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1 | INTRODUCTION

Subglacial bedforms develop at the base of wet-based glaciers when

flowing ice streamlines underlying

Susan Ivy-Ochs?

sediments or bedrock

| Bernhard Salcher?

Abstract

Based on high-resolution (sub)glacial geomorphological mapping, we present a first
digital inventory of streamlined bedforms within the footprint of a Last Glacial
Maximum (LGM) Alpine piedmont glacier. A total of 2460 drumlins were mapped
across the Rhine glacier foreland. Glacial lineations and one field of subglacial ribs
(ribbed/Rogen moraines) — the first record of this type of subglacial landform on the
Alpine foreland—were identified. Two flowsets, associated with (i) the Rhine glacier’s
LGM maximum advance (Schaffhausen stadial) and (ii) a late LGM readvance (Stein
am Rhein stadial), are differentiated. The vast majority of streamlined bedforms occur
in fields aligned in a 16- to 30-km-wide swath upstream of the Stein am Rhein frontal
moraines. Orientation and elongation of drumlins and glacial lineations set the basis
for the reconstruction of paleo-ice flow. Basal flow paths of the LGM maximum
advance are visually interpreted and restricted to the zone proximal to the former ice
front. The flow field reconstructed for the late LGM glacier readvance (Stein am
Rhein stadial) extends tens of kilometres upstream and is modelled implementing a
recently published kriging routine. The derived basal flow patterns paired with
information on ice surface levels from lateral and frontal moraines and combined
with relative ice velocity differences inferred from spatial changes in bedform
elongation reveal detailed insights on ice flow geometries, particularly during the
glacier readvance. Reconstructed flowlines highlight basal flow under shallow ice that
is strongly controlled by local topography evidenced by diverging around basal
bumps and converging in (narrow) valley sections and troughs, where basal flow
velocities, steered by topography, are high. Gained paleo-ice basal flow patterns offer
new insights on landscape evolution of the northern Alpine foreland and provide

evidence-based flow data to validate future physical modelling results.
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drumlin, European Alps, glacial reconstruction, ice flow trajectories, subglacial ribs, subglacial
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(Boulton, 1987; Eyles et al, 2016; Menzies, 1979; Patterson &
Hooke, 1995; Stokes, Spagnolo, et al., 2013) and leaves behind land-
forms oriented either parallel or transverse to flow (Clark, 1999; Clark,
Ely, Spagnolo, et al, 2018; Stokes et al, 2011). Subglacially
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streamlined landforms are widespread features in regions formerly
covered by the large Northern Hemisphere ice sheets (e.g., the British
and Irish [Clark, Ely, Greenwood, et al., 2018; Greenwood &
Clark, 2008; Hughes et al., 2010], Scandinavian [Boyes et al., 2021;
Hattestrand et al., 1999; Putkinen et al, 2017] or Laurentide ice
sheets [Boulton & Clark, 1990a, 1990b; Clark, 1993; Clark
et al, 2000; McMartin et al., 2021; Prest et al., 1968; Stokes,
Spagnolo, et al., 2013]), and are also known from the forelands of the
European Alps (Habbe, 1989, 1992). Drumlins, mega-scale glacial line-
ations (MSGLs), flutes and subglacial ribs (also known as Rogen
moraines or ribbed moraines) are typical landforms of the ice-bed
interface (Clark, 2010). The process of formation of subglacial land-
forms, especially drumlins, is not fully understood and is discussed
widely (Boulton, 1987; Clark et al., 2003; Dunlop et al., 2008; Eyles
et al., 2016; Fowler & Chapwanya, 2014; Hart et al., 2018; Iverson
et al., 2017; Menzies, 1979; Shaw, 2002; Stokes, Fowler, et al., 2013).
As expressed succinctly by Eyles et al. (2016), one needs to envision
that drumlins either emerge (are depositional) or grow down and thus
are erosional landforms. But equifinality of subglacial shapes may also
play a role, with different processes occurring at the ice-bed interface
individually or in concert at different times (Fowler, 2018; Moller &
Dowling, 2018).

Orientations of streamlined subglacial landforms indicate glacier
flow directions and are a powerful tool for constraining basal ice flow
patterns during past glaciations (Clark, 1999; Greenwood &
Clark, 2009; Hughes et al., 2014; Kleman & Borgstrom, 1996; Ng &
Hughes, 2019; Shaw et al., 2010; Stokes & Clark, 2001). Highly elon-
gated subglacial features can further inform about corridors of fast-
flowing ice (Jamieson et al., 2016; Stokes & Clark, 2002). Recent
modelling results find a wet subglacial environment, equal to those
observed under modern ice streams, to be a key requisite for drum-
lins elongating into MSGLs (Ely et al., 2023). When basal sliding
occurs under wet-based conditions, the glacier bed is continuously
remodelled and subglacial landforms are formed, reshaped and des-
troyed, depending on ice velocity and occupation time (Clark, 1993,
1994; Kleman et al., 2007; Kleman & Borgstrom, 1996). Setting in of
cold-based conditions, glacier-bed decoupling or de-glaciation, can
lead to fossilization of streamlined bedforms (Kleman &
Borgstrom, 1996). If wet-based conditions are reinstated and
streamlining resumes, large glacial lineations of previous flow
regime(s) may be preserved as patches of beheaded, cross-cut or
overprinted forms (Clark, 1999; Kleman et al., 2007; Kleman &
Borgstrom, 1996).

In the European Alps, drumlin fields are known from the former
beds of the large Quaternary (piedmont) glaciers that flowed out of
the high mountain areas onto the forelands (e.g., Lyon, Rhone,
Reuss, Rhine, lller, Isar-Loisach, Inn and Salzach glaciers)
(Beckenbach et al., 2014; Custer & Aubert, 1935; Ebers, 1926;
Frih, 1904; Glickert, 1974; Habbe, 1988; Penck & Briickner, 1909;
Salcher et al., 2010; Weinberger, 1952), as well as in inner Alpine
valleys (Bodenburg Hellmund, 1909; Gotzinger, 1939; Heinisch
et al, 2015; Schuster et al, 2006; van der Meer, 1982; van
Husen, 1977). The most pronounced subglacial landforms are found
internal to the Last Glacial Maximum (LGM) terminal moraines
(Ivy-Ochs et al., 2022), but downstream of the LGM ice margins,
drumlins formed during a larger pre-LGM glaciation exist as well
(Ellwanger, 1994).
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Studies on Alpine foreland drumlins date back to the late 19th

and early 20th centuries. Past research focused on sedimentological
composition of drumlins as well as drumlin distribution and mor-
phology (Bodenburg Hellmund, 1909; Briickner, 1886; de
Jong, 1983; Ebers, 1926, 1960; Ellwanger, 1990, 1994; Friih, 1904;
German, 1977; Glickert, 1974; Griinvogel, 1953; Habbe, 1988,
1989, 1992; Schreiner, 1976). Alpine drumlins contain a range of
unconsolidated sediments (till, gravel, gravel mantled by or inter-
bedded with till, deltaic sediment and ice marginal sediment) and
also can be cored by Molasse bedrock (Brauhduser, 1976; de
Jong, 1983; Ellwanger, 1990, 1992; Erb, 1986; Griinvogel, 1953;
Habicht et al., 1986; Saxer, 1965; Schmidle, 1914, 1916; Schmidt &
Minst, 1979; Schreiner, 1976; Zaugg & Geyer, 2008). Geomorpho-
logical maps of single drumlin fields have been published
(Frtih, 1904; Grinvogel, 1954; Habbe, 1989), and geological map
sheets partially delineate drumlins. Nevertheless, a systematic
approach to capture the subglacial record on the piedmont lobe
scale is missing. Griinvogel (1954) assessed regional ice flow pat-
tern in the eastern part of the LGM Rhine glacier based on stream-
lined landforms, but overall, paleo-flow information preserved in
streamlined bedforms has not been made use of on the Alpine
foreland.

In recent years, subglacial features on the Alpine foreland have
been discussed as part of glacier dynamics (e.g., in the Salzach glacier
system [Salcher et al., 2010]), but interest in Alpine drumlins seems to
have waned. This is somewhat surprising as over that same time
frame, the development of geographical information system (GIS) and
remote sensing technologies and products (e.g., digital elevation
models [DEMs] and aerial images) (Beckenbach et al., 2014; Chandler
et al, 2018; Napieralski et al., 2007; Smith et al., 2006; Smith &
Clark, 2005; Wagner, 2017) provided increasing opportunities to cap-
ture subglacial bedforms in their sharpness and frequency, allowing to
overcome spatial limitations and to analyse glacier flow dynamics on a
larger scale.

Unlocking the potential of high-resolution elevation data, we
mapped in detail glacial and subglacial landforms within the former
extent of the LGM Rhine glacier piedmont lobe, one of the major
glacier systems of the Alps. Knowledge on the types of bedforms
present and their location in the landscape can be combined with
information on landform elongation and orientation to reconstruct
flow conditions of paleoglaciers. Based on our mapping of over
2500 subglacial streamlined bedforms and calculated morphometric
parameters, we provide an overview on type and size range of sub-
glacial landforms on the Alpine foreland. After defining flowsets,
subglacial landform orientation is used to infer the basal flow fields
of paleo-Rhine glacier visually. Implementing the kriging approach of
Ng and Hughes (2019), we fully reconstruct the basal flow pattern
of the Rhine glacier during a late LGM readvance phase. We
thereby add a new dimension of information to an in other aspects
well-studied glacier system (cf. Ellwanger et al., 2011; Kamleitner
et al., 2023; Keller & Krayss, 2005; Preusser et al., 2007; and refer-
ences therein). The transition at the Alpine margin from strongly
topographically controlled ice flow to comparatively unconstrained
flow conditions in the foreland makes the Alps an exceptional test
site for studying subglacial landform formation. Our reconstructed
basal flow patterns further provide evidence-based flow directions

to ground truth and complement numerical modelling studies
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(Benz-Meier, 2003; Cohen, 2017; Cohen et al, 2018; Imhof
et al., 2019; Seguinot et al., 2018).

