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Abstract

The Veluwe is an important hydrological area for the Netherlands as it plays a major role
in the drinking water supply of the country. The area is a glacial moraine complex formed
during the Pleistocene, which presents a complex geology. The aim is to hydrogeologically
characterize this glacier-affected landscape using surface geophysics and temperature-depth
measurements. This revealed important information such as the subsurface variation of
lithology associated soil moisture content, groundwater levels and hydraulic head jumps
due to the presence of tilted clay layers along glacial thrust zones. Moreover, the capability
of these methods to obtain the recharge flux crossing the water table to the aquifer was
evaluated using estimations of the recharge flux. The vadose zone modeling in conjunction
with the ERT measurements, lead to an average value of 240 mm/y. Whereas the fluxes
obtained by using models with the TD profiles measurements are around 150 mm/y for
the a 1D model, and around 250 mm/y for the 2D coupled groundwater-temperature
model. From this it can be concluded that the combination of this type of data reveals
important aspects of the hydrogeology of the study area and provides a better overview of
this complex system than when only point measurements are being used.
Keywords: Veluwe, ERT, TD, recharge, groundwater, hydrogeology.
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1 Introduction

Large part of the geology and geomorphology of the Netherlands is related to ice sheets
that covered the north of the country twice during Quaternary (De Gans, 2007; Laban &
Van der Meer, 2011). However, ice caps coming from Scandinavia (Van der Wateren, 1985)
during the Saalian glaciation period (Pleistocene) (Gehrels, 1999), can be recognized to
have formed the ice-pushed ridge structures located in the central part of the Netherlands
(Figure 1.1) (De Gans, 2007). These landforms, also called push moraines, are shaped by
the effect of the ice masses pushing forward the pre-glacial deposits during its advance.
Therefore, they allocate at the edges of where the ice sheets were, and its present location
can be used for paleoglaciological reconstructions (Bennett, 2001; Laban & Van der Meer,
2011)

The largest glacial moraine complex in the Netherlands (100 m high, 50 km long, and
around 12 km wide), can be found in the East Veluwe region and mainly consists of
preglacial and fluvioglacial-sediments (Bakker, 2002; Bakker & Van der Meer, 2003; De
Gans, 2007). The area is very complex in terms of structural geology, showing thrusts
faults and folds linked to the direction and pressure of the advancing glacier (Bakker &
Van der Meer, 2003). In the thrust zones, imbricated clay layers (Figure 1.2) can be found
as they have been dragged into a sub-vertical position when the glacier pushed up the
sediment (Bakker & Van der Meer, 2003; Gehrels, 1999; Verhagen et al., 2014). Previous
studies like Bakker and Van der Meer (2003); Bense and Kurylyk (2017); Van Engelenburg
et al. (2020); Van Engelenburg et al. (2017) have demonstrated the presence of these tilted

Figure 1.1: The Netherlands during the Saalian glaciation. Reprinted from: Laban and Van der Meer (2011).
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clay layers in the edges of the elevated Veluwe, by using indirect measurements such as
GPR (Ground Penetrating Radar), Temperature-Depth profiles and also by doing
groundwater heads analysis (respectively). The low hydraulic conductivity of the clay blocks
the water to pass laterally through them, generating then more vertical oriented preferential
flow paths (Gehrels, 1999; Van Engelenburg et al., 2020).
As demonstrated by Bakker & Van der Meer (2003) in the south of the eastern Veluwe
Ridge, geophysical data such as GPR can provide suitable information about the geological
architecture of push moraines and also as a tool to map the groundwater table and the
head jumps produced by the clay layers. However, the maximun depth of penetration in
the soil of this measuring technique, is dependent on the frequency of the GPR antenna
used. This thus represents a major limitation given that most equipment are already built
in and cannot be changed (Evangelista et al., 2017; Lowrie & Fichtner, 2020).
On the other hand, ERT (Electric Resistivity Tomography) measurements are less expensive,
as they can be used to reach different depths and explore different types of targets using
the same tool, but with different settings. All is controlled by the type of array used
(geometry of the electrodes) and the electrode spacing (Lowrie & Fichtner, 2007) and
combinations of this settings will bring different levels of detail. In areas with push
moraines, this is a positive aspect, as the targets have varying depths. For example, the
water table in The Veluwe, can vary from 60 m below the surface in the center, and up to
1 m at the flanks (Gehrels, 1999).

Figure 1.2: Tilted clay layers schematic representation for the Veluwe area. Reprinted from the modified
version of Gehrels (1999) (Original from Dufour (1998))

The electrical conductivity of the subsoil allows exploring heterogeneities of the ground
through changes in resistivity over the obtained profile. However, the method presents
some limitation as tabulated resistivity values are given as wide ranges for different soil
materials and it can even overlap, making difficult to discern among them (Lowrie &
Fichtner, 2007). Nonetheless, the water trapped in the pore space increases the conductivity
of the lithology, marking a sharp contrast between the saturated and the dry materials,
which makes this geophysical method relevant for this study. Because the relationship
2

between the moisture content and the resistivity of the rock or sediments has been studied
before and can be explained with the empirical Archie’s law (Archie, 1942), ERT
measurements can also be used to model the water saturation in the profile and therefore
can lead to estimations of the groundwater recharge fluxes from the vadose to the saturated
zone.
Next to subsurface conditions, groundwater recharge is also relevant in hydrogeological
investigations. Groundwater recharge can be defined as the water that crosses the water
table by means of infiltration from the land (meteoric water) or from a surface water body
(Anderson et al., 2015). On top of that, if there is water abstraction and the pumping rates
are larger than the recharge then the groundwater levels in the aquifer will decrease to
satisfy the demand until depletion occurs (Zhou, 2009). Therefore, quantification of the
flux that infiltrates into the soil from the unsaturated zone and reaches the aquifers is key
information for groundwater management. Not only is relevant in terms of water budget
but also concerning water quality, as contaminants can also reach the aquifer when this is,
especially, unconfined (Rockhold et al., 1995).
Direct recharge (infiltration from irrigation or precipitation) quantifications is a complex
process as it is influenced by many parameters like precipitation volume, intensity and
duration, topography, evapotranspiration rates, soil and bedrock geology. This last one,
can then interfere with flow mechanisms in the unsaturated zone (Misstear, 2000).
Recharge estimations can be made depending on the zones from where some data is known,
meaning surface water, the unsaturated zone, and the saturated zone. But independently
of the zones, the techniques are classified into physical, tracer tests, or numerical models,
and all of these approaches are based on the water-budget Equation (Scanlon et al., 2002).
In regions with relatively thick unsaturated zone groundwater fluxes are usually studied
by using the tracer technique, using water stable isotopes (Li et al., 2017; Scanlon et al.,
2002). Tracers are used for understanding the groundwater flow paths and the residence
times. However many other types of groundwater tracers can be used as for example
suspended particles, solutes, gases, dyes, historical or environmental tracers (isotopes), and
temperature changes (Hiscock & Bense, 2016).
Measurements of temperature-depth (TD) profiles in wells can be used for estimations
of vertical recharge/seepage fluxes. The groundwater movement transports with it heat by
convection that will affect the shape of the typical earth’s thermal profile (geothermal
gradient), assuming that the temperature of the surrounding lithology, where
measurements are conducted, is in equilibrium with the groundwater temperature, this
technique can also be used to detect changes in the lithology over the thermal profile
(Sorey, 1971). There are many variations of the data analysis for the TD approach, but in
general, it is a powerful cost-effective alternative to isotopic tracers (Bense et al., 2020).
Groundwater fluxes are estimated by adjusting the flux in a thermal model until the
obtained TD profile fits the measured profile (Kurylyk et al., 2019)
3

Numerical models that quantify the fluxes in the unsaturated part of the soil profile, are
also widely used, especially if it is a thick unsaturated zone. The principle of it is based on
the modeling of the drainage flux that occurs below the root area after a meteorological
input (Scanlon et al., 2002). This method represents an easier solution as relatively little
data is needed.
The aim of this study is to perform a hydrogeological characterization of The Veluwe
and for that, the techniques explained above will be used. The ERT measurements provides
understanding in the spatial heterogeneity of the area, allocating possible clay structures,
changes in lithology, groundwater level and possible head jumps. Moreover, these
measurements will be used as a starting point to model the soil moisture and quantify the
recharge flux that moves from the vadose zone to the underlying aquifer. On top of that,
a 2D coupled groundwater-temperature model will be constructed by using TD
measurements conducted in many locations of the area. From this, downward and upward
fluxes can be also estimated.
This information is relevant as The Veluwe area forms one of the largest aquifer systems
of the country (Bakker & Van der Meer, 2003) and has been used since the last century
to extract water for domestic and industrial usages (Gehrels, 1999; Van Engelenburg et al.,
2017). The system is currently exhausted due to the abstraction and it is also affecting
natural seepage flows to the nearby low-lying areas (Van Engelenburg et al., 2020).
Moreover, the information that is already known is more representative of the system in a
regional scale and it is been evaluate by using point measurements (boreholes, for example)
that does not allow to understand spatial variability within small scales and therefore the
conceptualization of the system as is been modeled for decades could be a very robust
simplification of what it actually is.
With these objectives in mind the following research questions can be formulated.

1.1 Research questions
How is the spatial variability/heterogeneity of the Veluwe in terms of
hydrogeology?
i.

What is the performance of the ERT method to capture the variability of a
glacier affected landscape?

• Which ERT array performs best to map the water table and clay structures?
ii.

What are the recharge and seepage areas in this study and how much are these
fluxes?

• What is the groundwater recharge flux of the underlying aquifers quantified by using ERT
measurements and modeling the unsaturated zone?
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• What are the groundwater fluxes when calculated by simultaneous heat and fluid flow
modeling?
• What are the differences in the estimation of these fluxes using different data-sets and
models?
Answers to these research questions will be presented in this report, which is organized the
following way. The second section shows a brief description of the location and the
hydrogeology of the study area. In section 3, the data and the methods used are presented.
In the fourth chapter, the results of this study are shown, following the order explained in the
methodology. The fifth section is composed by the discussion of these results, explaining their
significance and relevance for the answer of the research questions and finally, the last section,
is composed by the conclusion where a summary of the outcomes of this study is presented
with a brief response to each research questions stated in this first chapter.

