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Abstract: Knowing how stream discharge in an ungauged catchment reacts to dry spells is a
major challenge for managing water resources. The role of geology on these dynamics is poorly
understood. For the Swiss Molasse basin, we therefore explored how the geology influences the
groundwater contribution to stream flow during low-flow conditions. Using existing data from
geological reports and maps as well as from deep boreholes, we constructed a basin-wide overview
of the hydrogeological quality of the bedrock and investigated five catchments in 3D. We found that
catchments with the most permeable sedimentary bedrock are least sensitive to low flows (marine
sandstone, K = 107 to 107 m/s, Pegt = 5-10%). In contrast, if bedrock K is low (K < 107® m/s),
the presence of a productive Quaternary volume becomes decisive for groundwater contribution
to stream flow. Limitations exist due to a restricted database for K and P values of the Molasse
and limited information on continuation of lithologies with depth. This emphasizes the need for
more hydrogeologically relevant data for the future management of water resources. Our results
highlighting what lithotypes favor groundwater contribution to stream flow are valid also in other
regions for the assessment of a catchment’s sensitivity to low flows.

Keywords: low flow; groundwater; geology; permeability; hydraulic conductivity; lithology; bedrock;
alluvial aquifer; Molasse basin

1. Introduction

Understanding the effect of prolonged dry spells on stream discharge and groundwater heads
has become essential in managing water resources with ongoing climate change (e.g., [1-3]). The
situation may intensify, since many regions worldwide are projected to experience more droughts and
prolonged dry periods in the future due to changes in the atmospheric circulation patterns with climate
warming [4]. It is therefore critical to understand the hydrological and topographic but, specifically,
also the geological and tectonic factors controlling the remaining stream flow during dry spells. Such
an assessment requires an integral view of the properties of a catchment (e.g., [5-8]), and in particular
surface waters and groundwater should be considered as one single coupled system. If stream flow is
sustained by groundwater during low-flow conditions, a catchment is more robust against, i.e., less
sensitive to, dry spells. Such catchments are thus more stable regarding continuous water availability
for drinking water resources, agriculture, and riverine habitats, even during dry spells. In addition to
natural factors such as the geology and the climatic setting, anthropic influences such as the sealing of
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stream beds and other engineering measures may also influence surface-water and groundwater flows
in some catchments (e.g., [9,10]).

Former studies demonstrated that groundwater contribution is important for sustaining stream
flow during dry spells and that the geology (bedrock and alluvial lithologies, tectonic setting) of a
catchment is a crucial factor in controlling this contribution [11-16]. In particular, the permeability of
the bedrock was identified as decisive for the low-flow dynamics in a catchment [17-25]. The ideal
high-productivity bedrock for reducing the sensitivity of a catchment to low flows is characterized
by a sufficient porosity to store water and an adequate hydraulic conductivity in the range of K =
1072 to 107 m/s [19] allowing a slow but constant release of groundwater to the stream and also to
alluvial aquifers during low flows. If the bedrock is impermeable, it does not have the capacity for
recharging surface waters and alluvial aquifers during dry periods. In addition to the aquifer quality of
the bedrock, alluvial aquifers, as productive geological volumes, may contribute groundwater during
low flows [18,19,26]. However, alluvial aquifers in unconsolidated Quaternary valley fillings with
typical permeabilities of 1072 to 10~* m/s [26,27] drain comparably fast and might, therefore, contribute
to low flows only on a limited time scale, unless the alluvial aquifers are constantly recharged by a
bedrock aquifer.

Even though the high relevance of the geological properties is recognized by the research
community, geology-focused studies applying a thorough assessment of the hydrogeological properties
of different lithologies and including the tectonic setting have been scarce and were mostly based
on the surface (2D) geology of a catchment using geological maps (Swiss Molasse basin [20]; other
regions [17,22,28]). Yet, for advancing research on geological controls on low flows, it is fundamental
to also incorporate changes in lithology with depth and the presence of tectonic structures influencing
groundwater flow [24] in low-flow assessments. For instance, tectonic fault zones may lead to a
hydrogeological compartmentalization of the bedrock, and increased water circulation along fault
zones may lead to exfiltration or transport of water to deeper depths. Furthermore, inclined layers as
in fold limbs may drain groundwater into a certain direction, possibly causing important exfiltration or
drainage to a neighboring catchment and thus groundwater loss. Moreover, a thorough understanding
of the geology and the tectonics in 3D is not only essential for low-flow research but also for other
fields, such as deep geothermal applications [29].

Our study area, the Swiss Plateau or, geologically, the Swiss Molasse basin (foreland-basin of
the Alps), is the most densely populated area of Switzerland. Changes in water availability with
climate change therefore have to be thoroughly assessed. It is projected that dry summers will
occur more frequently with climate warming due to the northward shift and an expansion of the
Mediterranean high-pressure zone [30,31]. The dry and hot summers of 2003, 2011, and 2015 have
already demonstrated that such dry conditions may lead to an essential reduction of stream flow and to
a drop in groundwater tables with recovery times of several years [32,33]. However, not all monitored
catchments in the Swiss Molasse basin have shown the same degree of sensitivity to prolonged dry
spells. While rivers run dry in some catchments, stream flow is continuous in others [29]. Thus,
missing knowledge about the factors that sustain stream flow during dry spells may lead to surprises
that impair the availability of drinking and irrigation water and that affects the riverine biosphere
when streams run dry or have low water levels.

Previous hydrogeological studies at the catchment-scale in the Molasse basin showed that
groundwater contribution from the sedimentary bedrock is indeed important for the hydrological
budget of a catchment and for sustaining stream flow during dry periods. Balderer [34] compared
two neighboring catchments with the same Molasse bedrock. One of the catchments also had an
alluvial aquifer, the other catchment did not. Since the water balance of the two catchments was nearly
identical, Balderer [34] concluded that groundwater contribution from the Molasse bedrock presents
an important water volume in both catchments. Naef, Margret, and Floriancic [20] explored the
influence of the sedimentary properties on the low-flow behavior of catchments and found that a porous
slow-draining character of the sedimentary bedrock is the critical factor for groundwater contribution
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during low flows. As the most favorable bedrock lithology for sustaining stream flow during dry
spells, Naef, Margret, and Floriancic [20] identified marine sandstones acting as porous aquifers.

The overarching objective of this study is to delineate important geological properties determining
the sensitivity of catchments in the Swiss Molasse basin to low flows and to ensure that this knowledge
is transferrable to other areas worldwide. The latter will be achieved by defining the lithological
properties and the type of aquifers (e.g., porous vs. fissured) that are advantageous for sustaining
stream flow during low-flow conditions via groundwater contribution. Given the results from previous
low-flow studies outlined above, we hypothesize that the hydrogeological properties of the bedrock
and the occurrence of productive alluvial aquifers along the river valleys must play an important role.