2 | SETTING

The footprint of the LGM Rhine glacier piedmont lobe is located in
the region of Lake Constance at the northern fringe of the European
Alps. Lake Constance (396 m a.s.l.) is one of the largest peri-Alpine
lakes. Its basin is located in the centre of the former ~6000-km?-sized
LGM piedmont lobe of the Rhine glacier (Figure 1) (Bini et al., 2009;
Ellwanger et al., 2011; Jackli, 1962; Keller & Krayss, 2005; van
Husen, 1987). On the foreland, the LGM Rhine glacier organized into
four main lobes (clockwise from west to east): Thur, Untersee,
Schussen and Argen lobes. Two remarkably distinct bands of frontal
present 2011; Penck &
Briickner, 1909). These demarcate the Schaffhausen (~26-22 ka;
Kamleitner et al., 2023; Preusser et al., 2007) and the Stein am Rhein
stadial (after ~21 ka; Kamleitner et al., 2023) extents of the LGM

Rhine glacier and relate to the LGM maximum advance and a follow-

moraines are (Ellwanger et al,

ing late LGM readvance, respectively (Ellwanger et al, 2011;
Kamleitner et al., 2023; Keller & Krayss, 2005; Penck &
Briickner, 1909; Preusser et al., 2007; Schreiner, 1992a). Stein am
Rhein glacial tills, at several sites, overlie lake and outwash deposits,

highlighting the readvance character of the Stein am Rhein stadial
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(Ellwanger et al., 2011; Heinz, 2001; Keller & Krayss, 2005;
Schreiner, 1992b; Schindler et al., 1978). The Stein am Rhein moraines
are located 5-13 km upstream of the outer Schaffhausen frontal
moraines. Further inboard, moraines of a retreat stadial, the Konstanz
stadial, have been mapped by some authors (Keller & Krayss, 2005;
Schmidle, 1914, 1916) (see also Section 4.2).

Bedrock in the area is predominantly Molasse (Ellwanger
et al., 2011; Keller, 2021; Regierungsprasidium Freiburg Landesamt
fur Geologie, Rohstoffe und Bergbau, 2013). Only in the very northern
and northwestern regions do Jurassic limestones and Miocene volca-
1997; Hibscher, 1961;
Regierungsprasidium Freiburg Landesamt flir Geologie, Rohstoffe und
Bergbau, 2013; Schreiner, 1992b). Multiple, partly overdeepened,

nic rocks crop out (Hofmann,

basins and troughs were carved into the Molasse by glacial and fluvial
processes hundreds of vyears (Ellwanger
et al, 2011; Heuberger et al., 2012; Jordan, 2010; Pietsch &
Jordan, 2014; Schlunegger & Mosar, 2011; Schnellmann et al., 2014).
These are typically filled with subglacial tills and deltaic, glaciofluvial

over of thousands

and/or glaciolacustrine sediments (Buechi et al., 2017; Fiebig
et al., 2011; Preusser et al., 2010; Schreiner, 1968). The Molasse bed-
rock is, particularly in the western and central parts of the study area,
largely segregated into isolated highs that are partly covered with
older Quaternary sediments (Ellwanger et al., 2011; Keller, 2021;

Regierungsprasidium Freiburg Landesamt fiir Geologie, 2013;
Schreiner, 1979).
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(a) Last Glacial Maximum (LGM) maximum ice extents in the European Alps (modified after Bini et al., 2009). (b) LGM Rhine glacier

system (modified after Ehlers et al., 2011) located in the central part of the Alps during the peak of the last glaciation. Flowing out of the high-
elevation accumulation areas, including the Vorderrhein and Engadine ice domes (Florineth & Schliichter, 1998), Rhine glacier ice was channelled
northwards along the confined Alpenrhein Valley. At Sargans, ice diverged to the west and formed the Linth-Rhine glacier together with ice
masses from the western Glarner Alps. At the mouth of the Alpenrhein Valley, the main Rhine glacier spread along the basin of Lake Constance
and terminated as wide piedmont lobe. Alp, Alpstein massif (up to ~2500 m a.s.l.); BZ, Bregenz; K, Konstanz; S, Sargans; SH, Schaffhausen.

(c) Elevation map of the area formerly covered by the LGM Rhine piedmont lobe (figure extent indicated in Figure 1b). Elevations between

340 and 1200 m a.s.l. are colour coded. Lake level of Lake Constance lies at 396 m a.s.l. Contour lines (black thin lines) with 100-m spacing, black
thick lines indicate country borders. Elevation data provided by the European Union, Copernicus Land Monitoring Service 2020, European
Environment Agency. [Color figure can be viewed at wileyonlinelibrary.com]
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3 | METHODS

3.1 | Geomorphological mapping

3.1.1 | Data

The applied mapping approach is based on visual recognition and
direct on-screen digitization of identified landforms in a GIS envi-
ronment (Figure 2a-e). High-resolution elevation data are the prime
source used and were provided by the Swiss Federal Office of
Topography swisstopo, the State Agency for Spatial Information
and Rural Development Baden-Wirttemberg, and the Bavarian
Agency for Digitisation, High-Speed Internet and Surveying.
SwissALTI®® is the open-access, high-resolution DEM of
Switzerland and Liechtenstein. Areas covered by the new genera-
tion of SwissALTI®P, those include the study area, are characterized
by an increased resolution of 0.5 m (Swisstopo, 2018b). Access to
the light detection and ranging (LiDAR)-based 1-m relief model of
Baden-Wirttemberg was gained through a fee-based Web Map
Service (WMS). Elevation data from the openly available European
DEM (EU-DEM 1.1; 25-m resolution; European Environment
Agency, 2017) were used to complement the relief map. High-
resolution elevation data (1 m) were purchased for the Bavarian
parts of the study area. In light of potential azimuth bias affecting
landform recognition (Smith & Clark, 2005; Wagner, 2017), relief
shaded visualizations were generated using different single and
multi-directional illumination angles. Where applicable, azimuth
bias-free datasets (aspect, slope and aspect-slope) were created
additionally (Figure 2). Hillshade images, slope and aspect layers
were derived using Esri ArcGIS Spatial Analyst extension. The
aspect-slope layer was created using ArcGIS raster functions. Modi-

fication of digital elevation data, including resampling to a

EH-WILEYL

consistent raster resolution (1 m) and transformation to a uniform
coordinate system, was undertaken. High-resolution aerial images
supported mapping tasks additionally and were accessed via the
public WebGIS applications or WMS servers.

Complementing remotely sensed elevation data, geological maps
provided valuable insights. The Swiss GeoCover datasets, available
through the Swiss Federal Office of Topography, offer standardized
and homogenized geological vector information at scale of 1:25 000
(Strasky et al., 2016). A harmonized vector dataset on the geology of
Baden-Wiirttemberg at scale of 1:50 000 was provided by the State
Office  for
(Regierungsprasidium Freiburg Landesamt fur Geologie, 2013). The

Geology, Natural Resources  and Mining
Bavarian Environment Agency publishes the vector datasets of
the Geological Map of Bavaria, 1:25 000, under the Creative Com-
mons licence. The geological maps present the aerial distribution of
unconsolidated sediments and bedrock at the surface of the study
area. In the public datasets, Quaternary depositional environments are
further distinguished into, for example, aeolian, glacial, (glacio)fluvial
and (glacio)lacustrine sediments. Displayed tectonic lineaments and
solid and structural geological features provide additional guidance in
areas where bedrock is shallow, and alternative interpretations for
landform development must be considered. Multiple field visits to the
study area were undertaken, but not every single landform was
checked in the field (whether unconsolidated sediment or bedrock).
To compensate for that, we prioritized information from field-based
geological maps over the impression from remotely sensed data. Con-
sequently, our mapped dataset does not include landforms that con-
sist primarily of bedrock, even when they resembled streamlined
subglacial features. They likely are streamlined bedrock. Ultimately,
published literature and in particular explanatory notes on geological
map sheets supported mapping procedure in the form of specific sedi-

ment description.

O
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FIGURE 2 Work flow applied in this study exemplified on the basis of a 3 x 3-km-sized area located in the southwestern part of the Rhine
glacier piedmont lobe (ice flow direction is from northeast to southwest): (a) elevation data and its derivates build the basis for gecomorphological
mapping of glacial and subglacial landforms (Table 1) on the Rhine foreland. A combination of (b) hillshade, (c) slope and (d) slope-aspect rasters
was found most effective for mapping of (e) (sub)glacial landforms. (f) Mapped orientations of drumlins and glacial lineations are combined to

(g) an isochronous flowset that builds the basis for the geostatistical interpolation of (h) basal flow fields, following the code of Ng and Hughes
(2019). (i) The standard deviation of the kriged flow field is used to reject areas of high uncertainties and demarcate (e) reconstructed basal paleo-

flow lines. [Color figure can be viewed at wileyonlinelibrary.com]
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3.1.2 | Mapping procedure
We mapped the following glacial and subglacial landform types: ice
marginal areas (including moraine crests), ice decay areas, subglacial
ribs, drumlins (including drumlin orientations) and glacial lineations
based on the attributes listed in Table 1. Depending on the type of
landform, digitization was carried out using polygons (drumlins, sub-
glacial ribs and ice marginal areas) and line features (drumlin direction,
glacial lineations and moraine crestlines). The direction of drumlins
and glacial lineations was digitized in direction of paleo-ice flow
(upstream to downstream), which is important for the subsequent cal-
culation of landform direction (see also below). Ice marginal landforms
include moraine ridges and mounds as well as hummocky and kettled
terrain. Correlation of ice marginal deposits across the study area and
beyond gaps in the geomorphological record was done under careful
consideration and on the basis of landform position, elevation and
relation to other geomorphic features (e.g., meltwater channels).
When observed isolated from ice marginal areas, ice decay features,
such as hummocky terrain, kettle holes or eskers, were recorded as
separate landform category (ice decay area). Drumlin and subglacial
ribs were delineated based on breaks of slope and under consider-
ation of closed-loop contours. A combination of slope and aspect-
slope layer was found to be most efficient in detecting and mapping
landforms (Figure 2d). This is mainly for the accentuated breaks in
slope, the contour lines displayed along with the aspect-slope image
that highlight the transition from the respective landform to its sur-
roundings, and for the prevention of azimuth bias. Drumlin direction
was recorded for all drumlins except for those that lacked a clear lon-
gitudinal axis and hence did not allow assessing a unique flow direc-
tion, for example, circular or near-circular drumlins, drumlins with
strong anthropogenic overprint or erosional drumlin remnants. Map-

ping was executed type by type, from west to east and north to south

such that multiple passes over the study area were ensured. In large
parts, mapping has been performed at a scale of ~1:3000. After com-
pleting the first mapping pass, a second run was undertaken in order
to account for gained mapping experience and to ensure uniformity in
light of an evolving mapping technique. Mapping results have been
regularly discussed in group with emphasis on ambiguous landforms
or complex geomorphological situations. Mapping tasks were per-
formed in Esri ArcMap 10.6.

