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Abstract: This study explores the hydrogeological conditions of a landslide-prone hillslope in the
Upper Mosel valley, Luxembourg. The investigation program included the monitoring of piezometer
wells, hydrogeological field tests, analysis of drillcore records, and geophysical surveys. Monitoring
and field testing in some of the observation wells indicated very pronounced preferential flow.
Electrical resistivity tomography (ERT) and self-potential geophysical methods were employed in the
study area for exploration of the morphology of preferential flowpaths. Possible signals associated
with flowing groundwater in the subsurface were detected; however, they were diffusively spread
over a relatively large zone, which did not allow for the determination of an exact morphology of
the conduit. Analysis of drillcore records indicated that flowpaths are caused by the dissolution of
thin gypsum interlayers in marls. For better understanding of the site’s hydrogeological settings,
a 3D hydrogeological model was compiled. By applying different subsurface flow mechanisms,
a hydrogeological model with thin, laterally extending flowpaths embedded in a porous media
matrix showed the best correspondence with field observations. Simulated groundwater heads in
a preferential flow conduit exactly corresponded with the observed heads in the piezometer wells.
This study illustrates how hydrogeological monitoring and geophysical surveys in conjunction
with the newest hydrogeological models allow for better conceptualization and parametrization of
preferential flow.
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1. Introduction

The aim of this study is the identification and characterization of preferential flow
in a study site by using hydrogeological and geophysical investigation techniques. Field
investigation delivers boundary conditions for groundwater simulation, which allows for
better characterization of preferential flow in the subsurface.

Preferential groundwater flow has been extensively studied in recent decades because
it has a growing importance in several research fields such as in contaminant transport [1],
the construction of nuclear waste repositories [2,3], the prevention of dam leakages [4,5],
and in slope failures [6-9].

Various types of discontinuities in rock or soil such as surface or subsurface layer
topography, tree root decay, animal caves, or soil/rock cracks can result in preferential
flow [10,11]. Preferential flow routes can form complex networks [12], and moreover, they
can evolve over time [13].

Recent advances in numerical modeling allow for the consideration of preferential
flow in hydrogeological simulations [14,15]. Beven and Germann [16] identified the fol-
lowing preferential flow modeling approaches: single continuum, dual continuum, dual
permeability, and dual porosity. In the case of single continuum, dual continuum, and
dual permeability modeling approaches, the morphology of separated fractures is not
represented in the model. Instead, modified hydraulic conductivity functions for sin-
gle continuum models or regularly distributed permeable inclusions are applied to the
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model [16]. Such an approach allows for the consideration of the impact of preferential
flowpaths in a generalized way if the impact of individual conduits can be neglected.

The dual-porosity approach considers the morphology of individual flowpaths, and
the water exchange between the conduit and the encompassing matrix is simulated [16].
However, this approach is numerically challenging and demands advanced investigation
techniques for the identification and parametrization of the preferential flow conduits in the
subsurface. Consequently, depending on the demanded model’s resolution, an appropriate
approach of preferential flow conceptualization in the model should be selected. Data
characterizing preferential flow in the field site can be attained by selecting appropriate field
investigation techniques, and they are a prerequisite for the building of a representative
groundwater model.

Various geophysical and hydrogeological approaches have been used recently for the
identification of preferential flow pathways [17-22]. The main hydrogeological approaches
are single-borehole tests, hydraulic tests, cross-borehole hydraulic tests, and tracer tests [23].
However, these methods have limited applicability if the groundwater-bearing fracture is
not in the proximity of the borehole [17].

Non-invasive geophysical techniques such as electrical resistivity tomography (ERT)
have been widely applied for the investigation of lithological settings [18,19] and ground-
water bodies [20,21,24,25]. ERT determines the resistivity distribution in the subsurface,
which allows for the identification of saturated zones of soil and rock. Both the flow of
groundwater and of electrical current in saturated rock or soil rely on similar physical prin-
ciples, which can be conceptualized through the flow in porous and fractured media [24].
The conduits within the rock matrix can radically increase conductivity both in terms
of water and electrical current [6,24,26]. By using the discrete-dual-porosity modeling
approach, the impact of anisotropy on the electrical resistivity of rock massif has been
illustrated [24]. It should be added that anisotropy of electrical conductivity in subsurface
is affected by other factors such as solute concentration variability. This effect is particularly
emphasized under partially saturated conditions [27].