The criteria found here could already be incorporated in guidelines for practical applications in
water management [35]. An important consideration in this context is that such guidelines have to
be applicable in practice by water managers. They should be straightforward and based on already
existing and publicly available geological data and should not include time-consuming geological 3D
modeling. Hence, our objective is also to provide easy-to-use criteria for the applied sector.

The following workflow was applied: (1) Categorizing the Molasse into a manageable number of
principal lithologies and attributing these lithologies with a hydrogeological quality (aquifer/aquitard,
hydraulic conductivity K, effective porosity Peff) using existing values from the literature. (2) Gaining
information in 3D by creating thickness maps of the traditional stratigraphic Molasse units. In
combination with the lithological model, this allows us to calculate volumes of the different bedrock
lithologies occurring in a catchment. (3) Realizing a quantitative geological analysis of five selected
catchments for which hydrographs are available for examining what geological factors (e.g., type of
Molasse lithology, presence of alluvial aquifers, tectonic setting) are critical in mitigating low flows.

First, we present the methodology and the data we used, followed by a review of the geology and,
in particular, of the hydrogeology of the Molasse based on existing literature. In the results section,
we present the lithological model and the thickness maps, as well as the quantitative results from
the analysis of the five specific catchments. Finally, we discuss the geological properties decisive for
the sensitivity of a catchment to low flows but also debate the limitations and uncertainties that we
encountered during this study.

2. Methodology and Data Sources

We considered two different spatial scales in this study. On the one hand, we established a
lithological and hydrogeological overview for the entire Swiss Molasse basin (Figures 1-3; Tables 1
and 2). This overview allows, e.g., a water manager, to perform a fast evaluation of the bedrock in a
certain region. On the other hand, we analyzed in detail the geological and hydrogeological properties
of five specific catchments (Figures 4 and 5; Table 3). This approach served for the identification of the
geological properties determining the sensitivity of catchments to low flows.

The basin-wide characterization of the Molasse bedrock consists of three data sets. (i) A 2D
overview of the traditional stratigraphic Molasse units based on an existing overview map [36]. (ii)
Thickness maps of these Molasse units. The thickness map of the upper freshwater Molasse (OSM) is
based on the isohypses of its base provided in Gander [37]. The thickness maps of the upper marine
Molasse (OMM) and the lower freshwater Molasse (USM) were established using logs of 33 deep
boreholes (depths of 660-5900 m) drilled between 1940 and 1998 for petroleum exploration [36,38—43]
and in the framework of the search for a depository for nuclear waste (e.g., [44—46]) (Table S1). Raster
images were created by interpolation of depth points in the open-source geographic information system
QGIS. The thickness maps allow judging if only the uppermost Molasse unit needs to be considered
for assessing the low-flow behavior of a specific catchment, or if also the units below are of importance
because unit changes happen at depths considered still relevant for groundwater exchange with the
surface (within x00 m). The latter situation occurs for instance when a catchment is located at the edge
of a Molasse unit where its thickness fades out. (iii) The lithological model categorizing the Molasse in
five principal lithologies. For the determination and the 2D mapping of the five principal Molasse
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lithologies we used paleo-sedimentological maps published in [47] and further literature discussing
the large-scale sedimentological principles of the Molasse [37,48,49]. The 2D maps were created in
QGIS by digitizing the data. For attributing a hydrogeological quality to the five defined Molasse
lithologies (aquifer/aquitard, K, P.¢) (Table 1), we used existing reports about the hydrogeology of the
Molasse [27,37,48,50].

For the quantitative geological investigations at the catchment-scale, five catchments were selected
based on the following criteria:

The catchment is fully located within the area of Molasse bedrock avoiding the presence of
karstified rocks and strongly tectonically overprinted units of the core of the Alps.

There is no glacier influence.

The gauging station is installed at a ‘high-quality position’. ‘High-quality position” means that the
riverine discharge at the station is representative of the complete or near-complete (if considering also
the bedrock) catchment outflow. Measuring stations should therefore be positioned on bedrock sills
or on impermeable Quaternary deposits. This prevents substantial loss of water in the hydrological
budget due to groundwater flowing out of the catchment via alluvial aquifers located below the
gauging station.

The catchments cover a large range of the ‘Q95/Q50 index’. The Federal Office for the Environment
(FOEN) maintains an extended network of hydrological measuring stations. Most important for this
study is the Q95/Q50 ratio calculated using hydrological data from many years of measurements. This
ratio of Q95 representing the daily mean discharge exceeded during 95% of the time and of the daily
median discharge Q50 serves as an indication for the sensitivity of a catchment to low flows. Ranging
between 0 and 1, high values indicate a more constant flow regime throughout the year and thus a
higher capability for buffering meteorological changes. Low values, however, indicate that discharge
notably decreases during periods with little precipitation and thus delineate catchments with a high
sensitivity to low flows. Hence, we use the Q95/Q50 ratio as an indicator (‘Q95/Q50 index’) for the
sensitivity of a catchment to low flows. The five catchments we selected for detailed geological analysis
represent the full range of Q95/Q50 values that were measured in Molasse catchments equipped with
FOEN gauging stations (Q95/Q50 = 0.29 to 0.64) (Table 3).

The selected catchments are 1-Langete (1-LAN), 2-Murg-Murgenthal (2-MMU), 3-Murg-Wangi
(3-MWA), 4-Mentue (4-MEN), and 5-Necker (5-NEC) (Table 3). They are well spread across the
Molasse basin, ensuring a high variability of geological properties for the analysis. The 1-LAN
catchment represents the upper part of the 2-MMU catchment; the 2-MMU catchment includes thus
the 1-LAN catchment.
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Table 1. Molasse lithologies with hydrogeological properties based on values from the literature.
. . ey Porosity Porosity
Lithology Acronym Details Hydrogeology Qualitative K (m/s) Total (%) Effective (%) Ref
Marine sandstone M1 sandstone, frequent interlayering with marl porous aquifer 10™* to 107° ~10-20 ~5-10 [27,37,50]
Coarse-grained alluvial deposits M2 mainly meander belt and channel sandstones porous aquifer 107* to 1078 ~5* [48]
Fan conglomerate M3 compact conglomerate (‘Nagelfluh’) aquitard 1076 to 1078 ~10-20 ~10 [37]
levee sand-/siltstones, overbank fines,
Fine-grained alluvial deposits M4 paleosols, lacustrine deposits; few meander aquitard 107 to 1071 ~0-5* [48]
belt and channel sandstones
Subalpine Molasse M5 conglomerate, strongly compacted or fractured aqultar;iq(l); ffer:lctured 1075 to 1077 ~5% [27,37]
* Estimations
Table 2. Quaternary lithologies with hydrogeological properties based on values from the literature.
. e Porosity Total Porosity
Lithol A .
ithology cronym Hydrogeology Qualitative K (m/s) (%) Effective (%) Ref
Coarse-grained valley fillings (gravel, . 2 -3
sand), ‘Schotter”, river cones Q1 porous aquifer 107 to 10 25-35 20-25 [27]
Debris of slides and slope sagging,
alluvial and lacustrine fine-grained Q2 porous aquifer to aquitard 10~* to 107 10-25* [27]
sediments, lateral/frontal moraines
Lodgment till (basal moraines) Q3 aquitard 1076 or less ~10-20 5-10* [27]
Peat Q4 aquitard 105 to 1078 [51]
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Table 3. Geomorphological and hydrological properties, as well as results of calculations of geological volumes and of hydrogeological parameters, of the five

investigated catchments.