5

2 Field site description
2.1 General description

The Veluwe is located in the western part of the Gelderland province. At the flanks, the Gelderse
Vallei, in the west, and the IJssel river, in the east (Bense & Kurylyk, 2017), can be found.
Moreover, it is one of the most elevated areas of the Netherlands (up to 100 m+NAP), after the
region of Limburg in the South (up to 250 m+NAP) (Figure 2.1).
The Veluwe has an area of around 1250 km2 which is currently covered by forest, being then

Figure 2.1: Study area and location of the data. Elevation is expressed above NAP level [m+NAP].

the largest National Nature Reserve of the country (Gehrels, 1999). The most common plant
species are the Scots pines, but heathland is also present (Kuiters & Slim, 2002). The differences
in vegetation cover plays a role on the evapotranspiration of the area. Bigger trees are expected
to evaporate more than smaller bushes (Van Huijgevoort et al., 2020). However, on average has
been estimated an evaporation value of 580 mm/y (Gehrels, 1999), that whit an average
precipitation of 880 mm/y (Daniels et al., 2014), will result on a precipitation surplus of around
300 mm/y. The evaporation and precipitation follow the annual cycle and the driest month is
6

April (spring) and the wettest in late summer (Gehrels, 1999), with a mean air temperature over
the year of around 10.7℃ according to the Royal Netherlands Meteorological Institute (KNMI)
(knmi.nl),

2.2 Research locations description
Even though The Veluwe has been extensively studied, local information for the research area
of this project is lacking. Therefore, geophysical data collection in the field of methods such as
Electrical Resistivity Tomography (ERT) and Temperature-Depth (TD) profiles were done.
Moreover, the Dinoloket portal (TNO-GSN, 2020) offers information, related to hydrology and
geology that covers the country level and therefore the study area.
As it is shown in the Figure 2.1, The study area of this research is composed of different research
locations where data collection was done. The data covers the area from the northeast to the
southwest of the Veluwe to assess the spatial variability and heterogeneity of the area. In section
3, a follow-up explanation of the data collection and analysis can be found. However, in this
section, a focus on understanding the hydrogeology of the area is done based on where the
measurements are.
The research locations were chosen where clay sheets are suspected to be present, which can be
seen in the AHN 3 hill-shade map (Figure 2.1 red frame) as high elevation areas following an NS, NE-SW, or NW-SW trend and with parallel behavior between them. For example, the research
area in the north where ERT 3 and 2 were done, near the town of Epe, is characterized to have
a shallow water table of around 4-5 m on average. In this area, the piezometers already suggest
head jumps, which have been attributed to the presence of tilted clay layers in previous studies
(Van Engelenburg et al., 2020).
Also, the depth to the water table from the surface was taken into account when selecting the
sites to understand the capability of the method on identifying the saturated zone. The five
locations of the ERT sections (Figure 2.1) present different unsaturated zone depths, of around
60 m for the ERT 1, between 4 and 5 m for ERT 2 and 3, and around 20 m for the ERT 4 and
5. ERT 1 was done in the middle of the push moraine, near Apeldoorn, and therefore is an area
where the deepest water table can be found, which is around 63 m-sl, according to a nearby
piezometer.

2.3 Hydrogeology of the study area
In general, the moraine complex is characterized by ridges with unconsolidated coarse sand and
gravel, with thin sequences of fine-grained preglacial fluvial sediments and glaciofluvial deposits
(Bakker, 2002). Moreover, as can be seen in Figure 2.3 the eastern part is dominated by thrust
faults whereas towards the west the predominant geological structures are folds (Bakker & Van
der Meer, 2003). Due to the topography of the area, the relatively higher parts form the infiltration
zone, which is later discharged at the edges by drainage and seepage. Regionally speaking, the
groundwater table can be found at 60 m-sl in the center and up to 1 m-sl at the flanks (Gehrels,
1999).
7

In Figure 2.2, a hydrogeological cross-section based on the model REGIS-II of Dinoloket can be
seen (TNO-GSN, 2020c). This cross-section represents in general terms the whole study area. A
distinctive layer, called the Veluwe complex unit (gray layer in Figure 2.2), is located in the upper
meters, up to 150 m-sl (in the deepest parts), and follows the topography of the ridge. These
deposits were pushed by the glacier. They are composed of alternating coarse and medium sand,
clay, sandy clay, fine sand, gravel, and traces of peat (TNO-GSN, 2020c). There is not much
information about this layer, as it has been very difficult to characterize due to the mixture of
sediments and the lateral heterogeneity of it.
On the sides of the Veluwe complex unit, the Drente and the Urk Formation in the west and
the Kreftenheye formation in the east can be found covered by the drifts sands of the Boxtel
formation (Figure 2.2). The Drente Formation was deposited during the glacial period and
therefore its composition is related to these types of environments, which varies from fine to very
coarse or gravelly sand, with some silt, loam and clay, and it is poorly sorted (TNO-GSN, 2021a).
Whereas the Urk Formation is composed of fluvial sediments from the river Rhine/Meuse
(Schokker et al., 2015), that are mostly fine to coarse sand (TNO-GSN, 2021c). The well-sorted
Kreftenheye Formation is composed of both braided and meandering fluvioglacial and fluvial
sediments (TNO-GSN, 2021b).
Below them, the sediments from the Eridanos and the Rhine/Meuse rivers deposited during the
Pleistocene (Schokker et al., 2015), can be found and are recognized as the Peize and the Waalre
Formations, respectively. These formations are the first aquifers of the cross-section on Figure 2.2.
The deposits are mainly composed of medium-fine to coarse (or even gravelly) sand, clay and, in
the case of the Waalre Formation, sometimes peat can also be found (Schokker et al., 2015; TNOGSN, 2020b, 2021d).
Below these Late Pleistocene formations,, marine deposits of the Maasluis aquifer can be found
(TNO-GSN, 2020a). The start of this Formation is with a thin clayey unit, which confines the
aquifer (Van Engelenburg et al., 2020). There is intercalation with thicker sandy units and again
a clayey layer from the same formation, until the Oosterhout Formation, also from a marine
environment, is reached (TNO-GSN, 2020c). The Oosterhout Formation is composed of medium
and fine sand with some shells (Van Engelenburg et al., 2020).
Finally, the Breda Formation is reached. This is divided into two units, enounced here from top
to bottom. First, a sandy unit, composed of medium to fine sand and clayey sand, and second, a
thick clayey layer, conformed of sandy clay and clay (Van Engelenburg et al., 2020). Which is
then, the hydrological base. The sediments from the Breda Formation were deposited in a shallow
marine environment during the Late Oligocene (de Vries, 2007).

8

Figure 2.3: Glaciotectonic styles over a cross-section of the south-eastern Veluwe. Adapted from: Bakker & Van
Der Meer, 2003.

Figure 2.2: Modified Cross-section of REGIS II from Dinoloket (TNO-GSN, 2020a). See Figure 2.1 for the location
of this transect over the study area,
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3 Methodology

In this section, an explanation of the methodology followed in this study is made. The
methodology chapter is divided into the data collection and the data analysis part, that
will lead to the results (see Figure 3.1), according to the proposed research questions.

Figure 3.1: Diagram summarizing the data and steps followed in the methodology of this study

3.1 Data collection
Methods such as Electrical Resistivity Tomography (ERT), Induced Polarization (IP),
and Temperature-Depth (TD) profiles were measured in the field. Moreover, data from the
Dinoloket portal (TNO-GSN, 2020d) related to hydrology and geology, such as
groundwater levels and lithological logs.
3.1.1 Electrical methods
ERT method
The Electrical Resistivity Tomography (ERT) is a type of geophysical electrical method
where a current (𝐼𝐼𝐴𝐴𝐴𝐴 ) is injected into the ground using two electrodes (A, B), and the
difference of potential (𝑉𝑉𝑀𝑀𝑀𝑀 ) produced by the circulation of this current into the subsoil is
measured with two other electrodes (M, N) (Figure 3.2). From this, the (apparent)
resistivity (𝜌𝜌) of the ground can be calculated using Equation 3.1, taking into consideration
the geometrical coefficient 𝐾𝐾, which depends on the configuration of the electrodes, also
called the array (3.1.2) (Figure 3.2b) (Bernard, 2003).
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𝜌𝜌 = 𝐾𝐾 ∙

𝐴𝐴𝐴𝐴:
𝐴𝐴𝐴𝐴:
…

𝑉𝑉𝑀𝑀𝑀𝑀
𝐼𝐼𝐴𝐴𝐴𝐴

with 𝐾𝐾 =

𝑉𝑉𝑀𝑀𝑀𝑀
𝐼𝐼𝐴𝐴𝐴𝐴

(3.1)

[ohm·m]
2𝜋𝜋

1
1
1
1
− − −
𝐴𝐴𝐴𝐴 𝐴𝐴𝐴𝐴 𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵

[m]

(3.1.2)

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎 𝑀𝑀

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎 𝑁𝑁
…

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎 𝐵𝐵
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝐴𝐴 𝑎𝑎𝑎𝑎𝑎𝑎 𝐵𝐵

The surveys were carried out using the IRIS SYSCAL Pro Switch instrument, which
performs an automatic multi-electrode analysis with the chosen array. The differences
between the different possible configurations are related to the horizontal and vertical

Figure 3.2: a. Electrical methods principle and b. (some of the) types of arrays (Adapted from: Bernard
(2003)

resolution (depth of investigation) of the profile which depends on the number and spacing
of the electrodes (length of the line) (Scapozza & Laigre, 2014). The larger the distance
between the transmitting electrodes (A and B), the deeper the penetration of the current
(Bernard, 2003). However, in practice, there are also other factors involved in the depth
of investigations (DOI) as the intensity of the current and the resistance of the ground. If
this last one is very high then the current will not be able to reach the target depth. Also,
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a highly sensitive instrument when measuring the voltage differences is important (Bernard,
2003). The depth of the profiles, in practice, and for the used arrays, are between
with 𝐿𝐿 defined as the length of the ERT section (Ernstson & Kirsch, 2006).

𝐿𝐿

6

to

𝐿𝐿

4

In this study, the Wenner-Schlumberger and Dipole-Dipole arrays (Figure 3.1) were used,
with 96 electrodes. The separation between them was 5 m and 2.5 m for the ERT 1, in
order to obtain deeper profiles but also detailed information on the shallowest part
(respectively). The investigation depth for the ERT 1 is equivalent to

𝐿𝐿

5

for the

Schlumberger method which means that with a 𝐿𝐿 equal to 475 m the investigation depth
is 95 m for the 5 m electrode spacing, and around 48 m for the 2.5 m spacing. However,
for the Dipole-Dipole array the maximum depth obtained, in the center of the survey, was
in the order of

𝐿𝐿

6

, meaning 75 for the 5 m separation and around 40 for the 2.5 m spacing.

Following the same explanation from above, the parameters for the other ERT sections
are summarized in Table 3.1. Because the water table for these measurements is shallower
in comparison with ERT 1, the remaining ERT sections have a smaller electrode spacing
and therefore a smaller DOI, as it was not relevant to reach deeper layers.
Table 3.1: ERT sections acquisition summary
ERT
section

L
[m]

DOI
[m]

Electrode spacing [m]

95
ERT 1

ERT 2

ERT 3

ERT 4

ERT 5

475 and
237.5

190

190

190

190

80

Array used
Wenner-Schlumberger

5 and 2.5

Dipole-Dipole

105

Joint inversion

43

Wenner-Schlumberger

30

2

Dipole-Dipole

43

Joint inversion

38.5

Wenner-Schlumberger

31

2

Dipole-Dipole

40

Joint inversion

38

Wenner-Schlumberger

31

2

Dipole-Dipole

40

Joint inversion

35

Wenner-Schlumberger

32
42

Depth to the water
table (below the
surface) [m-sl]

2

Dipole-Dipole

63 m

4-5m (head jumps)

4-5m (head jumps)

21 m

19 m

Joint inversion
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After the field surveys were done, 2D pseudo-sections of the apparent resistivity can be
calculated using the software RES2DINV (Loke, 2019). These values are called apparent
resistivity since they are representative of a homogeneous soil and that would give the same
resistance value for the same electrode array. In order to determine, the “true” resistivity
of the area that can be used for hydrogeological interpretations, an inversion model from
the apparent resistivity has to be performed (Loke, 2004). RES2DINV performs an
automatic inversion based on the smoothness constrained least-squares method (Loke,
2019). The algorithm will stop when the model has converged, meaning that the root mean
square (RMS) error between the measured and the calculated resistivity is less than 5%.
However, for the same measured data, there would be many models that can give the same
resistivity values (Loke, 2004). The limitations of this output, called “true” resistivity
section, will be discussed later in section 4. Nevertheless, to improve the inversion model,
the elevation where the electrodes were located (using AHN3) was added, as this one can
change the geometric factor 𝐾𝐾 and therefore the resistivity values, especially if the area
has a sharp topography.
Moreover, a joint inversion using the data from the two arrays (Dipole-Dipole and
Schlumberger) according to the methodology proposed by Bharti et al. (2019) was also
done. The relevance of this method is to improve the results as more data points are used
during the inversion. Which can therefore increase the lateral and vertical resolution of the
output, as there would be less uncertainty. The joint inversion, as the one proposed by
Bharti et al. (2019) aims to combine the advantages of the arrays used to reduce the
disadvantages of each of them when only one data-set is used.
IP method
The Induced Polarization (IP) measures the ability of the materials to get temporarily
charged after an induced current is switched off. (Slater & Reeve, 2002). Similarly to the
ERT measurements, the voltage differences are recorded, but in this cases they are
compared with the amplitude of the decaying residual voltage at a time 𝑡𝑡 where the current
was stopped. The ratio between both voltage measurements integrated over time is called