Preferential flowpaths can be caused by different types of heterogeneities in the subsur-
face. Without discrete fracture networks, as discussed before, highly permeable interlayers,
subsurface layer topography, or animal burrows can serve as preferential flowpaths as
well [10,11]. The integrated use of geophysical and subsurface monitoring techniques
increases the accuracy of geophysical surveys for application in different scales and geo-
logical settings. The combined use of ERT and active seismics allowed for monitoring of
water flow in the vadose zone with very high spatial and temporal resolution [28].

The effect of groundwater flow in fractured media on electrical resistivity distribution
and streaming potential signals has been modeled numerically [24,26]. For this research,
we have selected ERT and self-potential techniques that provide a physical link both with
water content and water flow in the subsurface [24,26,28].

A self-potential geophysical method using non-polarizing electrodes has been employed
for measuring the streaming potential associated with preferential flow paths [18,29-33].
Contrary to ERT, when an external source of current is applied, the self-potential method
measures electrical charges developing naturally in the subsurface [34-36]. There are vari-
ous sources of self-potentials. Redox potentials cause the most pronounced self-potential
anomalies up to 1500 mV [37]. Anomalies caused by streaming potentials have lower
magnitude, and they are generated by electrolytic groundwater flowing in porous or frac-
tured media [35,36]. Water in the space between mineral grains is never neutral, as there
is an excess of charge in pore water to balance the charge on the surface of silicate and
aluminosilicate mineral particles [35]. The presence of the excess charges in pore water
causes the phenomenon of streaming potential when the charges are dragged by flowing
groundwater. As a consequence, in unconfined aquifers, positive self-potential anomalies
can be observed in the direction of the preferential flow [18,35].

The literature review shows that preferential flow has an importance in many fields
because it can radically alter the velocity and rate of groundwater flow. The newest
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hydrogeological models are able to consider various kinds of preferential flow mechanisms
in a groundwater simulation. However, advanced investigation and testing in the field site
is a prerequisite for the adequate conceptualization and parametrization of the preferential
flowpaths in numerical models.

This study was conducted in the study site of Deisermillen (Luxembourg), Upper
Mosel region (Figure 1a), where in the autumn of 1964, a dangerous landslide occurred [38,39].
The typical morphological features of the landslide such as hummocky topography can be
seen in a high-resolution digital elevation model (Figure 1b).

In 1965, several drillings were done under the supervision of the State Geological
Survey [39] in order to investigate the possible causes of the Deisermillen landslide. In
1974, additional fieldworks were done to conduct remediation measures in the landslide’s
area [40]. From previous research campaigns, 11 borehole records in all are available in
the Archive of Geological Survey of Luxembourg [39,40]. In 2018-2019, an extensive field
research program was conducted including 8 new geological drillings, hydrogeological
monitoring and testing, and geophysical exploration to investigate the lithological and
hydrogeological setting of the landslide’s area. All of the borehole records from previous
and actual studies were used for the geological characterization of the study area and the
building of a 3D geological model (Figure 1c,d).

The uppermost lithological sequence in the study area is the dolomites of the Upper
Muschelkalk (mo). This formation appears as a steeply inclined cliff in the western part of
the site (Figure 1b—d).
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Figure 1. Cont.
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Figure 1. (a) Regional location of the study area (modified after [41]), (b) hillshade map showing location of the study area affected

by the landslide in the Mosel River valley, a 3D geological model of the study area (c) with and (d) without landslide mass cover

(processed from [42,43]).

This formation is underlain by a 70 m thick Middle Muschelkalk (mm) formation
composed of gypsiferous marls. These marls are covered by the 6 to 14 m thick, less
consolidated, landslide mass extending from the Mosel River to the Upper Muschelkalk
cliff (Figure 1c). The landslide mass cover consists of dolomite blocks embedded in a silty
matrix. The landslide mass, through which the landslide occurred, was formed during a
long-term morphological evolution of the hillslope by alteration and erosion of the Middle
Muschelkalk marls and rockfall of dolomite blocks from the Upper Muschelkalk cliff. There
is a local fault trending in a SW-NE direction along the southern border of the study area
(Figure 1d). It can be assumed that the fault marks the maximal extension of the landslide
to the south as more resistant rocks of the Lower Muschelkalk are located at shallow depth
southward of the fault.The top of the Lower Muschelkalk (mu) formation is located at
30.7-42.5 m depth below the surface northward of the fault in the study area.

