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Abstract A three-dimensional groundwater model was used
to improve water resource management for a study area in
north-west Switzerland, where drinking-water production is
close to former landfills and industrial areas. To avoid
drinking-water contamination, artificial groundwater recharge
with surface water is used to create a hydraulic barrier between
the contaminated sites and drinking-water extraction wells.
The model was used for simulating existing and proposed
water management strategies as a tool to ensure the utmost
security for drinking water. A systematic evaluation of the
flow direction between existing observation points using a
developed three-point estimation method for a large number
of scenarios was carried out. It is demonstrated that systemat-
ically applying the developed methodology helps to identify
vulnerable locations which are sensitive to changing boundary
conditions such as those arising from changes to artificial
groundwater recharge rates. At these locations, additional in-
vestigations and protection are required. The presented inte-
grated approach, using the groundwater flow direction

between observation points, can be easily transferred to a va-
riety of hydrological settings to systematically evaluate
groundwater modelling scenarios.
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Introduction

Proper allocation and management of groundwater is an im-
portant and critical challenge under rising water demands of
various environmental sectors. Good groundwater quality is
however limited because of urbanization and contamination of
aquifers in many regions (Singh 2014; Strauch et al. 2008;
Tariq et al. 2008). Drinking-water production close to different
potential input pathways of contaminants is a common con-
cern for water resource management (Baillieux et al. 2015;
Schirmer et al. 2013). It is therefore important to understand
the transport and persistence of pollutants in the subsurface to
develop adequate groundwater management and protection
plans (Levison et al. 2012). Knowledge about flow and trans-
port processes in the subsurface is thus the very basis to de-
velop effective and sustainable water management strategies
to protect drinking-water production sites (Doherty and
Simmons 2013; Moeck et al. 2016). Typically, groundwater
models are used to provide insights about flow and transport
processes (Keating et al. 2010). The results of simulation of
existing and proposed water management strategies form the
basis for the identification of appropriate water management
plans for current and future conditions (Singh 2013). Given
the predictive capability of groundwater models, they are of-
ten the only viable means of providing input to water man-
agement decisions, as they can predict the impacts of a spe-
cific water management scheme (Gorelick and Zheng 2015).
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However, studying and modelling transport processes can
be difficult due to the typically unclear distribution and origin
of contaminants (Michalak and Kitanidis 2004).
Understanding the distribution of contaminants is critical for
effective water management, and tracking sources and distri-
bution patterns of contaminants is a challenging task
(Hunkeler et al. 2012; Nijenhuis et al. 2013) due to uncertain
flow and transport path ways (Srivastava and Singh 2015).
The source and distribution pattern can be inversely estimated
but is computationally intensive, and obtained results are typ-
ically susceptible to errors in the measured data (Milnes and
Perrochet 2007; Zhang et al. 2015). Moreover, the monitoring
locations can strongly affect the characterization of the un-
known contaminant sources and distribution patterns (Jha
and Datta 2013). As a result, water-resource-management
tasks are based on uncertain assumptions about contaminant
distribution patterns and this uncertainty is typically not incor-
porated into the assessment of risks associated with different
proposed management scenarios (Freeze et al. 1990). Here,
risk is defined as the probability of unwanted events or system
behaviour. Adopted management strategies should be based
therefore on a decision-making process that enables a choice
to be made between the proposed management strategies
while acknowledging the uncertainties of unknown distribu-
tion and origin of contaminants.

The objective of this study was to develop a sustainable
water-resource-management strategy for a study area in
Switzerland, where drinking-water production is close to sev-
eral former landfills and industrial areas. The study site is
characterized by a highly complex geological setting with a
partly connected gravel and karst aquifer. To avoid drinking-
water contamination, artificial groundwater recharge with sur-
face water into the gravel aquifer is used to create a hydraulic
barrier between the contaminated sites and the drinking-water
extraction wells. The study seeks to identify the optimum
pumping rates at the pumping well gallery as well as infiltra-
tion rates and distribution for the artificial groundwater re-
charge system of channels and ponds. The objective is to
ensure that only artificially infiltrated surface water is extract-
ed at the drinking-water pumping-well gallery, to ensure the
utmost security for drinking-water production. Regional
groundwater from outside of the study area which is poten-
tially contaminated should not be transported towards the
pumping well gallery. More specifically, the following re-
search questions and tasks are addressed:

1. Which pumping and infiltration rates lead to a flow direc-
tion towards the pumping well gallery?

2. Where are vulnerable locations which are sensitive to
changing boundary conditions?

3. Where are locations where additional protection strategies
are required apart from adjusting infiltration and pumping
rates at the well gallery?

