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Abstract

In preparation of a tracer test, a pumping test was performed in a heterogenous and highly
contaminated site. The porous media is contaminated with DNAPL that infiltrates the water table. The
1°t aquifer of the site is sealed from the sides with bentonite walls and from below with an aquitard
composed of several clay layers. However, this bounded aquifer is believed to have leakages through
the aquitard where the clay layers are not continuous, notably in the central-east side of the site.
During the pumping test, the hydraulic heads of the 1% aquifer, the aquitard, and the 2" aquifer below
the site as well as the 1 aquifer outside the bentonite walls were continuously monitored with divers.
Manual measurements were also taken from several Multi-Level Sampling wells to create hydraulic
head profiles with depth. The pumping test revealed that the connectivity between the 1t and 2™
aquifer is very weak in the central-east site of the site. The hydraulic separation of the 1% and 2"
aquifer in the central-east side is mainly due to a clay layer located between 54-56m below ground
level. The leakages are therefore coming from another location in the aquitard or through a hole
somewhere in the bentonite wall. An averaged hydraulic conductivity of the 1% aquifer was also
estimated with Stallman’s method based on the data collected during the pumping test. It estimated
a diagonal hydraulic conductivity of 12.7m/day. A 14-layer model and two 3-layer models were also
created to simulate the hydraulic head reaction of the pumping test. These models were not able to
accurately match the hydraulic reaction from the site recorded during the pumping test. As such, a
sensitivity analysis testing the hydraulic conductivity of the 1** aquifer, the aquitard, and the bentonite
walls considering its thickness were performed to increase the understanding of their impact on
groundwater flows at the site.
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Introduction

Before the start of the industrial revolution in the end of the 19" century and even long after, the
quality of groundwater in the Netherlands was never a problem. Groundwater was known to be
hygienically reliable in addition to have a constant composition. In some cases, it could even be
distributed without treatment (de Moel et al., 2006). However, in the late 1970s, many polluted sites
began to be discovered, raising the public awareness on soil and groundwater contamination.
Considering that in 1980 approximatively 60% of the of the drinking water produced in the Netherlands
came from groundwater sources (VEWIN, 2017), the Dutch government realized the severity of the
situation and developed its first remediation and prevention strategies for soil contamination.

Nevertheless, with the discovery of more and more polluted sites as well as the acquired knowledge
on the nature and the processes involving contaminants, the Dutch government realized that
remediation projects would never be concluded over several years (Rijkswaterstaat, 2014). Ongoing
remediation projects all around the world with strong contaminants were nowhere near meeting the
cleanup goals, even after decades of remediation efforts (Mayer & Hassanizadeh, 2005). Therefore, in
the late 1990s, the Dutch authorities amended its ambitions of remediating all the serious soil
contamination by 2010 and started to focus on discovering all the polluted sites and controlling the
high-risk sites (Rijkswaterstaat, 2014).

One of the most polluted sites discovered in the Netherlands was found in Utrecht in the early 1980s
at the site of a former manufactured gas plant. Qil, cyanide, hydrocarbons, and tar-like substances
were found in the soil and groundwater over a 10 hectares area. The soil was contaminated up to 35
meters deep and the groundwater up to 50 meters (Gemeente Utrecht, 2022). This was posing a threat
to the 2" aquifer which was one of the main drinking water sources of the city. The 1t aquifer of most
cities is already badly contaminated and cannot be used as a drinking water source.

Consequently, the municipality of Utrecht tried to remediate the site but, once they realized the
remediation project is much more complex and expensive than they anticipated, they adapted their
strategy and opted to implement an IBC methodology (“Isoleren, Beheersen en Controleren” in Dutch),
also known as the stand and hold management technique. Instead of remediating the contaminated
site, a containment method was installed in the mid-1990s to contain and prevent contaminants from
spreading. This method enabled the municipality to monitor, reduce as much as possible the
contamination risks, and give time to researchers to gain additional knowledge on the situation. This
master’s thesis is a follow-up of the monitoring and remediation project of this site.

I.1. Project background

In order to fully understand the main objectives of this thesis along with the severity, complexity, and
extent of the situation, a small summary of the project background has been established. It will explain
the origin and location of the polluted site, the contaminants found and some of their effects on the
subsurface and groundwater, the hydrogeology of the region, and a description of the containment
method.

I.1.1.History

The polluted site is located near today’s heart of Utrecht city, where nowadays stands the Griftpark.
However, from 1862 to 1959, the site was at the edge of the city and hosted the “Gemeentelijke
Gasfabriek” (Municipal gas factory) which produced town gas for the city (Gemeente Utrecht, 2022).
This town gas was produced from coal pyrolysis and other purification processes. In addition to gas



production and purification facilities, the site also hosted benzene and coal tar processing plants as
well as a municipal landfill.

During the lifespan of the factory, besides gas and other components, the different facilities also
produced many waste products such as hydrocarbons, polycyclic aromatic hydrocarbons (PAHs),
aromatic compounds, heavy metals, etc. (Royal Haskoning DHV, 2014; Heidemij, 1990). Unfortunately,
some of these waste products were spilled, dumped or purposely buried on site without knowing the
consequences it would generate, leading to the infiltration and propagation of many contaminants
throughout the site.

With the arrival of electricity and natural gas as a cheaper and more efficient energy source in the
1950s, less and less town gas was being used. As such, the gas factory was decommissioned in 1959
and eventually demolished in 1960. The site would remain abandoned until 1969 but, with the city
growing around this abandoned space, Utrecht citizens proposed to transform this useless space into
a local park. The construction started in 1979 but would then be halted in 1980 when the municipality
found out that the site was severely contaminated.

After two failed attempts to remediate the site given the extent, nature and depth of the
contaminants, the authorities in charge opted to implement the first IBC (Isolate, Management and
Control) procedure in the country. This meant committing to a substantial economical investment for
many years to come to avoid worsening the situation. Consequently, a containment method, described
in more detail below, was set up and the construction of the park could resume. The Griftpark was
officially opened in 1999 and further research has been initiated to find a better solution.

Manufactured gaspiant, Griftpark 1923
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Figure 1: Aerial pictures of the Griftpark in 1923 and 2010 (Wikipedia 2022; Het Utrechts Archief)

I.1.2.Contaminants

Even though this master’s research thesis will not focus on the nature and effects of the contaminants
on the subsurface, a small overview of the different contaminants in the park could help understand
the risks and challenges of this remediation project. In particular, understanding the transport
properties of these contaminants is essential to evaluate their potential spread and threat to
groundwater. Among the list of contaminants found in the Griftpark and affecting the groundwater
quality of the site are hydrocarbons such as benzene and toluene, Poly Aromatic Hydrocarbons (PAHs)
such as naphthalene and indene, heavy metals, cyanide and sulphuric acids.