Figure 3.3: Membrane polarization (Ward, 1990)
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chargeability [𝑚𝑚𝑚𝑚/𝑉𝑉] (Lowrie & Fichtner, 2007). Using the IRIS SYSCAL Pro Switch
instrument, the IP measurements can be performed at the same time with the ERT.
The relevance of the use of this method for this study is related to the membrane
polarization effect, which is observed in non-metallic minerals (which present another type
of IP effect) and is specially accentuated in lithologies with clay (Lowrie & Fichtner, 2007).
Clay surfaces are characterized for being negatively charged, therefore they attract positive
ions from the electrolytes present in the capillaries of the clay (J Kiberu, 2002) . When the
current is switched on, positive ions can flow through the positive charges but negative
ions are blocked on one side and there is a deficiency on the other side (Lesmes & Friedman,
2005). When the current ceases, the positive charges take their original positions and this
is evidenced as a voltage drop in the measurements (Cygal et al., 2016; Lowrie & Fichtner,
2007) (Figure 3.3). This measurement can be especially valuable in places like the Veluwe
where clay sheets are supposed to exist.
However, because this measurement takes longer (up to 5 hours), it was only performed
in an area (ERT 5) where a clay layer was already evidenced by other studies (Kruyssen,
2020).
3.1.2 TD profiles
Bense and Kurylyk (2017) used TD (Temperature-Depth) profiles to analyze surface
warming due to climate change and estimate groundwater flow rates across the Veluwe
region. TD profiles are fast and accurate point measurements that can be used to quantify
groundwater fluxes, to identify lithologies due to the changes in thermal conductivity of
the different layers, and to estimate hydraulic conductivities by also using Darcy’s law
(Bense et al., [Submitted]).
The TD data of this thesis project will include profiles from 1978-1981 and 2016 (Bense
& Kurylyk, 2017) and new data (2020) measured in the same piezometers. The
measurements from 2020 and 2016 (Bense & Kurylyk, 2017)) were done by using the RBR
soloT instrument (http://rbr.com)), which is calibrated to have an accuracy of 2 ∙ 10−3 °C
with a temperature resolution of 5∙ 10−6 °C and one measurement per second. The stopgo principle proposed by Harris and Chapman (2007), and also used by Bense & Kurylyk
in their data-set, were done when acquiring the most recent TD measurements. Whereas
the oldest data (1978-1981), was measured with a different instrument with a coarser
resolution and the precision of the thermometer used was on the order of 10−2 ℃ (Bense
& Kurylyk, 2017).
This data is relevant for the coupled groundwater-heat flow model that will be explained
in section 3.2.3
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3.2 Data analysis
3.2.1 HYDRUS-1D
Because resistivity measurements are influenced by the lithology and soil moisture (Lowrie
& Fichtner, 2007). HYDRUS-1D was used to model the unsaturated zone of The Veluwe,
which can later be used to translate the changes in resistivity obtained with the ERT
measurements to soil moisture content by using Archie’s law (see section 3.2.2). Moreover,
from the obtained profile, the bottom flux of the model was used for estimating the
groundwater flux (𝑞𝑞𝑧𝑧 ) that reaches the aquifer below the unsaturated zone.

HYDRUS-1D is a one-dimensional finite element model that can be used for water flow,
heat flow and solute transport analysis. In this case, the water flow module was used, which
numerically solves the Richards' Equation, as it is shown below (3.3), for saturatedunsaturated (liquid) water flow, considering a uniform flow (not using dual-porosity nor
dual permeability systems) (Šimůnek et al., 2013).
𝜕𝜕𝜕𝜕
𝜕𝜕
𝜕𝜕ℎ
=
[ 𝐾𝐾 ( + cos 𝛼𝛼)] − 𝑆𝑆
𝜕𝜕𝜕𝜕 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

(3.3)

Where 𝜃𝜃 is the volumetric water content [𝑚𝑚3 𝑚𝑚−3 ], 𝑡𝑡 is time [𝑦𝑦] , 𝑥𝑥 is the spatial
coordinate [𝑚𝑚], 𝐾𝐾 is the unsaturated hydraulic conductivity function (3.3.1), ℎ is the water
pressure head [𝑚𝑚], 𝛼𝛼 is the angle between the flow direction and the vertical axes, with
𝛼𝛼 = 0° if the flow is vertical and 𝛼𝛼 = 90° if the flow is in the horizontal direction, and S
is the sink term [𝑚𝑚3 𝑚𝑚−3 𝑦𝑦 −1 ].
where:
𝐾𝐾𝑟𝑟 [-]:
𝐾𝐾𝑠𝑠 [𝐿𝐿𝑇𝑇 −1 ]:

𝐾𝐾 (ℎ, 𝑥𝑥) = 𝐾𝐾𝑠𝑠 (𝑠𝑠) 𝐾𝐾𝑟𝑟 (ℎ, 𝑥𝑥)

(3.3.1)

relative hydraulic conductivity
saturated hydraulic conductivity

To set up the model it is necessary to specify some parameters related to the geometry,
the time information, the soil hydraulic model to be used, the soil hydraulic parameters
and the boundary conditions. To model the moisture content of the ERT 1, a 1D profile
was extracted in the middle of the survey (x=238 m) from the cross-section. The soil
profile thickness was settled to 60 m in HYDRUS, as it is the unsaturated zone thickness
(evidenced by the resistivity measurements and also indicated by the nearby piezometer
(B33A0192)) divided into three different types of soil materials. Moreover, the run time
was settled to 100 years, when the conditions, as we know are reached (water table around
63 m-sl).
The soil hydraulic function used is a single porosity model called “van Genuchten –
Mualem”, which describes the soil water retention curve (3.4) (Van Genuchten, 1980)
combined with the pore size distribution model of Mualem (1976) (3.5)
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𝜃𝜃(ℎ) = �

𝜃𝜃(ℎ) = 𝜃𝜃𝑟𝑟 +
𝐾𝐾(ℎ) =

where:

𝜃𝜃𝑠𝑠 − 𝜃𝜃𝑟𝑟
,
[ 1 + (𝛼𝛼|ℎ|)𝑛𝑛 ]−𝑚𝑚
ℎ>0
𝜃𝜃𝑠𝑠 ,

𝐾𝐾𝑠𝑠 𝑆𝑆𝑒𝑒𝑙𝑙

�1 − �1 −

with 𝑚𝑚 = 1 −

1
,
𝑛𝑛

1 𝑚𝑚
𝑚𝑚
𝑆𝑆𝑒𝑒 � �

2

ℎ<0

(3.4)

(3.5)
(3.5.1)

𝑛𝑛 > 1

𝜃𝜃(ℎ): soil water retention function
𝜃𝜃𝑟𝑟 : residual soil water content
𝜃𝜃𝑠𝑠 : saturated water content
ℎ: hydraulic head
𝛼𝛼, 𝑚𝑚 and (in HYDRUS) empirical parameters that changes the shape of the hydraulic
𝑛𝑛: function
𝐾𝐾(ℎ): hydraulic conductivity function
𝑆𝑆𝑒𝑒 : effective saturation
𝑙𝑙 ∶ pore connectivity parameter

After selecting this model, the soil hydraulic parameters have to be specified, and each
soil material will have their unique set of values. For this first model, a first layer (from
top of the soil profile to bottom) of a coarser material (mix of gravel and sand) was
imposed, followed for a finer material (fine sand) and ending the profile with a relative
medium size material (sand) to recreate the conditions interpreted from the first ERT
profile. A summary of the chosen parameters for each layer is shown in Table 3.2. These
parameters reflect the best compromise between the typical values for the specifies lithology
and the values that models the resistivity values better (using Archie’s Law).
For the water flow boundaries of the model, an atmospheric boundary condition with
surface runoff was implemented in the upper boundary of the soil profile. This type of
boundary allows to use climatic conditions as an input. In this case a time variable
precipitation surplus is used to represent the variability of winter and summer, with an
average of 300 mm/y. Moreover, this boundary condition allows for runoff when the
precipitation exceeds the saturated hydraulic conductivity of the uppermost part of the soil
(Rassam et al., 2018). The bottom boundary is represented with a “free drainage” condition,
which allows the water to flow downwards by gravity until recharges the underlying aquifer
that is assumed to be below the soil profile being modelled.
The model output gives the soil moisture versus depth curve and the Archie’s law can be
applied to evaluate the goodness of the result in matching the resistivity measurements
obtained.
The second and third locations where the ERT measurements were done presents a thin
unsaturated zone, in the order of 4-6 m, which made impossible to model it in HYDRUS
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because there will be not enough data points to match the ERT 1D profile extracted and
assess it performance with the Archie’s law. However, in the location where the ERT 4 and
ERT 5 were done did show a significative vadose zone to model. The water table in ERT
4 was measured to be 21.08 m below the surface (piezometer B33A016) and the model
was done using the parameters in Table 3.3. Similarly, for ERT 5, the water table was
found to be at 18 m and the parameters on Table 3.4 were used to set up the model in
HYDRUS.
Table 3.2: Soil hydraulic parameters used in the HYDRUS model for ERT 1.
Material

Depth
[m]

Gravel-Sand

𝜽𝜽𝒓𝒓
[−]

𝜽𝜽𝒔𝒔
[−]

𝜶𝜶
[𝟏𝟏/𝒄𝒄𝒄𝒄]

𝒏𝒏
[−]

𝑲𝑲𝒔𝒔
[𝒎𝒎/𝒚𝒚]

1-15

0.045

0.45

7

3

12000

0.5

Fine sand

15-30

0.1

0.4

1.5

1.48

1600

0.5

Sand

30-63

0.08

0.35

7

3

6500

0.5

𝒍𝒍 [−]

Table 3.3: Soil hydraulic parameters used in the HYDRUS model for ERT 4.
Material

Depth
[m]

Gravel-Sand

0-7.89

Sand

7.89-21

𝜽𝜽𝒓𝒓
[−]

0.04
5
0.1

𝜽𝜽𝒔𝒔
[−]

0.4
5
0.4

𝜶𝜶
[𝟏𝟏/𝒄𝒄𝒄𝒄]
7

1.5

𝒏𝒏
[−]
3

1.48

𝑲𝑲𝒔𝒔
[𝒎𝒎/𝒚𝒚]

𝒍𝒍 [−]

11000

0.5

700

0.5

Table 3.4: Soil hydraulic parameters used in the HYDRUS model for ERT 5.
Material

Depth
[m]

Gravel-Sand

0-5.58

Sand

5.58-18

𝜽𝜽𝒓𝒓
[−]

0.04
5
0.1

𝜽𝜽𝒔𝒔
[−]

0.4
5
0.4

𝜶𝜶
[𝟏𝟏/𝒄𝒄𝒄𝒄]
7

1.5

𝒏𝒏
[−]
3

1.48

𝑲𝑲𝒔𝒔
[𝒎𝒎/𝒚𝒚]

𝒍𝒍 [−]