4. What is the most efficient spatial distribution of artificial
groundwater recharge within the infiltration system to en-
sure the utmost security for drinking-water production?

5. For how long is the elevated local groundwater mound
present (preventing groundwater flow and transport to-
wards the pumping well gallery) after an infiltration phase
has been stopped?

In order to evaluate the large number of modelling scenar-
ios with unknown distribution of contaminants, an automated
program code was developed using a three-point estimation
method to calculate flow and transport direction within the
resulting triangles between the observation points.

Study area

The studied area is located southeast of Basel, Switzerland,
and comprises an area of approximately 10 km2, including
urban and industrial zones. Two main aquifers exist, namely
the Quaternary sand-gravel and a lower karstified limestone
aquifer. The Quaternary sand-gravel aquifer is primarily used
for drinking-water production combined with an artificial
groundwater recharge system. The infiltration system was de-
signed in order to maintain a hydraulic gradient towards the
industrial areas of potential risk and towards the River Rhine
(Fig. 1).

Increasing water demand and quality issues led to the in-
stallation of the artificial groundwater recharge system. Here,
Rhine river water is pumped to an excavated system of chan-
nels and seven infiltration ponds to recharge the aquifer (infil-
tration average is 95,000 m3/d). Due to the immediate prox-
imity of former landfills and industrial sites, this artificial re-
charge scheme is used to minimize the risk of drinking-water
contamination, which is accomplished by recharging twice as
much water as abstracted. This approach of artificial infiltra-
tion leads to an elevated local groundwater mound, which
serves as a barrier preventing natural inflow of potentially
contaminated water coming from adjacent areas
(Auckenthaler et al. 2010). To provide further water for indus-
trial use, a pumping well south of the Hardwald area (beneath
a landfill site), which has been operated since 1957, is in use.
To a great extent, this industrial water use avoids the spreading
of contaminated water from the landfill nearby. In addition,
large quantities of groundwater are abstracted for industrial
purposes east of the study site.

Geological setting of the study area

A large part of the study area is located in the Tabular Jura on
the south-eastern shoulder of the Upper Rhine Graben, while
the westernmost part of the model area is situated within the
Upper Rhine Graben and on the transition zone (Bflexure
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zone^) to the Tabular Jura (Fig. 2). The most striking tectonic
feature of the region is the presence of the main border fault,
represented by the flexure zone and a large number of normal
faults, mainly orientated in the NNE–SSW direction as well as
in theWNW–ESE direction, resulting in faulted blocks, horsts
and grabens (Fig. 2).

The hydrogeological sequence relevant to the modelling
extends from the Quaternary to the Lower Muschelkalk. The
top of the marly Lower Muschelkalk acts as the lower border
of the hydrogeological model. It is overlain by the Middle
Muschelkalk comprising about 30–130m of dolomites, marls,
clays and evaporates. The UpperMuschelkalk consists mainly
of limestone with a thickness of 70–80 m. Together with the
~10-m thick dolomite zone of the Middle Muschelkalk, the
limestone of the Upper Muschelkalk represents an important
highly fractured and karstified sequence. The following
Keuper unit has a thickness of 130–170 m and comprises a
series of marls and shales with gypsum and anhydrite lenses
and partly dolomites and sandstones. The overlying Jurassic
strata are made of 30-m-thick partly porous limestone (Lias)
and of an 80–100-m-thick clay layer (Opalinuston). In the
study area, the Jurassic strata is present only in the
Hardgraben, whilst eroded in the surrounding study area
(Bitterli-Brunner and Fischer 1988; Spottke et al. 2005). An
unconformity, the bedrock surface, separates the Triassic,

Jurassic and Tertiary strata from the unconsolidated
Quaternary cover. This cover consists of fluvio-glacial gravel
of up to 50-m thickness. The thickness close to the main
drinking-water extraction wells (i.e. the pumping well gallery)
is around 20–40 m.