PAH and hydrocarbons, which in this case come from spilled coal tar, are often in the form of Non-
Aqueous Phase Liquids (NAPLs) and more specifically Dense NAPL (DNAPL). When trapped in the
soil/aquifer matrix, NAPL substances act as a continuing source of dissolved contaminants for
groundwater, preventing the restoration of aquifers for tens to hundreds of years (Newell et al., 1994).
They move as a separate phase through the groundwater with extremely low dissolution rates.
Therefore, given their high toxicity, a tiny volume of NAPL can pose long term threat to the



groundwater quality (Mayer & Hassanizadeh, 2005). They are also extremely difficult to completely
remove from contaminated sites due to their complex behavior with the porous media. DNAPLs have
the particularity of being denser than water and thus they penetrate into the water table until they
reach the bottom of the aquifer. These substances pose biggest environmental threat among the
contaminants found in the Griftpark given their high toxicity, longevity, volume spilled, and ability to
sink into the water table.

Even though cyanides, heavy metals and sulfuric acids are not considered as the biggest threat in this
case, they are still very toxic for the environment and humans. Cyanide ions can disrupt the process of
cellular respiration by combining with key enzymes of the respiratory chain (Jaszczak et al., 2017). High
amount of heavy metals in the environment have been linked to mutagenic effects, cancerogenic
effects and increases cases of malignant tumors in humans (Staykova et al., 2005). Sulfuric acid is
classified as a group | carcinogen product by the international agency of research on cancer (IARC,
1992).

I.1.3.Hydrogeology of the region

The earth subsurface is made of different formations lying on top of each other. The nature and the
different properties of each formation have a huge impact on groundwater flow and mass transport
(Fetter et al., 2018). Therefore, when talking about polluted sites, it is crucial to understand the
hydrogeological situation of the site as well as the contaminants properties in order to contain,
anticipate, and remediate their plumes. This is quite challenging given that the subsurface is mostly
inaccessible. Hydrogeological properties are generally estimated from drillings and interpolation
techniques, which present many analysis limitations.

For a general understanding of the hydrogeology characteristics of the Utrecht region, a cross section
of the subsurface at the Griftpark is show on Figure 2. The top layer of the subsurface is made of an
arrangement of sandy formations (BXz, KRz, URz, STz) and reaches a depth of approximatively 55
meters according DINOloket subsurface model of the Netherlands. This arrangement characterizes the
first aquifer as it is followed by an aquitard made of clay (WAk) of approximatively 15 meters. Then,
we have another arrangement of sandy formations (PZWAz) followed by a succession of clay and sandy
formations (MSz, MSk) at depths between 130 and 170 meters. This third arrangement defines the
second aquifer from which the region extracts groundwater for drinking water purposes (Utrecht
Province, 2021). Figure 2 also shows that the Griftpark sits on top of a fault line which could have some
repercussion of the position of the clay and sandy formations.
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Figure 2: Hydrogeological cross section of Utrecht subsurface (DINOloket, 2017)

However, with the many drillings performed since the site has been discovered to be polluted, in
addition to evaluating the extend of the contamination, we have also found out that the porous media
is highly heterogenous. One of the major characteristic of this heterogeneity is the non-continuity of
the aquitard. This aquitard is not composed of a singular clay layer which would confine the 2" aquifer,
but of several clay layers with sand in between. As a result, the first and second are connected, likely
helped by the fault passing through the Griftpark. This means DNAPL and other contaminants can
potentially reach the 2" aquifer. This has complexified every analysis of the site subsurface as well as
the implementation and efficiency of the containment method. Based on the sonic drills made in the
1990s, the Grondmechanica department of the University of Delft has made a map estimating the
locations of the different clay layers below the Griftpark (1988). The map is displayed in Figure 3 but a
bigger format is available in appendix G.
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Figure 3: Griftpark clay layer formations
(Grondmechanica Delft, 1988)

I.1.4.Containment method

The containment method developed for this specific site consists of a vertical cement-bentonite wall
around the newly constructed park that, along with the clay layers of the aquitard, would contain and
prevent the contaminants from spreading. These walls reach a depth of approximatively 55 meters
where it connects with the clay layers. The objective is to seal the contaminated region from the 1°
and second aquifer.

Given the non-continuity of the clay layers, three pumps have been installed in the Griftpark to create
a seepage from the 2" aquifer to the 1t aquifer. This prevents contaminants from infiltrating the
second aquifer as well as to remove some contamination. In addition, the pumps lower the water table
of the area inside the bentonite walls compared to the 1°* aquifer surroundings, avoiding leakages from
inside the walls to the 1%t aquifer. This effect has to be taken into account because the bentonite walls,
as clay layers, are still permeable materials even though their hydraulic conductivity is extremely low.
A conceptual model of the Griftpark subsurface is shown on Figure 4 for a better visualization and
understanding of the containment method action.
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Figure 4: Conceptual model of the Griftpark subsurface

To monitor the contaminant spread as well as the site groundwater flow, several monitoring wells at
different depth and locations have been installed in and around the Griftpark. Thanks to this
monitoring system, the containment method could be shown to be effective. The location of each
monitoring well, of the bentonite walls, and of the three working pumps (B20, B21, B22) can be seen
in Figure 27 of Appendix A.

I.2. Aim & Research questions

As briefly introduced, the containment method developed in the Griftpark is very costly and would
require to be maintained almost indefinitely to avoid aggravating the contamination risks. As a
consequence, Utrecht municipality has actively been working with researchers to gain a better
understanding of the situation and to try to find a better solution for the future. However, it is easier
said than done in a project of such complexity. There are many uncertainties remaining on the
Griftpark subsurface properties that have been complicating every study analysis and actions given the
inaccessibility and heterogeneity of the subsurface. Among them, is the connection of the 1t and 2™
aquifer and the permeability of bentonite screen walls at certain locations. It has been proven that the
two aquifers are connected but the mechanics, the location, and the consequences are still to be well
understood. This could have some profound effects on the efficiency of the containment or
remediation method put in place.

