as well as along tributaries of the Plessur River (Figure 2a, green dotted and yel-
low crossed circles, Figure S1 and Table S1), aiming for a good representation of the en-
tire basin and its different lithotectonic units. From this detrital material, c. 5 g of the fi-
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ne-grained sediment fraction of each sample (<63 um) was separated, which was then
analyzed through ICP-MS at the Activation Laboratories Ltd., in Ontario, Canada. This
sediment fraction size was selected because silt grains are readily transported through
the channel network, and since it was considered to adequately represent the different
lithologies in the study area [56]. Therefore, the resulting sediment provenance model
was only based on this sediment fraction, and it did not include the contribution of, for
example, solute loads [57]. The results were expressed as major oxides and as selected
trace elements (Sc, Cr, Ni, Sr, Y, Zr, Nb, and Ba). These were corrected for the loss of ig-
nition and normalized to 100%. Values below the detection limit were changed to half of
the detection limit.

The composition of all samples was investigated through principal component
analysis (PCA). This method allows one to reduce the dimensionality of the dataset and,
thus, facilitates the discrimination between the different samples according to their
chemical composition [58,59]. Before conducting PCAs, we ran statistical tests to define
the best combination of tracer elements that permits a discrimination between different
compositional endmembers. For this purpose, we employed R-code fingerPro® [60] and
conducted a three-step statistical test [61]: (i) in the first test, referred to as the range test,
we explored whether the tracer elements are mass-conservative along the entire source to
sink path; (ii) the second test, the Kruskal-Wallis H-test, allows one to exclude single
tracer elements that do not vary significantly from the different samples and that, thus,
do not provide a solid basis for a further discrimination; and (iii) we employed the Wilk’s
lambda test as the third step. This particular test is a stepwise linear discriminant analy-
sis, which allows one to identify the ensemble of tracers that yield a maximum variation
between the samples. This was used to enhance the reliability of the discrimination. As a
following up task, we applied the routine fingerPro® code to assess the relative contribu-
tion of the potential sediment sources (endmembers) for each in-stream sample. The re-
sults of this analysis will finally build the basis to reconstruct a sediment provenance
model.

3.3. Catchment-Wide Denudation Rates Inferred from In Situ Produced Cosmogenic °Be
3.3.1. Sediment Collection

We used concentrations of in situ °Be in detrital quartz grains of river-born sedi-
ments to estimate the catchment-averaged denudation rates [62]. A total of four riverine
sediment samples were collected in the main channel and in selected tributaries (Figure
2a, yellow crossed circles). We also collected a sediment sample in the Rhine River up-
stream of the confluence with the Plessur River and downstream after the confluence
with the Landquart River (RHEO1 and RHEQ2, respectively; inset Figure 2b) to complete
the budgeting of the material. We collected 2.5 kg of sand material for each sample loca-
tion because high carbonate contents were expected in the stream sediment samples as
the upstream basin comprises Biindnerschist and North Penninic flysch with a high cal-
cite content [22]. Finally, we also included the results of [22] from the Landquart basin,
represented by the cosmogenic sample site Lan-1 (inset Figure 2b) in our analysis.

3.3.2. Laboratory Work

In the laboratory, the sediment samples were processed using state-of-the art tech-
niques established at the University of Bern [63]. Accordingly, we sieved the samples to
the size-fraction of 0.25-0.5 mm, from which the non-magnetic fraction was separated
using a Franz isodynamic magnetic separator. The remaining material was treated to
gain pure quartz grain void of atmospheric °Be and other impurities. This includes (i)
leaching with 5% hydrochloric acid (HCI) to dissolve the carbonates and organic com-
ponents; (ii) three times treatment with 5% hydrofluoric acid (HF); and (iii) three treat-
ment steps using 2.5% HEF. As a last step of quartz purification, we used Aqua Regia in
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order to dissolve the remaining metallic components as well as residual carbonate and
organic materials.

The chemical separation of °Be was then performed using the lab protocol of [63]
including: (i) Addition of ca. 0.2 mg of a 1g/L °Be carrier to the purified quartz samples,
which were then dissolved in concentrated HF; and (ii) completion of the evaporation of
the solution. The sample was then fumed with HNOs, Aqua Regia, and HCI. The separa-
tion was followed by ion-chromatography columns. Beryllium and iron were then
co-precipitated as hydroxides at a pH of around 8. The precipitates were dried and baked
in a furnace at 675 °C before the resulting beryllium-iron oxide was finally pressed into
copper targets. 1'Be/?Be ratios were measured at the 500 kV TANDY AMS facility at the
ETH Zurich [64] and normalized to the ETH in-house standard S2007N [65] using the °Be
half-life of 1.387 + 0.012 Ma [66,67]. The full process blank ratio of (2.41 + 0.13) x 10-'5 was
then subtracted from the measured ratios in order to calculate the “Be concentrations for
each sample.