Catchment Property 1-LAN 2-MMU 3-MWA 4-MEN 5-NEC
Area (km?) 59.9 183.4 80.2 105.3 88.1
River length (km) 10.2 29.6 19.4 25.7 21.2
Runoff regime * pluvial inferior pluvial inferior pluvial inferior pluvial Jurassic nivo-pluvial Prealpine
Mean elevation (m asl) 760 653 652 675 956
Max elevation (m asl) 1085 1085 1021 923 1519
Min elevation (m asl) (gauging station) 597 419 466 445 606
Defined base level (m asl) 592 419 458 445 606
Main river gradient (m/km) 36.6 18.6 255 17.7 35.6
Mean catchment slope (°) 8.3 7.8 8.9 5.3 13.9
Main river valley width (m) 504 872 224 94 289
Molasse units present OSM, OMM OSM, OMM, USM OSM OMM, USM OSM, folded, Subalpine
Q95/QQ50 0.64 0.64 041 0.37 0.29
Total geological volume (km?) 10.1 42.6 15.7 252 30.7
Volumes in % of ‘total geological volume’:
Bedrock 94.6 97.6 91.9 96.4 98.5
M1 ‘marine sandstone’ 55.7 84.3 - 13.4 -
M2 ‘coarse-grained alluvial deposits’ - 0.7 - - -
M3 ‘fan conglomerate’ - - 87.5 - 4.6+29.7=343
M4 ‘fine-grained alluvial deposits’ 38.9 93+33=126 4.4 83.0 -
MS5 ‘Subalpine Molasse’ - - - - 64.2
Quaternary deposits 5.4 2.4 8.1 3.6 15
Saturated zone of Quaternary deposits 1.8 1.0 1.2 0.0 0.0
Mean hydraulic conductivity K (m/s) of bedrock 1.9 x107° 2.7 x107° 9.5x 1078 44x107° 9.5x 1077
Mean effective porosity (%) of bedrock 5.4 6.8 9.6 32 6.7
Pore depth of saturated zone of the Quaternary (m) 27 1.8 2.2 0.3 0.0

*[521].
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Figure 1. Geological overview maps of the Swiss Molasse basin. (a) Map of the respective uppermost
Molasse unit, as well as the zones with the folded and Subalpine Molasse [53]. The Northern Alpine
front zone designates the suture between the Subalpine Molasse and the Alps. (b) Map of the respective
uppermost lithology (M1 to M5) based on paleo-sedimentological concepts [47]. For the Molasse
lithologies M1 to M5 see Table 2. Red lines delineate the five catchments investigated in detail; river
courses in blue.

HYDROGEOLOGIC ZONES
| l [T
SUBALPINE HELVETIC
PLATEAU MOLASSE MOLASSE TECTONIC UNITS

Increasing opening
of fissures

Width of the Molasse basin (10-130 km)

Figure 2. Conceptual N-S profile through the Molasse basin for illustrating the present architecture of the
four Molasse units as a result from tectonic thrusting from south and surface erosion. The hydrogeological
zones from north to south are also shown, based on the degree of diagenetic maturity, compaction, and
tectonic deformation: (I) zone with average primary porosity and weak fissure porosity in the Plateau
Molasse; (II) zone with important fissure porosity and weak primary porosity in the Folded Molasse;
(IIT) zone with important fissure porosity but unimportant primary porosity in the Subalpine Molasse.
The groundwater flows that are considered in this study only affect the uppermost couple of hundred
meters. The full depth of the profile is shown here for illustration of the Molasse architecture and as a
complement to the surface maps (Figures 1 and 3). Figure adapted from Keller [48].
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Figure 3. Thickness maps of (a) the upper freshwater Molasse (OSM), (b) the upper marine Molasse
(OMM), and (c) the lower freshwater Molasse (USM). Maps are based on isohypses of the OSM base [37]
for (a) and logs of 33 deep boreholes for (b) and (c) (see Section 2 for references). Strong colors indicate
where the respective Molasse unit outcrops at the surface or is present below Quaternary deposits (cf.
Figure 1a). The horizontally hatched area in the west delineates an area with increased uncertainty of
the thickness maps due to tectonic faulting.



Water 2020, 12, 821

a)
2
E
]
ke]
2
=
b)
&
@
E
[0}
ke]
2
=
c)
%
[+
£
[0]
kel
2
=z
d
7]
©
£
[]
ko]
2
=

unproductive
Quaternary

9 of 23

o
[}

4-MEN

15 20 25

10 15 20
River length (km)

Productive Quaternary deposits (Q1)

Marine sandstone (M1)

[
[

Coarse-grained alluvial deposits (M2)

Fan conglomerate (M3)

Fine-grained alluvial deposits (M4)

Subalpine Molasse (~160°/45°), fan conglomerate (M5)

Folded Molasse (dipping ~90°), fine-grained alluvial deposits (M4)