The lithological units of Lower and Middle Muschelkalk correspond to the international
chronostratigraphic stage of Anisian and Upper Muschelkalk to Ladinian, respectively.

The hydrogeological settings of the study area are characterized by fracture flow in a
carstic network of the dolomitic Upper Muschelkalk layers. It is supposed that groundwater
flows through the spaces in the dolomites, accumulates on the underlying less conductive
Middle Muschelkalk, and is drained in the landslide mass where it occasionally reappears
as springs. In the study area, several groundwater springs can be observed discharging
from the landslide mass deposits (Figure 2a). Additional water supply for the springs
is provided by the Kelsbach Creek that flows on the plateau at the rear of the dolomite
cliff (Figure 2a). The creek completely disappears in the dolomite massif, and only during
periods of intensive rainfall is a surplus of water drained through the creek bed to the
Mosel River. Tracer tests carried out in 1968 confirmed the presence of the karstic network
in the dolomitic rock massif, resulting in a groundwater flow from Kelsbach Creek to the
springs in the landslide’s area [44].

Previous studies describe preferential flow in the dolomites of Upper Muschelkalk,
whereas the marls of Middle Muschelkalk are supposed to be less conductive material [44].
Therefore, the initial conceptual hydrogeological model of the study site assumed intense
groundwater flow discharging from the dolomites and following the way through the
landslide mass cover toward the Mosel River. However, the field studies described later
below indicated that an intense preferential flow in the marls can occur as well, as it is
shown in Figure 2b.
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Figure 2. (a) Geological sketch of the landslide area showing distribution of boreholes and groundwa-
ter springs (b) geological section of the area showing conceptual hydrogeological settings (processed
from [42,43]).
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2. Materials and Methods

In this study, geological and hydrogeological survey techniques were applied in con-
junction with geophysical methods to investigate the hydrogeological conditions of the
study site. The geophysical techniques were applied with particular focus on preferential
flow, with a scope to identify and parametrize the flow pathways in the subsurface. Sub-
sequently a hydrogeological model considering preferential pathways was compiled and
validated through observed groundwater heads in piezometer wells.

In addition to 11 boreholes conducted during previous research campaigns [39,40] in
the study site, new boreholes 1-8 were drilled (Figure 2a) with a core driller, and samples
were stored in boxes. The depth of the drillings was set two meters below the landslide
mass—marl interface. The new boreholes Nos 1-8 and the 11 previous borehole records
were used for the building of a 3D geological model applying GeoModeller software
(Figure 1c,d). Further piezometers were installed in the new boreholes 1-7 (Figure 2a)
equipped with barometric sounds measuring groundwater heads at a frequency of 15 min.

The measurements of the groundwater heads are available for the time period from
7 March 2018 to 1 April 2019. The measurements were extended over a period of one year
to consider seasonal fluctuation of the groundwater table.

Injection tests were conducted in boreholes No 3 and 5 (Figure 2). These boreholes
were selected because preferential flow was expected there due to a loud noise of flowing
water and almost constant observed groundwater heads. Water was pumped into the
boreholes at an average rate of 0.8 L/sec; however, no increase of the groundwater table
was attained.

Two geophysical techniques, ERT and self-potential mapping, were used for explo-
ration of the hydrogeological settings of the study site. The ERT was used for the location
of groundwater bodies, while self-potential mapping was selected for identification of
groundwater flow in the subsurface. These two geoelecterical methods are complimentary
and have been successfully applied for hydrogeophysical exploration [35].

The basic principle of ERT can be explained through four electrode measurements;
namely, an electrical current is injected into the ground through two electrodes and voltage
is measured between the second two [34]. An apparent resistivity of the ground can be
calculated from applied current and measured voltage between the electrodes. When
changing the arrangement of the electrodes, characteristics such as penetration depth,
resolution, accuracy etc. can be varied [37]. An inversion procedure is applied to convert
the pseudosection into a true resistivity section for a heterogeneous subsurface [34,37].