11000

0.5

700

0.5

3.2.2 Archie’s law
The resistivity of rocks and sediments can be influenced by the presence of fluids in the
pore space, water acts as an electrolyte that allows the current to be transmitted easily
trough the material, so as the conductivity increases, the resistivity decreases (Lowrie &
Fichtner, 2007). This was summarized by Archie’s first and second laws (Archie (1942) in
an empirical formula, called the (combined) Archie’s law (Glover, 2015):
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𝑅𝑅𝑡𝑡 = 𝑅𝑅𝑤𝑤 𝜙𝜙 −𝑚𝑚 𝑆𝑆𝑤𝑤−𝑛𝑛

(3.6)

Where, 𝑅𝑅𝑡𝑡 is the resistivity of the rock or sediment (as measured with the ERT) [ohm·m],
𝑅𝑅𝑤𝑤 is the resistivity of the water saturating the pore space [ohm·m], 𝜙𝜙 [-] is the porosity
of the material, 𝑛𝑛 [-] is the saturation exponent which is usually 2 (Glover, 2015) and
𝑚𝑚 [-] is the cementation factor, which as the name indicates, is related to the degree of
cementation of the rock fabric. That indicates that low 𝑚𝑚 values refers to well-developed
paths, such as fracture networks, where water can easily move trough (Glover, 2009).
𝑚𝑚 can vary between 1 and 5 [-], being 𝑚𝑚 = 1 the extreme case of a material composed by
capillary tubes that cross the sample in a straight line, and 𝑚𝑚 = 5 implies a poorly
connected porous material (Glover, 2009; Glover et al., 1997).
Winsauer et al. (1952) introduced a modified version of the Archie’s law (3.6.1) (Glover,
2015), which has been used more widely than the first one because it usually fits the data
better. However, both of these versions are usually called the same as the only difference
between them is a parameter called the tortuosity factor (𝑎𝑎 [-]) (Glover, 2016). The
tortuosity factor, or the 𝑎𝑎 parameter is been discussed to be more empirical than a value
related to the lithology or the actual tortuosity of the formations (Glover, 2015).
𝑅𝑅𝑡𝑡 = 𝑎𝑎 𝑅𝑅𝑤𝑤 𝜙𝜙 −𝑚𝑚 𝑆𝑆𝑤𝑤−𝑛𝑛

(3.6.1)

Using the soil water saturation degree 𝑆𝑆𝑤𝑤 [-] (from 0 to 1), obtained from the soil moisture
profile modeled in HYDRUS ( Ө dividing by the Ө𝑠𝑠 ), versus the resistivity values obtained
from the ERT (𝑅𝑅𝑡𝑡 ), then the Archie’s law can be fitted to the data (power law with the
shape of 𝑆𝑆𝑆𝑆 = 𝑐𝑐 · 𝑅𝑅𝑡𝑡−0.5 ) to find the best model that can be used to calculate the soil
water saturation degree of the ERT sections. These curves can be found on the Appendices
of this document.
3.2.3 Temperature and groundwater flow model
After the data was collected, the results of groundwater fluxes will be obtained by using
two types of methodologies. First, using the same approach as the one proposed by Bense
and Kurylyk (2017), a first-order analysis of the sensitivity of the inflection point to the
magnitude and direction of vertical groundwater flow. Second, a 2D groundwater flow and
temperature coupled model. Both consist of using a numerical model based on the
conduction-advection Equation for subsurface heat transfer (Stallman, 1963) (Equation
3.7).

with:

𝜅𝜅

𝜕𝜕 2 𝑇𝑇
𝜕𝜕𝑇𝑇
− 𝑞𝑞𝑐𝑐𝑤𝑤 𝜌𝜌𝑤𝑤 = 𝑐𝑐𝑏𝑏 𝜌𝜌𝑏𝑏
2
𝜕𝜕 𝑍𝑍
𝜕𝜕𝑡𝑡

(3.7)

𝜅𝜅: Thermal conductivity of the sediments [𝑊𝑊𝑚𝑚−1 ℃−1]
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𝑇𝑇: Temperature [℃]

𝑞𝑞(𝑞𝑞𝑥𝑥𝑥𝑥,𝑧𝑧 ): Specific discharge (in the z axis, or in 2D as a vector x and z direction) [𝑚𝑚/𝑠𝑠]

𝑐𝑐𝑤𝑤 and 𝑐𝑐𝑏𝑏 : Specific heats of the fluid and solid-fluid medium, respectively [𝐽𝐽 𝑚𝑚−3 ℃−1 ]

𝜌𝜌𝑤𝑤 and 𝜌𝜌𝑏𝑏 : Densities of the water and the medium, respectively [𝑘𝑘𝑘𝑘/𝑚𝑚3 ]

Stallman (1963) relationship explains the changes in the typical earth’s thermal profile,
(temperature increasing with depth) that is only dominated by conduction, by introducing
an advection term due to groundwater flow. However, when modeling this, the system has
to be considered in a transient state which is dictated to the global surface warm increase,
which is shown as a disturbance in the measured profiles.
The shape of a Temperature-Depth profile measurement will be influenced by
groundwater fluxes, the seasonality and climate warming (Kurylyk et al., 2019) (Figure
3.4). The first 20 m of the profile are (see SZD on Figure 3.4) in the surface temperature

Figure 3.4: Anatomy of a Temperature-Depth profile. Reprinted from: Kruyssen (2020) (Original
from: Kurylyk et al. (2019))

that can be propagated downwards. Moreover, due to climate change the changes in the
average surface temperature can also be manifested in the profiles, and its impact can be
19

tracked even deeper, below the seasonal zone (Bense et al., 2017). Due to this, on the
upper 100 m an inflection point can be identified, where the thermal gradient reverts from
negative to positive and this will be deeper or shallower depending on the groundwater
fluxes in the area (Bense & Kurylyk, 2017). Deeper inflection point depths are linked to
higher downwelling, whereas shallower ones are related to upwelling (Bense et al.,
[Submitted]; Bense & Kurylyk, 2017).
1D model
The 1D model used here is based on the output from the methodology proposed by Bense
and Kurylyk (2017), which was an study performed using measurements from The Veluwe
area. The aim of the model was to simulate the inflection-depth points using a fixed vertical
flux rate (𝑞𝑞𝑧𝑧 ). Every run required the flux to be adjusted until the obtained TD profile and
the calculated inflection point and measurements are fitted. On Figure 3.5 a summary of
the modelling process is shown.
To set up the 1D model, they assumed uniform water density and viscosity with fully
saturated conditions. For the upper boundary condition (BC), a time-series with
temperature changes due to climate warming in the last century was used (Figure 3.6.a)
(Dirichlet BC). To model the bottom boundary condition, they used a Neumann type of
BC with the geothermal heat flux value estimated to be 50 · 10−3 [𝑊𝑊 · 𝑚𝑚−2 ], calculated
using the TD profiles and Fourier’s law (conduction only).

Figure 3.5: Modelling process. Reprinted from: Kurylyk et al. (2019)
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Another novelty of this model, is that they used a single layer profile. Avoiding changing
thermal properties of the materials with depth, and therefore influencing the inflection
point. Obtaining that the model with homogeneous layers produced very similar estimations
in the flux than the one with with different lithological layers (Bense & Kurylyk, 2017).

Tracking the Subsurface Signal of Decadal Climate Warming to Quantify Vertical Groundwater Flow Rates
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Figure 3.6: a. Long term and annual average surface air temperature for the central Netherlands
(Van der Schrieret al., 2011). b. 1D model of Bense and Kurylyk (2017)) (Reprinted from: Bense and
Kurylyk (2017))
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For this study, the output shown in Figure 3.6.b was used. The obtained inflection points
from the data measured was plotted over model to obtain the recharge flux for the data
available.
2D model
The 2D model was done by numerically solving Equation 3.7 in the FlexPDE software.
The cross-section modeled is the one shown in Figure 3.7 (similarly as Figure 2.2). The
aim of this 2D model is to match the measurements that were collected on the field.
Meaning that, 1D profiles extracted from the modeled cross-section, in the corresponding
locations, must match the measured TD profiles from the field. On Figure 3.5 a summary
of the modelling process is shown.
Lateral and vertical changes in the hydraulic conductivities (see Table 3.4) depending on
the lithological formations was used and also thermal conductivities were imposed
according to the type of sediments (see Figure 3.7). For the sandy intervals a value of 2
𝑊𝑊𝑚𝑚−1 ℃−1 was used, and for the clayey intervals a value of 1.2 𝑊𝑊𝑚𝑚−1 ℃−1. Uniform water
density and viscosity was assumed under fully saturated conditions.
For the upper and lower boundaries of the models, the same conditions as in the 1D
model were used. For the lateral boundaries a Neumann condition was imposed where no
thermal changes or groundwater flow was allowed, meaning that the flux in the right (east)
and left border (west) is zero.

Figure 3.7: Cross-section modeled in FlexPDE with the relative location of the measurements (see also Fig. 2.2)
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Table 3.4: Hydraulic conductivity values per layer (2D model)

Layer (Formation)
Veluwe (complex unit)

Hydraulic conductivity
used in the 2D model
[m/d]
4.2

Hydraulic conductivity
according to Dinoloket [m/d]
Minimum
Maximum
value
value
-

Urk

.4

25.00

50.00

Kraftenhye

1.7

10.00

25.00

Peize and Waalre

4.5

50.00

100.00

Peize (complex unit)

4.2

50.00

10.00

Maasluis

2.5

10.00

25.00

Oosterhout

2

5.00

10.00

Breda (sandy)

1

1.00

2.50

Breda (clayey)

0.7

0.00

0.01
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4 Results

In this chapter, the results of this study will be shown. It is divided into two parts. First,
the results of the analysis of the data obtained using the Electrical methods. After the
“true” resistivity sections were obtained a soil moisture model, using HYDRUS and
comparing with the obtained resistivity, through Archie’s law, was computed. It was then
used to estimate the soil water saturation degree (𝑆𝑆𝑆𝑆) [-] over the ERT cross-sections.
These results explain the spatial variability in The Veluwe area, as they were conducted in
various locations from north to south, and also show the heterogeneities in terms of
lithology and soil moisture. Moreover, the different sections also talk about the resolution
of the different arrays to map lithology changes, clay layers, and the depth to the water
table depth.
Second, the results of the data analysis using the Temperature-Depth profiles, which
include the coupled temperature-groundwater flow model and the quantification of the
recharge fluxes.
In the next section, a discussion of these results is going to be presented.

