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a b s t r a c t

Overdeepenings (ODs) are erosional features that have been excavated below the regional sea/fluvial
base level to produce closed topographic basins. Accessing bedrock topography and OD volume is often
challenging. Hence, despite constituting major landscape features and being widespread in (paleo-)
glaciated regions, ODs have been overlooked and the subglacial processes involved in their evolution
have remained debated. In the Swiss Alpine foreland and valleys, ODs are commonly found filled with
water or large volumes of sediment. Using a GIS-Matlab approach based on topographic datasets and
bedrock contour-curves, we mapped the spatial distribution of ODs in Switzerland and adjacent areas in
the ice-free Alpine areas. The majority of the mapped ODs occurs in very-low bedrock erosional resis-
tance, where ODs are larger, wider and shallower than in medium to high bedrock erosional resistance
domains, evidencing a strong lithological control on OD geometry. Longitudinal asymmetry and hyp-
sometric integral suggest a dominance of quarrying during OD evolution and, for selected glacial
catchments, headward erosion propagation or high sediment evacuation efficiency. OD surface data
(surface and length) can be tentatively used for extracting OD subsurface metrics (depths, nested valleys
and first-order volume estimates). Our data seem to indicate that ODs may initiate as multiple small
nested valleys and progress to a single and connected depression. Transversal cross-sections also suggest
a negative feedback between the erosion potential for deep carving and the presence of low-resistance
bedrock, where subglacial meltwater infiltration could have played a key role in OD evolution. Although
insightful relationships have been evidenced for ODs in the Swiss Alps and foreland, we have also
observed a high spatial variability in key OD metrics such as surface area and depth. This results in
general (first-order) interpretations at regional scale, but currently prevent to quantitatively constrain
physical subglacial processes at their origin. Comparisons with existing OD datasets under present-day
ice (Greenland, Antarctica and modern Swiss glaciers) place our results in a broader context and allow
a step forward in our understanding of the complex patterns and mechanisms of (sub-)glacial erosion
and resulting landforms.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The ability of glaciers to rapidly erode bedrock and shape the
Earth’s surface (Penck,1905; Davis,1906; Prasicek et al., 2015), from
large valleys in mountain ranges (Hallet et al., 1996) to fjords (e.g.,
Glasser and Ghiglione, 2009), is evident worldwide (Egholm et al.,
2009). As a consequence, scientific research has long focused on
(paleo-)glacial geomorphology and glacial processes by investi-
gating surface glacial landforms and deposits. However, major
agrani).
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landforms produced by glacial erosion are hidden in the subsurface
(i.e. below modern sediments, glaciers and waters), such as over-
deepenings, that despite their geomorphological importance are
still poorly studied and understood.

Overdeepenings (ODs) are large-scale erosional features, char-
acteristic of glacially-sculpted landscapes (Carrivick et al., 2016;
Haeberli et al., 2016; Patton et al., 2016). They have been defined as
closed topographic depressionswith adverse slopes in the direction
of ice flow (Haeberli et al., 2016) and an ‘overdeepened’ bed below
sea level or regional fluvial base level (Cook and Swift, 2012). These
characteristics allow to distinguish ODs from ‘glacially-deepened’
valleys, which have not been excavated enough below the regional
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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base-level to create a closed topographic basin, while ODs require
both ice and water at the glacier bed to traverse a locally-reversed
(or adverse) subglacial slope (e.g., Cook and Swift, 2012).

ODs have the potential to store large volumes of water and
sediment (e.g., Jansson et al., 2003; Preusser et al., 2010), being
relevant for hydropower production, natural hazards assessment,
geotechnical management and as potential sites for future lake
formation (e.g., Fischer and Haeberli, 2012; Linsbauer et al., 2012;
Magnin et al., 2020). From a glacio-geomorphological perspective,
the presence of ODs is directly related to ice dynamics, erosion
potential and sediment transport. ODs formation and long-term
evolution require further consideration to better constrain ice-
erosion models (e.g., Egholm et al., 2012) and improve our under-
standing of glacier and marine ice-sheet instabilities (e.g., Jones
et al., 2015; Patton et al., 2016) and glacial/post-glacial landscape
evolution (Cook and Swift, 2012). Therefore, identifying OD
morphometric properties appears crucial for improving our un-
derstanding of ice dynamics and its impact on the Earth’s
topography.

OD origin and development have been suggested to result from
a combination of direct glacial abrasion, quarrying (both deepening
and widening; e.g., Hooke, 1991; Iverson, 2012) and to some extent
subglacial meltwater erosion (e.g., Herman et al., 2011; Creyts et al.,
2013; Beaud et al., 2016; Ugelvig et al., 2016) operating over several
glacial-interglacial cycles (e.g., Dürst Stucki et al., 2010; Preusser
et al., 2010; Reber and Schlunegger, 2016). However, the relative
contribution of these different mechanisms has been poorly con-
strained, and the direct role of subglacial meltwater has remained
debated with little evidence for significant contribution to bedrock
erosion (e.g., Beaud et al., 2016; Alley et al., 2019). Topographic ir-
regularities at the glacier base, enhancing ice-surface crevassing
and quarrying potential (Hooke, 1991), lithological spatial varia-
tions (Glasser et al., 1998) and/or pre-existing topographic condi-
tioning including tectonics (e.g., Kessler et al., 2008; Glasser and
Ghiglione, 2009) have also been invoked for promoting OD
development.

It has been proposed that OD location along a valley profile
preferentially coincides with the long-term equilibrium line alti-
tude (ELA), where increased ice flux and basal sliding would
enhance glacial erosion (Anderson et al., 2006). However, complex
feedbacks between ice/water flow and erosion/sedimentation can
produce localized and deep glacial erosion (Hooke, 1991; Alley
et al., 2003) and, hence, may act as important controls on OD size
and morphology (Cook and Swift, 2012; Patton et al., 2015). At
larger-scale, the spatial occurrence of ODs is in general associated
with laterally-constrained ice flow (i.e. tributary confluences and
valley-constrictions; e.g., MacGregor et al., 2000; Cook and Swift,
2012; Patton et al., 2016), although OD features are also frequent
in regions where (paleo-)ice flow was unconstrained, such as
mountain forelands (e.g., Preusser et al., 2010), glacier termini
(Egholm et al., 2012) and zones of lithological or bedrock-strength
changes (Cook and Swift, 2012).

Despite several studies focusing on ODs, especially in formerly-
glaciated regions, the processes involved in their evolution remain
poorly understood (Fischer and Haeberli, 2012). Investigating OD
morphometrics and spatial distributions, in connection with
different geological and geomorphic controls, is therefore crucial to
improve our understanding of OD development processes during
successive glaciations (e.g., Preusser et al., 2010).

In this study, we focus on the characterization of glacial ODs in
the European Alps, specifically in Switzerland and neighboring
areas (France and Germany). While present-day glaciers in the
Swiss Alps are only found at high elevations, the Swiss Alpine
foreland and surrounding massifs were extensively glaciated dur-
ing Quaternary glaciations. The thermal regime of Quaternary
glaciers has remained debated (e.g., Seguinot et al., 2018), but they
have left an impressive glacial imprint on the topography (e.g.,
Preusser et al., 2010; Dürst-Stucki and Schlunegger, 2013), shaping
the landscape into the well-known present-day U-shaped valleys,
horns and over-deepened basins filled by (post-)glacial sediment
and/or water (i.e. lakes; Herman et al., 2011; Sternai et al., 2013;
Cohen et al., 2017). We assessed the morphometric characteristics,
geometric relationships and spatial distributions of identified ODs.
Our objective is to provide first-order quantitative constraints to
discuss how bedrock resistance, local and regional settings and
internal subglacial mechanisms may control the location and ge-
ometry of the Quaternary overdeepenings. To that aim, we have
designed an automated GIS-routine to identify and extract OD
features using filtering criterions (adapted from Patton et al., 2015)
based on bedrock topographic models derived from geophysical
investigations, borehole data and geometric reconstructions
(Dürst-Stucki and Schlunegger, 2013; Mey et al., 2016). Addition-
ally, we explored how OD surface metrics could serve as potential
proxies to estimate, through empirical relationships, hidden or
indirect subsurface morphometric variables (e.g., volume). Finally,
we investigated OD cross-profiles and characteristic parameters
(i.e. form-ratios and b-coefficients; Harbor, 1992; Augustinus, 1995;
Prasicek et al., 2015) with the overall aim to explore the 3D ge-
ometry of ODs and further discuss the potential driving mecha-
nisms (glacial vs. fluvial) at their origin.