Figure 4. Geological block models along the river profile for the five selected catchments (a) 1-LAN and
2-MMU, (b) 3-MWA, (c) 4-MEN, and (d) 5-NEC. Color-coding and geological signatures correspond
to Figure 1b. The fine-grained alluvial deposits present in the upper reach of the 1-LAN (Table 1,
Figure 1b) cannot be seen in Figure 4a as they do not occur along the river course.
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Figure 5. Numerical results of geological and hydrogeological analyses of the five selected catchments.
The Q95/Q50 index is compared to the found sedimentary and hydrogeological properties of the
catchments. The low sensitivity to low flows of the 1-LAN and 2-MMU catchment is given by the high K
of the bedrock due to the high fraction of sandstone bedrock and by the presence of productive alluvial
aquifers (large pore depth of Quaternary). The 3-MWA with an intermediate Q95/Q50 index benefits
from the presence of productive alluvial aquifers (large pore depth of Quaternary). The catchments with
a high sensitivity to low flows (low Q95/Q50 index), 4-MEN and 5-NEC, do neither contain productive
alluvial aquifers nor important volumes of sandstone bedrock. The P of the bedrock does not reflect
the sensitivity to low flows (Q95/Q50 index).
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The geological models of the five catchments are based on existing geological data, for management
and publication of which the Federal Office of Topography (Swisstopo) is responsible. We used the
Geological Atlas of Switzerland 1:25,000 for general, i.e., not sheet-specific, reference [54]; the Tectonic
Map 1:500,000 [53]; the map of Groundwater Reserves 1:500,000 [55] for delineating the saturated zone
within the Quaternary valley fillings; and the GeoMol raster of the bedrock surface [56] for estimating
the volume of Quaternary deposits by subtraction from the Digital Elevation Model (DEM). Both the
GeoMol raster as well as the used DEM have a grid resolution of 25 m defining the overall resolution
of the calculations. As the base level of a catchment, we used either the altitude of the catchment outlet
(i.e., the position of the gauging station) or the level of the maximal glacial overdeepening, if located
lower than the gauging station.

In QGIS, we created the planes for the base levels as well as for the boundary layers between
Molasse lithologies. Together with the surface topography, this allowed volume calculations for the
lithologies and for the saturated zones within the Quaternary. Using these volumes together with
their hydrogeological properties presented in Tables 1 and 2 (based on existing literature, references
provided in the tables), we calculated average K and P values as well as the pore depth of the
saturated zone of the Quaternary for each catchment. Finally, in order to evaluate the geological
properties that favor groundwater contribution to stream discharge during low flows, we compared
these results with the Q95/Q50 values of the catchments given by gauging data. All numerical results
are summarized in the lower part of Table 3. The comparison with the Q95/Q50 values is part of the
discussion section.

3. The Swiss Molasse Basin

Besides the geographical and climatic setting, we provide here a summary of the sedimentology,
of the tectonics and, importantly, of the hydrogeology of the Molasse. This complements the overview
maps (Figures 1 and 3) as well as the geological discussion and the calculations for the five catchments
that are presented later (Figures 4 and 5; Table 3). Moreover, little new research has been published on
the hydrogeology of the Molasse since the 1990s; therefore, we consider it worthwhile to provide an
overview here.

3.1. Geographical and Climate Setting

The Molasse basin is the foreland basin of the Alps, where the Alpine debris accumulated
during the Oligocene and Miocene (34 to 10 Ma) as a result of increased erosion during the Alpine
orogenesis [57,58]. The Molasse basin has a total length of about 1000 km (NE-SW orientation) and a
width varying between 10 and 130 km covering areas of Austria, Germany, Switzerland, and France.
Here, we focus on the part of the Molasse basin located in Switzerland.

The climate is dominated by mild and humid westerly flows from the Atlantic, alternating
with stable high-pressure conditions, or by continental air from the north, reaching the Molasse
basin when high-pressure conditions act over Central and Northern Europe and low pressure over
the Mediterranean. The average temperature is 9.4 °C in the lowlands (e.g., meteorological station
Bern-Zollikofen, 553 m asl, 2000-2016) and 7.1 °C at higher altitudes and closer to the Alps (e.g., station
Hoernli at 1144 m asl, 2000-2016) (MeteoSwiss data). Total precipitation varies between ~1000 mm/year
in the lowlands and ~1500 mm/year in higher areas.

3.2. Sedimentology and Tectonics of the Molasse

The Molasse is primarily composed of clastic sedimentary rocks characterized by different grain
sizes, from silt and clay stones to sandstones and conglomerates. Sediments were alternatingly
deposited during two marine and two terrestrial stages during the Oligocene and Miocene (34 to
10 Ma) [59,60].

The stratigraphy of the Molasse has traditionally been subdivided into four major units: lower
marine Molasse (UMM = Untere Meeresmolasse (German);), lower freshwater Molasse (USM = Untere
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Stisswassermolasse), upper marine Molasse (OMM = Obere Meeresmolasse), and upper freshwater Molasse
(OSM = Obere Siisswassermolasse). Throughout this manuscript, the expression ‘Molasse unit” refers
to this traditional stratigraphy. The UMM will not be examined individually in this study, as it
occurs mostly within the Subalpine Molasse that we treat as a distinct Molasse lithology for our
hydrogeological assessment (Table 1).

Maps illustrating the paleo-sedimentological conditions during the deposition of the four Molasse
units are illustrated in Triimpy [47]. The lower marine unit (UMM) is composed of turbidite deposits
(alternation of sandstone and marl) and marls [48]. In contrast, the upper marine Molasse (OMM) is
characterized by an extensive shallow ocean with tide- and wave-dominated beaches as depositional
environment and by sandstone as the predominant lithology [61] (Figure 1). However, proximal to
the Alpine front where rivers entered the shallow marine basin, the OMM is characterized by alluvial
fan conglomerates. The stages of the freshwater Molasse (USM and OSM,; Figure 1) are characterized
by proximal alluvial fan conglomerates and distal fine-grained but heterogeneous alluvial deposits.
Overall, a grain-size decrease with increasing distance from the Alps is observed [48]. An exception is
a NE-SW orientated drainage channel in the northern part of the Molasse basin that is characterized
by anomalously coarse-grained deposits when considering the distance to the Alpine front.

The terrestrial deposits occurring within the OMM, together with the varying lithology of the
freshwater Molasse, illustrate that the discussion of the hydrogeological quality of the Molasse cannot
be solely based on the four traditional Molasse units, since spatial variation of lithologies is not
sufficiently represented by this concept. Developing a lithological overview of the Molasse as it is
presented in Figure 1b is therefore a precondition for the hydrogeological assessment.

Tectonically, three Molasse sections are distinguished from S to N: the Subalpine, the Folded, and
the Plateau Molasse (Figures 1 and 2) [48,58]. The Subalpine Molasse was tectonically overthrusted
onto the Molasse basin and has thus experienced substantial stress and compaction and partly also
fracturing (dip direction/angle ~160°/45°) ([54] sheet 57). The Subalpine Molasse consists principally of
UMM and USM. Adjacent to the Subalpine Molasse, a section of folded and tilted Molasse and finally
the Plateau Molasse, characterized by little tectonic deformation and a horizontal to subhorizontal
layering, follow. However, in the western part of the basin (W and N of Lausanne) faults are abundant
in the Plateau Molasse [53,54], resulting in a limited accuracy of our thickness maps that were created
by point interpolation (Figure 3).