As such, it is not well understood whether the containment method is working as planned, i.e. the
groundwater pumped from the site is coming from the 2" aquifer past the clay lenses (Scenario A), or
from leakages through the bentonite wall (Scenario B), or a combination of the two where the
importance of each aspect need to be evaluated. Figure 5 illustrates these scenarios.
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Figure 5: Hypothesis scenarios of the pumped groundwater in the Griftpark

In order to evaluate these two scenarios as well as to gain further knowledge on the connectivity of
the two aquifers and the heterogeneity of the porous media, a vertical tracer test was originally
planned in the Griftpark. It is to be noted that vertical tracer test are very different and less frequent
than the usual horizontal tracer tests. Usually, groundwater mainly flows horizontally in unconfined
and confined aquifers (Cohen and Cherry, 2020). Vertical tracer tests through several layers are even
more unprecedent given the many challenges and uncertainties they face, especially in heterogenous
porous medias. Still, they can reveal some quite insightful information and can be key for further
research.

The vertical tracer test was divided into two MSc. Research given its complexity and time needed to
be carried out. The first one had to focus on modeling groundwater flows in the Griftpark as well as to
set up the tracer test. The second one, which this MSc. Research thesis is about, had to focus on the
realization and analysis of the experiment results. The objectives of this MSc. Research thesis are:

e To evaluate the connectivity of the first and second aquifer.

e To obtain an increased understanding of the Griftpark soil’s heterogeneity (layering) and its
effects in groundwater flow.

e To evaluate the best way to model the Griftpark subsurface.

This study will be particularly focusing the surroundings of pump B20 in the central-eastern part of the
Griftpark (Appendix A). It was believed to be the location where the 1t and 2" aquifer are connecting
given no clay layers were placed in the map made by the Grondmechanica department of the
University of Delft (Figure 3). However, during the drilling of boreholes in preparation for this study,
clay depositions were also found at this location (Appendix C).

1.3. Approach

Unfortunately, a vertical tracer test could not be performed in the Griftpark due to some technical
difficulties with pump B20 that lasted more than 4 months, disrupting the timeline of this project. A
pumping test was performed instead. This test was already planned as a pre-requisite for the tracer
test but was also further developed to suit the timeline and objectives of this thesis.

As a consequence of this modification, the literature review of this MSc. Research Thesis was
performed on the challenges of performing a vertical tracer test in a heterogenous aquifer rather than
on pumping tests. Still, much of the information on the consequences of scale, heterogeneity, and
verticality is relevant for pumping tests.
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The connectivity of the 1%t and 2" aquifer will be evaluated by spatially and temporally analyzing the
provoked hydraulic head changes during the pumping tests. Furthermore, thanks to the wide range of
well depth, these hydraulic head results should also provide information on the Griftpark soil’s
heterogeneity and its effects on groundwater flow. Then, the collected data from these test will be
used to estimate physical properties of the Griftpark subsurface, either analytically or numerically with
3D models. The idea of this estimation is to improve the subsurface model and our understanding of
groundwater flow in the Griftpark. As there are different ways to estimate aquifer properties and
model groundwater flows, different solutions will be compared with each other as well as with the
collected data to determine which is the most effective method to model these flows.

12



Literature review

In porous aquifers, and especially heterogenous porous aquifers, modeling groundwater flow and
solute transport requires detailed knowledge of aquifer parameters and their spatial distribution.
Geophysical measurement at borehole locations can give useful insights on subsurface parameters but
often yields limited results due to resolution, detection range, parametrization problems, and because
it a point measurement. Tracer tests can help to effectively investigate and characterize aquifer
properties based on effective parameters values such as tracer concentrations and groundwater
velocity.

During this literature review | will briefly explain what tracer tests are, which types of tracers could be
used in the Griftpark, and the different techniques that have been previously used. We will also look
at the many challenges that come along with the execution of tracer tests at sites such as the Griftpark
as well as why this vertical tracer test is quite unique. However, before that, we will look at some of
the basic equations explaining the physics of groundwater flow and how to solve them in order to
apply them to this tracer test experiment.

Il.1. Fundamentals of groundwater flow

I1.1.1. Darcy’s Law

The law describing water movement through the porous media was developed by Henry Darcy in 1856.
He demonstrated through an experimental study that a one-dimensional water flow through a pipe
filled of sand was proportional to the cross-sectional area of the pipe, the head loss along this one, and
inversely proportional to the flow length. The law was then expanded to multidirectional flow.
Mathematically, it can be expressed as:

G=—-KVh 2.1

where ¢ is the specific discharge [L T?] vector, also called Darcy’s flux, with three different
components, g, g, and g., one for each direction. K is the hydraulic conductivity [L T"] second order
tensor that, when oriented along the principal axes, is composed of only three non-null components,
also one for each direction. Vh is the hydraulic head gradient [-]. This equation indicates that
groundwater will flow down the hydraulic gradient and the discharge is dependent on the hydraulic
conductivity of the porous media.

This law is also based on a macroscopic concept where the porous media can be replaced by a
representative continuum. This means that the hydraulic properties of the subsurface are evaluated
for a Representative Elementary Volume (REV).

11.L1.2. Transport equations

Groundwater also transport many substances with its flow. Understanding how those substances
mobilize in the subsurface is also key to project how contamination could propagate. It can also bring
to light properties of the subsurface through the comparison of experiments and models. The
advection-dispersion-reaction model, based on the concept of mass conservation, is often used to
describe mass transport in three-dimensional saturated porous media . Its equation can be written as:
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ac _ 2.2
RE = —-V.VC+V(DyVC)+ S
where R is the retardation factor, C is the solute concentration, t is the time, 7 is the average pore
water velocity, Dy is the hydrodynamic dispersion tensor which includes mechanical dispersion and
molecular diffusion, and S is the sink/source term accounting for the solute transformation (e.g.,

degradation, generation). The sorption process is included in the retardation factor.

However, this general transport equation can only be resolved with numerical techniques. Still, even
with numerical techniques, there are different ways to solve this equation. MODFLOW, a computer
software programmed to solve groundwater flow equation, uses for example the finite difference
method (FDM) whereas FEFLOW uses the finite element method (FEM).

I1.2. Tracer tests

The principle of a tracer test is to introduce an additive (e.g., particles, solutes, gases) or physical
quality (e.g., temperature) into the groundwater and monitor its movement and spread. Given that
the subsurface is not easily accessible, the tracer spread has to be deduced from groundwater samples
collected around the tracer injection location. Aquifer properties such as groundwater velocity,
effective porosity, layers connectivity, solute transport, and many more, can then be estimated from
the analysis of these samples’ tracer concentrations. However, they often depend on subsurface
properties (e.g., physical heterogeneity) or processes (e.g., sorption, biodegradation) that affect
groundwater and solute transport. Given the difficulty to measure and to spatially estimate these
properties and processes given the heterogeneity of the porous media, their effect on groundwater
flow and solute transport must be well understood in order to properly estimate many of the aquifer
properties previously mentioned. In the next section the implications of scale and heterogeneity on
tracer tests will be discussed. In the following section the different types of tracers generally used will
be discussed, as well as the subsurface properties they reveal. Subsequently, different tracer test as
well as the challenges that come along with vertical tracer test will be discussed.