2. Material and methods

2.1. Datasets

Our morphometric approach uses multiple topographic and
geomorphic datasets. These are based on two main datasets: the
current surface topography and an original bedrock-elevation
model (Fig. 1A and B, respectively). In addition, we also use sup-
plementary datasets: LGM (Last Glacial Maximum ~20 ka; Ivy-Ochs
et al., 2006) ice extent and elevation, Quaternary sediment infill
and bedrock erosional resistance (Fig. 1A, C and 1D, respectively).

The current surface topography (Fig. 1A) uses the DHM25 Digital
Elevation Model (provided by Swisstopo - Bundesamt für Land-
estopografie Swisstopo), derived from the National Map 1:25000,
with 25-m spatial (horizontal) resolution and an average vertical
error of 1.5e2 m for the foreland and low-relief areas, and 3e8 m
for the Alpine massifs (from comparison with photogrammetric
measurements). We hence combined the current surface topog-
raphy with the hydrology dataset (Swiss Map Vector 500, Swis-
stopo) that is based on the National Map 1:500000.

In order to cover the entire study area, our bedrock-elevation
model (Fig. 1B) combines three different sources that were inte-
grated and result in a 100-m horizontal resolution raster. The
sources include the bedrock-elevation models of Mey et al. (2016)
(hereafter Model 1), Dürst-Stucki and Schlunegger (2013) (here-
after Model 2), and the 2019 release bedrock-elevation model by
Swisstopo (extension of Model 2). Model 1 is a 90-m raster reso-
lution obtained from a computational approach, assuming a geo-
metric continuity between the current topographic surface
(exposed) and the buried bedrock topography (Mey et al., 2016).
Model 2 has been constructed from borehole data (complemented
by geophysical methods) to derive bedrock contour lines at 10-m
intervals subsequently interpolated to generate a 25-m resolution
dataset (Dürst-Stucki and Schlunegger, 2013; Swisstopo).

We have evaluated the bedrock-elevation Models 1 and 2
against borehole data in central Switzerland (Geosound data from
Geoportal des Kantons Bern; Fig. 2A). For other parts of
Switzerland, no comparison was performed due to data-access
limitations. One major topographic feature in Switzerland is the



Fig. 1. Main GIS datasets for glacial overdeepenings in Switzerland. (A) Surface topography (DHM25, 25-m resolution, Swisstopo) with the current glacier coverage (GLIMS, 2005)
and Last Glacial Maximum (LGM) ice extent (Bini et al., 2009). (B) Combined bedrock-elevation model based on different published datasets (Dürst-Stucki and Schlunegger, 2013;
Mey et al., 2016) and on the 2019 Bedrock Elevation Model (Swisstopo). See text for details. (C) Calculated Quaternary sediment infill (including water for modern lakes) calculated
from surface topography (A) and combined bedrock-elevation model (B). (D) Bedrock erosional resistance (Dürst-Stucki and Schlunegger, 2013) from the erodibility map (Kühni and
Pfiffner, 2001). All coordinates are in UTM-32N, based on LV03, centered in Bern (600000, 200000). See text for bedrock elevation-model (B) and Quaternary sediment infill (C)
calculations.
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presence of an extensive foreland on the northern part (Fig. 1A),
and the borehole cluster extends both in the foreland and moun-
tainous regions. In this context, the bedrock-elevation models were
split into “Foreland” (matching the Molasse Basin; after
Sommaruga et al., 2012) and “Mountains” in order to evaluate each
domain separately. With this approach, we aim to adopt the best
combination of the two models (minimizing uncertainties in
bedrock elevations) for our final bedrock-elevation model. In the
Foreland, bothmodels perform similarly, withmore than 90% of the
modelled bedrock-elevation data agreeing within ±50-m errors
with borehole data (94% for Model 1 and 96% for Model 2; Fig. 2B).
We note, however, that Model 1 tends to slightly underestimate
true bedrock depth (mean error of �13.7 ±22.2m; Fig. 2B),
compared toModel 2 (mean error of 2.4 ±22.1m). In theMountains,
both models slightly underestimate the true bedrock depth ac-
quired from borehole data (mean error of �3.6 ±38.7m
and �4.2 ±18.7m for Model 1 and 2, respectively), but Model 2
performs best, with 98% of the compared datawithin ±50-m errors,
against 88% for Model 1 (Fig. 2C). We, thus, prioritized Model 2 to
construct our bedrock-elevation model, where available, and filled
the missing areas with data from Model 1 (Fig. 2A). Two additional
key areas which were missing or incomplete in the Models 1 and 2
(Lake Luzern region and part of Upper Rhine; yellow outlines in
Fig. 2A) were added using the 2019 release bedrock-elevation
model by Swisstopo (which covers only some parts of
Switzerland). We used a nearest-neighbor interpolator to build the
final bedrock-elevation raster with 100-m horizontal resolution
covering the entire Switzerland and the extended lake areas inside
France and Germany (Fig. 1B). The Quaternary sediment infill map
(Fig. 1C) was then produced through the subtraction of the bedrock
elevation from the current surface topography dataset (DHM25;
Fig. 1A), assuming a Quaternary origin for the bedrock topography
and subsequent sediment filling (Fig. 1C).

A first-order estimate of LGM paleo-ice thickness (assuming full
sediment infill during LGM conditions) across the study area was
derived from the LGM ice-extent and elevation reconstruction of
Bini et al. (2009). The LGM ice thickness was, therefore, based on
the difference between the LGM ice elevation and the current
topography (i.e. without adding the OD depths). This dataset
(Swisstopo, Fig. 1A) is based on spatial interpolation of extensive
mapping of paleo-glacial markers (e.g., erratics, glacial-polished
bedrock and trimlines; e.g., Haeberli and Schlüchter, 1987;
Florineth and Schlüchter, 1998; Ivy-Ochs et al., 2008; Braakhekke
et al., 2016).



Fig. 2. Bedrock-elevation model validation. (A) Spatial distribution of bedrock-elevation models and available boreholes (green dots, Canton of Bern). Model 1 (blue) is adapted from
Mey et al. (2016); Model 2 (red) is adapted from Dürst-Stucki and Schlunegger (2013). The black line geographically delimits the “Foreland” (which coincides with the Molasse
Basin; after Sommaruga et al., 2012) and the “Mountains” domains. The yellow-dotted polygons represent the topographic areas where the new 2019 Bedrock Elevation Model by
Swisstopo was used as an update for Model 2. Coordinates are in UTM, based on LV03, centered in Bern (600000, 200000). (BeC) Bedrock-elevation model deviations (Models 1 and
2) from borehole in the Foreland (B) and Mountains (C) areas. For each model and sector, the mean error values and standard deviations are derived from the error distributions.
(For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Lastly, we used the bedrock erosional resistance map adapted
fromKühni and Pfiffner (2001) (Fig.1D), originally derived from the
geotechnical map of Switzerland by Niggli and De Quervain (1936).
The bedrock erosional resistance map is based on geological and
geotechnical rock properties and boundaries following the main
litho-tectonic contacts. Four classes have been re-categorized by
Dürst-Stucki and Schlunegger (2013), from very-low to high
bedrock erosional resistance (erodibility in Kühni and Pfiffner,
2001), and are used in the present study to investigate the first-
order control of bedrock lithology on OD morphometric
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parameters (Fig. 1D).
2.2. Methods: overdeepening delimitation (GIS-Matlab routine)

An automatic GIS-Matlab routine was designed in this study to
spatially define ODs from our combined bedrock-elevation model.
This GIS-routine builds on close procedures to the approach
adopted by Patton et al. (2015), which consists in evaluating length
changes in closed bedrock-contour curves while expanding from
points of local elevationminima to identify closed depressions. This
Fig. 3. Overdeepening (OD) characterization and selection trough bedrock-contour curves
methodology illustration. (A) First selection steps consider only bedrock-model cells whose s
(B) Second filtering involves current hydrology (Swiss Map Vector 500, Swisstopo) to select d
et al. (2015). The final shape of an OD is taken as the last bedrock contour (25-m elevation c
Bern) with the main location points (entrance and exit points, multiple local minima for
width). See text for discussion. All coordinates are in UTM, based on LV03, centered in Ber
approach has the advantage to enable spatial analysis over large
regions (i.e. the entire Switzerland and neighboring areas) while
optimizing computer efficiency.