Hydrogeology

The groundwater flow in the study area is strongly influenced
by the geometry and thickness of the Quaternary alluvial de-
posits, by the geological structure of the NNE–SSW-trending
blocks, horsts and grabens, by the hydraulic boundary condi-
tions, such as the Rhine River level, and by groundwater
pumping rates and artificial recharge (Spottke et al. 2005).
At Schweizerhalle, an industrial zone in the east (Fig. 1), the
Quaternary aquifer and Upper Muschelkalk aquifer are
exploited for large-scale industrial water supply.
Groundwater modelling reveals that pumping affects the
groundwater flow field in the Upper Muschelkalk aquifer at
distances of up to 2 km to the south (Spottke et al. 2005). The
Quaternary contains unconfined groundwater. The average
hydraulic conductivity is in the order of 3.1 × 10−3 m/s
(Spottke et al. 2005). The underlying carbonate rocks (lime-
stone, dolomite) and evaporites (gypsum, anhydrite, rock salt)
are karstified. This results in the occurrence of different types

Fig. 1 Study area Hardwald in
north-west Switzerland.
Elevations range (from south to
north) from around 290 m above
sea level (masl) to 250 masl in the
vicinity of the Rhine River. The
northern boundary of the
Hardwald area is the River Rhine;
urban areas and River Birs are the
boundaries in the west; railways
(tracks) and industrial areas are
the boundaries in the south; and
industrial areas constitute the
boundary in the east. Urban set-
tlements surrounding the study
site in the west and the south are
illustrated as grey shaded areas
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of aquifer, situated one above the other. The dolomite zone
and the limestone of the Upper Muschelkalk represent an
important highly fractured and karstified aquifer with a
mean hydraulic conductivity of 1.3 × 10−4 m/s (Gürler
et al. 1987; Spottke et al. 2005) but within a range between
1 × 10−3 and 2 × 10−6 m/s (Affolter et al. 2010) depending
on the location. Due to the dip of the Mesozoic strata, the
overlying porous aquifer of the Quaternary and the under-
lying Triassic karstified Upper Muschelkalk aquifer repre-
sent in some places a continuous aquifer in the vertical
direction.

The Keuper and Jurassic strata represent aquitards due to
their low hydraulic conductivity, between 1.3 × 10−14 and
1.3 × 10−7 m/s. The continuity of the bedrock aquifers is
affected by faulting, and these faults may possibly favour
the vertical exchange of groundwater across the aquitards
(Gürler et al. 1987; Pearson et al. 1991). The hydraulic con-
ductivities of the aforementioned fault zone is unknown and
might be variable spatially. The fault zone may present addi-
tional flow paths due to increased permeability and therefore
may support vertical exchange of groundwater although an
aquitard exists (Gürler et al. 1987) or this zone may be filled

with fine material and form a hydraulic barrier. The Tertiary
sediments which constitute the bedrock of the Upper Rhine
Graben represent an aquitard. The composition and also the
hydraulic conductivity of the flexure zone is mainly unknown.
The intensely structurally deformed zone allows an exchange
of groundwater between the bedrock aquifer and the
Quaternary sand-gravel aquifer in the western part of the study
area.

Methodology

Groundwater model

Previous information from geological (Spottke et al. 2005)
and hydrogeological (Butscher and Huggenberger 2007) stud-
ies were used to build a three-dimensional (3D) groundwater
model for the study area. More than 1,200 drill logs were used
to construct the geological model in the software GOCAD
(Geological Objects Computer Aided Design), acting as the
framework for the groundwater modelling exercise. Six layers
with 741,948 nodes and 123,658 elements were incorporated

Fig. 2 Bedrock geology, including main faults (black lines) of the
study area. The bedrock of the Upper Rhine Graben is
represented by Tertiary sediments (yellow). The composition of
the flexure zone is mainly unknown and was not modelled in

detail. The bedrock consists of Tertiary and Mesozoic strata
(pink). The bedrock of the Tabular Jura is made of Triassic to
Jurassic sequences: Middle Muschelkalk (grey ) , Upper
Muschelkalk (blue) and Keuper to Jurassic (green)
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into the groundwater model (software code FEFLOW, DHI-
WASY GmbH) representing the different geological units and
tectonic structures (Fig. 3).

Due to the geological and industrial complexity in terms of
water extraction in the study area, several different boundary
conditions were required (Fig. 4). At the southern border, a
constant head (Dirichlet boundary condition) was set between
two piezometers. Based on previous investigations (AUG
2009, 2010) model borders in the sand-gravel aquifer in the
east and west were described as flux boundaries (Neumann
boundary condition) as well as in the bedrock in the south and
east. The rivers Rhine and Birs in the north and west, respec-
tively, were implemented as Cauchy boundary condition. An
in- and exfiltration rate of 10 d−1 was assumed for the River
Rhine (AUG 2009, 2010), whereas 35 d−1 was set for the
River Birs (AUG 2009, 2010). The river stages for the Birs
and Rhine were linearly interpolated between four measure-
ment points at different locations for each river. Measurement
points were selected based on existing federal measurement
stations and before and after artificial barrages along the

