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Three-dimensional gravity
modelling of a Quaternary
overdeepening fill in the Bern area
of Switzerland discloses two stages
of glacial carving

D. Bandou'™, F. Schlunegger?, E. Kissling?, U. Marti3, M. Schwenk?, P. Schlafli*,
G. Dovillet! & D. Mair!

The geometry of glacial overdeepenings on the Swiss Plateau close to Bern was inferred through a
combination of gravity data with a 3D gravity modelling software. The target overdeepenings have
depths between 155 and >270 m and widths between 860 and 2400 m. The models show incisions
characterized by U-shaped cross-sectional geometries and steep to over-steepened lateral flanks.
Existing stratigraphic data reveals that the overdeepenings were formed and then filled during at
least two glacial stages, which occurred during the Last Glacial Maximum (LGM) within the Marine
Isotope Stage (MIS) 2, and possibly MIS 6 or before. The U-shaped cross-sectional geometries point
towards glacial erosion as the main driver for the shaping of the overdeepenings. The combination

of the geometries with stratigraphic data suggests that the MIS 6 (or older) glaciers deeply carved
the bedrock, whereas the LGM ice sheet only widened the existing valleys but did not further deepen
them. We relate this pattern to the different ice thicknesses, where a thicker MIS 6 ice was likely more
powerful for wearing down the bedrock than a thinner LGM glacier. Gravity data in combination with
forward modelling thus offers robust information on the development of a landscape formed through
glaciers.

Overdeepenings are bedrock depressions with their deepest part below the base level of today’s rivers'™. Over-
deepenings occur in formerly glaciated plateaus and mountain belts around the world'™. They have been inferred
for the time as far back as the Ordovician>®, and for the major valleys and the foreland surrounding the European
Alps’~ including the Central Swiss Alps®”'°-14. There, overdeepenings are filled with Quaternary sediments and/
or host modern lakes®. They may reach depths of several hundred meters (e.g., in the Rhone valley>"*), and cross-
sectional widths of a few kilometres. Most of the overdeepenings feature downstream-directed adverse slopes
along their thalwegs. Because the sedimentary fill inhibits any direct observations of their geometry, interpreta-
tions about their formation have been subject to controversial debates in the literature'®. Indeed, overdeepenings
may result from one or a combination of various erosional mechanisms such as glacial carving*®!%17, erosion
by pressurized meltwater'>?, or a combination of both'®!”. However, as noted before'’, the main key to unravel
the erosional mechanisms leading to the carving of overdeepenings is offered by the shape and morphometry of
the bedrock such as e.g., V- or U-shaped cross-sectional geometries. In the past decades, multiple geophysical
methods including seismic, geoelectric, and gravimetric surveys have been employed to disclose such geometries
underneath overdeepening fills'*-’. These surveys have been complemented with the results of shallow drillings,
which yielded a complex picture of these overdeepenings'?, yet with a relatively low resolution particularly of
their lateral flanks and their bases. This is also the case for the Bern region, situated in the Swiss Plateau on the
northern margin of the Alps (Fig. 1). This area was in the confluence area of two large glaciers (Aare and Rhone
glaciers, Fig. 1a)*! during the past glacial periods, which resulted in the formation of multiple overdeepenings.
South of Bern, two troughs that are > 150 m-deep and filled by Quaternary sediments underlay the 1 km-wide
Giirbe valley in the West and the 2.5 km-wide Aare valley in the East'>"'*. Both valleys are flat and roughly
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Figure 1. LGM glaciers and modern topography. (a) Map®! showing the extent and thicknesses of the glaciers
that shaped the landscape of the study area during LGM times. This map was taken and modified from the
openly accessible database of swisstopo (© swisstopo). (b) Topographic map illustrated as hill shaded DEM
(SwissAlti3D, © swisstopo), showing the drilling locations in the Giirbe valley (RB9201) and two drillings in
the Aare valley (Brunnenbohrung Miinsingen, drilling Hunzigebriigg). The equidistance of the contour lines is
20 m. The map also shows the bedrock ridges (Belpberg, Langenberg) that framed the flow of the glaciers. Both
datasets are available from the openly accessible database of swisstopo.

S-N orientated (Fig. 1b). They are separated by an approximately 2.9 km-wide and > 350 m-high bedrock ridge
referred to as the Belpberg, which has the same orientation as the valleys. Such geometric constraints offer ideal
conditions for inferring the details of the overdeepenings’ geometries using gravity data'®, which is accomplished
in this study.

Here, we conducted a gravity survey for the area south of Bern (Fig. 1) to reconstruct the cross-sectional
geometric details of the lateral flanks and the bottom of the target overdeepenings. We used the gravity data to
calculate the Bouguer anomalies caused by the overdeepening fills. We additionally developed and applied a
forward modelling program, named Prisma, to conduct this reconstruction. We then compiled and re-interpreted
stratigraphic data of the overdeepening fills to propose a scenario of how the overdeepenings were formed within
the framework of Alpine glaciations.

Results

Landscape morphometry and geology. The Belpberg mountain, situated in the centre of our gravity
survey, has a trapezoidal cross-sectional geometry with c. 15° steep flanks on both sides and a rather flat top at
893 m a.s.l. The mountain flank bordering the Giirbe valley on its western side (Langenberg) is steep (Fig. 1b),
exposes the bedrock in some places and hosts landslide deposits, while the eastern margin of our survey, facing
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the Aare valley, is smooth and characterized by hills several hundreds of meters wide. The valley floors them-
selves are flat and situated at an elevation of ¢. 520 m a.s.l.