As a first step, a series of topographic masks based on different
filtering criteria (sediment cover, topography, hydrology) are
created to isolate points of local elevation minima from the
bedrock-elevation model. The first mask (Mask 1; Fig. 3A) is
delimited based on a sediment-thickness criterion: all cells whose
Quaternary sediment infill is less than 20 m are removed from the
bedrock-elevation model. The choice of the 20-m sediment-infill
and multiple topographic masks (A-B-C). Example of combined bedrock model for
ediment infill is higher than 20 m (Mask 1) and bedrock slopes lower than 15� (Mask 2).
rained areas. (C) Points of local minima are computed following the approach of Patton
urves interval) inside Mask 1. (D) Example 3D view of the upper Aare valley (Canton of
identifying nested valleys) and main shape parameters (maximum depth, length and
n (600000, 200000).
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threshold is conservative regarding our bedrockmodel’s evaluation
(Fig. 2B and C) and related to the original bedrock-elevation raster
resolution (25 m; Dürst-Stucki and Schlunegger, 2013) with the
further aim to remove both model artifacts from interpolation and
very small sediment accumulations related to fluvial/hillslope
processes. The second mask (Mask 2; Fig. 3A) applies a bedrock
slope criterion: only cells with bedrock slopes below 15� are
included (i.e. areas with low topographic gradients and thus
encompassing preferably local elevation minima, Fig. 3A). The cell
clusters remaining after filtering from Masks 1 and 2 are then
converted into polygons (Fig. 3B, green outline) and a hydrology
filtering is applied: polygons which are not crossed by the current
hydrological network (Swiss Map Vector 500 from Swisstopo) are
rejected. Assuming a first-order similarity between the present-day
hydrological network and LGM ice-flow patterns, the application of
this additional criterion allows to exclude areas where thick sedi-
ment accumulation (>20 m) is likely associated with other
geomorphic processes (e.g., slope processes) than glacier dynamics.
Points of local bedrock-elevation minima are then computed using
zonal statistics for each individual polygon (Fig. 3C). Polygons
whose points of local minima is associated to Quaternary sediment
infill of less than 50 m are removed from our dataset, ensuring that
the remaining polygons have at least one cell with 50 m of sedi-
ment infill (with 90% confidence based on our boreholes-model
comparison, section 2.1).

In order to identify OD features, bedrock-elevation contour
curves starting from each point of local minima are created using
elevation increments of 25 m. Extremely large contour curves
(perimeter longer than 600 km) were rejected to discard large
tectonic/basin depressions, as well as very small depressions
(perimeter smaller than 5 km). Using an original Matlab routine,
final delimitations of ODs use the largest contour curves for each
point of local minima (in a similar way as performed by Patton et al.,
2015) contained within Mask 1 (sediment infill >20 m; Fig. 3C). In
case of contours superposition due to multiple points of local
minima (Fig. 3C), the longest contour is selected.
2.3. Morphometric parameters

For each OD in the study area, we have automatically extracted
several morphometric parameters (Fig. 3D and Table S1). Main
morphometric parameters include surface area (planar surface
occupied by the OD), depth (mean and maximum depths, corre-
sponding to the Quaternary sediment infill), width (longest cross-
section, perpendicular to OD main direction), length (length of
the OD flowline: line connecting the entrance and exit points
through the maximum depth location) and elongation ratio (width
divided by length). Geometric parameters based on cells counting
were also considered, such as volume (for each individual cell area
multiplied by the Quaternary sediment infill, based on a 100-m
resolution raster) and bedrock hypsometric integral (bedrock
depth distributions, as defined by Brocklehurst and Whipple,
2004).

We also extracted morphometric parameters characteristic of
glacial ODs, such as the adverse slope (topographic gradient be-
tween the exit point and the closest point of local minima; Patton
et al., 2016) and the longitudinal asymmetry (position of the
deepest point along the OD flowline). An automated routine to
detect and count the occurrence of nested valleys (small de-
pressions along the flowline) was developed using a smoothing
(Savitzky-Golay filter) of bedrock elevations along an OD flowline.
Within this routine, we impose a minimum height-difference cri-
terion of 50 m between the deepest point of the depression and the
preceding peak (at least 1000m distant from each other) to define a
nested valley.

For large ODs (width greater than 400 m), we developed an
automatic Matlab routine to extract bedrock and surface topog-
raphy cross-sections (perpendicular to the OD flowline, using 500-
m interval along the OD flowline and a sampling of 100-m interval
along the cross-sections in order to smooth very small topographic
changes). For each cross-section (1900 cross-profiles in total), we
performed polynomial fitting to quantify the (U-)shape factor (b
coefficient between 1 and 3, reflecting cross-section concavity;
Harbor, 1992; Prasicek et al., 2015). In addition, we calculated the
form ratio (ratio between cross-section depth and width; Harbor,
1992) and the transversal asymmetry (position of the local deep-
est point along the cross-section). Both the U-shape factor and form
ratio have been used in order to quantify howmuch glacial erosion
has modified the Swiss Alpine landscape (e.g., Harbor, 1992;
Prasicek et al., 2015).

Finally, morphometric parameters (area, volume, depths, elon-
gation, width and length) from modelled ODs under current ice
(hereafter called Modern ODs) were also added to our dataset
(hereafter called Quaternary ODs, including both the Foreland and
the Mountains domains for ODs in currently ice-free areas). Mod-
ern ODmorphometric datawere based on Haeberli et al. (2016) and
are derived from calculating ice thickness and bed topography
below the present-day Alpine glaciers (Fig. 1A) using GlabTop
(Linsbauer et al., 2009). In GlabTop, the ice thickness is calculated as
a function of surface slope and interpolated with Inverse Distance
Weight (IDK). For our study, we used the already processed
morphometric parameters stored for the model run 2k_l2_Glab-
top2 (Haeberli et al., 2016) to compare with morphometric data
extracted from Quaternary ODs.
3. Morphometric results

3.1. Morphometric statistics and spatial distribution

For the entire study area, we have isolated 91 ODs in total,
covering 6% of the total surface area (Fig. 4). The cumulated storage
volume of the ODs corresponds to around 42% of the total Qua-
ternary sediment infill volume of the region, calculated by sub-
tracting the bedrock-elevation model from the present-day surface
topography (Fig. 1C). A high concentration of Quaternary ODs (~80%
of the total ODs area) can be observed in the Foreland. Such OD area
distribution is mostly due to a few but very large individual ODs
that accounts for most of the OD area and storage volume in the
Foreland, in general associated to the main drainage systems
(Fig. 4).