I.2.1. Importance of scale and aquifer heterogeneity

When conducting a tracer test, it is important to consider the scale of the subsurface properties under
investigation to adjust the tracer test method to it, especially in heterogeneous aquifers. Tracer tests
conducted to investigate aquifer properties at local or point scale, i.e., for Representative Elementary
Volumes (REVs), will not give the same information as tracer tests operated in the field. Even though
the principle of tracer tests and the properties investigated at local and field scale are the same (e.g.
groundwater velocity, solute transport), the implications of these properties have very different
consequences at each scale. For example, it has been shown that aquifer properties can vary in space
and are scale dependent (Ptak et al., 2004). Therefore, the scale of the investigation has a huge impact
on the estimated property. It has been observed that dispersivity, which is one of the properties
characterizing physical heterogeneity, often increases with transport distance (Gelhar, 1986; Dagan,
1989). This can be explained by that fact that at field scale, preferential pathways around low
conductivity zones tend to increase the spread of solute plumes, an effect that will not be included in
the mechanical dispersion at pore level.

We do not only encounter heterogeneity in the physical aspects of the subsurface but also in chemical
aspects. The porous media is formed out of different geological layers, each one of them with different
chemical properties. This chemical heterogeneity can be seen through the sorption properties of
aquifer material (Grathwohl and Kleineidam, 1995; Ptak and Strobel, 1998) or through the enhanced
spread of solutes at field scale (Burr et al., 1994; Ptak and Schmid, 1996). Another effect of the chemical
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heterogeneity of the porous media which also combines with the physical heterogeneity, is the
makrokinetic sorption behavior. This sorption behavior is characterized by an effective retardation
factor increasing with time, even though sorption is locally at equilibrium in the porous media
(Miralles-Wilhelm and Gelhar, 1996; Ptak and Kleiner, 1998). It account for the kinetic effect of
groundwater flow in addition to the sorption capacity of the porous media which is of measured at
equilibrium and without any flow.

Furthermore, the physical and chemical heterogeneity effects on groundwater flow or solute transport
(i.e. dispersivity, sorption, etc.) do not take effect separately but rather all at once, which makes them
quite difficult to account in a model. Depending on the different properties of the porous media and
the scale at which they are studied, some of these effects can have greater impact on the groundwater
flow and (reactive) transport processes than others. For example, Teutsch et al. (1998) showed that in
case of equilibrium sorption, the most significant contribution to high effective retardation factors
comes from gravel, due its high sorption capacity. However, in case of kinetic sorption, the same gravel
contributes only very little to the effective retardation due to its high hydraulic conductivity as short
contact time does not allow much dissolved components to diffuse into the gravel. In this case, the
mean arrival times of solutes are mostly controlled by relatively medium conductivity sand which has
a small sorption capacity but quickly reaches equilibrium. This shows that physical and chemical
heterogenous porous media can have a very complex groundwater and solute transport behavior
depending on the properties of this one. As such, knowing that the porous media of the Griftpark is
highly heterogeneous, a good understanding of the effects caused by heterogeneity will be crucial to
accurately estimate groundwater flows and transport properties.

When planning a tracer-based investigation to study groundwater flow or solute transport as well as
when running model simulations, subsurface heterogeneities must be taken into consideration to see
if they could have any impact on the study. If considered impactful, then it is necessary to review the
relations between the investigation scale (characterized by the size of the investigated aquifer
domain), the scale of heterogeneity (characterized by the typical size of the aquifer structural
elements), and the detection scale of the investigation method. A detailed treatment of scale study is
also given by Dagan (1986), Neuman (1990), Teutsch et al. (1990), Di Federico and Neuman (1998), and
Zlotnik et al. (2000).

Usually, aquifer material can be considered homogeneous if the heterogeneity scale is much smaller
than the investigation scale. However, it becomes relevant if the heterogeneity scale is in the order of
the investigation scale. For most laboratory experiments, the media is often well mixed and thus
homogeneity is assumed, unless the purpose of the study is to study the heterogeneity. For the
experiments where homogeneity is assumed, deterministic approaches are then used to evaluate the
measured data and estimate the aquifer parameters.

At a regional scale, in the order of kilometers, irregularities in the subsurface may tend to average out
if the characteristic heterogeneity scale is substantially smaller than the scope of the research. In that
case, it is acceptable to use effective parameters for the assessment of flow and transport (e.g.
transmissivities from large scale pump testing, constant macrodispersivities, and effective retardation
factors).

Often however, as a the Griftpark site, the investigation is on a scale in the order of ten to hundreds of
meters. At this scale, which can be considered intermediate compared to laboratory experiments or
large-scale studies, several characteristics of heterogeneity are displayed and cannot be neglected. As
a consequence of the variable aquifer properties, strong irregular solute spread and a scale
dependance of effective transport parameters can be expected. To unravel the heterogeneity
structure, the detection scale of the investigation must be smaller than the heterogeneity scale. This
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makes these types of investigation much more complex and expensive than investigations at small or
large-scales where homogeneity can often be assumed (Ptak et al, 2004). In addition, due to the usually
limited number of measurements available, there is always some remaining uncertainty in the
investigation regarding the parameter estimations.

Toillustrate the complexity of investigating groundwater flow and solute transport in a heterogeneous
aquifer at intermediate scale, we look at tracer test results from Ptak and Teutsch at the Horkheimer
Insel experimental field site (1994a).
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Figure 6: Distribution of transport velocities from a
natural gradient tracer test (length of arrow indicates
value of velocity, Ptak and Teutsch, 1994a).
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Figure 6 shows us the distribution of transport velocities derived from depth integrated sampling
during a natural gradient tracer test with a transport distance of about 60 meters. Due to aquifer
heterogeneity, Ptak and Teutsch did not manage to find a common transport velocity set for the entire
ensemble of measured breakthrough curves. To illustrate the added complexity given by the aquifer
heterogeneity, they decided to estimate the transport velocities for each individual breakthrough
curve assuming an individual transport path within the aquifer with a transport direction parallel to
the line connecting the injection point and the monitoring wells. The transport velocities range from
6,2 to 18,0 m/day. This example shows how transport predictions based on parameter values obtained
at a limited number of borehole locations may be highly uncertain in heterogenous aquifers.