Mapping showed that the Belpberg comprises a suite of Burdigalian Upper Marine Molasse (UMM) sand-
stones with conglomerate interbeds®? (Fig. 2a). Mapping also revealed that after the Last Glacial Maximum
(LGM) the Aare glacier deposited moraines on the top and the flank of the Langenberg (situated on the western
margin of the Giirbe valley) and on the Belpberg. Additionally, upon retreating from its maximum extent, the
Aare glacier formed a terminal moraine in the city of Bern at c. 545 m a.s.l., which was dated with cosmogenic
19Be to 19,000 years before present (BP)*. The Aare glacier then retreated towards the Alps, and the study area
was ice-free by 17,000 years BP at the latest**. The eastern border of the Aare valley also exposes a Quaternary
suite of gravel and mud, which has been referred to as the Miinsingenschotter®® or Uttigen-Biimberg-Schotter,
and which predate the LGM?*.

Overdeepenings have been encountered through drillings beneath the Aare and the Giirbe valleys (Fig. 2b).
They have steep flanks and possibly flat bases, with predicted depths at elevations of 380+ 25 m and 260 £ 25 m
a.s.l. beneath the Giirbe and Aare valleys, respectively'~*. Yet, the details on the geometry are poorly constrained
due to a lack of drillings and seismic surveys'2.

Gravity profiling and estimation of the bedrock density. The compilation of existing gravity data
from the Gravimetric map of Switzerland (1:500,000)* clearly illustrate the gravity effects related to the sedi-
mentary fills of the overdeepened valleys (Fig. 3). In particular, the regional isolines, which are oriented SE-NW
and thus parallel to the strike of the Swiss Alps, are locally distorted around the Aare and Giirbe valleys and
reflect gravity value deflections by a few mGal compared to the adjacent margins. This pattern is attributed to the
relatively lower density of the Quaternary overdeepening fill beneath the two valleys'®?. These isolines, however,
are based on measurements at stations that have a spacing between them that is too large to precisely identify the
local gravity effects of the overdeepening fill. For this survey, additional data collected at 78 sites, along a section
that is oriented perpendicular to the orientation of the overdeepenings and that also includes the Belpberg, is
used to refine this pattern (Figs. 2b, 3 and 4a, Fig. S1, Table S1). For each valley, we then determined the residual
anomaly caused by the overdeepening fill, which is the difference between the expected regional gravity and the
observed regional anomaly (Fig. 4a). The results (Tables S2 and S3) show two distinct residual anomalies, one
above the Giirbe valley with a maximum of —2.9 mGal (Fig. 4b) and another one above the Aare valley with a
maximum of —4.1 mGal (Fig. 4c). Replicate measurements at 11 sites yielded an uncertainty of +0.13 mGal for
this entire survey (Table SI).

The residual anomaly over the Belpberg additionally demonstrates that the bedrock density is slightly lower
than the standard density of 2670 kg/m?. The application of Nettleton’s method® (see also methods section)
documents that a rock density of 2500 kg/m? best eliminates the anomaly caused by the Belpberg topography
(Fig. S2; Table S2). Therefore, we used this density of the UMM bedrock to model the residual Bouguer anomaly
across the Giirbe and Aare valleys (see following sections).

Estimation of the density contrast between the Molasse bedrock and the overdeepening
fill.  We estimated the density contrast between the overdeepening fill and the Molasse bedrock through rep-
resenting the overdeepening fill by a single prism'®, which parallels the orientation of the corresponding valley
(Fig. S4a). The results show that a thickness of c. 155 m for the Quaternary suite in combination with a density
contrast of 500 kg/m? best fits the maximum residual anomaly of —2.9 mGal in the Giirbe valley (Fig. $4b).
For the Aare valley, the situation is more complicated because the residual anomalies are slightly asymmetric
(Fig. 4c), and the bedrock model? indicates that the bedrock topography contour lines are curved over short
distances of < 100 m (Fig. S4a). Therefore, we used the results of the much simpler Giirbe valley and employed a
density contrast of 500 kg/m?, which yields a minimum thickness of 210 m for the fill of the Aare overdeepen-
ing (Fig. S4c). We note, however, that data from drillings farther north'? disclosed a much thicker Quaternary
suite of at least 270 m. However, since the thalweg is possibly sloping towards the north'?, we actually do expect
a lower thickness of the Quaternary suite in our section. Finally, our best model reaches a depth of 235 m (see
below).

Gravity modelling of the sedimentary infill of the Girbe and the Aare valley with Prisma. For
both overdeepenings, the modelling shows that a U-shaped cross-sectional geometry is consistent with the
residual gravity anomalies across the valleys (Fig. 5). The modelling also illustrates that a V-shaped cross-sec-
tional geometry yields a residual anomaly, which is lower than the observed values particularly on the flanks of
the overdeepenings (Supplementary Figs. S5 and S6).

For the Giirbe valley overdeepening, the modelling shows asymmetric valley flanks. The western margin dips
at c. 50°, whereas the eastern border is oversteepened and has a slope that dips at c. 80° (Fig. 5a). In addition, the
eastern margin exhibits a knickzone. It separates a much flatter segment above it from a steep to over-steepened
margin below it. This lower margin then dips at a nearly constant angle down to the overdeepening’s base. In
contrast, the western margin shows a convex-up geometry where the dip continuously increases towards the
base. The base itself is situated at a depth of c. 160 m and has a large lateral extent that is>50% of the valley
width, which points towards a rather flat geometry. Overall, the overdeepened valley can be characterized as a
U-shaped cross-sectional geometry, which displays a composite shape with a broader upper part and a narrow
trough at the base.