As the charge carrier in most soils is electrolytic groundwater and mineral-grain
interfaces, ERT can be effectively applied for the identification of groundwater in the
subsurface [24,34,35]. In the study site of Deisermillen, an ERT survey with 13 profiles
was conducted using a LIPPMANN 4-point light 10 W device. Using a maximum number
of 50 electrodes with 2 m electrode spacing and a maximum profile length of 100 m
allowed the attainment of approximately 15 m penetration depth. However, the length
and number of electrodes varied because blocks of rock or intense vegetation crossed the
way. The position of the first profile’s start and end points was georeferenced using a
GNSS receiver (HiPer HR Topcon Deutschland Positioning GmbH, Hamburg, Germany).
Horizontal accuracy of the GNSS measurement did not exceed 1 m during the fieldwork.
A further 12 additional profiles were aligned parallel to the first profile using measuring
tape, wooden sticks, and wires. The ERT profiles were orientated perpendicularly to the
expected direction of groundwater flow, and 4 m spacing was set between the profiles. The
surveys were conducted using Wenner electrode allocation due to a high signal-to-noise
ratio [37]. The ZondRes3D software was used for creating a joint 3D ERT model from
13 profiles. Before inversion data were processed with the ZondRes Quality control module,
unrealistic data points were removed. Ten inversion iterations were applied to maximally
reduce the difference between observed and calculated apparent resistivity.

Streaming potential is one of the sources causing self-potential signals, which are trig-
gered by the movement of electrolytic groundwater in porous media [34]. The magnitude
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of the streaming potential can range up to 100 mV [37]. Moreover, in unconfined aquifers
along the preferential flow path, a negative anomaly can be observed in the upstream,
and a positive anomaly can be observed in the downstream part of the flow path [18,34].
When conducting the self-potential measurements, the base electrode is commonly kept in
a fixed location as a reference, while the removable electrode is replaced along a specified
raster [34]. Initially, self-potential mapping with a coarse raster of 2 x 5 m was conducted
for the identification of locations with self-potential anomalies in the study area. Further in
the location of anomalies, measurements were repeated with a refined raster of 2 x 2m. A
regular measurement raster composed of several separated plots was marked in the field
using measuring tape, wires, and wooden sticks. Furthermore, the corner points of the each
plot were georeferenced using a GNSS receiver. Two Ag/AgCl non-polarizing electrodes
and a high impedance voltmeter with a sensitivity of 0.1 mV were used. The repeatability
of the self-potential measurements in the locations of the anomalies was validated over a
period of one year, and regular measurements showed that the anomalies remain stable.

A 3D geological model was developed to provide a geological context for the inter-
pretation of geophysical measurements. GeoModeller software was employed for the
building of a 3D geological model applying 19 boreholes. Layer interfaces from the 3D
geological model were further used for the building of a hydrogeological model. The 3D
hydrogeological model with a focus on preferential flow was developed (Figure 3). The aim
of the model was to find a physically-based explanation for observed groundwater heads
by applying different subsurface flow mechanisms. When only flow in porous media was
simulated, we were not able to explain the observed groundwater flow in the strata of less
conductive marl; therefore, preferential flow was considered in the model’s simulations. A
discrete fracture modeling approach applying the HydroGeoSphere software was used.
The HydroGeoSphere (HGS) is a 3D fully-integrated surface and subsurface flow simula-
tor [45,46], and with this, surface flow and subsurface flow in porous, fractured, and dual
media for both saturated and unsaturated conditions can be modeled [45]. This allows for
the application of the HGS code for advanced simulations in the vadose zone [47-49]. A
detailed explanation of the governing equations used in the HGS code are available in the
HGS user manual [46] and in a publication by Brunner and Simmons [45].