3.3.3. Calculation of Denudation Rates, Scaling, and Sediment Fluxes

Calculation of the denudation rates was accomplished using the CAIRN® algorithm
[68]. It calculates “Be production rates and shielding factors on a pixel-by-pixel basis and
propagates the uncertainty in AMS measurements and production rates. Based on this
calculation, the software estimates the 1°Be concentration of the basin considering a spa-
tially homogeneous denudation rate. Finally, the software computes, through a Newton’s
iteration method, the best denudation rate that fits the measured 1°Be concentration. A 50
m-resolution DEM (resampled from a 2 m LiDAR DEM) was applied in the calculations
as well as default parameters such as the SLHL °Be production rate of 430 at g a™ (e.g.,
[19]). The calculations of the topographic shielding were based on inferred values of 8°
and 5° for zenith (A@) and azimuth (A0O), respectively [68]. A rock density of 2.65 g cm™
was used. Snow shielding factors were estimated based on a combination of Swiss and
French snow-data records [19]. We then used the calculated denudation rates to infer the
sediment fluxes for specific areas. This was accomplished by multiplying the denudation
rate of a specific sample by the drainage area upstream of this sample.

4. Results
4.1. Geomorphometric Analysis
4.1.1 Knickzones, Steepness Indices, and Hypsometries

Knickzones and their respective steepness index plots are found in Figure 5 and
Table 1. The location of the knickzones is shown in Figure 6. In the Plessur River and
Sagabach tributary channel, knickzones were found close to the lithological border be-
tween the Biindnerschist and the North Penninic flysch, having propagated horizontally
35% along the Plessur River and 14% along the Sagabach River, and vertically ca. 20% in
both streams (Table 1). In the Sapiinerbach and Welschtobelbach, the knickzones have
propagated horizontally by 48% and 31%, respectively, and vertically, by 49% and 24%,
respectively. The Rabiusa tributary stream does not present any knickzone. The steep-
ness index plots reveal that the segments above the identified knickzones are consistently
flatter (ksn varying from 126 to 213 m%?) than the segments below the knickzones (ks
varying from 128 to 347 m?9).
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Figure 5. Longitudinal stream profiles of the Plessur River and main tributaries and respective normalized steepness in-
dex plots. Knickzones (KZ) are identified in the stream profiles. The KZ horizontal and vertical relative propagation are
indicated as percentages, respectively. Refer to Table 1 for the dataset.
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Figure 6. Map of normalized steepness indices (ksn) displayed in a simplified lithotectonic framework for the Plessur Ba-
sin. The knickzones are identified in the map and in the stream profiles (see also Figure 5).

Table 1. Normalized steepness index of the Plessur River and main tributaries and their upriver propagation.

Relative Knickzone  Relative Knickzone
Upstream/Downstream  Knickzone (KZ) Distance Propa- (KZ) Relief Propaga-

Ksn ksn Increase Factor ~ Elevation (m) gation (towards Up- tion (Relative Vertical
stream) (%) Propagation) (%)

Upstream (Up) 176 1.0 965 35 22
Plessur Downstream (Down) 180

Rabiusa Up 172 i i i i

Down -

Up 213 1.6 1154 14 23
Sagabach Down 347

. Up 137 1.6 1613 48 49
Sapiinerbach Down 214

Welschtobelbach Up 126 1.0 1814 31 24

Down 128
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The hypsographic curves and hypsometric integrals (HI) of the Plessur River and its
tributaries are shown in Figure 7. The Rabiusa tributary presents the lowest HI (0.48) of
the Plessur Basin and a concave-shaped hypsographic curve, whereas the Sagabach has
the highest HI (0.60) and a convex-shaped hypsometric curve. The Sapiinerbach and
Welschtobelbach have a HI of 0.55 and 0.51, respectively. The average is represented by
the Plessur curve with a HI of 0.53.

1
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o
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— — = Sapuenerbach (0.55)
— - = Welschtobelbach (0.51)

0 0.2 0.4 0.6 0.8 1
Normalised Cumulative Area

Figure 7. Comparison between the hypsographic curves of the Plessur Basin and its main tribu-
taries. The resulting hypsometric integral (HI) is shown in the legend between parentheses.

The slope distribution within the Plessur, Landquart, and Upper Rhine Basins are
displayed in frequency plots (Figure 8). The three basins present a very similar situation,
with a normal slope distribution and none of them display average hillslope angles be-
yond the commonly inferred threshold (angle of repose) of c. 32°-35° (e.g., [19,52]). The
Plessur has an average slope of 23.6 + 9.9°, the Landquart is c. 24.8 + 10.7° steep, and the
Upper Rhine has hillslope angles in the range of 24.1 + 11.2°.
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Figure 8. Slope distribution of the Plessur, Landquart, and Upper Rhine basin. The slope histograms of each basin display
the slope averages in degrees (°), the associated uncertainties, and the cumulative sums in percentage (%). The numbers

at the border of the figure indicate the Swiss coordinates in meters.