The modelling of the Aare overdeepening also yields a U-shaped cross-section and an asymmetric geometry.
This is mainly caused by the western margin, which shows two steps with distinct changes in the bedrock slope.
The first step (Fig. 5b) occurs at the base of the Belpberg at an elevation between 540 and 530 m a.s.l. Below it, the
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Figure 2. Geology of the region. (a) Geological map?**, showing LGM moraines, pre-LGM gravel

(Miinsingenschotter), landslides deposits on the western flank of the Giirbe valley, the bedrock lithology, and
the Holocene deposits covering the Aare and Giirbe valley floors. The bedrock overlying the Aare and Giirbe
overdeepenings comprise a monotonous sequence of Burdigalian Upper Marine Molasse sandstones®>*. This
map was obtained and modified from the openly accessible database of swisstopo (© swisstopo). (b) Map
showing the contour lines (equidistance of 10 m) of the bedrock underneath the Quaternary cover. This map
was reproduced using the openly accessible digital dataset for the bedrock topography of the canton Bern
(https://www.geo.apps.be.ch/de/; Karten; Felsrelief), and it is also available from the openly accessible database
of swisstopo (© swisstopo). This dataset was originally produced by Reber and Schlunegger'>. Some drillings did
reach the bedrock (red dots) and thus offer good constraints on the bedrock topography. Most of the drillings,
however, did not reach the bedrock and yield minimum constraints on the depths of the overdeepening contour
lines (green dots). The map has an uncertainty between 20 and 50 m. The blue dots illustrate the location of the
stations that are used in this study. This map is also available from the openly accessible database of swisstopo (©

swisstopo).
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Figure 3. Gravity data. Regional gravity map, Bouguer anomaly contour lines and location of our stations.

The map and the contour lines are from the openly accessible database of swisstopo (‘Carte gravimétrique de

la Suisse (Anomalies de Bouguer) 1: 500,000, © swisstopo)*. The dashed black line indicates the estimated
regional trend where the local anomalies related to the overdeepening fills have been removed. The yellow line
shows the location of our section. The yellow diamonds indicate locations where our section starts or where it
changes the direction. At these sites, we extracted the values of the regional gravity trend along the dashed black
line, which is illustrated in Fig. 4a.

bedrock dips at c. 20° until a depth level of c. 450 m a.s.l., where it flattens over a length of 700 m. This location
is where the second step occurs (Fig. 5b), below which the bedrock steeply dips towards the base at a depth of
235 m, corresponding to an elevation of 285 m a.s.l. Interestingly, the second step is situated between the depth
levels where the LGM moraine has been encountered in drillings (at c. 100 m depth in the Brunnenbohrung
drilling and at c. 30 m depth in the Hunzigebriigg drilling, Fig. 6). On the eastern border, the overdeepening
flank dips at c. 20° on average. The base of the Aare overdeepening is c. 600 m wide and nearly flat. Apart from
these large-scale tendencies, some low residual gravity anomalies at the foothill of the Belpberg could not be fit-
ted with the models. Similar to the Giirbe overdeepening, the Aare overdeepened valley can be characterized as
a U-shaped cross-sectional geometry composed of a wider top segment and a narrower shape towards the base.

Sedimentary architecture of the overdeepening fill encountered in the drillings. Three drill-
ings, one in the Giirbe and two in the Aare, have been conducted close to our gravity section (Fig. 6). The stra-
tigraphy in these drillings has been published in scientific journals and as reports in the database of the local
authorities (see references below). Here, we present the results as stratigraphic logs and thereby re-interpret
them in a harmonized way to facilitate a correlation between them.

The drillings showed that the bedrock underneath the target overdeepenings comprises the same Upper
Marine Molasse (UMM) lithologies as the Belpberg?>*>3%3!. In the Giirbe valley the drilling referred to as ‘Rota-
tionsbohrung RB9201’ reached the UMM bedrock at the depth of 155 m (Fig. 6). A Quaternary sedimentary
suite with silty gravel, referred to as the Giirbetalschotter?****!, follows atop the bedrock up to a depth level
of 49 m. The ensemble of gravel and silt beds in these deposits, together with the occurrence of both rounded
and angular clasts®!, could point to the occurrence of an ice-contact or to a fluvio-deltaic environment®. The
sequence is overlain by a ~ 5 m-thick diamict, which was probably deposited during the LGM c. 20,000 years
ago. The uppermost 34 m comprises late-glacial clays deposited in a lake, and finally a ~ 8 m-thick sequence of
fluvial gravel and overbank fines deposited by the modern Giirbe River?****. Although we have no constraints
on the age of the Giirbetalschotter unit, we tentatively assign an age between MIS 4 and 3 to this gravel, because
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these sediments show sedimentological similarities to a suite of gravel in the Aare valley that were encountered
below a LGM till and that were dated with C to MIS 3 (see below).

