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Abstract

The unconfined Brussels aquifer is a
heterogeneous sand aquifer in Central
Belgium for which a methodology is
developed to identify and quantify the
main processes affecting groundwater
chemistry.

An exploratory data analysis (EDA)
using Self- Organizing Maps (SOM), a
neural network technique to visualize
multidimensional data and perform non-
linear EDA, of the major ion chemistry
and redox sensitive species identifies
groupings in the data and relationships
between variables.

A groundwater model of the aquifer
is developed to determine the infil-
tration area, flow lines and residence
time for each sampling location. The
generalized likelihood uncertainty esti-
mation (GLUE) methodology is used
to assess the influence of uncertainty
in hydraulic conductivity and spatially
variable recharge.

The SOM of major ion chemistry and of
the redox sensitive species is extended
with the results of the groundwater
model, namely the characteristics of the
infiltration area, like land-use and soil
type, calculated residence time in the
saturated zone and unsaturated zone
thickness.

Ten different conceptual geochemical

models are formulated, including concen-
tration of rainfall by evapotranspiration,
carbon dioxide production by vegetation,
calcite dissolution, cation exchange in
soils and additional, extraneous sources
of solutes. These conceptual models
are implemented in PHREEQC within
the Generalized Likelihood Uncertainty
Estimation - Bayesian Model Averaging
(GLUE-BMA) methodology to assess
uncertainty from parameters, input and
different conceptual models.

These models are able to quantify the
contribution of each process in the
observed chemical composition. The
study points towards a strong link
between the observed chemical composi-
tion and land use, calculated residence
time in saturated zone and saturated
zone thickness. While calcite dissolu-
tion is the dominant process controlling
the chemical composition, extraneous
sources provide an important additional
contribution. Contributions of rainfall
and cation exchange are rather limited.
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Samenvatting

De Brussel aquifer is een heterogene vrije
watervoerende laag in Midden-België
waarvoor in deze studie een methodolo-
gie ontwikkeld is om de belangrijkste
processen die de chemische samenstelling
van het grondwater beïnvloeden te iden-
tificeren en kwantificeren.

Een Self-Organizing Map (SOM) analyse,
een techniek voor visualisatie van multi-
dimensionele data en niet-lineaire verken-
nende data analyse, is toegepast op een
chemische dataset met de belangrijkste
ionen en redoxgevoelige parameters om
groepen in de dataset af te lijnen en
verbanden tussen parameters te identifi-
ceren.

Met behulp van een grondwatermodel
zijn voor elke staalnamelocatie het
voedingsgebied, de stroomlijnen en de
verblijftijd in het grondwater berekend.
De invloed van de onzekerheid in
hydraulische geleidbaarheid en
grondwatervoeding is meegenomen
in de resultaten met de Generalized
Likelihood Uncertainty Estimation
(GLUE) methodologie.

De SOM met hoofdionen en redox-
gevoelige parameters is vervolgens uitge-
breid met de resultaten van de grondwa-
termodellering, namelijk het landgebruik
en bodemtype in het voedingsgebied, de
berekende verblijftijden en de diepte tot

de watertafel.

Op basis van deze analyse zijn tien
verschillende conceptuele geochemische
modellen opgesteld om de samenstelling
van het grondwater te verklaren. De
processen waar rekening mee gehouden
wordt zijn concentratie van regenwater
door evapotranspiratie, productie van
CO2 door vegetatie, oplossen van calciet,
kationenuitwisseling in de bodem en
additionele, antropogene bronnen van
opgeloste stoffen. De bijdrage van
elk proces in de samenstelling van elk
grondwaterstaal is berekend met behulp
van PHREEQC en de Generalized Likeli-
hood Uncertainty Estimation - Bayesian
Model Averaging (GLUE-BMA) method-
ologie om onzekerheid in parameters
en conceptuele modellen in rekening te
brengen.

De studie wijst uit dat er een sterk
verband bestaat tussen geobserveerde
chemische samenstelling en landgebruik,
verblijftijd en diepte tot de watertafel.
Het oplossen van calciet is het dominante
proces dat de chemische samenstelling
van het grondwater bepaalt, maar de
additionele, hoofdzakelijk antropogene
bronnen leveren een belangrijke bijdrage
tot de totale samenstelling van het
grondwater. Bijdragen van regenval en
kationenuitwisseling zijn eerder beperkt.
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Chapter 1

Introduction

1.1 Background

The chemical composition of groundwa-
ter, often referred to as the groundwater
quality (Chapelle et al., 2009), is deter-
mined by three main factors: input of
solutes, chemical reactions with aquifer
material and groundwater flow.

In a natural, undisturbed groundwater
system, input of solutes will be derived
from rainfall. During its journey through
the unsaturated zone, the chemical
composition will change due to inter-
actions with vegetation and soil and
the solutes will often be concentrated
by evapotranspiration. This recharging
water with a modified rainfall compo-
sition will displace the water originally
present in the pores and fractures of the
aquifer material, which often will have
a chemical composition comparable to
seawater. As the water comes in contact
with the aquifer material, it will react
with the minerals present, changing the
acidity and redox conditions inducing
dissolution and precipitation of minerals
and adsorption and desorption of solutes
on clays, oxides, hydroxides and organic
matter. Which reactions will take
place and the extent to which these

will affect the solute composition is
mainly governed by the mineralogy of
the aquifer sediments together with
the thermodynamics and kinetics of
the reactions. Groundwater flow will
transport solutes throughout the aquifer
and will determine the contact time be-
tween groundwater and aquifer material
thus limiting the extent of interaction
with aquifer material. Additionally
groundwater flow will allow mixing of
groundwater from different origins and
aquifers.

Many aquifer systems are influenced
however by various anthropogenic ac-
tivities, including diffuse and point
source pollution, changes in land use
and pumping (Edmunds and Shand,
2008). Anthropogenic activities will
mainly affect the solute composition
of input to groundwater by diffuse
and point source pollution. Due to
combustion of fossil fuels and industrial
exhausts, acidity of rainfall increases
and rainfall gets enriched in sulfur and
nitrogen compounds. In addition to
this wet atmospheric deposition, solutes
from dissolution of soot and particulate
matter in the air can be introduced in an
aquifer system through dry atmospheric

1
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deposition (VMM, 2008b).

Manure and fertilizer are widely applied
in agriculture to improve production
of crops. The fraction of manure
and fertilizer applied, but not taken
up by crops or immobilized in the
organic matter of the soil, will leach
to groundwater providing a source of
nitrates and associated salts, together
with trace concentrations of metals
(Canter, 1996). Agricultural liming
of soils by adding calcite or dolomite
granulates will add extra calcium and
magnesium to the system. Pesticides
and their degradation products will also
leach to groundwater (Arias-Estévez
et al., 2008).

In more urbanized areas the major
sources of anthropogenic solutes will be
derived from leakage of sewage systems
or septic tanks (Rueedi et al., 2009)
and from road deicing (Panno et al.,
2006). In addition to the aforementioned
diffuse pollution sources, point source
pollution due to accidental spills and
leaking storage tanks can introduce a
wide variety of organic and inorganic
chemicals to an aquifer and drastically
change the chemical composition of
groundwater locally.

The intensity of diffuse pollution changes
both temporally and spatially. Most
of the diffuse pollution is associated
with the industrialization of our society
and the advent of intense, mechanized
agriculture, both of which steadily in-
creased since the 1960’s. Spatially,
the anthropogenic solute load to an
aquifer will mainly be linked to land
use. Agricultural loads will greatly
depend on the type of crop grown, while
the intensity of urban pollution will

be affected by the population density
and the amount of industrial activities.
Changes in land use will potentially lead
to changes in recharge conditions, either
a decrease (i.e. paving of surfaces) or
an increase (i.e. change of vegetation),
which in turn can influence groundwater
flow conditions and even leaching of
solutes from soils. Removal of vegetation
by burning or clear felling can induce
rapid mineralization of biomass and
associated leaching of solutes (Neal et al.,
2004).

All of the above described effects of
anthropogenic activities will mainly af-
fect unconfined aquifers, while confined
aquifers are much less vulnerable to
pollution. The chemistry of confined
aquifer can however also change due to
anthropogenic activities, especially by
changing groundwater flow conditions
through pumping. Over-abstraction in
coastal aquifers can induce seawater
intrusion, both in confined and uncon-
fined conditions. In confined conditions
over-abstraction can cause changes in
the regime from confined, anaerobic
to unconfined, aerobic. This change
in redox condition can induce drastic
changes in chemistry by precipitation
and dissolution of minerals as exempli-
fied by the Carboniferous aquifer in the
western part of Belgium (Gevaert, 1988).

For drinking water production, irrigation
and industry, groundwater is one of the
most important water sources mainly
because its reliability both in terms of
quantity and quality. The intended use
of groundwater will determine the cri-
teria for groundwater quality (Chapelle
et al., 2009). For drinking water produc-
tion these criteria are formulated from
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a health perspective ensuring that the
chemical composition of groundwater
poses no health risk for humans and that
the maximum allowable daily uptake of
any solute is not exceeded. A number of
organizations and administrations have
formulated drinking water guidelines of
which the World Health Organization-
guidelines (WHO, 2008) and European
Union drinking water limits (EU, 1998)
are the most important for Belgium.
These are implemented by the regions,
as for instance by the drinking water
guidelines from the Flemish Government
(Vlaamse Regering, 2002) .

For irrigation purposes the main concern
for groundwater quality is the salinity,
especially in more arid climate to avoid
soil salinization. An additional concern
is the toxicity of some trace elements
and the build-up of these concentrations
in crops. The Food and Agriculture
Organization of the United Nations
(FAO) therefore formulated a number
of guidelines for irrigation water quality
(Ayers and Westcott, 1994).

The criteria for industry will be highly
dependent on the industrial process.
Groundwater used for production of
mineral water, brewing or any food
processing activity will have to satisfy
much stricter criteria than for instance
water used in the cooling of an industrial
process. The quality of groundwater is
therefore a major concern from both a
public health as well as from an economic
point of view.

A large part of the international and
national policy and legislation on aquifer
management and protection is formu-
lated from these perspectives. In re-
cent decades however, the ecological

importance of groundwater quality has
received a great deal of attention in
policy and legislation, especially since
the quantity and quality of groundwater
discharging in rivers and wetland will
be one of the major factors determining
biodiversity.

Changes in groundwater chemistry dis-
charging into rivers, lakes and wetlands
can lead to loss of biodiversity, for
instance due to eutrophication. Pol-
icy makers are getting convinced that
groundwater as such should be protected,
that it is important to have aquifers in a
pristine state, with no or limited antro-
pogenic influence (Quevauviller, 2008).

This poses an interesting challenge to
formulate criteria for groundwater qual-
ity. Is it sufficient to maintain the cur-
rent chemical composition of an aquifer
system and prevent any further deteri-
oration or should an aquifer system be
restored to its natural, predevelopment
status? Especially defining a natural,
predevelopment chemical composition is
a challenging question (Edmunds and
Shand, 2008; Griffioen et al., 2006).
The natural chemical composition will
be mainly determined by the aquifer
lithology and natural groundwater flow
patterns. If information of groundwater
age or residence time is available for
an aquifer, the chemical composition
of groundwater infiltrated before the
onset of widespread industrialization and
mechanized, intensive agriculture in the
1950’s and 1960’s will probably reflect
a more pristine chemical composition
of the aquifer. In aquifers underneath
highly urbanized areas or areas with
intense agriculture, like in Belgium, it
will often not be possible to sample
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groundwater reflecting the original, nat-
ural composition due to the widespread
diffuse pollution.

The unconfined part of the Middle
Eocene Brussels sands aquifer in Central
Belgium (Fig. 1.1) is used as study
area in this study to develop a method-
ology to identify and quantify natural
and anthropogenic contributions to the
groundwater chemical composition. This
sandy aquifer is situated in a densely
populated part of Belgium, especially
the capital region of Belgium situated in
the west of the study area. In the rest of
the study area, land use is dominated by
agriculture, while a limited proportion of
the land surface is covered with forested
areas.

The aquifer itself is mostly situated
in the Brussels Sands formation, a
heterogeneous, locally calcareous, quartz
sand (Laga et al., 2001). Alluvial
Quaternary deposits can form an integral
part of the aquifer near rivers. A
thick clay layer, the Kortrijk Clay,
separates the aquifer from the underlying
Paleocene, Cretaceous and Paleozoic
aquifers. In some river valleys in the
central and southern part of the study
area, the Brussels and Kortrijk formation
can be eroded and the Paleocene and
Cretaceous aquifers become part of the
unconfined aquifer system.

Although the Brussels formations is cov-
ered locally with younger sandy deposits,
it is mainly covered with a relatively
thin eolian loess deposit. The high
permeability of the aquifer material in
combination with the thin protective
cover lead to an aquifer system highly
vulnerable to pollution from the surface.
The groundwater vulnerability maps

created in the 1980’s already recognized
this feature of the aquifer and classified
almost the entire aquifer as highly
vulnerable (Baeten et al., 1986). The
high vulnerability of the aquifer together
with the high anthropogenic pressure,
lead to the widespread occurrence of
mainly anthropogenically derived so-
lutes, like nitrate. In the 1950’s nitrate in
drainage galleries and production wells
of the Nationale Maatschappij Der Wa-
terleidingen was absent or only present
in very low concentrations (NMDW,
1958). In the 1970s however nitrate
already is a major solute in the chemical
composition (Van Vaerenbergh-Redant,
undated), which it at present still is.

The aquifer is of regional importance for
drinking water production, agriculture
and industry and of great ecological im-
portance. The baseflow of the Dijle River
is dominated by groundwater discharge
and along the river banks and in the
alluvial valleys groundwater dependent
wetlands occur which are internationally
recognized for their biodiversity (Boone
et al., 2005).

The environmental agencies of the Flem-
ish and the Walloon region and the
public drinking water companies have
therefore invested enormously in mon-
itoring groundwater chemical composi-
tion, especially in the past decade.

The proven widespread anthropogenic
influence, the dense monitoring network
together with the historical groundwater
data and studies, makes the Brussels
Sands aquifer an ideal study area to
investigate natural and anthropogenic
contributions to groundwater chemical
composition.
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Figure 1.1: Study Area

1.2 Problem statement
and overview

The goal of this research is to create
a methodology to identify and quan-
tify the processes, both natural and
anthropogenic, affecting the chemical

composition of saturated groundwater
in the unconfined part of the Middle
Eocene Brussels Sands aquifer in Central
Belgium.

The identification of processes affecting
groundwater chemistry will be based
on the geology of the aquifer, the
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observed chemical composition and the
groundwater flow conditions. This
information will be used to formulate
conceptual geochemical models which
will be verified numerically.

Chapter 2 presents a detailed review on
the geology, lithology and hydrogeology
of the study area, mainly based on
available information in literature with
a limited amount of additional field
observations.

A detailed groundwater table contour
map obtained by combining ordinary
kriging and a simplified groundwater
model solution is presented in Chapter
3 to gain insight in the groundwater
flow conditions in the aquifer from
piezometry.

The identification of chemical processes
relies heavily on the information con-
tained in the chemistry observed in sam-
pling locations throughout the aquifer.
In Chapter 4 an exploratory data anal-
ysis is therefore carried out on the
available chemical analysis to identify re-
lationships between variables and groups
of similar samples in the data. As these
relationships are often non-linear and the
boundaries between groups are mostly
not well-defined, Self Organizing Maps
(SOM), a neural network technique,
are used for exploratory data analysis,
which have the added advantage of
providing an appealing visualization of
the structure of the data set.

The capture zone or infiltration area of
a groundwater sample is the area on
the land surface in which it is possible
that infiltrating water flows towards the
sampling location. As groundwater flow
is a slow process, a groundwater sample

can represent water infiltrated several
years to decades ago, when possibly
land use and land management practices
where different to the current situation.
To gain information on the groundwater
flow conditions, capture zones and travel
times for each sampling location in the
aquifer, Chapter 5 presents a groundwa-
ter model and associated particle track-
ing. The most important parameters in
the groundwater model are the hydraulic
conductivity and recharge. In order to
account for the uncertainty associated
with those parameters, the General-
ized Likelihood Uncertainty Estimation
(GLUE) methodology is applied to the
groundwater model.

The information on saturated travel time
and unsaturated zone thickness for every
sampling location, together with the
land-use and soil texture characteristics
of their infiltration area, is used in
Chapter 6 to extend the self-organizing
map analysis of Chapter 4. These
additional variables are used as expla-
native variables, they’re only used for
visualisation and therefore do not change
the structure of the self-organizing map
of Chapter 4.

In Chapter 7, a number of conceptual
geochemical models are created to repre-
sent the processes affecting groundwater
chemistry in the unconfined Brussels
aquifer, based on the information in
Chapters 2, 4 and 6. These conceptual
geochemical models are implemented
numerically to verify the conceptual
models and to quantify the contribution
of each process in the total chemical
composition. A priori, it is often not
possible to identify which conceptual
model will be most suited to simulate
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a given chemical observation. Therefore,
the conceptual model uncertainty is
incorporated explicitly in the prediction
using the combined Generalized Likeli-
hood Uncertainty Estimation - Bayesian
Model Averaging methodology (GLUE-
BMA).

Chapter 8 summarizes the research
presented in this PhD and highlights the
most important conclusions, evaluates
the methodology and provides recom-
mendations for further research.





Chapter 2

The Middle Eocene Brussels
Sands Aquifer: A Review

The Middle Eocene Brussels Sands
aquifer is one of the most important
aquifers in Belgium. It is formed by
the Brussels formation, a heterogeneous
sand deposit cropping out between
Zenne and Gete River. This chapter
aims at providing an overview about
the Brussels formation and the Brussels
Sands aquifer. Within its regional
geological context, sedimentology
and mineralogy of the formation
will be discussed in relation to its
paleogeographic setting and diagenesis.
The main focus will however lie on
describing the aquifer characteristics
of the Brussels aquifer in terms of
hydrostratigraphy, flow regime and
groundwater chemistry, based on
literature review and published data.
Finally, an overview is given of previous
regional-scale groundwater models in
which the Brussels Sand aquifer is
incorporated.

2.1 Introduction

Situated in Central Belgium, the Middle
Eocene Brussels Sands formation has
received a great deal of attention in
geological and hydrogeological research.
This chapter aims at providing a lit-
erature review on the geology of this
formation and the hydrogeology of the
aquifer formed by the Brussels Sands
and adjacent formations.

The information and data presented
are mostly obtained from literature,
although limited field observations, pet-
rography and XRD analysis is carried
out to have more detailed information
on lithology, mineralogy and diagenesis.

Firstly the regional geological setting
of the study area is discussed with
focus on lithology, depositional setting,
paleogeography and tectonic evolution.
In the following section, the Brussels
formation is elaborated based on the oc-
currence and geometry of the formation,
a detailed lithological description, the
paleogeography and depositional setting.

9



10 THE BRUSSELS SANDS AQUIFER: A REVIEW

Finally the mineralogy and diagenesis is
discussed. Section 2.4 gives a literature
review on the hydrogeology of the study
area. After describing the hydros-
tratigraphy and associated hydraulic
parameters, a review is presented on the
piezometry, groundwater chemistry and
regional groundwater modelling projects
in the study area.

2.2 Regional geological
setting

The geological map and cross-sections
of the study area, compiled from data
in Meyus et al. (2005) and Van Camp-
enhout (2004) (Fig 2.1 & 2.2), show a
Paleozoic basement of quartzites and
shales, covered with Cretaceous chalk
and Cenozoic detrital deposits, uncon-
formably overlain by Quaternary con-
tinental deposits. Fig. 2.3 shows an
overview of the formations occurring in
the study area and their stratigraphic
position.

The Paleozoic basement belongs to the
London-Brabant Massif and consists
of siliciclastic, often turbiditic deposits
from the Cambrian to the Silurian
(De Vos et al., 1993; Verniers et al., 2001).
These deposits are intensely deformed
during the Silurian to Early Devonian
Brabantian Orogeny (Debacker et al.,
2005; Sintubin et al., 2009). During
subsequent orogenic phases in Western
Europe, like the Late Carboniferous
Variscan Orogeny which deformed the
Ardennes (Matte, 2001), the Palaeozoic
basement was subject to mostly vertical
movements. The Paleozoic basement
was subject to kaolinisation due to

intense subtropical weathering after the
Mid-Jurassic uplift and subsequent ero-
sion (Van den Haute and Vercoutere,
1989; Dusar and Lagrou, 2007). An
irregular paleorelief formed due to the
difference in resistance to erosion of
the Paleozoic shales and the quartzites,
which is partly preserved under the Cre-
taceous and Cenozoic deposits (Matthijs
et al., 2005).

The Santonian-Campanian transgression
marks the onset of marine sedimentation
over the Brabant Massif with the depo-
sition of the Campanian Gulpen chalk
(Dusar and Lagrou, 2007). Between
the chalk deposits and the basement,
a glauconite and carbonate-rich green
clay layer with a limited thickness occurs.
Vandenberghe and Gullentops (2001)
consider the glauconitic clay to be
part of the Early Campanian Vaals
formation. Within the Gulpen formation
two members are described in the study
area, the Campanian Zeven Wegen
member and the Maastrichtian Lanaye
member, separated by a hardground
(Vandenberghe et al., 2004).

In the north-east of the study area, the
Heers formation can be found covering
the Gulpen Chalk. The Heers formation
consists mainly of marls and it repre-
sents a transgressieve phase during the
Selandian after a period of erosion due
to Danian – Selandian basin wide uplift
of the North Sea basin. During this
uplift, part of the Cretaceous cover of
the Paleozoic basement is eroded and
the Heers formation directly covers the
basement.

The marine Hannut formation of
Thanethian age represents another
transgressive phase. The lower part, the
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Figure 2.1: Simplified geological map of the study area. (Cretaceous, Hannut,
Kortrijk & Brussels Formations after Van Campenhout, 2004; other formations
after Meyus et al., 2005)
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Figure 2.2: Geological S-N and E-W cross-sections. Location of cross-sections is
indicated in Figure 2.1. (based on data in Meyus et al., 2005)

Lincent member is a clayey, glauconite-
rich silt, cemented with opal. The
upper part, the Grandglise member,
is a yellowish-green, glauconitic, fine
marine sand unit, reflecting a gradually
shallower deposition environment
(Sintubin et al., 2000). This regression
culminates in continental deposits east
of the study area, the Tienen formation.

The next sedimentary phase is the Ypre-
sian transgression caused by subsidence
in southern North Sea basin (Vanden-
berghe et al., 2004). The Kortrijk forma-
tion deposited during the transgression
consists in the study area of two facies.
The lower facies is a grey to blue-grey
clay with silty intercalations. Wherever

the Kortrijk formation is present in the
study area, this facies is found. On
top of this facies, a facies consisting
of very fine sands with clay lenses is
locally found. These sands are known
as the Mons-en-Pévèle member in the
south of the study area (Herbosch and
Lemonne, 2000) and informally classified
as the Bierbeek member east of Leuven
(Vandenberghe and Gullentops, 2001).
These sandy deposits represent shallow
wave and storm conditions (Houthuys,
R., pers. comm).

In boreholes in the northwest of the
study area, near Kampenhout, the Tielt
formation is described on top of the
Kortrijk formation. It consists of a
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Figure 2.3: Occurrence of Mesozoic and Cenozoic lithostratigraphic units in the
study area (based on Laga et al., 2001 and Vandenberghe et al., 2004)
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very fine sandy, coarse silt (Laga et al.,
2001). West of the Zenne River, outside
the study area, the Ypresian Kortrijk
formation is covered with a glauconitic
clayey sand facies, the Hyon formation
(Steurbaut, 2006). The Hyon formation
is not included in the lithostratigraphic
scale of Belgium (Laga et al., 2001). The
deposits are considered part of the Egem
Member in the Tielt Formation. The
Hyon formation is succeeded by fine
glauconitic sands and silty clays, the
Gentbrugge formation.