Variation in estimations for post-depositional erosion (<10 Ma) is significant (£50%) [60].
Monnier [62] estimated 1000-1200 m of erosion in the western and central sectors of the Swiss
Molasse basin and 500 m in the east. Another estimation indicates 2-2.6 km of erosion for the Plateau
Molasse and 4.3 km of erosion for the Subalpine Molasse [63]. The importance for the present study is
the deduction that all units presently located at the surface were once covered by at least another 500
m of rocks and thus experienced substantial compaction.

3.3. Hydrogeology of the Molasse

Literature describing the hydrogeological properties and quality of the Molasse is limited. The
most complete and detailed discussion about the sedimentological and hydrogeological architecture of
the four Molasse units is provided in Keller [48]. In addition, there are reports by NAGRA (National
Cooperative for the Disposal of Radioactive Waste) about the two freshwater Molasse units [37,49]
since aquitard levels therein were formerly considered as potential host rock for the repository of
nuclear waste. These reports, however, again rely largely on the before-mentioned Keller [48] study:.
Overall, the two freshwater Molasse units (USM, OSM) are characterized as ‘little permeable with
locally occurring permeable layers (principally sandstone-filled channels)’, while the marine Molasse
(OMM) is characterized as a ‘regional aquifer’ [64].

Considering in more detail the lithological composition of the freshwater Molasse, the proximal
fan conglomerates that are often interlayered by marls are characterized as aquitard (Table 1, with
references for the presented values; M3, K = 1070 to 1078 m/s). With increasing distance to the Alps, a
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transition zone with mixed grain sizes and finally the fine-grained deposits of the alluvial plain follow.
The architectural elements of the alluvial plain are diverse (Table 1; M4, K = 10~ to 107! m/s), resulting
in a locally restricted occurrence of the different deposits. This heterogeneity importantly contributes
to the aquitard character of the alluvial plain deposits. For instance, even though permeable sandy
channel fillings exist, their occurrence is isolated within marly or clayey deposits, and therefore, no
coherent aquifer can form. The axial channel system at the northern edge of the Molasse basin is
characterized by interconnected sandstone belts, which may form regional porous aquifers (Table 1; M2,
K =107* to 1078 m/s). Hence, porosity and permeability are higher than in the case of the fine-grained
alluvial deposits.

The upper marine Molasse (OMM) is, as the freshwater Molasse, proximally composed of fan
conglomerates acting as aquitards (Table 1; M3). Yet, the sandstone lithology of the OMM present in
large parts of the Molasse basin is responsible for the overall aquifer character of the OMM (Table 1;
M1, K = 107# to 107° m/s). The extent of the aquifers should nevertheless be considered as regional
(and not basin-wide) since intercalated fine-grained layers or bodies with a lower permeability may act
as sealing layers.

The Subalpine Molasse is due to its high diagenetic maturity and substantial compaction
characterized by a low primary porosity and a low permeability. Tectonic overprinting, however, could
have caused significant fracturing. Therefore, the Subalpine Molasse can locally act as fractured aquifer
(Table 1; M5, K = 107> to 1077 m/s). It is worth noting that it is generally unknown if a hydrogeological
connection exists between the Subalpine Molasse and the adjacent Folded and Plateau Molasse, or if
the Subalpine Molasse represents a hydrogeologically isolated body.

At the Molasse surface, a weathering horizon of several meters with ‘similar properties as
unconsolidated sediments’ is often observed [48]. This horizon is characterized by an increased
porosity (secondary porosity) as a result of weathering processes (e.g., dissolution of cement), as
well as by a hydraulic conductivity a factor of 10 higher than the one characterizing the underlying
non-weathered Molasse rocks. For this study, we assume that this weathering horizon is uniformly
distributed, and thus, we do not explicitly specify it in our calculations.

3.4. Quaternary Deposits

The large Pleistocene glaciations importantly formed the landscape of the Swiss Molasse basin by
bedrock erosion including overdeepening along the principal glacial valleys, as well as by the deposition
of glacial, fluvio-glacial, and glacio-lacustrine sediments [65,66]. Unconsolidated Quaternary sediments
are of high importance for water resources in the Alpine foreland, providing about 50% of the drinking
water. Coarse-grained fluvio-glacial or post-glacial (i.e., Holocene) fluvial deposits, often found in
overdeepened troughs and along river courses, are most productive and thus of paramount importance
(Table 2) [26,27]. These porous aquifers are the primary water resource in large parts of the Molasse
basin. In addition, a variety of unconsolidated deposits with varying hydrogeological quality may
occur: debris of slides and of slope slagging, fine-grained alluvial overwash deposits, fine-grained
lacustrine deposits, lateral and frontal moraines, and deposits with aquitard character, such as basal
moraines (lodgment till) and peat.

4. Results

4.1. Lithological Model and Hydrogeological Classification of the Molasse

We categorized the Molasse into five principal lithologies, based on the S-N grain-size evolution in
the Molasse basin as described in Section 3.2 and their hydrogeological quality described in Section 3.3:
marine sandstones (M1), coarse-grained alluvial deposits (M2), fan conglomerates (M3), fine-grained
alluvial deposits (M4), and the Subalpine Molasse (M5) (Figure 1b; Table 1). Figure 1b shows the
spatial 2D distribution of the five lithologies based on the paleo-sedimentological maps published in
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Triimpy [47]. Color-coding indicates to which Molasse unit the lithology belongs. In addition, this
map shows the zones of the Subalpine and the Folded Molasse [53].

Average values for K and P presented in Table 1 are based on existing literature [27,37,48,50].
While the fan conglomerates (M3, K = 1076 to 1078 m/s, Peg = 10%,) and the fine-grained alluvial
deposits are classified as aquitards (M4, K = 1077 to 10711 m/s, Pegs = 0%~5%), the sandy coarse-grained
alluvial deposits (M2, K = 107 to 1078 m/s, Pegs = 5%) and, in particular, the marine sandstone represent
porous aquifers allowing intergranular groundwater flow (M1, K = 107* to 107> m/s, Peg; = 5-10%).
The Subalpine Molasse is to be considered either as aquitard if compact or as a fractured aquifer if
tectonic overprinting induced significant fracturing (M5, K = 1072 to 1077 m/s, Pegs = 5%).

4.2. Hydrogeological Classification of the Quaternary Deposits

For the Quaternary deposits, we distinguish four hydrogeological groups. The coarse-grained
valley fillings (Q1) (gravel, sand) represent the high-productive porous aquifers (Q1, K= 1072 to 1073 m/s,
Pt = 20-25%). Other non-compacted and largely inorganic deposits with varying hydrogeological
quality from porous aquifer to aquitard were summarized in group Q2 (K = 107 to 107 m/s, Peg =
10-25%). Only small volumes of this group Q2 have a permeability that is comparable in quality to Q1.
We therefore consider the Q2 group in the present study, i.e., a potentially important geological factor
for sustaining stream flow during dry spells, as non-relevant. We defined specific groups for lodgment
tills (Q3, K < 107 m/s, Pegr = 5-10%), since they are glacially precharged and thus compacted, as well
as for peat (Q4, K = 107> to 1078 m/s) as a primarily organic sediment. Both of the latter are considered
as aquitards.