In the Aare valley, a drilling referred to as ‘Brunnenbohrung Miinsingen’ (Fig. 6) penetrated a 270 m-thick
Quaternary suite without reaching the bedrock®. The sequence starts with a diamict, which is c. 6 m-thick and
which was tentatively assigned to the ‘Riss’ glaciation?®, possibly MIS 6. It is overlain by a c. 8 m-thick suite of
interglacial lacustrine mud deposited between the ‘Riss’ and ‘Wiirm’ glacial periods®, which could correspond
to the Eemian and thus to MIS 5e**. The overlying c. 4 m-thick gravel unit transitions into a ~ 120 m-thick suite
of fluvio-lacustrine gravel up to a depth of 144 m, which was dated with C to c. 32,300 years BP (MIS 3) at
three depth levels®. These gravel deposits are overlain by lacustrine mud up to a depth of 116 m. A c. 10 m-thick
diamict is encountered between the depth interval of 116 and 96 m, which is then overlain by lacustrine mud up
to a depth level of 8 m. While there are no age constraints for this diamict, it is likely a LGM deposit and thus of
an MIS 2 age. The uppermost 8 m comprises gravel deposited by the modern Aare River. Approximately 10 km
farther south, the lacustrine mud overlying the LGM diamict transition into fluvial deltaic gravel as reported
in drillings™.

A further drilling, albeit destructive, was conducted at Hunzigebriigg c. 1.9 km north of our gravimetric sec-
tion (Fig. 6). This drilling reached a depth of 264 m and did not encounter the bedrock. The basal c. 44 m-thick
unit in this drilling comprises fluvio-lacustrine gravel, referred to as the Uttigen-Biimbergschotter®®, was possibly
deposited during the ‘Riss’ glacial cycle®® (MIS 6), or possibly before. It is overlain by a c. 26 m-thick suite made
up of gravel and lacustrine mud, referred to as lacustrine sediments deposited between the ‘Riss’ and “Wiirm’
glacial periods®®, which could correspond to the Eemian and thus to the MIS 5e**. The overlying c. 168 m-thick
suite of gravelly sand, probably corresponding to the time span between MIS 4 and MIS 3, is overlain by a diamict
deposited during the LGM. The uppermost 26 m comprise lacustrine mud and fluvial gravel of the Holocene.

Through these drillings, we find that the base of the LGM did not reach down to the base of the overdeep-
enings. The stratigraphic data also implies that the oldest deposits in our section have an age of MIS 6 or maybe
older’, which is consistent with pollen records in a drilling (Thalgut) south of our section®”*. Furthermore, at
this stage, there is no clear evidence that MIS 5d and MIS 4 glaciers® significantly contributed to the shaping of
the landscape in the region as distinct records are missing in the stratigraphy.

Discussion

Although we successfully modelled the general pattern of the bedrock underneath both valleys, we are not able
to model the low residual gravity anomalies at the foothill of the Belpberg in the Aare valley. We attribute this to
the Quaternary sedimentary cover with a low density that forms two terrace levels at this location. Also in the
Aare valley our modelled depth is slightly shallower than the depths the drillings farther north imply (Fig. 6)
conforming the Reber and Schlunegger'? model where the thalweg of the Aare overdeepening is sloping towards
the north. Nevertheless, our modelling results deviate from the bedrock topography model particularly on the
flanks (red dashed line on Fig. 5a,b that shows the Reber and Schlunegger'? model). We explain this difference
through a lack of drillings to constrain the continuation of the overdeepening margins at deeper levels, an aspect,
which has also been noted before'®. In fact, the Reber and Schlunegger'?> model infers a progressive flattening of
the valley flanks with depth, which however, is not confirmed by our results.

Despite these problems, our survey illustrates the strength of gravity modelling, which makes use of the fact
that gravity is a field that provides very precise information on mass. Because gravity values (such as our residual
gravity anomalies, Table S3) depend on both the volume (which includes the shape) and the density of the target
geological bodies, interpretations are ambiguous, and independent constraints are needed as boundary condi-
tions for the modelling. In particular, for the same gravity value along a profile, with no a-priori information on
neither the density nor the geometry of the target bodies, multiple shapes, depths and densities could be con-
sidered as possible solutions. In our case, these hurdles have been avoided thanks to the Belpberg, which allows
us to determine the density of the Molasse bedrock independent on the gravity modelling (Nettleton profiling?,
see “Methods” section and Table S2). In addition, drillings that did not reach the bedrock provided constraints
on the minimum values for the depth of the bedrock, whereas drillings that reached the bedrock on the lateral
flanks (eastern margin of Aare valley) and the valley floor (Giirbe valley) provided first-order constraints for
the overdeepenings’ geometries. Finally, we employed a combination of a high precision (2 m) digital elevation
model (DEM) and global navigation satellite system (GNSS) measurements to precisely position the stations of
interest and to retrieve exact values for the subsequent gravity correction (Table S1). Data measured at a point
provides information on the density variation and thickness differences between geological bodies in three
dimensions (3D). Some flexibility in designing a survey is thus possible, particularly where the environment does
not allow a strict alignment of stations and a constant spacing between them. However, because the gravity effect
decreases exponentially with distance, we lose resolution the farther we are situated from the objects of interests.
In this context, with regards to the Giirbe valley, most of the stations of the gravimetric map of Switzerland®’
have a spacing that is too large for the contribution of the overdeepening gravity to be recorded (Fig. 3). Since
the spacing of our stations is much closer, we can measure the gravity signal of the Giirbe overdeepening at a
high resolution (Fig. 4b). Moreover, the uncertainty of the a-priori information at depth is greater than at the
surface, with the consequence that the distance between the stations can be adjusted according to the targeted
geological feature. In our case, because the overdeepening flanks contain most of the information pertinent for
inferring the glacial processes at work (see below), we selected a short spacing of 50 to 100 m between the survey
stations at these flanks.