Fig. 5 illustrates the distributions of OD morphometric param-
eters. Filtering processes applied during the automatic OD delimi-
tation have removed small topographic features (i.e. perimeter
smaller than 5 km or maximum depth lower than 50 m), which is
reflected in some asymmetric distributions or cut-off values in area
(Fig. 5A), volume (Fig. 5C) and maximum depth (Fig. 5E). OD areas
and volumes show similar histogram distributions, with a tendency
to small areas (median ¼ 3.2 km2; Fig. 5A) and volumes
(median ¼ 0.44 km3; Fig. 5C). The predominance of small ODs is
also reflected in the tendency towards shallow depths, with around
73% of our ODs having maximum depths between 50 and 300 m
(highly-skewed distribution for maximum depth with overall
median ¼ 180 m; Fig. 5E). Therefore, it is worth noting that our
±50-m error estimates (Fig. 2) can be significant, especially for
shallow ODs (for our median OD depth of 180 m, this represents an
uncertainty of ~28%). In general, Quaternary ODs tend to exhibit



Fig. 4. Overdeepening outlines and sediment infills (including water for modern lakes) draped on hillshade DEM (DHM25, Swisstopo). Sediment infills are calculated trough the
subtraction of the bedrock-elevation model with the present-day (surface) topography. Modern overdeepenings (i.e. currently under glaciers) are based on the dataset by Haeberli
et al. (2016). The main drainages of Switzerland, Seeland region (after Dürst-Stucki and Schlunegger, 2013) and the city of Bern are indicated. Coordinates are in UTM, based on LV03,
centered in Bern (600000, 200000).
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low adverse slopes (highly-skewed distribution with overall
median ¼ 1.1�, Fig. 5B) and longitudinal asymmetries (no clearly-
defined mode, but a dominance towards upstream asymmetries;
Fig. 5F). Finally, hypsometric integral distribution shows a quasi-
normal distribution (with one low-value outlier) centered around
relatively high values (median ¼ 0.58; Fig. 5D). Except for the
maximum depths and adverse slopes, for which higher values are
observed in the Mountains (Fig. 5BeE), other parameters show no
significant differences between the Mountains and Foreland
domains.

We also represented and categorized the main morphometric
parameters in a georeferenced map to obtain potential information
about their spatial variability (Fig. 6). In general, no specific spatial
trend can be observed for the Quaternary ODs in terms of
maximum depth, longitudinal asymmetry and number of nested
valleys (Fig. 6C-E-F). On the other hand, largest OD volumes are
mostly concentrated in the Foreland (Fig. 6A) and appear to be
associated with lowest adverse slopes (Fig. 6B). The hypsometric
integral is highly variable between ODs and locations. However,
some patterns may emerge from contiguous ODs belonging to the
same drainage catchments from the Mountains towards the Fore-
land, although these patterns differ between catchments (e.g., up-
per and lower Aare or upper and lower Rhône; Fig. 6D, locations in
Fig. 4).

3.2. OD geometric relationships

We compared first-order morphometric parameters (e.g., area,
depth, width, length) of ODs under current ice (modern ODs based
on modelling; Haeberli et al., 2016) with ODs in ice-free areas
(Quaternary ODs based on mapping; our dataset), with the overall
aim to assess whether there might be geometric relationships and
continuity between these two datasets. Both Modern and Quater-
nary OD datasets highlight a logarithmic relationship between area
and maximum/mean depth (Fig. 7A and B), with a clear continuity
between the two datasets for areas ranging over six orders of
magnitude (Fig. 7). While 52% of the Quaternary ODs show
maximum depths ranging from 50 to 200 m, all Modern ODs have
maximum depths below 200 m (Fig. 7B). In addition, one striking
observation is the very high variability in OD area and depth
metrics, which has also been observed in other studies (e.g.,
Haeberli et al., 2016; Mu~noz et al., 2020).

Similarly, a linear relationship (r2 z 0.8) for both Modern and
Quaternary ODs can be observed between OD length and width
(Fig. 8A). The obtained linear trends between OD length and width
suggest that ODs are in general significantly elongated (elongation



Fig. 5. Histograms of Quaternary overdeepening morphometrics (91 objects in total) for the Foreland and Mountains, with the different investigated parameters: (A) area; (B)
adverse slope; (C) volume; (D) hypsometric integral; (E) maximum depth and (F) longitudinal asymmetry. See text for parameters definition and discussion.
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ratio ~0.1; Fig. 8A). Furthermore, our observations on OD elongation
ratio and area indicate that large ODs (area >107 m2) tend to have
low elongation ratios (<0.3), while smaller ODs present highly
variable elongation ratios (from ~0.1 to 0.7; Fig. 8B).
3.3. OD controlling factors and predictive morphometrics

Fig. 9 illustrates the relationship between OD morphometrics
and potential OD controlling factors (i.e. bedrock erosional resis-
tance, LGM ice thickness). Themajority of Quaternary ODs occurs in
very-low (68%) and low (19%) resistive bedrock (which mostly co-
incides with the Foreland region; Fig.1D). Investigation on depth vs.
area/width relationships shows that ODs in very-low bedrock
erosional resistance domains tend to be larger (i.e. bigger surface
area; Fig. 9A), wider (Fig. 9B) and shallower (Fig. 9A and B), than
ODs in medium to high bedrock erosional resistance domains,
similar to the findings made by Augustinus (1992) and Swift et al.
(2008) for glacial valleys in other settings. OD maximum depth
appears positively correlated to maximum LGM ice thickness, with
no apparent lithological control (Fig. 9C).

We investigated the relationship between OD surface (area and
length) and subsurface (volume and nested valleys) metrics
(Fig. 10). Mountains and Foreland domains can be also distin-
guished based on their difference in ice-flow regime (constrained
and unconstrained ice flow, respectively). We observe a linear
behavior between OD area and volume (Fig. 10A). Since OD volume
and surface areas are linked, we would expect such a self-
correlation as also pointed out by Mu~noz et al. (2020). Consid-
ering that OD volume metric integrates depth, it is interesting to
note similar OD area-volume relationship between Mountains and
Foreland, suggesting a limited effect of the ice-flow setting on the
OD depth distribution (Fig. 10A).

In addition, we found a direct (and linear) relationship between
OD length and the number of nested valleys along the flowline,
providing an empirical scaling relationship for our dataset
(Fig. 10B). Interestingly, ODs with similar length present more



Fig. 6. Spatial patterns of Quaternary overdeepening morphometrics (91 objects in total) with the different investigated parameters: (A) volume; (B) adverse slope; (C) maximum
depth; (D) hypsometric integral; (E) number of nested valleys and (F) longitudinal asymmetry. See text for parameters definition and discussion.
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nested valleys in the Mountains (constrained ice flow) than in the
Foreland (unconstrained ice flow). Nevertheless, these relation-
ships, due to the intrinsic variability in OD metrics, are valid for
regional-scale analysis in terms of orders of magnitude andmay not
be applicable for small-scale studies.
3.4. OD cross-sections

OD cross-section geometries have also been investigated for
large ODs within our Quaternary OD dataset (OD width >400 m,
excluding Modern ODs). 83 ODs have been selected in total and
they occur both in the Foreland and Mountains domains (Fig. 11).



Fig. 7. Quaternary and Modern overdeepening area vs. mean (A) and maximum (B) depth. Similar logarithmic trends (best fits in dashed lines) are observed between the two
datasets over six orders of magnitudes for OD areas.

Fig. 8. Quaternary and Modern overdeepening length vs.width (A) and area vs. elongation ratio (B). A good continuity between Modern and Quaternary overdeepenings is observed
over several orders of magnitudes for OD length (A) and area (B). Moreover, a linear relationship (A) is observed between OD length and width (r2 ¼ 0.81 and 0.84 with (W1) and
without (W2) forcing through the origin, respectively). An exponential decreasing trend (B) is also observed between overdeepenings area and elongation ratio (best fit in dashed
line). Note that data is presented in log-log scale for a better visualization, masking somehow the observed variability in OD metrics (although this generally does not exceed one
order of magnitude).
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We analyzed form-ratios and b coefficients in order to check the 3D
evolution of the OD geometry along its longitudinal flowline (using,
therefore, cross-sections), following the proposed metrics by
Harbor (1992) and subsequent studies (e.g., Augustinus, 1995;
Prasicek et al., 2015).