rivers. All remaining borders were no-flow boundaries. In total
76 pumping wells were included in the numerical model. The
33Hardwald drinking-water wells (referred to as the ‘pumping
well gallery’) were incorporated into the sand-gravel aquifer in
the model. Other wells in the sand-gravel aquifer and bedrock
were incorporated into the model too, some of them as multi-
level wells, if required. The artificial groundwater recharge
rates strongly control the water budget in the study area
(Moeck et al. 2017a). Therefore, an inflow on top of the model
domain was set as a boundary condition, which represents the
infiltration from the artificial groundwater recharge channels
and ponds. The average spatial infiltration pattern based on the
work of Moeck et al. (2017a) was used. The natural direct
groundwater recharge rate was set to 423 mm/year, which is
the long-term average for the region (AUG 2010). For sealed
areas (impermeable roads, buildings, etc.), a reduced ground-
water recharge rate of 171 mm/year was used based on pre-
vious work (AUG 2009, 2010). Due to the large amount of
artificial groundwater recharge, errors in the provided values
of natural groundwater recharge rate had just a minor effect.

Fig. 3 a Plan view of themodel areawith topographic elevation and three cross-section lines, b cross-sectionswith hydraulic conductivity values [m s−1]
representing the different geological units
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A total of 116 piezometers were used for the groundwater
model, where 82 piezometers are distributed in the sand-
gravel aquifer and 34 in the bedrock. All piezometers were
further used for the model calibration discussed in the fol-
lowing section.

Model calibration

The hydraulic conductivity values for the different zones
representing the geological units were calibrated with the in-
verse parameter estimation code PEST (Doherty 2011) on
daily piezometer values and under long-term average
hydrogeological conditions. For the steady-state calibration,
the 116 piezometers were used to minimize the objective tar-
get function (∅):

∅ ¼ min ∑
116

i¼1
wi hobs;i−hsim;i
� �2� �

ð1Þ

wherew is the weight assigned to the piezometric head and the
indices obs and sim represent observed and simulated values
for the 116 piezometers, respectively. In this study, equal
weights were used for all observations. It was assumed that
the measurement errors are equal among the different obser-
vations and therefore all observation has the same contribution

in the objective target function. This weighting strategy is
commonly applied in modelling exercises (Foglia et al.
2009; Moeck et al. 2015). Note that the estimated hydraulic
conductivity for each geological unit was equal for each mod-
el layer.

Model scenarios

The objective of the scenariomodelling was to identify boundary
conditions that are appropriate for improved water-resource-
management strategies. This means that the pumping rates at
the pumping well gallery, as well as infiltration rates for the
artificial groundwater recharge system of channels and ponds,
had to be adjusted with the goal that only artificially infiltrated
Rhine river water should be extracted at the well gallery.
Regional groundwater flow outside of the Hardwald area, which
is potentially contaminated, should not be transported towards
the well gallery. Therefore, 476 scenarios with variable pumping
and infiltration rates were simulated with the calibrated ground-
water model. Pumping and infiltration rates were variable be-
tween 0 and 85,000 m3/d and 0 and 140,000 m3/d, respectively,
in 5,000m3/d steps, representing current conditions. The remain-
ing boundary conditions such as industrial pumping were held
constant. Furthermore, 100 scenarios were simulated for a redis-
tribution of the artificial infiltration rates. Approximately 75% of

Fig. 4 Model boundary conditions for the study area
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the water currently infiltrates in the eastern part of the infiltration
system, whereas only 25% infiltrates in the western part (Moeck
et al. 2017a); therefore, in the western part, where the infiltration
rates are low, the regional groundwater component is present and
drinking-water wells do not only extract artificially infiltrated
water (Moeck et al. 2016). Here, the objective was to minimize
the influence of the regional groundwater flow by redistributing
the artificial infiltration rates which affect the elevated local
groundwater mound. The artificial groundwater recharge was
variably distributed from east to west under long-term average
rates for artificial infiltration and extraction rates at the well gal-
lery. Moreover, an infiltration stop between 1 and 10 days was
further simulated to estimate how long the elevated local ground-
water mound persists, as well as to estimate the time for recovery.
An infiltration stop might be imposed in response to accidental
spillage of contaminants upstream in the River Rhine.