1.2.2. Type of tracers

The degree and extent to which a tracer test characterizes the subsurface depends on the type and
number of tracers used. This is because each tracer has different properties and thus is used to
investigate different properties. Therefore, a small overview of the different kinds of tracers available
is necessary. Considering the multitude of existing tracers, | will mainly focus on the different tracer
properties that could be useful for this study case.

Tracers are compounds that are inherent to or injected into the water cycle to study several properties
of the subsurface (e.g. hydraulic conductivity, groundwater flow patterns, solute transport). A
multitude of tracers can be used in hydrology, each of them with different properties, objectives, and
sampling methods. For example, it is possible to use environmental tracers that are inherent
compounds of the water cycle such as stable isotopes that naturally exist in water, or artificial tracers
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that need to be added to the system by punctual injections such as fluorescent compounds, salts,
radioactive compounds, and even viruses or spores.

Tracers are also categorized by how they interact with the subsurface, giving them different utilities in
tracer test. Conservative tracers, also called non-reactive or ideal tracers, are biochemically stable
tracers that show virtually no interaction with the porous media, and thus flow passively with the
carrier fluid (e.g, salts, isotopes, dyes). They display only the purely hydrodynamic transport processes:
advection, dispersion and diffusion. Therefore, they are generally used to investigate hydraulic
properties (e.g., tracking aquifer connectivity, preferential flow pathways), to analyze travel times and
flow velocities, and to estimate hydromechanical properties (e.g., dispersivity, porosity). In order to
investigate these aquifer properties with great accuracy, the compounds are desired to behave ideally,
meaning they should (1) behave conservatively (e.g., are transported with water velocity, not
degradable), (2) have a low background concentration in the system, (3) be detectable in very low
concentrations, and (4) have low or no toxicological environmental impact (Flury and Wai, 2003).
Unfortunately, ideal tracers do not exist, all solute tracers are impacted to some degree by chemical,
physical, and/or biological processes. This means some knowledge of the hydrological system is
needed beforehand to verify the practicality of the tracer. A conservative tracer is only considered
conservative under specific conditions, but it could be considered otherwise under other conditions.

Reactive tracers are compounds that undergo chemical reactions or physiochemical interactions in a
predictable way under known conditions. By using specific features of reactive tracers, it is possible to
investigate aquifer physicochemical properties (e.g., sorption capacity), water chemistry properties
(e.g., redox condition, pH, ion concentrations), and other influencing parameters (e.g., temperatures,
microbial activity) of the hydrological system beyond the capabilities of conservative tracers (Ptak et
al.,, 2004; Luhmann et al., 2012). In order to identify and quantify the processes that take place in the
subsurface with reactive tracers, it is necessary to combine them with at least one reference
conservative tracer to identify purely hydrodynamic processes that affect both tracer types in a similar
fashion. To go even further on reactive tracer types and applications, Cao et al. (2020) or Divine et al.
(2005) have made further investigations and publications on the subject.

Regarding the Griftpark, given that this research merely focus on the hydrodynamic processes inside
the Griftpark, conservative tracers should primarily be used. With several tracers arriving together, an
easy comparison can be made and it would differentiate the signal from other injection locations in
case one of them is re-used somewhere else. Salts, such as potassium iodide (KI), lithium chloride (LiCl),
and sodium bromide (NaBr), are often used as conservative tracers due to their high stability, low
toxicity, and low cost. Given that this project also focuses on the microbial remediation of pollutants,
investigating the aquifer physicochemical properties with the already existing set-up could be very
interesting for further research. For this purpose, a reactive tracer could be mixed with the
conservative tracers.

1.2.3. Tracer test techniques

There exists a variety of ways to set up a tracer test depending on the objectives of the experiment,
the subsurface concerned, and the investment considered. Two fundamentally different approaches
can be distinguished among all the methods. The first approach accounts for tracer test applications
at a local scale or point scale (very small REVs) to estimate subsurface parameters. These tracer tests
are employed mainly in small-scale laboratory experiments (columns and tanks) or in small-scale field
investigation, as for example Sutton did by combining a dipole flowmeter test with a tracer injection
and detection (Sutton et al., 2000). The resulting small-scale measurements can be used for a variety
of purposes, including understanding non-reactive and reactive transport processes, testing process-
based transport models, and transport model predictions. In the case of heterogeneous aquifers, these
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predictions should be performed within a stochastic modeling framework due to the remaining
parameter uncertainty after investigation (Ptak et al., 2004).

The second approach deals with tracer tests that aim to directly measure effective subsurface
parameters at field scale. This approach is often applied in situations where the cost to obtain the
amount of data needed for stochastic simulations, the time needed to analyze the data, and the
computation time become prohibitively high. It is also applied when some input parameters cannot be
described with geostatistical methods (e.g., concentration within contaminant zones). Among this
second approach, we distinguish tracer test performed under natural hydraulic conditions where the
groundwater flow field is undisturbed, and tracer test performed under forced gradient conditions
induced by groundwater pumping or tracer solute injections. The distinction is made because the
experiment set-ups are quite different. Even though the Griftpark is designed to be under forced
gradient conditions, | believe it is interesting to evaluate the implications of a tracer test under natural
or close to natural conditions to understand the limitation of the planned tracer test in the Griftpark.

11.2.3.1. Natural gradient tracer tests

In natural gradient tracer tests (NGTT) at field scale, tracers are injected continuously over a period of
time, or pulse-like into the undisturbed groundwater flow field. The tracer concentrations are then
measured at different depth (multi-level) or along an entire section for which a weighted average value
is computed (depth integrated). It is therefore essential for the experiment design to have an
approximate mean transport direction. In addition, an approximation of the average transport velocity
should be known in advance to coordinate the sampling activities.

One of the advantages of NGTT is that the investigation scale is in principle not limited. However, the
duration and the experimental efforts may increase if the transport velocity is small, and/or the
transport distance large. Another advantage is that NGTT can obtain proof of postulated position of
contaminant sources, which not possible with forced gradient tracer tests (Ptak et al., 2004).

Another disadvantage of the NGTT may be that in heterogenous aquifers, a large number of monitoring
wells may be needed to reliably identify the solute plume and its development. Furthermore, if the
mean groundwater flow direction is shifting due to changes of boundary conditions of preferential
flow pathways, the evaluation of solute concentration may become difficult.

11.2.3.2. Forced gradient tracer tests

Forced gradient tracer test (FGTTs) can be executed in convergent, divergent, and dipole flow fields,
or in a subsequent application of divergent and convergent flow conditions (push and pull tests). Figure
7 shows a schematic example of a convergent a divergent flow field and Figure 7 in the following
section of a dipole flow field. Because of the forced gradient, the flow direction is known, minimizing
the effects of natural gradient variations and reducing the duration of the experiment in comparison
with NGTTs. Possible field applications, considering advantages and disadvantages of NGTT and FGTT
are summarized by Ptak et al. (2004).
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Figure 7: Convergent flow field (a) and divergent flow field (b).