Our gravity modelling shows that a U-shaped cross-sectional geometry for the overdeepenings is consistent
with the residual Bouguer anomalies measured across the valleys (Fig. 5), and that a V-shaped cross-sectional
geometry yields a residual gravity anomaly, which is significantly lower than the observed values particularly on

Scientific Reports |

(2022) 1211441 | https://doi.org/10.1038/s41598-022-04830-x nature portfolio



www.nature.com/scientificreports/

WEST EAST]|
~100 & '3 ) f Belpberg Nettleton anomaly
L ¥

¥s
= [
H # LI 7
e § ow Bligdyg s
E gMa)t -2.9 mGal ﬁ
2 ]
5o & ) ) . [
:g: L ] AVA 3

~104- § Max -4.1 mGal i

105 §§ ¥

3
] 3

] 1600 2000 000 000 5600 5000 7600

Elevation (m a.5.1)

500 300 5000 7600 a
Distance from MP 1002 (m)

3 d

Maximum residual anomaly observbd -2.9 mGal

Residual anomaly (mGal)
o

west by 3

500 00 ED ] Em ErT

Elevation (m a.s.1)

1500 000 Em E

EQ T
Profile along the x axis of LCS3 (m) b

IEREL Y % ¢

§ Maximum residual anomaly observed -4.1 mm§

- ¢ ¢

Residual Anomaly (mGal)

372

=0 2000 500 000 EQ Em T o)

~800 fs

600 Belpbers

e e

250 2000 500

Elevation (m a.5.1)

000 ED T T EEC
Profile along the x axis of LCS3 (m)

Figure 4. Bouguer and residual anomalies. (a) Top: Regional Bouguer anomaly plot. The blue dots indicate the Bouguer
anomaly measured at a station; the black bar is the related uncertainty of +/—0.13 mGal. The yellow diamonds indicate the
points used to estimate the regional Bouguer gravity (dashed yellow line, see Fig. 3), which would be measured if there were
no local anomalies. These anomalies are the Giirbe Valley Anomaly (GVA) of —2.9 mGal, the Aare Valley Anomaly (AVA)

of —4.1 mGal, and the Belpberg Nettleton anomaly (Tables S2 and S3). The western end of the profile points to an anomaly
possibly due to the bedrock underlying the Langenberg and the moraine cover. This anomaly is not further used. Bottom:

Plot of the elevation of the gravity profile (see Fig. 3 for location) with the stations’ elevations, represented by the blue line and
dots, respectively. Due to the projection of the elevation profile onto a line some stations are offset. The black arrows indicate
the stations with the maximum GVA and AVA values. (b) Top: Residual anomaly plot of the Giirbe valley. The values are the
difference between the measured Bouguer anomalies and the regional trend. The blue dots represent the stations < 100 m away
from the gravity profile, whereas the green dots are the stations at>100 m distance. The black dashed lines indicate the border
of the valley floor, which delimit our models’ widths. Bottom: The bedrock profile of Reber and Schlunegger'? is indicated

by the red dashed line with red diamonds showing the drillings that reached the bedrock. These are used as constraints for

the modelling. The black rectangle is the cross-section of the first model approximating the geometry of the valley. (c) Top:
Residual anomaly plot for the Aare valley, calculated in the same way as for the Giirbe valley. Bottom: Elevation and bedrock
model profiles together with cross section of the prism that is used as a first order model of the Aare valley (see (b) for the
legend). Note that the stations are not differentiated by distance to the profile because this will not yield an added value. Yellow
stars in (b) and (c) indicate the depths of drillings shown in Figs. 2 and 6.
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Figure 5. Results of gravity modelling. (a) Top: Final modelled residual anomaly, shown by the orange dots.
Bottom: Plot of the final geometry of the Giirbe valley. This model suggests that the Giirbe valley is underlain
by an overdeepening with an asymmetrical, U-shaped geometry. At our section, we estimate a maximum depth
of c. 160 m. The eastern valley flank displays a knickzone at c. 40 m depth, which corresponds to the elevation
where an LGM till has been encountered in the drilling RB9201 (Fig. 6b). (b) Similar plot for the Aare valley
overdeepening, characterized by a maximum depth of c. 235 m. The western flank indicates the presence of two
steps marked by the numbers 1 and 2 in the Figure. On the eastern margin, the bedrock flanks dips at c. 20°.
The valley bottom has approximately the same cross-sectional width as the Giirbe overdeepening. Note that the
drillings on the eastern margin imply a complex geometry as the bedrock depths vary along the overdeepening’s
flank, and the overdeepening is turning counterclockwise, which complicates the modelling. Therefore, we
proceeded through yielding a best fit between modelling results and drilling information through trial and
error. Please refer to Fig. 4b,c for the legend and the explanation of the colours. Note, however, that the orange
dots represent the modelled residual anomaly. Please refer to Fig. S2 for estimates of the density of the Molasse
bedrock, and the supplementary note S4 for the determination of the density contrast between the Quaternary
deposits and the Molasse bedrock. Intermediate modelling steps for assessing the bedrock geometry underneath
the Giirbe and Aare valleys are illustrated and discussed in the supplementary notes S5 for the Giirbe valley,

and S6, S7 for the Aare valley. The inputs and outputs of the final models, of both valleys, are available in the
supplementary dataset Prisma.
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Figure 6. Sedimentary logs. Logs of one drilling in Giirbe valley>"* and two drillings in Aare valley***>3.