In the hydrogeological simulation, the recharging of groundwater in the model’s
domain occurs through the first-type boundary condition of the rainfall rate, which is
applied to the model’s surface domain (Figure 3a). Initially, the average precipitation
amounts were applied for a period of several years, which allowed for the saturation of the
model’s domain. Furthermore, daily precipitation amounts observed by the meteorological
observation station of Nittel from 7 March 2018 to 1 April 2019 were used in the model [50].
The first-type (Dirichlet) boundary condition of the prescribed hydraulic head was applied
in the eastern part of the model’s domain to consider the infiltration of groundwater from
the Mosel River, and also in the western part, which was equal with the groundwater
table in borehole No 6 to consider the afflux of groundwater from the carstic network in
the eastern part. We assume that the discharge of groundwater from the carstic network
in the dolomite cliff occurs in a narrow zone where springs occur (Figure 2a). To the
outer boundary of the model’s domain, a critical depth boundary condition was applied,
which allowed water to leave the model’s domain without influencing the upstream
groundwater heads or surface water depths [46]. The morphology of the preferential
flowpath in the model was assumed to be a 7 mm thin, lateral conduit dissecting borehole
No 5 where intense preferential flow was located (Figure 3c). The width of the conduit
was arbitrarily assumed. The conduit was laterally embedded in the marl strata until it
reached the marl-landslide mass interface. Furthermore, the conduit followed the interface
allowing the drainage of water toward Mosel River. The model’s structural sublayering
was adopted to the above explained conceptual model of the flowpath (Figure 3b). A
discrete fracture modeling approach was employed for the simulation of groundwater
flow in the preferential flowpath. An exchange between the fracture and the encompassing
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Figure 3. (a) The structure of the hydrogeological model, (b) the model’s sub layering, (c) morphology of the lateral flowpath.

3. Results

From a hydrogeological viewpoint, the two most conductive geological units in the
study site are the carstic dolomites and the overlaying conductive landslide mass. However,
field investigation revealed that in the strata of less conductive marls highly permeable
conduits exist. Figure 4 illustrates that two systems of groundwater flow are present,
namely one above the less conductive marls and another in the marl sediments, which
itself is represented by boreholes 3 and 5.

Boreholes 3, 5, and partially also 4 and 6 have an untypical temporal variability of their
hydraulic heads, because independently of precipitation, their hydraulic heads remain
constant. This is especially emphasized in borehole No 5. In boreholes No 3 and 5 (Figure 4),
a loud noise of rapidly flowing water can be heard. Further pumping tests were conducted
in these boreholes to get detailed insights about the possible causes of such an untypical
behavior of groundwater in the boreholes. An injection test with a flowrate of 0.8 L/s
was conducted in boreholes No. 3 and 5; however, no increase of the groundwater head
could be observed there. This indicates that very highly conductive conduits in the low
permeable deposits of the marls exist. This phenomenon is also confirmed by the previous
borehole records available in the archive of the Geological Survey of Luxembourg [40].
Namely, in borehole S7 at a depth of 24.5 to 25.10 m and in borehole S6 (Figure 2a) at a
depth of 18.6 to 19.25 m, a cavity was identified [40]. Unfortunately, no detailed description
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of these cavities is present. Drawings of the cores indicate that the cavities are located in the
proximity of gypsiferous interlayers. Therefore, it can be speculated that the preferential
flowpaths in the new boreholes No 3 and 5 are also caused by dissolution of the gypsiferous
interlayers. After a detailed analysis of the new drillcore records in borehole No 5, a thin
gypsum interlayer was discovered at the same depth where preferential groundwater flow
occurs (Figure 5). For detailed insight into the geological settings, a geological section
through borehole No 5 was drawn (Figure 2b).
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Figure 4. Temporal changes of the groundwater heads in piezometer wells Nos 1-7 from 7 March 2018 to 1 April 2019.
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Figure 5. Gypsum interlayer in the core records of borehole No 5.

Both ERT and self-potential mapping were used to obtain detailed information about
the preferential flowpaths in the study area. The ERT was employed for the identification
of groundwater bodies caused by groundwater discharging from the carstic network and
flowing downslope through the landslide mass to the Mosel River. The self-potential
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mapping was used for the identification of streaming potential caused by preferential
groundwater flow.

The results of the self-potential mapping are explicitly illustrated in Figure 6. Rela-
tively homogenous self-potential values can be observed in the northern part of the study
area; however, downslope from the discharge area of groundwater springs, emphasized
self-potential anomalies are present. Several couples of positive and negative self-potential
anomalies can be observed in the study site (Figure 6). The maximum magnitude of the
self-potential signal exceeds approximately —103/+98 mV. The polarity, magnitude, and
orientation of the self-potential anomalies indicate that they might be caused by the stream-
ing potential. In Figure 6, the main self-potential anomalies are marked by blue arrows.
They are orientated in the direction of the expected groundwater flow with a positive
polarity downslope. An exception is the anomaly in the southern part, which is probably
associated with a groundwater flowpath adjoining the main pathway. A closer look at
the subsurface morphology of the less conductive marl indicates a local depression that
corresponds with the direction of the supposed streaming potentials. It can be speculated

that the surface of the marl constrains groundwater flow, which corresponds with the
direction of the measured streaming potentials.
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The intense preferential flow within the marls, as revealed in boreholes No 3 and 5,
may not cause the streaming potential anomalies. Possibly self-potential signals occur due
to groundwater flow in the conductive landslide mass directed by the topography of the
underlain marl surface.