4.1.2 Landscape Patterns

The main glacial and fluvial patterns of the Plessur Basin are presented in Figure 9.
Fluvial patterns (labelled as FP on Figures 9b and 9c) are predominantly represented by a
rough aspect and channel dissection, whereas glacial patterns (labelled as GP on Figure
9b) have a smoother aspect with multiple concavities and convexities along the thalweg.
For example, contrasts between glacial and fluvial patterns are found in the Sagabach
sub-catchment (Figure 9b), whilst fluvial dissection predominates in the Rabiusa (Figure
9c¢). In general, the Plessur Basin presents clear fluvial dissection patterns in its lowermost
sections where Lower Penninic Biindnerschist and North Penninic flysch predominates.
However, it also displays glacial features in its uppermost areas, which are made up of
Middle and Upper Penninic as well as Austroalpine units. The separation between both
geomorphic domains is indicated by the dashed lines in Figure 9a,b.
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760ll]00 775[000

190.000

180|000

Figure 9. (a) Identification of fluvial patterns (FP) and glacial pattern (GP) in a digital elevation model of the Plessur Ba-
sin. The dashed line marks the division between lithologies with high and low erodibilities, and it separates the down-
stream sector I of the basin, which is dominated by fluvial processes and highly dissected, from the upstream sector II,
which preserves glacial patterns, displayed by a smoother landscape. (b) Details of the Sagabach drainage area displaying
the contrasts between the rougher fluvially controlled landscape (FP) and the topography that has still preserved features
related to glacial erosion (GP). (c) Details of the Rabiusa drainage area showing landscape patterns indicative for fluvial
erosion (FP) and associated hillslope erosion. The numbers at the border of the figure indicate the Swiss coordinates in
meters.

4.2. Sediment Fingerprinting
4.2.1. Discrimination of Endmembers

The bulk geochemistry of each collected sample is displayed as the concentrations of
major elements in the form of oxides (Table 2 and Table S2 for complete results) and of
trace elements (Table 3 and Table S2 for complete results). The three statistical tests were
then applied to this dataset. In the first test (range test), four tracers were excluded (P20s,
Sr, Y, and Zr). None of the remaining tracers passed the Kruskal-Wallis H-test and no
patterns resulted from the Wilk’s Lambda test. This might be due to the low number of
samples compiled in the dataset. The results of the PCA are displayed in Figure 10a,
which indicates that, despite the low sample quantity, the samples can be attributed to
three endmembers: ophiolitic, dolomitic, and clastic sedimentary.
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Figure 10. (a) Principal component analysis (PCA) of this work’s dataset. In this case, only the range test was applied due
to the low number of samples. The sum of the two principal components (PC1 and PC2) was 93.3%. (b) Results of PCA
using a combination of the dataset presented in this work and [22]. The figure displays the results that were achieved
after running the three tests mentioned in the text and with the combination of oxides/elements as suggested by the re-
sults of the Wilk’s lambda test (MgO and Ni). The sum of PC1 and PC2 was 100%.

The ophiolitic endmember is characterized by higher contents of Fe2Os, MnO, Nj,
and Cr, whereas the dolomitic endmember is defined by the higher concentration of CaO
and MgO. The clastic sedimentary endmember displays a more diffuse but still consistent
signal, which is characterized by an intermediate content of all the oxides and trace ele-
ments used in the analysis. We note, however, that the sedimentary endmember com-
prises both the North Penninic flysch and Biindnerschist, because they cannot be dis-
criminated by the PCA due to compositional similarities. The mixture samples are the
ones collected in the main trunk (Plessur River). They displayed an average content of all
the oxides and trace elements, which showed a composition similar to the clastic sedi-
mentary endmembers. In the next step, the samples representing the clastic sedimentary
endmember of the Landquart Basin (Tables 3 and 4 in [22]) were combined with this
work’s dataset, making the analysis more robust, since the Plessur endmembers are de-
rived from identical lithotectonic units as those from the neighboring Landquart Basin
(Figure 1). The range test excluded P:0s, Y, and Zr, whereas no tracer passed the Krus-
kal-Wallis H-test. The results of the Wilk’s Lambda test suggest that a combination of
MgO and Ni is most suited to discriminate between the endmembers. The results are
displayed in Figure 10b, in which Ni and MgO characterize the ophiolitic and dolomitic
endmembers, respectively. Intermediate values between Ni and MgO represent the series
of the clastic sedimentary endmember, where the data are well clustered near the center
of the plot.