Histograms for OD cross-sections (averaged parameters over
each individual OD) show a relatively symmetric distribution for
the b coefficient (or shape-factor, median ¼ 1.79; Fig. 11A), while
the form ratio and elongation ratio distributions are largely skewed
towards low values (medians ¼ 0.09 and 0.18 respectively;
Fig. 11BeD), reflecting the tendency of elongated and shallow
overdeepenings. Low values of transversal-asymmetry were
observed (median ¼ 19.7%; Fig. 11C), suggesting in general sym-
metric OD cross-sections.
Averaged b coefficient variability for the 83 selected Quaternary
ODs was investigated against area (Fig. 12A) and averaged form
ratio (Fig. 12B), after distinguishing the ODs based on bedrock
erosional resistance. At the scale of the entire OD dataset, no clear
relationship can be observed between these cross-section param-
eters, nor any potential lithological control. However, we highlight
that most of the ODs in very–low bedrock erosional resistance
show an overall tendency to form ratios below 0.15 (Fig.12B). When
looking at the scale of individual ODs, there seem to be high spatial
variability in the cross-section b coefficient and form ratio (Fig. 13).
Fig. 13 shows two specific examples of OD cross-sections located in
the upper Aare (low to very-low bedrock erosional resistance;
Fig. 13A and B) and Ticino (high to medium bedrock erosional
resistance; Fig. 13C and D), where opposite trends in b coefficient



Fig. 9. Quaternary overdeepening maximum depth vs. area (A), width (B) and
maximum LGM ice thickness (C). ODs are classified (color code) using the bedrock
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and form ratio are observed along their respective OD flowline. A
slightly increasing to constant trend for the upper Aare (Fig. 13A)
can be noticed for b coefficient, while Ticino shows a strong
decreasing trend (Fig. 13C). From the form ratios, the upper Aare
shows a decreasing trend along the OD flowline (Fig. 13B), while
Ticino shows a slight increasing to constant downstream trend
(Fig. 13D).

4. Discussion

4.1. Limitations and predictive morphometrics

In this section, we highlight some potential limitations of our
selected datasets and approach for the delimitation of ODs and
their consequences for the conducted morphometric analysis. We
also provide some discussion on the potential usefulness of OD
surface metrics (i.e. area and length) to extract information from
the OD subsurface geometries (e.g., nested valley, volume).

4.1.1. Datasets and approach limitations
Our combined bedrock-elevation model (resolution of 100 m)

smooths small bedrock topographic features due to downscaling
(i.e. from 90-m resolution for Model 1 and 25-m resolution of
Model 2). This computational step has direct effects on feature
metrics derived from the combined bedrock-elevation model, such
as the Quaternary sediment infill, OD delimitation and cross-
sections (mostly b coefficients). Based on borehole evaluation
(Fig. 2), we estimate that uncertainties up to ±50 m in bedrock
elevations are probable. In other studied areas where borehole data
was not available, our bedrock-model errors could not be esti-
mated, but we hypothesize similar uncertainties. Besides, intrinsic
assumptions of Model 1 for geometric continuity (Mey et al., 2016)
include a positive relationship between valley width and subsur-
face infill thickness, leading to possible underestimates of true OD
depth for narrow valleys. These limitations are also propagated in
our analysis when using Model 1 (Fig. 2). Finally, it is worth noting
that our derived Quaternary sediment infill (Fig. 1C) also over-
estimates true sediment thickness in lake-filled regions, while this
does not affect our OD metrics.

Given that our OD delimitation approach used contour curves
directly from the bedrock-elevation model with an imposed 25-m
interval, the shape of each individual OD may slightly differ from
reality (i.e. one contour curve difference). There are also possible
limitations in our approach in respect to our filtering criteria. The
hydrological dataset used for OD hydrology filter (Fig. 3B) is based
on present-day river drainage and may inaccurately reflect the
drainage pattern during the formation of ODs (i.e. during glacial
conditions), and in addition this dataset does not include small
rivers. Such uncertainties in the hydrology filtering may have led to
dismiss small ODs from our dataset. However, the regional OD
pattern and major ODs have not been affected by such criteria.
Sensitivity tests were conducted for other topographic filtering,
including minimum sediment infills (Mask 1) and bedrock slopes
(Mask 2) (Fig. 3A). We have performed quantitative and qualitative
tests for these parameters. Final threshold values of 20 m and 15�,
respectively (Fig. 3A) have been adopted. Taking bedrock-elevation
model errors into account, these threshold values have resulted in
the removal of small OD features. We also highlight that possible
erosional resistance (Kühni and Pfiffner, 2001). While bedrock lithology seems to in-
fluence the geometrical relationships between area/width and maximum depth (A-B),
bedrock resistance apparently does not modulate the observed apparent relationship
between maximum LGM ice thickness and OD maximum depth (C). See text for dis-
cussion. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)



Fig. 10. (A) Quaternary overdeepening area vs. volume. The observed linear correlation between OD area and volume show no major difference between the Foreland and the
Mountains, where ice flow is constrained. (B) Quaternary overdeepening length vs. number of nested valleys. The ice-flow type (i.e. constrained vs. unconstrained, respectively, in
the Mountains and Foreland areas) appears to modulate the occurrence of nested valleys along an OD longitudinal profile. For the same length, ODs in the Mountains show a higher
number of nested valleys when compared to the ones in the Foreland (dotted lines for illustration, best-fit linear trends).

Fig. 11. Morphometric cross-section histograms of selected overdeepenings (83 objects in total, see text for selection criteria): (A) b coefficient (shape-factor); (B) form ratio; (C)
transversal asymmetry and (D) elongation ratio. See text for parameters definition and discussion.
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changes in the OD delimitation would occur when adopting
different threshold parameters. These changes would have affected
proportionally all the metrics (area, width, length) and therefore
spatial patterns in OD geometry are not expected to vary signifi-
cantly depending on the selected contour for final OD shape. As for
the filtering criteria, we believe that these do not constitute a major
limitation, since they are applied only to the points of local bedrock-
elevation minima (Masks 1 and 2; Fig. 3AeC). Therefore, the most
representative ODs in the Swiss Alps and foreland are kept with our
conservative approach, whereas small OD features and potential
topographic noise are removed from the bedrock-elevationmodels.

Assumptions were made also for the maximum LGM ice thick-
ness calculation and the bedrock erosional resistance datasets
(Fig. 1A and D), mainly for large-scale analysis purposes. The
maximum LGM ice thickness was computed assuming full sedi-
ment infill during LGM conditions.We calculated LGM ice thickness
for each OD cell by the difference between the LGM ice surface
(Fig. 2A) and the current topography. With such a conservative



Fig. 12. Quaternary overdeepening cross-section morphometrics. (A) OD area vs. averaged cross-section b coefficient (shape-factor) colored by bedrock erosional resistance (see
legend for color code; Kühni and Pfiffner, 2001). (B) Averaged cross-section form ratio vs. b coefficient (shape-factor) colored by bedrock erosional resistance. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)

Fig. 13. Cross-section b coefficient (shape-factor) and form ratio along an OD profile line for two selected overdeepenings: upper Aare (A-B) and Ticino (C-D). See Fig. 4 for location.
Each cross-profile is associated to the most representative bedrock erosional resistance (see legend for color code; Kühni and Pfiffner, 2001). Different distances between the points
are due to quality control filtering that removed some cross-sections. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)
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approach, we did not take into account OD depth into the calcu-
lation, preventing potential self-correlations in Fig. 9C. This may
lead to an underestimate in true LGM ice thickness, especially for
deep ODs that have been significantly excavated during LGM times
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(Preusser et al., 2010). Concerning bedrock lithology, Kühni and
Pfiffner (2001) summarized units with similar geotechnical resis-
tance against mechanical and chemical weathering. This regional-
scale bedrock erosional resistance map may, therefore, not reflect
the local bedrock erosional resistance along OD cross-sections
(Fig. 13). A higher-resolution bedrock erosional resistance map
would optimize our cross-section results, although this would
result in an increased lithological variability and associated diffi-
culties for classification. In that sense, we believe that these results
serve as a general first-order estimate for the lithological control on
OD cross-sections.

At last, for OD cross-section computations, b coefficients are
calculated as an average of the two OD sides for each cross-section.
As a result, b coefficients tend towards low values for potential deep
carving, even if slightly U-shaped. Besides, the averaging process
may hide small differences among the two sides of an OD cross-
section. This could mask the real shape at the OD bottom, but
provides a homogenous approach for all cross-sections without the
need for different topographic filterings.
4.1.2. Predictive morphometrics
Subsurface bedrock information is often difficult to access in

(formerly-)glaciated areas, and OD metrics show often complex
surface/subsurface relationships (e.g., Cook and Quincey, 2015).
Thus, subsurface OD metrics are usually estimated for paleo-glacial
environments or are empirically calculated for currently glaciated
areas (e.g., Linsbauer et al., 2012). Haeberli et al. (2016) and Mu~noz
et al. (2020) highlighted the intrinsic complexity for establishing
significant relationships between the different OD metrics due to
their high variability. In this section, we investigate to what extent
OD surface data (i.e. area and length, potentially easier metrics to
obtain from topographic analysis) could serve as proxies for OD
metrics subsurface (i.e. depth and volume calculated from them).