4.1 ERT measurements
The ERT sections in Figures 4.2 to 4.6, were obtained by the inversion of measurements
using two types of array Wenner-Schlumberger (also known as Schlumberger and thereby
here called like that) and Dipole-Dipole. Moreover, the joint inversion using the two
previous arrays according to the methodology proposed by Bharti et al. (2019) is also
shown. These last cross-sections are going to be called “Combination” in this study. All the
obtained inverted cross-sections have a mean absolute error below 6%.
The tabulated resistivity values shown in Figure 4.1 can be used for the interpretation of
the cross-sections.
Table 4.1: Water table measurements over the ERT lines
Piezometer ID

Depth from the surface to the water
table [m] (Piezometers information)

ERT line where this
piezometer was used

5.02

ERT 2

B27B0251

5.48

ERT 2

B27D0137
B27D0101
B27D0136
B27D0135
B33A0106
B39F0551

2.88
3.68
3.6
3.95

ERT
ERT
ERT
ERT
ERT
ERT

B27B0252

21.08
19.6

3
3
3
3
4
5
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Figure 4.1: Typical resistivity values for some rock, sediments and saturated materials. Reprinted from:
https://www.eoas.ubc.ca/courses/eosc350/content/foundations/properties/resistivity.htm (Original from: Palacky,
1987)

ERT 1 (5 m electrode spacing)
The first ERT line (ERT 1) is shown in Figure 4.2. It can be seen that with the
Schlumberger array, the depth of investigation reached was up until 95m and with the
Dipole-Dipole array until 80 m. However, even when the depth of investigation in the center
of the survey is less for this method, towards the extremes the reached depth is higher than
for the Schlumberger section. The inverted profile with the combination of the
Schlumberger and Dipole-Dipole data shows the deepest depth of the investigation among
the three profiles at the extremes and reaching up to 105 m in the central part.
The three derived sections show a first thick layer of around 15m with high resistivity,
above 20000 ohm·m, followed by an abrupt decrease until around 9000 ohm·m. This is
layer is non-homogenous in the whole area, as indicated over the sections, but remains subhorizontal. Due to the high resistivities, the borehole description (B33A0192), the depth
to the water table, and the field observations, this layer can be considered as a dry layer
with coarser material than the one below it, such as coarse-gravely sand.
In the center of the surveys (x=240 m), it can be seen that the resistivity, after the first
15 m depth, shows a smoother behavior, decreasing gradually until it reaches the water
table, which is at around 63 m (as evidenced by nearby piezometers), with a resistivity
value of around 1000 ohm·m. However, in some cases, this change is more abrupt. Between
25

the 20 m and around 30 m deep, if we extract 1D profiles at 290 m and 345 m (x-axis)
(see appendix) a decrease in resistivity of around two orders of magnitude when compared
with the superior layer, and one order of magnitude less (from 10000 ohm·m to 1000
ohm·m) when compared with the layer below, can be seen among the three profiles as
isolated blue areas surrounded by red and green contours. This behavior is also evidenced
at the extremes, around (around 80 m and 400 m). The three methodologies used are in
general agreement about the location of these resistivity anomalies and it could be explained
by perched water tables in the unsaturated zone or by clay structures. Perched water tables
can exist as an effect of finer material in these zones (Hendry, 1982). The water can
infiltrate easily in the first layers because of the coarse sediments, but it cannot reach the
water table because of finer material, making the water accumulate in these areas. These
types of changes in materials, from very coarse to very fine such as fine sand, loam, silt,
or clay, are representative of glacier-affected landscapes and are also known as till (Evans
et al., 2006; Hendry, 1982). However, this response could also be attributed to clay
structures because the resistivity of these sediments are very similar to the one for
freshwater, therefore it cannot be distinguished between them with this method.
Finally, the water table is reached, but the contrast in resistivities between the saturated
and the unsaturated material is not sharp nor horizontal. The method with the joint
inversion seems to spot the groundwater level better.
Even when, it is not expected that the different arrays do not produce the same results
as each method has its own vertical and lateral resolution advantages and limitations. The
section obtained with the combination of the data reached the largest depth of investigation
due to a larger number of data points used when performing the inversion (Bharti et al.,
2019). Nonetheless, it also shows a first thin layer (around 5 m) that is probably not
representative of the dynamics of the area as it presents large resistivity variations with a
repetitive shape that can be attributed to inversion artifacts (Carey et al., 2017). These
artifacts are probably linked mostly to the Dipole-Dipole array data, as the ERT section
for this array also shows this layer, especially notorious between the 360 m and 400 m
when moving in the x-axis.
ERT 1 (2.5 m electrode spacing)
The line obtained using 2.5 m electrode spacing can be found in the appendix (Figure
8.3). This one was thought to highlight detailed information in the upper part of the profile
due to the increase in the resolution (with a decrease in the DOI). However, the level of
information obtained when comparing with the 5 m electrode spacing is irrelevant and
therefore is not presented in this chapter.
ERT 2
The second ERT measurements (Figure 4.3) were done in an area located to the north
of the city of Epe, which is the northeast with respect to the ERT 1 (Figure 2.1). This
26

area has a shallower water table that is not horizontal but it presents jumps. As evidenced
by the piezometers BB27D0137, B27D0101, B27D0136, and B27D0135, the groundwater
level changes from 2.88 m-sl to almost 4 m-sl (see Table 4.1) in a short distance. These
jumps are also seen in the three ERT sections for a resistivity value of around 1000 ohm·m
and it could be explained by tilted clay layers in between these jumps, as evidenced also by
Van Engelenburg et al. (2020). Below the water table, it can be seen that the resistivity
decreases slowly with depth but with a unique pattern that is not parallel to the first
described layers.
Moreover, and as it was expected, the Dipole-Dipole shows slightly different behavior,
where the jump towards the NW part, in the assumed water table interface, is more
pronounced, decreasing up to 4 m. The other two sections, Schlumberger and the
combination show a smoother behavior with horizontal layers and a very similar resistivity
distribution. In the case of the joint inversion, a slight decrease in the DOI (around 38 m
below the surface) when compared with the Schlumberger method (DOI of 40 m) can be
seen, but it represents an increase in comparison with the Dipole-Dipole. Regarding the
lateral coverage, it represents a compromise between both arrays and not an increase on
it, which was expected due to the larger amount of data points during the inversion. Below
the water table, where the material is completely saturated there is a decrease of resistivity
with depth, which can be explained by a decrease in grain size towards the bottom of the
profile reaching the river sediments of the Peize-Waalre Formation.
ERT 3
ERT 3 is located 1 km to the north of ERT 2 (Figure 2.1), approximately. Already it can
be observed some differences within a short distance. A first layer from the surface to
approximated 7 m below it, shows high resistivity values from 4000 ohm·m to around,
21000 ohm·m, which is comparable with the first part of the ERT 1 (and ERT 4). The
response in the Dipole-Dipole is different in terms of the horizontality of this layer. In this
section, it can be seen abrupt changes (from yellow to red) in many parts of the profiles,
and even when the other two sections show the same but only in the middle part of the
survey (around x= 82 m and 94 m), the Dipole-Dipole displays a more erratic behavior
with contour lines that closes and isolates from the rest and a discontinuous thickness, that
made difficult the interpretation over the cross-section, as indicated by the question marks
in the dashed lines (Figure 4.4).
The contrast with the layer below is sharp and is marked with a decrease in resistivity.
When compared with the first layer, which reaches up to 21000 ohm·m, the change is
abrupt because it decreases up to 1000 ohm·m, where the water table is, according to the
piezometers in the area. Below the water table, where the soil is completely saturated, the
ERT shows changes between 400 ohm·m to 1000 ohm·m in the extremes of the three
profiles (around x =140 m).
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Moreover, the piezometers in the area already show head differences of around 46 cm for
a distance of less than 30 m. The piezometer in the SE (B27B0252) shows a higher head
than the one located in the NW direction of the profile. The location of this ERT section
is also (as ERT 2) in the study area of the research Van Engelenburg et al. (2020), where
they also found the head jumps in the water table to be an impact of the tilted clay layers
in the area.
To explain this behavior, the location of the tilted clay sheets should be near B27B0252
since the head here is higher. The clay would block the groundwater to flow horizontally
and as a result, the water accumulates on the side of the clay sheet. Moreover, in the
middle of the cross-sections, the high resistivity layer is interrupted by lower values and
the contour of the water table seems to be jumping abruptly. This can also be indicative
of another possible clay sheet located there, which low resistivity will attenuate the high
resistive layer for the Schlumberger array (and the combination) but for the Dipole-Dipole
it can be seen as regions of low resistivity cutting the other layer. All this will be causing
the head on the piezometer B27B0251 to be lower than in the SE part of the section.
ERT 4
This ERT line was performed at the west edge of the moraine complex (Figure 2.1) and
according to the borehole description, and in contrast with the other sections, it represents
the left part of the study area (Figure 2.2), as it is characterizing the Boxtel, Drente and
Urk Formations, which are the first 40 m of the subsoil.
The ERT 4 presents a similar resistivity distribution (Figure 4.5) as ERT 1, when looking
at the Schlumberger array and the joint inversion (combination). The first layer, from
surface to bottom, has the highest resistivity over the cross-section and reaches values
higher than 20000 ohm·m, especially in the SE part, where the car’s road is. This first layer
of around 6 m can be interpreted as dry and coarse material, such as coarse sand with
maybe some gravel, given the high resistivity values. However, the Dipole-Dipole data does
not map this behavior as a continuous layer, but it presents some discontinuity that is
probably related to the nature of the array.
After this layer, the resistivity decreases uniformly with depth until it reaches the water
table, which was measured around 21 m below the surface. As with the first layer, the
Dipole-Dipole does not map this interface as horizontal as the other methods. However,
the three arrays are in agreement with a resistivity anomaly around x=50 m, which (drawed
with dashed and “?” lines in Figure 4.5) is more resistive (around 4000 ohm·m) than the
surrounding material. Whereas, towards the NW of the profile resistivities decrease faster
with depth.
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Figure 4.2: ERT 1 resistivity sections obtained with the different arrays Dipole-Dipole, WennerSchlumberger (Schlumberger) and combination (joint inversion with Dipole-Dipole and Schlumberger data).
The last one is the obtained modeled water saturation (Sw) section using the Schlumberger data and the
HYDRUS model.
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Figure 4.3: ERT 2 resistivity sections obtained with the different arrays Dipole-Dipole, WennerSchlumberger (Schlumberger) and combination (joint inversion with Dipole-Dipole and Schlumberger data)
and including the borehole information (lithology and groundwater level) from Dinoloket (TNO-GSN,
2020). Elevation is with reference to NAP.
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Figure 4.4: ERT 3 resistivity sections obtained with the different arrays Dipole-Dipole, Wenner-Schlumberger
(Schlumberger) and combination (joint inversion with Dipole-Dipole and Schlumberger data). The last one is the
obtained modeled water saturation (Sw) section using the Schlumberger data and the HYDRUS model. The
borehole information (lithology and groundwater level) from Dinoloket (TNO-GSN, 2020) is also included in the
profiles. Elevation is with reference to NAP.
Figure 4.5:ERT 4 resistivity sections obtained with the different arrays Dipole-Dipole, Wenner-Schlumberger
(Schlumberger) and combination (joint inversion with Dipole-Dipole and Schlumberger data). The last one is the
obtained modeled water saturation (Sw) section using the Schlumberger data and the HYDRUS model. The
borehole information (lithology and groundwater level) from Dinoloket (TNO-GSN, 2020) is also included in the
profiles. Elevation is with reference to NAP.

31

Figure 4.6: First: Induced polarization section (IP) for ERT 5. Middle: ERT 5 resistivity section using WennerSchlumberger array (Schlumberger). Last: Modeled water saturation (Sw) section using the Schlumberger data and
the HYDRUS model. The borehole information (lithology and groundwater level) from Dinoloket (TNO-GSN, 2020)
is also included in the profiles. Elevation is with reference to NAP.