When considering the ERT model, highly conductive zones can be observed in deeper
sections of the ERT survey while low conductivities can be observed in the uppermost
part (Figure 7). Moreover, the less conductive zones are more fragmented, as they may
perhaps represent landslide mass in the unsaturated zone with large spaces between the
dolomite blocks resulting in increased electrical resistivity. Highly conductive zones are
better connected as they may be related through groundwater pathways (Figure 7a,c).
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Figure 7. Three-dimensional (3D) high and low resistivity zones in the subsurface created through the inversion of 13 ERT profiles.

The 3D model in view from (a) SE and (c) NE (the black dots represent the location of each electrode) and two characteristic sections
(b) No 3 and (d) No 11 of the 3D model.

A 3D hydrogeological model of the study site was compiled for the time period
from 7 March 2018 to 1 April 2019 when the results of groundwater monitoring were
available. This 3D model considering preferential flow was compiled for the simulation of
groundwater flow in the conductive marl. The hydrogeological model considered daily
precipitation rates and saturated and unsaturated flow both in porous and fractured media.

In the hydrogeological model, a 7 mm thin lateral conduit was embedded in the layer
of marls intersecting borehole No 5 where the most pronounced preferential groundwater
flow was observed (Figure 2b).

Modeled groundwater heads in two observation points corresponding with boreholes
No 1 and 5 are illustrated in Figure 4. In borehole No 1, flow in porous media can be
observed; both observed and simulated heads indicate response to precipitation events,
which is not the case in borehole No 5 where preferential flow occurs. The groundwater
simulation with the thin laterally extending conduit allowed for the attainment of an exact
correspondence between the modeled and observed groundwater heads in piezometer
well No 5, where preferential flow occurs.
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4. Discussion

This study was conducted in a study site in the valley of Upper Mosel, Luxembourg,
where mass movements are frequently present. The aim of the study was to explore the
hydrogeological conditions of a slope affected by a recent landslide.

Observations of the groundwater heads in piezometer wells indicated very diverse
responses to changing precipitation in the study site. The almost constant hydraulic heads
with high flow rates in two boreholes could be explained through preferential flow in the
marl strata. The dissolution of gypsum could have caused thin, lateral conduits in the
marl deposits. In boreholes No 3 and 5, constant groundwater heads are sustained because
water discharges into these conduits.

In the inclined borehole No 6, which was installed in the dolomite cliff (Figure 2b),
alternation between the two governing groundwater heads can be observed (Figure 4).
This phenomenon could be explained through presence of two fracture planes dissecting
the piezometer’s screen. Possibly if the conductivity of the lowest conduit is relatively
low and high inflow of groundwater occurs, the level of the next lateral conduit is reached
where it remains stable until the water inflow decreases.

Hydrogeological field testing and observations in boreholes at the field site also
revealed that preferential flowpaths have high flow capacity. However, the piezometer
observations delivered no information about the morphology and spatial extension of
preferential flowpaths.

The newest 3D geophysical surveys are promising techniques for the investigation
of the morphology of subsurface flowpaths. The 3D ERT indicated possible locations of
saturated groundwater bodies associated with preferential flow heading toward the Mosel
River; however, the resistivity method was not able to detect increased flowrate in the
subsurface, which is characteristic of preferential flow. The self-potential method was
employed for the measurement of streaming potentials associated with preferential flow
into the subsurface. When integrating both geophysical methods—ERT and self-potential—
conducted in the study area, it can be observed that the main groundwater pathways
toward the Mosel River start from spring discharges (Figures 6 and 7). Both geophysical
methods reveal self-potential anomalies and highly conductive zones in the same locations.
Two main groundwater pathways starting from spring discharge could be recognized both
in the ERT and self-potential surveys. The pathway in the northern part disappears from
geophysical surveys; perhaps it diverges or moves toward deeper layers in the marls. The
pathway in the southern part continues in both surveys through the study area toward the
Mosel River.