4.3. Thickness Maps of the Molasse units (OSM, OMM, USM)

The thickness maps allow estimating the continuation with depth of the Molasse lithologies
(Figure 3). The maps are valid for the Plateau Molasse, where strata have a horizontal or subhorizontal
orientation. The maps lack, however, detailed data input (faults and folds) for accurately representing
the thickness of the folded and the Subalpine Molasse. For this study, this is irrelevant, given the large
thickness of these two units clearly reaching beyond the hydrogeological base levels that we used or
that could generally be of interest in this geology-based low-flow assessment.

The OSM is only present in the eastern and central parts of the Molasse basin, with a generally
decreasing thickness from east to west. The data source for the USM and OMM maps are point
measurements (33 deep boreholes); they thus largely ignore large-scale low-amplitude folds. Our
approach is thus simplified in regard to local and regional tectonic features. Since the scope of this
study is to develop a method that allows efficiently estimating if a certain catchment or region is
potentially sensitive to low flows without exhaustive geological explorations (see Section 2), a certain
geological simplification is part of the approach. Nevertheless, a zone with substantial faulting is
located in the western part of the Molasse basin in the region north and west of Lausanne. In order to
indicate the increased uncertainty, we present this zone as hatched on the maps (Figure 3).

4.4. Geological Models of the Five Selected Catchments

The five catchments for which a detailed geological assessment was realized are well distributed
over the Molasse basin and are thus representative of the full range of the discussed Molasse units and
lithologies. Besides, they also cover the full range of Q95/Q50 values (0.29 to 0.64) observed in the
gauged catchments of the Molasse basin. For numerical results and catchment properties see Table 3.

In the following, we shortly present the geology of the five catchments:

The 1-LAN catchment (Figure 4a) is located in the area of the northern limit of the OSM. OSM and,
further north, the below-lying OMM represent the uppermost Molasse unit. We defined the boundary
horizon between OSM and OMM based on profiles included in the explanatory notes of ([54] sheets
79 and 1148). The base level of our model is defined by the glacial overdeepening to 592 m asl in the
lower reach, which is slightly deeper than the location of the gauging station (597 m asl). Considering
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the total geological volume (100%), sandstone dominates (56.9%) over the above-lying fine-grained
alluvial deposits (40.0%). The saturated zone in the Quaternary deposits accounts for 1.7% of the total
geological volume. The valley filling representing this saturated zone mainly consists of coarse-grained
deposits (gravel and sand) and only little fine-grained material (crossing profiles in [67]). Quarternary
deposits filling the overdeepening in the upper reach of the river are non-productive.

The 2-MMU catchment (Figure 4a) contains three Molasse units and four Molasse lithologies:
OSM (fine-grained, M4), OMM (sandstone, M1), and USM (fine-grained M4 and coarse-grained M2).
The upper part of the catchment corresponds to the 1-LAN catchment. The interface between OMM
and USM is based on the top of the USM defined in the USM thickness map (Figure 3c). The interface
between the fine-grained and the coarse-grained deposits of the USM in the lowest reach is assumed as
being vertical. The sandstone lithology (M1) clearly dominates in this catchment (84.5%). Important
saturated zones of Quaternary deposits (1.0%) are present in the upper reach (cf. 1-LAN) and in a ~15
km-long stretch above the gauging station. These productive zones mainly consist of coarse-grained
deposits with little fine-grained material (crossing profiles in [68]). The base-level corresponds to the
elevation at the gauging station (419 m asl).

The 3-MWA catchment (Figure 4b) is located nearly exclusively within the fan conglomerates
(M3) of the OSM (89.9%) that are interlayered by marls and sandstones [34,69]. Only a small area near
the outflow is composed of fine-grained deposits (M4) of the OSM (4.4%). Glacial overdeepening is
important, and the saturated zone within the Quaternary valley fillings accounts for 1.2% of the total
geological volume. The base level is with 458 m asl defined slightly deeper than the elevation at the
gauging station (466 m asl).

The 4-MEN catchment (Figure 4c) is located in the western part of the Swiss Molasse basin where
the OMM thins out, and the USM is primarily present as the uppermost Molasse unit. The definition
of the OMM-USM boundary horizon is based on the contact outcropping at the surface as well as on
geological profiles providing additional point information on the altitude of the boundary layer ([54]
sheets 27 and 94). The OMM sandstone (M1) (13.5%) is present in the eastern part of the catchment.
Sandstone strata in some areas slightly dip towards the east. The USM consists of fine-grained alluvial
deposits (M4) and dominates the geological volume of the catchment (84.5%). Glacial overdeepening
is absent. As a consequence, there is no hydrogeologically productive Quaternary volume. Quaternary
deposits primarily consist of a thin layer of weathered moraine covering large parts of the catchment
([54] sheets 27 and 94). As this weathered moraine may be considered as identical to a weathered
Molasse surface (see Section 3.3), we consider it as being part of the Molasse volume. The base-level
corresponds to the altitude of the gauging station (443 m asl).

The 5-NEC catchment (Figure 4d) is located in the transition zone of the Subalpine, folded and
Plateau Molasse in eastern Switzerland. The Subalpine Molasse (M5) represents the largest volume
in this catchment (64.2%) and is dipping towards SSE (~160°/45°) ([54] sheets 4 and 141). The folded
Molasse consists of fine-grained alluvial deposits (M4) (29.8%) and is strongly tilted (~90°). The small
fraction of the Plateau Molasse present in this catchment also consists of fine-grained alluvial deposits
(M4) (4.7%). Glacial overdeepending and thus productive valley aquifers are absent. Consequently,
the base level corresponds to the elevation at the gauging station (606 m asl).

4.5. Hydrogeology of the Five Selected Catchments

Combining the calculated lithology volumes of the bedrock and the saturated zones within the
Quaternary (Section 4.4) average hydrogeological properties of the bedrock (K, Peff), as well as the
pore depth of the saturated zones within the Quaternary using a porosity of 22.5% (Q1; Table 2), were
calculated (Table 3).