Table 2. Content of oxides (%).

Sample Lithology Si02  ALOs Fe:03(T) MnO MgO CaO NaO KO TiO2 P05
PLEO1 Sedimentary  55.95 9.46 3.83 0.074 247 25.09 0.79 1.66 048 0.19
PLE02 4954  8.65 4.48 0.088 654 2781 071 149 0524 017
PLEO3 Sedimentary 4579  10.18 4.35 0112 967 2651  0.65 206 0547 0.13
PLE04 4528  10.01 4.95 0.088 102 2624 0.73 1.71  0.64 0.16
PLEO5 3404 739 448 0.122 2143 2996 048 1.53  0.468 0.1
PLEO6 Sedimentary  46.71 5.74 3.87 0.092 10.01 31.12 074 0.93 0.6 0.18
PLE07 41.2 7.63 4.35 0.101 13.68  30.2 0.69 142 0587 0.14
PLEOS Ophiolitic 5217  13.52 7.82 0192 1228 9.65 0.95 243 081 0.17
PLE09 Dolomitic 7.93 2.12 1.24 0.103 35.06 52.68  0.09 0.63 0.108 0.04
PLE10 46.31 7.4 4.39 0.087 682 3227 0.5 121  0.621 0.22
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Table 3. Content of trace elements (ppm).

Sample Lithology Sr Zr Ba Cr Ni Y Nb Sc
PLEO1 Sedimentary 647 247 197 70 50 19.5 7.4 7
PLEO2 614 227 182 160 90 18.4 8.1 7
PLEO3 Sedimentary 316 134 224 80 60 14.7 8.4 7
PLE0O4 457 218 229 180 110 15.6 9.3 8
PLEQ5 152 129 144 280 200 11.6 6.2 6
PLEO6 Sedimentary 531 361 124 160 100 17.1 8 6
PLEO7 387 292 158 200 150 15 8.4 7
PLEO8 Ophiolitic 127 179 310 550 450 21.7 11.3 13
PLE09 Dolomitic 112 51 75 10 10 3.1 1.2 1
PLE10 712 1039 153 150 80 28 9.1 7

Table 4. Comparison between two datasets used in the calculation of the relative contribution of the three selected
endmembers. In-stream locations are displayed in Figure 2. The uncertainties of the relative contribution are given as

standard deviation. Goodness of fit (GOF) expresses the quality of the model. varying from 0 to 100.

In-Stream Sedimentary Contri- Ophiolitic Contribu- Dolomitic Contribu-

Model run. Location GOF butior?;%) i tion (%) tion (%)
PLEO2 93 72+5 16+3 12+3
PLEO4 93 57+5 29+3 13+£2
1 (all elements) PLEO5 95 10+1 41+1 49+1
PLEO7 93 45+5 28+3 27 +2
PLE10 82 84 +7 10+4 5+£3
PLEO2 99 83+3 12+1 5+3
PLEO4 99 67 +3 17 1 15+3
2 (MgO, Ni) PLEO5 99 13+1 42+1 4511
PLEO7 99 48 +2 28 +1 24 +2
PLE10 99 83+4 10+£2 6+3

4.2.2. Sediment Provenance

Using the endmembers identified above, we built a sediment provenance model to

quantify the relative amount of sediment produced in the different lithotectonic units.
We used the merged dataset (this work’s dataset and the Glaus et al. [22] dataset) to build
the provenance model. We then compared the results before and after the application of
the tests to the dataset (Table 4). Despite the similarities of the results in both runs, we
selected the results of run 2 for our model because of the higher goodness of fit (GOF). In
order to test whether the model is geologically consistent, we compared the model results
with the lithological architecture of the Plessur Basin. Figure 11 displays a consistent
pattern that is characterized, in the downstream direction, by an increase in the clastic
sedimentary endmember contribution (from 13 + 1% to 83 + 4%) and a decrease in the
ophiolitic and dolomitic contribution (from 42 + 1% and 45 + 1% to 10 + 2% and 6 + 3%,
respectively). Furthermore, as also seen in Figure 11, the material composition of sample
PLEO5 displays a good agreement with the local lithology in the sense that it shows a
relatively low contribution of the clastic sedimentary endmember (13 + 1%) and relatively
high contribution of both the ophiolitic (42 + 1%) and dolomitic (45 + 1%) endmembers.
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Figure 11. Sediment provenance considering three endmembers (Clastic sedimentary, Ophiolitic, and Dolomitic) and
calculated for five in-stream samples (PLE02, PLE04, PLE05, PLE07, and PLE10). The results were obtained using the
model run 2 of Table 4. The numbers at the border of the figure indicate the Swiss coordinates in meters.