Although self-correlation can be expected between OD area and
volume (Fig. 10A), we interestingly observe similar behaviors and
scaling in both the Foreland and Mountains (Fig. 10A). This
apparent similarity could be attributed to the fact that ODs in the
Mountains are generally deeper (Fig. 5E), while Foreland ODs have
preferentially larger surface areas (Fig. 5A). In this situation, it ap-
pears that the scaling observed between OD area and volume are
not statistically different between the Mountains and Foreland.

The number of nested valleys, which could give an initial esti-
mate on local erosion dynamics (i.e. child basins inside the parent
overdeepening; Patton et al., 2015), show a relationship with OD
length, but, in general, with a higher number of nested valleys for
ODs located in the Mountains than in the Foreland (Fig. 10B). The
higher number of tributary junctions in the Mountains, reflecting
potential abrupt increase in ice discharge, could explain the
observed difference. Moreover, although the locations of nested
valleys do not exactly spatially occur at modern river confluences,
we also observe a correlation between the number of nested valleys
and the number of rivers confluences within an OD (using the
current hydrology dataset, Table S1). This could indicate that nested
basins and valley confluences are linked, which would support the
nested valley origin depending on ice-flux and basal sliding in-
crease (MacGregor et al., 2000; Cook and Swift, 2012; Haeberli
et al., 2016). However, because topographically unconstrained
settings coincide with the Molasse Basin (which comprises very-
low bedrock erosional resistance), we cannot exclude that
bedrock erosional resistance also plays a role in our observation. In
this regard, in the Foreland ODs seem to develop fewer but bigger
nested valleys than in the Mountains. Such evolution would evi-
dence OD development from multiple small nested valleys to a
single mature depression, following the conceptual model
suggested by Patton et al. (2016).
4.2. Spatial relationships for Quaternary ODs

The spatial distribution of Quaternary ODs and their metrics in
the Swiss Alps and foreland is widespread and relatively random
(Fig. 4), but some trends can be observed. The Mountains show a
clear trend for deeper ODs compared to the Foreland (Figs. 5E and
6C). The only exceptions in the Foreland are the Rhine and Rhône
drainage systems. However, these extensive ODs have their deepest
portions in their upstream parts, still within topographically con-
strained areas. Quaternary ODs with the biggest areas are mostly
related to the major drainage systems (Fig. 4) and are concentrated
in the Foreland (Fig. 5A), where they cross very-low resistive
bedrock (Molasse Basin). On the other hand, in regard to volumes,
the Seeland OD (Fig. 4) is the only OD entirely located in the
Foreland with a volume above 12 km3, where ice flow was possibly
partially constrained by the Jura Mountains to the north during
major glaciations (e.g., LGM; Bini et al., 2009). We observe similar
spatial pattern for the number of nested valleys, that aside from the
Seeland OD, are less present in the Foreland (Fig. 6E). Adverse
slopes are slightly lower in the Foreland than in the Mountains
(Fig. 5B) and associated to larger ODs (Fig. 6B). On the other hand,
longitudinal asymmetry (Figs. 5F and 6F) shows no clear spatial
relationship with the Foreland/Mountains domains or different
drainage catchments, suggesting different controlling factor(s) for
such geometric parameter.

Although we refer to these landscape features as Quaternary
ODs with a glacial influence, we have no timing control for the OD
formation and evolution, as already discussed in the literature (e.g.,
Preusser et al., 2010). In this sense, although hypsometric integrals
are used mostly for discussing the maturity of surface landscapes
(e.g., Brocklehurt and Whipple, 2004), we tested if such metric
could provide information about the glacial imprint on subsurface
topography and thus could help to estimate a first-order approxi-
mation for the timing of OD development. The Rhône and Aare ODs
present higher hypsometric integrals in their upstream parts
(Fig. 6D), showing a possible headward propagation of glacial
erosion. Glacial modelling and erosion studies have also predicted
such an upstream evolving erosion pattern (e.g., Shuster et al., 2011;
Sternai et al., 2013). However, this proposed mechanism does not
hold true for our whole dataset as we see reverse spatial patterns of
hypsometric integrals for other major ODs (e.g., Linth and Rhine
areas; Fig. 6D) Consequently, at the regional scale of our study, the
high variability in hypsometric integral between and within ODs
does not allow a possible estimate for the timing of OD develop-
ment, remaining an open question for future investigation.
4.3. Comparison with other OD datasets

Morphometric parameters for Quaternary ODs in the Swiss Alps
and foreland have similar distributions (Fig. 5) to ODs mapped by
Patton et al. (2016) beneath Antarctica and Greenland ice sheets,
potentially reflecting first our similar approaches for OD delimita-
tion (Patton et al., 2015). Although absolute valuesmay differ due to
different glacial settings (ice sheets vs. alpine glaciers), surface
(area, length and width) and subsurface (adverse slope and vol-
ume) metrics are largely skewed towards low values for all datasets
(Fig. 5). Interestingly, maximum depths show similar absolute
values and distributions for our dataset (Fig. 5E) and for Greenland/
Antarctica (Patton et al., 2016). Median depths for Antarctica and
Greenland ODs are 170e180 m, very similar to our dataset (180 m),
and all datasets have ~25% of ODs shallower than 100-m deep. OD
areas show much smaller medians for our dataset than ODs in
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Antarctica or Greenland (medians of 3.2 km2 vs. 137 km2 and
74 km2, respectively; Table S1; Patton et al., 2016). The dominance
of small and shallow ODs in our Quaternary dataset (medians of
180 m and 3.2 km2, respectively) could be attributed to insufficient
growth time in the Swiss Alps (i.e. ice fluctuations during Quater-
nary glacial/interglacial periods) or the loss of erosional power
(mostly in the Foreland, where ice flow diverges and glacier surface
flattens). Our data show a slightly lower maximum depth range (up
to 1000 m, compared to ~1500 m in Antarctica/Greenland datasets
e Patton et al., 2016). From this perspective, evenwith the possible
reduced availability of subglacial water in Antarctica and Greenland
compared to the Swiss Alps, ODs have developed over long-term
due to the stability of glacial conditions in polar settings. On the
other hand, the confinement of ice within the narrow valleys from
the Alpine region and increased water abundance could have led to
an increased carving, compensating its reduced ice-cover duration.
This would highlight that the erosional potential of ice sheets is
enhanced mostly due to the longer permanence of ice and during
warmer periods, as also suggested by Patton et al. (2016).

Longitudinal asymmetry shows a slight dominance towards
negative values for 57% of our ODs (Fig. 5F), which may indicate a
dominance of quarrying during OD evolution, since abrasionwould
act preferably at the exit point of ODs (Cook and Swift, 2012; Patton
et al., 2016). In addition, subglacial fluvial processes could have also
contributed to longitudinal asymmetry with spatially-variable ef-
ficiency in sediment evacuation and thus bedrock erosion (as also
proposed in Patton et al., 2016), leading to a deeper upstream OD
(high efficiency) and a sediment-covered adverse slope (low effi-
ciency). The observed distribution is similar to that of Antarctica
and Greenland, but our ODs show a slightly less skewed longitu-
dinal asymmetry, with median of �7% vs. �21% and �22%,
respectively for Antarctica and Greenland. Large drainage catch-
ments that encompass several ODs (e.g., Aare or Rhône; Fig. 4),
could evidence splitting of formerly contiguous ODs, resulting in
preferentially negative values for longitudinal asymmetry (Fig. 6F).