Three-point estimation method for risk evaluation

In order to effectively evaluate the risk potential for the study area
for the large number of scenarios, an automated code was devel-
oped in the open source software ‘R’ (R Development Core
Team 2008), which estimates the horizontal flow direction and
magnitude between three observation points. In the work of
Pinder et al. (1981) and Devlin and McElwee (2007), it was
proposed that the flow direction can be estimated within triangu-
lar elements. Devlin (2003) and Devlin and Schillig (2017) pre-
sented spreadsheet methods for calculating the hydraulic gradi-
ent. This study adapted and further developed that work and
coupled it with the numerical model FEFLOW to evaluate the
risk potential for the study site. The implementation can be used
for other numerical model approaches and can be easily trans-
ferred to a variety of hydrological settings.

Under the assumption of a homogenous parameter distri-
bution within the resulting triangle, the flow direction can be
expressed as an angle from 0 to 360°, where 90° shows a flow
direction to the east and 270 to the west. An angel of 0/360°
shows a flow direction towards the north and 180° to the
south. The method is graphically illustrated in Fig. 5.

Because the location of each observation point, expressed
as the x and y coordinates, as well as the piezometric head (h)
is known, a two-dimensional plane based on three observation
points can be calculated.

hi x; yð Þ ¼ aþ bxi þ cyi ð2Þ

The resulting linear equations can be solved inversely for
factors a, b and c for the x and y coordinates of the observation
point i = 1, 2 and 3

h1 ¼ aþ bx1 þ cy1
h2 ¼ aþ bx2 þ cy2
h3 ¼ aþ bx3 þ cy3

ð3Þ

The head gradient in x (Jx) and y (Jy) coordinate can be
expressed as:

J x ¼ −
∂h
∂x

¼ −b ð4Þ

J y ¼ −
∂h
∂y

¼ −c ð5Þ

Subsequently the angle of the head gradient can be calcu-
lated with an arc tangent function:

θ ¼ tan−1
c
b

� �
¼ tan−1

J y
J x

� 	
¼ tan−1

∂h=∂y
∂h=∂x

� 	
ð6Þ

Whereas the magnitude of the head gradient can be calcu-
lated with the following equation:

Jj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ c2

p
ð7Þ

The method was applied in the Hardwald study area by
using the large number of existing piezometers. Due to the
calculation of the flow direction within the three-point estima-
tion method (creating triangles) for the aforementioned differ-
ent scenarios, it was possible to carry out a systematic evalu-
ation. Overall, 32 triangles were created covering the entire
area around Hardwald (Fig. 6). For each triangle, two sub-
groups of flow direction were applied to evaluate the risk
potential under different scenarios. A groundwater flow direc-
tion towards the pumping well gallery in the Hardwald area
indicates a potential risk (red area of the circle), whereas for
the reverse flow direction, a risk is unlikely (green area of the
circle). Note that the method does not take dispersion and
vertical transport into account. These limitations have to be
considered if the method is applied at other study areas where
advective transport is not the only controlling process for pol-
lution migration. Furthermore, results can be influenced by
poor hydraulic connection of the observation well, leading to
biased water-table heads; moreover, measurement errors can
lead to misleading gradient calculations when water level dif-
ferences between the wells are too small (Devlin and Schillig
2017).

Results

Calibration

Figure 7 shows the scatter plot between observed (x-axis) and
simulated (y-axis) groundwater heads for the 116 piezometers.
The piezometers in the top sand-gravel aquifer are shown as
triangles, whereas the piezometers in the bedrock are
displayed as rectangles. Generally, a good fit was achieved
and no systematic over or under estimation occurred. The
percentage of bias (PBIAS) is only 0.1% and a correlation of
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0.95 was obtained during the calibration. The residuals (small
grey panel in Fig. 6) show errors between 0 and ±0.5 m. The
spatial distribution of the residuals shows a small overestima-
tion of the piezometric head south of the pumping well gallery.
A small underestimation occurred in the eastern part of the
study area. The assumption of zones of piecewise constancy

of the hydraulic conductivity can lead to local mismatches
between observed and simulated groundwater heads due to
simplification of subsurface heterogeneity (Moeck et al.
2015; Moore and Doherty 2006). However, taking into ac-
count the different water uses and particularly the huge
amounts of extraction and infiltration in the study area, these

Fig. 6 Generated triangles between piezometers in which the
flow direction is calculated. A groundwater flow direction
towards the pumping well gallery in the Hardwald area

indicates a potential risk (red area of the circle), whereas for
the reverse flow direction a risk is unlikely (green area of the
circle)

Fig. 5 Graphical illustration of
the three-point method that builds
the basis for the developed R-
code to estimate horizontal flow
direction and magnitude between
three observation points
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errors seem to be acceptable—see Fig. S1 of the electronic
supplementary material (ESM). The resulting hydraulic con-
ductivities for each zone from the calibration exercise are
displayed in the supporting information (Figs. S2–S6 of the
ESM).