A sea-level drop near the end of the
Ypresian resulted in a highly erosive,
near shore environment on top of the
Brabant Massif. The relative sea-level
drop is due to eustatic sea level changes
in combination with an uplift of the
Artois and Brabant blocks separating
the Paris Basin and the North Sea Basin
(Vandenberghe et al., 2004). In the
south of the study area, the previously
deposited sediments are eroded and
the space created by erosion is filled
during the next transgressive phase
by heterogeneous sandy deposits, the
Brussels formation. Since this formation
forms the main aquifer of this study,
the occurrence, lithology, mineralogy,
depositional setting and diagenesis of the
Brussels formation will be described in
detail in section 2.3. The Lede formation
covers the Brussels formation and con-
sists of calcareous and glauconiferous fine
sands with layers of sandy limestone /
calcareous sandstone (Laga et al., 2001).
The base of the Lede sands is formed by
a gravel layer with reworked fragments
from older deposits, including carbonate
cemented sandstone fragments of the
Brussels formation. This basal layer
represents a prolonged period of uplift of

the Brabant Massif during the Lutetian
in which erosion and sedimentation were
in balance (Herman et al., 2000). The
thickness of the Lede formation is over
15 m in the west of the study area
and decreases towards the east. East
of the Dijle River the Lede formation
disappears almost completely (Fig. 2.1).

The transition from Lutetian to Barto-
nian is characterized by a transgressive
pulse which deposited the Maldegem
formation. Remnants of this formation
on hilltops in the west of the study
area consist of the Wemmel member, a
glauconiferous, fine sand. In the north
of the study area, a gradual transition is
observed from the Wemmel sands to the
Asse/Ursel clay (Schiltz et al., 1993).

While sedimentation continues during
the Bartonian and Priabonian in the
north west of Belgium, in the study area
sedimentation only recommences in the
Early Rupelian with the Sint Huibrechts
Hern formation. These marine, epi-
continental fine sands (Grimmertingen
member) contain elevated concentrations
of glauconite and mica near its base and
gradually pass into a finely laminated,
glauconiferous, green sand (Neerrepen
Member) (Laga et al., 2001). On the
hilltops east of the Dijle River remnants
of the continental lagunary and estuar-
ine Borgloon formation can be found,
together with deposits of the Bilzen
formation, a clayey, fine sand. The
deposition of the Bilzen formation marks
the start of the Oligocene transgression
which culminates in the deposition of the
Boom clay during the Rupelian. The
occurrence of the Boom clay is limited
to the north of the study area (Fig. 2.1).

The combination of uplift of the Brabant
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Massif with a global sea-level drop
explains the large hiatus between the
Rupelian Boom clay and the Miocene
Bolderberg and Diest formation. Rem-
nants of the Bolderberg formation occur
in the east of the study area and
consist of homogeneous, micaeous sands
with a medium grain size. The Diest
formation consists of coarse, glauconite
rich sands. ENE-oriented tidal currents
created deep gullies in the earlier de-
posits, which where subsequently filled
with coarse, glauconitic sands. Oxi-
dation of glauconite resulted in local
iron-oxide/hydroxide cementation of the
Diest formation, especially near the
top. The higher resistance to erosion
of these iron-sandstones resulted in the
preservation of the Diest formation in
the hills near Leuven. The Diest
formation marks the end of marine
sedimentation in the study area.

Uplift of the resulting coastal plain
together with eustatic sea-level changes,
resulted in the incision of wide river
valleys (Goossens et al., 2007). Fine
sandy deposits, like the St. Huibrechts
Hern formations were easily removed
by erosion. The coarser Brussels sands
with silicified concretions offered more
resistance to erosion which resulted in
rather steep valley flanks along the Dijle
and its tributaries. The Pleistocene
infill of river valleys mainly consists of
gravels and coarse sands, remnants of
the eroded deposits. In the north of the
study area, the Pleistocene river deposits
filled a very broad valley system, the
eastern most extension of the Flemish
Valley (Fig. 2.4). On the interfluves, the
base of the Quaternary often consists
of a gravel layer, mostly interpreted
as Pleistocene terrace deposits. These

gravels are covered with eolian deposits,
mostly loam and sandy loam in the
northeast of the study area. A rise in
sea-level during the Holocene due to a
warmer climate, together with higher
sediment loads due to deforestation, lead
to an infill of the river valleys with
predominantly peat and fine grained
sediments like silt and clay.

2.3 Brussels Formation

Dumont (1839, in Houthuys, 1990) was
the first to use the term “Bruxellien”
to describe the sandy deposits between
Zenne and Gete. A large number of
researchers have since then published
on different aspects of the Brussels
formation. The most comprehensive
work to date is the PhD of Houthuys
(1990) on the sedimentary structures
in the Brussels formation and his re-
cent reinterpretation of the depositional
model (Houthuys, 2009). The following
review of the Brussels formation is
therefore largely based on his work
and references therein. In addition to
the literature review, field observations
and limited sampling of the Brussels
formation is carried out, mainly to
identify the minerals present in the
formation.

2.3.1 Occurrence and geome-
try

The Brussels formation occurs in a
40 km wide, SSW-NNE oriented zone
in central Belgium (Fig. 2.5). The
northern limit of the outcrop area is
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Figure 2.4: Quaternary geology of the study area (after Meyus et al., 2005)

approximately situated along the line
Vilvoorde – Leuven (Fig. 2.1).

South of this line, the Brussels Sands
are only covered by eolian deposits and
locally, on the hilltops, by younger



BRUSSELS FORMATION 17

Figure 2.5: Occurrence of Brussels
formation in Belgium (after Van Camp-
enhout, 2004)

Tertiary formations of which the Lede
formation and St. Huibrechts Hern
formation are the most important. From
the cross-sections in Fig. 2.2 and the
contour map in Fig. 2.6, it is apparent
that the base of the formation generally
dips towards the north and is not a
regular plane.

Although the basal surface of the Brus-
sels Sands can be highly variable over
small distances (Houthuys, 1990), the
base of the sands is characterised by
two major SSW-NNE trending troughs
central in the study area and several
minor, less deep troughs with the same
orientation. According to Houthuys
(1990), these were closed depressions,
both in the south and in the north. Post-
Lutetian uplift of the Brabant Massif
in combination with eustatic sea-level
changes however tilted the formation
towards the north so the troughs appear
to be open. The original top surface of
the Brussels formation, i.e. the surface
before Late-Tertiary and Quaternary

erosion, is regular and gently dipping
towards the north and the east (Fig.
2.2). The irregular base of the Brussels
Sands together with the irregular present
topography makes the thickness of the
formation very variable. In the central
part, in the troughs, the Brussels sands
can attain a thickness in excess of 70
m, while near the east and western
borders of the outcrop area, thickness are
approximately 10 to 15 m. North of the
outcrop area, thickness also decreases to
10 to 15 m.

2.3.2 Lithology

The Brussels formation is a heteroge-
neous quartz sand deposit with highly
variable grain size, calcite and glauconite
percentages. Locally the sands are
cemented by calcite, forming sandstone
banks or by silica, forming irregularly
shaped concretions. In Houthuys (1990)
and Houthuys (2009) a detailed subdi-
vision of the Brussels formation is used,
based on a depositional facies approach.
The definition of the different facies
(Fig.2.7) relies mostly on sedimentary
structures observed in outcrop.

Three main facies types can be distin-
guished, a cross-bedded facies (X), a
bioturbated facies (B) and a massive
facies (M). The cross-bedded facies
contains medium to coarse sand in beds
often more than 1 m thick. The foreset
laminae within the cross-beds dip in
a NNE direction. Bioturbations and
silicified concretions are scarce. The
facies can be subdivided in facies X1,
in which the master bedding is trough-
shaped, facies X2 with thick cross-beds
with (sub-) parallel master bedding and
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Figure 2.6: Contour map of the base of the Brussels formation in the study area
(in m asl), interval between contour lines is 10 m (based on Meyus et al., 2005)

facies X3 with thin cross-beds with a
(sub-) parallel master bedding dipping
towards the ESE or NNE.

Facies X1 and X2 have low carbonate
concentrations; glauconite-occurrence
however may locally reach 10-20 %

or more, though the X-facies is essen-
tially independent of glauconite content.
Within the cross-beds mud-drapes occur,
leading to an overall clay-silt fraction
of less than 1%. Facies Xb represents
a transitional facies between the cross-
bedded facies and the bioturbated facies.
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Figure 2.7: Facies in the Brussels Sands formation (after Houthuys, 2009)

It is similar to facies X3 as it is
characterised by medium grained sand
in 20 to 30 cm thick cross-beds with
a master bedding towards the ESE.
However, contrary to X3, many burrows
and silicifications occur within the facies.
In X3 and Xb and the sometimes large
fraction of fine sand and the occurrence
of shell moulds in silicifications, point
towards large amounts of fossils initially
after deposition. Facies Xb and X3
is currently however mostly decalcified.
Glauconite concentrations are highly
variable.

Facies B according to Houthuys (2009)
is completely bioturbated and many
silicifications are present. After depo-
sition, high carbonate concentrations,
up to 50% were present. In facies
Bf, the subfacies showing an alteration

of fine sand and carbonate mud, this
may lead to the presence of continuous,
horizontal limestone banks. In most
of the facies, dissolution of carbonate
has destroyed much of the sedimentary
structures. Facies Bx is characterized by
still recognizable initial thin cross-beds.

A final facies distinguished in the Brus-
sels formation is facies M in which
M stands for massive, homogeneous
sand facies without or with very faint,
wavy lamination. The grainsize is
medium to coarse with a very limited fine
fraction, no bioturbations are present
and silicified concretions, if present, are
spherical. Carbonate concentrations are
very low. Fig. 2.8a summarizes the
main lithological characteristics of each
facies in an idealized vertical section and
Fig. 2.8b shows the vertical and lateral
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variations in a hypothetical cross-section
of the Brussels Formation (Houthuys,
2009).

The coarse cross-bedded facies X1 and
X2 occur at the bottom of the formation.
Facies X3 and Xb form the transition to
the fine grained B facies which is mainly
situated at the top of the formation. The
B facies is considered a lateral, relatively
deep water facies. The cross-bedded
facies occur in cross-cutting troughs,
while the B-facies is more continuous.
Facies M, the massive, homogeneous
facies, occurs in isolated, trough-shaped
lenses.

The facies map published by Houthuys
(1990) (Fig. 2.9) does not show the
individual facies as defined previously
due to the high lateral and vertical
variation. In stead an aggregation
of similar facies occurrence is mapped.
The facies map shows a dominance
of (initially) calcareous, fine grained
deposits in the trough in Nivelles, while
in the troughs of Wavre-Leuven and
Tienen coarse grained sands prevail. The
high between the troughs of Wavre-
Leuven and Tienen is filled with more
calcareous, fine sands. At the south-
western and south-eastern boundaries
the Brussels formation consists solely out
of quartzitic cross-bedded sands, while in
the Gembloux-Wavre region calcareous
sands are occurring on top of the quartz
sands. The northern part is dominated
by the fine grained, calcareous facies.
Glauconite occurrence is limited to the
east of the formation; the occurrence of
zones of several meters rich in glauconite
at the base of the formation is limited to
the gullies of Wavre-Leuven and Tienen.

2.3.3 Paleogeography and de-
positional setting

The different facies described in the
previous section are an expression of
the paleogeographic position and pre-
vailing flow conditions during deposition.
Due to a global sea-level lowering and
tectonic uplift of the Brabant Massif
at the Ypresian-Lutetian boundary, the
Paris Basin and North Sea Basin are
separated by the Brabant Massif on
which a consequent hydrographic system
is installed. A transgression in the
Early Lutetian, transforms the rivers in
tidally influenced estuaries and sediment
from the North Sea Basin is transported
into the estuaries. The estuaries are
deepened by continuing transgression
and SSW-NNE trending troughs and
gullies are scoured out in the underlying
formations. The Nivelles, Wavre-Leuven
and Tienen troughs are the most impor-
tant troughs and they can be up to 30
m deeper than their surroundings.

Sedimentation of the Brussels Sands
only started after the transgression
changed the estuary into a bay of the
North Sea with strong tidal currents.
Sediments from the North Sea Basin
are transported into the bay along with
the flood tide. A system of transverse
sand bars is installed in the bay in
which coarse, glauconite rich sands are
deposited in cross-beds under influence
of the ebb-tide, as indicated by the NNE-
dipping foreset laminae. The dominant
ESE-dip of the master bedding of these
cross-beds points towards an infilling of
the bay from the west to the east.

In his most recent model of deposition
in the Brussels formation (Fig. 2.10a),
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Figure 2.8: a) Idealized vertical facies sequence b) Idealized cross-section showing
lateral facies transitions (after Houthuys, 2009)

Houthuys (2009) states the deposition of
the coarse, bioturbated facies Xb at the
western bank of the embayement, while
fine-grained calcareous sands (facies Bx
and Bf) settle further to the east, away
from the western bank. The relatively
calm flow conditions deeper in the
bay, allow the colonization by ground-
dwelling organisms and the associated
bioturbation. Homogeneous, coarse
grained lenses of facies M are interpreted
as slumps due to instability of the

banks of the bay. As the infill of the
bay progresses, the hydraulic section
of the bay decreases and as a result
tidal currents become stronger. Parts
of the previously deposited sediments
are eroded and migrating transverse
sand bars deposit the coarse X1 and X2
facies in thick trough shaped and tabular
cross-beds (Fig 2.10b). Sedimentation
occurs swiftly as indicated by the lack of
bioturbation. Migration of the sandbars
explains the ubiquitous presence of reac-
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Figure 2.9: Map of Brussels Sands facies distribution (after Houthuys, 1990)
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Figure 2.10: Depositional model of the Brussels Formation. a) Wide flow section
b) Restricted flow section (after Houthuys, 2009)

tivation surfaces observed in outcrops.
The occurrence of coarse glauconite
is associated with these strong tidal
currents and sand bar deposits. As
the sandbars fill in the troughs, flow
decreases and fine grained material is
deposited on top of the cross-beds. This
process is repeated several times in the
bay until a regression moves the coastline
to a more northern position.

Since the base of the Lede Formation is
level, a considerable amount of erosion
is assumed to have taken place before
the next transgression deposited the
Lede Sands. This is confirmed by the
presence of a lag deposit at the base

of the Lede Formation, containing both
relics from the Brussels Sands formation
and from the earliest Lede Formation
deposits (Herman et al., 2000). Based on
nannofossil assemblages, Herman et al.
(2000) estimate that the hiatus between
the Brussels Formation and the Lede
Formation represents a period of 1.2
million years.

2.3.4 Mineralogy and Diagen-
esis

To asses the mineralogy of the Brussels
formation, X-ray diffraction analysis
is carried out on 11 samples. The
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samples are provided by the Belgian
Geological Survey and were taken during
installation of the piezometer network of
the Flemish Government. The location
of the eleven samples is indicated in Fig.
2.9; the well number, coordinates and
depth interval are given in table 2.1.

XRD-analysis is carried out on 2.7
grams of powdered sample to which
0.3 grams of ZnO is added as internal
standard. XRD spectra were recorded
on a Philips PW1830 instrument with
Bragg-Brentano geometry. Measure-
ments ranged from 5 to 65 °2θ, with
a step size of 0.02 °2θ and a counting
time of 2 s. The radiation is generated
with an acceleration voltage of 45 kV
and a current of 30 mA. In front of the
detector, a graphite monochromator is
mounted to obtain CuKα radiation.

The resulting diffractograms are given in
Fig. 2.11, together with standard diffrac-
tograms of some minerals, measured in
the same way on the same machine. The
minerals identified are given in Table 2.1.

It is apparent that all samples are
dominated by quartz, while in four
samples opal also occurs. Calcite is
present in two samples and in two other
samples glauconite is identified. In the
LP19-diffractogram the same peaks can
be found as in the K-feldspar diffrac-
togram. Fe-oxides are not identified on
the diffractograms. Narrow, individual
spikes in the diffractograms are artifacts
due to fluctuations in voltage during
analysis.

In July 2007 a number of sand
samples were taken in the abandoned
Meerdaalbos-quarry in Oud-Heverlee
to prepare thin sections. The samples

are taken in the coarse grained, cross
bedded facies. Sedimentary structures
were not preserved during sampling;
the thin sections can therefore be used
only to identify minerals present in the
sands.

The thin sections (Fig. 2.12) show a
dominance of medium to coarse, angular
quartz grains together with coarse, dark
green, rounded glauconite grains. Small
amounts of silex fragments occur. Iron-
oxide occurs as coating both on quartz
and glauconite grains. Similar results
are obtained by Lagrou et al. (2004)
by point-counting of minerals in thin
sections. They obtained values varying
between 0 and 1.7 weight percent of
glauconite and between 0 and 14 weight
percent of calcite in samples from the
Brussels Sands formation. In addition,
trace amounts of opaque minerals are
identified in some samples, the opaque
minerals being interpreted as pyrite.

Field observations in the quarries of Bier-
beek, Meerdaal and Chaumont-Gistoux
confirm the presence of iron oxides.
In Bierbeek and Meerdaal iron oxides
are mostly linked to bioturbations (Fig.
2.13a), while in several outcrops in
the vicinity of Chaumont-Gistoux, iron-
oxides have cemented to ferruginous
sandstones (Fig. 2.13b). XRD analysis
of a ferruginous sandstone from quarry
Hoslet in Chaumont-Gistoux (Fig. 2.13c)
shows that the iron-oxides can be identi-
fied as goethite.

Fobe (1986) carried out chemical anal-
ysis on the carbonate fraction of sand-
stones in the Brussels formation. Calcite
was dominant (>98%) with maximally 1
% Fe, 0.95% Mg or 0.5 % Sr. These find-
ings are confirmed by chemical analysis
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Table 2.1: XRD analysis
Sample Well nr From (m) To (m) Quartz Calcite Opal Feldspar Glauconite
LP35 712/71/1 10 10.5 x x
LP23 711/71/3 27 28 x
LP22 711/71/3 18 19 x
LP20 710/71/4 14 15 x
LP19 712/72/8 3 4 x x x
LP13 712/72/6 15 15.5 x x x
LP12 712/72/6 13.6 13.8 x x x
LP09 711/71/1 11 12 x x
LP08 710/71/7a 46 47 x
LP06 713/71/1 33 34 x x
LP03 720/72/1 34 38 x

carried out by Claes (2006).

Glauconite is a clay mineral of the
mica group and is formed by marine
diagenesis in shallow water in reducing
spots; especially in loosely consolidated
sandstone (Klein and Hurlbut, 2001).
Glauconite can be considered to be a
Fe-rich illite with a variable chemical
composition, as indicated by the general
chemical formula of glauconite published
in Klein and Hurlbut (2001);

(K,Na,Ca)0.5−1

(Fe+3, Al, Fe+2,Mg)2

(Si,Al)4O10(OH)2.nH2O

Van Uffelen (1984) published chemical
compositions, expressed as percentage of
oxides, of some glauconite samples from
the Brussels Sands formation. Based
on these percentages, following chemical
formula for glauconite in the Brussels
Formation is inferred:

(K0.68Na0.01Ca0.01Mg0.01)

(Fe+3
1.03Al0.41Fe

+2
0.04Mg0.51)

Si3.84Al0.16O10(OH)2.0.31H2O

More recent research on glauconites of,
among others, the Brussels formation is
published by Adriaens (2009). Chemical
analysis of glauconites from Zétrud-
Lumay resulted in following chemical
formulas:

(Ca0.09Na0.0213K0.646)

(Al0.39Mg0.3549Fe
+3
0.12Fe

+2
0.097)

Si3.476Al0.524O10(OH)2

(Ca0.03Na0.0202K0.646)

(Al0.45Mg0.3589Fe
+3
1.15Fe

+2
0.111)

Si3.518Al0.482O10(OH)2

(Ca0.04Na0.0162K0.690)

(Al0.65Mg0.4991Fe
+3
0.73Fe

+2
0.104)

Si3.843Al0.157O10(OH)2
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Figure 2.11: XRD diffractograms of samples and standards
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Figure 2.12: Thin sections of disturbed
samples of the Brussels Formation (Q:
quartz, Gl: glauconite, Si: silex, Fe-ox:
iron oxides). a) parallel polars b) crossed
polars

It has to be noted that the glauconites
analyzed were washed with CaCl2 in
order to saturate the exchangeable po-
sitions on the glauconite with Ca+2

(Adriaens, 2009).

During diagenesis, local cementation
of the sands occurred. Cements can
consist of calcite, silicium or iron oxides.
Calcite cementation is restricted to
the calcareous facies, where continuous
carbonate cemented sandstone banks can
occur. These sandstones are formerly
exploited as building stone. The contin-

uous calcareous sandstone banks reflect
lithification of the initial alteration of
fine grained sands and carbonate mud
in facies Bf. Cementation occurred
relatively soon after deposition, since
limestone fragments of the Brussels
Formation are found in the basal gravel
of the Lede formation (Fobe, 1986).
Throughout the Brussels formation, both
in the calcareous and in the quartz
facies, sandstones can be found. These
sandstones are cemented by opal and to
a lesser extent by chalcedony. The opal
is derived from dissolution of siliceous
microfossils after the Lede transgression,
as no sandstone fragments are found in
the basal gravel of the Lede formation
(Fobe, 1986).

The typical irregular-shaped sandstone
concretions of the Brussels formation,
the so-called ‘gres fistuleux’ are often
silicifications of burrows in the sediment.
The walls of the original burrows were re-
inforced with biogene silica, which acted
as a local silicium source. Centrally in
those concretions, the original burrow
is often preserved. Other silicifications
were clearly promoted by the presence
of mud drapes, yielding rather platey
shapes.

Lastly ferruginous sandstone occur (Fig.
2.13b). In the vicinity of Chaumont-
Gistoux and Braine-l’Alleud these iron-
oxide cemented sandstones can reach
thicknesses of several meters. The
quartz grains can have an iron-oxide
coating, giving the deposit a yellow
appearance. The sub-horizontal levels
of different concentration in iron ce-
mentation is thought to reflect fossil
groundwater levels (Houthuys, 1990).
Alternating oxidizing and reducing con-
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Figure 2.13: Iron oxide/hydroxide occurrence in Brussels Formation. a) limonitized
bioturbation in Meerdaalbos quarry b) ferruginous sandstone in abandoned quarry
in Champtaine (Chaumont-Gistoux) c) XRD diffractogram of ferruginous sandstone
from Hoslet quarry

ditions due to water table fluctuations
can have resulted in cyclic precipitation
and dissolution of iron oxides, locally
enriching the sands in iron oxides. In
quarry Hoslet in Chaumont-Gistoux
white, iron free sands are observed next
to intensely iron-cemented sands, which
apparently contradicts the watertable
fluctuation hypothesis for iron cemen-

tation. 19th century authors cited in
Houthuys (1990), postulate dissolution
of iron-bearing calcite as source of iron
as supported by the general lack of
iron cementation in the undecalcified
facies. Iron concentrations in calcite
are however too low (Fobe, 1986) to
explain the widespread iron cementation.
Another possible source for iron are the
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younger glauconite-rich deposits that
once covered the Brussels Sands, like
the St Huibrechts Hern formation and
the Diest formation.

2.4 Hydrogeology

2.4.1 Introduction

In the study area three confined aquifers
can be distinguished: the fractured top
of the Paleozoic basement, the chalk of
the Gulpen Formation and the sandy
part of the Landen formation. The
subject of this study however is the
mostly unconfined aquifer formed by the
Brussels formation and the Quaternary
alluvial river deposits.