4.3. Cosmogenic Data and Denudation Rates

The measured °Be concentrations (Table 5) vary from 1.53 x 10* atoms g (PLE02) to
3.86 x 10* atoms g (PLE06) for the Plessur Basin, whereas for the Upper Rhine segment,
they vary from 1.48 x 10* atoms g™ (RHE02) to 1.78 x 10* atoms g~' (RHEO1). The calcu-
lated spatially-averaged denudation rates (Table 6 and Figure 12) range from 0.34 + 0.07
mm a~' (PLE06) to 0.77 + 0.16 mm a~' (PLEQ2) for the Plessur Basin, whereas for the Upper
Rhine segment, they vary from 0.70 + 0.14 mm a™ at RHEO1 to 0.81 + 0.16 mm a™ at
RHEQ2 after the confluence of the Plessur and Landquart Rivers. These results are in line
with local denudation rates of similar lithotectonic units [22,69,70] as well as with denu-
dation rates reported for the Central European Alps [18,19,71]. The sediment budget of
the Plessur and Landquart Basins were then compared with that of the Upper Rhine Ba-
sin in order to estimate the relative contribution of these tributary basins to the total
Upper Rhine sediment budget (Table 7; Figure 13). The results show that the total sedi-
ment flux of the Upper Rhine is c. 3494 + 677 x 103 m3 a™'. The contribution of the Plessur
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Basin to the Upper Rhine basin is approximately 181 + 35 x 10° m? a™!, which corresponds
to c. 5.2% of the total budget while it covers a relative area of 6.1%. The Landquart Basin
has a sediment flux of c. 704 + 190 x 10° m? a™!, which corresponds to 20.1% of the total
sediment budget and represents a relative area of 14.3%.

Table 5. Cosmogenic nuclide data.

Uncertainty in

10Be concentration

Sample Sample weight (g) ?Be spike (mg) AMS ratio (x10-12) AMS (%) (x10 4 atoms g-)
PLE02 37.03 0.195 0.044 9.9 1.53+0.15
PLE05 44.54 0.188 0.106 4.3 2.99+0.12
PLE06 49.55 0.195 0.147 54 3.86£0.21
PLE10 50.47 0.192 0.066 6.2 1.68 +0.10
RHEO1 50.17 0.190 0.070 7.1 1.78+0.13
RHEQ02 50.13 0.198 0.056 5.6 1.48 +0.08
Lan-1 24.44 0.199 0.02 15.9 0.95+0.17

AMS ratio uncertainty is at the 1o level. The weighted average °Be/'°Be full process blank ratio is (2.59 + 0.45) x 10>

Table 6. °Be derived denudation rates.

Sample Topographic Shielding 2 Snow Shielding ® Denudation Rate (mm a-) ¢
PLEO02 0.96 0.89 0.77 £0.16
PLEO5 0.96 0.88 0.44 +0.08
PLEO6 0.96 0.88 0.34 +0.07
PLE10 0.96 0.90 0.68+0.13
RHEO1 0.95 0.89 0.70+0.14
RHE02 0.96 0.89 0.81+0.16
Lan-1 0.97 0.90 1.14 +0.30

2 Topographic shielding factor calculated after [68]. ® Snow shielding factor calculated after [19]. < Denudation rates cal-
culated by the CAIRN routine [68].

Table 7. Sediment budget calculated according to ’Be derived denudation rates.

SampleArea (Km?) Relative Area (%) Denudation Rate (mm a!) Sediment Flux (10° m?a!) Relative Contribution (%)

PLEO2  207.3
PLEO5 1124
PLEO6 40.9

PLE10  265.4

RHEO1  3270.9
RHEQ2 4311.7
Lan-1* 616.1

4.8
2.6
<1
6.1
75.8
100
14.3

0.77 +0.16
0.44 £ 0.08
0.34£0.07
0.68+0.13
0.70+£0.14
0.81+0.16
1.14+0.30

160.28 + 33.82
50.12 £9.47
14.03 £ 2.69

181.16 £ 35.57

2297.26 + 455.65
3494.07 + 676.83
703.93 +186.23

459 +1.31
1.43 +0.04
0.04 £0.01
5.18 £1.43
65.74 £ 18.23
100.00 £ 27.39
20.15 + 6.60

* Extracted from [22]. The sediment flux uncertainty was calculated in this study.
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Figure 12. A lithotectonic map of the Plessur Basin (refer to Figure 2 for legend) with main tributaries, denudation rates
(DR) in mm a’, and sediment flux (SF) in 10° m® a™. The numbers at the border of the figure indicate the Swiss coordi-

nates in meters.
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Figure 13. A simplified lithotectonic map of the Upper Rhine Basin including the Plessur and
Landquart Basins, and their respective denudation rates (DR) in mm a™, sediment flux (SF) in 10°
m? a7, relative area (RA), and relative contribution (RC).