Variable pumping and infiltration rates

The results for three different triangles are shown in the fol-
lowing as an example (Fig. 8). These triangles represent the
system behaviour for different spatial locations. The remain-
ing results for the other triangles are provided in the
supporting information (Figs. S8–S23 of the ESM). The dif-
ferences relative to the optimum flow angle for the triangles 4
(south-east), 17 (south-west) and 28 (north) are displayed in
Fig. 8. In case of an angle of 0°, the optimum is reached (green
colour), meaning that there is a reverse groundwater flow
direction relative to the flow direction towards the pumping
well gallery. Differences larger than 90° indicate a groundwa-
ter flow direction from outside of the Hardwald area towards
the pumping well gallery. Here, a potential risk originating
from contaminated areas is possible (yellow to red colour).
The blue points show the daily infiltration and pumping rates
during the time period 2008–2014.

For triangle 4, only when the pumping rate is high and
infiltration is low, a flow direction towards the pumping well

gallery occurred (Fig. 8). For most scenarios, the reverse flow
direction relative to the pumping well gallery is the objective
flow direction. The flow direction in the south-eastern area is
most likely also controlled by industrial pumping in the east,
where high amounts of up to 42,000 m3/d of groundwater is
extracted. Therefore, variable pumping or infiltration in the
Hardwald area has just a minor influence on the flow direc-
tion. For triangle 17, the optimum flow direction is towards
the former landfill in the east. At the landfill, groundwater is
additionally extracted to avoid a down-gradient flow from the
landfill to the western border of the study area which might
influence water quality at the pumping wells located at the
western edge of the pumping well gallery. However, for aver-
age conditions of infiltration and pumping this is not ob-
served. A high infiltration leads to an elevated local ground-
water mound, which leads to down-gradient flow to the west-
ern direction. Higher pumping rates and lower infiltration
would lead to the desired flow direction towards the east.
Previous investigations came to a similar result (AUG
2010). They showed that the flow direction is towards the
landfill when no infiltration occurred and when pumping at
the landfill is active. Reducing the infiltration rate would help
to maintain a flow direction towards the landfill locally. For
the bulk of triangles, this leads, however, to a flow in the
direction of the pumping well gallery. Here, industrial
pumping at the landfill must be increased to avoid down-

Fig. 7 Measured water table
(WT) versus modelled water table
(WT) elevation for the Quaternary
aquifer (triangles) and bedrock
aquifer (rectangles). The residuals
are shown in the small panel
where observed minus simulated
heads are displayed
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gradient flow. For triangle 28, a strong dependence of the flow
direction on the pumping and infiltration rates can be ob-
served. The combination of infiltration and pumping rates
which leads to a flow direction towards the pumping well
gallery are larger compared to the other two triangle examples.
Higher pumping rates with low or average infiltration rates
leads to flow towards the pumping well gallery. Certainly,
the location of the triangle in the close vicinity of the pumping
wells induces a stronger dependency of changing boundary
conditions. Only with higher infiltration rates is a reverse flow
direction to the well gallery obtained.

Overall, under average pumping and infiltration rates (in-
filtration of 95,000 m3/d and pumping rate of 45,000 m3/d),
the flow direction is reverse relative to the flow direction

towards the drinking-water pumping well gallery. The risk
for an intake of regional contaminated groundwater into the
drinking-water wells is relatively low. Apart from that, the
method helps to identify vulnerable locations which are sen-
sitive to changing boundary conditions and where additional
protection is required such as higher industrial pumping rates
in the vicinity of triangle 17.

Distribution of infiltration rates

Due to the unequal infiltration distribution (75% in the east
and 25% in the west of the infiltration system (Moeck et al.
2017a), the effect of a redistribution of the infiltration was
simulated. The total infiltration was 95,000 m3/d and the ab-
straction at the pumping well gallery was 45,000 m3/d, which
is the long-term average condition. All triangles were consid-
ered, to identify the optimum infiltration distribution. The sum
of the differences relative to the optimum flow angle for each
triangle was calculated with the following equation.