Landform mapping by the use of remotely sensed data bases on
the critical assumption that morphology alone can be used to recog-
nize, delineate and classify landforms (Hughes et al., 2010). Unques-
tionably, missing insights on sedimentological structure of mapped
landforms is a drawback of the applied approach and introduces
uncertainties regarding landform genesis (cf. Boyes et al, 2021;
Greenwood & Clark, 2009; Hughes et al., 2014). It seems improbable
that greater spatial resolution would lead to the recognition of more
subglacial and glacial landforms (Napieralski et al., 2007; Napieralski &
Nalepa, 2010). The used high-resolution DEMs likely display the full
preserved glacial and subglacial landform ensemble on land. Lastly,
differences in mapper capabilities exist, but a comparative study on
manual mapping of drumlins found that variations by a single inter-
preter can be relatively low (Hillier et al., 2015) and may be contained
by following best practice routines (Chandler et al., 2018;
Wagner, 2017).

3.1.3 | Morphometrics

Drumlin length, width and their respective ratio were derived on the
basis of the ArcGIS ‘Minimum Bounding Geometry’ tool. Output of
the tool additionally gave the start- and end-point coordinates and

orientations of the longest possible line that can be drawn inside each

TABLE 1 Mapped glacial and subglacial landforms and their main characteristics and identification criteria.

Landform type

Drumlin

Landform characteristics and identification criteria

Smooth, streamlined hill, aligned in direction of ice flow. Classically, elliptical or oval-
shaped, with a steep stoss and a gentle lee end but also commonly found with
symmetric or reversed asymmetric planar shape (Spagnolo et al., 2010). Drumlins often
occur spatially organized in swarms or fields with individual landforms ranging in the

Mapping style

Shape: Break-of-slope outline
of individual landform.

Direction: Crestline of
individual landform.

order of 102 to 10° min length and 10' min height (Bennett & Glasser, 2009; Clark

et al., 2009).

Glacial lineation

Narrow, elongated, streamlined landform shaped in direction of ice flow (Clark, 1993;
Spagnolo et al., 2014). Typically observed in close relationship to drumlins. Individual

Direction: Crestline of
individual landform.

lineations may reach up to several kilometres in length.

Subglacial rib
(Rogen/ribbed
moraine)

Transverse ridge characterized by an undulating crest with wavelengths of tens to
thousands of metres and separated by troughs of similar spacing. Subglacial ribs often
occur in fields. They are commonly drumlinized and/or are found in close spatial

Shape: Break-of-slope outline
of individual landform.

relationship to drumlins and MSGLs (Dunlop & Clark, 2006). Dissection by post-glacial

processes is possible (Hughes et al., 2010).

Ice marginal area

smooth in appearance.

Ice decay area

Ridge-shaped or hummocky glacial landform; often forming continuous and undulating
strings/bands along former ice margins of hundreds of metres width and include areas
of irregular mounds and enclosed hollows. Moraine ridges may occur isolated and be
segmented or eroded by post-depositional processes. Outside of forested areas often

Isolated area of chaotic, hummocky terrain lacking moraine ridges, often with kettled

Shape: Break-of-slope outline
of individual landform.
Ridged moraine: Crestline of

individual landform.

Shape: Border of area covered.

morphology; typically found in basins or on flat outwash plains (i.e., pitted outwash).

May include eskers.

Abbreviation: MSGLs, mega-scale glacial lineations.
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mapped feature (‘calculated orientation’; cf. Hughes et al., 2014;
Spagnolo et al., 2011). The compass angle of both the manually
mapped drumlin orientations and the mapped glacial lineations was
extracted using the ArcGIS tool ‘Linear directional mean’. Compari-
son of mapped and calculated drumlin orientations resulted in a
median (mean) variation of 4° (6°). In 80% of the observation,
mapped and calculated drumlin orientations varied by less than 9°.
Output of the ‘Linear directional mean’ tool further informs on the
circular variance within drumlin swarms. Circular variance measures
the variation from the mean orientation and ranges between 1 and
0, whereby low values indicate homogenous landform orientations.
Proximity analysis within single drumlin fields was performed using
the ‘Near tool’.

3.2 | Flowset delineation

Study and interpretation of basal flow patterns are based on the
assignment of flowsets (Clark, 1999; Clark et al., 2000; Greenwood &
Clark, 2009; Hughes et al., 2014; Kleman et al., 2007; Kleman &
Borgstrom, 1996). Flowsets are discrete, coherent groups of land-
forms characterized by similar orientation and morphology as their
neighbours (Clark, 1999; Clark et al., 2000). Isochronous flowsets are
characterized by consistent ‘rubber-stamped imprint’ of bedforms
and provide a single snapshot in time (Clark, 1999; Clark et al., 2000;
Greenwood & Clark, 2009; Stokes & Clark, 2001; Wagner, 2017).
Time-transgressive flowsets build up incrementally under varying
flow. Cross-cutting or overprinted bedforms are left behind and
exhibit a ‘smudged’ pattern due to constant modification. The mor-
phology and orientation of a time-transgressive flowset will be less
consistent (Clark, 1999; Clark et al., 2000; Greenwood & Clark, 2009;
Hughes et al., 2014; Wagner, 2017). Our mapped drumlins and glacial
lineations are visually generalized and delineated into flowsets. We do
not include subglacial ribs in the delineated flowsets but use direc-
tional information from superimposed drumlins whose orientations
are roughly perpendicular to the orientations of the underlying
subglacial ribs.

3.3 | Inferring patterns of basal ice flow

Ng and Hughes (2019) recently proposed a quantitative approach to
infer continuous basal ice flow patterns (flow fields) from defined
subglacial landform flowsets using a kriging interpolation method
(Figure 2). The herein implemented MATLAB workflow (Ng &
Hughes, 2019) was specifically designed for deriving continuous
flow fields from subglacial orientations. In a first step, orientation
data of a flowset are compiled in an experimental variogram, which
visualizes the semi-variance (y) between all possible data pairs as
function of their separation distance (h). To avoid data scatter, obser-
vations are grouped in equal-distant bins. Statistical correlation
between the orientation of data pairs decreases with increasing dis-
tance. Thus, nearby observations receive higher weighting in the
kriging process. This relation is translated to a kriging range R beyond
which observations are excluded from the interpolation. In a
variogram with a well-defined sill, the R value is chosen on the shoul-

der of the sill's rise. To guide the kriging process, we fit our model

-WILEYL

variogram using the equations presented by Ng and Hughes (2019)

that combine a linear component and a Gaussian component and is

defined as follows:

r(h)=Co+CiH+Cs [1—e<£‘> :|

where
H=\/h*+C2-C,.

To improve and speed up the curve-fitting process, in light of
the multiple combinations of kriging ranges and sills tested, we
implemented an additional python script. This included a curve-fitting
function from the scipy library (scipy.optimize.curve_fit, scipy.org)
and uses least squares (Im, Levenberg-Marquardt) or trust region
reflective (trf) algorithms to fit the equation parameters (C values;
see Ng & Hughes, 2019). Kriging output will be most sensitive to the
rise of the model variogram curve close to h =0, while fitting at
higher h values will have weaker influence (Ng & Hughes, 2019). To
account for higher kriging weights at low h values, we experimented
with different h,,.x values to ensure best representation of the model
variogram in the range up to and slightly beyond the sill. C, was
described as the parameter most sensitive in the fitting (Ng &
Hughes, 2019) and was used to calibrate the model variogram to the
lowest kriging residuals and root-mean-square (RMS) error (see also
below). During kriging interpolation, the orientation value at any
position within the defined domain is predicted as the linearly
weighted sum of neighbouring observations up to the defined kriging
range R (Ng & Hughes, 2019). Weighting is thereby constrained by
the model variogram. The interpolation error is estimated by the
kriging variance and translated to a standard deviation error in
degrees that can be used to assess the reliability of the kriged field
(see Ng & Hughes, 2019). Deviations will be lowest in areas densely
covered with observations and highest at the borders of the model
domain. The code of Ng and Hughes (2019) additionally provides
cross-validation of kriging results by removing a single observation
from the flowset at a time and using the remaining observations to
predict its value. Residuals of kriged flow direction at the position of
mapped lineaments provide an estimate for the overall success of
the reconstruction. Distribution, RMS error and mean of residuals are
used to optimize kriging by tuning initial input parameters (Co-Cg,

R and hy,,,) to achieve best reconstructions.