Our dataset exhibits elongation ratios concentrated around 0.2
(Fig. 8B), which suggests that Alpine Quaternary ODs are more
elongated than ODs in Antarctica and Greenland (median ~0.3;
Patton et al., 2016) or Modern Alpine ODs (median ~0.4e0.5;
Haeberli et al., 2016). This could be due to different local factors,
such as structural pre-conditioning, or repeated glacial fluctuations
(i.e. advance/retreat cycles) that may have affected more the Alpine
Quaternary ODs, in comparison to the more stable ice sheets in
Antarctica/Greenland or high-elevation Modern ODs.

Geometric relationships for area vs. maximum depths (Fig. 7B)
in our study area showed a similar range (i.e. up to 1000 m for ODs
<100 km2) as Patton et al. (2016), but we observed a logarithmic
instead of a linear trend. This behavior is closer to the one observed
for Modern ODs in the Swiss Alps (Haerberli et al., 2016). The linear
trendmight be related to the km-scale size of ODs in Antarctica and
Greenland, where ODs are not smaller than 10 km2. Beyond this
threshold, our OD dataset in the 10e100 km2 range (Fig. 7B) could
also be approximated by a linear fit as Patton et al. (2016) suggested
for the Antarctica-Greenland dataset (10-10,000 km2 range).

Alpine Quaternary OD length vs. width (Fig. 8A) showed a linear
trend and overall relationship similar to the one found by Patton
et al. (2016). Our observations indicate a 1:10 ratio between OD
width and length, and appears to be slightly sensitive to local set-
tings (i.e. Alpine vs. polar regions), since for Antarctica/Greenland
the ratio is ~1:5. Although OD data present a high variability, we
stress that this does not exceed one order of magnitude in general
(Table S1). Such a generalized relationship could, thus, be used for
future works that require simplification scaling (e.g., for ice
modeling simulations).
Similar to the findings by Patton et al. (2016), no relationship
was observed between adverse slope and maximum depth for the
Alpine Quaternary ODs (Fig. 6B and C). Therefore, either down-
stream erosion (i.e. close to adverse slope) wasmostly active during
previous glaciations and minimal/none after the subsequent sedi-
ment infills, or the establishment of the adverse slope final gradient
is not temporally synchronous to the deepest-point erosion inside
an OD. The absence of connection between adverse slope and LGM
ice thickness, might reinforce the idea that ODs were initially
formed/developed during older glaciations than LGM when ice-
thickness and extent were different. Our dataset shows that
larger (and therefore longer) ODs present low-gradient adverse
slopes, potentially linked to our methodological approach (taking
the closest point of minima and the exit point for establishing the
adverse slope) or reflecting sediment infills inside the OD that
cannot be evacuated via the adverse slope, possibly shielding from
further erosion (Alley et al., 1999). At last, the hypsometric integral
(median ¼ 0.58; Fig. 5D) could not be related to any of the main
metrics available for our OD dataset, which implies that final OD
geometries are a combination of local effects on the topography
rather than a regional-scale erosional mechanism.

4.4. Controlling factors and dominant subglacial processes

In the present study, we have investigated the role of extrinsic
factors in the development of glacial ODs, especially the influence
of bedrock erosional resistance (Fig. 1D), ice-flow drainage (i.e.
constrained vs. unconstrained flow in Mountains and Foreland,
respectively, Fig. 2A) and maximum LGM ice thickness (Fig. 1A) as a
proxy for late-Pleistocene ice flux and erosion potential (e.g.,
Anderson et al., 2006; Dürst-Stucki and Schlunegger, 2013).

Using the bedrock erosional resistance map allowed us to notice
two different trends for OD width vs. maximum depth relationship,
according to their bedrock erosional resistance class (Fig. 9B). ODs
in very-low resistive bedrock tend to widen more than deepen,
while in harder lithologies there is an inverse tendency with
preferential deepening over valley widening. Such behavior has
already been observed for ODs in ice-sheet settings (Patton et al.,
2016) and fjords (Swift et al., 2008), and can be partially
explained in our study by the fact that harder lithologies occur
mostly in the Mountains (Fig. 1D). In the Mountains, tectonic
deformation could have fractured the bedrock at depth (e.g.,
Dühnforth et al., 2010; Clarke and Burbank, 2011), providing bed
irregularities that allow efficient erosion at the bottom of ice flow.
Moreover, water-pressure in confined-flow situations may have
enhanced quarrying and focus erosion at glacier beds (e.g.,
Rӧ;thlisberger & Iken, 1981; Jansson and Hooke, 1989). This situa-
tion may have been reinforced by subglacial fluvial processes,
leading to high efficiency in sediment evacuation along the OD
upstream part while sediment deposition occurred along the
adverse slope (OD downstream part). Subglacial sediment trans-
port, driven by subglacial water dynamics, is also an important
controlling mechanism for large OD evolution which have a clear
tendency towards low adverse slopes in both Alpine (Fig. 5) and
polar (Cook and Swift, 2012) settings. Finally, topographically-
constrained conditions (Mountains) have allowed greater ice
accumulation, subglacial meltwater flux and, consequently,
erosion. The relationship between OD depths and area (Fig. 7A and
B) also supports this idea, with bigger ODs (i.e. associated with
major drainage catchments) exhibiting increased depths, especially
in harder lithologies. This highlights a possible important role of
both the lithological and hydrological settings on OD deepening.

Another candidate for controlling OD morphometrics is the
maximum LGM ice thickness. When analyzed against maximum
depths (Fig. 9C), it shows an apparent exponential correlation,
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although high variability is also observed. Several studies have
highlighted the role of extensive ice masses in increasing erosion
due to increased basal sliding (e.g., Cook and Swift, 2012; Egholm
et al., 2012; Wang et al., 2018). The relationship we found here
can allow a first-order estimate of OD maximum depth based on
the reconstructed ice thickness. No lithological dependence in such
relationship was evident for Quaternary ODs (Fig. 9C). Although
LGM ice thickness can be used as a first-order proxy for OD
maximum depth, it does not imply that the investigated ODs were
formed during LGM time (Preusser et al., 2010). The absence of
spatially-distributed ice thickness data from previous Quaternary
glaciations, prevents a comparative analysis. Nevertheless, it is
expected that during other Quaternary glaciations, the Alpine ice
masses have been proportionally similar to the LGM (scaled up or
down), maintaining the overall pattern and relationship we have
evidenced.

4.5. OD transversal geometry and subglacial hydrology

Averaged cross-section b coefficients do not show any clear
trend with area for the investigated ODs, and neither do they seem
controlled by bedrock erosional resistance (Fig. 12A). On the other
hand, cross-section form ratios show higher values for ODs located
in harder lithologies and are associated to lower b coefficients
(Fig. 12B). This may evidence that V-shaped cross-sections are in
general deeper than their U-shaped equivalents, although this
observed relationship is only qualitative and would require further
investigation. Since we have presented here averaged values for all
cross-sections within a given overdeepening, this could have
masked the real trend. For this reason, in Fig. 13 we analyzed and
reported each cross-section for two overdeepenings (see Fig. 4 for
locations): upper Aare (Thunersee and Brienzsee) and Ticino (Lago
Maggiore region). We have selected these key examples as they
show opposite trends regarding b coefficients and form ratios along
their flowlines.