In the divergent flow field approach, groundwater is injected into a well at a constant rate. Once a
guasi-steady-state flow field is obtained, the tracer mass is added instantly or continuously over a
period of time. Surrounding monitoring wells are then employed to measure depth integrated or
multilevel tracer concentrations. Measurements can be procured in all directions using a single tracer.

The convergent flow field approach uses the same set-up, but groundwater is pumped out of the
central well at a constant rate. Again, once quasi-steady-state is reached, the tracer is injected instantly
or continuously over a period of time into the surrounding wells. Then, tracer concentrations are
measured at the extraction location. If different flow directions have to be taken into account, different
tracers must be used.

In the dipole flow field approach, groundwater is extracted from a well, and re-injected into another
well. Sometimes it can be the same well but at a different depth, resulting in a vertical tracer test. This
case will be further studied in the following section. The tracer is introduced into the injection well
(pulse like, continuously, or pulse like with recirculation), and monitored at the extraction well. The
nature of the of the dipole flow field might cause relatively long experimental times to obtain a
satisfying tracer recovery. Therefore, this approach is often used at a small scale. Tracer recovery can
be improved in an asymmetrical configuration by increasing the extraction rate compared to the
infiltration rate.

A great example of FGTT and NGTT for the Griftpark with similar objectives and subsurface conditions
is described by Ptak and Teutsh (1994a). They performed a NGTT and FGTTs with both divergent and
convergent flow fields, in a highly heterogenous aquifer using non-reactive tracers. The objective of
the many tests at Horkheimer Insel experimental field site was to investigate the aquifer structure by
identifying preferential flow paths and estimating anisotropy, solute spreading, layers connectivity,
and the spatially variable effective transport parameters. These are very similar objectives of this
research. The results demonstrated that, for contaminant transport predictions in highly heterogenous
aquifers, high resolution techniques are required in addition to a complex numerical and transport
model to describe mass transport adequately. They were also confronted with the integration of
horizontal and vertical flows when most of the tracer test only study horizontal flows. It is complex as
well as expensive to have depth-accurate multilevel samplers for all types of wells. When comparing
their experiment with the Griftpark, they still investigate mostly horizontal flows even if they take into
account vertical flows given that their aquifer is only 3-5 meters deep. Still, it gives us a good idea on
what to expect for the incoming tracer test in the Griftpark.

To resume which technique would be optimal for the Griftpark tracer test, a NGTT would be optimal
to evaluate the connectivity of the first and second aquifers below the park. It would allow to
investigate the risk of contaminant propagation under natural conditions even if it will probably take
some time. However, the municipality will never take the risk of potentially contaminating the aquifer
they use to produce drinking water. Regarding a dipole flow field tracer test, the scale at which they
have been performed is too small for a case such as the Griftpark. Therefore, a FGTT will probably be
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performed. Given the high experimental effort needed to perform a divergent FGTT, especially
monitoring and sampling, a convergent FGTT would be more suited for the Griftpark tracer test.

I.2.4. Vertical tracer tests

Vertical tracer tests are highly unusual and unprecedent at the scale of the Griftpark. There has been
some test at small scale executed in laboratories or as dipole flow test with a tracer (Sutton et al.,
2000). At a larger scale, groundwater in the saturated porous media tends to flow mainly in a horizontal
direction rather than vertical. The flow direction is dependent on the head gradient, which is generally
more pronounced horizontally in saturated aquifers. In addition, all aquifers are, in some degree,
anisotropic. This means that some of their physical properties, such as the hydraulic conductivity, vary
with direction. Due to the layering of sediments, especially when combining sand and clay layers,
vertical hydraulic conductivity is commonly orders of magnitude lower than horizontal hydraulic
conductivity (Woessner and Poeter, 2020). This favorizes again groundwater flow in the horizontal
direction. Therefore, there are not many situations at large scale where strictly vertical tracer tests
have been performed. The tracer test planned in the Griftpark is then quite unique given its unusual
groundwater flow field generated by the vertical bentonite barriers, pumps, and clay lenses.

Beside the fact that not many vertical tracer tests have been performed, doing so in a highly
heterogenous, anisotropic, and partially connected aquifer may be challenging. Heterogeneity and
anisotropy are both subsurface properties that can greatly affect groundwater flow and very difficult
to estimate or evaluate its effects. As described by Ptak and Teutsh (1994a), high resolution techniques
in time and space as well as a detailed numerical transport model are required to describe mass
transport in heterogenous aquifers adequately. Small-scale studies and even some or large scale that,
even though they do not focus specifically on vertical groundwater flow, have integrated depth into
their investigation. Sutton et al. (2000) were the first to combine a dipole flow test, originally proposed
by Kabala (1993), with a tracer to determine dispersivity as well as horizontal and vertical conductivity
(Kr and K;). Kabala’s set-up is made out of three inflatable packers isolating two chambers in a cased
well as shown in Figure 8. A submersible pump is located in the central packer and pumps water at a
constant rate from the aquifer into the extraction chamber. At the same time, water from that
chamber is transferred to an injection chamber where it is then released into the aquifer.
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Figure 8: Schematic of a dipole probe and tracer test set up
(arrows indicate tracer flow direction; Roos et al., 2009)

In the set up used by Sutton et al., once the dipole flow field has reached a steady state, a tracer is
released into the injection chamber and the tracer concentration is monitored in the extraction
chamber. However, this set-up is limited by the distance between the two chambers which, with less
than a meter, limits its large-scale application. Further explanations and analysis have been described
by Roos et al. (2008).

Even though large-scale vertical tracer tests are unprecedent, many tracer tests have managed to
integrate depth in their investigation. Sampling groundwater at different depths is not uncommon.
However, multilevel sampling is much more complex. Depth accurate multilevel groundwater sampling
requires trustworthy seals to avoid water circulation within the well during and prior the sampling.
Devices such as sampling pumps or bailers that are lowered to different depths are likely to disturb
concentration gradients yielding mixed groundwater samples. Still, we distinguish two types of
groundwater sampling devices designed to avoid vertical circulation within the well: samplers that are
lowered into monitoring wells each time a sample need to be taken, and devices that are permanently
installed in the well. With the first type, sampling complete profiles with multiple points is a very
tedious and time-consuming task. Also, the free groundwater circulation within the well before the
sampling might require extensive purging procedures to get representative samples. With the second
type, specific well installations might be necessary and they are also not often retrievable.
Furthermore, if samples at different locations are needed, this approach might become very expensive.
Some companies and researchers have tried to develop new approaches to find a middle ground
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between these two types of devices. For example, Solinst developed an inexpensive Multi-Level
Sampling system (MLS) to monitor well systems. It is composed of 3 or 7 narrow tubes of different
lengths that enable groundwater monitoring different discrete zones. The benefit of this system is that
the tube design permits reliable seals between zones. The downside of this system is that certain
application such as pumping are limited by the small diameter of the tubes (10mm). This is an aspect
to take into consideration if a tracer needs to be injected into the subsurface. Figure 9 shows a picture
of an MLS installed in the Griftpark.