The numerous springs in the alluvial
plains of the study area are mainly
fed by the unconfined aquifer and they
represented most of the water supply in
the area before the twentieth century.
The construction of public water supply
systems in the late 19th and early 20th
century, created the need for a constant
and reliable source of drinking water,
both in terms of quantity and quality
(De Smedt, 2001). This reliable source
was found in groundwater produced
from shallow wells in alluvial plains
and drainage galleries capturing springs.
One of the first exploited well fields
for public drinking water production
is named ‘Cadol’ in Heverlee. From
1890 onwards about 40 shallow wells
were constructed in the coarse alluvial
deposits of the Molenbeek, producing
about 1 000 000 m3 per year (NMDW,
1958). This installation is currently
still in production, although the number

of active wells decreased to 37. Well
field Cadol was followed by several other
production sites, both shallow wells and
drainage galleries in the alluvial plains
of the Dijle and its tributaries.

In addition to the unconfined aquifer, the
Cretaceous and Paleozoic aquifers are
also used for drinking water production
(De Smedt, 2001; Ruthy and Dassargues,
2001, 2002). Continuing efforts to
ensure an adequate and reliable water
supply system, led in the early 1970s to
studies evaluating the potential for drink-
ing water production of the Brussels
formation (Gulinck and Marun, 1971)
and the Cretaceous aquifer (Gulinck
and Loy, 1971) in the Dijle basin.
In the late 1970s, after the drought
during the summer of 1976, a study was
initiated by the Ministry of Health and
Environment to evaluate the potential
for drinking water production of surface
and groundwater in terms of quantity
and quality (Laurent, 1978).

With the federalisation of Belgium in the
eighties of last century, the management
of surface and groundwater became a
responsibility of the regions. Currently,
the Vlaamse Milieu Maatschappij
(VMM) ensures the monitoring and
management of groundwater and
surface water in Flanders, Diréction
Générale des Ressources Naturelles
et de l’Environnement (DGRNE) in
the Walloon Region and Brussels
Instituut voor Milieubeheer (BIM) in
the Brussels Capital Region. European
environmental legislation, like the
water framework directive, is regionally
implemented by these organizations.

These organizations also manage and
distribute information on the ground-
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water systems. In the Walloon region,
DGRNE publishes hydrogeological maps
at scale 1:25 000, linked to the geological
maps of the Walloon region. Two
hydrogeological maps are available in
the study area; Chastre – Gembloux
(Ruthy and Dassargues, 2001) andWavre
– Chaumont-Gistoux (Ruthy and Dassar-
gues, 2002). VMM in Flanders chooses
to publish information per groundwater
system. The study area is part of the
so-called ‘Brulandkrijt’ system, which
consists of the Cretaceous, Landen and
Brussels aquifer in the southeastern part
of Flanders (VMM, 2008a).

Detailed, local hydrogeological
information, like piezometric data,
chemical analysis and licensed
pumping rates can be consulted
on the webportal Databank Ondergrond
Vlaanderen (DOV, dov.vlaanderen.be)
in Flanders and the database “10-sous”
(carto1.wallonie.be/10SousInt) in the
Walloon region.

2.4.2 Hydrostratigraphy

As mentioned in the previous section,
four main aquifers can be distinguished
in the study area, the Paleozoic, the
Cretaceous, the Landen and the Brussels
aquifers. Fig. 2.14 summarizes the main
lithological characteristics per formation
and the HCOV-code. HCOV, Hydroge-
ologische Codering Ondergrond Vlaan-
deren, is a hierarchical, unified, system-
atic, hydrogeological coding of lithologies
in Flanders (Meyus et al., 2000). Color
coding in the table indicates whether the
formation is permeable, semi-permeable
or has a very low permeability.

The Paleozoic basement consists mostly
of quartzites and shales and is thus char-
acterised by low permeability, compared
to the other lithologies in the study area.
The top of the basement however is in-
tensely fractured and fissured, providing
a secondary permeability large enough
to make the top locally exploitable.

If present, the glauconite-rich clay of the
Herve formation separates the Paleozoic
rocks from the Cretaceous chalk. The
Cretaceous Gulpen formation is charac-
terized by both an important pore as well
as fissure porosity, making it a highly
productive aquifer. The secondary
permeability from fractures and fissures
diminishes towards the north due to the
increase in overburden (De Smedt, 2001).
The lower member of the Paleocene
Hannut formation, the Lincent member
consists mainly of silts. In the study
area it mostly forms a low permeability
layer covering the Cretaceous aquifer. In
the outcrop area however, dissolution of
sponge spicula have created a secondary
porosity, which gives the member locally
a water bearing character. The Landen
aquifer is however mostly situated in the
Grandglise member which consists of fine
sands.

The clay of the Kortrijk formation forms
a major aquitard in the study area.
The top of this formation can locally
be sandy, like the Mons-en-Pévèle and
Bierbeek members. These deposits,
if present, are part of the unconfined
aquifer in the study area. The uncon-
fined aquifer, subject of this study, is
formed by the Brussels formation and
the Pleistocene alluvial deposits. The
covering, younger formations, like Lede,
Maldegem and Sint-Huibrechts Hern,
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Figure 2.14: Hydrostratigraphy

are found in the interfluves and are
mostly situated in the unsaturated zone.
The Lede and Maldegem formation are
sandy in the study area, so if the water
table reaches into these formations, they
become part of the unconfined aquifer.
The Sint-Huibrechts Hern formation
has a semi-permeable character due
to the higher clay content. If the
piezometry of the Brussels formations
reaches into the Sint-Huibrechts Hern

formation, the Brussels formation can
locally become semi-confined to con-
fined. The same occurs in river valleys.
The Holocene alluvial deposits together
with the Pleistocene loam, can form
a low permeability layer, covering the
Pleistocene gravel deposits, and thus
rendering the alluvial aquifer locally
confined. Although the Diest formation
is a regionally very important aquifer
in the Campine area towards the north,
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the limited and isolated occurrence of
the Diest formation in the study area
makes the hydrogeological importance
rather small. From the cross-sections
(Fig. 2.2) it is apparent that towards
the south of the study area, the Gulpen,
Hannut en Kortrijk formation wedge
out. The Brussels formation can thus
be found uncorformably covering each of
these formations and can even be found
directly on top of the basement.

Late Tertiairy and Quaternary erosion
have eroded the Brussels formation in
the river valleys, so in these zones,
the unconfined aquifer almost solely
consists of Quaternary alluvial deposits.
Especially in the south, incision of the
rivers can be rather deep so that the base
of the aquifer outside the alluvial valley
is above the drainage level of the incising
river (Fig. 2.2). In these areas the
Paleocene and Cretaceous aquifers can
be in direct contact with the unconfined
aquifer, if both the Brussels Sands and
the Kortrijk Clay are eroded.

North of Leuven-Vilvoorde, the Brussels
formation is covered by clayey deposits
of the Maldegem formation (Asse/Ursel
Clay) and by Pleistocene deposits of the
Flemish Valley. The Brussels formation
is therefore generally considered confined
north of the line Leuven – Vilvoorde.

2.4.3 Hydraulic Parameters

The main hydraulic parameters for
groundwater flow that can be derived
from pumping tests are transmissivity,
hydraulic conductivity and storage
coefficient. Table 2.5 is a compilation
of data on hydraulic conductivity and

transmissivity for the main aquifers in
the study area, published in papers,
hydrogeological maps and technical
reports.

Table 2.2: Range of hydraulic conductiv-
ity

Aquifer K (m/s)
Alluvium 3.8 10−5 − 9 10−4

Lede-Wemmel 1 10−5 − 1.6 10−5

Brussels 2.5 10−5 − 7.3 10−4

Kortrijk 9.9 10−6 − 3.1 10−5

Hannut 2.4 10−5 − 3.7 10−4

Gulpen 1.5 10−6 − 2.1 10−3

Fractured Basement 7.2 10−6 − 2.3 10−4

Basement 8.32 10−9

Compiled from data in: Ruthy and
Dassargues (2001), Ruthy and Dassar-
gues (2002), Bronders and De Smedt
(1991), Haecon (2007), Gulinck and
Marun (1971), Chabot (1996), technical
reports production sites VMW

The variation in transmissivity of the
fractured and weathered Paleozoic base-
ment is considerable, since transmis-
sivities based on pumping test in the
basement will be influenced by the
thickness of the fractured zone and
the fracture density. Basement rocks,
not weathered or fractured can con-
sidered as nearly impermeable (K ~
10−9 m/s). Fracture induced hydraulic
conductivity is also important for the
Gulpen formation. Centrally in the
study area, where the Gulpen formation
is relatively close to the surface, fractures
in the chalk augment the hydraulic
conductivity. Towards the north, the
occurrence of open fractures decreases.
This results in a decrease of hydraulic
conductivity of two orders of magnitude
from the south to the north (De Smedt,
2001).
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The hydraulic conductivity values for the
Hannut formation reported in Haecon
(2007) seem rather elevated compared to
values listed in Bronders and De Smedt
(1991). The Haecon (2007) data prob-
ably are obtained from pumping tests
east of the study area in the outcrop area
while values of Bronders and De Smedt
(1991) reflect the hydraulic conductivity
of the Hannut formation in the study
area. As can be expected the hydraulic
conductivity of the Brussels formation is
high, generally above 2.0 10−5 m/s, and
very variable (variation over two orders
of magnitude).

Fig. 2.15 shows the spatial variability of
hydraulic conductivity in the Brussels
formation. The coarse facies in the
Brussels sands is expected to have a
higher conductivity. This is observed
locally during installation of pumping
tests (VMW, technical reports), however
a correlation between the spatial vari-
ability of hydraulic conductivity and the
facies map of Houthuys (1990) is not
apparent.

Bronders (1989) observes systematically
lower K-values obtained from piezometer
tests compared to data from pumping
tests. Boxplots from the K-values
compiled in Table 2.2 for the Brussels
formation confirm this observation (Fig.
2.16a).

The mean of K-values of piezometer
tests and pumping tests are respectively
3.08 10−5 m/s and 1.45 10−4 m/s, the
standard deviations are 2.34 10−5 m/s
and 1.44 10−4 m/s respectively.

Bronders (1989) describes a piezome-
ter test as a modified slug test for
piezometers in which water level drops

too fast to be measured after removing
the slug. Instead of displacing the
water column in the piezometer, the
piezometer is pumped at a constant
pumping rate until groundwater head
stabilizes. From the difference between
initial head and stabilized head during
pumping, hydraulic conductivity of an
unconfined aquifer is calculated using
a modified Hvorslev equation for a
partially penetrating well (Freeze, 1979
in Bronders, 1989):

K = Q

2Lπ(H −H0) ln
(
L

R

)
(2.1)

with K the hydraulic conductivity [L/T],
Q the pumping rate [M3/T], L the length
of the well screen [M], R the radius of the
well screen, including the gravel pack [M],
H the stabilized head during pumping
[M] andH0 the initial head [M]. The data
requirements for applying this method
are low, but the K-value obtained from
this equation is only an approximation
since time-drawdown data are not taken
into account. The observed difference
between K-values from pumping tests
and piezometer tests can be partly
attributed to the quality of data and
the installation of piezometers. Clogging
of piezometers can for instance result
in lower K-values from a piezometer
test. Additionally, a piezometer test only
provides information on the hydraulic
conductivity in the immediate vicinity of
the well, while pumping tests represent
larger volumes of the aquifer. K-values
from slug test can therefore be more
variable due to local heterogeneity. It
has to be noted however that the differ-
ence between piezometer and pumping
test in the Brussels formation at least
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Figure 2.15: Spatial variability hydraulic conductivity in Brussels formation

partly can be attributed to the location
of the pumping wells. Pumping wells for
drinking water production are mainly
located in alluvial valleys where the

Brussels aquifer is directly in contact
with the Pleistocene gravels and coarse
sands (e.g. Heverlee Cadol, Egenhoven,
Abdij van ‘t Park) or in the coarse facies
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Figure 2.16: a) Boxplots of K-values from piezometer tests and pumping tests, b)
experimental and modelled variogram of log K from piezometer tests

of the Brussels sands (e.g. Winksele
Kastanjebos, Herent Bijlok). Pumping
tests at these locations, selected for
their production capacities, will there-
fore yield higher hydraulic conductivity
values. Although the absolute value of
hydraulic conductivity of the piezometer
tests cannot be considered a reliable
measure, the difference between K-values
together with the relatively high density
of measurements can give an approxi-
mation of the spatial structure of the
conductivity field. Fig. 2.16b shows the
experimental and modelled variogram of
log K obtained from piezometer tests.
The best fit in a least square sense is
obtained with a nugget-effect of 0.18 and
a Gaussian model with a range of 2325
m and sill of 0.45. Estimation of an
experimental variogram of pumping test
derived K-values is not feasible due to
the small number of observations (23).

On a small scale, sedimentary structures
strongly influence hydraulic conductivity.

Huysmans et al. (2008) carried out a
very large number of in situ, small scale
measurements of air permeability on
quarry walls in Bierbeek. The results
indicate that clay-rich sedimentary fea-
tures (bottom-sets, mud drapes) have
distinctly different hydraulic conductiv-
ity distribution compared to the other
lithofacies in the cross-bedded sands (Fig
2.17).

Within the cross-bedded facies, the fore-
set lamination orientation determines
the anisotropy of the permeability. The
small-scale anisotropy in K-value can
cause similar anisotropy in large-scale
pumping tests.

The only pumping tests carried out in
the Quaternary deposits are situated in
the alluvial gravels and coarse sands.
The obtained K-values are therefore
rather elevated. In the other alluvial
deposits, silts and peat, no pumping
tests are available. In the PhD of
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Figure 2.17: Air permeability (mD) measurements projected on a field picture of a
0.6m - 0.6m 2cm-spaced regular grid on a N40°E oriented quarry wall in Bierbeek
(from Huysmans et al., 2008)

Joris (2005) on soil water dynamics in
the alluvial plain of the Dijle River
near St. Joris Weert, a value of
6.9 10−7m/s is reported for silt in the
alluvial deposits. This value is obtained
by calibration of an unsaturated zone
model on groundwater level fluctuations
and soil moisture measurements. The
loam and alluvial silt in the study
area can therefore be considered semi-
permeable.

Published data on specific yield or on
effective porosity of the Brussels Sands
formation are scarce. In Haecon (2007)
a regional value of 0.15 is mentioned.
In Ruthy and Dassargues (2001) values
for effective porosity of 0.035 to 0.058
obtained from the interpretation of a
tracer test are listed.

In the VMW wellfield Herent Bijlok, in
the north of the study area, the Brussels
Sands formation is semi-confined since
it is covered by Pleistocene alluvial
deposits. Pumping tests in these pro-
duction wells yielded an average specific
storage value of 2.17 10−5 m−1.

2.4.4 Recharge

Recharge, the fraction of precipitation
that infiltrates in the aquifer through the
unsaturated zone, forms the most im-
portant influx of water in an unconfined
aquifer. The amount of recharge depends
on the amount of precipitation, surface
runoff, evapotranspiration and soil type
(Fetter, 2001). As such, land use is an
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important parameter since built-up areas
increase surface runoff, while the type
of vegetation will have a large influence
on evapotranspiration. Topography and
especially the slope of the ground surface
will also influence surface runoff.

At the plot-scale or even field scale,
recharge can directly measured by
lysimeter experiments. At larger
scales however, recharge can only be
estimated indirectly, based on natural or
artificial tracer concentrations in soil or
groundwater or on, the most commonly
used method, water mass balance
studies. Uncertainties associated with
these indirect methods can be elevated
and recharge values therefore are only
valid at the temporal and spatial scale
on which they are determined.

The most comprehensive and detailed
recharge estimation in the study area
to date is the recharge estimation car-
ried within the framework of the Flem-
ish Groundwater Model (Meyus et al.,
2004). Recharge is estimated using a
detailed, raster-GIS based, steady state,
water mass balance model, WetSpass
(Batelaan, 2006). Rasterized maps of
precipitation are used as input for the
water mass balance model. Based on
land use, topography, slope, depth of
groundwater table and soil texture of
each grid cell, the amount of evapotran-
spiration, surface runoff and recharge
to the groundwater table are calculated
based on parameters from literature.
The WetSpass methodology is tested
on a number of lysimeter experiments
from literature while the results of the
recharge and runoff calculations are eval-
uated by comparison to observed total
flow and baseflow in selected catchments

throughout Flanders (Batelaan, 2006).

Fig. 2.18 shows the average yearly
recharge with a 50 m resolution for
the study area. Over the entire study
area, the average recharge is 204mm/yr
with a standard deviation of 61mm/yr.
The most important source of variability
clearly is land use. Urban centres are
easily recognized by their low recharge
values while continuous forested areas,
like Meerdaalwoud and Zoniënwoud,
are characterized by elevated recharge
values. The airports of Zaventem and
Beauvechain are striking features as they
have low recharge values due to the large
paved areas. Overall, a slight increase
in recharge is noticeable from north
to south, which reflects an increase in
precipitation.

Although the absolute value of the
calculated recharge with WetSpass can
be debated as it is rather low for a
temperate, humid climate, this recharge
map is a very usefull tool as it is one of
the first published maps for Belgium to
explicitely and in a detailed way account
for spatial variability of recharge.

2.4.5 Piezometry

A map of the piezometric level contains
a tremendous amount of information on
groundwater flow direction, gradients
and thickness of the unsaturated zone.
One of the first regional piezometric
maps of the unconfined Brussels aquifer
is published in Moens and Rouhart
(1978) (Fig. 2.19).

The map encompasses the watershed of
the Dijle River upstream Wavre and
is based on 280 measurements from a
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Figure 2.18: Average yearly recharge (after Meyus et al. 2004)

piezometric campaign in November and
December 1977. Although created over
thirty years ago, the piezometric features
apparent on the map are still valid and
allow the map to illustrate some general
characteristics of the south of the study
area. The map shows a general decrease
in piezometric level towards the north

and the draining influence of the Dijle
River and its tributaries. The Nil River
in the east of the map is an exception as
it hardly influences the position of the
isolines. The alluvium of the Nil River is
a 15m thick loamy deposit, isolating the
river from the Brussels aquifer (Moens
and Rouhart, 1978). Mounding of
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Figure 2.19: Piezometric map of the Brussels formation upstream of Wavre, black
dotted line indicates surface water divide (from Moens and Rouhart, 1978)

groundwater in the interfluves shows the
importance of these areas as recharge
areas. The large distance between
isolines and associated low gradient
is exemplary for the large hydraulic
conductivity of the Brussels formation.
In this zone, the gradients increase
towards the draining rivers because (i)
the drainage level of the rivers is often
lower than the base of the Brussels
formation, (ii) a decrease in aquifer
thickness and (iii) a lower conductivity of
the Holocene alluvial deposits. In these
river valleys the Brussels sands locally
are eroded, so that locally the Paleozoic,
Gulpen and Hannut aquifers are part of

the unconfined aquifer system.

In general, hydraulic conductivity of
these formations is lower than the Brus-
sels formation, providing an additional
explanation for the higher gradients.
The low gradients in the Brussels for-
mation create thick unsaturated zones
on the interfluves in some places reach-
ing 40 m. The piezometric map also
shows that groundwater divides are
not necessary aligned with the surface
water drainage divides. Along the
southern border of the map in Fig. 2.19,
corresponding to the surface water divide
between Schelde and Meuse basin, a
number of recharge areas are aligned,



40 THE BRUSSELS SANDS AQUIFER: A REVIEW

forming a groundwater divide. For the
other borders of the map, especially
the northern and western border, it is
apparent that piezometric lines are not
perpendicular to the borders. This is
illustrated by the arrows with white
arrowheads indicatind the groundwater
flow. Although they are not always
drawn perfectly perpendicular to the
contour lines, they do indicate the
general groundwater flow direction. The
western and northern surface water
divides in this subbasin of the Dijle basin
are therefore not suited to delineate the
groundwater system.

In the following years numerous piezo-
metric maps are created, mostly on a
very local scale for site characterisation.
On the other hand, Bronders (1989);
Batelaan et al. (1996); Batelaan (2006);
Haecon (2007) published regional piezo-
metric maps as a result of calibrated
groundwater models. They will be
discussed in a following section. In
chapter 3 Bayesian Data Fusion is used
to combine the results of a kriging inter-
polation with a simplified groundwater
model to create a recent piezometric
map, covering the entire study area with
a resolution of 50m.

2.4.6 Groundwater Chemistry

The deteriorating quality of surface
water, especially in cities, was the reason
to start the production of drinking water
from groundwater in the late 19th and
early 20th century (De Smedt, 2001).
It is therefore not surprising that in
a publication of the activities of the
national drinking water supply company
- Nationale Maatschappij Der Water-

leidingen (NMDW) in 1958 (NMDW,
1958), the chemical composition of the
produced water is listed. Table 2.3
gives an overview of the chemical com-
position of groundwater produced from
the Brussels and Pleistocene aquifer in
1958. From these limited data it becomes
already apparent that the groundwater
in the Brussels aquifer is rather hard,
due to the high calcium concentrations
and alkalinity. At the production sites,
the aquifer is oxic and dissolved iron-
concentrations are low.

The Nodebais well field in Beauvechain
is the only production site for which
nitrogen-species were also analyzed. The
concentrations of nitrate, nitrite and
ammonium were all reported below
detection limit in this well field.

A technical report of NMDW (Van
Vaerenbergh-Redant, undated) summa-
rizes the chemical composition of ground-
waters produced by NMDW per geolog-
ical formation, measured between 1963
and 1978. The groundwater of the
Brussels formation is described as hard,
buffered with low iron concentrations.
While nitrates were not detected in the
1958 survey, in this study almost all
production sites in the Brussels aquifer
have nitrate concentrations in excess of
10 mg/L. Additionally, in all sites a
noticeable increase of hardness, chloride,
sulphate and nitrate concentrations is
observed from the mid fifties to late
seventies (Fig. 2.20).

Navarre et al. (1976) published the re-
sults of an intensive sampling campaign
of springs in the Dijle watershed up-
stream Wavre. The observed correlation
between calcium, alkalinity, strontium
and pH is explained by dissolution
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Table 2.3: Chemical composition Brussels aquifer in NMDW (1958)
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Champtaine 27 3 24 96 7 0.05 22 105 24
Ocquière 34.4 3.4 31 126 8 0 22 136 31
Nodebais 7.3 34 10.25 41.5 38 12.87 182.6 41.5
Cadol 7.4 28.4 13.8 14.6 102 0 36 17 77 17.5

Abdij van ’t Park 7.35 28.8 12.6 16.2 96 0 28 18 85 19.5
Huiskens 7.35 24.2 7.5 16.7 82 6 0.7 19 17 78 17.75
Nellebeek 7.3 30 101 11 0.023 26 31 97 22
Venusberg 7.35 36.2 126 13 0.029 28 37 125 28.5
Walhain 7.1 29.1 9.2 19.9 99 13 0.1 22 90 20.5

Mont-Saint-André 7.1 33.6 12.8 20.8 110 17 0.05 40 106 24

of calcite in the Brussels and Gulpen
formations. Variations in concentrations
of these variables, visualized by trend
surface fitting, are attributed to differ-
ences in carbonate content of the bedrock
(Paleozoic vs Cretaceous, calcareous vs
decalcified Brussels formation). Since
nitrate concentrations show little or
no correlation to the above mentioned
parameters and the trend surface map
shows a completely different distribution,
not explainable by variations in geology,
nitrate concentrations are linked to
anthropogenic activities in the study
area. Chloride concentrations are cor-
related to both nitrate and calcium
concentrations. The spatial variation
in chloride concentrations is, according
to Navarre et al. (1976), due to locally
different seepage fluxes through pelitic
formations (like the Paleozoic base-
ment) and carbonate-rich formations
(like the Gulpen and Brussels formation).

Magnesium concentrations only show
a correlation with chloride, not with
calcium or alkalinity. This is explained
by a mineralogical source for magnesium,
which is masked by an anthropogenic
source.