32

ERT 5
The last ERT was performed in the west part of the Veluwe, in the catchment of the
Renkum brook. The measurements here also comprehend the use of IP (induced
polarization) data to distinguish between possible clay sheets spotted in a previous study
(Kruyssen, 2020).
In contrast with the other ERT sections, ERT 5 shows a first layer of around 3 m thick
with a resistivity between 2000 ohm·m and 1000 ohm·m that is considerably less than the
layer below. This can be interpreted as fine sand which is in agreement with the borehole
information. Below it, a highly resistive layer, and it varies in thickness and shape along
the x-direction can be found. Towards the east, the three profiles reveal a possible folding,
as the layer is no horizontally. The possibility to find these structures on this side of the
Veluwe complex has also been mapped before as it exists a nearby outcrop in the area (see
appendices Figure 8.2). Due to the high resistivities, and according to the information from
the borehole, this first layer can be interpreted as coarse sand and gravel.
Subsequently, the resistivity starts to decrease with depth, and around 19 m below the
surface the water table can be found, following the contours of the 1000 ohm·m. However,
it can be seen a structure that interrupts the other layers at around 130 m (in the xdirection) where the resistivity decreases sharply up to around 60 ohm·m. This can be
interpreted as a clay sheet layer, which coincides with the research done by Kruyssen
(2020). Also, it can be seen that the water table is possible jumping from W to E,
considering that the direction of the groundwater flow due to the hydraulic head differences
and the position of the water table with respect to the clay layer. It can be seen that
towards the W, the water table is possibly located higher than on the east side on the
profiles. This is indicating that there are preferential groundwater flow paths, as the water
flow through the clay layer is very limited due to the low hydraulic conductivities. The
jump in the head is variable among the cross-sections but according to the resistivity values
it is around 9 m, which is considerably high for a small transect. However, the three inverted
cross-sections are able to recognize the clay sheet very well, and here is where the IP data
shows relevant information.
IP cross-section
In the top cross-section of Figure 4.6, it can be seen the obtained results for the Induced
Polarization (IP) survey. This is expressed as chargeability, also known as “𝑚𝑚” [𝑚𝑚𝑚𝑚/𝑉𝑉] and
it is a measure of the ability of the materials to store charge, like a capacitor (Sumner,
2012).
It can be seen changes in the chargeability values in the transect, changing laterally and
with depth, already suggesting heterogeneity, as also indicated by the ERT surveys done
over the same line. The chargeability changes from 0 to 28 [𝑚𝑚𝑚𝑚/𝑉𝑉] and the areas with the
higher values are located in the middle of the profile, where it was interpreted the second
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layer for the ERT 5 and the possible clay sheet. Towards the bottom of the profile, the
chargeability decreases smoothly until it reaches the minimum. Moreover, the first layer
interpreted in the ERT also shows here a contrast with the layer below, being this also a
zone with low chargeability values.
As it was explained in the methodology section (IP method part), this method is a
powerful tool for the identification of clay content, where the chargeability values will show
their highest. It can be seen that this is properly correlated with the clay sheet identified
with the resistivity measurements (around the 130 m on the x direction). In here, the
chargeability is represented as an anomaly with the layer surrounding, that goes from 16
mV/V to 24 mV/V. Being then confirmed, as a tilted clay sheet. However, according to
Vacquier et al. (1957), the response of sediments mixed with clay will be higher than actual
pure clay banks, and this is mostly related to the fact that the higher the amount of clay,
the more is the pore space and therefore the water content. This results in a drop in the
chargeability, as it is seen for the bottom of the profile, where the soil is completely
saturated. It can be seen that when the water table starts, the chargeability decreases with
depth just like the resistivity. Paradoxically, very dry soils with clay will also provide a drop
on the chargeability (J. Kiberu, 2002; Vacquier et al., 1957).
Another anomaly can be seen around 45 m and 80 m (on the x-axis), with the highest
chargeability values of the profile, reaching up to 28 mV/V. This is mapped with the ERT
as a high resistive layer with some drops that are shown in the profile as folds that can
also be explaining a mix of the sediments including clay due to the ice-pushing forces. If
we look at the ERT sections, the interpreted water table presents some drops exactly where
the IP shows the high values. Therefore, this can be indicative of a mix of coarse sand and
clay particles that are slightly blocking the groundwater flow, shown by a higher hydraulic
head where the piezometer is, and a lower head when moving to the west. However, this
clay content seems not to be penetrating enough in depth to block as much the
groundwater flow as the clay sheet on the west extreme of the profile.
Summary ERT measurements
The outputs of the ERT measurements, except by ERT 4 (Figure 4.5), are mostly
characterizing the Veluwe complex unit and also sometimes the Peize Formation was
reached, as shown in Figure 2.2. It can be seen that all the sections show similar responses
even when the contact between the different layers is variable depending on the location
with respect to the moraine ridge. From this, generalizations of the Veluwe complex unit
(DTc), as called in REGIS II (TNO-GSN, 2020c), can be drawn.
From top (surface) to bottom, a first layer of medium to coarse and even gravely sand
can be found. Followed by a thicker layer of medium to fine sand that is superposed over
finer sand sediments that are characterizing the river sediments of the Peize/Waalre
Formation. In the middle of the ridge the unit has its thicker expression (Figure 4.7), and
towards the edges the same layer can be found but with less thickness.
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Figure 4.7: Veluwe Complex unit characterization in the middle of the ridge.

4.2

Soil moisture

Soil moisture cross-section were done using the ERT sections as an input (Schlumberger
array) to create a model in HYDRUS by using the Archie’s Law. These models could
explain the heterogeneities obtained in the 2D profiles due to changes in lithology and
moisture content after a meteorological forcing. The model fitting (Soil water saturation
degree (𝑆𝑆𝑆𝑆) vs Resistivity (𝑅𝑅)) curves can be found in the appendices (Figure 8.1) but the
general shape of the model is as it is shown in Equation 4.1, which is the same as the
Archie’s law, with 𝑐𝑐 as the fitted parameter. The comparison between the measurement
and the modelled resistivity can be found in Figure 4.8.
−1/2

𝑆𝑆𝑆𝑆 = 𝑐𝑐 ∙ 𝑅𝑅𝑡𝑡

(4.1)

As it can be seen (Figure 4.8), the model is able to capture the shape of the curves in
general but is not able to accurately do it for each layer, this is due to the lithology is
changing with depth but the fitted model is assuming general parameters. However, the
method performs very well in terms of giving a general idea of the changes in moisture
over all the cross-section, as it is shown in the bottom sections of the Figures 4.2 to 4.6.
If we compare the obtained cross-sections for the soil moisture with the resistivity sections
can be seen that the distribution is very similar, and the areas with low resistivity correlates
very well with the areas of high saturation, as explained by the model obtained (Equation
4.1) based on the Archie’s Law. However, at the same time, it is also meaning that changes
in resistivity is only attributed to the degree of saturation (𝑆𝑆𝑆𝑆) and not because of changes
in the lithology, which adds a high uncertainty to this model.
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Figure 4.8: Modeled (HYDRUS and Archie’s law) and measured resistivity for the cross-sections
of ERT 1, 4 and 5
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4.2.1 ERT 1 - Soil water saturation cross-sections
The ERT 1 cross-section with the soil water saturation degree (𝑆𝑆𝑆𝑆) (Figure 4.2 bottom)
was modeled by using three layers as explained above and in the Methodology. First a
coarse top layer, followed by a layer of fine sand, to recreate the possible perched water
tables, and finally a layer of sand until the bottom of the profile is reached. As it was
expected, the first layer shows to be very dry, followed by an increase in saturation of
between 30% (0.3) and up until 100% (1) for the perched water tables structures, which
then smoothly increases until the water table is reached, that with this method it is shown
to be 25 m deeper that were it is actually measured. This can be related to the fact that
the resistivity is translated into moisture depending on the highest, or lowest values. The
lowest values in the profile will give 100% saturation and the highest resistivities will give
a saturation of 0%. However, the resistivity in this part is decreasing with depth due to
possible lithological changes such as a grain size decrease with depth.
Moreover, Figure 4.8 also shows a gap between the measurements and the model,
specially for the first layer, where the difference is about 10000 ohm·m. This can be related
to the fact that when the model was set on HYDRUS too high hydraulic conductivities will
unstabilize the model and it was not able to be run, therefore this might be understimated.
Moreover, a smaller gap, between 400 to 1000 ohm·m exists for the second and third
layer, respectively. Around 30 m deep the difference is about 1000 ohm·m showing that
the model cannot completely recreate what is happening at the end of the unsaturated
zone. However, resisitivity values of 1000 ohm·m are not such a major gap, as it is shown
in Figure 4.1, where lithologies changes with even 2 orders of magnitude.
4.2.2 ERT 4 - Soil water saturation cross-sections
Fort the ERT 4 𝑆𝑆𝑆𝑆 section, the model shows the same distribution as the Schlumberger
cross-section (which the model is based on). The SE of the section seems to be drier than
the NW part, where the water saturation is above 60%. However, even when the 1D profile
seems to recreate the same shape as the measurements (Figure 4.8), there is a lag of 8000
ohm·m between the model and the measurement, in the first 9 m where the highly resistive
layer is.
Moreover, the model is not able to completely reproduce the water table as measured in
the piezometer located in the SE part of the section. It can be see that for this area the
saturation is around 50% only, and not a 100% as expected. This is also related to the
heterogeneity in the resisitivity values that, even when the water table is reached, and
beyond that point the soil is completely saturated, the resistivity changes with depth due
to changes in lithology that are not captured because the adjusted 𝑐𝑐 coefficient is not
varying with depth, but it represents an average of the whole profile.
4.2.3 ERT 5 - Soil water saturation cross-sections
The 𝑆𝑆𝑆𝑆 cross-section for the ERT 5 can be seen in the bottom part of the Figure 4.2.
As with the other sections, the distribution of high and low soil water saturation values is
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corresponding inversely with the resistivity values. Specially seems to capture very well, the
clay layer on the west part of the section, as it presents very low resistivity values. In the
practice, it can be expected that it is fully saturated with water, as a sponge, due to the
high porosity of these types of sediments. However, there is no flow through it because of
the low hydraulic conductivity that these lithologies have.
The water table starts with a saturation of 50%, and it can be due to what was explained
in the other profiles. The model fitted parameter does not explain lithology variations with
depth and laterally.
In Figure 4.8 can be seen that the measured and modeled 1D profile are in general
agreement. However, and similarly with the other sections, the first layer is underestimated
and there is a of 8000 ohm·m gap between the model and the measurement, which probably
could have been solved by being able to increase the hydraulic conductivity of this first
layer in Hydrus.
4.2.4 Recharge flux
HYDRUS was used to model the 1D soil moisture profile in the unsaturated zone in the
locations of the ERT 1, 4 and 5. For this, infiltration through a heterogeneous layered soil
was simulated for a period of 100 years with an average 300 mm/year of rain surplus as
the top boundary condition. The bottom of the soil profile was imposed where the water
table level is. Therefore, the lower boundary flux represents the recharge to the underlying
aquifer (𝑞𝑞𝑧𝑧 ), and is represented as negative value (outflow of the model).
In Figure 4.9, it can be seen the graphs of the bottom flux [m/y] against the time [y] per
each of the modeled cross-sections (ERT 1, 4 and 5). All present an oscillatory behavior
around -0.20 m/y to -0.25 m/y, however the average value for the ERT 1 is -0.22 m/y, 0.25 m/y for ERT 4 and -0.26 m/y for ERT 5. Being these then representative 𝑞𝑞𝑧𝑧 values
for the middle of the ridge (ERT 1), the side of the moraine complex (ERT 4), and the
south west part of the complex (ERT 5).