Information for drawing the log of the Aare valley is taken from the openly accessible database of the Canton
Bern. For location of the drillings please refer to Figs. 1b and 2a,b. Different colours represent the various
lithofacies.

the flanks of the overdeepenings (Supplementary Figs. S5 and S6). This U-shape suggests that the formation of
the overdeepenings was most likely accomplished through glacial carving®*’. U-shaped valley geometries have
indeed been considered as indicative for glacial shaping provided that the corresponding area has not experienced
high uplift rates*!, as is the case for the Swiss Plateau*?. Further supporting evidence for the inferred occurrence
of glacial carving is provided by the flank’s oversteepening, which is particularly strong on the eastern margin of
the Giirbe valley’s trough (Fig. 5a). We attribute this asymmetry to the inward shift of the shear stress centre line
of a glacier making a bend in the downstream direction®. Such a shift would enhance glacial erosion through
abrasion on the inner flank of the curve in response to an accumulation of stress, which has been used to explain
oversteepened bedrock flanks in a modern setting®*. Finally, the occurrence of glacial carving has also been
inferred from a drill core in the Bern area close to our survey location. At this site(Rehhag), the occurrence of
a glacial till atop the bedrock together with structures of glacio-tectonic deformation has been used to propose
that glacial carving was an important erosional process®®. We note, however, that it is not possible at this stage to
interpret whether the valleys were originally formed by fluvial dissection and then widened by glacial carving'®%.

Erosion by overpressurized meltwater could have occurred together with the glacial carving, specifically for
the flushing of erosional products. Such a mechanism has also been considered to contribute to the shaping of
many overdeepenings, particularly where adverse slopes are found farther downstream'>"'*'7. Furthermore, it was
documented!! that bedrock fracturing through subglacial water pressure may have contributed to the deep glacial
carving of an overdeepening in north-eastern Switzerland, similarly leading to U-shaped valleys®. Although we
lack distinct geomorphic features in the bedrock that are diagnostic for erosion by subglacial meltwater (such as,
e.g., potholes, channels, and fractured rocks!"!*#), we cannot exclude the possibility that glacial hydrological
processes were contributing to the carving of the bedrock in the study area'”.

The stratigraphic information suggests that the base of the LGM glacier was situated at depth levels between
30 and 100 m below today’s surface and did not reach the bedrock (Fig. 6). The drilling information also suggests
that the basal part of both overdeepenings was likely carved by one or multiple glaciers during MIS 6 and pos-
sibly before. It further suggests that glaciers that advanced from the Alps to the Swiss Plateau during MIS 4 and
MIS 5d times®® did not extend as far north as our cross-section, because no distinct glacial diamict of a related
age has been encountered. Since moraines of a post-LGM age?** are still well preserved on the lateral flanks
of both valleys and on top of the Belpberg, we can infer that the exposed bedrock above the valley floors largely
reflects the bedrock geometry that framed the flow of the LGM glacier on its lateral margins. Thus, the composite
shape of the overdeepenings (Fig. 5) can be attributed to an older narrow and (over)steep(ened) carving during
MIS 6 and a re-activation during the LGM, leading to a shallow and broader upper part (Fig. 7). This difference
in glacial incision could be related to the different lithologies where the MIS 6 and possibly previous glaciers
mainly needed to carve into tender and porous Molasse sandstones*”*, whereas the LGM glacier would have to
cut into more competent, cohesive glacio-lacustrine marls®®. Alternatively, these contrasts in glacial deepening
could also be explained by the differences in the thicknesses between the LGM and the MIS 6 or older glaciers.
In particular, it was reported that erratic boulders, which were dated to MIS 6 with in-situ cosmogenic '°Be, are
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Figure 7. Evolution. Summary figure showing the evolution of the overdeepenings with various time steps in
response to glacial carving (a) during MIS 6 or previous glaciations, (b) during the time between MIS 5 and
MIS 3, (c) during the LGM time, and (d) during the Holocene. Please note that stage (b) illustrates a lacustrine
phase with a lake level of (c). 600 m a.s.l,. The lake was most likely filled by gravel and lacustrine mud up to

this elevation. The corresponding sediments are currently exposed as Miinsingenschotter (Fig. 2a). This gravel
unit then formed the basis of the LGM glacier as illustrated in (c). The early Holocene was characterized by

a lacustrine phase where wave erosion made the final adjustments particularly on the eastern flank of the
Belpberg. This period was also characterized by landslides particularly on the western flank of the Giirbe valley.
Currently, the Aare and Giirbe valleys are occupied by streams.

situated along the Jura Mountains c. 40 km north of our study area, and that these boulders occur at elevations
¢. 200-300 m higher than those assigned to the LGM glaciation®. This implies that the MIS 6 glaciers were most
likely thicker than the LGM ice sheet at least in the Swiss Plateau®. Because glacial erosion depends on both
the velocity and the shear stress of ice®*!, which is most likely also valid for ice forming overdeepenings'’, a
thick glacier would have a greater ability to erode the bedrock than a thin ice sheet. This is the case because the
ice thickness influences both the velocity of the moving glacier at an exponent between 1 and 2°°, and the shear
stress at its base with a linear relationship. On the lateral flanks, however, the erosive power of a glacier is mainly
dependent on the flow velocity. If these inferences are valid, then lateral erosion scales to ice thickness by an
exponent between 1 and 2, whereas the carving at the base scales with the ice thickness with an exponent > 2.
Accordingly, we propose a scenario where a thick MIS 6 (or possibly older) glacier resulted in the formation of
an overdeepening with a flat and deep base in combination with steep lateral flanks (Fig. 7). This trough was
then partially or completely filled with fluvio-lacustrine sediments as revealed by the sedimentary suite. The
subsequent LGM glacier with a presumably lower thickness between 400 and 500 m?*! followed the previously
sculpted valley, widened it but did not carve through the entire sedimentary fill.