4 | RESULTS

The mapped subglacially streamlined landforms of the former Rhine
glacier occur in a 20- to 30-km-wide band around Lake Constance
(Figure 3). A total of 2460 drumlins (Figure 4a,b), 81 glacial lineations
(Figure 4c) and 36 subglacial ribs (Figure 4d) were mapped. The major-
ity of mapped bedforms are clustered in fields (Figure 5). Calculated
key drumlin morphometrics, such as L:W ratios (Figure 6), relief and
proximity of features are given in Tables 2 and 3. Predominant land-

form orientations are listed in Table 4 and illustrated in Figures 7 and
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FIGURE 3 Glacial geomorphological map of the piedmont lobe of the Last Glacial Maximum (LGM) Rhine glacier on the Swiss-German
Alpine foreland mapped on the basis of digital elevation data (Figure 2 and Table 1). The majority of subglacially streamlined landforms are
located internal to the Stein am Rhein ice margin, where they are organized in fields (see also Figure 5) radially around the Lake Constance basin.
Geological units modified from the Geological Atlas of Switzerland (1:25 000; Eugster et al., 1960; Geiger, 1943, 1968; Haldimann et al., 2017;
Hantke, 2003; Hofmann, 1981, 1973, 1967, 1993, 1997; Hottinger et al., 1970; Hiibscher, 1961; Ludwig, 1930; Pavoni et al., 1992; Rey

et al., 2011; Saxer, 1965; Wyssling, 2007; Zaugg, 2007; Zaugg & Geyer, 2008), the Geological Map of Baden-Wurttemberg (1:50 000;
Regierungsprasidium Freiburg Landesamt fiir Geologie, 2013) and the Geological Map of Bavaria (1:25 000 provided by the Bavarian
Environment Agency). Niederterrasse refers to Late Pleistocene sediments, and Hochterrasse and Deckenschotter refer to Middle Pleistocene
and Early Pleistocene sediments, respectively (Graf & Burkhalter, 2016). Cities: Af, Andelfingen; BZ, Bregenz; Ff, Frauenfeld; K, Konstanz; Ki,
KiBlegg; Li, Lindau; R, Ravensburg; SG, St. Gallen; SH, Schaffhausen; StR, Stein am Rhein; Te, Tettnang; W/A, Wangen im Allgéu; Wi, Wil; W,
Winterthur; ZH, Zirich. Mountain peaks: Gb, Gehrenberg; Ho, Hohenstoffeln. Elevation data provided by the European Union, Copernicus Land
Monitoring Service 2020, European Environment Agency. [Color figure can be viewed at wileyonlinelibrary.com]

8. From the 2460 mapped drumlins, we were able to determine 2288
subglacial orientation vectors. A total of 172 drumlins of near-circular
shape or partially eroded bedforms lacked unambiguous crestlines and
directions. Twelve drumlins were recorded in tributary valleys within
the Bregenzerwald region (Figure 3) and are not further discussed
here. On the basis of glacial inversion and diagnostic criteria (see
Section 3.2), we differentiate two flowsets on the Rhine foreland:
(i) the Schaffhausen flowset (fs SHmax) associated with the Schaff-
hausen ice margin and (ii) the Stein am Rhein flowset (fs StR) linked to
the internal Stein am Rhein frontal moraines (Figure 9). Basal flow
paths of fs SHmax were, due to the low number of single observations
and spread-out nature of the flowset, visualized qualitatively. In the
case of fs StR, we reconstructed an extensive flow field using
the kriging routine of Ng and Hughes (2019).

41 |
flowset

Subglacial landforms of the Schaffhausen

Scattered widely across the study area, 101 drumlins are located in
between the frontal moraines of the LGM maximum ice margin
(Schaffhausen stadial) and the late LGM Stein am Rhein stadial
moraines (Figure 3). These drumlins are typically located several
kilometres behind the outer LGM maximum moraines and are inter-
preted to have formed during the Schaffhausen stadial. Drumlins
occur in all four main lobes of the former piedmont glacier, typically in
loose groups of just a few; but isolated drumlins are present as well.
The occurrence of drumlins is often restricted to higher parts of the
landscape. Glacial lineations are missing from this outer zone. We

mapped 18 drumlins within the swath covered by the Stein am Rhein
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FIGURE 4 Subglacial landforms on
the Rhine foreland: (a) drumlins of
Bodanruck drumlin field between
Uberlingersee and Zellersee.

(b) Furstenland drumlin field with
landforms nestled up against and turning
around the base of Atschberg mountain.
Ice flow direction from westsouthwest to
south and therewith towards the Alpine
mountain front. (c) Transition from
drumlins to more elongated glacial
lineations in the lower Schussen Valley.
(d) Subglacial ribs within the Argen
drumlin field to both sides of Argen River
channel. Arrows indicate ice flow
directions. For location of blow-ups, see
Figure 3. [Color figure can be viewed at
wileyonlinelibrary.com]

FIGURE 5 The majority of
subglacial landforms on the Rhine
foreland occur in swarms internal
to the Stein am Rhein ice margin
and separated by areas where
bedforms are lacking. Based on
this spatial pattern, seven drumlin
fields were differentiated, from
west to east: Furstenland,
Oberthurgau, Thur Valley,
Bodanruck, Linzgau, Schussen
and Argen fields. Ice marginal
deposits of Schaffhausen and
Stein am Rhein stadials are shown
in yellow and purple, respectively
(Figure 3). For abbreviations of
city and mountain names, see
Figure 3. Elevation data provided
by the European Union,
Copernicus Land Monitoring
Service 2020, European
Environment Agency. [Color
figure can be viewed at
wileyonlinelibrary.com]

stadial frontal moraines (Figure 3). Based on the fact that drumlins of
similar appearance and matching orientation are found just outboard
of these moraines, we attribute these intramorainic drumlins to the
Schaffhausen stadial.

Drumlins of the Schaffhausen stadial hold the smallest mean and
median lengths and lowest L:W ratios (Table 2) of all drumlins in this

study. Their relief is on the lower end of the observed range on the

47.68°N 47.4°N

Rhine foreland. Drumlin directions vary from southsouthwest to east-

northeast with the majority of features being oriented between
westsouthwest and northnortheast (Figures 7 and 8 and Table 4).
Four small-scale flow subsets (fs SHmax a-d) were discerned
within the LGM maximum drumlins (Figure 9); not every bedform was
assigned to one of the flow subsets. Each of the four flow subsets is

made up of 12-28 individuals, summing up to a total of 71 drumlins
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FIGURE 6 Elongation ratios and lengths of drumlins and glacial lineations on the foreland of the Last Glacial Maximum (LGM) Rhine glacier
compared to modelled top of bedrock elevations (GeoMol Team, 2015; Swisstopo, 2018a). Bedrock elevations from —100 to 500 m a.s.l. are
colour coded in blue. Highly elongated bedforms are thought to indicate zones of higher basal velocities (Barchyn et al., 2016; Stokes &

Clark, 2001, 2002; Stokes, Spagnolo, et al., 2013). Elongated drumlins and longer glacial lineations align with the existing, partly overdeepened
basins and troughs (Ellwanger et al., 2011; GeoMol Team, 2015; Jordan, 2010; Pietsch & Jordan, 2014). Thur trough, Schussen trough and
Leiblach trough underlie the present river valleys as labelled on the map. Troughs of Zellersee and Uberlingersee follow the eponymous arms of
Lake Constance. Mapped ice marginal deposits of Schaffhausen and Stein am Rhein stadials are shown in yellow and purple, respectively
(Figure 3). For abbreviations of city and mountain names, see Figure 3. Elevation data provided by the European Union, Copernicus Land
Monitoring Service 2020, European Environment Agency. [Color figure can be viewed at wileyonlinelibrary.com]

that comprise fs SHmax. The flow subsets are locally restricted and
spread across the foreland, with up to several tens of kilometres sepa-
rating them. We hence make no assumption on whether they were
formed isochronously or time transgressively. Certainly, they must
have formed during the LGM maximum phase (Schaffhausen stadial)
and thus before the hereafter presented Stein am Rhein flowset. At
the very western margin of the Rhine glacier, just north of Winterthur,
drumlins of flow subset fs SHmax a, located in a 2- to 3-km-wide val-
ley, point first in a southwesterly direction and then curve more
towards the south. On the right side of the Thur Valley, near
Andelfingen, fs SHmax b is northwest directed (Figure 9). In the east-
ern part of the Schussen lobe (~5-8 km upstream of the terminal
moraines of Ostrach), bedforms of fs SHmax c are streamlined in a
northnorthwest direction. Fs SHmax d is located in the eastern sector
of the study area ~6 km upstream of the outer Schaffhausen

moraines in the Argen lobe and records northeast orientations.

4.2 |
flowset

Subglacial landforms of the Stein am Rhein

The vast majority of mapped drumlins (n = 2329), all glacial lineations
and all subglacial ribs are located upstream of the Stein am Rhein ice
marginal complex and are organized into swarms or fields (Figure 5).
Drumlins occur up to a few hundreds of metres to the inner Stein am
Rhein frontal moraines. Subglacial landforms are nearly completely

restricted to elevated surfaces above the present-day drainage

network and in case of Thur and Schussen valleys also to steeper val-
ley slopes (Figure 3). On the basis of their geographical distribution,
directional and morphological similarities, we distinguished seven
drumlin fields (from west to east): Furstenland, Oberthurgau, Thur
Valley, Bodanruck, Linzgau, Schussen and Argen fields. Single drumlin
fields are mainly separated by incised river valleys or areas where sub-
glacial bedforms are lacking (e.g., along valley bottoms) or potentially
submerged (e.g., Uberlingersee).

The number of drumlins is unequally distributed across the fore-
land area and single drumlin fields. Nearly two thirds of mapped drum-
lins are located east of Lake Constance. The drumlin fields of
Bodanruck, Linzgau and particularly Argen are characterized by close
spacing of single features (Table 3). The median distances to the clos-
est neighbouring drumlin are 62, 59 and 36 m, respectively. The Thur
Valley and Oberthurgau drumlin fields are less densely populated with
largest median distances to the next closest drumlin of 112 and 97 m.
Relief of single drumlins ranges from a few metres up to 60 m with
median heights of 11-16 m (Table 2). The tallest drumlins are found
in the central parts of the Rhine piedmont lobe (Bodanruck and
Linzgau fields). Median drumlin lengths range from ~310 to 450 m
(Table 2). Highest median length occurs in the Thur Valley, followed
by the Schussen Valley. Differences between drumlin fields are
smaller with regard to drumlin width. Median widths of single fields
range from 125 to 164 m. Drumlin fields in the west have a tendency
to slightly narrower drumlins. These observations manifest in gener-
ally higher L:W ratios in the drumlin fields west of Lake Constance
(median L:W ratios of 3.3 and 2.9 for Oberthurgau and Thur Valley
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TABLE 3 Proximity of neighbouring drumlins.