Continuing monitoring of the springs
south of Wavre permitted Bocken
(1986a) to carry out a principal
component analysis of nitrate, chloride
and calcium concentrations together
with land-use parameters of the spring
catchment areas. This analysis showed
an association of residential areas with
high nitrate concentrations while high
chloride concentrations were associated
with agricultural areas. Calcium
concentrations are influenced not only
by geology but also by the crops
grown upstream the sampling location.
Forested areas are associated with lower
values of nitrate and chloride, although
a rising trend in concentrations in these
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Figure 2.20: Nitrate concentrations (top left) and time series for hardness, chloride
and sulphate (after Van Vaerenbergh-Redant, undated)

areas is observed. Goovaerts et al. (1993) used the dataset
of Navarre et al. (1976) to apply fac-
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Figure 2.21: Variograms of selected variables (after Goovaerts et al., 1993)

torial kriging analysis. Factor analy-
sis together with variogram and cross-
variograms of the variables and factors
showed the presence of two spatial
correlation structures with a range of
respectively 1 and 9 km. The short
ranged correlation structure is mainly
associated with Na+, Cl−, NO−3 and
to a lesser extent, Mg+2, K+ and
SO−2

4 . The long ranged correlation
structure is associated with Ca+2, alka-
linity, electrical conductivity, Sr+2 and
pH. The first structure is thought to
reflect anthropogenic influence while the
long-ranged structure reflects changes
in geology. The variograms of some
parameters of some variables, like chlo-
ride and electrical conductivity have
contributions from both the short and
the long spatial correlation structure. It
has to be noted that the long ranged
correlation structure derived from the
experimental variograms presented in
Goovaerts et al. (1993) can also be inter-

preted as a linear drift as a clear sill is not
present in these experimental variograms.
Christakos and Bogaert (1996) extended
the analysis of Goovaerts et al. (1993) in
the temporal domain and conclude that
nitrate and chloride show large temporal
variability as opposed to calcium which
has a low temporal variability.

Vandormael and De Cooman (1995)
provide an overview of the chemical
composition of the aquifers in Vlaams-
Brabant. Their study confirms the
observations made in the southern part
of the aquifer, namely Ca−HCO3 type
water with high and variable nitrate
concentrations, at least in the phreatic
part of the aquifer. The confined part
of the aquifer north of the line Leuven-
Vilvoorde is characterized by an absence
of nitrate and an increase in dissolved
iron. Vandormael and De Cooman
(1995) also observe a softening, i.e. a
decrease in Ca+2 concentration, in the



44 THE BRUSSELS SANDS AQUIFER: A REVIEW

confined part of the aquifer. They
attribute this to cation exchange on
clays. Lower calcium concentrations can
also be explained by other processes,
like differences in carbonate equilibrium
or lower calcium concentrations of the
infiltrated water at the start of the flow
path. They are among the first to report
the occurrence of atrazine, a pesticide,
in the aquifer, especially in Korbeek-
Dijle, Heverlee, Overijse en Beauvechain.
The Quaternary parts of the aquifer in
the river valleys have a similar chemical
composition as the Brussels part of
the aquifer. Overall concentrations can
however be lower due to intense mixing
with rainfall. Since the aquifer locally
can be confined in these setting due
to the Holocene alluvial silts and clay,
together with the high organic content
of the peat layers, reducing conditions
occur. These lead to high concentrations
of dissolved iron and locally to conditions
suitable for denitrification.

Eppinger and Walraevens (2003b) pub-
lish data of a very detailed, multilevel
sampling campaign in four wells on a
transect from an agricultural field to
a forested area in Kampenhout, at the
transition between unconfined and con-
fined aquifer conditions in the Brussels
aquifer. The transect clearly shows
a contaminant plume of nitrate, with
concentrations in excess of 130 mg/L,
moving downstream (Fig. 2.22a). Ad-
vective travel velocities are estimated
based on head differences in the well
screens to be at most 25m/yr. Detailed
analysis of a sediment core showed the
presence of pyrite near the base of the
core (Fig. 2.22b). Nitrate reduction by
pyrite oxidation is inferred to explain the
negative correlation between pyrite con-

centration and nitrate and bicarbonate
levels in the sediment core, according
to following reaction (Eppinger and
Walraevens, 2003b):

2FeS2 + 6NO−3 + 2HCO−3 


3N2 + 2FeOOH + 4SO−2
4 + 2CO2

Chemical analysis of the sediment core
shows that this is a very local process.
A follow-up study was initiated in Mol-
lendaalbos (Eppinger and Walraevens,
2003b). A similar detailed sampling
campaign of four multilevel wells, shows
a nitrate contamination plume moving
from a field underneath a forested area.
A thin layer near the base of the aquifer
is characterized by reducing conditions.
In this zone the presence of pyrite
is demonstrated and denitrification by
pyrite oxidation is confirmed by the
correlation between nitrate and sulphate
in the lower part of the aquifer. It has
to be noted however that flow velocities
calculated based on head differences in
different well screens are low and mostly
horizontal. The chloride concentrations
in the lower part of the aquifer are also
low, indicating little interaction with the
higher part of the aquifer.

An overview of chemical composition
of groundwaters in the Brulandkrijt
system, measured in 2006, is given in
VMM (2008a). 96 % of the samples
from the phreatic part of the Brussels
aquifer are of the CaHCO3 type and
4% are classified as CaSO4-type. In
over 50% of the sampled piezometers,
the drinking water norm of nitrate is
exceeded. In about 20% of the sampled
wells the sum of pesticides exceeds 0.5
µg/L. Concentrations of heavy metals
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Figure 2.22: a) Nitrate concentration in Kampenhout test site and b) total reductive
capacity (TRC), total organic carbon (TOC), pyrite concentrations vs depth (left)
and sulphate, nitrate and bicarbonate concentration vs depth (right) (after Eppinger
and Walraevens, 2003b)

is mostly below detection limit in the
phreatic part of the aquifer since the
aquifer has near-neutral pH (carbonate
buffering) and is mostly oxic.

2.4.7 Previous Modelling
Studies

To gain a better understanding of
groundwater systems, numerical
groundwater models have become an
invaluable tool. They are often used to
estimate fluxes within a groundwater
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system, to delineate flow paths, to
interpret pumping and tracer tests,
to evaluate management and climate
scenarios, etc.

Since the advent of numerical ground-
water modelling codes and software, a
large number of models were created to
simulate groundwater flow in the study
area. Mostly these were local models. In
this overview focus lies on regional scale
models, encompassing large parts of the
aquifer.

Out of historical interest, two models de-
scribed in Laurent (1978) are mentioned.
In the first model transmissivities and
groundwater recharge were calculated by
inverse modelling of a kriged piezometric
surface for a rectangular area of 3 by 4
km near Louvain-La-Neuve. A second
model is an analogous, electric ground-
water model of the Thyle subbasin. In
an analogous model groundwater flow
is simulated by applying an electrical
current through a circuit of which the
resistance reflects the aquifer character-
istics. Although the accuracy of the
model in simulating piezometric levels
was limited, the simulated baseflow was
acceptable (1.1m3/s observed vs 0.9m3/s
simulated). The model was subsequently
used to simulate the effect of pumping on
piezometry. Presumably, these models
were too influenced by the boundary
conditions prescribed too close to the
zone of interest to yield reliable estimates
of influence of pumping.

The first regional scale numerical ground-
water model in Belgium was developed
by Bronders (1989) and encompasses
the hydrographic basins of Zenne, Dijle
and Demer. The goal of the model
was to delineate general recharge and

discharge zones and flow lines. The 2D
groundwater flow equations are solved
using a finite difference approximation.
The study area is discretized in large grid
cells of 2 by 2 km. Transmissivity zones
were delineated based on representative
values of aquifer thickness and hydraulic
conductivity. Recharge is set equal
to 146 mm/yr in urban areas and
292 mm/yr elsewhere. The coarse
discretization allows little detail in the
piezometric map. The draining influence
of the Dijle River is well represented.
According to the model, 39% of the
surface of the Dijle basin is classified
as discharge zone. Flow lines are short
and residence times limited, generally
below 50 years.

Batelaan et al. (1996) developed a
groundwater model of Nete-, Dijle -en
Demerbekken, also to delineate recharge
and discharge zones. The model is
conceptualized as a single-layer model
with variable base and top, based on an
interpolated isopach map of the phreatic
aquifer with a spatial resolution of 50m.
Hydraulic conductivity was extrapolated
from a dataset of 44 conductivity mea-
surements. The resulting model showed
a relatively good agreement between
observed and calculated head values.
The discharge map of the Dijle Basin
clearly shows groundwater discharge
zones to be limited to narrow strips next
to the tributaries, the alluvial valleys.
Near St-Joris Weert, the entire alluvial
valley of the Dijle is considered discharge
zone, a strip of about 1 km broad.
Batelaan (2006) published an updated
version of the model in which more recent
geological information is incorporated,
groundwater abstraction is taken into
account and recharge is lowered to
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241 mm/yr in stead of 291 mm/yr in
the original model. Additionally the
area is limited to the Flemish part
of the Dijle and Demer basin. The
numerical code to solve the updated
model is changed to MODFLOW. The
calculated groundwater level of this
model is depicted in Fig. 2.23.

The most recent regional-scale ground-
water model is the Brulandkrijt model
developed as part of the VGM, Vlaams
Grondwater Model (Flemish Groundwa-
ter Model) (Haecon, 2007). A multilayer
MODFLOWmodel is developed with the
Paleozoic basement as impermeable base.
The grid cell size is 400 × 400m. The
borders are chosen to coincide as much
as possible with natural boundaries like
rivers and major surface water divides
(e.g. Meuse - Schelde drainage divide).
A single hydraulic conductivity is used
per hydrogeological unit. Groundwater
abstractions are only incorporated in
the model if flow rates are higher than
500m3/yr.

Figure 2.24 shows the calculated piezo-
metric surface for the unconfined aquifer.
Although the interval between contour
lines is only 25 m, the general trends
in piezometry as described in section
2.4.5 can be identified for the study
area, namely a decrease in groundwater
level to the north with a superimposed
draining influence of the Dijle river and
its tributaries. In the north of the study
area, the piezometric surface becomes
level and gradients low. On this figure
it is remarkable however that, especially
in the south, a large number of cells is
dry, i.e. groundwater head is simulated
below the base and the cell has become
inactive. The occurrence of dry cells is

due to very steep gradients in base and
top of the aquifer in combination with
high conductivities. Another reason is
the occurrence of high pumping rates in
cells with low conductivity.

Figure 2.25 shows the measured vs ob-
served head for the entire model and for
the Brussels aquifer. In general a good
agreement between both can be noticed,
although locally large discrepancies can
exist.

The model is mainly used to delineate
recharge and discharge areas, to delin-
eate flow paths and to calculate water
balances and fluxes between aquifers.
The general water balance shows that the
Brulandkrijt system receives 85% of its
water from direct recharge and only 10%
from rivers. Groundwater outflow occurs
mainly through major rivers (52%) and
local drainage systems and discharge
zones (35%). Pumping represents about
10% of outflow. The model is also
used to evaluate management scenarios.
In a first scenario pumping rates are
reduced to zero. Influence radii of
pumping wells, obtained by differencing
the no-pumping piezometric maps with
the reference situation, can be very
extensive, especially in the confined
parts of the Gulpen and Hannut aquifer.
They can reach up to several kilometres.
It has to be noted that due to the steady-
state conditions in the regional model
and the uncertainty of the pumping rates
and recharge rates through the overlying
aquitards, these influence radii can be
overestimated. The total outflow of
the system remains constant in the no-
pumping scenario as river and drainage
outflow increases. A second scenario
calculates the effect of increasing the
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Figure 2.23: Simulated groundwater levels in the Dijle, Demer and Nete basin
(after Batelaan, 2006)

pumping rates to the licensed flow rates,
as actual pumping rates are about 70%
of licensed rates.

Regional transport or geochemical mod-
els are not developed in the study area,
although some local geochemical models
were created. In Huybrechts et al. (2000)
a geochemical mass-balance modelling
is carried out to elucidate the chemical
composition of groundwater sampled in
the alluvial valley of the Dijle River, in
the Doode Bemde wetland. Saturation
indices calculated from groundwater
samples of the Brussels formation show
saturation for chalcedony, calcite and
quartz, while goethite and hematite
are oversaturated. An inverse model
is developed in PHREEQC in which

the evolution of chemical composition
of rainfall to groundwater is modelled
by precipitating and dissolving min-
erals. In the proposed model, 56%
of rainfall evaporates, increasing the
concentrations of dissolved constituents.
Glauconite dissolves, but no weathering
product is formed. Calcite and gypsum
dissolve, although gypsum has never
been described in the Brussels formation.
Goethite and siderite can both dissolve
and precipitate. Finally, magnesium
comes in solution by exchange with
calcium on glauconite. A solution to
this model could only be obtained by
allowing an uncertainty of 50% on the
composition of rainfall. Geochemical
mass balance models seldom yield unique
solutions especially if a large number
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Figure 2.24: Simulated groundwater levels of VGM for the phreatic aquifer (after
Haecon, 2007)

of phases is included and a large input
uncertainty is allowed. This mass
balance model however has some major
flaws; contributions of anthropogenic
origin are not included, cation exchange
on glauconite and the amount of gypsum
needed to dissolve is unrealistically high
and, in the model, glauconite weathers
into dissolved species of its constituents

without forming weathering products.

2.5 Conclusions

The Brussels Sands formation is de-
posited during the Middle Eocene in a
tidally influenced bay at the southern
rim of the North Sea basin. It is a
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Figure 2.25: Observed vs simulated
heads in VGM for a) the entire model
and b) the Brussels aquifer (HCOV 0600)
(after Haecon, 2007)

heterogeneous deposit, mainly consisting
of coarse quartz sand with variable
percentages of clay and glauconite and
a variable grain size. Locally the
sands are cemented with calcite or
silica. In addition to quartz, calcite and
glauconite, iron oxides/hydroxides occur
and minor amounts of K-feldspars.

The Brussels Sands form the unconfined
aquifer in the study area, although
locally in the river valleys the formation
is eroded and the unconfined aquifer
is situated in the Quaternary alluvium.
Hydraulic conductivity is variable, but
generally above 2.5 10−5m/s.

The Dijle, Zenne and Gete Rivers and
their tributaries drain the aquifer. This
results in a groundwater table gently

sloping towards the north, with steep
gradients near the rivers.

The groundwater chemistry is dominated
by calcium and bicarbonate from calcite
dissolution. Since the 1960’s a steady
increase in alkalinity, nitrate and chlo-
ride concentrations is observed, linked to
diffuse pollution. The aquifer is mainly
oxic and nitrate reduction processes
occur only locally in alluvial settings or
confined conditions.

A number of large-scale groundwater
flow models have been created to sim-
ulate groundwater flow in the Brussels
Sands Aquifer. Although capable of re-
producing the general features of ground-
water flow, they generally suffer from
coarse resolution or large discrepancies
between observed and calculated heads.



Chapter 3

Bayesian Data Fusion for
watertable interpolation:
incorporating a hydrogeological
conceptual model in kriging

The creation of a contour map of the
water table in an unconfined aquifer
based on head measurements is often
the first step in any hydrogeological
study. In this chapter the Bayesian
Data Fusion framework presented by
Bogaert and Fasbender (2007) is used
to create an interpolation methodology,
which combines kriging with the results
of a groundwater model based on a
simplified representation of the aquifer
system.

The resulting interpolation is exact at
the measurement locations while the
shape of the head contours is in accor-
dance with the conceptual information
incorporated in the groundwater flow
model. This Bayesian Data Fusion
methodology is used to interpolate av-
erage groundwater head levels from re-
gional monitoring networks. The results
of time series analysis of groundwater

head observations, justify using the
average of head observations as repre-
sentative for an observation location.

A ’leave-one-out’ cross-validation proce-
dure shows that the predictive capability
of the interpolation at unmeasured loca-
tions benefits from the Bayesian Data
Fusion, compared to kriging.

3.1 Introduction

The discussion in chapter 2 on piezomet-
ric maps showed that no recent water
table maps of the unconfined aquifer
exists covering the entire study area with
a resolution smaller than 400 m. It
is therefore decided to create a water
table map of the unconfined Brussels
Sands aquifer in the study area with a
horizontal resolution of 50 m based on

51
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recent head observations.

These head observation data however,
are scarce and irregularly distributed
over the study area. To obtain a
head contour map based on these data
a number of approaches are available,
ranging in complexity from manually
drawing contour lines over interpolation
to groundwater modeling.

The most straightforward method to
create a water table map is to manually
create contours based on observation
data. This method has the distinct ad-
vantage of directly incorporating export
knowledge about the hydrogeological
system under study (Kresic, 2006). A
major drawback of manual interpola-
tion is the inherent subjectivity of the
method since each expert will have a
personal interpretation of the available
data and, often qualitative, hydrogeolog-
ical information. A second drawback
is the time consuming nature of the
method, especially for large regions and
datasets. The piezometric map of the
Dijle Basin upstream of Wavre of Moens
and Rouhart (1978) in Fig. 2.19 is a fine
example of this method.

The other side of the spectrum of
available methods to produce compre-
hensive and reliable water table maps is
physically based, spatially distributed,
numerical groundwater modeling. Based
on hydrogeological information imple-
mented through a conceptual model,
a piezometric map is produced in ac-
cordance with the governing ground-
water flow equations and mass-balance
constraints. A major disadvantage of
creating such a numerical model to
obtain a head contour map, is the large
amount of hydrogeological data required

and the time and effort needed to create
and calibrate the model. Even with a
calibrated model, a certain mismatch
remains between observed and calculated
heads. Numerical groundwater models
are therefore seldom created for the
sole purpose of creating a groundwater
contour map. On the contrary, a
contour map is often essential in the
conceptualization of boundary condi-
tions for a groundwater model (Reilly,
2001). The piezometric maps produced
by groundwater models shown in figures
2.23 and 2.24 show the general flow di-
rection and gradients in the aquifer, but
they suffer from coarse grid resolution
(Bronders, 1989; Haecon, 2007) and a
considerable mismatch between observed
and calculated heads (Batelaan, 2006;
Haecon, 2007).

To create a water table map from ground-
water level observations by interpolation,
a wide variety of techniques is available,
including radial basis functions, inverse
distance weighting (IDW) and different
kriging variants. Recent applications of
these methods in the context of water
table mapping can be found in Procter
et al. (2006), Taany et al. (2009) and
Sun et al. (2009). While these methods
honor data at measurement locations,
they suffer from the same drawbacks,
namely an inadequate representation of
flow systems and occurrence of inter-
polation artifacts. Inadequate repre-
sentation of flow systems can manifest
itself through groundwater levels being
interpolated above topography, a lack of
flow convergence near draining rivers or
occurrence of isolated groundwater level
depressions in the absence of ground-
water extractions. Depending on the
method chosen and the implementation
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of the method, interpolation artifacts
can comprise both too much smoothing
of the surface as abrupt changes in the in-
terpolated surface. Additionally, isolated
observations can be overemphasized in
the interpolation process so that the
importance of these observations in the
overall interpolation is disproportionally
large.

In order to overcome these drawbacks
several authors proposed incorporating
auxiliary data in the interpolation pro-
cess. Kresic (2006) documents the widely
used technique of including dummy
points in the interpolation. These ar-
tificial points can represent for instance
river stages and are included in the
interpolation process as extra observa-
tions. Consequently the interpolation
is guided as to incorporate a drainage
system. Buchanan and Triantafilis
(2009) improved IDW and ordinary krig-
ing interpolations of groundwater depth
using a multiple linear regression of high-
resolution geophysical measurements,
morphometric information and observed
groundwater levels.

Since in unconfined aquifers groundwater
levels are often related to topography
(Haitjema and Mitchell-Bruker, 2005)
and digital elevation models (DEM) are
readily available, DEM information can
often be used as auxiliary variable in
water table interpolation. Desbarats
et al. (2002) provides a good overview
of different methodologies of incorpo-
rating DEM information in a kriging
interpolation. Another approach of
improving water table interpolation is
to incorporate groundwater level cal-
culations based on groundwater flow
equations. The groundwater depth

calculated using a linear relationship
between groundwater depth and a DEM-
derived quantity, the topographic index,
as implemented in TOPMODEL, is
used by Desbarats et al. (2002) as
external drift in kriging groundwater
depths in Ontario, Canada. Rivest et al.
(2008) adopts a similar approach where
the results of a numerical groundwater
model are used as external drift in the
interpolation of a groundwater head
field in an earthen dam. Karanovic
et al. (2009) also uses the external drift
approach. They use the results of an
analytic element model as external drift
in universal kriging to asses the capture
zones of pump and treat systems. Linde
et al. (2007) uses a Bayesian framework
to combine self-potential measurements
with groundwater level observations to
estimate the water table elevation.

The Bayesian Data Fusion framework
is recently used by Fasbender et al.
(2008) to combine a kriged groundwater
contour map with information from a
DEM and river network. An empirically
derived relationship between ground-
water depth and a topography based
penalized distance to the river network,
is combined with an ordinary kriging
of head observation data. Compared
to ordinary kriging and co-kriging, the
resulting interpolation improved consid-
erably in accuracy. Additionally, the
hydrogeological reality was more closely
reflected in the interpolated surface,
since groundwater flow converged to-
wards draining rivers and interpolated
head was maintained below topography.

In this study the Bayesian Data Fusion
framework for groundwater head inter-
polation is extended to implicitly incor-
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porate conceptual hydrogeological infor-
mation by using a discretized solution to
the groundwater flow equations under
simplified boundary conditions. This
ensures the incorporation of conceptual
information in the interpolation process
without having to derive a data driven
empirical relationship between distance
to drainage network and groundwater
depth with the associated subjectivity.

In the following sections, the interpola-
tion methodology is elaborated upon in
detail, the head observation data set is
discussed and finally the application of
the interpolation methodology on the
study area is described, including a
performance assessment in terms of pre-
dictive capability using a cross-validation
procedure.

3.2 Interpolation
Methodology

The goal of any interpolation is to
estimate a variable of interest z at
an unsampled location x0 based on
observations zS = {z1, z2, . . . , zm} at
locations xS = {x1, x2, . . . , xm}. In
addition to the direct observations of
the variable of interest, indirect obser-
vations y = {y0, y1, . . . , yn} at locations
{x0, x1, . . . , xn} can be used to refine the
interpolation. In order to apply such a
fusion of data, Bayesian approaches have
shown to provide good results in various
fields like image processing, remote
sensing and environmental modeling. An
overview of these applications can be
found in Bogaert and Fasbender (2007)
and Fasbender et al. (2008). The En-
semble Kalman Filter data assimilation

technique, which is widely applied in
atmospheric science (Ehrendorfer, 2007),
can be considered to be a special case of
Empirical Bayesian Data Fusion (Cressie
and Wikle, 2002).

Within the Bayesian Data Fusion frame-
work, the interpolation methodology
seeks the posterior probability density
function (pdf) f(z0|y0), the pdf of
variable z at unsampled location x0,
given y0, the secondary information at
location x0. In this study the sec-
ondary information consists of a kriging
estimate at x0, based on observations
zS = {z1, z2, . . . , zm} at locations xS =
{x1, x2, . . . , xm}, an estimate of z0 by
a finite difference groundwater model.
This section describes the fusion of the
different data sources, the details of the
individual data sources, kriging and the
discretized solution to the groundwater
flow equations under simplified boundary
conditions, will be discussed in section
3.3.