These values were also tested by doing a sensitivity analysis over the parameters, such as
the hydraulic conductivity and the input flux. The results showed that the recharge values
(𝑞𝑞𝑧𝑧 ) were significantly changing directly with the changes in the hydraulic conductivity,
whereas if the input flux was increased or decreased that will only lead to direct changes
in the level of the water table (where the soil is completely saturated) and not a significant
change for the soil moisture content of the upper layers.
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Figure 4.9: Bottom flux from soil moisture model (HYDRUS)

39

4.3 Temperature and groundwater flow models
The measured TD profiles can be seen in Figure 4.13 with their respective inflection point
depth, which is the depth at which the temperature gradient is zero. This can be inexistent
if the measurements are relatively old enough for no surface warming to have affected the
shape of the typical geothermal profile. The IPD can be found to be below the seasonal
zone (Bense & Kurylyk, 2017) >15 m, and the depth of it is linked to the sustained surface
warming and the amount of the groundwater fluxes. For the measurements of this study,
the inflection depths are between 18 m and 38 m. It can be seen how this depth is deeper
for the newest measurements and shallower for the oldest ones. A summary of the location
of these depths, and the temperature at which it occurs can be found in Table 4.2.
The profiles measured in B33A0192 (the deepest piezometer, which reaches up to 400
m), did not provide information of the inflection point depth. For the measurement of
2020, most of the data points were done over the unsaturated zone (water table is around
63 m) and no inflection point can be seen for the rest of the profile. Moreover, the
measurements done in the vadose zone are not representative for flux quantifications. In
another hand, in the measurement of 2016, the possible inflection point can be found at a
depth below 200 m, which can be questionable, as it will indicate a very high flux for this
area.
The temperatures measured in the profiles are between 9℃ and reaching up to 16℃ for
the extreme case of B27D0053, whereas for the rest of the profiles, the maximum, on
average, is below 14℃. This high temperature, in comparison with the other profiles, can
be explained by the location of this measurement, which is very far from the actual transect
but was extrapolated to be over it. In Table 4.2 it can be seen that the temperatures at
which the IPD happens are also higher for B33B0235 and B33B0270. This can be explained,
again, by looking at the location where these measurements were done (Figure 2.1 and
Figure 3.7). These last three are outside of the elevated area of The Veluwe, and located
closer to the edge of the cross-section where the surface temperatures are expected to be
higher. These measurements are representative of the high temperatures of the cities in
comparison with forest or grasslands areas.
The TD profiles were used for the 1D and 2D models, which outputs will be presented
in the following subsections. For the 1D models only the IPD was employed in the analysis,
whereas for the 2D model, the aim was to match the whole TD profile with the model.
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Figure 4.10:Temperature-Depth profiles measurements
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4.3.1 Recharge flux (1D model)

Figure 4.11: Recharge quantification using the output model of Bense and Kurylyk (2017) over a
homogeneous sandy aquifer (yellow strata) with the Temperature-Depth profiles’ inflection points of this
study. The flux is negative if there is downward movement (recharge) and positive if there is upward
movement (discharge). Figure adapted from: Bense and Kurylyk (2017).

The model obtained by Bense and Kurylyk (2017) was used to calculate the recharge of
the area by using the different inflection point depths (IPD) obtained from the measured
temperature-depth profiles. According to the model (Figure 4.13), the recharge flux
(negative values) varies between 100 mm/y (-0.1 m/y) and almost 350 mm/y (-0.35 m/y)
depending on the location of the measurements (Table 4.2).
The measurements show how the repeated measurements in the same locations gives an
inflection point depth that changes in time as a response to surface warming and
groundwater flow. For higher 𝑞𝑞𝑧𝑧 fluxes, it can be seen in Figure 4.11 that the inflection
point migrates downwards faster than for lower fluxes.
Table 4.2 Summary table with the IPD and fluxes from the 1D and 2D models.
Piezometer
ID

B33A0103
B33B0235

Year

IPD
[m-sl]

1978

46

2016
1978

IP
Temperature
[℃]

𝒒𝒒𝒛𝒛 𝟏𝟏𝟏𝟏 [𝐦𝐦/𝐲𝐲]

According to the model of
Bense and Kurylyk (2017)

-0.16

70

9.14
9.46

27

9.84

-0.09

-0.14

𝒒𝒒𝒛𝒛 𝟐𝟐𝟐𝟐 𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎𝒎 [𝐦𝐦/𝐲𝐲]

-0.20
-0.41
42

B33A0192

2016

56

9.93

-0.06

2020

55

9.90

-0.05

2016
2020

Measurements didn’t show an inflection
point.

-0.31

1981

18

10.78

-0.03

2016

38

10.74

0.08

B27C0041

2016

67

9.58

-0.13

0.96

B27D0053

1978
2020

34
97

10.37

-0.12
-0.34

-0.08

B33B0270

B33A0106

9.25

-0.04

-0.17

4.3.2 2D Temperature and groundwater flow model
On Figure 4.13 the outputs of the 2D model can be seen. In here (bottom part of the
figure), the isotherms from a steady state condition are disturbed by groundwater flow,
where not only the heat from the geothermal flux and the surface are transported by
conduction, but also by advection.
The temperature field on the cross-section changes from 8.25℃ to 22.82℃, where the
coolest parts are on the top part of the model, as influenced by the surface temperature,
and the warmest parts are near the bottom of the section, as driven by the geothermal
heat flow of the earth. Additionally, it can be seen that towards the 11 km (on the x-axis)
the temperature distribution is less homogenous and warmer. In this area, a higher surface
temperature boundary condition (+1.6 ℃) was imposed (at x=11.8 km) to simulate the
warming of the area with respect to the relatively cooler forest. Due to the differences in
hydraulic heads, this is an area of discharge and therefore the temperature fields bulge up.
Between 3 and 9 km on the x-axis, it can be seen that the temperature field is cooler,
meaning that this area forms the recharge zone of the system, which is in the most elevated
area. In the hydraulic head distribution transect this can also be confirmed.
4.3.3 Recharge flux (2D model)
To quantify the recharge, the modeled TD profiles are used, until the measurements
match the model and therefore quantifications can be done by analyzing the 1D flux profiles
(see Figure 4.14). However, this match between the model and the measurement was not
successful, and incongruences can be seen (Figure 4.15). In the cases of B33A0192 and
B27C0041, for example, the model is overestimating the temperature field, meaning that
the used hydraulic conductivity is too high. Whereas for the profile B33A0203, using the
same hydraulic and thermal conductivities, the opposite happens, and the model’s
temperatures are lower than the ones from the measurements, meaning that for this case
the used hydraulic conductivity is too low.
The results show fluxes a bit higher than the expected average, as the flux is being
averaged for the whole profile. The vertical fluxes (𝑞𝑞𝑧𝑧 ) graphs of Figure 4.14, shown that
43

the flux decreases with depth until the bottom no-flow boundary condition is reached (𝑞𝑞𝑧𝑧 =
0 mm/y)
A summary of the fluxes is also shown in Table 4.2, and it can be seen that the fluxes
are in the expected orders of magnitudes for the area, except for some outliers as
B27C0041, where the flux is too high.

Figure 4.12: Upper figure: Hydraulic heads over the cross-section. Lower: Temperature cross-section (2D
model) disturbed by groundwater flow.
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Figure 4.13: Fluxes per modeled TD profile (2D model)
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Figure 4.14: Model (2D) vs measurements.
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5 Discussion

5.1 ERT measurements
The ERT method is a powerful tool that can provide hints of the structure of the
subsurface. However, it’s interpretation is linked to the array used, the electrode spacing
and the resistivity contrast between the layers. If this last one is low will produce a diffuse
result making difficult to identify special features. Moreover, the resistivity of the materials
shows large ranges and sometimes overlapping between each other, which makes the
characterization of the area more difficult if there is no other source of information
available. Therefore, asseverations of the locations of structures, such as clay sheets, cannot
be completely made in areas where there is no other source of information.
In this study the integration of the different data-sets such as groundwater levels
measured in the piezometers, lithological information from the boreholes and the results
obtained from the IP method and from other studies were key for the localization of the
water table (and its respective jumps), lithology changes and clay structures.
5.1.1 ERT arrays
The Schlumberger array biggest advantage is the largest depth of investigation
relatively to other arrays, but has a low lateral resolution when compared with the DipoleDipole array (Dahlin & Zhou, 2004). The Dipole-Dipole has a lower depth resolution than
the Schlumberger method, but it’s very popular to map vertical structures as it also resolves
the geometries better (Loke, 1999). However, because of the direction of the current flow
lines in this array, the resistivities below the target can be seen affected by the contrast
with the layer above, leading to misinterpretations on the thickness of the structure.
Moreover, the imaging is subjected to more inversion artifacts (Dahlin & Zhou, 2004), as
it was also experiences in this research.
This study shows better comprehensible results for the Schlumberger array than for
the Dipole-Dipole. Due to the way the current penetrates the subsoil, the layers where
mapped smooth and sub horizontal, making easier to find the contact among them. Even
when the Dipole-Dipole is been known to show better results for vertical structures, in this
study it seemed not to be the case, for example, in ERT 5 (Figure 4.6), the clay layer
seems to be spotted better with the Schlumberger than for the other arrays, but having
them all also allows us to delimitate the shape and thickness better than when only one
array is used. Moreover, the exact geometry is not known in reality so it cannot be
compared.
The joint inversion seems a like a promising technique, that can improve the
inversion by increasing the amount of data points available and by combining the
advantages and minimizing the disadvantages of the used arrays (Bharti et al., 2019).
However, for this study the focus was not in these types of results, as it requires extra
steps when processing the data and more time in the field as measurements with both
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arrays has to be performed. Moreover, the ample range of settings that can be adjusted
during a joint inversion were also not explored in this research but the results as they are
already revealed the increase of vertical and horizontal resolutions that for the inversion of
the arrays alone.
The IP method can be combined with the ERT data for a better interpretation of
the results. In this study, it was relevant as clay layers can be identified better with this
technique, as opposed with ERT where the overlapping resistivity values between fresh
water and fine to clayey sediments. Moreover, when this data is available the inversion of
the ERT data is less uncertain as the IP data is used to constraint the number of models
that can be obtained from the same resistivity data-set.
5.1.2 Electrode spacing
The electrode spacing is another factor influencing the resolution of the array used. The
larger the electrode spacing, the larger the length of the ERT line (𝐿𝐿) and the depth of
investigation, but the less the resolution, as this is calculated to be around
& Kirsch, 2006).

𝐿𝐿

6

to

𝐿𝐿

4

(Ernstson

The first ERT line (ERT 1) was the longest, with an electrode spacing of 5 m, that
allowed to reach deeper as the unsaturated zone was more than 60 m deep. Due to the
size of the evidenced perched water table, it is safe to say that an electrode spacing of 5
m was accurate enough to map these structures. Moreover, the same measurement was
performed with an electrode spacing of 2.5 m and similar results were found, but with a
shallower depth of investigation that did not allow to map the end of the unsaturated zone.
The other ERT lines were done with an electrode spacing of 2 m, since the areas have a
shallower water table and it was not needed to reach deeper. These measurements provide
a better resolution, with more detail of the heterogeneities in the saturated and unsaturated
zone that might have not been observed by using a larger electrode separation.