Figure 9: Multi-Level Sampler with 7 channels
installed in the Griftpark subsurface.

Another alternative for vertical tracer tests in saturated porous media could be to follow the principles
of a convergent FGTT. One or many tracers could be injected deep into the subsurface and close to a
pump generating a convergent field flow. Then, the water retrieved from that pump would need to be
continuously or periodically analyzed to measure tracer concentrations. This is the approach
considered for the Griftpark given the pre-existence of pumps, monitoring wells, and Multi-Level
Sampling wells (MLSs).
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Methodology

As previously stated, due to some pumps’ failures a vertical tracer test has not been performed in the
Griftpark. The pre-required pumping test needed for the later tracer test was performed instead. The
original pumping test was also further expanded to suit this thesis objectives and timeline.

A pumping test consists of retrieving groundwater from a well, usually at a constant rate, and
measuring the water level or hydraulic head changes in nearby wells. Hydraulic heads describe the
mechanical energy per unit of weight of a fluid (Ge et al., 2015) and, as briefly explained in Darcy’s law
section, the retrieved hydraulic gradient between two points determines the groundwater flow
direction. These mechanical energy measures are taken inside wells whose screen can either fully
penetrate or partially penetrate an aquifer at specific depths. By spatially and temporally tracking
hydraulic head changes in the subsurface and combining them with previously collected data (e.g.
hydraulic conductivity field), several properties of the porous media can be retrieved (e.g. groundwater
flow directions, confining layers locations), especially during a pumping test where these changes are
forced and the hydrogeological conditions are controlled to some extent.

The objective of the pumping test in the Griftpark is to evaluate the connectivity of the 1t and 2
aquifer, to obtain an increased understanding of the Griftpark soil’s heterogeneity (layering) and its
effects on groundwater flow, to parametrize aquifer properties. The parametrization will be done both
analytically with the Stallman method for bounded aquifers and numerically using MODFLOW. Results
obtained with a 3-layer and a 14-layer model will be compared to field measurements in order to
evaluate the models.

ln.1. Pumping tests

The pumping test was performed with pump B20 located in the central-east part of the Griftpark
(Appendix A). This central eastern zone of the Griftpark was focused because it was believed to be the
location with the biggest hydraulic connection between the 1% and 2" aquifer (Figure 3;
Grondmechanica Delft, 1988), also often called as the hydraulic hole between the two aquifers. This
means the surrounding of pump B20 is the location where groundwater from the 2" aquifer was
believed to be seeping towards the 1% aquifer when the pumps of Griftpark are working (Figure 4,
scenario A). Pump B20 is also the only pump of the park surrounded by a network of wells at different
locations and depth allowing the investigation of vertical and horizontal groundwater flows. A pumping
test with pump B20 should therefore unravel one of the biggest uncertainties of this investigation,
whether the hydraulic connection between the 1%t and 2" aquifer is located in the central-east part of
the Griftpark.

A constraint for the pumping test in the Griftpark is that the Municipality has required the park to
respect a minimum total pumping rate to ensure groundwater seepage towards the park to avoid
contamination propagation towards the 2" aquifer. To fulfill this requirement, pumps B21 and B22
located in the northern part of the park were set to 3,5 m3/h and 4 m3/h respectively. Given their
constant pumping rate, these two pumps should not be responsible for any changes of the
hydrogeological conditions in the Griftpark.

During the course of the pumping tests, pump B20 was set to either 10 m3/h or 0 m3/h. The 10 m3/h
pumping rate chosen is the maximum achievable rate with pump B20. We expect that at this rate,
which overpass alone the minimum required by the municipality, hydraulic head changes in both the
1%t and 2" aquifer should be observable if they are closely connected. The collected hydraulic head
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data should confirm or refute this hypothesis by analyzing possible patterns. It is also important to take
into account that each one of the three pumps has a screen between 12-20 meters below ground level

(bgl).

Regarding the monitoring network, we distinguish two types of wells. The first type are called
observation wells, which have screens between 1-5m, and a diameter between 32-40mm in which a
diver could fit. The second type of wells are called Multi-Level Sampling wells (MLS). They are
composed of seven thin wells with a diameter of 10mm and screens of 0.25m located at different
depths. To be able to compare hydraulic heads from both well types, the average depth of the screen
has been taken in this case as the well depth. The properties of the three different locations around
pump B20 are described on Table 1.

Table 1: Specifications of each one of the three wells locations around pump B20

Number of | Average Screen | Number | Average | Screen | Distance &
Location | Observation depth length of MLS depth Length Direction
wells [m - bgl] [m] wells [m - bgl] [m] of B20 [m]
3 8.5-19;
4 (BU1; ’
oo | 18;445; | _ | (BMLSL; | 20.75-
B BUSOE)UE;’ 545,635 | VU1 | Bwmusy; | 315 0.25 | 28mNW
BMLS3) 49.5-60
2 6.75-17.5;
B2 1(B2) 65 1 (B2MLSL; | ©00 L7 0.25 36m NE
B2MLS2)
Eastern 2 (DV12; i i 43.5m &
border DV11) 31;3L5 45 0 50.5mE

Regarding the location at the eastern border of the Griftpark, pump DV12 is located inside the park
bentonite barrier and DV11 is located outside the barrier. Figure 10 conceptually summarizes the
location, depth, and screen length of wells of location B and B2 considering the cross section between
these two points. A precise description of the depth of each well, their screen length, and their
elevation can also be found in Appendix B.
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Figure 10: Conceptual diagram of the subsurface between the cross-sectional area of location B and
location B2.