5. Discussion
5.1. Topographic Parameters Reveal a Transient Stage

The combination of the data extracted from stream profiling facilitates the under-
standing of the landscape development. The normalized steepness index patterns show
that the Plessur River, and those tributaries where knickzones were identified, have a
relatively steeper downstream profile when compared with their upstream river seg-
ments (Table 1, Figure 5). This implies that the downstream part of the Plessur Basin,
where normalized steepness indices are generally higher, has already undergone a reju-
venation process after the retreat of the LGM glaciers. In contrast, the areas where
steepness indices are lower and where LGM-inherited glacial imprints are still preserved,
the landscape shape is still in an immature stage with respect to fluvial processes reju-
venating a glacially conditioned landscape (e.g., [22,38,69]). In the Plessur Basin, evidence
for fluvial carving is better developed in the mechanically weak lithologies such as the
Biindnerschist and the North Penninic flysch, especially in the areas near the main trunk
and within the Rabiusa drainage area (Figure 9). For instance, evidence for fluvial dis-
section can be seen in the Sagabach tributary sub-catchment. There, glacial features in the
landforms underlain by rocks of the Falknis nappe contrast with the V-shaped fluvial
landscape farther downstream where the bedrock is made up of the North Penninic
flysch (Figure 9a). The Rabiusa sub-catchment and the lowermost areas of the Plessur
Basin, which are underlain by Lower Penninic units, also display well-developed
V-shaped cross-sectional valley geometries, thus pointing toward the occurrence of flu-
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vial processes dissecting the landscape (Figure 9b). Interestingly, the Rabiusa tributary
stream does not show any evidence for a knickzone (Figure 6). This suggests that this
stream has not had any major steps in the long-stream profile after the retreat of the LGM
glaciers, or more likely that a possible knickzone has already fully propagated through
the entire channel network by headward retreat after the LGM. We support this inter-
pretation with ample evidence for fluvial processes at work in the entire Rabiusa
sub-catchment (V-shaped incision, Figure 9c), pointing toward an incised and rejuve-
nated landscape. In contrast to these morphologies, the uppermost areas of the Plessur
Basin, where the bedrock comprises Austroalpine and Upper Penninic units, glacial
landforms including concavities and convexities along the thalweg and U-shaped
cross-sectional geometries occur more frequently. This is shown in Figure 9a for the up-
permost part of the Plessur Basin (upstream of the dashed line), where all the other
lithotectonic units are found, except for the Penninic flysch and Biindnerschist (Figure 2).

The hypsometric analysis (Figure 7) supports the aforementioned interpretations.
The Plessur River presents a hypsometric integral of 0.53, which implies that the basin is
in a late immature stage, almost reaching a denudation equilibrium [47]. Similarly, the
Rabiusa sub-catchment has a hypsometric integral of 0.48, which implies a slightly more
mature but yet an unequilibrated stage, whereas the Sagabach sub-catchment, with a
hypsometric integral of 0.60, reveals a rather young stage of fluvial development [47].
The Sapiinerbach and Welschtobelbach (HI of 0.55 and 0.51, respectively) are considered
to be in a late immature stage.

Overall, considering the combination of topographic parameters, we propose that
the Plessur Basin is in a transient stage, as evidenced by the on-going upstream migration
of knickzones and the contrast between fluvial (downstream) and glacial patterns (up-
stream) in the landscape. As outlined by different authors [33,69,72], this transient state
most likely reflects that the Alpine streams are still adjusting their geometries to the
perturbation caused by the carving of the LGM glaciers.