Drumlin field
LGM maximum: Schaffhausen stadial
External Stein am Rhein ice margin
In-between Stein am Rhein ice margin
Late LGM readvance: Stein am Rhein stadial
Rhine west Firstenland
Oberthurgau
Thur Valley
Rhine centre Bodanruck
Linzgau
Rhine east Schussen
Argen

Tributary valleys Bregenzerwald

Abbreviation: LGM, Last Glacial Maximum.

TABLE 4 Orientation of drumlins and glacial lineations.

Drumlins

Drumlins
Distance to closest neighbour
Range Median (mean)
Number m m
101 1-14 817 150 (821)
18 18-7387 87 (509)
245 0-1193 79 (108)
145 8-949 97 (144)
144 2-2277 112 (116)
271 0-1012 59 (97)
395 0-592 62 (99)
190 0-810 83 (126)
939 17-129 36 (45)
12 52-2857 128 (657)

Glacial lineations

Linear directional mean

Circular variance

Linear directional mean

Circular variance

Degree Number Degree Degree
0.39 - - -
0.04 - - -
0.09 3 222 0.06
0.10 17 245 0.14
0.05 19 265 0.01
0.03 - - -
0.04 5 321 0.00
0.05 31 17 0.01
0.16 6 59 0.00
0.05 - - -

Drumlin field Number Degree
LGM maximum: Schaffhausen stadial
External Stein am Rhein ice 95 331
margin
In-between Stein am Rhein ice 15 287
margin
Late LGM readvance: Stein am Rhein stadial
Rhine west Firstenland 229 230
Oberthurgau 142 243
Thur Valley 139 269
Rhine centre Bodanruck 263 315
Linzgau 373 326
Rhine east Schussen 184 7
Argen 837 11
Tributary Bregenzerwald 11 47
valleys

Abbreviation: LGM, Last Glacial Maximum.

fields, respectively) compared to central (median L:W ratio of 2.3 for
Bodanruck field) and eastern parts (median L:W ratio of 2.0 for Argen
field) of the Rhine system (Table 2). High L:W ratios are found parallel
to the major foreland troughs, for example, the Thur and Schussen
valleys. Subglacial bedforms with low L:W ratios or near-circular
shape further occur in proximity of the former Stein am Rhein ice mar-
gin (Figure 6).

Glacial lineations are distributed roughly equally in the eastern
and western parts of the former lobe but are missing in the Bodanruck
field. Mapped glacial lineations range from few hundreds of metres up
to 5.7 km in length (Table 2). The longest ~20% of glacial lineations
mapped in the study area reach lengths above 1 km. Roughly 5% are

longer than 2 km. The longest lineations are found in the eastern part
of the Oberthurgau and Linzgau fields (Figure 6).

High (~20-50 m) ridges with undulating crestlines were identi-
fied in an ~60-km?-sized area on both sides of the Argen River
(Figures 3 and 4d). These ridges are typically 3-9 km long, ~200-
850 m wide and 100-500 m apart. Single ridges may be dissected but
can also be clearly connected. Horns are found on the downglacier
side (cf. Sutinen et al., 2010) but occur infrequently. The ridges trend
east-west and, therefore, roughly perpendicular to the orientation of
surrounding and superimposed drumlins. The latter however are often
characterized by near-circular shape and lack clear crestlines. We

interpret these ridges as subglacial ribs (Rogen/ribbed moraines
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[Clark, Ely, Greenwood, et al., 2018; Dunlop & Clark, 2006; Knight &
Mccabe, 1997]; see Table 1).

Orientation of streamlined bedforms internal to the Stein am
Rhein frontal moraines follows an overall radial pattern (Figures 7 and
8 and Table 4). The drumlin fields of Furstenland and Oberthurgau
feature south, southsouthwest and west oriented landforms. Drumlins
and glacial lineations of the Thur Valley field face westsouthwest,
west and westnorthwest. Westnorthwest, northwest and
northnorthwest orientations are shown by the subglacially stream-
lined bedforms from the Bodanruck and Linzgau fields, while north,
northnortheast and northeast orientations are covered by bedforms
of the Schussen and Argen fields. With regard to bedform orientation,
the most striking feature of the study area is the distinct curve dis-
played by the Furstenland field bedforms (Figure 4b). Orientations
shift from west tending to clearly southsouthwest and south facing in
the downglacier direction (Figure 7). A similar curve is seen, but in an
attenuated way, in the Oberthurgau drumlin field to the north.

Low circular variance values found in Bodanruck (0.03), Linzgau
(0.04), Schussen Valley (0.05) and Thur Valley (0.05) indicate drumlin
fields with homogenous landform orientations (Figure 8). Extensive
fields such as the Argen (0.16) with greater directional variations or
fields with turning flow directions (Oberthurgau [0.10] and
Furstenland [0.09]) are characterized by higher variance values.

All drumlins and glacial lineations of the drumlin fields upstream
of the Stein am Rhein ice margin are integrated into a single flowset:
fs StR (Figure 9). Based on geomorphological observations plus the
criteria defined by Clark (1999), Clark et al. (2000), Greenwood and
Clark (2009), Hughes et al. (2014) and Stokes and Clark (2001), we
assess fs StR to have formed isochronously. The mapped subglacial
features have clear (‘rubber-stamped’) appearance and are not
smudged. We fail to see any abrupt changes in landform morphology.
No beheading and very few instances of cross-cutting are observed.
In the rare cases of superimposition, overlapping drumlins point in the
same direction. Nonetheless, in some areas, adjacent drumlins exhibit

minor variations in direction (Figure 7), while sharing similar

FIGURE 7 Spatial
distribution of orientations of
streamlined subglacial landforms
(drumlins and glacial lineations) at
the former bed of the Last Glacial
Maximum (LGM) Rhine piedmont
lobe. Directions among
neighbouring bedforms are
largely consistent. lce marginal
deposits of Schaffhausen and
Stein am Rhein stadials are
shown in yellow and purple,
respectively (Figure 3). For
abbreviations of city and
mountain names, see Figure 3.
Elevation data provided by the
European Union, Copernicus
Land Monitoring Service 2020,
European Environment Agency.
[Color figure can be viewed at
wileyonlinelibrary.com]

morphology and appearance with neighbouring drumlins. We found
little geomorphological evidence of renewed readvance or prolonged
glacier stabilization upstream of the Stein am Rhein stadial moraines.
We mapped a single SE-NW trending left-lateral moraine about 2-
3 km south of Lake Constance (Figure 3). This moraine, ascribed to
the Konstanz stadial (Keller & Krayss, 2005; Schmidle, 1916), has been
linked to sedimentological evidence in cores from the city of Konstanz
that point to a glacier halt during lake filling (Zaugg et al., 2008). The
presence of a grounding-line fan (cf. Fitzsimons & Howarth, 2017)
during active retreat is suggested. Important for our study is the fact
that we could not identify any moraines that crosscut the Stein am
Rhein stadial drumlins. In addition, marked splaying patterns (fanning
of orientations within a short distance) are only observed in close
proximity to the Stein am Rhein ice margin but are absent further
upstream. No swath-like changes in orientations of drumlins and gla-
cial lineations, which would indicate readjusting of basal ice flow as
the ice margin retreats, are observed. As we find no clear evidence for
several time periods of formation, we follow the simplest situation
and interpret all subglacial landforms internal to the Stein am Rhein
ice marginal complex to have been shaped at the same time (isochro-
nous) during the late LGM readvance (Habbe, 1988; Kamleitner
et al.,, 2023; Keller & Krayss, 2005; Penck & Briickner, 1909).

4.3 | Modelled basal ice flow directions of the
Stein am Rhein flowset

The kriging workflow of Ng and Hughes (2019) was applied to the
2248 directions of the Stein am Rhein flowset (fs StR). The experi-
mental variogram of fs StR (Figure S1a) was compiled at a bin size of
1 km with a median of 65 000 observations per bin. The variogram
curve shows a near linear rise with intervening smaller sills. This is
likely due to the radial pattern of mapped orientations and the gaps

between single drumlin fields. Consequently, we experimented with

different R values. We find an R of 10 km corresponding to the first
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FIGURE 8 Rose plots (two upper left plots) illustrating the orientations of drumlins and glacial lineations that formed while the glacier was at
the Schaffhausen ice margin (Last Glacial Maximum [LGM] maximum; in grey) and while it was at the Stein am Rhein ice margin (late LGM
readvance; in white). Rose plots for the seven Stein am Rhein stadial drumlin fields: (a) Fiirstenland, (b) Oberthurgau, (c) Thur Valley,

(d) Bodanruck, (e) Linzgau, (f) Schussen and (g) Argen. Location of single drumlin fields is shown in Figure 5. Segment length is scaled to the
number of observations. Note the large variations in number of subglacial lineations between Schaffhausen and Stein am Rhein stadials and
individual drumlin fields. [Color figure can be viewed at wileyonlinelibrary.com]

variogram sill yielding kriging results with lowest residuals and RMS
error, although very similar to an R value of 20 km at the shoulder of
the second sill. Our best fit model for fs StR uses the following con-
stants: Co = 0.05, C; =0.004, C, =2.50, C3=0.19 and C4=5.44
(see model function in Section 3.3). The RMS error is 14° (Figure S1b).
Corresponding residuals hold mean values of 0.1° and are
uncorrelated (Figure Sic).

Our dataset consists predominantly of orientations derived from
drumlins (2167 vectors from drumlins in contrast to 81 from glacial
lineations). From processing individual sections of the Stein am Rhein
flowset separately, we realized that RMS errors increase from west to
east, with the lowest RMS error of about 11° in the western part of fs
StR to the highest RMS error for the Argen region (~17°). This trend
possibly reflects the high number of closely spaced but comparably
short drumlins in the Argen area and their small-scale variability in ori-
entation compared to fewer, wider spaced and more strongly elon-
gated drumlins and glacial lineations in the western lobes. Our
observations agree with findings from Ng and Hughes (2019) that

report residuals of drumlins to be generally larger than those for

MSGLs, indicating that drumlin directions are more irregular or kriging
uncertainties are larger when inferring directions from them.