The m secondary data sources at x0,
Y0 = (Y0,1, . . . , Y0,m)′, are related to
the variable of interest, Z0, through an
error term E0:

Y0,j = Z0 +E0,j ∀j = 1, . . . ,m (3.1)

Under the assumption of mutual inde-
pendence of the secondary data sources
conditionally to the variable Z0, Bogaert
and Fasbender (2007) show that the
posterior pdf f(z0|y0) can be written in
function of the prior pdf of z, f(z0) and
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the conditional pdf’s f(z0|y0,i) as:

f (z0 | y0) ∝ 1
f (z0)m−1

m∏
j=1

f (z0 | y0,j)

(3.2)

If f(z0|zS) denotes the pdf of the vari-
able of interest at location x0, solely
based on observations zS, obtained
through ordinary kriging interpolation of
the observation data and if f (z0|y (x0))
is the pdf of z at x0 from the estimate
of the simplified groundwater model for
location x0, eq. 3.2 can be written as
(cfr. Fasbender et al., 2008):

f (z0 | zS , y(x0)) ∝

f (z0 | zs)
f (z0) f (z0 | y(x0))

(3.3)

Under the assumption that f(z0),
f (z0 | zS) and f (z0 | y(x0)) are
Gaussian distributed, the conditional
pdf f (z0 | zS , y(x0)) is also Gaussian.
A Gaussian distribution with mean µ
and variance σ2 is given by:

f(x) = 1√
2πσ
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2 + µ
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)
(3.4)

Replacing the pdf’s on the right hand
side in eq. 3.3 by eq. 3.4, results in the
equivalence given by eq. 3.5:
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In eq. 3.5 µ0 and σ2
0 denote the mean

and variance of the observed data set,
µk and σ2

k the mean and variance of
the kriging interpolation and µy and σ2

y

the mean and variance of the auxiliary
variable, the groundwater model.

Since the conditional probability density
function itself is also a Gaussian distribu-
tion, the mean and the variance of this
pdf are obtained through equivalence
from eq. 3.5;

µBDF =
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+ µy
σ2
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0
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σ2
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σ2
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0

)−1

(3.6)
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Equation 3.6 thus provides an elegant
and compact formula to combine a
kriging interpolation with an auxiliary
variable, exhaustively known in space,
to estimate a quantity at unmeasured
locations.

In this study, the auxiliary variable is the
result of a numerical groundwater model
of a simplified representation of the
aquifer flow system. Groundwater levels
are simulated using a finite difference
approximation of the groundwater flow
equations based on Darcy’s Law and
mass-balance constraints, under steady-
state conditions (Bear and Verruijt,
1987). A conceptual simplification in rep-
resenting an unconfined aquifer system
with a permanent, draining hydrographic
network, consists in implementing rivers
as constant head boundaries with head
equal to river stage.

For the results of such groundwater
head calculations to be considered as
a secondary variable in the Bayesian
Data Fusion framework, aside the head
calculations, a variance needs to be
known for each grid cell. A measure of
variance is obtained by squaring the dif-
ference between observed and calculated
values at the measurement locations.
The assumption of equilibrium of river
stage and groundwater head at the
river network locations is used to create
a continuous estimate of variance for
the entire grid. Variance is considered
to be low near rivers and to increase
with increasing distance from the river
network. A linear relationship between
the distance to river for each observation
location and the corresponding squared
difference between calculated and ob-
served head at these locations is fitted in

a least squares sense. This relationship is
subsequently used to produce a variance
grid based on the distance for each grid
cell to the nearest river location.

3.3 Application

3.3.1 Head Observation Data

As mentioned in the previous chapter,
both the Flemish as the Walloon
environmental administrations,
respectively Vlaamse Milieu
Maatschappij (VMM) and Diréction
Générale des Ressources Naturelles et
de l’Environnement (DGRNE), have
groundwater monitoring networks
in which piezometry is regularly
measured. The Flemish monitoring
network is subdivided in network 1,
mainly installed to monitor piezometry,
network 8, observation wells with
multiple screens to monitor groundwater
chemistry in the phreatic aquifers of
Flanders at discrete depth intervals
and network 9, piezometers installed to
monitor groundwater table variations in
nature reserve areas.

The Flemish and Walloon administra-
tions provided time series of head ob-
servations in the phreatic part of the
aquifer in the study area (DOV, 2009
and DGRNE, 2009). The location of the
monitoring wells used in this study and
the monitoring to which they belong is
indicated in Fig. 3.1. Manual quality
assurance is carried out by visually
inspecting time series to identify outliers
and verifying the reference level of the
observation well with regards to topo-
graphic maps and DEM. Observation
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Figure 3.1: Observation wells of the Flemish and Walloon administration used
for water table interpolation (DOV, 2009 and DGRNE, 2009). Labels indicate
observation wells with data in the period 1988-2008.

wells with a single measurement are dis-
carded. In total data of 25 observation
wells are discarded, leaving a dataset
of 176 observation wells. Appendix
A provides summary statistics of head
measurements in these wells. Although a

limited number of piezometers have time
series dating back to the mid-seventies,
the majority of observation wells only
have data from 2003 onwards. The large
variations in number of observations are
due to different measurement intervals.
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The most common time interval for
piezometry monitoring is once a month.
In the groundwater chemistry monitor-
ing network in Flanders groundwater
head is only measured twice a year. A
small number of wells in the Walloon
area are recently equipped with divers,
automatically registering groundwater
level. This results in very high resolution
data for a limited period of time.

As the interpolation methodology re-
quires a single head value at each
location, the data have to be averaged
both vertically and temporally. Vertical
averaging is only necessary for obser-
vation wells with multiple well screens.
In this study only well screens of the
unconfined aquifer are considered. Since
the well screens are in the same aquifer,
differences in head between well screens
are very limited, usually less than a
few centimeters. Choosing the mean of
the head in the different wells screens
as representative for that location is
therefore justified.

The goal of the water table interpolation
is to provide a water table map for av-
eraged flow conditions. The water table
fluctuates however due to changes in
precipitation, evaporation and pumping
rates. In order to asses the importance
of water table fluctuations in the study
area, 16 observation wells are selected
with long time series spanning the period
1988-2008. The location of the selected
wells is shown in Fig. 3.1 and their time
series in Fig. 3.2.

A number of wells (2-0003, 2-0018) show
a clear seasonal variation, while other
exhibit long term variations (2-0006,
2-0009, 39/8/6/278). To asses the
relationship between precipitation and

groundwater table fluctuations, the
cross-correlation between time series
of precipitation surplus (precipitation
minus potential evaporation) and
groundwater time series is calculated.
The cross-correlation, rxy(k) between
time series x and y for a time lag k, is
given by Box et al. (1994):

rxy(k) =
1
n

∑n−k
t=1 (xt − x̄)(yt+k − ȳ)

σxσy

(3.7)

Time series data for monthly precipi-
tation and average monthly tempera-
ture are obtained from van Oldenborgh
et al. (2009) for the Uccle meteorological
station. Potential evaporation is calcu-
lated by the Hamon equation (Dingman,
1994):

PET=
2.1H2

t
T+273.2 (0.6108 exp( 17.27T

273.3+T )) (3.8)

with PET the potential evaporation in
mm/day, HT the average number of
daylight hours for the month considered,
based on the latitude of the location and
T the temperature in °C. The potential
evaporation is calculated with monthly
averaged temperature data. If tempera-
ture is below zero, potential evaporation
is set equal to zero. Precipitation surplus
is calculated as the difference between
precipitation and potential evaporation
and negative precipitation surplus values
are set equal to zero. Figure 3.3 shows
the yearly summed precipitation and
precipitation surplus from 1988 till 2008.
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Figure 3.2: Time series of selected observation wells

Figure 3.3: Precipitation and precipi-
tation surplus, yearly totals (based on
precipitation and temperature data in
van Oldenborgh et al., 2009)

The cross-correlation between precipita-
tion surplus and the selected groundwa-
ter head time series is calculated for a
lag from 0 to 48 months (Fig. 3.4).

Observation wells 2-0006, 2-0009,
2-0073, 2-0114, 39/8/6/278, 39/4/6/162
and 40/1/6/027 only show positive
correlation after 10 to 12 months,
the maximal correlation is reached
between 24 and 36 months. These are
the wells with long-term fluctuations.
Comparison between the time series
in Fig 3.2 and yearly precipitation
surplus in Fig. 3.3 confirms this finding:
high precipitation surplus in 2001
and 2002 leads to a water table rise
in 2004 and 2005, three years later.
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Figure 3.4: Cross-correlation between precipitation surplus and selected
groundwater head time series for lags from 0 to 48 months

These wells are mostly situated in the
interfluves. Similar observations of
response time are made by Mattern and
Vanclooster (2009). The wells in or near
alluvial valleys or rivers, like 2-0003
and 2-0018, respond more quickly to
changes in precipitation surplus, the
maximal correlation occurs after 2 or 3
months. Wells 2-0011, 2-0032, 2-0034
and 40/1/8/046 show intermediate
behavior, a seasonal trend superimposed
on long term fluctuations. The same
can be observed for well 2-0050. The
response to the long-term changes in
precipitation surplus happens earlier in

this well, after less than 20 months. The
maximal correlation occurs between 12
and 24 months. Well 2-0109 also shows
a seasonal variation and a long term
variation different from the other long
term variations. This is partly due to
outlying measurements in 2003.

From this time series analysis can be
concluded that both seasonal and long
term variations exist in the aquifer. The
range of these variations is relatively
small, about 1 meter (Fig. 3.2 and
appendix A), compared to the range
of absolute head measurements (about
150 m). The uncertainty introduced by
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using the mean of the time series, will
therefore be relatively small compared
to the interpolation uncertainty.

3.3.2 Ordinary Kriging

Since the Dijle River drains towards
the north and topography dips in that
direction, head observation data display
a clear north-south trend (Fig. 3.5a). A
linear trend is fitted to the data and
removed from the data before calcu-
lating the experimental variogram (Fig.
3.5b). The experimental variogram is
modeled, by eye-fitting, with a Gaussian
variogram with a nugget of 10m2, a sill
of 275 m2 and range of 10 000 m (Fig.
3.5b).

Ordinary kriging with a trend in the
Y-direction, based on the original data
and the experimental variogram, is
performed on a regular grid with grid
cell size of 50 m, having 1140 rows and
1060 columns. In order to incorporate
the anisotropy induced by the presence
of the draining Dijle River the main axis
of the search ellipsoid is oriented N12E.
The radii of the ellipse are 50000 m and
20000 m with a maximum number of 75
conditioning data. Kriging is performed
using the Stanford Geostatistical Mod-
eling Software (S-GeMS, Rémy, 2004).
The resulting kriged groundwater head
is depicted in Fig. 3.6a, the associated
variance in Fig. 3.6b.
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Figure 3.5: (a) North-South trend identification from observation data and (b)
experimental variogram together with a Gaussian variogram model (nugget: 10
m2, sill: 275 m2, range: 10 000 m)
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Figure 3.6: (a) kriged head; (b) kriging variance; (c) groundwater head from the
groundwater model; (d) groundwater model variance; (e) Bayesian Data Fusion
prediction head; (f) Bayesian Data Fusion variance. Head expressed in m asl,
contour level interval 10 m. Variance in m2, contour level interval 25 m2
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3.3.3 Numerical Groundwater
Model

Based on the available hydrogeological
information, a conceptual model is for-
mulated to solve the finite difference
approximation to the groundwater flow
equations. The aquifer system is rep-
resented as a single-layer, recharge-fed,
unconfined aquifer with a uniform hy-
draulic conductivity, recharge and base.
Furthermore, the assumption is made
that the river network is in equilibrium
with the aquifer and that at the river
network locations the groundwater head
is considered to be equal to the river
stage. The borders of the study area
coincide with rivers as shown in Fig.
3.1. In the south of the study area,
no river is present suited to serve as
boundary. Here the water divide forming
the southern border of the Dijle river
watershed is assumed to be at the same
location as the groundwater divide. This
implies that no groundwater flow is
occurring across the southern boundary
and that the groundwater levels at the
other boundaries are considered to be
equal to river stage. The assumptions
in the conceptual model for this study
area simplify the finite difference approx-
imation of unconfined flow in Bear and
Verruijt (1987) for a uniform grid to:

h0 =

R
K dx

2 +
4∑
i=1
h2
i −

4∑
i=1
bhi

4∑
i=1
hi − 4b

(3.9)

where h0 denotes groundwater head [L]
in the central grid cell, while h1,...,4
denotes the head in the 4 neighbouring

cells, R is recharge [L/T ], K is hydraulic
conductivity [L/T ], dx is the grid cell
size [L] and b is the base of the aquifer [L].
Equation 3.9 is solved using an iterative
approach.

A top boundary condition is imple-
mented to avoid calculated head to be
above topography by defining a mini-
mum unsaturated thickness threshold.
If calculated head is greater than topog-
raphy minus the minimum unsaturated
thickness threshold, calculated head is
set equal to topography minus threshold.

The assumptions made in the above
described conceptual representation of
the groundwater system are a strong
simplification of the groundwater system
under study. The assumptions are
motivated however by the need for an
approximation of the general behavior
of the watertable only, rather than an
accurate and detailed quantification of
local piezometric heads and groundwater
flows. Additionally, the simplifications
ensure a robust implementation of equa-
tion 3.9.

Groundwater levels are calculated in
MATLAB for each cell within the study
area for the same grid chosen for kriging,
using the parameter values from table
3.1. Rivers are specified as fixed head
boundaries (Fig. 3.1) with heads equal
to DEM minus a uniform, fixed river
stage depth.

The resulting calculated groundwater
heads are depicted in Fig. 3.6c. The
variance, in function of the distance
to the river network and the difference
between observed and calculated values,
is given in Fig. 3.6d.
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Table 3.1: Parameter values for ground-
water level calculation

Parameter Value
recharge (mm/yr) 250

hydraulic conductivity (m/s) 2x10−4

base aquifer (m asl) −10
min. unsaturated thickness (m) 0.25
river stage below DEM (m) 0.9

head convergence criterion (m) 10−6

3.3.4 Bayesian Data Fusion

The kriging interpolation and associated
variance are combined with the calcu-
lated groundwater levels and its variance,
together with the mean and variance of
the dataset, according to equation 3.6.
The interpolated head with Bayesian
Data Fusion is shown in Fig. 3.6e and
the variance in Fig. 3.6f.

3.3.5 Cross-validation

To assess the predictive capability of the
proposed methodology and to compare
the Bayesian Data Fusion methodology
to both ordinary kriging and to the
groundwater model, a cross-validation
as outlined by Chilès and Delfiner (1999)
is carried out. For each observation loca-
tion the kriging prediction and variance
is calculated based on the surrounding
observation locations without taking
into account the observed head at the
considered location. The calculated
values with the groundwater model at
the observation locations are used as
estimates in the cross-validation. The
associated variance is calculated by
the above mentioned linear regression
excluding the head observation at the
location to be estimated.

Table 3.2: Root mean squared error and
normalized root mean squared error of
cross-validation

RMSE (m) NRMSE (%)
Kriging 7.24 4.99

GW model 6.45 4.45
BDF 4.42 3.04

The Bayesian Data Fusion cross-
validation estimates are obtained by
plugging the kriging and groundwater
cross-validation estimates and variances
into equation 3.6, together with
the mean and variance of the data,
calculated without the measurement
at the observation location. Scatter
plots of the observed versus estimated
values for the kriging interpolation,
groundwater model and Bayesian Data
Fusion are presented in Fig 3.7.

The root mean squared error (RMSE)
and normalized root mean squared error
(NRMSE) are calculated according to:

RMSE =

√√√√ 1
n

n∑
i=1

(hobs,i − hpred,i)2

NRMSE = RMSE

max(hobs)−min(hobs)
(3.10)

and given in table 3.2.
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Figure 3.7: Observed vs estimated
values for (a) kriging interpolation; (b)
groundwater model (c) Bayesian Data
Fusion

3.4 Discussion

From Fig. 3.6a it is apparent that kriging
produces a smoothly varying water table
contour map with depressions situated
in the vicinity of the major rivers (Fig.
3.1). The variance map (Fig. 3.6b)
however shows a low variance in the
central area with a high observation
density (Fig. 3.1), while at the eastern
and western borders, regions scarce
of data are characterized by a high
variance. This variance map helps
to explain a number of interpolation
artifacts present in Fig. 3.6a. In the
regions in vicinity of (x,y)-coordinates
(170000,165000) and (x,y)-coordinates
(147000,145000), isolated depressions are
interpolated. Such depressions should
only occur in a groundwater level contour
map if a groundwater extraction is
present. In this aquifer system however
the depression represents a part of the
flow convergence due to the draining
influence of the river network. In
regions where data is scarce, like in
the south-east around (x,y)-coordinates
(180000,150000), the contour lines can
have a jagged appearance since the
search ellipsoid will not contain enough
observation points to produce a reliable
interpolation. Jagged contour lines
should not appear in a water table
contour map since groundwater levels are
a spatially smoothly varying quantity in
such a continuous porous medium made
of sands.

The cross-validation (Fig. 3.7a) shows
that the residuals are centered around
zero and, although some outlying resid-
uals show a considerable departure from
zero, the root mean squared error is only
7.24 m and the normalized root mean
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squared error 4.99 %.

The difference in measured and calcu-
lated groundwater levels by the ground-
water model is comparable to the result
of kriging (Table 3.2). In the groundwa-
ter level map (Fig. 3.6c) the difference
between the groundwater model and
kriging is clearly visible. The ground-
water map shows the draining influence
near the rivers and the groundwater
mounding due to groundwater recharge
in the interfluves. Although the shape of
the water table more closely reflects the
hydrogeological concept of the aquifer
system, local differences between ob-
served and calculated groundwater levels
make the contour map less suited for
practical use. A calibration phase in
groundwater modeling in which, for
instance, spatially varying hydraulic
conductivity, recharge and base of the
aquifer are included, would undoubtedly
improve the result. This would however
require a larger amount of data, time
and user intervention in the interpolation
process. In order to keep the Bayesian
Data Fusion as general and widely appli-
cable as possible, no calibration phase is
included here in the methodology.

The variance map produced by linear
regression clearly shows the importance
of the distance to river network in the
calculation and the order of magnitude
is comparable to the kriging variance.

The shape of the contour map produced
by Bayesian Data Fusion (Fig. 3.6e) is
largely influenced by the groundwater
model and the draining river network is
apparent from the contour map. The
absolute value of the predicted ground-
water levels however are dominated by
the kriging interpolation. On the inter-

fluves the groundwater model seems to
overestimate groundwater levels, which
is corrected by combining the ground-
water model with the kriging prediction,
whilst retaining the shape of contours.
The variance map shows a decrease
in overall variance, compared to both
kriging and the groundwater model.
Compared to kriging, the Bayesian Data
Fusion especially results in a lowering of
variance in regions with low data density.

In terms of cross-validation, the
Bayesian Data Fusion interpolation has
a markedly lower RMSE and NRMSE,
indicating an improvement of predictive
capability compared to both the kriging
interpolation and the groundwater
model.

In associating a variance to the
groundwater model, the relationship
between distance to river network
and the squared difference between
calculated and observed heads is chosen
to be modeled using linear regression.
To assess the uncertainty associated
with this choice and the values of the
parameters obtained by the linear
regression in the overall interpolation
process, an uncertainty analysis is
carried out.

The estimated covariance matrix of the
estimated vector of parameters β of the
linear regression can be found with:

Cov(β) = Ŝ2(X ′X)−1 (3.11)

where Ŝ2 is the estimated variance of
residuals of the regression and X is
the design matrix (i.e. Xβ is the
linear model). 100 random samples of
the parameters β are drawn by adding
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Figure 3.8: Histogram of the percent
difference between Bayesian Data Fusion
estimate and 100 perturbed Bayesian
Data Fusion estimates for 100 random
locations in the study area.

zero-mean random perturbations with
covariance defined by eq. 3.11. To
estimate the influence of the parameters,
for 100 randomly chosen locations in
the interpolation domain, the Bayesian
Data Fusion prediction and variance is
calculated for each of the 100 parameter
perturbations.

Fig. 3.8 shows a histogram of the per-
centage difference between the Bayesian
Data Fusion estimated in section 3.3.4
and the estimated value using the per-
turbed parameter values of linear regres-
sion. From Fig. 3.8 it is apparent that
the differences between the Bayesian
Data Fusion estimates and the perturbed
estimates are minor. The uncertainty
associated with the linear regression of
variance of the groundwater model can
thus be considered as relatively small.

3.5 Conclusion

The water table interpolation method-
ology introduced by Fasbender et al.
(2008), based on the Bayesian Data
Fusion framework Bogaert and Fasben-
der (2007), is further developed to
incorporate conceptual hydrogeological
information through a rough groundwa-
ter head calculation based on a simplified
representation of the flow system.

The methodology is applied to the study
area using a limited number of head
observations. The resulting groundwater
head map honors the groundwater level
observations and the contours are in ac-
cordance with the conceptual knowledge
of the aquifer system. Compared to the
kriging interpolation, the Bayesian Data
Fusion approach reduces the variance
in zones scarce of data. The number
of interpolation artifacts, like isolated
depressions and jagged contour lines, is
also reduced. Regions with high residual
values between observed groundwater
level and simulated groundwater level
with the groundwater model benefit
from the incorporation of the kriging
interpolation.



Chapter 4

Major Ion and Redox
Chemistry of the Brussels
Sands Aquifer: Exploratory
Data Analysis using
Self-Organizing Maps

The major ion chemistry of an aquifer
reflects the most important geochemical
processes affecting groundwater in the
aquifer, while redox sensitive species
contain information on the prevailing re-
dox conditions at the sampling locations.
Identifying chemical processes from con-
centration measurements and grouping
samples with similar characteristics has
been a longstanding issue in hydrogeo-
logical research. An overview of avail-
able graphical techniques, classification
schemes and multivariate data analysis
techniques is therefore presented.

Recent chemical analyses of groundwa-
ter in the Brussels Sands aquifer are
obtained from different sources: gov-
ernmental monitoring networks, public
drinking water pumping wells, private
wells and springs. After quality as-

surance, a single representative sample
is chosen for each observation loca-
tion. On this data set, exploratory
data analysis is carried out to visualize
the multidimensional data, search for
groupings of similar data and to evaluate
relationships between variables by means
of specialized plotting, process-based
classification schemes and self-organizing
maps (SOM).

The exploratory data analysis shows
that the major ion composition of the
aquifer varies continuously and gradually.
Nevertheless, based on the component
planes of the SOM, four groups can
be identified in the dataset. The
SOM of redox-sensitive species allows
to clearly distinguish between oxidizing
and reducing samples. Within the
reducing samples a subdivision can be

69
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made between samples with low chloride
and sulphate concentrations and samples
with elevated concentrations of these
anions.

4.1 Introduction

The chemistry of an aquifer is deter-
mined by many factors including compo-
sition of precipitation at the recharge
location and at time of infiltration,
mineralogy along the flow path, time
since infiltration and prevailing redox
conditions. In urbanized and agricul-
tural areas, input of solutes from an-
thropogenic activities like fertilizer use,
road de-icing, leaking sewage systems,
etc. can contribute a sizeable fraction
of total solute concentrations in ground-
water. Identification of chemical and
physical processes affecting groundwater
chemical composition and delineation of
zones with similar chemical composition
is therefore an essential part of the
characterization of an aquifer.

As groundwater chemical datasets are
multidimensional due to the often large
number of analyzed parameters, classifi-
cation and visualization of the chemical
composition of groundwater samples
relies on specific graphical techniques,
process-based classification schemes and
multivariate statistical analysis. Güler
et al. (2002) provide an overview of
the most commonly used graphical and
statistical techniques for groundwater
sample classification and visualization.
In Van Camp and Walraevens (2008) an
overview of process-based classification
schemes is given.