In the Aare valley, the bedrock topography model of Reber and Schlunegger'? shows the occurrence of a
shoulder at the base of the Belpberg (step 1 on Fig. 5b, and Fig. 7d). As mentioned before, the elevation of this
shoulder nearly coincides with that of the terminal moraine of the Aare glacier that was dated to 19,000 years
BP?. This terminal moraine may have built the dam of a lake that extended at least 20 km farther south as inferred
from lacustrine mud found in drillings (Fig. 6). We thus interpret this shoulder to reflect a shoreline of the lake
before it was filled with lacustrine mud.

In summary, gravity data in combination with available stratigraphic information allows us to develop a
scenario of how the landscape in the study area has changed at least since the Late Pleistocene. During the time
of the greatest ice extent, which possibly occurred during the MIS 6 or ‘Riss’ glaciation (or before®), large and
thick glaciers were carving a deep and relatively narrow trough into the Giirbe and Aare valley regions (Fig. 7a).
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The subsequent times, possibly spanning MIS 5 through MIS 3 (Fig. 7b) experienced a phase with a large lake in
both valleys with a lake level at or lower than c. 600 m a. s. 1.?%. This lake was filled with fluvio-lacustrine gravel,
some of which are exposed on the eastern margin of the Aare valley (Miinsingen or Uttigen-Biimberg Schotter;
Figs. 2a, 7d) and have been encountered in drillings (Fig. 6). During the LGM when the ice shield in the Bern
region reached a surface elevation of ¢. 1000 m a. s. 1.*!, the Belpberg and Lingenberg obtained their modern
shapes (Fig. 7c). Our reconstructions imply that in contrast to the previous large glaciations, the LGM glacier
was mainly widening the valleys. Finally, the Holocene started with a lacustrine period (Fig. 7d), and waves were
forming a step at the eastern foothill of the Belpberg (see arrow on Fig. 7d). The Giirbe and Aare valleys were
finally filled with the fluvial gravel of the modern Giirbe and Aare Rivers.

As a conclusion, gravity profiling in combination with stratigraphic data yields constraints on the glacial
history of a region of interest and offers insights into the mechanisms for the formation of overdeepenings. In
the case of the bedrock troughs in Central Switzerland, we infer that these overdeepenings were mainly formed
by glacial carving, where ice thickness is likely the main driving parameter. Additionally, because these bedrock
troughs hosted paleolakes, waves also contributed to the bedrock shaping at least during the latest stage of a
glacial cycle.

Methods

Landscape morphometry and compilation of existing gravity information. Topographic cross-
sections were extracted from the 2 m-resolution SwissAlti3D DEM of swisstopo. The bedrock geology map*>*
is taken from the openly accessible swisstopo database. The bedrock topography model underneath the target
overdeepenings, which is based on drillings, has been extracted from the openly accessible digital database of the
Canton Bern, Switzerland (geo.apps.be.ch). We compiled existing gravity information for the area surrounding
the study region from the gravimetric map of Switzerland. The subtraction of the bedrock topography from the
surface topography yields information on the thickness pattern of the Quaternary sediments. Such maps have
already been published before'>'*, and we refer the reader to these articles.

Gravity survey. We conduced gravity measurements with the swisstopo gravimeter CG5 (preci-
sion of 0.001 mGal). It relates the measurements to the calibrated base at the Swiss Metrological Institute,
2,601,930.7/1,197,021.8 (Swiss coordinate system LV95). At each location, we repeated the measurements 8
times until the variation between the last three acquisitions were <+0.001 mGal. Each of these measurement
cycles lasted either 30 or 45 s when gravity data was collected > 250 times. The results were returned as the mean
value (Supplementary Data Table S1). The coordinates were determined using a Leica GNSS (precision of <1 cm
in the x- and y-directions, and c. 10 cm in the z-direction).

We conducted the survey on a section nearly perpendicular to the orientation of the overdeepenings and the
Belpberg'?. We selected 82 sites with a spacing of c. 50 and 300 m. Approaching the Belpberg’s flanks, the meas-
urement sites, referred to as stations, were closer to each other (spacing <100 m) to retrieve more information
on the bedrock surface beneath the valley border. Where possible, we aligned the stations within a 100 m-wide
bandwidth.

The gravimeter was placed on a plane surface with no pronounced local topography (steps, flanks, border of
cliffs, inferred underground infrastructure and building). We avoided measurements during strong wind because
this could bias the measurements. At each site a series of individual measurements of gravity and instrument
tilt were performed to check for disturbances from seismic events. If the individual values were constant within
the instrument accuracy over several minutes, the observed gravity value was calculated from the average of
the best 4-5 measurements out of 8, evaluated by the swisstopo software GRAVNIV (Gravity for Nivellement).

We observed an offset of 0.735 mGal between our gravity results and the openly accessible gravimetric map of
Switzerland, because first, we used the GRS80 ellipsoid for the normal gravity formula while the GRS67 formula
was employed for the calculation of the values for the gravimetric map of Switzerland, yielding in 0.854 mGal
higher gravity values. Second, we used the ETRS89 latitude while the gravimetric map was calculated based on
the local Swiss Bessel ellipsoid. The corresponding shift of 4.75 arc seconds (c. 146 m) to the north compared to
our reference thus results in a lower gravity value offset by 0.119 mGal.