Spatial distribution of kriging standard deviation across the model
domain is shown in Figure S2. In light of the obtained RMS error (14°),
we use the 15° standard deviation contour to clip the kriged flow field
and disregard the flowline reconstructions beyond this boundary
(Figures 10 and S2). The 15° standard deviation contour of the flow
field over large areas falls together with or runs in close distance to
the corresponding Stein am Rhein ice margin. Conditioned by the spa-
tial distribution of drumlins and glacial lineations and the chosen
kriging range, this overlap provides additional and independent obser-
vations to evaluate the modelled paleo-ice flow directions.

Figure 10 shows the basal ice flow lines for the reconstructed
flow field in comparison to our mapped LGM ice margins of the
Schaffhausen and Stein am Rhein stadials and underlying topography.
The interpolation reproduces the radial directions emanating from the
Alpenrhein Valley outlet and fanning out to the margins well. Decreas-
ing distance between flow lines indicates converging basal ice flow as

constricted by topography. In contrast, increasing distance between
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FIGURE 9 Delineated flowsets of the Last Glacial Maximum (LGM) Rhine glacier foreland comprise streamlined bedforms associated with
the Schaffhausen ice margin (fs SHmax) and the internal Stein am Rhein ice margin (fs StR), respectively. Fs SHmax and its four flow subsets
(fs SHmax a-d) must have formed during the LGM maximum phase (Schaffhausen stadial). The upstream fs StR is interpreted to have formed
isochronously during the late LGM readvance to and the subsequent stabilization at the Stein am Rhein ice margin. Flow lines are drawn
manually. Mapped ice marginal deposits of Schaffhausen and Stein am Rhein stadials are shown in yellow and purple, respectively (Figure 3). For
abbreviations of city and mountain names, see Figure 3. Elevation data provided by the European Union, Copernicus Land Monitoring Service
2020, European Environment Agency. [Color figure can be viewed at wileyonlinelibrary.com]

“kﬁ’%f}‘ N

FIGURE 10 Reconstructed basal paleo-ice flow trajectories (in blue) of the Rhine glacier during the late Last Glacial Maximum (LGM)
readvance to the Stein am Rhein stadial moraines. Basal flow lines are based on the geostatistical interpolation of mapped drumlins and glacial
lineations of fs StR (black ticks; Figure 9) following the code of Ng and Hughes (2019) and are cut off at the 15° kriging standard deviation
contour (Section 3.3 and Figure S2). Note that the flow lines have not been clipped to the Stein am Rhein ice margin (Figure 11b). Fanning-out
basal flow from the basin of Lake Constance is evident. Topographic control on basal ice flow patterns is well recognizable from diverging and
converging flow paths, particularly in the southwestern parts of the foreland. Ice marginal deposits of Schaffhausen and Stein am Rhein stadials
are shown in yellow and purple, respectively (Figure 3). For abbreviations of city and mountain names, see Figure 3. Elevation data provided by
the European Union, Copernicus Land Monitoring Service 2020, European Environment Agency. [Color figure can be viewed at
wileyonlinelibrary.com]
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flow lines signifies diverging basal ice flow. Specific basal flow direc-
tions are discussed in detail in the next section in view of geomorpho-
logical evidence and suggested relative differences in basal ice flow

velocities.

5 | DISCUSSION

51 |
stadial

The Rhine glacier during the Schaffhausen

During the LGM maximum (Schaffhausen stadial at 26-22 ka;
Kamleitner et al., 2023; Preusser et al., 2007), Rhine glacier exited the
Alps at the mouth of Alpenrhein Valley (Figure 1), where it had been
laterally confined and strongly funneled. Upon encountering a much
flatter landscape on the foreland, it spread to the west, north and east,
filed the Lake Constance basin and, from there, flowed uphill
(Figure 1c) to its maximum position at the Schaffhausen stadial

moraines (Figure 11a). Further ice was contributed from independent

(a)

—48°N

FIGURE 11 Evolution of the Last Glacial Maximum (LGM) Rhine
glacier on the northern Alpine foreland: (a) LGM maximum (modified
after Bini et al., 2009). (b) Late LGM readvance to Stein am Rhein ice
margin with basal flow lines reconstructed on the basis of subglacial
landform orientations (drumlins and glacial lineations) clipped to the
15° kriging standard deviation contour (Section 3.3 and Figure S2)
and to the reconstructed extent of the Stein am Rhein stadial glacier.
Glacier reconstruction and ice surface elevations based on mapped
moraine ridges; glacier extents and ice levels in the northern Alpine
mountain ranges modified after Keller and Krayss (2005). [Color figure
can be viewed at wileyonlinelibrary.com]

accumulation areas to the south, Toggenburg and Alpstein (Figure 1)
in the western sector and Rothach tributary coming from
Bregenzerwald in the eastern sector (Figure 3) (Bini et al., 2009;
Jackli, 1962; Keller, 1981; Keller & Krayss, 2005). In the zone proximal
to the LGM maximum glacier front, orientation of the Schaffhausen
stadial drumlins (flowset fs SHmax; Figure 9) yields information about
basal ice flow. Cohen et al. (2018) presented fully coupled Stokes ice
flow models (Elmer/Ice) of the Rhine glacier during the LGM. Their
simulations aimed at reproducing the dynamics of the Rhine glacier at
its maximum extent and would thus be comparable to our SHmax
flowset.

The configuration of the Argen lobe moraines suggests the pres-
ence of two sublobes during the maximum extent, with a suture zone
located west of KiBlegg (Figure 3). Flow in the frontal part of the
Argen lobe was mainly to northnortheast as seen in the drumlin orien-
tations (fs SHmax d) (Figure 9). This is similar to the model results of
Cohen et al. (2018). Between the Argen and Schussen lobes, a huge
interlobate complex developed (Figure 3; Kamleitner et al., 2023). The
Argen-Schussen interlobate complex covers an area of approximately
13 km?, with a length of ~12 km and a width of up to 2 km. From the
nearby meltwater channels to the top of the ridges, the relief is up to
100 m. Interlobate areas have been discussed at, for example, the
Laurentide Ice Sheet (Carlson et al., 2005; Sookhan et al., 2018) and
the Scandinavian Ice Sheet (Punkari, 1980, 1997). The elevations
and arrangement of the suture zone suggest that the complex built up
right after the glacier had pulled back from the outermost frontal
moraines. Minimum ice surface levels during LGM maximum extent
went from 770 m a.s.l. at the highest point of the Argen-Schussen
suture zone to ~700 m a.s.l. at the ice front.

The moraine arc of the Schussen lobe during Schaffhausen stadial
juts several kilometres forwards in comparison to the frontal sector of
the Argen lobe to the west. This underscores the likely presence
of faster flowing ice as a consequence of the presence of the
Schussen trough (Figure 6; see also below) (cf. Jennings, 2006;
Mooers, 1989; Szuman et al., 2021). The Cohen et al. (2018) models
show a slightly more northward flow path than the northnorthwest
directed basal flow pattern we see in fs SHmax c.

Only isolated, single drumlins of the LGM maximum phase remain
in the Untersee lobe; nevertheless, some hints of ice flow geometry
can be gained from the shape of the Schaffhausen frontal moraines. A
marked moraine re-entrant between the Schussen and Untersee lobes
(Figure 3) suggests that the Hochsten topographic high (maximum ele-
vation of 838 ma.s.l) presented a major impediment to ice flow.
Frontal moraines at the re-entrant reach ~760 m a.s.l. Further to the
west, at Hohenstoffeln (842 m a.s.l.), in the westernmost sector of
the Untersee lobe, the ice margin wrapped around the volcanic neck
on the west and east (Figures 3 and 11a). Frontal moraines along the
southeast slope of Hohenstoffeln give an elevation of 660 m a.s.l. for
the front of the ice.

Basal flow directions derived from the fs SHmax b bedforms of
the Thur lobe near Andelfingen show westnorthwest flow (Figure 9).
This agrees well with the modelled directions for the downstream
parts of Thur Valley (Cohen et al., 2018). LGM maximum ice is inter-
preted to have covered nearby Schienerberg (716 m a.s.l.; Figure 3)
and Stammerberg (640 masl) (Hofmann, 1973; Zaugg &
Geyer, 2008) giving minimum ice surface elevations during the Schaff-

hausen stadial (Figure 11a).
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The southwest basal flow of fs SHmax a drumlins points to ice
that very much followed the valleys. This is in contrast to numerical
modelling results of Cohen et al. (2018), where a dominance of north-
west flow was found for that area.

Along the southern flank of the piedmont lobe, the configuration
becomes more complicated due to ice coming in from the south. Ice
masses from Toggenburg flowed northwards onto the foreland to meet
the Rhine glacier near the town of Wil (Figures 3 and 11a). Ice that
filled the lower Alpenrhein Valley up to 1200-1400 m a.s.l. (Bini
et al., 2009; Eugster et al, 1960; Hantke, 2003; Hofmann, 1973;
Jackli, 1962; Keller, 1981; Keller & Krayss, 1980, 2005) poured over
and across Appenzell, reaching the foreland near St. Gallen. Coales-
cence of ice masses from both Toggenburg and Appenzell is evidenced
by the lack of LGM maximum (Schaffhausen stadial) moraines all along
the southern sector (Bini et al, 2009; Hofmann, 1993; Hottinger
et al., 1970; Jackli, 1962; Kamleitner et al., 2023; Keller, 1981).

The isolated bedrock highs (Figures 3 and 11) of Imebirg
(707 m a.s.l), Nollen (735 m a.s.l) and Atschberg (906 m a.s.l.) were
completely covered by ice during the Schaffhausen stadial
(Hofmann, 1973; Zaugg & Geyer, 2008). But we did not observe
streamlined landforms on their tops. We interpret these highs to have
been under areas of ‘passive ice’ as discussed, for example, by
Punkari (1997, 1980) for the LGM Scandinavian ice sheet. Numerical
simulations suggest that ice on the bedrock highs within the lobes
may have been cold-based due to transference of cold atmospheric
temperatures through thin ice to the glacier base (Cohen, 2017), hin-
dering drumlin formation due to stagnant or sluggish ice patches.
Notably, several of these foreland highs (Hochsten, Schienerberg,
Stammerberg and  Atschberg; Figure 3) retain remnant
Deckenschotter deposits (Early to Middle Pleistocene glaciofluvial
gravels; Ellwanger et al., 2011; Graf, 2009; Graf & Burkhalter, 2016;
Preusser et al., 2011). Even over several glacial cycles, modification by
overriding ice was apparently limited.