Most graphical techniques for water
chemistry visualization are designed
to represent simultaneously the total
solute concentration or the proportion
of each ionic species for one analysis or
a group of analyses. The units in which
concentrations are expressed in these
diagrams generally are milliequivalents
per liter as to facilitate the interpretation
in terms of chemical reactions (Hem,
1985). The most commonly used graphs
are the Piper trilinear diagram and
the Stiff plot. The Piper diagram
(Piper, 1944) plots the composition of a
groundwater sample on a central rhomb
by combining a ternary diagram of cation
composition with a ternary diagram of
anion composition. Large numbers of
samples can be plotted simultaneously
and the dominant ionic species can
readily be identified. As the plot is
based on fractional representation of the
chemical composition, ongoing chemical
processes affecting major ion chemistry
result in shifting of points, while mixing
of waters of different sources plot on a
straight line connecting the end member
compositions. In the original paper of
Piper, nitrate was considered a minor
constituent of groundwater composition
and not included in the diagram. In
recent decades, nitrate has become an im-
portant solute in many phreatic aquifers
and is therefore often included in the
Piper diagram by adding the nitrate
concentration to sulphate concentration
in the anion ternary diagram as nitrate
is a redox sensitive, just like sulphate
(Stuyfzand, 1989; Frapporti et al., 1993;
Osenbrück et al., 2007). Adding the
nitrate concentration to the chloride
concentration is also possible, especially
since in an oxic aquifer nitrate can
be considered inert like chloride. In
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addition to the same inert behaviour,
nitrate and chloride share some common
sources, like rainfall and sewage.

While a Piper diagram is perfectly suited
to visualize contributions of several
ions relative to each other, it does
not provide information on the actual
dissolved concentration. In a Stiff-
plot (Stiff, 1951 in Hem, 1985) cation
concentrations in meq/L are plotted to
the left of vertical zero-axis and anions
in meq/L to the right, resulting in an
irregular-shaped polygon representing
the chemical composition of the sample.
This visualization technique is especially
suited to compare groups of groundwater
samples or, if plotted on a map, to
explore spatial patterns in the aquifer.

The most straightforward classification
scheme is the subdivision of groundwater
samples in water types according to the
dominant major cation and anion (Hem,
1985). This provides a very general
description of the chemical character-
istics of groundwater. More detailed
process-based classification schemes are
devised, of which the Stuyfzand classifi-
cation is among the most comprehensive
(Stuyfzand, 1989). The Stuyfzand classi-
fication scheme is based on four levels of
subdivision; the chloride concentration
(main type), alkalinity (type), dominant
cation and anion (subtype) and the
sum of Na+, K+ and Mg+2, corrected
for sea salt contribution (class). Since
this classification scheme is originally
developed for a coastal dune area, it
is not surprising that freshening and
salinization of aquifers and associated
cation exchange processes receive a great
deal of attention, especially in the class
field. A drawback is however that

all chloride is assumed to be derived
from either precipitation or seawater
and anthropogenic contributions are
not considered. In Pannatier et al.
(2000); Broers (2001) and Coetsiers and
Walraevens (2006) the Stuyfzand-scheme
is extended to also classify samples
according to their redox state based on
concentrations of redox-sensitive species
like dissolved oxygen, iron, manganese
and nitrate.

The major drawbacks of classification
schemes are that the classification rules
can be too rigid, it is hard to include
additional parameters and that the defi-
nition of class boundaries is sometimes
arbitrary. Likewise, groups delineated
based on a Piper diagram are often
subjective. An additional drawback
is that neither specialized graphical
techniques, nor classification schemes are
suited to explore relationships between
variables. To overcome these limitations,
it is common practice to apply a data
driven, exploratory data analysis using
multivariate statistical techniques (Güler
et al., 2002). The most important goal
of exploratory data analysis is to provide
insight in the data by grouping similar
samples and identifying relationships
between variables. Based on the find-
ings of the exploratory data analysis,
hypotheses can be formulated to ex-
plain differences between groups and
relationships between variables based
on flow conditions, mineralogy, landuse,
recharge, etc. in the aquifer.

Numerous clustering techniques exist
and are used in hydrogeochemical re-
search. Most clustering techniques use a
similarity/dissimilarity measure, like Eu-
clidean distance in multiple dimensions,
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to create groups in the data set as to
minimize the variance within a group
and maximize the variance between
groups (Xu and Wunsch, 2005). Cluster-
ing techniques can be considered either
hierarchical clustering or partitional
clustering. In hierarchical clustering
a sequence of partitionings is created
starting from one cluster encompassing
the entire dataset and ending up with
clusters for each sample. The result of a
hierarchical clustering is often presented
as a classification tree or dendogram.
Examples of application of this technique
in hydrochemical research can be found
in Steinhorst and Williams (1985); Suk
and Lee (1999); Farnham et al. (2000);
Lambrakis et al. (2004); Thyne et al.
(2004). The main advantage of this
method is that the number of clusters
needs not to be defined a priori and
becomes apparent from the dendrogram,
although the choice of final number of
clusters is often subjective. Xu and
Wunsch (2005) mention as drawbacks a
lack of robustness, sensitivity to noise
and outliers and that once a sample
is assigned to a cluster, it will not be
considered in the analysis any more,
potentially leading to misclassifications.
Güler et al. (2002) mention the influence
of similarity/dissimilarity measures and
linkage methods on the classification
results and propose a trial and error
approach to choose the best similarity
measure and linkage method.

Partitional or divisive clustering groups
the data in a predefined number of clus-
ters. The most well-known algorithm for
divisive clustering is K-means clustering.
K-means is an iterative procedure, in
which the sum of the squared Euclidean
distance between each data point and

its nearest cluster center is minimized
by updating the cluster positions every
iteration. The method converges if the
position of cluster centers stops changing
(Bação et al., 2005b). Although K-
means is used for groundwater sample
classification (Lee et al., 2001; McNeil
et al., 2005; Woocay and Walton, 2008),
the modified fuzzy C-means clustering
has found more applications in hy-
drochemical research (Frapporti et al.,
1993; Barbieri et al., 2001; Güler and
Thyne, 2004; van den Brink et al., 2007).
K-means clustering performs best if
distinct, clearly delineated clusters exist
in the dataset. In hydrogeochemical
research this is seldom the case since
chemical characteristics of groups tend to
overlap and gradual transitions between
hydrochemical facies exist. In K-means
clustering each sample is assigned to a
single cluster, which is considered hard
partitioning. For fuzzy clustering, this
restriction is relaxed, and the object can
belong to all of the clusters with a certain
degree of membership (Xu and Wunsch,
2005).

Clustering algorithms create groups of
similar samples, but as such they don’t
provide information on which variable(s)
differentiate between the group and they
don’t give any insight in relationships
between variables. To achieve this,
dimensionality reduction techniques like
principal component analysis and the
related factor analysis prove to be useful.
These methods aim at decreasing the
number of variables by grouping related
variables together.

Principal component analysis is a widely
applied technique in hydrogeological
research (Seyhan et al., 1985; Reeve
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et al., 1996; Join et al., 1997; Helena
et al., 2000; Cruz and Franca, 2006) in
which a linear dimensionality reduction
of the original, high dimensional data set
is carried out by identifying orthogonal
directions or principal components (PC)
of maximum variance in the data sets
based on linear combinations of corre-
lated variables. The weight vectors of
the linear combinations, the principal
components, are the eigenvectors of the
covariance matrix of the dataset (Davis,
1986). A very similar, often mistakenly
considered as identical technique, is
factor analysis. Factor analysis also
reduces the number of variables by cre-
ating linear combinations of the original
variables, but instead of maximizing
the variance for each new variable,
the algorithm seeks to maximize the
common variance between variables in
each factor (Varmuza and Filzmoser,
2009). As a consequence a certain
proportion of variance of each variable
is left unexplained. While principal
component analysis in essence is a strict
mathematical technique of rotating a
multidimensional dataset, factor analysis
assumes that the variance in the dataset
can be explained by a statistical model
of a limited number of variables with an
added error term. Examples of factor
analysis in hydrogeochemical research
can be found in Ruiz et al. (1990);
Wayland et al. (2003); Love et al. (2004);
Dragon and Gorski (2009).

In both principal component and factor
analysis, the original data can be ex-
pressed in terms of principal components
or factors, called the scores. These scores
can subsequently be used for cluster
analysis (Suk and Lee, 1999; Thyne et al.,
2004) or geostatistical analysis (Rouhani

and Wackernagel, 1990; Cerón et al.,
2000; Kim et al., 2009b). Goovaerts
et al. (1993) applied factorial kriging
to groundwater chemistry samples from
springs in the Dijle basin.

The major limitations of principal com-
ponent and factor analysis are that they
expect Gaussian distributions for the
variables and, more importantly, only
linear relationships are considered. The
great variety of interacting processes that
can affect the chemical composition of an
aquifer, often lead to non-linear relation-
ships between variables and skewed dis-
tributions. While skewed distributions
can be made approximately Gaussian
by applying a transformation like log-
transform during preprocessing, in order
to incorporate nonlinear relationships
the algorithm itself must be adapted.

A suite of dimensionality reduction tech-
niques that neither requires normality of
the data nor linear relationships is multi-
dimensional scaling. A distance measure
in N dimensions is calculated for each
observation pair in the N dimensional
dataset. The algorithm then optimizes
the position of observation points in a
lower dimensional space in such a way
that the Euclidean distance between
data pairs in the lower dimensional
space approximates the original distance
between observation pairs (Kaski, 1997).
If the lower dimensional space is two
dimensional, a scatter plot can be used to
visualize the results. Although a poten-
tially powerful visualization technique,
it is not widely applied in hydrochemical
research (Frapporti et al., 1993; Lischeid
and Bittersohl, 2008).

The Self-Organizing Map (SOM), based
on an unsupervised neural network (Ko-
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honen, 1995), maps high-dimensional
input data onto a low dimensional
(usually 2-d) space while preserving
the topological relationships between
the input data. This two-dimensional
space is a single-layer neural network, in
which the units or neurons are regularly
ordered and trained to represent the
input data through competitive learning
(Kaski, 1997). In section 4.2, the
algorithm will be elaborated upon. The
ordered display of the trained SOM can
be used to identify complex, nonlinear
relationships between variables and to
delineate clusters in the dataset (Koho-
nen, 1995).

Self Organizing Maps have become a
popular data mining and exploratory
data analysis tool in variety of research
areas. A recent overview of applications
of SOM in water resources research can
be found in Kalteh et al. (2008). Ap-
plications of SOM in hydrogeochemical
research can be found in Hong and Rosen
(2001) where the technique is applied to
diagnose the effect of storm water infil-
tration on groundwater chemistry and
to capture the nonlinear relationships
between groundwater quality variables.
Sanchez-Martos et al. (2002) used SOM
in the classification of a hydrochemical
data set from a detritic aquifer in a
semi-arid region. Lischeid (2003) applied
the self-organizing map algorithm to
an intensively monitored watershed to
investigate spatial and temporal trends
in water quality data. Dickson and Gib-
lin (2007) used SOM to predict missing
U concentration data in groundwater
from pH, major ions and fluor. Sahoo
and Ray (2008) apply SOM to optimize
the performance of an artificial neural
network to predict pesticide levels in

shallow groundwater. In Kim et al.
(2009a) a dataset of 300 samples of deep,
geothermal groundwaters is classified
by SOM and processes affecting the
chemistry are deducted based on the
SOM analysis. Several variations on
the SOM-algorithm are published to
improve clustering and visualizations
(Alahakoon et al., 2000; Vesanto and
Alhoniemi, 2000; Hsu, 2006). Of special
interest are GEOSOM (Bação et al.,
2005a) and GEO3DSOM (Peeters et al.,
2007), variants of the algorithm adapted
to explicitly take in to account the
geographic location in two and three
dimensions in training the SOM.

This chapter presents an exploratory
data analysis of hydrochemical data from
the study area to identify relationships
between variables and to group similar
observations. Section 4.2 discusses the
SOM algorithm in detail. In section
4.3 the data is presented and data pre-
processing is discussed. A preliminary
assessment of the dataset is provided
through Stiff and Piper diagrams and
by Stuyfzand-classification. Section 4.4
discusses the results of SOM analysis
applied to the dataset of major ions and
redox sensitive species. These results
are summarized in section 4.5 and the
performance of the exploratory data
analysis techniques is evaluated.

4.2 Self-Organizing Map
Analysis

Artificial Neural Networks (ANN) are
computer algorithms, inspired by the
functioning of the nervous system of the
human brain, capable of learning from
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data and generalizing. This learning
process can be described as supervised or
unsupervised learning. In the supervised
learning process, the ANN is shown
several input-output patterns during
training to enable the trained ANN
to make generalizations based on the
training data and to correctly produce
output patterns based on new input
(Jain et al., 1996). Neural networks are
widely applied in hydrologic research
(e.g. ASCE, 2000; Kalteh et al.,
2008), especially in time-series prediction
(e.g. (Alvisi et al., 2006; Coppola et al.,
2003)).

The Self Organizing Map-algorithm is
an unsupervised neural network tech-
nique, which means that the desired
output is not known a priori. The
goal of the learning process is not to
make predictions, but to classify data
according to their similarity. In the
neural network architecture Kohonen
proposed (Kohonen, 1995), the classi-
fication is done by plotting the data
in n-dimensions onto a, usually two-
dimensional, grid of units in a topology
preserving manner. The former means
that similar observations are plotted in
each others neighborhood on the 2D-
grid. The network architecture and the
learning algorithm are illustrated in Fig.
4.1.

The neural network consists of an input
layer and a layer of neurons. The
neurons or units are arranged on a
rectangular or hexagonal grid and are
fully interconnected. Each of the input
vectors is also connected to each of the
units. The learning algorithm applied
to the network can be divided into six
steps (Kohonen, 1995; Kaski, 1997):

Figure 4.1: SOM-algorithm: a) Initializa-
tion reference vectors, b) Calculation of
Euclidean distance between input vector
and reference vectors, c) Assignment of
input vector to its Best Matching Unit
(BMU) and update of reference vectors
within neighborhood N(t)
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1. A m x n matrix is created from the
data set withm rows of samples and
n columns of variables. The matrix
thus consists of m input vectors of
length n. The classification of the
input vectors is based on a simi-
larity measurement, the Euclidean
distance. In order to avoid bias
in classification due to differences
in measuring unit or range of the
variables, the data are normalized
by setting mean equal to zero and
variance equal to 1 or by rescaling
the range of each variable in the
[0, 1] interval.

2. Each unit is randomly assigned an
initial weight or reference vector
with length n.

3. An input vector is shown to the
network; the Euclidean distances
between the considered input vector
X and all of the reference vectors
Mi are calculated according to:

X = (x1, x2, . . . , xn) ∈ Rn

M = (m1,m2, . . . ,mn) ∈ Rn

‖X −M‖ =

√√√√ n∑
i=1

(xi −mi)2

(4.1)

4. The best matching unitMc, the unit
with the greatest similarity with the
considered input vector, is chosen
according to:

‖X −Mc‖ = min
i
‖X −Mi‖ (4.2)

This step is illustrated in Fig. 4.1b,
where the Euclidean distance be-
tween the input vector (0, 0.1, 0.02)

and the reference vectors is calcu-
lated. The best matching unit is the
upper left unit (distance = 0.102).

5. The weights of the best matching
unit and the neuron within its
neighborhood N(t) are changed so
that the reference vectors lie closer
to the input vector. The factor α(t)
controls the rate of change of the
reference vectors and is called the
learning rate:

Mi(t+ 1) ={
Mi(t) + α(t) [X(t)−Mi(t)] ∀i ∈ N(t)
Mi(t) ∀i /∈ N(t)

(4.3)

This is illustrated in Fig. 4.1c
where the weights of the upper
left unit and the units within the
neighborhood N(t) with radius r,
indicated by the dashed line, are
adapted. The rate of adaptation
of the units is controlled by the
neighborhood function h, which
decreases from one at the best
matching unit to zero at units
located farther away than radius
r. The most common used func-
tions are bell-shaped (Gaussian)
or square (bubble) (Vesanto et al.,
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2000):

Bubble :{
∀r < dci =⇒ hci(t) = 0
∀r > dci =⇒ hci(t) = 1

(4.4)

Gaussian :

hci(t) = exp
(
− d

2
ci

2r2

)
(4.5)

with dci the distance between units
c and i on the grid.

6. Step 3 to 5 are repeated until
a predefined maximum number of
iterations is reached. During these
iterations both α and N decrease,
forcing the network to converge.

After training, each of the input vectors
is assigned to its best matching unit
(BMU) and the grids can be visualized.
There are two types of grids commonly
used to visualize and analyze the result of
the SOM procedure: component planes
and U-matrix (Vesanto, 2002). The U-
matrix or distance matrix shows the
Euclidean distance between neighboring
units by means of a color scale. In
this visualization method clusters are
represented by zones of small inter-
unit distances, bordered by large inter-
unit distances. This implies that the
reference vectors in a cluster and the
input vectors assigned to them are more
similar to each other than to reference
vectors outside the cluster. Additionally
the labels of the input vectors can be
plotted onto the U-matrix to identify
the input vectors forming a cluster.

The component planes are the second
visualization technique. In these maps
the component values of the weight
vectors are represented by a color code.
Each of the component planes visualizes
the distribution of one variable in the
data set (Ultsch and Herrmann, 2005).
By visually comparing those maps, vari-
ables with similar distributions on the
entire grid or on parts of the grid can
be identified, which indicates an, at
least partial, correlation between those
variables.

4.3 Data

Chemical analyses are obtained from
the monitoring networks of VMM
(DOV, 2009) and DGRNE (DGRNE,
2009). The public drinking water
company Vlaamse Maatschappij voor
Watervoorziening (VMW) provided
time series of chemical analysis of
groundwater production sites, both
pumping wells and drainage galleries.
Samuel Mattern kindly gave permission
to carry out major ion chemistry
analyses on the groundwater samples he
collected in his winter 2009 sampling
campaign for his PhD-research on
nitrate isotope composition (Mattern,
2009).

In the preprocessing of the dataset only
samples satisfying following conditions
are retained:

• sampling location situated within
the study area

• screened interval in the Brussels
Sands aquifer or Pleistocene alluvial
deposits



78 EXPLORATORY DATA ANALYSIS USING SELF ORGANIZING MAPS

• no more than one missing value of
major ions, including pH

For most of the sampling locations
elevation of ground level and depth of
sampling location is provided by the
owner of the data. For most of the
sampled observation wells, groundwater
head data are also available. At those
locations were elevation of ground level
is missing, values of a DEM are used.
Depth of sampling is set equal to 1 m
for springs and drainage galleries for
which actual depth is unknown. If the
depth of the well screen was not recorded
for observation or pumping wells, the
sampling level is set at half the saturated
thickness of the aquifer at that location.
Gridded data of the base of the aquifer
is obtained from Meyus et al. (2005),
groundwater head values from BDF-
interpolation (Chapter 3).

The resulting data set consists of 256
well screens with chemical analyses. The
monitoring network of VMM consists
of observation wells with three to four
individual well screens. The position
of the screens is targeted as to have
the two upper screens in the oxic zone
and the lowest screens in the reducing,
anoxic zone of the aquifer. Details
of the goal and installation of the
monitoring network can be found in
Eppinger (2005).

The spatial distribution of observation
wells is shown in Fig. 4.2, the temporal
availability of samples in Fig. 4.3.

From Fig. 4.3 it is apparent that only
for a limited number of well screens,
samples are taken at regular intervals
in time. For this study the most recent
sample of each well screen is chosen

as representative sample. This is only
justified if (a) seasonal fluctuations do
not affect groundwater chemistry and (b)
no short term trend is present. To asses
whether these assumptions are justified,
time series of electrical conductivity
and nitrate concentrations for drainage
galleries in Champtaine and Ocquière
are examined. These two drainage
galleries are exploited by VMW for
drinking water production and their
location is indicated in Fig. 4.3. Since
1998 electrical conductivity and nitrate
concentrations are measured weekly to
monitor drinking water quality. No
pumping is needed in these galleries as
groundwater is drained freely from nat-
ural discharge zones. Possible effects of
pumping rates on groundwater chemistry
can therefore be excluded and chemical
composition measured at these locations
can be considered to reflect the chemical
composition of the aquifer.

Figure 4.3: Temporal availability chemi-
cal analyses per well screen

Time series of electrical conductivity
and nitrate concentrations are shown
in respectively Fig. 4.4a and Fig.
4.4b. Boxplots showing variation be-
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Figure 4.2: Sampling locations chemical analyses

tween months and between years for
both parameters in both galleries are
shown in Fig 4.4c and Fig. 4.4d.

Electrical conductivity is a measure of
the ability of the solution to conduct
electric current and therefore related to
the total ionic concentration Hem (1985).

Changes in total concentration, due to,
for instance, dilution or concentration of
solutes, will affect electrical conductivity.
Nitrate can be considered an inert tracer
in an oxic aquifer and will also be
affected by dilution and concentration
Canter (1996). Additionally nitrate is
affected by changes in source concentra-
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Figure 4.4: a) time series for electrical conductivity in Champtaine and Ocquière, b)
time series for nitrate concentration in Champtaine and Ocquière, c) monthly and
yearly boxplots for electrical conductivity and nitrate in Champtaine, d) monthly
and yearly boxplots for electrical conductivity and nitrate in Ocquière

tion. The monthly and yearly boxplots
of electric conductivity in Fig. 4.4c
and 4.4d show no systematic variation.
Electrical conductivity is thus not af-
fected by seasonal variations nor by short
term trends. The monthly boxplots of
nitrate show no systematic variation, so
nitrate concentrations are not affected by
seasonal variations. The yearly boxplots
however show a steady increase in nitrate
concentrations, especially in Ocquière.

The time series of both drainage galleries
indicate the influence of seasonal effects
is minimal in the aquifer, while total
ion concentrations stay constant, a long
term trend can be present for nitrate
concentrations. The choice of the most
recent sample as representative sample
is therefore justified as no seasonal effect
or short term trend is apparent.
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For the 256 representative samples con-
centrations of major ions are converted
from mg/L to mmol/L and charge bal-
ance and saturation indices for CO2 and
calcite are calculated using PHREEQC
(Parkhurst and Appelo, 1999). Charge
balance is calculated according to:

Charge Balance =∑
Cations−

∑
Anions∑

Cations+Anions
x 100

(4.6)

The saturation index of a solution with
respect to a mineral is obtained through
eq.4.7 (Appelo and Postma, 2005):

SI = log IAP
K

(4.7)

IAP is the ion activity product of
reactants and products of the dissolu-
tion/precipitation reaction, while K is
the thermodynamic equilibrium constant
for the mineral phase. A saturation
index equal to zero indicates saturation
of the solution with respect to the
mineral phase, negative values indicate
undersaturation and positive values over-
saturation. For gaseous species like CO2,
the saturation index is a measure of
solubility of the species and is equal to
the log of the partial pressure (Appelo
and Postma, 2005).

These data are used to create a Piper
plot and a Stiff plot (Fig. 4.5 and Fig.
4.6). The ternary diagram for cations in
Fig. 4.5 clearly shows the dominance
of Ca+2 in the chemical composition
of groundwater in the Brussels aquifer.
The anion ternary diagram displays a
similar dominance of bicarbonate con-
centrations, although there is a sizeable

Figure 4.5: Piper plot

Figure 4.6: Stiff plot

but variable contribution of sulphate and
nitrate. The Stiff-plot in Fig. 4.6 shows
the mean composition of the aquifer
and the minimum and maximum values.
The dominance of Ca+2 and HCO−3 is
striking, although the plot shows that
large variations in the concentrations of
Ca+2 and HCO−3 exist in the dataset.
According to the traditional hydrochem-
ical classification scheme, the majority
of samples are of type Ca−HCO3 with
a few occurrences of type Ca−NO3.
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Figure 4.7: Bar chart of Stuyfzand-classification

The more elaborate Stuyfzand classifi-
cation results in 23 classes identified,
15 if the fourth level of classification is
ignored (Fig. 4.7). Most of the samples
have chloride concentration in excess of
30 mg/L and are classified as fresh (F).
An important part of the samples has a
chloride concentration less than 30 mg/L
and are classified as oligohaline (g). The
large variation in alkalinity results in
the most subdivisions of the dataset.
Ca+2 is the most dominant cation in

all samples, balanced by bicarbonate
in most of the samples, but the large
number of Mix-type classes indicates
sizeable contributions of nitrate, chloride
and sulphate, as already indicated by
the Piper diagram. The last subdivision,
the sea-salt corrected sum of Na+, K+

and Mg+2, is indicative of freshening
or salinization. Most of the samples,
especially those classified as fresh, have
a surplus. In a coastal setting, this
is indicative of freshening. Stuyfzand
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(1989) points out that a surplus can also
be the result of mineralization of biomass
or leaching of fertilizers.