For the upper Aare, b coefficients are variable along different
cross-sections but they do not show any particular trend, ranging
mostly from 1.2 to 2 (Fig.13A). However, form ratios seem to show a
bedrock shallowing trend downstream (i.e. decrease in form ratio;
Fig.13B), almost synchronously to a major lithological change (from
Helvetic units/napes limestones to sub-alpine molasse/molasse
sandstones; after Litty and Schlunegger, 2017). Simply put, a
negative feedback is observed between the erosion potential for
deep carving and the presence of low-resistance bedrock (i.e. Mo-
lasse Basin). This may be associated to subglacial water infiltration
in the Molasse, reducing sliding and loosing erosional power (e.g.,
Beaud et al., 2014; Ugelvig et al., 2018; Steinemann et al., 2020). On
the other hand, cross-sections from Ticino (Fig. 13C and D) show an
opposite trend: b coefficients show a tendency towards V-shaped
cross-sections downstream (i.e. low b coefficients; Fig. 13C), while
form ratios are variable around 0.3e0.35. The transition from high
to low b coefficients, is also occurring at a lithological contrast (i.e.
from gneisses to granitoids/metasedimentary rocks). Such litho-
logical contact also influenced the opposing trends of form ratios,
with a decrease in variability when crossing fromhighly resistant to
medium resistant bedrock (Fig. 13D). It should be emphasized that
for the upper Aare, the OD entrance point is inside Lake Brienz and
the exit point at the margins of Lake Thun, while the opposite oc-
curs for Ticino: (entrance point at Lago Maggiore’s margin and exit
point inside the lake, here the OD is cut because of our model
boundary). This could, alongside with opposite water pressure
trends (decreasing for the upper Aare and increasing for Ticino),
help explaining the observed opposing trends of form ratios
(Fig. 13B vs. 13D). Moreover, due to the Messinian salinity crisis, the
two catchments experienced very different glacio-fluvial histories
(e.g., Bini et al., 1978; Finckh, 1978), which points towards a more
glacially-influenced origin and development of the Aare OD, in
contrast to a potentially more fluvial origin of the Ticino OD.

Since form ratios are based on the ratio between depths and
widths (possibly masking changes in each individual metric), we
also analyzed the relationship between depths vs. widths for each
cross-section in the upper Aare and in the Ticino ODs (Fig. 14). In
harder lithologies, depth vs. width seem to correlate well (Fig. 14C-
D-F), suggesting that the Ticino overdeepening both deepens and
widens. However, in the Aare OD, the width/depth pattern is less
obvious, especially in the Molasse (Fig. 14E). Although width vari-
ability appears complex along the Aare OD (Fig. 14A), a shallowing
is clearly noticeable (Fig. 14B). This would confirm a loss of
erosional power at the OD bottom or a shift towards an increased
lateral erosion in the Molasse low resistant bedrock, as also sug-
gested in other glaciated settings (Augustinus, 1992, 1995; Swift
et al., 2008).

Our interpretations for b coefficients or form ratios are based on
cross-sections along OD profile (e.g., upper Aare vs. Ticino;
Figs. 13e14), which could provide insights for their overall devel-
opment. However, these specific observations cannot serve as
quantitative estimates for glacial imprint on OD transversal ge-
ometry (Harbor, 1992), due to the variability encountered between
analyzed cross-sections even within similar lithology. Moreover,
other combined effects of subglacial processes, such as variations in
water pressure and/or sediment shielding of bedrock, coupled with
ice dynamics could have significant impacts on the depth and
width evolution within ODs, and may explain the highly variable
pattern observed in the Molasse Basin for the upper Aare OD
(Fig. 14A-B-E). From our study, the use of cross-sections established
at regular 500-m intervals along OD profile (i.e. not averaged)
provides improved results when compared to averaged b co-
efficients and form ratios within each OD. On the other hand, the
increased variability presents a challenge in accessing possible re-
lationships between these morphometric parameters.

5. Conclusions

We have investigated, through a GIS Matlab-based approach for
automatic OD delimitation, the morphometric characteristics,
spatial patterns and relationships of Quaternary ODs in the Swiss
Alpine foreland and neighboring areas. Together in comparison
with ODs from other glaciated regions (Haeberli et al., 2016; Patton
et al., 2016), our results provide some new perspectives on the
possible controlling factors and the usage of surface proxies for
subsurface ODmetrics. Some key findings suggested by our data are
summarized below:

1. The Quaternary ODs are major sediment storage features in the
Swiss Alps and foreland (cumulated volume ~42% of the total
sediment infill). The majority of Quaternary ODs occurs in very-
low (68%) and low (19%) resistive bedrock, which mostly co-
incides with the Foreland region.

2. ODs in very-low bedrock erosional resistance domains tend to
be larger, wider and shallower than in medium to high bedrock
erosional resistance domains, which coincide with the Moun-
tains region.

3. Maximum LGM ice thickness appears positively correlated to
ODmaximum depth, showing an exponential trend, but with no
apparent lithological control on this relationship. This may
reinforce the glacial origin for investigated ODs in Switzerland,
although pre-glacial origin and more complex forming mecha-
nisms cannot be excluded (Preusser et al., 2010), with the LGM
ice pattern being a first-order proxy for older glacial periods
during which the ODs were formed and evolved.



Fig. 14. Cross-section widths and depths for profiles along two selected overdeepenings: upper Aare (A-B) and Ticino (C-D). See Fig. 4 for location. Each cross-profile is associated to
the most representative bedrock erosional resistance (see legend for color code; Kühni and Pfiffner, 2001) and the distance from the OD entrance point. Different distances between
the points are due to quality control filtering that removed some cross-sections. The width/depth ratios are shown for the upper Aare (E) and Ticino (F), where remarkable dif-
ferences can be noticed. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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4. Maximum OD depths show similar absolute values and distri-
butions for our dataset in comparison to Greenland and
Antarctica (Patton et al., 2016). A comparison between area and
maximum/mean depth show a logarithmic relationship for
small ODs (our dataset, area <10 km2) that can be approximated
to a linear relationship for larger ODs (10-10,000 km2). Due to
the high variability in OD metrics, these relationships are suit-
ablemainly for regional-scale studies where ODs are analyzed in
terms of orders of magnitude and first-order processes.
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5. Longitudinal asymmetry shows a slight dominance towards
negative values (i.e. the OD deepest point is generally shifted
upstream), which indicates a dominance of quarrying during OD
evolution. Hypsometric integrals for selected catchments sup-
port headward erosion along major glacial catchments. Sub-
glacial meltwater could also enhance the negative asymmetry
by efficiently evacuating sediments towards the adverse slope.

6. Alpine Quaternary OD length vs.width show a linear trend, with
a 1:10 width to length ratio. When compared with other re-
gions, this ratio appears to be slightly sensitive to local settings
(i.e. Alpine vs. polar regions). Indeed, our observations suggest
that alpine Quaternary ODs tend to bemore elongated than both
Antarctica/Greenland ODs and Modern Alpine ODs, with char-
acteristics resembling fjords (e.g., Swift et al., 2008).

7. A similar linear behavior between OD surface area and volume is
observed, with high similarity for both constrained (Mountains)
and unconstrained (Foreland) ice-flows.

8. Foreland ODs seem to develop fewer but bigger nested valleys
than in Mountains. Such evolution would evidence ODs devel-
opment from multiple small nested valleys to a single mature
depression, following the conceptual model suggested by Patton
et al. (2016).

9. Cross-sections along selected ODs show different spatial pat-
terns that are apparently related to the lithological and hydro-
logical settings. This is highlighted in the cross-sectionwidth vs.
depth relationships. A negative feedback is observed between
the erosion potential for deep carving and the presence of low-
resistance bedrock (i.e. Molasse Basin) where infiltration of
subglacial meltwater could have played a key role. This could
have happened especially in the Foreland where meltwater
abundance is reinforced by the basal thermal regime (i.e. warm-
bed glacier) and ice flux convergence between glacial
catchments.

Physical and numerical models based on 1D valley geometries
and subglacial erosion processes can relatively simply explain the
shape of ODs (e.g., Anderson et al., 2006; MacGregor et al., 2000).
However, the real 3D shape and evolution of glacial ODs are more
complex. Therefore, 3D numerical models (e.g., Egholm et al., 2012)
computing ice dynamics and subglacial erosion, coupled with hy-
drology and sediment are essential. In this sense, our study pro-
vides quantitative data and morphometric relationships to allow
the comparison between model outputs and morphometric ob-
servables. Such approaches can significantly improve our under-
standing of subglacial erosion and accordingly the physical laws
within numerical models. In addition, the resolution and accuracy
of bedrock topographic models is constantly improving thanks to
geophysical data and borehole availability. We thus believe that
future investigation will allow to move forward from our current
interpretations, especially when combined with detailed litholog-
ical maps, enhancing the use of cross-section width and depths for
3D analysis of OD development. Finally, chrono-stratigraphic in-
vestigations, using geochronology techniques on sediment infills
within ODs, would provide a major contribution to understanding
the complex subglacial dynamics and erosion processes involved in
ODs long term evolution.
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