5.2. The Relationship between Sediment Provenance and Denudation Rate

We built a sediment provenance model according to the three compositional
endmembers suggested by the PCA (Figure 11). This was accomplished considering the
<63 um sediment fractions only, which limits a holistic analysis of the sediment produc-
tion in the Plessur basin, but still yields meaningful results (e.g., [18,22]). Indeed, the data
show that the clastic sedimentary contribution abruptly increases from 13 + 1% to 48 + 2%
from PLEO5 to PLEO7 farther downstream (Figure 11). This change could be related to a
significant contribution of the sedimentary endmember component provided by the Sa-
plinerbach sub-catchment. Another explanation could be attributed to a difference in the
mechanical properties of the sedimentary rocks exposed in the Middle Penninic and
Austroalpine units (dotted yellow, Figure 11), if compared with the Biindnerschist and
flysch sediments of the Valais Ocean that make up the Lower Penninic units (yellow,
Figure 11). In particular, the Middle Penninic and Austroalpine units (ophiolites and
dolomites) upstream of PLEO5 are considered to have a lower erodibility than the Lower
Penninic units (Biindnerschist and flysch; [20]) that are exposed downstream of PLE05.
We thus explain the relatively low contribution of the sedimentary endmember in the
PLEO5 sample by the low areal extent at which Biindnerschist and flysch lithologies are
exposed upstream of that sample site. Farther downstream, a persistent increase of the
clastic sedimentary endmember contribution along the Plessur River, rising from 13 + 1%
at the PLEQ5 site to 83 + 4% at the PLE10 sample location, reflects the combined effect of a
widespread exposure of the Biindnerschist and flysch source rocks and the high erodi-
bility of these lithologies. Furthermore, although the sedimentary endmember covers an
area of around 185 km? and thus ca. 69% of the total basin area, the relative abundance of
the sedimentary endmember is almost 85% at the end of the Plessur River. In contrast, at
the downstream end of the basin, dolomite and ophiolitic lithologies contribute up to
15% to the sediment budget, whilst covering an area of around 80 km? (ca. 31% of the
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total basin area). Therefore, we consider the area surrounding the Lower Penninic units
made up of Biindnerschist and North Penninic flysch as a denudation hotspot within the
Plessur Basin. However, we note that only the fine sediment fraction was analyzed,
which could have resulted in an overestimation of the clastic sedimentary endmember
contribution because it is possible that schist and flysch tend to break down to smaller
grains more rapidly than limestones and ophiolites.

Similar to the material composition of the riverine material, the denudation rate
pattern calculated for the Plessur Basin reflects the differences in the bedrock erodibilities
of the underlying rocks. This is shown by an increase in the basin-averaged denudation
rates in the downstream direction. In particular, material of the samples PLE05 and
PLEO6 (Figure 12) records the lowest catchment-averaged denudation rate (0.44 + 0.08
mm a'and 0.34 = 0.07 mm a™', respectively) in the Plessur Basin, whereas the PLE02
material yielded the highest values (0.77 + 0.16 mm a™). We note that '°Be concentrations
in sediments at the lowermost PLE10 site yield a denudation rate of 0.68 + 0.13 mm a,
which might be perceived as lower than the records at site PLE02 farther upstream.
However, considering the uncertainties on the denudation rate estimates, the difference
in the inferred catchment-averaged denudation rates becomes non-significant.

5.3. Upscaling and Including the Material Flux of the Rhine River

We upscale the results of the Plessur Basin analysis and include the material flux of
the Upper Rhine through measuring concentrations of in situ “Be in samples collected
upstream (RHEO1) and downstream (REH02) of the confluences of the Plessur and
Landquart Rivers (Figure 13). The scope of this task is to estimate the relative importance
of the Plessur and Landquart Basins on the sediment budget in the region. Accordingly,
sample RHEO1 yields a basin averaged denudation rate of the Upper Rhine River before
the Rhine receives the material of the Plessur and Landquart Rivers (Figure 13, Tables 6
and 7). Similarly, with sample RHE(2, we estimate the average denudation rate of the
entire Upper Rhine Basin including the contribution of the Plessur and Landquart Basins
(Figure 13 and Table 7). Considering that the sediment flux calculated at RHE02 and the
related upstream drainage area is 100%, then the Plessur River (drainage area of 6.1%)
contributes up to 5.2% to the sediment flux at RHE02 (Table 7), whereas the Landquart
River (drainage area of 14.3%) contributes up to 20.1% to this material budget (Table 7,
data taken from [22]). Therefore, the sediment contribution of both the Landquart and
Plessur Basins is, at the basin scale, in the same range as the other parts of the Upper
Rhine Basin. However, it was documented for the Landquart Basin that a small down-
stream portion of the catchment that is underlain by Biindnerschist contributes between
60 to 70% of the basin’s sediment flux, although it represents only <30% of the entire
Landquart drainage area [22]. A comparable picture, although not as prominent as in the
Landquart, arises if the denudation rate and sediment flux patterns in the Plessur Basin
are considered. In particular, in the upper part of the Plessur Basin, which is underlain by
rocks of the Austroalpine and Penninic units, the catchment-averaged denudation rates
are ca. 0.3-0.4 mm a. The rates nearly double to almost 0.8 mm aas the stream flows
through the Lower Penninic units where Biindnerschist and flysch are exposed, and the
relative abundance of sedimentary material increases accordingly (Figure 11). Because
the relative area of this downstream portion makes up to around 50% of the entire basin,
then a doubling of the catchment-averaged denudation rates requires a three times larger
contribution of material from the lower part, as calculated through mass balancing (see
calculations in Equation S1 in the Supplementary Material). This implies that the Lower
Penninic area, similar to the Landquart Basin, could be considered as hosting a denuda-
tion hotspot of the region (see also [22,70]).