Figure 4.8: Empirical cumulative dis-
tribution of major ions (black) and
normal cumulative distribution (gray)
with mean and standard deviation from
dataset

The empirical cumulative distribution
plots in Fig. 4.8 show approximately
normal distributions for each of the
considered variables. Deviations from
the normal distribution are due to
outlying values (pH, Na+, K+, SI
Calcite) or presence of two populations
(SO−2

4 , NO−3 , Cl−). The absolute
values of the charge balance of the
chemical analyses are less than 6% for

Figure 4.9: Empirical cumulative distri-
bution (black) and normal cumulative
distribution (gray) with mean and
standard deviation from dataset for
oxygen, iron, manganese and depth
below groundlevel of well screen

all samples, which indicates that the
chemical analyses are reliable.

At 218 of the 256 observation locations,
concentrations of dissolved oxygen, iron
and manganese are measured. Empir-
ical cumulative distributions of these
parameters are given in Fig. 4.9. The
assumption of normal distribution is
not valid for these variables. Oxygen
appears to have bimodal distribution,
while the distributions of dissolved iron
and manganese are skewed. A log
transform of these two variables results
in a distribution approaching a Gaussian
distribution. Large deviations remain
however due to the presence of a large
amount of samples with zero concentra-
tion of iron and manganese.
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Figure 4.10: Bar chart of redox
classification

The redox classification scheme of Pan-
natier et al. (2000) and Coetsiers and
Walraevens (2006) is applied to the redox
dataset (Fig. 4.10). For samples with
chloride concentrations less than 200
mg/L and sulphate concentrations larger
than 5 mg/L, the samples are classified
sequentially based on the concentration
of iron, manganese, nitrate and dissolved
oxygen. The different thresholds are
indicated in Fig. 4.10. It is clear
that the majority of samples is oxic
and a limited number of samples is
classified as nitrate reducing or even iron
reducing. Although process-based, the
major drawback of this classification is
that it only considers one parameter at
a time and doesn’t provide information
on the interaction between parameters.

To gain more insight in the structure
of the dataset and the relationships
between variables, self-organizing maps
analysis is carried out on the dataset
of major ions and the dataset of redox
sensitive species. The redox dataset
consists of concentrations of chloride,
as inert solute, nitrate, sulphate, iron,

manganese, oxygen and pH, as many
redox reactions change pH.

In order to avoid bias in the multivariate
exploratory data analysis due to dif-
ferences in measuring unit and range,
both datasets are normalized. The
major ion data set is normalized so that
each variable is within the interval [0, 1].
For the redox data set each variable
is also rescaled to the interval [0, 1],
after log-transforming iron and man-
ganese concentrations. Although the log-
transform is not strictly necessary for the
SOM-analysis, the log-transform ensures
that the very high iron and manganese
concentrations recieve less weight in the
Euclidean distance calculation.

4.4 Results

4.4.1 Major Ions

A SOM is trained based on the stan-
dardized dataset with the parameters
indicated in table 4.1. The resulting
component planes and U-matrix are
shown in Fig. 4.11.

The quantization error is a measure
of the resolution of the map and is
calculated as the average Euclidean
distance between an input vector and
its best matching unit. The topological
error assesses the ability of the SOM to
represent the topology of the data set
and is defined as the percentage of input
vectors for which the best matching unit
and its second best matching unit are
not neighboring nodes on the grid. For
this SOM-analysis the quantization error
and topological error is 0.21 and 0.05
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Figure 4.11: Self Organizing Map analysis of major ion dataset: component planes,
U-matrix and grouping

respectively. The parameters listed in
table 4.1, especially the dimensionless
map size, are obtained through trial
and error. The ratio between number
of rows and columns is determined as
to approach the ratio of the first two
eigenvectors of the covariance matrix, as
suggested by Vesanto et al. (2000).

In order to assess the robustness of the
SOM with respect to the parameters of
table 4.1 a sensitivity analysis is carried
out for map size, number of training
iterations and learning rate. The effect
of changing one of these parameters,
while keeping the others constant at
the value in table 4.1, is evaluated by
the quantization and topological error
(Fig. 4.12). The map size has the
largest influence on the quantization
error. The optimal total number of
units is based on a trade off between

Table 4.1: Parameters Self-Organizing
Map analysis

Parameter Value
Lattice type rectangular

Shape sheet
Size 10 x 8

Initialization random
Neighborhood Gaussian
Training type batch
Training rough fine
Epochs 750 500
αinitial 0.5 0.05
αfinal 0 0
rinitial 3 1
rfinal 1 1
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low quantization and topological error
and appealing visualization of the data.
A grid with a small number of units
will show a clear visualization, but the
error estimates will be high. A large grid
will have low error values, but will show
too much detail to effectively reduce the
complexity of the dataset. The effect of
number of iterations and the learning
rate is very limited. The topological
error does not vary systematically in the
sensitivity analysis.

As mentioned in section 4.2, the U-
matrix is a visualization of the Euclidean
distance between the reference vectors
and can be used to delineate groups of
similar nodes. In the U-matrix shown
in Fig 4.11 however, no clear groups can
be distinguished. This is in accordance
with the Piper plot (Fig. 4.5), where no
distinct groups in the dataset are visible.
Based on the component planes however,
four groups with similar characteristics
can be distinguished.

Group 1, in green, has low concentra-
tions of bicarbonate, calcium and potas-
sium. The concentrations of chloride,
sulphate and nitrate are moderate to
low, while pH values are moderate to
high. Group 2, indicated in blue, is
characterized by elevated concentrations
of almost all ionic species with the
exception of potassium. Values of pH
are moderate to low.

NO−3 , SO−2
4 and Cl− concentrations are

low in group 3 (yellow), while calcium,
magnesium and bicarbonate are low to
moderate. The lower right corner of the
SOM, group 4, in red, is characterized by
low pH values together with decreased
concentrations of calcium, potassium
and bicarbonate. Chloride and sulphate

Figure 4.12: Sensitivity analysis of SOM
parameters map size (a), number of
iterations (b) and learning rate (c)
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concentrations on the other hand are
elevated.

From the U-matrix it is apparent that
the euclidean distance between the nodes
in the lower part of the SOM is elevated
as the extremes from the dataset, both
minimal and maximal values of most
variables, are located in each others
vicinity.

Fig. 4.13 shows the spatial distribution
of the different groups based on the SOM
in Fig. 4.11. It is clear that the majority
of samples belongs to group 1 or 2. Most
of the samples of group 1 occur in the
south of the study area, while group 2
and 3 occur mainly in the Flemish part
of the study area. Most of the samples
classified in group 4 are in the vicinity
of rivers or in an alluvial setting.

The main reason for the spatial dif-
ferences between the groups is the
architecture of the monitoring networks.
In the south, most sampling locations
have only one well screen which often
spans several meters. The samples of
these locations represent depth average
conditions. In the north of the study
area, the monitoring wells are equipped
with 3 to 4 well screens with a length
of 0.5 to 1 m, allowing depth specific
sampling. The same observation well can
have well screens belonging to groups 1,
2 or 3. In the north, a higher resolution
in groundwater chemistry is obtained,
allowing vertical differentiation between
zones in the aquifer with very high and
very low solute content. The vertical
resolution is much smaller in the south
of the study area.

Fig. 4.14 shows the number of samples
belonging to each group, according to

the well screen number (1 is shallowest,
4 is deepest) for sampling locations with
multiple well screens. It is apparent
that most of the samples of group
2 occur in the shallow well screens,
especially group 2b with the elevated
solute concentrations. Samples from
group 3 occur mainly in the deeper well
screens.

4.4.2 Redox Sensitive Species

A self-organizing map is trained using
the redox dataset. The parameters of
the SOM are identical to the ones for
the major ion SOM (table 4.1), with the
exception of the size which is changed to
a grid of 10 by 7 units. The quantization
error is 0.22 and the topological error
0.07. Fig. 4.12 also shows the sensitivity
analysis for the SOM of redox sensitive
species. As for the SOM of major ions,
map size has the largest influence on the
quantization error, while the influence of
number of iterations and learning rate is
limited.

Contrary to the major ion dataset, a
clearer grouping can be deduced from
the U-matrix and component planes in
Fig. 4.15. Three zones are distinguished.
Zone 1, in red, comprises the majority of
samples and is characterized by high dis-
solved oxygen concentrations, moderate
to high concentrations of chloride, sul-
phate and nitrate. Iron and manganese
levels are low. Zone 2 (blue) and zone 3
(green) are very similar as they both have
low nitrate concentrations and oxygen
is almost absent. Chloride and sulphate
concentrations are low in zone 2 while
they are elevated in zone 3. The highest
sulphate concentrations occur in zone 3.
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Figure 4.13: Spatial distribution of well screens per zone for major ions. Black
dots indicate all well screen positions, circles well screens belonging to zone 1 to 4

Fig. 4.16 shows the spatial distribution
of the grouping based on the SOM of
redox sensitive species. Group 1 is the
largest group, distributed evenly over
the study area. In observation wells
with multiple well screens, these samples

occur in the shallower screens. Group
2, characterised by low oxygen and
nitrate concentrations, together with low
solute concentrations is only observed in
the north of the study area, mostly in
deeper well screens. This once again
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Figure 4.14: Number of well screens per
zone per well screen position for major
ions. Only sampling locations with
multiple well screens are represented.

is the result of the monitoring network
design. During installation of the
Flemish monitoring network, the deepest
well screen is targeted to be in the
reducing zone of the aquifer (Eppinger,
2005). In the south of the study area,
there is no depth-specific sampling and
the reducing zone was not targeted
during installation of the monitoring
network. The third group, with elevated
sulphate and chloride concentrations, is
found mostly near rivers.

Figure 4.17: Number of well screens per
redox SOM-zone per well screen position
for redox species. Only sampling
locations with multiple well screens are
represented.

4.5 Conclusions

Traditional exploratory data analysis
techniques for hydrogeochemical
research, like Piper and Stiff plots and
process-based classification schemes
proved to be a very good data screening
tool to identify the major processes
affecting groundwater chemistry.
However, the low flexibility of these
methods limits the use of them to get
more detailed insights in the data.

The nonlinear regression performed by
Self-Organizing Map analysis is a power-
ful technique to visualize data, group
similar samples and identify complex
relationships between variables. A
limitation of the technique is the amount
of user-intervention required to deter-
mine the parameter values and the
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Figure 4.15: Self Organizing Map analysis of redox dataset: component planes,
U-matrix and zonation

Figure 4.16: Spatial distribution of well screens per zone for redox species. Black
dots indicate all well screen positions, circles well screens belonging to zone 1 to 3

lack of formal guidelines for map size
determination, although a number of
rules of thumb exist (Vesanto et al., 2000;
Céréghino and Park, 2009).

Based on exploratory data analysis of
the major ion and redox sensitive species
datasets using SOM’s, some general
observations can be made with regards to
the chemical composition of the Brussels
Sands aquifer:

1. Calcium and bicarbonate are the
dominant ions

2. Low concentrations of calcium, mag-
nesium and bicarbonate coincide
with low to moderate chloride, sul-
phate and nitrate concentrations

3. The highest values of all variables
with the exception of potassium
occur together. pH values tend
to be moderate to low for these
samples
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4. Low values of chloride, sulphate and
nitrate are associated with medium
values of calcium, magnesium and
bicarbonate

5. A small number of samples have low
pH, calcium, magnesium, bicarbon-
ate and nitrate while chloride and
sulphate are elevated.

6. The aquifer is mostly oxic and
nitrate occurrence is limited to the
oxic zone. A part of the oxy-
gen depleted samples is associated
with low chloride and sulphate, the
other oxygen depleted samples have
elevated concentrations of these
anions.

The Brussels Sands aquifer is thus
dominated by calcium and bicarbonate,
with sizeable contributions of nitrate,
sulphate and chloride. One possible
source of these anions is diffuse pollution
and thus probably linked to land use. In
order to link land use to the observed
groundwater chemistry, information on
the flow path, infiltration area and time
since infiltration for every groundwater
sample is needed. In the next chapter
a groundwater flow model is developed
to determine these aspects for each
observation in the dataset. The results of
the groundwater model of chapter 5 will
be used in chapter 6 to extend the self-
organizing map analysis of this chapter.





Chapter 5

Flow path, capture area and
travel time calculations based
on groundwater modelling with
generalized likelihood
uncertainty estimation (GLUE)

In an unconfined aquifer, the point
of infiltration, the flow path length
and associated groundwater age are
determining factors for the chemical
composition. These characteristics are
obtained for every sampling location by
forward particle tracking applied to the
solution of a steady-state groundwater
flow model in the unconfined Brussels
Sands aquifer.

The parameters and forcing data of
the groundwater model, like hydraulic
conductivity and recharge, are subject
to uncertainty which, in combination
with dispersion and diffusion, can create
deviations from the flow path estimated
by advective transport calculations on
a single groundwater model realization.

In order to take into account the effects
of uncertainty on the infiltration point,
flow path and travel time, the general-
ized likelihood uncertainty estimation
(GLUE) methodology is applied to the
groundwater flow model and particle
tracking. A large number of simulations
of the groundwater model and particle
tracking are performed with different
realizations of the conductivity field and
spatially variable recharge.

The GLUE-methodology allows a likeli-
hood to be associated with each realiza-
tion based on the prior distribution of the
input parameters and the performance
of the model in reproducing observed
head and baseflow values. The results of
the uncertainty estimation can be com-
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bined to provide a likelihood-based zone
of infiltration and a groundwater age
distribution for every sampling location.

5.1 Introduction

A thorough understanding of ground-
water flow conditions leading to the
flow path between infiltration location
and sampling location is essential in
the interpretation of observed chemi-
cal composition (Appelo and Postma,
2005). The chemical composition of
water infiltrating into the aquifer at
the time of infiltration is influenced
by the chemistry of rainfall, evapo-
transpiration, (bio-)chemical reactions
in the unsaturated zone and possibly
addition of solutes from anthropogenic
captures. Within the saturated zone, the
chemical composition can change due
to mineral dissolution and precipitation
reactions, cation exchange, sorption,
redox processes and mixing of water
from different origins. The age of the
water, the time between infiltration and
sampling, not only provides information
on the time the water had to react
with the aquifer, but also can point to
differences in chemistry of infiltrating
water, for instance due to land use
changes (Vissers, 2005).

Solute concentrations in groundwater
are often attributed to anthropogenic
sources tied to land use, like fertilizer
application or sewage effluent, based on
the general land use characteristics of
the aquifer, without taking into account
groundwater flow patterns (Goovaerts
et al., 1993; Kim et al., 2004; Panagopou-
los et al., 2005; Osenbrück et al., 2007).

A first approach to explicitly establish
a relationship between spatial variables,
like lithology and land use, and observed
chemical composition, is to evaluate
the spatial variables at the sampling
locations (Pacheco and van der Weijden,
1996; Hong and Rosen, 2001; Bathrellos
et al., 2008). To account for groundwater
flow, especially when analyzing data
from pumping wells, often the spatial
characteristics of a circular area centered
on the sampling location are used to
approximate the characteristics of the
actual source area (Gardner and Vogel,
2005; An et al., 2005). Such an approach
implicitly assumes a homogeneous and
isotropic medium. Additionally, the
radius of the circular area is often
arbitrary, although it can be based on
pumping rate, aquifer thickness and
hydraulic conductivity (Kaown et al.,
2007). Johnson and Belitz (2009) com-
pared the correlation of volatile organic
compounds (VOC) in wells with land use
obtained by circular areas with different
radii and different wedge shaped areas
oriented towards the upstream direction
of a well. Their results showed that cor-
relation between VOC and land use was
significant irrespective of area shape or
extent, although the highest correlations
were obtained for a circular area with a
radius of 500 m. This counter-intuitive
conclusion is explained by the presence of
spatial autocorrelation in land use maps.
Bocken (1986b) determined the source
area of several springs in the Dijle basin
upstream Archennes based on analysis
of topography. Using topography as
a proxy for piezometry can be a valid
assumption in some cases, depending
on distance between hydrological bound-
aries, topography, recharge, hydraulic
conductivity and aquifer thickness (see
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Haitjema and Mitchell-Bruker, 2005 for
a detailed discussion). However, the
piezometric map of the study area shown
in chapter 3, clearly illustrates that using
topography instead of piezometry in
the study area will only yield a very
crude approximation. Mattern (2009)
delineated capture zones for springs,
drainage galleries and pumping wells in
the Walloon part of the Brussels Sands
aquifer, also using topography as proxy
for water table height. Capture zones are
placed up-gradient and the extent of the
capture zones is based on conservation
of mass. The surface area of the capture
zone is chosen in such a way that the
volume of recharging water per year
in this area is equal to the volume of
water discharged from the well, drainage
gallery or spring per year.

This method of capture zone delineation
is inherently subjective, difficult to auto-
mate and the result is only an approx-
imation of the actual infiltration area.
The prediction of nitrate concentrations
using multiple regression of land use
characteristics based on these source
areas however performed slightly better
than using land use characteristics of
circular areas centered directly above the
sampling point.

In order to have a hydrogeologically more
sound delineation of infiltration areas,
flow paths need to be computed. In the
horizontal plane flow paths can easily
be computed from piezometric maps as
the flow direction is determined by the
gradient of hydraulic head (Fetter, 2001).
Kunkel and Wendland (1997) applied
this by computing hydraulic gradients,
flow paths and residence times from
groundwater contour maps in a raster

GIS at a supra-regional scale. In com-
puting flow paths in the horizontal plane,
it is implicitly assumed that hydraulic
head does not change in the vertical
direction and thus, that associated ver-
tical flows are neglected. This is called
the Dupuit-Forchheimer approximation
(Dupuit, 1863 and Forchheimer, 1886
in Strack, 1984). An explicit analytic
solution for head distribution in a two
dimensional vertical plane for unconfined
aquifers under steady state conditions
is a complex matter as the governing
differential flow equation is nonlinear
since the position of the upper boundary
condition is dependent on the solution
for head:

δ2h

δx2 + δ2h

δy2 = 0 (5.1)

Tóth (1963) presents a solution for eq.
5.1 by approximating the position of the
water table by a curve with a sinusoidal
component. Although the contribution
of this paper to the understanding of
nested local systems in regional flow
systems cannot be underestimated, the
solution to the Laplace equation in eq.
5.1 cannot be considered exact, as the
assumed curve for the position of the
water table is no adequate solution to
the groundwater flow equation for an
unconfined, recharge fed aquifer. Strack
(1984) provides an analytical solution
for streamlines in three dimensions for
Dupuit-Forchheimer models. In thin
aquifers with respect to their lateral
extent, vertical head variations due to
vertical flow can be neglected.

By approximating the vertical flow by
requiring continuity of flow, the vertical
position z above the base of the aquifer
of a particle after travelling a distance
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h(x)

x

z

x00

Figure 5.1: Theoretical flow path in an
unconfined aquifer

x since entering at a horizontal position
x0 in an aquifer with a hydraulic head
h(x) is given by (Fig. 5.1):

z = x0

x
h(x) (5.2)

with the origin of the horizontal axis
coinciding with the groundwater divide.

Haitjema and Mitchell-Bruker (2005)
state as rule of thumb that the Dupuit-
Forchheimer assumption is valid in an
unconfined aquifer if the distance be-
tween hydrological boundaries is more
than five times the effective thickness of
the aquifer. The effective thickness is
defined as the thickness of the aquifer
scaled by the square root of the ratio
of horizontal conductivity over vertical
conductivity. For an exact solution
to the Laplace equation in the vertical
plane, the interested reader is referred to
the paper presented by Edenhofer and
Schmitz (2001).

In situations where analytic solutions
cannot adequately describe groundwater
flow, numerical approximations of the
partial differential equations of ground-
water flow by means of a finite difference
or finite element scheme can be used
(Konikow et al., 2007). One of the most
popular and widely used codes today
for groundwater modeling is the finite
difference MODFLOW code of the US
Geological Survey, initially developed
by McDonald and Harbaugh (1988).
Pollock (1994) presented MODPATH,
a semi-analytical particle tracking algo-
rithm to use in conjunction with MOD-
FLOW. The particle tracking method-
ology uses the fluxes across the cell
faces, computed with MODFLOW. The
advective velocities are obtained by
linear interpolation in in x, y and
z–directions of the computed fluxes,
divided by the effective porosity, ne.
Since the velocity field is continuous
in a grid cell, an exact solution of
the movement of a particle within a
cell based on its coordinates can be
computed. Equation 5.3 describes the
distance traveled in the x-direction, dx,
for a particle with start location x0 in a
cell with dimension ∆x, flow velocities
v1 and v2 across the left and right cell
faces from time t0 to t (Pollock, 1994):

dx = ∆x
v2 − v1

× (5.3)

[
vx0,t0 exp

(
v2 − v1

dx
(t− t0)

)
− vt

]

in which vx0,t0 is the velocity at the start
position and time of the particle, exhaus-
tively known within the grid cell from
the continuous velocity field. Analogous
equations can be written for the y and
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z-direction. As the particle tracking
methodology is essentially based on
computed fluxes, the equations used are
very similar to the ones described by
Strack (1984), and, for a given flow field
and starting location, a single, unique
flow path can be calculated by this
particle tracking methodology. These
flow lines can be calculated both forward
and backward in time.

In the delineation of capture zones to
define protection areas for pumping wells,
path line computation is essential and
is routinely applied as a first approach,
neglecting influence of other solute trans-
port processes, like dispersion, diffusion
and retardation. Several examples of
capture zone delineation can be found
in literature, using simplified analytical
solutions (Ceric and Haitjema, 2005),
analytical element models (Raymond
et al., 2006) and numerical groundwater
models (Feyen et al., 2001; Stauffer et al.,
2004). A more elaborate methodology
including tracer tests and solute trans-
port modeling is presented by Derouane
and Dassargues (1998).

Region-scale particle tracking based on
numerical groundwater flow models to
link groundwater chemistry to capture
area characteristics is not widespread.
Misut (1995) used backward particle
tracking to delineate capture areas for
90 observation wells in Long Island,
New York. In Modica et al. (1998)
forward particle tracking is applied to
determine capture areas of streams and
groundwater age of water discharging in
streams. A similar approach is used by
Vissers (2005) to characterize ground-
water flow systems and by Batelaan
(2006) to assess the spatial variation and

age of groundwater discharging in river
bordering wetland systems. Vissers and
van der Perk (2008) used Monte Carlo
analysis of forward particle tracking
to asses the stability of groundwater
flow systems in the Netherlands. In
Hinkle et al. (2009) forward particle-
tracking analysis and geochemical data
were used to assess vulnerability to
arsenic and uranium at large spatial
scales of 145 wells. Principal component,
Spearman correlation and classification
tree analysis is applied to a hydrogeo-
chemical dataset with data on total
travel time and travel time through
distinct geochemical zones (based on
redox conditions and pH). The results
showed that travel time and flow path
information were essential in explaining
the observed variability in uranium and
arsenic concentrations. In this study
uncertainty on the travel time calcula-
tions is not taken into account, although
the calculated groundwater ages were
compared to tritium-derived ages. A
small but significant correlation between
calculated and tritium derived ages was
found, which proved the reliability of the
particle tracking analysis according to
the authors.