The near-complete lack of drumlins in the areas between the
Schaffhausen and Stein am Rhein ice margins (Figure 3) has puzzled
geologists for decades (Habbe, 1988, 1989). Drumlins of the maxi-
mum flow subsets (fs SHmax a-d) occur several kilometres upstream
from the LGM maximum paleoglacier front (Figure 9). This implies that
the minimum ice thickness was sufficient for the ice to flow and cre-
ate subglacial streamlined landforms. An ice thickness greater than
~100 m can be estimated (cf. Colgan & Mickelson, 1997; Iverson
et al.,, 2017; Kriiger & Thomsen, 1984; Patterson & Hooke, 1995), also
in agreement with the geomorphological evidence for ice surface
height discussed above. Along the margin itself, a stagnating, low-flow
situation near the front of the glacier may have inhibited drumlin for-
mation. Evidence of permafrost in ice-free areas north of the Alps is
abundant (Frenzel et al., 1992; Lindgren et al., 2016; Vandenberghe
et al., 2014). Cold-based ice at the fringes of the LGM Rhine glacier
ice margin has been suggested (Blatter & Haeberli, 1984;
Cohen, 2017; Cohen et al., 2018; Haeberli et al., 1984; Haeberli &
Penz, 1985), which could as well explain the missing drumlins
(Ellwanger, 1992; Habbe, 1989, 1992; Menzies & Habbe, 1992;
Menzies & Maltman, 1992). The absence of drumlins may also be a
question of lack of preservation rather than lack of formation, espe-
cially in the low-lying areas. The frequently observed dissection of gla-
cial landforms especially of the inner Schaffhausen stadial moraines

points to vigorous erosion by meltwater, particularly at the fronts of

-WILEYL

the Thur and Untersee lobes. Much of the meltwater was routed par-

allel to but internal to the terminal moraines when the glacier lay
slightly behind its maximum position (Keller & Krayss, 2000). If not
obliterated by meltwater, outwash deposition could have drowned
the drumlins. The reversed drainage situation (back towards the for-
mer tongue area; Figure 11b), particularly in the central and eastern
sectors, led to the formation of proglacial lakes (Keller & Krayss, 2000,

2005); lake and delta deposits may have buried subglacial landforms.

52 |
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The Rhine glacier during the Stein am Rhein

Following a prolonged stillstand at the outer Schaffhausen stadial
moraines (Kamleitner et al., 2023; Preusser et al., 2007), Rhine glacier
underwent stepwise retreat. Subparallel moraine ridges, of which
today only fragments remain (Figure 3) (Kamleitner et al., 2023;
Keller & Krayss, 2005), were left behind. Inboard of the Schaffhausen
ice marginal complex and often related to outwash plains, hummocky
terrain formed in ice decay areas. The oscillating glacier retreated back
some tens of kilometres to a position closer to the area of present-
day Lake Constance and then underwent readvance (Ellwanger
et al, 2011; Heinz, 2001; Keller & Krayss, 2005; Schindler
et al., 1978; Schreiner, 1992b). During readvance, the continuous, sta-
cked moraine chains of the Stein am Rhein stadial were built (after
21 ka; Kamleitner et al., 2023). Subglacially streamlined bedforms of
flowset fs StR formed during this readvance. Building on the observa-
tional data from the drumlins and glacial lineations, our kriging results
for flowset fs StR provide an up-close look at basal flow of the Rhine
glacier during the Stein am Rhein stadial (Figures 10 and 11b).

In the kriged basal flow patterns (Figure 10) of the central Argen
lobe, a divergence of flow orientations north of Lindau is particularly
evident. North-flowing ice split into northwest and northeast compo-
nents. This area is characterized by drumlinized subglacial ribs
(Figure 4d), the only occurrence of this type of subglacial landform on
the Rhine foreland. The ribs stretch along a west-east axis, that is,
perpendicular to the reconstructed basal flow direction. Subglacial ribs
have been interpreted as landforms formed under slower stagnating
ice flow (Barchyn et al., 2016; Dunlop & Clark, 2006; Stokes, 2018;
Stokes et al., 2007) and may develop in areas of compressional flow at
the transition from fast- to slow-flowing zones (Stokes et al., 2008).
The presence of approximately 100 to 150 m of glacial and related
(Griinvogel,  1953;  Habicht et al, 198¢6;
Regierungsprasidium Freiburg Landesamt fir Geologie, 2013;
Schmidt & Minst, 1979; Schreiner, 1976) may have played a role in

their deformation into transverse ridges as discussed by Stokes

sediments

(2018). Another indication of relatively slower ice may be the pres-
ence of near-circular drumlins superimposed on the subglacial ribs.
Formation of ribs and drumlins is thought to occur in close succession
(Clark & Meehan, 2001). Recent modelling by Ely et al. (2023) sup-
ports the concept that subglacial ribs may provide an initiation point
for drumlin formation. Due to reorganization of flow, low basal veloci-
ties at the Argen ice divide that separates fast-flowing streams to the
northwest (Schussen Valley) and northeast (Leiblach Valley) are
suggested (Figure 10).

Along Leiblach Valley, faster basal flow is indicated by the marked

elongation of the drumlins and the presence of long glacial lineations
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(Figure 6). The Leiblach fast-flow corridor coincides with a 20- to

40-m overdeepened trough (Ellwanger et al, 2011; GeoMol
Team, 2015). The trough may have already been filled with sediment
at the time of bedform formation as suggested by the lack of offset in
surface elevation between neighbouring drumlins in and beyond the
narrow trough (Figure 6). The presence of easily deformable
glaciolacustrine deposits (Regierungsprasidium Freiburg Landesamt
fir Geologie, 2013; Schmidt & Brauhiuser, 1985) may have promoted
fast basal ice flow. Glacier flow numerical model results as well depict
fast ice flow in Leiblach Valley (Cohen et al., 2018; Imhof et al., 2019).

During the Stein am Rhein stadial, a new interlobate complex
(~8 km?, ~10 km long and up to 1.5 km wide) developed between
the Argen lobe and the newly independent Rothach tributary lobe
(Figure 11b). Ice divided south of Pfiander ridge (maximum elevation
of 1069 mas.l; Figure 3), flowed northeast along Leiblach and
Rothach valleys and then rejoined a few kilometres downstream. At
the join, flow from both lobes was towards the suture, as also inter-
preted for interlobate areas of the Laurentide Ice Sheet (e.g., Oak
Ridges moraine; Sookhan et al., 2018) and the Scandinavian Ice Sheet
(Punkari, 1997). This flow pattern is in good agreement with our
kriged flow trajectories for the easternmost part of the Argen lobe,
although based on a small number of observations (Figure 10).

The height of the ice surface along the right side of the Argen
lobe can be estimated from the elevations of the Argen-Rothach
interlobate ridges (reaching up to 860 m a.s.l. on the upstream end of
the suture zone and dropping down to 710 m a.s.l. at the frontal
moraines). Comparing this to elevations of nearby streamlined
bedforms, which mark the base of the former Rhine glacier at the foot
of Pfander ridge, an ice thickness of approximately 350 m can be
reconstructed for the southwestern part of the Argen lobe.

By the Stein am Rhein stadial, the interlobate suture between the
Argen and Schussen lobes had evolved into a moraine re-entrant
(Figure 11b). Ice levels there were in the range of 670-700 m a.s.l.
Kriging results portray ice flowing to the north and northnortheast for
the Schussen lobe (Figure 10) and indicate that ice was initially
strongly channelized by the Lake Constance basin (northwest flow)
and then flowed northwards into the Schussen trough (Figure 6)
(Ellwanger et al., 2011; Heuberger et al., 2012; Jordan, 2010; Pietsch &
Jordan, 2014; Schnellmann et al., 2014). Highly elongated drumlins
and multiple long glacial lineations in the central part of the Schussen
drumlin field point to fast-flowing ice near the bottom of
Schussen Valley (Figure 6). This was seen as well in numerical model-
ling results (Cohen et al., 2018; Imhof et al., 2019). Ice flow was rigor-
ously funneled in the Schussen overdeepened trough as no signs of
splaying are observed. In contrast, the basal flow pattern on the ele-
vated Molasse ramp just to the west of Schussen Valley shows that
flow diverged a bit towards the glacier margin. In the very west of the
Schussen lobe, at the point of contact between Schussen and Linzer
Aach valleys, Gehrenberg (754 m a.s.l.) seems to have presented an
obstacle to the here about 300-m-thick, expanding glacier. Ice flowing
out of Lake Constance basin diverged south of Gehrenberg and was
partly deflected to the left and right of the mountain’s base. Down-
stream, the conspicuous ice front re-entrant along Hochsten topo-
graphic high that had already separated Schussen and Untersee lobes
during the LGM maximum (Schaffhausen stadial) opened up further
during Stein am Rhein stadial (Figure 11b). This is evident from frontal

moraine deposits in the valleys to the east and west of Hochsten.

Along the steep slopes of the plateau itself, ice marginal deposits
(Figure 3) yield a minimum ice surface level of ~680 m a.s.l.

At the Untersee lobe, the kriged patterns point to basal ice flow
following the SE-NW oriented axis of the Lake Constance basin
(Figure 10). Further downglacier, flow was focused along the over-
deepened Linzer Aach Valley and the narrow troughs of Zellersee and
Uberlingersee (Figure 6) (Ellwanger et al., 2011; GeoMol Team, 2015).
Westnorthwest and northnorthwest flow trajectories dominate on
the western and eastern margins of the Bodanruck peninsula, respec-
tively, as ice deviated around the Molasse bedrock high. At its north-
ern end, the ice surface reached ~600 m a.s.l. as suggested by the
frontal moraines. While not as clear as in the eastern and western
parts of the Rhine foreland, Zellersee and Uberlingersee may have
hosted faster flowing ice. This assumption is based on slightly higher
drumlin L:W ratios at the margins of the Bodanruck peninsula and the
southwestern parts of the Linzgau drumlin field where a number of
long glacial lineations occur. High sliding speeds were modelled for ice
in the Lake Constance basin, as at Zellersee and Uberlingersee (Cohen
et al., 2018; Imhof et al., 2019).