5.4. Possible Controls on the Local Uplift Rates and Feedbacks With Denudation

The fast exhumation rates in the Landquart-Chur region are the response of a
long-lived tectonic forcing ([15]; Figure 1). The updoming of the region was considered to
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have started ca. 4-5 Ma ago and might have exposed the Biindnerschist and North Pen-
ninic flysch to the surface, thereby forming the Préttigau half-window [15,21,29]. The site
of updoming coincides in space with a peak of a negative isostatic anomaly (Figure 1d),
caused by the almost-60-km-deep crustal root underneath the Central European Alps
[30,32]. The related rocks, which are most likely buoyant [30], possibly contribute, or at
least facilitate a possible positive feedback mechanism where rapid denudation of the
Biindnerschist and North Penninic flysch with high erodibilities promote an isostatic
response, which is likely reflected by the high exhumation rates over Ma. Thus, this iso-
static anomaly not only has the potential to support a long-lived uplift signal, but it also
points to the role of how deep crustal and geodynamic processes have the potential to
exert a control on denudation at the surface (e.g., through contributing to the controls on
the high uplift rates). In line with previous studies [7,22,], we therefore propose that the
exposure of mechanically weak lithologies has not only promoted surface denudation in
the region where flysch and Biindnerschist are exposed, but also, through a positive
feedback, the high modern uplift, and long-term exhumation rates. Equally relevant is
the surface response to glacial carving, which could destabilize the local basin’s equilib-
rium [11,69], possibly altering the local base level. The topographic parameters analyzed
in this work indeed support the interpretation that the transient stage of the local basins
is also due to the perturbation caused by the carving of the LGM glaciers. The rate of
fluvial adjustments has then been controlled by the erodibility of the underlying bedrock.
Furthermore, the melting of the LGM glaciers was likely to have initiated an isostatic
rebound [11], thereby contributing to the maintenance of a possible positive feedback
between uplift and lithology-controlled denudation. However, because the pattern of
fission track ages comprises an exhumation record, which goes beyond the timescales of
Alpine glaciations, and since the Prattigau half-window is characterized by the largest
negative isostatic anomaly in the region, we infer a scenario where an active tectonic
driving force has sustained the high uplift and denudation rates over millennia. This up-
lift, however, has most likely been accelerated in response to a denudation feedback,
which in turn, could have been conditioned and controlled by lithology contrasts and
possibly by glacial perturbations, at least since the Pleistocene.

6. Conclusions

The topographic variables reveal that the Plessur Basin is still adjusting to the per-
turbation caused by the termination of the LGM. This can be observed in the distribution
of glacial and fluvial patterns in the landscape. Fluvial patterns are more often found in
the lowermost areas of the basin where the thalweg of the trunk stream is steepest,
whereas glacial patterns are more commonly observed in the uppermost and flatter areas
of the basin. The presence of knickzones in the basin also supports the observations that a
transient stage is still prevailing, most likely due to the last deglaciation event. Besides,
the knickzones’ locations disclose the role of the differential erosion mechanisms in the
Plessur Basin. Apparently, the Biindnerschist is mechanically weaker than the North
Penninic flysch, given that the two most prominent knickzones of the Plessur Basin are
located between Biindnerschist and North Penninic flysch. Nonetheless, both units are
considerably more erodible if compared with all the other units in the study site. Such
high erodibility is reflected in the contribution of the mechanically weak units to the total
sediment budget of the Plessur Basin. The data show an abrupt increase in the contribu-
tion of the Biindnerschist and flysch material to the Plessur sediment budget, rising from
13 + 1% to 48 + 2% within a reach of ca. 1 km where the corresponding bedrock changes.
Furthermore, the highest catchment averaged-denudation rates of the Plessur Basin are
found in locations where Biindnerschist and North Penninic flysch are predominant. At
the regional scale, the long-lived uplift rates recorded by apatite fission track ages and
geodetic surveys are possibly a consequence of the combination of two mechanisms: (i)
sustainment of uplift rates by tectonic and deep crustal processes; and (ii) amplification
of uplift rates caused by denudation unloading of the highly erodible Lower Penninic
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units (Biindnerschist and North Penninic flysch) of the Prattigau half-window. We thus
conclude that lithologic, glacial, and geodynamic conditioning have substantially con-
tributed to the local uplift and erosion mechanism as some of the driving forces of a pos-
itive feedback system.

Supplementary Materials: The following are available online at
www.mdpi.com/article/10.3390/geosciences11080339/s1, Figure S1: Pictures of the sample sites. The
location of samples PLE0S, RHEO1, and RHE02 were not photographed; Equation S1: Mass balance;
Table S1: Location, day, and time of sample collection; Table S2: Complete results of the ICP-MS
analysis showing the composition of each sample.
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