We conducted the Bouguer anomaly corrections (Table S1) using state-of-the art Eqs.>*** that are imple-
mented in the swisstopo software Quawirk. The corrections consider 7 components: latitude, elevation, tides,
atmospheric pressure, a contribution of the geological units between the stations and the surface of the ellipsoid,
curvature of the Earth, and a gravity contribution of the topography.

The two main sources of errors are the precision of the elevation and the local gravity measurement. The lat-
ter was obtained by a series of individual measurements (see above). Measurements affected by passing seismic
waves from earthquakes were identified as real or possible outlier observations (4 out of 82) and deleted from
the data set. This finally yielded 78 stations, the results of which were used for further analyses and modelling
(Table S1). For a realistic uncertainty estimate of the Bouguer gravity observation, we re-measured the gravity
at 11 sites along the profile and within less than 10 m distance from the original location. The results confirm an
overall uncertainty of £ 0.13 mGal for the Bouguer values along our profile (Supplementary Table S1).

Estimation of the bedrock density by the Nettleton method. The Belpberg has a linear elongation
with a nearly symmetric cross-sectional geometry and is made up of a monotonous suite of UMM sandstones.
Therefore, this mountain ridge offers ideal conditions for determining the bedrock density with the Nettleton
method®. Accordingly, we calculated the Bouguer anomaly with a reference height of 520 m a.s.l., and we used
the Bouguer gravity values of the stations between the eastern side of the Giirbe valley and the western side of the
Aare valley across the Belpberg (Fig. 4a). The selection of this reference elevation allows us to explicitly calculate
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the gravity effect of the Belpberg topography for different bedrock density values. We calculated the Bouguer
anomalies for the section across the Belpberg and iteratively increased the bedrock densities from 2300 kg/m? to
2670 kg/m? with 100 kg/m? increments (Fig. S2; Table S2). The analysis yielded a density of 2500 kg/m? for the
Upper Marine Molasse unit that comprises the bedrock beneath the Giirbe and the Aare valley along our profile.

Development of Prisma for estimating the geometry of the overdeepening fill. We developed
an open-source software (Prisma), which allows to calculate the three-dimension gravity effect of a disturbing
body, such as an overdeepening fill, on a station. This requires an input for the density of both the body to be
modelled (in our case the overdeepening) and of the environment (the bedrock). The output of the model is a
table containing information on the stations (location, elevation), and the calculated residual anomaly for each
of them.

This software is written in Python 3 and designed as a forward modelling approach. It is based on ana-
lytical solutions®. Note that the Nagy Eq.> uses arcsine functions to account for the vertical gravity compo-
nent. However, this solution fails to properly account for cases where a negative value for the arcsine has to be
considered®®*”. We use an arctan term instead®*’, which we implemented in our routine.

The routine calculates the gravity effect on a station caused by right-angled prisms, approximating the geom-
etry of the target body. Note that instead of employing existing 3D modelling software packages®®*-%, we con-
structed a code®>! (Fig. S3) that is tailored to model the gravity effect of the target structure of this study thereby
considering the modelling situation at hand (a-priori information and main structural parameters of interest,
oblique profiles sampled by dispersed gravity stations). In addition, since the nature of glacial carving can be
best explored when quantifying the geometry of the lateral flanks of an overdeepening* (which is the scope of
this work), a cross-sectional survey in combination with a 3D gravity model is a suitable strategy for such an
exploration.

Estimation of density contrast between Molasse bedrock and overdeepening fill. We used
state-of-the-art approaches'® to determine the average density contrast between the bedrock (2500 kg/m?) and
the Quaternary sediments, and we used the maximum value of the residual anomalies as benchmark®. We thus
defined a prism for the Prisma routine, which includes the surface outlines of the overdeepening (Fig. S4). We
iteratively increased the prisms’ thicknesses from 50 to 300 m by 50 m steps in-between. During each itera-
tion, we assigned density contrasts between 100 and 600 kg/m? with 100 kg/m? intervals, which includes the c.
2200 kg/m?® density value measured for highly consolidated Quaternary sediments close to Bern?. We followed
the same approach for the Aare valley'®, but with a slightly modified initial setup (Fig. $4), which is justified
because of the greater width and depth of the overdeepening fill'2. We thus started with a thickness of 160 m,
which we iteratively increased up to 300 m with 20 m-thick intervals. For both the Giirbe and the Aare valleys,
we calculated the residual gravity anomaly for a single station recording the largest residual anomaly, which is
located in the centre of each valley (i.e., station 1015 for the Giirbe valley, and station 3011 for the Aare valley).
Because the maximum residual anomaly is known for both valleys (Fig. 4), we determined the thickness-density
contrast ensemble that yields the closest similarity to the observed data'®.

Modelling the cross-sectional geometry of the overdeepenings. As a next step, we refined our
models using the routine Prisma by (i) increasing the number of prisms for different layers, (ii) testing U- versus
V-shaped valley flanks, and (iii) adjusting the prisms’ widths and the slopes of the flanks independently. By a suc-
cession of multiple models, we finally approached a best fit to the observations. We accepted a final model where
the calculated residual anomaly at each station fits the measured anomaly within less than the uncertainty. We
accepted exceptions from this principle for stations where the distance to the profile was > 100 m for the Giirbe
valley. We justify this approach, because the valley geometry is not fully two-dimensional.
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