The 1-LAN and the 2-MMU catchments clearly show the highest average K values of the bedrock
(1.9 x 107 m/s and 2.7 X 10~ m/s, respectively) (Table 3; Figure 5). 3-MWA (9.5 X 1078 m/s), 4-MEN
(4.4 x 107% m/s), and 5-NEC (9.5 x 1077 m/s) show lower K values by a factor of 10 to 103 Considering
P of the bedrock, the situation is different. Here, it is the 3-MWA (9.6%) that shows the highest value
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(Table 3; Figure 5). This is primarily due to the comparably high—and possibly overestimated—effective
porosity that is attributed to the fan conglomerates (10%) (Table 1). Peg lies in a similar range for
1-LAN (5.4%), 2-MMU (6.8%), and 5-NEC (6.7%) but is lower for 4-MEN (3.2%). The pore depth of the
saturated zones within the Quaternary is similar for 1-LAN, 2-MMU, and 3-MWA but quasi zero for
4-MEN and 5-NEC. The reason is the absence of overdeepening and thus the missing coarse-grained
valley fillings in the cases of 4-MEN and 5-NEC.

5. Discussion

5.1. Geological Factors Controlling Sensitivity to Low Flows

In Section 3, we provided a summary of the geology, the tectonic setting, and the hydrogeology of
the Molasse basin. Based on this summary and the overview maps (Figures 1 and 3), we were able to
reorganize the Molasse units into Molasse lithologies. This allowed us to calculate lithology-specific
volumes and average K and P values for the five selected catchments. Based on these results, we
discuss the geological and tectonic properties that account for the variability of Q95/Q50 values among
the five catchments in the following.

The comparison of the hydrogeological properties of the five catchments with their Q95/Q50
index draws an explicit pattern of the lithologies and their hydrogeological properties favorable for
groundwater contribution during low flows (Figure 5). Furthermore, the vertical arrangement of the
lithologies as well as the tectonic setting also seems to be important.

The catchments least sensitive to low flows within our study group, i.e., the catchments with the
highest Q95/Q50 index, contain a substantial amount of sandstone acting as a porous aquifer (Table 3).
This is the case for the 1-LAN and the 2-MMU catchments, where both catchments are characterized by
a Q95/Q50 index of 0.64 and where the marine sandstone dominates the geological volume (56.9%
and 84.5%, respectively). Interestingly, the 2-MMU catchment is not less sensitive to low flows than
the 1-LAN catchment even though it has a higher proportion of marine sandstone. In the following,
we discuss three reasons for this favorable behavior of the 1-LAN catchment. (i) Relatively seen, the
volume of productive Quaternary deposits in the 1-LAN catchment (1.7%) exceeds the one in the
2-MMU catchment (1.0%), even though the Quaternary in the upper part of the 1-LAN catchment
is not productive (Figure 4a). (ii) The fine-grained alluvial deposits (M4), thus the non-sandstone
fraction of the bedrock volume, are located in the upper reach of the 1-LAN catchment (not visible in
Figure 4a, as sandstone does not occur along the drawn river profile). This specific vertical arrangement
of low-permeable rocks in the upper and high-permeable rocks in the middle and lower reaches of
the river is probably favorable. Surface runoff on the fine-grained low-permeable lithology (M4)
subsequently infiltrates into the sandstone aquifer. Thus, the groundwater flow reaches the outlet
and is not impeded by low-permeable units or geological boundary layers. (iii) The fine-grained
alluvial deposits (M4) present in the lower reach of the 2-MMU catchment may act as a hydrogeological
boundary layer limiting the continuation of the groundwater flow from the marine sandstone. If
groundwater was led to larger depths following this boundary, it would signify a water loss for the
catchment. However, it is also possible that groundwater is forced to the surface along the boundary
layer, which would have the opposite effect and thus be favorable for the surface runoff and the
Q95/Q50 index.

In addition to the marine sandstone, the presence of productive Quaternary deposits is the second
important factor allowing a robust discharge behavior during low flows. We draw this conclusion
primarily from the low-flow behavior and the geological characteristics of the 3-MWA catchment.
This catchment is characterized by a low mean hydraulic conductivity of the bedrock (9.5 x 1078 m/s)
but an intermediate Q95/Q50 index (0.41) (Figure 5). We suggest that the productive Quaternary
volume is, to a certain degree, able to buffer low-flow conditions. Moreover, for the favorable low-flow
behavior of the 1-LAN and 2-MMU catchments (Q95/Q50 = 0.64), not only the presence of sandstone
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may be decisive but the combination of a slowly and steadily draining bedrock with high-permeable
Quaternary deposits allowing a constant recharge of the Quaternary aquifer.

When assessing the volume and porosity of the Quaternary valley fillings, a difficulty that may
occur is the often insufficiently known 3D architecture of these deposits. Exploited high-quality aquifers
are mostly present in the upper 10-20 m of the sediment column. The deeper but often unexplored
interval of the valley fillings, however, may have a different lithology. Glacio-lacustrine and thus
impermeable fine-grained deposits of thicknesses of tens of meters are common in Alpine overdeepened
valleys [66,70,71]. In such a case, the pore depth of the Quaternary deposits that we calculated (Table 3,
Figure 5) would not be accurate. In the case of the 1-LAN, 2-MMU, and 3-MWA catchments, however,
this uncertainty could be avoided, since detailed hydrogeological studies characterizing the valley
fillings are available [34,67-69]. In the real world, however, this issue of missing information on the 3D
lithological architecture of the Quaternary valley fillings may represent an important knowledge gap
during a low-flow assessment.

The stratigraphic and tectonic setting may also have an influence on the low-flow behavior of a
catchment. For illustration, we used the 4-MEN and the 5-NEC catchments showing an unfavorable
low-flow behavior (Q95/Q50 = 0.37 and 0.29). Both are characterized by low-permeability bedrock
combined with the absence or near-absence of productive Quaternary deposits. Notable is, however,
that the average K of the 4-MEN catchment is relatively high with 4.4 x 107° (Table 3). This is primarily
the strong effect of the 13.5% of sandstone that is present in the catchment. Yet, the sandstone fraction is
positioned above the low-permeable alluvial deposits (M4) in 4-MEN, and it is not present in the river
valley along a large fraction of the river profile (Figure 4c). In addition, the sandstone dips towards the
east, potentially allowing drainage into a neighboring catchment with the below-lying fine-grained
Molasse lithology acting as sealing layer. We therefore hypothesize that (i) the vertical arrangement of
porous bedrock aquifer above aquitard (i.e., inverse to the situation in 1-LAN), (ii) the limited presence
of a porous bedrock aquifer in the river valley, and (iii) the unfavorable dipping orientation of the
porous bedrock aquifer are unfavorable for sustaining stream flow in the 4-MEN catchment. In the
case of the 5-NEC catchment, the low-permeability bedrock, combined with the missing productive
Quaternary, is very likely decisive for the low Q95/Q50 index. However, additional factors could be
responsible for the high sensitivity to low flows. (i) The catchment contains three tectonic units: the
Subalpine, the Folded, and the Plateau Molasse. Possibly, the continuation of groundwater flow across
these units is limited to absent, and as a consequence, they represent hydrogeologically isolated bodies.
Yet, no further data to prove or reject this hypothesis exist at this time. (ii) The river gradient and in
particular the catchment slope are steeper than in other catchments (Table 3). In combination with
the low permeability of the bedrock, this might lead to a fast, superficial drainage of precipitation or
snowmelt water with only little infiltration into the bedrock.