The aforementioned field research allowed the measurement of signals associated
with preferential flow such as steaming potentials and the increase of electrical conductivity
along the flowpath; however, possible signals of flowing groundwater are diffusely spread
over a relatively large area. Despite intensive testing, the morphology of the flowpath
remained unclear. A detailed analysis of the drillcores indicated that a possible cause of
intense preferential flow may be the dissolution of gypsum interlayers in the marls of
Middle Muschelkalk. Thin, laterally extended conduits, caused by the dissolution of the
gypsum, are proposed as the most likely morphological shapes of preferential flow. To
validate this hypothesis, a 3D hydrogeological model considering flow both in porous and
fractured media was developed. This model with a lateral preferential flow path embedded
in a porous matrix (Figure 3c) provides an excellent correspondence with observations in
piezometers where preferential flow is present. Nevertheless, many unknowns still remain
such as lateral extension, aperture, or the discharge location of the flowpath. Furthermore,
the impact of the hydrogeological settings on the stability of the slope is unclear and will
be investigated in a separate article.

In the future, advanced field testing with a higher injected water amount could
allow for the determination of flow capacity in the flowpath. Field tests integrated with
a numerical groundwater model would allow for the estimation of the aperture of the
flowpath. However, an injection test should be conducted with particular caution because
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the injection of high water amounts in a landslide prone slope could cause the reactivation
of the landslide. Recent advances in the modeling of the self-potential signals could allow
estimating the groundwater seepage velocity, which can be used for validation of the
hydrogeological model.

This study shows that an integrated research program including hydrogeological
monitoring, hydrogeological field testing, and geological and geophysical exploration
could be necessary for the exploration of preferential groundwater flow. Despite recent
advances in geophysical exploration, the determination of an exact morphology for prefer-
ential flowpaths is not straightforward. The newest hydrogeological models are able to
conduct fully integrated simulations of preferential groundwater flow. By adopting the
hydrogeological model to observations, the site’s hydrogeological settings can be explored
in a very detailed scale. Thus, numerical models allow for better conceptualization and
parametrization of preferential flowpaths in the subsurface.

5. Conclusions

Hydrogeological investigation methods in combination with geophysical prospecting
were used for the investigation of the hydrogeological settings of a landslide-prone slope
in the Upper Mosel valley.

Observations in piezometer wells show that in the Deisermillen study site, two ground-
water flow systems are present: the first being groundwater flow above the less permeable
marls and the second located within the marl sediments where preferential flow occurs.
Hydrogeological observations in piezometer wells and hydrogeological testing revealed
an intense preferential flow in the less conductive marls, which was not expected to occur
there. Nevertheless, observations in boreholes are 2D measurements which are not suitable
for the complete exploration of heterogeneous groundwater flow conditions.

A geophysical investigation was also conducted for the investigation of the spatial
extension of flowpaths in the subsurface. By applying ERT and self-potential mapping
techniques, preferential flow could have been identified in a zone of the hillslope where
groundwater from the carstic network enters the landslide mass cover and flows toward the
Mosel River. However, it is not entirely clear which preferential flow system is the source
of the measured self-potential anomalies because the signals are widely spread over a
large area. As the interpretation of the geophysical measurements was not straightforward,
assumptions based on the geological data were necessary for the conceptualization of the
preferential flowpaths in the numerical model.

The hydrogeological model allowed for the validation of the assumed morphology of a
thin, laterally extending preferential flowpath through field observations in piezometer wells.

The results of this study show that the identification and parametrization of the prefer-
ential flow using conventional techniques such as hydrogeological testing and monitoring
can be ambiguous. Other data sources, such as knowledge about the local geological
settings and numerical modeling could be necessary for better conceptualization and
parametrization of preferential flow in the subsurface.

Integrated application of models, for instance geophysical techniques used for the
validation of the hydrogeological simulations, can help to explore the preferential flow.
Applying inverted streaming potential signals that the permeability and seepage velocity of
the preferential flowpaths can be derived [33]. In the study area of Deisermillen, modeling
of the streaming potential signals can be used for validation of the hydrogeological model
during the subsequent research.
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