Kriging results point to dominant westward flow in the central
part of the narrow Thur Valley (Figure 10). Here, bedform elongations
are high (Figure 6), indicating fast-flowing ice along the overdeepened
trough (Jordan, 2010; Pietsch & Jordan, 2014) in agreement with
modelled high sliding speeds (Cohen et al., 2018). Moraines along the
eastern end of Stammerberg indicate a maximum ice surface height
near the ice margin of ~650 m a.s.l. South of Stammerberg, on the
right side of Thur Valley, drumlins are found as low as ~420 m a.s.l.,
suggesting about 230 m of overlying ice.

The eastern parts of the Oberthurgau drumlin field (Figure 5) are
dominated by ice flowing to the west out of the Lake Constance basin
(Figure 10). In the western part of the Oberthurgau drumlin field, ice
flow was concentrated in a valley between the Imebéarg and Nollen
highs. Potentially maintaining higher basal velocities, Oberthurgau ice
flow turned towards the southwest in the direction of Hornli moun-
tain. In accordance with the observations from the subglacial record, a
modelling study by Imhof et al. (2019) consistently predicts fast flow
in the area of Oberthurgau. Closer to the Stein am Rhein frontal
moraines, splaying flow under relatively slower velocities is suggested
by diverging drumlin directions and decrease of L:W ratios. Ice levels
at around 700 m a.s.l. are indicated by lateral moraines on the south-
ern part of Imebarg. Local ice thickness must have been around
230 m. The highest parts of Imebarg and Nollen likely protruded from
the ice as nunataks (cf. Hofmann, 1973).

In the Furstenland field (Figure 5), a distinctive leftward turn in
basal ice flow is depicted by the kriging results (Figure 10). Ice initially
flowing due west conspicuously curves around the base of Atschberg
mountain to flow towards the southsouthwest, eventually to point
due south. Atschberg was by the Stein am Rhein stadial a nunatak
(Figures 3 and 11b; Keller & Krayss, 2005). The ice surface was no
higher than 800 m a.s.l. as defined by the moraines along Atschberg’s
western side. Accordingly, the Firstenland drumlin field was likely
covered by around 230 m of ice. Ice flowing around the base of
Atschberg did not rejoin on the downstream side of the mountain.
Instead, an individual glacier tongue terminated at the frontal moraine
ridges west of St. Gallen (Figure 11b).

By the time of the Stein am Rhein stadial, the southern tributary

glaciers no longer reached the Swiss foreland (Figure 11b). This is
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clearly shown by the strings of frontal moraines built by south-flowing
ice of the Rhine piedmont lobe (Figure 3) (Hottinger et al., 1970;
Kamleitner et al., 2023; Keller & Krayss, 1980, 2005). Drumlins that
exhibit clear splaying terminate at this moraine set. The front of the
ice coming out of Toggenburg was located in an upstream position
(Keller, 1981; Keller & Krayss, 1980, 2000, 2005), as evidenced by
frontal moraines 5 km south of Wil (Keller & Krayss, 2005). Due to
lowered ice surface heights in Alpenrhein Valley — Keller and Krayss
(2005) estimated ice surface heights of 1200-1000 m a.s.l. —by the
Stein am Rhein stadial, little ice overspilled into the Appenzell region
(Figures 1 and 11b). Mapped frontal moraines south and southeast
of St. Gallen (Keller & Krayss, 2005; Figure 3) record north-flowing
ice from accumulation areas of Alpstein massif (Figures 1 and 11b).
The observed drumlin orientations in the Firstenland and
Oberthurgau fields show that ice was coming out of the Lake
Constance basin and flowing to the southwest and south, actually
back towards the mountains (Figure 10). If substantial ice masses
had crossed over Appenzell from the Alpenrhein Valley, the marked
southwest and southward basal flow patterns would not have been

possible.

5.3 | Comparison of Schaffhausen and Stein am
Rhein stadial ice flow geometries

The Rhine glacier ice surface during the Schaffhausen stadial des-
cended smoothly from 1200 m a.s.l. at the mouth of the Alpenrhein
Valley to the frontal moraines at 770 m a.s.l. in the easternmost sector
and as low as 430 m a.s.l. in the very western sector (Bini et al., 2009;
Jackli, 1962; Kamleitner et al., 2023; Keller & Krayss, 2005). Ice thick-
ness was likely highly variable, thickening in the overdeepened basins
and troughs (Figure 6) and thinning on higher parts of the topography
(Figure 1c). Estimating ice thickness is further hampered by the limited
knowledge on the ages of basin infills (cf. Ellwanger et al., 2011;
Fabbri et al., 2021; GeoMol Team, 2015; Jordan, 2010; Schaller
et al., 2022; Wessels et al., 2015). The formerly broad and nearly
equant Rhine piedmont lobe of Schaffhausen stadial (Figure 11a) upon
readvance (Stein am Rhein stadial) presented individual lobes more
strongly confined by the existing troughs (Figures 6 and 11b). The
presence of corridors of fast-flowing ice in the existing troughs is not
readily apparent in the shape of the vigorous Schaffhausen stadial
piedmont lobe. Nevertheless, hints are given at in the shape of the
frontal moraines where they protrude beyond their neighbours, for
example, at the Schussen lobe. The Schaffhausen stadial lobe configu-
ration is especially marked in the eastern sector where the Argen-
Schussen suture built up (cross-section given in Kamleitner
et al., 2023). During the Stein am Rhein readvance, the ice surface
was about 200 m lower, the ice thickness consequently less. Where
revealed by geomorphological evidence, ice thickness above drumlin
fields was found to range from about 350-230 m and was thus rela-
tively thin. This fostered the marked topographic control on ice flow
that is clearly depicted in the streamlined subglacial bedforms and the
derived flow lines (Figure 10). The distinct lack of overprinting of gen-
erations of subglacial bedforms suggests that either few bedforms
evolved during the Schaffhausen stadial or they were completely
remoulded during the Stein am Rhein readvance. Even close to the

Stein am Rhein ice margin, the local splaying depicted by
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the bedforms does not reveal any smudging. This suggests that the

observed bedforms internal to the Stein am Rhein ice margin formed
very late in the readvance phase, under stable ice flow by an active
partially warm-based polythermal glacier. From a subglacial point of
view, any minor recessional stadial (Konstanz; Keller & Krayss, 2005)
was likely only a brief halt during retreat and had no apparent impact
on the streamlined subglacial landforms. Glacier disintegration from
the Alpine foreland was likely fast and continuous as shown by the
distinct imprint of bedforms, the absence of progressive upstream
fanning of drumlin orientations, and the near-complete lack of stabili-
zation moraines or ice decay deposits (cf. Evans & Twigg, 2002;
Szuman et al., 2021).

6 | CONCLUSIONS

The footprint of the LGM Rhine glacier in the northeastern Swiss and
southwestern German Alpine forelands yields a rich glacial geomor-
phological record. On the basis of high-resolution elevation data, we
mapped ice marginal moraines and more than 2500 subglacially
streamlined landforms. For the first time, a consistent (digital) inven-
tory of streamlined bedforms is available covering the entire LGM
Rhine glacier piedmont lobe. The dataset comprises predominantly
drumlins and also includes glacial lineations and subglacial ribs.
Mapped streamlined subglacial bedforms comprise two distinct
flowsets as evidenced by morphological criteria, proximity and parallel
conformity: the Schaffhausen flowset and the Stein am Rhein flowset.

Directional information from the Schaffhausen flowset (equiva-
lent to the LGM maximum phase = Schaffhausen stadial) is visually
generalized, revealing topographically controlled ice flow near the
LGM maximum glacier margins.

The Stein am Rhein flowset holds more than 2400 drumlins and
glacial lineations, all located upstream of the Stein am Rhein ice mar-
gin. Based on consistency of morphometries and local orientations,
we assess this as an isochronous flowset, formed during the late LGM
glacier readvance to and the active stabilization at the Stein am Rhein
ice margin. The splaying pattern of drumlins that occurs all along and
just upstream of the Stein am Rhein ice margin demonstrates that
landforms of the Stein am Rhein flowset are unrelated to the out-
board drumlins of the Schaffhausen flowset. The absence of over-
lapping fan pattern of younger generations of subglacially streamlined
bedforms upstream and the lack of evidence of remoulding further
show that downwasting of the Rhine glacier from the foreland was
likely rapid and uninterrupted by marked halts.

Using a recently presented kriging approach (Ng &
Hughes, 2019), we interpolated the orientations of the Stein am Rhein
flowset to create a basal ice flow surface. Results yield objective 2D
flow reconstructions of the late LGM Rhine glacier foreland lobe and
display a radial basal ice flow, emanating from the basin of Lake Con-
stance and fanning out to the margins in southwestern, western,
northwestern, northern and northeastern directions. Driven by topo-
graphic constraints, the basal flow pattern shows zones of converging
and diverging ice flow under shallow ice. Geomorphologically con-
strained ice thicknesses over the drumlin fields were approximately
350-230 m. Gained flow lines combined with information on bedform
elongation delineate potential areas of high basal velocities. Suggested

corridors of fast-flowing ice are located in Oberthurgau, Thur Valley,
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Schussen Valley, Leiblach Valley, and less distinctly implied parallel to

Lake Constance and Uberlingersee. Geomorphologically reconstructed
zones of potentially higher basal velocity largely coincide with known
overdeepenings.

Streamlined subglacial landforms hold unique information on
basal flow directions and relative basal flow velocity differences of
long vanished ice masses. Combining the linear information from
bedform orientation to flow fields, visually or by means of kriging
(Ng & Hughes, 2019), is an elegant tool to reconstruct laminar paleo-
ice flow patterns. So far mainly applied in the context of the Northern
Hemispheric ice sheets, we show that information inferred from
streamlined bedforms equally complements our understanding of gla-
cier dynamics on the Alpine forelands and provides explicit physical

evidence to validate future numerical modelling studies.
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