∅ ¼ min ∑
n

i¼1
wi Dopti−Dsi

� �2� �
ð8Þ

The goal was to find a minimum target function (∅) which
shows the best result for all triangles in terms of flow direc-
tion. The factor wi is the weighting for all 32 triangles. An
identical weight was chosen for all triangles leading to no
preferential spatial optimization. Note that with an adapted
weighting strategy, a focus on preferential spatial location
can be carried out. The overall objective was that groundwater
from outside of the Hardwald area, where the groundwater is
potentially contaminated, is not transported towards the
pumping well gallery. Therefore, the differences between the
optimum angle ðDopti ) and simulated angle Dsið Þ were
calculated.

Figure 9 shows the results of the simulations where on the
x-axis the infiltration rates are presented for the eastern and
western part of the infiltration system. The y-axis shows the
normalized target function. Every target function was divided
by the maximum achieved target function obtained for all
simulations. A value of 1, therefore, shows the poorest result,
whereas a value smaller than 1 indicates an improvement. It
can be seen that infiltration just in the eastern or western part
does not lead to the desired flow direction. A more balanced
distribution between the eastern and western part of the artifi-
cial infiltration system leads to the best result. Avalue of 42%
infiltration in the western part and 58% in the eastern part of
the infiltration system leads to the optimal result.

Artificial groundwater recharge interruption

Here scenarios were simulated to estimate systematically the
effect of an infiltration stop. An infiltration stop might occur

Fig. 8 Interpolated differences relative to the optimum flow angle for
triangle 4 (south-east), 17 (south-west) and 28 (north). The x-axis shows
the infiltration rate (m3/d), whereas on the y-axis the pumping rates (m3/d)
for the well gallery are displayed. In the case of an angle of 0°, the
optimum is reached (green colour), meaning that the groundwater flow
direction is the reverse of the direction to the pumping well gallery.
Difference > 90° indicates a groundwater flow direction from outside of
the Hardwald area towards the pumping well gallery. A potential risk
originating from contaminated areas is possible (yellow to red colour).
The blue points show the daily infiltration and pumping rates during the
time period 2008–2014
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due to spillage of contaminants upstream in the River Rhine
(Moeck et al. 2017a). The distribution of the artificial infiltration
represents the current conditions and not the aforementioned
redistribution. An important question is the period of time over
which the elevated local groundwater mound exists under an
infiltration stop, preventing groundwater flow and transport to-
wards the pumpingwell gallery. Additionally, the speed of return
of the water-table height after infiltration resumes is of particular
interest for water management in the study area.

In the following, the results for an infiltration of 95,000m3/
d and a pumping rate of 45,000 m3/d are described. This
scenario represents a realistic, currently used rate. Figure 10a
shows the interpolated water table for an infiltration stop of
1 day. Four time steps are presented, where t0 shows the
water-table elevation—m above sea level (masl)—before the
infiltration stop. Time step t1 represents the period (1 day)
during which the infiltration was stopped, and time step t2
displays the water table when the infiltration was again acti-
vated. The end of time step t4 represents the water-table be-
haviour three full days after reactivating the infiltration.
Before the infiltration stop (t0) the elevated local groundwater
mound is presented where a higher water table occurred in the
eastern part of the infiltration system due to the unbalanced
infiltration rate. The hydraulic barrier is therefore most

efficient in the eastern part. Pumpingwells located west within
the pumping well gallery have therefore a higher risk potential
than wells in the east. This finding is in line with previous
work based on field data analysis (Moeck et al. 2016,
2017a). For time step t1, a decrease in the water table can be
observed. The water table is however still higher than the
surrounding heads. Therefore, the hydraulic barrier is still
present. During time step t2, where infiltration has been
reactivated, a fast return of the water-table height can be ob-
served until the original conditions are obtained again (t4).

Figure 10b shows the interpolated water table for an infil-
tration stop of 5 days. The time t0 shows again the water table
before the infiltration stop. Time step t1 shows the time period
when the infiltration has been stopped, whereas for time step
t2, the infiltration is still not active. The time step t4 shows the
water-table behaviour 4 days after interruption of the infiltra-
tion. Still no infiltration occurred but pumping is continuously
active. For t0, the same elevated local groundwater mound can
be observed as seen for the previous scenario with an infiltra-
tion stop of 1 day. For time step t1, an ongoing decrease in the
water table can be observed. During time step t2, where infil-
tration is still not activated, a continuous decrease of the water
table can be observed. The effect of the hydraulic barrier has
considerably decreased and flow from the south to the north

Fig. 9 Infiltration pattern of the
artificial groundwater recharge
system between western and
eastern part. The y-axis shows the
normalized target function
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towards the Rhine through the Hardwald area is possible; also, a
flow from the north to the pumpingwell gallery can be observed.
During time step t4, the hydraulic barrier completely disappears
and a steady-state flow field from south to north arises.