Hydraulic head measurements from each well were either taken manually with a Solinst 102M Mini
Water Level Meter, or continuously with Van Essen Instruments’ Divers. Divers are devices that are
suspended inside observation wells and register the absolute pressure and water temperature. In this
case, the divers were set to register hourly the absolute pressure and water temperature. To retrieve
the hydraulic head of the water inside the well, the water column above the diver first needs to be
computed based on the absolute pressure measured by the diver and the atmospheric pressure
outside the well. Then, by knowing the length of the diver cable, the hydraulic head can be deduced.
This can be summarized by the following equations:

Pt 3.1
WC = Pgiver — ;gm
HH=L—- WC 3.2

where in equation 3.1 WC is the water column above the diver [m], P;;y,e is the absolute pressure
measured by the diver [m], P, is the atmospheric pressure [Pa], p is the water density [kg/m?3], and
g is earth gravitational acceleration [m/s?]. The water density of equation 3.1 can also be calibrated
for each measurement based on the temperature measured by the diver and the thermal expansion
coefficient to account for the seasonal temperature change effects (The engineering ToolBox, 2003).
In equation 3.2, HH is the hydraulic head of the water inside each well [m], L is the length of the diver
cable [m], and WC s the water column above the diver measured with equation IIl.1.

Manual hydraulic head measurements have an accuracy of approximatively + 1cm. Divers absolute
pressure and temperature have a maximum accuracy of £ 2cm and £ 0.2°C but a typical accuracy of +
0.5cm and * 0.1°C respectively once calibrated (Source: manual). This has to be considered when
comparing these two types of results. Another aspect to take into account is that each location and
even well cap has a different elevation. To correct for the elevation difference between locations and
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wells, all hydraulic head measurements have been referenced to the Normal Amsterdam Water Level
(NAP in Dutch).

The atmospheric pressure used to compute the hourly hydraulic head measurements was downloaded
from the Royal Netherlands Meteorological Institute open-source published dataset (KMNI, 2022).
More specifically, these hourly atmospheric pressure measurements come from De Bilt station located
3.5 kilometers away from the Griftpark. It is to be noted that the diver absolute pressure and the
atmospheric pressure were not always taken at the exact same time. To compute the groundwater
hydraulic heads, the absolute pressure measured by the diver were matched with the closest
atmospheric pressure time.

The water table and hydraulic heads in the subsurface can be affected by groundwater recharge
variations. Therefore, hourly precipitation and daily evapotranspiration measurements were also
retrieved from the dataset from the De Bilt station published by the KMNI and matched to the closest
diver timelines. For the daily evapotranspiration, the values were converted into average hourly values
by dividing them by 24. As such, the daily variations of evapotranspiration were not taken into account
but, given that mostly the daily/weekly variations of hydraulic heads are studied, the hourly variations
in evapotranspiration are considered negligeable. Based on these two measurements, hourly
precipitation surplus or cumulative precipitation surplus were computed and compared to the diver
results to understand the part recharge has over the hydraulic head changes. The distance between
KMNI De Bilt meteorological station and the Griftpark was considered small enough to consider the
variation of atmospheric pressure, precipitation, and evapotranspiration between these two locations
insignificant.

Changes in atmospheric pressure also affect the water table. When the atmospheric pressure
increases, water levels drop, and vice versa. This change can be estimated based on the barometric
efficiency (BE) of the aquifer which is defined as the ratio of change in water level (Ah, m) in a well to
the corresponding change in atmospheric pressure (Ap, Pa). The equation is formulated as:

_v4h 3.3

BE =—
Ap

In which y is the specific weight of water [kg m2 s2]. This efficiency is dimensionless and range from 0
to 1. When the BE equal to 1 (100%) means the air pressure does not affect the total head within the
aquifer. On the contrary, a BE efficiency of 0 (0%) means the air pressure travels fast through the soil.
More details on how to compute the Barometric efficiency of an aquifer or how to graphically estimate
it based on continuous data can be found in Gonthier publication in the US Geological Survey (2007).

From the changes in atmospheric pressure observed during a pumping test, and the known
relationship between Ah and Ap, the water level changes due to changes in atmospheric pressure alone
(Ahp) can be calculated. Subsequently, the actual drawdown s’ caused by the pumping test can be
corrected for the water level changes du to atmospheric pressure:

s'"=s+ Ah, 3.4

The Barometric Efficiency is generally computed during the pre-testing period where the water level
is not influenced by the pumping test. In this case, the Barometric Efficiency has been computed based
on the biggest period where the water table has not been influenced by any recharge and the aquifer
is considered at equilibrium. Based on this efficiency, the effect that atmospheric pressure changes
have on hydraulic heads has been estimated in order to purely investigate the hydraulic head
variations caused by pumping.
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111.1.1. Pumping tests timeline and set-ups

From mid-February to mid-March, the pumping test set-up was to weekly switch pump B20 on at 10
m3/h or off. Hydraulic head measurements were taken through a diver placed in well BU1 (Location B,
17-19m bgl deep), and manual measurements in the other wells 5-6 days after switching the pump
status.

Because of uncertainties remaining regarding the time for the aquifer to reach equilibrium, from mid-
March to the end of June it was decided that pump B20 status will be switched every two weeks and
manual measurements would be taken 12-13 days after the switch. In addition, five more divers were
placed in wells BU3 (Location B, 54-55m bgl and where to aquitard is considered to be), BU4 (Location
B, 63-64m bgl and where the 2" aquifer is considered to be), B2 (Location B2, 64.5-65.5m bgl), DV11
(Outside the bentonite walls of the Griftpark, 29-33m bgl), and DV12 (Inside the bentonite walls of the
Griftpark, 29-34m bgl).

Unfortunately for the Griftpark management but very interestingly for this research, all three pumps
in the park had to be halted several times during the experiment timeline, disrupting the original
experiment schedule. This enabled us to also study the effects of having all three pumps shut down on
the Griftpark groundwater flows. The resulting timeline for the pumping tests can be seen in Table 2.

Table 2: Timeline of the Griftpark pumping tests

Date Pump B20 Pump B21&B22 Comment
17-02-22 05:49 OFF ON Start

24-02-22 09:25 ON ON B20 switch on
03-03-22 06:55 OFF ON B20 switch off
10-03-22 07:30 ON ON B20 switch on
17-03-22 08:15 OFF ON B20 switch off
31-03-22 07:30 ON ON B20 switch on + 5 divers
14-04-22 13:43 OFF ON B20 switch off
24-04-22 21:30 OFF OFF All pumps off
09-05-22 11:30 OFF ON B21&B22 switch on
10-05-22 11:30 ON ON B20 switch on
13-05-22 17:40 OFF OFF All pumps off
24-05-22 10:40 ON ON All pumps on

l.2. Analysis of pumping test data

Hydrogeologists and engineers have developed several theoretical models over the past century to
analyze and evaluate pumping test data. The solutions of these models were for a long time found
analytically bu