The valley width (Table 3) might provide a weak indication about the sensitivity to low flows, as it
is to some degree defined by glacial erosion and thus related to the volume of Quaternary deposits (R
=0.66). A comparison of our findings with the river gradients and the average catchment slopes did not
lead to a clear picture. As mentioned above, it is possible though that the comparably steep catchment
of 5-NEC (13.9°) favors fast surface water runoff on the impermeable bedrock and thus diminishes
infiltration. This would ask for a continuing study including topography and infiltration conditions.

In summary, we rank the catchments as follows in regard to their sensitivity to low flows (Figure 6).

e Low sensitivity: catchments with a permeable bedrock (M1, M2) and productive Quaternary
deposits (Q1) as porous aquifers.

e Intermediate sensitivity: catchments with a low-permeable bedrock (M3, M4, M5) but productive
Quaternary deposits (Q1).

e  High sensitivity: catchments with a low-permeability bedrock (M3, M4, M5) and no productive
Quaternary deposits (Q1).
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Figure 6. Decision tree illustrating in a generalized way the results of this study. If assessing the
sensitivity of a catchment to low flows based on the geology, the presence of a productive porous
bedrock aquifer and/or of productive alluvial aquifers is essential. If both are absent, the catchment is
likely characterized by an increased sensitivity to low flows.

In addition, the tectonic setting (dip direction of strata, fault, and thrust zones) likely influences
the groundwater flow across catchments or leads to groundwater isolation within a specific geological
body (tectonic compartmentalization).

These results using real catchments are consistent with recent studies realized within the same
project using linear regression and HydroGeoSphere [72] modeling for depicting the most important
characteristics making a catchment less sensitive to low flows [18,19]. The authors showed that the
hydraulic conductivity of the bedrock and a productive alluvial aquifer in case of a low conductivity
of the bedrock are the most important characteristics of catchments for increasing their capability
to sustain stream flow during dry spells. In addition, catchments with a stable stream flow are
characterized by important fluctuations of the stored groundwater volume. Ergo, both the present
study using real data and the modeling study arrived independently at the same conclusion. This
highlights the robustness of the results and allows more realistic hydrogeological modeling using
authentic permeability and porosity values.

5.2. Recommendations for Water Management

In practice, when realizing a first-order geology-based assessment of the sensitivity of a catchment
to low flows, the following two essential geological properties should be examined (see also Figure 6):

(1) Presence or absence of a slow-draining porous bedrock aquifer enabling continuous recharging
of the river and/or the Quaternary aquifers;
(2) Presence or absence of productive Quaternary aquifers.

Importantly, these criteria are straightforward in their application. Finding such an easy-to-use
decision tool was a primary objective of this study. Furthermore, these criteria are not only valid
for the Swiss Molasse basin but also provide a valuable base for low-flow assessments in other
regions worldwide, in particular in areas where porous bedrocks (e.g., clastic sedimentary rocks and
volcanoclastics) occur.
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5.3. Limitations

During the collection of data for this study, we encountered some limitations regarding the
assessment of the hydrogeological quality of the Molasse bedrock and of the Quaternary deposits.

The amount of published P and K values for the Molasse is limited and the range of values reported
for the same lithology may vary by a factor of 10 to 100. Swiss-wide, 19 K values are available for the
OMM and 13 for the USM from borehole investigations [73]. Variability of the values is less important
for the marine sandstone but higher for the rather heterogeneous deposits, such as conglomerates
intercalated by marls. If a detailed hydrogeological assessment of a catchment is planned, P and K of
the bedrock should thus ideally be newly determined.

The knowledge about the architecture of the Quaternary valley fillings is variable. In some areas,
a high amount of detail is known through geophysical investigations and boreholes, e.g., for the
1-LAN and 2-MMU catchments [67,68], while at other sites, little information is available beyond the
uppermost ten to twenty meters.

The groundwater exchange between the tectonic units Subalpine, Folded, and Plateau Molasse is
largely unknown (see also Section 3.3). Should the fault zones define isolated hydrogeological bodies,
this would affect the amount of groundwater that flows from the top of a catchment to the outlet.
Furthermore, it remains rather open to which depth bedrock groundwater has to be considered. This
uncertainty affects the definition of the base level of a catchment. The way of how the hydrogeological
base level is defined reflects to what depth groundwater is considered and influences the total geological
volume of a catchment. We used a block model, with the base level as a horizontal plane at the level of
the gauging station or at the level of the most pronounced overdeepening. Alternatively, models with
a base level following the river course at a constant depth may be used. Finally, we did not consider
the degree of soil formation, vegetation cover, or the thickness of the weathered layer in this study.
They may be dependent on the underlying geology and on the altitude and may influence infiltration.

6. Conclusions

In this study we approached an important knowledge gap regarding the influence of the geology;,
in particular of the occurring lithologies and the tectonic structures, on stream flow during low-flow
conditions in a certain catchment. Since groundwater contribution to stream discharge is essential
for sustaining river flow during dry periods, the geology must play an essential role. Former studies,
however, have more strongly focused on the hydrological and topographic characteristics. Therefore,
we contributed to closing this knowledge gap by scrutinizing the geological control on low flows.
Importantly, we did not only consider the surface geology (2D) but incorporated the continuation of
lithologies with depth (3D).

We explored which properties of the bedrock and the Quaternary deposits can explain the
sensitivity to low flows of catchments located in the Swiss Molasse basin. The main objective
was to determine the most critical geological factors that define or at least strongly influence a
catchment’s low-flow behavior. Such a straightforward geological assessment enables estimating
the low-flow sensitivity even of ungauged basins and is therefore of great benefit for water resource
managers worldwide.

In conclusion, (i) the presence of a porous bedrock aquifer is the first determining factor for a
low sensitivity to low flows. (ii) If a porous bedrock aquifer is absent, the volume of the productive
Quaternary deposits becomes important, representing the second determining factor. In this case,
sensitivity to low flows is estimated as intermediate. (iii) If both a porous bedrock as well as productive
Quaternary deposits are absent, the catchment is categorized as increased sensitive to low flows.
Hence, water managers should focus on the presence of a porous bedrock aquifer and/or productive
Quaternary deposits when assessing the sensitivity to low flows of a certain catchment in practice.
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