Overall, a stop of the infiltration longer than 4 days should
be avoided. A longer interruption, which might be necessary
to manage a pollution event in the Rhine river water
(thereby avoiding contaminants entering the aquifer),
can lead to gradual flow from the south (where contam-
inated areas exist) towards the north through the
Hardwald area. This is in line with field data analysis
based on information gained from seven different tracers
during a pumping experiment (Moeck et al. 2017a).
Longer infiltration stops are not shown because the

results and conclusions are the same. An infiltration
stop is a critical water resource management option at
the study site. However, the return to the necessary
water-table height, and therefore the hydraulic barrier,
occurred relatively fast, within 1–2 days after the infil-
tration is reactivated.

Summary and conclusion

tyIn this study, a 3D groundwater model was used to
improve water resource management for a study area,
where drinking-water production is close to former land-
fills and industrial areas. To avoid drinking-water

Fig. 10 Water-table elevation for time steps 0–4 for an infiltration stop of a 1 day and b 5 days.Green colour shows lower water-table elevation, whereas
red colour shows higher water-table elevation
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contamination, artificial groundwater recharge with sur-
face water into the gravel aquifer is used to create a
hydraulic barrier between contaminated sites and
drinking-water extraction wells. The calibrated model
was used for simulating existing and proposed water-
management strategies as a tool to ensure the utmost
security for drinking water. A systematic evaluation of
the flow direction between three observation points (cre-
ating a triangle) for a large number of scenarios was
carried out. Due to the numerous observation points,
32 triangles were created which cover the entire area
around the study site. For each triangle, two subgroups
of flow direction were applied to evaluate the risk po-
tential under different scenarios. A groundwater flow
direction towards the pumping well gallery in the
Hardwald area indicates a potential risk, whereas for
the reverse flow direction the risk is very low.

For the specific study site the following conclusions can be
drawn. Under average pumping and infiltration rates, the flow
direction is away (i.e. reverse direction) from the drinking-
water pumping well gallery and the elevated local groundwa-
ter mound, which serves as a barrier preventing natural inflow
of potentially contaminated water coming from adjacent areas.
In this case, the risk potential is relatively low for the drinking-
water wells. However, increasing pumping rates or decreasing
infiltration (alone or in combination) lead to an increasing risk
potential. Flow directions within triangles in the eastern part of
the study area are not only controlled by changing infiltration
and pumping rates of the pumping well gallery; industrial
pumping strongly controls the groundwater flow too. Similar
results are obtained for the flow directions for triangles in the
vicinity of the former landfill in the south. Although a higher
sensitivity of the flow direction on changing infiltration and
pumping rates of the pumping well gallery can be observed, a
down-gradient flow from the landfill towards the western di-
rection of the study area can only be avoided when industrial
pumping is increased. In addition, the highest sensitivity with
respect to the flow direction, when changing infiltration and
pumping rates of the pumping well gallery, is present in the
northern part of study area. Furthermore, a balanced infiltra-
tion pattern between the eastern and western sections of the
infiltration system leads to a more optimum distribution of the
elevated local groundwater mound, whereas an infiltration just
in the eastern (or western) part does not lead to the desired
flow directions. In addition, an infiltration stop of longer than
4 days should be avoided to minimize the risk of flow from
south towards the north through the study site. However, the
return of the water-table height and therefore the hydraulic
barrier occurred relatively fast, within 1–2 days after the infil-
tration is reactivated.

In this study, it was demonstrated that systematically ap-
plying the developed three-point estimation method helps to
identify important locations which are sensitive to changing

boundary conditions and where additional protection is re-
quired. With new sensor techniques that offer remote access,
the water supplier can easily install flow sensors in existing
piezometers at important locations and can observe directly
how the flow angle is changing due to changes in the pumping
and/or infiltration rates. The beauty of this approach is the
simplicity compared to complex flow and transport modelling
which is commonly not possible for water suppliers due to
time and manpower restrictions. Furthermore, the presented
approach, using the flow direction between three observation
points, can be easily transferred to a variety of hydrological
settings to evaluate different groundwater modelling scenarios
at the same time.
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