5.2 Soil moisture
As it was presented in the results chapter, the fit of the results from the model in
HYDRUS and the measurements in situ did not get the best results when translating the
resistivity to soil water saturation content, and vice versa. For all the sections, the first
layers show the highest gap between the model and the measurements. The model aims to
correct this and reduce the total error by lagging the curve, locating it behind the
measurement. Moreover, it could also be seen that the changes in lithology were not be
playing a role in the 𝑆𝑆𝑆𝑆 cross-sections, as only changes due to saturation were evidenced,
and this could be related to the Archie’s law model.
Archie’s law was formulated as an empirical relationship that could relate resistivity values
and porosity for sandstone (Dean et al., 2005), especially relevant for the oil industry. The
formula has been also used in other type of materials as some parameters can be adjusted
(𝑎𝑎, φ and 𝑚𝑚). However, this has to be done per lithology and each type will have their own
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set of parameters, that will give a range of possible saturation or resistivity values, that, as
it was explained before can be overlapping with other materials, as the tabulated ranges
are large. In this case, the best results would have been obtained if the model was adapted
per layer and with the considered lateral variations to obtain the best 𝑆𝑆𝑆𝑆 cross-section.
This is also relevant, as soil moisture curves are strongly influenced by the texture and
structure of the soil such as grain size and pore space (Or et al., 2005). However, taking
into account all this details, will make the modeling process very complex and difficult to
replicate for large study areas as it is the case.
Another way to overcome this problem could be by taking soil samples and measure their
water content and electric conductivity/resistivity under dry and saturated conditions, as
done by Fu et al. (2021) in their research. But again, this is time consuming as the lateral
and vertical variations in The Veluwe are considerable, and the number of samples needed
would be large. Moreover, the results will give indications only of the few meters of the
profile, as drilling dipper will make the study very expensive.
A cost-effective solution will be to perform time-lapse ERT measurements, where
lithology is assumed constant over the time that the measurements were done and only
changes of soil saturation are possible (Alamry et al., 2017). These types of study will allow
for analyzing changes in the unsaturated and saturated zone during the different seasons,
and will allow to investigate perched water tables behavior, as it can be expected that their
size is larger after a long rain period, but then the water will infiltrate according to the
hydraulic conductivity of the layer below (Hendry, 1982; Lebourg et al., 2005). As well,
fluctuations in the water table and variations in the head jumps can be studied further with
this technique and it will allow to see evolutions over time.
5.2.1 Recharge flux
The values for the recharge flux (𝑞𝑞𝑧𝑧 ) obtained using HYDRUS to model the unsaturated
zone are divided in three values that depends on the location of the model and therefore
related to the vadose zone thickness.
For the ERT 1, the unsaturated zone is about 63 m thick and the soil profile is composed
by three layers with highly contrasting parameters. First, a layer with high hydraulic
conductivity, followed by a layer of a lower value, and lastly and until the bottom, a layer
with moderate hydraulic conductivity. The obtained flux was the lowest (220 mm/y) in
comparison with the other two locations. However, the differences are just around 30 mm/y
and it can be explained by two arguments. First, after a precipitation input the water has
to travel a larger distance to reach the water table. Second, some water gets trapped in
the low permeable layer (perched water table), which was imposed also with a higher
residual soil water content (𝜃𝜃𝑟𝑟 ). This will also mean that more time will be needed to for
the water here to reach the aquifer below due to the low hydraulic conductivities.
The ERT 4 and 5, shown a similar behavior in terms of the resistivity measurements in
the middle of the survey. Therefore, the models in HYDRUS were set similarly in terms of
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the parameters of the layers, and just the length of the soil profile is different. ERT 4 has
3 m more of unsaturated zone than the ERT 5 but the soil hydraulic parameters are the
same. The soil profile is composed by a highly conductive layer of less than 7 m thick in
the top part of the profile, where water drains down after a meteorological input and
reaches a layer with very low hydraulic conductivity of more than 8 m thick. ERT 4 is
located in the edge of the moraine complex, where the elevation is lower and horizontal
water flow coming from the higher areas will also recharge the aquifer in this area. However,
HYDRUS is only modeling the recharge after a precipitation input trying to recreate the
measured resistivity (soil moisture curve) that is considering both types.
The values obtained for the recharge with the soil water balance method are higher
(𝑞𝑞𝑧𝑧 =240 mm/y) than the ones calculated by Bense and Kurylyk (2017) using heat as a
tracer, which are in, average in the order of 150 mm/y. This can be explained because the
way that the model was conceptualize is also a source of uncertainty. The parameters were
chosen according to the response of the ERT measurements, and other information as
borehole lithological descriptions, but the exact values for the soil hydraulic parameters
cannot be really determined as no test on soil samples were done. These problems are also
discussed as the main source of uncertainty in vadose zone models, according to Sallwey
et al. (2018), which was confirmed with the sensitivity analysis performed in this study by
varying the hydraulic conductivity values of the different layers in the HYDRUS model.
Additionally, the recharge flux estimated by Bense and Kurylyk (2017) is an average of the
flux through the entire profile, which therefore will be lower than the recharge across the
water table, which is how it is estimated by the HYDRUS model.

5.3 Temperature and groundwater flow model
5.3.1 Recharge flux quantifications
The 1D model proposed by Bense and Kurylyk (2017) shown to produce good results in
a parsimonious way as not much information is needed to use the model and quantify the
flux. The model is considering a homogeneous sandy profile and no land use differentiations.
However, it provides information of the increase warming of the surface and of the
differences depending in the area of the measurements, which can be lost if an average of
the whole area is calculated. This method does not consider lateral groundwater flow, as
it was demonstrated by the authors that the flux in the x direction will not affect the
vertical component, if the 𝑞𝑞𝑥𝑥 does not exceed 𝑞𝑞𝑧𝑧 in one order of magnitude, which was
also the case for this study.
The 2D model was done by solving the coupled temperature-groundwater flow
relationship (Equation 3.7) in 2D in the transient state to evaluate also the changes in time
induced by increased surface warming. The values of the fluxes for this model were in the
order of magnitude suggested by Gehrels (1999) (max 350 mm/y), however the outputs of
the model did not match all the TD profiles measured in the field. One of the points to
considerate is that the hydraulic (and also thermal) conductivities values have to be
adjusted for the different layers, however this will mean that each layer has the same
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parameters. The model does not allow for heterogeneities in each of the layers, which was
evidenced as existent according to the ERT measurements. Moreover, the cross-section
used is already a model of the area (REGIS II (TNO-GSN, 2020c)), which is a simplification
of the reality.
If we compare the REGIS II model cross-section of Figure 2.2 and the modeled crosssection used in FlexPDE (Figure 3.7), there is also another simplification. The layers that
had a small thickness, compared with the depth of the model, was not taken into the
account as it was supposed to not affect considerably the outputs. This was, apparently,
especially needed in the side A of the cross-section, where the Drente and the Boxtel
Formations were not modeled. By looking at Figure 3.7, it can be seen that not special
differences in the outputs can be expected between B33A0106 and B33A0103, B27C0041
and B33A192 and finally B33B0270 and B33B0253, due to the similarities in elevation,
hydraulic and thermal properties where these profiles are located in the model. Moreover,
the location of these profiles over the transect are not exact, as many of them were
extrapolated over the cross-section, assuming also isotropy in the y-direction, which was
also determined as variable with the ERT measurements done over the The Veluwe area.
The values of the hydraulic conductivity are difficult to be selected as they are not only
representing the ability of the material to let the water pass through them, but also, they
control the recharge as no rain is imposed in the top of the model. Therefore, tabulated
values estimated by TNO-GSN (2020c) (Table 3.4), which are assumed to be the best
estimated values, are not modeling properly the measurements. Adjusting the hydraulic
conductivities to match the profiles of one side of the cross-section resulted in
over/underestimations in the rest of the profiles. A solution to this could be to include
more heterogeneities in the model, by allowing the 𝑘𝑘 (hydraulic conductivity) to change
between values in each of the layers until the best fit is reached. However, this amount of
complexity will not necessarily imply a better model, as it was seen that the outputs from
the 1D model showed a better correlation with the expected recharge values for the area
with simpler model that requires less time to bet set up and to be computed. It was
demonstrated by the authors that the same 1D model including heterogeneities as different
soil layers and land use also shown not to be necessary to get the right values of the flux
(Bense & Kurylyk, 2017).
Additionally, the shape of the measured profiles is also affected by other factors such as
groundwater abstractions near the area which were not considered in the models.
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6 Conclusions

This study can be concluded by presenting a summary to the answers to the research
questions presented in the first chapter.
i. What is the performance of the ERT method to capture the variability of a
glacier affected landscape?
The ERT sections showed variations in the resistivity with depth, also laterally along the
profiles and depending on the location where the measurements were performed. It was
evidenced that even when the cross-sections are mostly capturing the Veluwe complex unit
Formation, this one present different thickness and layers. It was observed a characteristic
first layer of coarse and dry material, followed by a decreasing in grain-size with depth with
a varying soil water saturation until the water table was reached.
Apart of the changes in lithology, with this method was also possible to evidence clay
layers, perched water tables, the depth to the water table and head jumps occasioned by
the clay structures blocking the groundwater flow. This information was contrasted by
other measurements and other studies that helped asses the veracity of using the ERT
method in a glacier affected landscape.
ii. Which ERT array performs best to map the water table and clay structures?
The Schlumberger method seemed to be the best to map the water table, and the
interfaces between the different lithological layers, as this does not seem to be affected by
the superior layers in case, they are more resistive than the layers below, which sometimes
are masked in the Dipole-Dipole method. Moreover, it has a larger depth of investigation.
It is also showed to be less uncertain as no artifacts were generated during the inversion
process and in general the error of the inversion was lower.
The profile is smoother due to the geometry of the array, make it more useful in these
types of environments where there is a lot of spatial variability and even when the dipoledipole captures this very well it also requires more time during the interpretation as the
vertical structures changes the output greatly.
iii.

What are the recharge and seepage areas in this study and how much are
these fluxes?

The fluxes where estimated by three methods, using a soil moisture model in the
unsaturated zone, by analyzing TD profiles inflection points in the 1D model of Bense and
Kurylyk (2017) and modeling the coupled temperature and groundwater flow in a
representative cross-section (2D) over the area.
The 2D model gives an overview of the groundwater flow patterns by showing the
temperature and head distributions over the area. The elevated areas of the transect forms
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the infiltration part, whereas to the extremes the head gradient is sharper and the
temperature field shows the discharge zone.
•

What is the groundwater recharge flux of the underlying aquifers quantified
by using ERT measurements and modeling the unsaturated zone?

About 220 mm/y
• What are the groundwater fluxes when calculated by simultaneous heat and fluid
flow modeling?
Between 90 mm/y and 400 mm/y, however each profile will give an average that is
location based (see Table 4.2 for the exact numbers)
• What are the differences in the estimation of these fluxes using different datasets and models?
The parsimonious 1D model proposed by Bense and Kurylyk (2017) shown to be the best
method, of the ones employed here, to quantify the flux, using the temperature of the
groundwater as a tracer. However, and as the 2D model, this value represents a value that
is lower than the typical one as it’s calculated using an average over the whole profile,
which decreases with depth until the bottom 𝑞𝑞𝑧𝑧 = 0 𝑚𝑚/𝑦𝑦 is reached. The difference of this
output (and of the 2D model) when compared with the HYDRUS model is the way of this
was calculated. The TD data allows for investigations of the deep groundwater fluxes,
which are changing with depth, whereas the HYDRUS is the amount of water that crosses
the vadose zone until it reaches the water table, meaning that is a more accurate
representation of the groundwater recharge flux. The 2D model also considers lateral
variations of the flux (𝑞𝑞𝑥𝑥 ) which are not considered in the other two.
Nonetheless, the HYDRUS model conveyed good results, in comparison with the values
proposed by other authors. However, it requires too many parameters, that are not easy
to be measured and therefore many assumptions have to be made, which makes this
approach more uncertain than the 1D model using TD data. However, if these parameters
will be known this will represent a better output as what is being modeled can be directly
used for groundwater management plans.

The conceptualization of the 2D model is shown to be a better representation of the
reality, as it allows for heterogeneities in the x-direction of the model, and variations with
depth. However, the outputs shown that adjusting this model is a difficult process that
does not pay off, as the results of the fluxes are in incongruent with the values obtained
by HYDRUS and the 1D version of this model. It was seen that, in this study, the modeled
profiles are not fitting the measurements. However, the obtained fluxes are still in the
expected order of magnitude, which can mean that this model could be a promising
technique if it is studied further so it can be automatized to find the right 𝑘𝑘-values, or by
thinking to match the inflection point depth instead of the whole profile.
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8 Appendices

Figure 8.1: Archie’s law model fit.

59

Figure 8.2: Outcrop at Fransche Kamp
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Figure 8.3: ERT 1 resistivity sections (2.5 m electrode spacing) obtained with the different arrays DipoleDipole, Wenner-Schlumberger (Schlumberger) and combination (joint inversion with Dipole-Dipole and
Schlumberger data).
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Figure 8.4: Extracted 1D resistivity profiles over ERT 1
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