Flow path calculations and associated
capture areas and groundwater ages
based on particle-tracking within a
groundwater model with a single
set of input data and parameters
present two major drawbacks: (1)
only advective transport is considered
and (2) uncertainty in the input
data and parameters is not taken
into account. Transport of solutes
in aquifer will often be dominated
by advective transport, especially in
high-permeable media (Appelo and
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Postma, 2005). Concentrations of
solutes will actually change along a flow
path due to the effects of dispersion,
diffusion, retardation and chemical
reactions. A large number of analytical
solutions to the transport partial
differential equation exist and several
codes are available to approximate
these equations numerically. Although
regional-scale modeling applications,
like Carle et al. (2006), have been
published, these applications remain
scarce. This is mainly due to difficulties
in parameterization, especially in
characterizing the input of solutes,
numerical stability issues and computing
requirements.

While diffusion, retardation and chemi-
cal reactions mostly can be considered
scale-independent, the magnitude of
mechanical dispersion is dependent on
scale as it describes the spread of a solute
concentration due to differences in flow
paths and local velocities through the
porous medium (Fetter, 2001). Dagan
(1984) linked the magnitude of longitu-
dinal dispersion, aL, to the variation in
hydraulic conductivity (i.e. the spatial
variance of log K) due to heterogeneity,
σ2
logK , and the associated correlation

length, λ:

aL = 2
e
σ2
logKλ (5.4)

Heterogeneity in the hydraulic conduc-
tivity field strongly affects groundwater
flow. An adequate characterization
of this heterogeneity and associated
uncertainty is seldom possible due to
the often very limited hydraulic con-
ductivity measurements. Other spatial
variables influencing groundwater flow
in an aquifer, like aquifer geometry and

recharge, are also subject to a certain
degree of uncertainty due to limited data
availability of these parameters.

A groundwater flow model with a single
set of parameters, even if the parameters
are optimized through an adequate
calibration procedure, should be con-
sidered to be only one of the possible
models describing groundwater flow in
the aquifer. This is the concept of
equifinality of models and parameter
sets advocated by Beven (2006), which
states that several models and parameter
sets are capable of producing a good fit
between observed and calculated data
when compared to a limited available
dataset. The Generalized Likelihood
Uncertainty Estimation methodology is
a Monte Carlo technique which provides
a means of model evaluation and uncer-
tainty estimation from this perspective
(Beven and Freer, 2001). A large number
of random parameter sets is generated
based on prior information on feasible
ranges and subsequently used as input
for the simulator. In this methodology
a simulator is defined as any set of
equations or numerical techniques used
to produce predictions given a set of
forcing data (input) and parameters. In
this case the simulator is a numerical
groundwater model of the study area.
A likelihood measure is calculated that
reflects the ability of the simulator to
simulate the actual system responses,
given the available observed record of sys-
tem responses. Simulators performing
below a predefined rejection criterion are
discarded and the remaining likelihood
measures are rescaled so the likelihoods
sum up to one. Ensemble predictions
are based on the predictions of the
retained set of simulators, weighted by
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their respective rescaled likelihood.

One of the major criticisms on the
GLUE methodology includes the subjec-
tivity in selecting a likelihood function
and rejection criterion (Mantovan and
Todini, 2006). Rojas (2009) tested
the influence of the likelihood function
by applying three likelihood functions,
a Gaussian, a model efficiency and
a triangular likelihood function to a
synthetic groundwater flow model. The
resulting likelihood response surfaces
showed very little dependence on the
choice of likelihood function adopted.

The GLUE methodology has found sev-
eral applications in groundwater studies.
Feyen et al. (2001) used the methodology
to evaluate the predictive uncertainty in
well capture zones in a heterogeneous
aquifer. In Hassan et al. (2008) the effect
of uncertainty of hydraulic conductivity
and recharge on seawater intrusion is
modeled. Rojas et al. (2008) investigates
the effect of input uncertainty includ-
ing parameter, conceptual model, and
scenario uncertainties on groundwater
budget terms in the Walenbos area in
Belgium based on an integration of
GLUE with Bayesian Model averaging
(BMA) (Draper, 1995).

In this study a similar approach as in
Feyen et al. (2001) will be applied to
a groundwater model of the unconfined
Brussel Sands aquifer to take into ac-
count the uncertainty on hydraulic con-
ductivity and recharge. The approach
can be summarized as follows:

1. A large number of conditional real-
izations of hydraulic conductivity
field and realizations of spatially
variable recharge are created based

on available data.

2. The obtained parameter sets are
randomly sampled and used as
input for the groundwater model

3. A likelihood measure (weight) is
associated to each realization ac-
cording to the performance based
on the difference between observed
and calculated heads and base flow
to the rivers

4. Realizations with a performance
value higher than the predefined
rejection criterion are assigned a
likelihood of zero, the remaining
likelihood values are scaled so the
cumulative likelihood is equal to one

5. Capture area and groundwater age
for every sampling location is calcu-
lated using forward particle tracking
and the likelihood of the realization
is assigned to them

6. The likelihood of the thousand
realizations is used to obtain a
weighted travel time distribution
for each sampling location and an
associated area with a likelihood of
particles arriving at the sampling
location.

Section 5.2.1 describes in detail the
conceptual model, model input data and
parameters and calibration targets of
the unconfined Brussels Sands aquifer
groundwater model, in section 5.2.2
the particle tracking methodology is
discussed and finally section 5.2.3 de-
scribes the implementation of the GLUE
methodology with attention to the gener-
ation of the hydraulic conductivity and
recharge parameter sets, the likelihood
function and rejection criterion.
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Figure 5.2: Groundwater model bound-
aries

5.2 Methods

5.2.1 Groundwater Model

The block-centered, finite-difference
MODFLOW-code (McDonald and
Harbaugh, 1988) is chosen to model
steady-state groundwater flow in the
unconfined part of the Brussels Sands
aquifer. The model is bounded by a
box limited by Lambert coordinates
(138000, 132000) in the southwest and
(191000, 189000) in the north-east and
discretized by a single-layer, regular,
rectangular grid with a grid cell size
of 50 × 50m. This results in a model
of 53 × 57 km with 1060 columns and
1140 rows.

The unconfined aquifer is drained by
the rivers of the Dijle, Gete and Zenne
hydrographic networks and a permanent,
dynamic equilibrium between aquifer

and river stage can be assumed. The
boundaries of the model are therefore
chosen to coincide as much as possible
with rivers (Fig. 5.2); the Zenne and
tributaries in the west, Dijle and Demer
in the north and Gete and tributaries in
the east. In the south of the study area,
none of the rivers present is suited to act
as boundary for the model, which is why
the superficial drainage divide between
Meuse and Schelde basin is chosen as a
no-flow boundary. The piezometric map
of Moens and Rouhart (1978) already
showed that the superficial drainage
divide between both catchments largely
coincides with the groundwater drainage
divide (Fig. 2.19). Along the eastern
border, locally no flow boundaries are as-
sumed between some rivers to bound the
model domain. The orientation of these
boundaries is chosen perpendicular to
the equipotential lines obtained through
supra-regional groundwater modeling
(Fig. 2.24; Haecon, 2007).

As equilibrium between aquifer and river
stage can be assumed, the river network
is implemented by the drain package
with a drain elevation equal to DEM
minus 1.8 m and a drain conductance
of 1.15 10−3 m/s (100 m/d). The
drain elevation is based on regional
observations of river depth and the final
value of 1.8 m is obtained after the
initial calibration runs. The high conduc-
tance is motivated as most streambed
sediments in the study area consist
of Pleistocene sands and gravels. As
already observed in chapter 2, numerous
springs occur at the base of hillslopes
and the alluvial valley floors generally
are considered permanent seepage zones.
To incorporate these springs and seepage
zones in the model and to prevent
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calculated heads to be higher than
ground level, every active cell in the
model is considered as a drain cell with
a high conductance (1.15 10−3 m/s, 100
m/d) and a drain level equal to DEM
minus 0.25 m. The computed flow out
of the grid cells corresponding to the
catchment area of the river gauging
stations, will be compared to baseflow
derived from the flow hydrographs at the
river gauging stations (Appendix B).

A single layer is used to represent the
unconfined aquifer, including both the
Brussels Sands formation and the Qua-
ternary alluvial deposits. The elevation
of the top of the layer is set equal
to the DEM. The base of the layer is
set to the base of the Brussels Sands
formation or the base of Quaternary
deposits where the Brussels Sands are
eroded, based on the grids in Meyus
et al. (2005) and Cools et al. (2006) (Fig.
5.3). The geological cross-sections in
Fig. 2.2, based on the same grids, show
that the base of the unconfined aquifer
is characterized by steep gradients and
reduced thickness in river valleys. To
avoid numerical instability, locally the
base of the aquifer is lowered. This is
also motivated from a hydrogeological
viewpoint as the Kortrijk Clay formation
is locally eroded in river valleys and
the Landen, Cretaceous and Paleozoic
aquifers can form an integral part of the
aquifer.

Spatially variable recharge is obtained
from Meyus et al. (2004) and applied to
the top of the model. An inventory of
active pumping wells in the study area
for the year 2000 is reported in Haecon
(2007). The actual pumping rates,
estimated from the licensed pumping

rates, are used in the model.

Hydraulic conductivity in the study area
is heterogeneous, as shown in chapter
2. The number of reliable K-values
from pumping tests (23) is too small to
perform a reliable kriging interpolation
for the entire grid at resolution of 50m
by 50m. Within the GLUE-methodology,
stochastic conditional simulation of the
spatially varying hydraulic conductivity
is used. In the river valleys where the
Brussels Sands is eroded, the simulated
K-value is replaced by a constant value
of 1.15 10−5 m/s (1 m/d). The low value
is obtained after initial calibration runs
and justified since in a single layer model
an equivalent K-value must be used to
represent alluvial deposits dominated
by silts, peat and clay with coarser
sediments near the bottom.

A common problem when using the
USGS MODFLOW code to model an
aquifer with a very variable bottom
and thickness is the occurrence of dry
cells, in both steady-state and transient
conditions, which often prevents a model
to converge. In Painter et al. (2008)
a modified version of the MODFLOW
code, MFNR, is presented to ensure a
more robust representation of dry cells
in single layer models. The changes to
the code affect (1) the calculation of in-
tercell conductance, (2) head calculation
during iterations in cells where head is
calculated below the bottom of the cell,
(3) the iteration method and (4) the
implementation of pumping rate.

In standard MODFLOW horizontal con-
ductance between cells is calculated
using the average head and conductiv-
ity of the two neighboring cells. In
MFNR the saturated thickness to use
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Figure 5.3: Base of aquifer (modified after Meyus et al., 2005; Cools et al., 2006)

for calculating intercell conductance is
determined using upstream weighting.
If flow direction is from cell i to cell
j, hydraulic head in cell i is used to
calculate the average saturated thickness
and intercell conductance for the pair
of cells. This way conductance will
decrease if hydraulic head in cell i nears

the bottom of the cell and flow out of
the cell is reduced, which prevents the
cell from falling dry.

During the iterations needed to solve the
non linear system of equations of ground-
water flow in an unconfined aquifer,
intercell conductance in MODFLOW
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is calculated based on the head in
the previous iteration. Conductance is
then fixed while head is updated. In
MFNR, if the hydraulic head during
one outer iteration is calculated to be
below the bottom elevation of a cell, the
updated head for that cell is set equal
to the arithmetic average of the head
from the previous iteration and the cell
bottom elevation. This prevents a cell
becoming dry during iterations and the
associated oscillations in head change
due to rewetting of cells.

The Picard iteration method used in
MODFLOW is changed to a Newton-
Raphson method. The latter proves
to be more robust and has higher
convergence rates than Picard iteration.

A final adjustment in MFNR compared
to MODFLOW, is a constraint in pump-
ing rates. Pumping in a dry or nearly
dry cell can cause convergence problems.
This is solved by decreasing pumping
rates if hydraulic head approaches the
cell bottom. This implies that after solv-
ing a groundwater model the pumping
rates simulated need to be compared to
the actual pumping rates to evaluate to
which extent pumping rates are changed.

The computed hydraulic heads and
drainage flow rates are compared to the
observed hydraulic head data (Appendix
A) and the observed baseflow at hydro-
logic gauging stations in the study area
(Appendix B).

5.2.2 Particle Tracking

The MODPATH-code (Pollock, 1994) is
used for advective particle tracking. To
determine the infiltration area for the

groundwater sampled at every location
described in chapter 4, a methodology
comparable to (Feyen et al., 2001) is
adopted. At the center of every grid
cell, a particle is released at the water
table and tracked forward in time. A
grid cell is part of the capture area of
the sampling point under consideration,
if the flow line of the particle originating
in that cell passes through the grid cell
containing the sampling location. As
most of the sampling locations actually
correspond to a discrete vertical interval,
only the flow lines within the vertical in-
terval defined by the well screen position
are retained.

This approach results in a capture area, a
suite of flow lines and a groundwater age
distribution for every sampling location.

In order to obtain a travel time, ef-
fective porosity is needed to calculate
groundwater velocity. In this study a
uniform effective porosity of 0.2 is used.
Although this is a plausible value for a
sandy aquifer, an uncertainty estimate of
this parameter is difficult since reliable
measurements are not available nor can
the value be obtained through inverse
modeling as no age measurement are
available. It has to be noted that the
variability in recharge and hydraulic
conductivity is much larger than the
variability in effective porosity.

5.2.3 Generalized Likelihood
Uncertainty Estimation

Although in a groundwater model many
sources of uncertainty can exist, both on
parameters and model conceptualization
(Rojas, 2009), in this study only uncer-
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tainty arising from the spatially variable
recharge and hydraulic conductivity field
are considered. To take into account
the uncertainty of these parameters 1000
realizations of spatially variable recharge
and hydraulic conductivity field are used
as input in the groundwater model. To
evaluate whether 1000 realizations is
sufficient, convergence of the mean and
variance of the predictive distributions
of head and baseflow at the observation
locations will be checked.

A 1000 realizations of the hydraulic con-
ductivity field are created by conditional
sequential Gaussian simulation of 25 log
K fields with a mean of zero, conditioned
on the pumping test log K values. The
spatial structure for the simulations is
obtained from the experimental vari-
ogram of the piezometer test log K values
(Fig. 2.16b). The sequential Gaussian
simulation is carried out with S-GeMS
(Rémy, 2004). Seeing the small sample
size, it is unlikely that the mean of the K-
values obtained through interpretation of
pumping tests represents the true mean.
Therefore 40 K values are uniformly
sampled from a normal distribution with
mean and variance from the pumping
test K values. These 40 values are
combined with the 25 spatially varying
K-fields to obtain 1000 realizations of
the hydraulic conductivity field.

The main source of spatial variability
in recharge calculated with WetSpass
stems from differences in land use (Bate-
laan, 2006). The main uncertainty
here lies thus in the absolute value
of recharge rather than in the spatial
variability. Therefore 1000 recharge
fields are created by adding a uniform
value to the recharge field shown in

chapter 2, uniformly sampled from a
normal distribution with mean of zero
and variance equal to the variance of the
recharge in the study area.

Spatial variations of effective porosity
most certainly are present and will be a
capture of uncertainty in the travel time
calculations. Uncertainty of porosity
values is however not taken into account
in the GLUE methodology since there
are too few reliable effective porosity
measurements in the aquifer to estimate
the possible range of variation and,
more importantly, in a steady state
model, porosity will only affect travel
time. As no measured groundwater ages
are available, there is no possibility to
update the prior likelihoods based on
measured data.

The likelihood function used is (Feyen
et al., 2001):

L (θj | H) = (5.5)

1− 1
σ2
hobs

Nobs∑
i=1

(
1

Nobs
(hsim,i − hobs,i)2

)

which gives the likelihood of simulation
j with parameter set θj given head
observations vector H. In eq. 5.5
Nobs indicates the number of head
observations, hsim the simulated head,
hobs the observed head and σ2

hobs
the

variance of head observations. A similar
likelihood is defined for the baseflow
observations vector D. Both likelihood
values are combined by a weighted sum
in which head and baseflow observations
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get equal weights:

L (θj | H,D) = 1
2L (θj | H)+1

2L (θj | D)

(5.6)

Simulations with a likelihood below 0.1
are rejected and their likelihood is set
equal to 1. This ensures excluding from
the likelihood calculation simulations for
which the groundwater model did not
converge.

The final likelihood is obtained by rescal-
ing all likelihood values so the sum is
equal to 1.

5.3 Results

5.3.1 Hydraulic head and
baseflow

To ensure the number of simulations is
sufficient to be representative for the
predictive uncertainty due to hydraulic
head and recharge uncertainties, the
convergence of the average of the mean
and standard deviation of predicted head
and baseflow at all observation locations
is plotted in Fig. 5.4.

The moments of predicted head and
baseflow values show divergent behavior
the first 250 iterations, while from the
500th iteration onwards the moments
are converging. This indicates 1000
simulations are sufficient to account for
uncertainty in this model.

Fig 5.5a shows the observed heads versus
the average predicted heads together

with the range of predicted heads in-
dicated by the error-bars, the length of
which is one standard deviation. Fig 5.5b
shows a similar plot for the logarithm
of baseflow observations. There is a
general agreement between observed
and average predicted head values, and
although the observed values are always
within the predicted range, a tendency
to underestimate head values can be
observed, especially for the larger head
values. The same trend is present in
Fig. 5.5b with regards to the baseflow
observations.

The effect of variability of recharge,
mean of hydraulic conductivity and
spatial variability of hydraulic conduc-
tivity on the likelihood of the simulation
is shown in Fig. 5.6. It is clear
that variations in recharge have the
largest effect on the likelihood of the
simulation. Variations in the mean
hydraulic conductivity of the spatial K-
field (Fig. 5.6b) also show a small, but
marked influence on likelihood values.
The influence of different spatial K-fields
is even smaller (Fig. 5.6c).

The importance of likelihood based on
baseflow observations in the total likeli-
hood calculation (eq. 5.6) is higher than
the likelihood from head observations,
since the relative discrepancies between
observed and simulated baseflow values
are much larger than between observed
and simulated head values. The total
likelihood will therefore favor simula-
tions performing better in simulating
observed baseflows. This could be
mediated by a different weighting of
head and baseflow likelihoods. In this
specific case however, this likelihood
function, favoring simulations with more
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Figure 5.4: Convergence of a) mean and b) standard deviation of head at observation
locations and c) mean and d) standard deviation of baseflow at observation locations

accurate baseflow predictions, is justified
as the flow path calculations are based
on computed fluxes rather than heads
and additionally because the baseflow
values are more representative for the
system as they provide information on
groundwater flow over a larger spatial
extent than head observation which can
be largely influenced by local conditions.

Fig. 5.7 shows a calculated piezomet-
ric map from the simulation with the

highest likelihood, 0.0011. The residuals
between observed and simulated head
are indicated by a color scale. The
likelihood function for heads has a
value of 0.9915 and the likelihood of
baseflow observations is 0.9740. The
general shape of the contour maps is
in agreement with the interpolated head
contour map presented in chapter 3. On
the interfluves however, head locally is
overestimated. This is the result of the
aforementioned equal weighting of head
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Figure 5.5: Observed vs average predicted value, error-bars indicates range of
predicted values for a) head and b) baseflow

and drain observations. This particular
realization has relatively high average
recharge, 310 mm/yr, which reproduces
closely the observed baseflow at the cost
of locally overestimating heads.

5.3.2 Flow paths and capture
areas

In each simulation, for each sampling
location the cells contributing to the
capture area are determined. These
cells are assigned the general likelihood
value of the simulation. These likelihood
values are rescaled again as to ensure the
total likelihood of all cells belonging to
the capture area of a sampling location,
sum up to one. Finally, for a specific
sampling location, likelihoods per cell
are summed up.

Visualization of all capture zones with
their likelihood values is not feasible

seeing the large number of zones and
because many zones overlap. Therefore,
as an example, the capture zones for
the three well screens of observation well
711/72/1 are shown in Fig. 5.8. For the
shallow well screen, elevated likelihood
values are restricted to a small area very
close to the well. The area covered
by low likelihood values is much larger,
covering an approximately ellipse-shaped
surface of 3 by 1 km. The center of
mass of likelihood values moves further
upstream for the deeper well screens
and the area with elevated likelihood
values becomes larger. While this area
is continuous for the second well screen
(Fig. 5.8b), the high likelihood values
become more scattered for the deepest
well screen and no single centre of mass
can be identified. For well screen 3 (Fig.
5.8c), the capture zone becomes even
more scattered and two or three high
likelihood zones can be seen. The latter
is counterintuitive as one would expect
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Figure 5.6: Likelihood per simulation with respect to a) recharge, b) mean of
hydraulic conductivity and c) realization number of spatial random field of hydraulic
conductivity

likelihood cells to be connected. The
occurrence of multiple high likelihood
zones can be attributed to the range of
flow regimes simulated within the GLUE-
methodology. Realizations with low
recharge and high hydraulic conductivity
will produce models with low water
tables. For a large number of the

upstream tributaries of the hydrographic
network, head will be calculated below
drain level. These simulated flow regimes
will, especially in the vicinity of the
upstream tributaries, be fundamentally
different from simulations with high
recharge and low conductivity where
every drain cell attribute to a river will
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Figure 5.7: Head contour map of simulation 354 with residuals at sampling locations
(interval head contour lines 10m)

be actively draining the model domain.
Therefore, near the upstream tributaries,
within their drainage influence zone, the
likelihood of a particle to be transported
towards a downstream sampling location
will be low compared to particles started
outside the drainage influence zone of

these streams. A small number of
isolated cells far from the observation
well are also contributing to the capture
zone of the deepest well screen, albeit
with a very low likelihood. Some of
these cells are even situated south of
the river Lasne. According to the
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head contour map in Fig. 5.7 this
should not be possible, as particles south
of the river Lasne should be drained
by this river. This is the result of
simulations with low recharge values, in
which head at the cells containing river
Lasne locally can be below the drainage
level of this river. The theory of Tóth
(1963) however states that several nested
groundwater flow systems can exist in an
aquifer which makes it possible for flow
lines to pass underneath local drainage
boundaries. In single layer groundwater
models it is not possible to simulate
this effect. Realizations with drainage-
boundary crossing flow lines as a result of
the uncertainty analysis, are considered
valid, as they present an opportunity to
include drainage-boundary crossing flow
lines in the capture zone calculations.

Fig. 5.9 shows the empirical cumulative
distribution for total surface area of
capture zones and surface areas with a
likelihood greater than the 25th, 50th
and 75th percentile of likelihood values
for that capture zone. The majority of
capture zones is smaller than 20 km2 and
the high likelihood values are centered
in a small area as the surface areas
with a likelihood greater than the 75th
percentile are generally less than 10 km2.

Fig. 5.10a shows the total surface area of
each capture zone vs the relative vertical
position in the grid cell between base
and water table of the sampling location.
This graph clearly shows the increase
of surface area with depth due to the
convergence of flow lines near the bottom
of the aquifer.

5.3.3 Travel time

The travel time (the time needed for a
particle to travel from the water table to
a sampling location) depends mostly on
the the advective groundwater velocity.
In the MODFLOW-simulations, flow
rates across a cell face are computed and
by dividing the flow rate by the flow
section area and effective porosity, the
advective velocity can be computed. Fig.
5.11 shows the groundwater flow velocity
in m/yr. The average groundwater flow
velocity is 94 m/yr. From the map
in Fig 5.11 it is apparent that flow
velocities are very low in the recharge
areas on the interfluves, while near rivers
where the aquifer thickness becomes
small, velocities increase. Near the
Woluwe river, the increased flow velocity
is the result of the combined effect
of a decreased aquifer thickness and
groundwater pumping.

is calculated for every particle. For a
given sampling location, this results in
a log normal travel time distribution
(Cook and Böhlke, 2000). The average
predicted age and associated standard
deviation are therefore calculated accord-
ing to:

E [t] =

exp

Nsim∑
i=1

Npart∑
j=1

L (θi) log tj

 (5.7)

s [t] =√√√√√exp

Nsim∑
i=1

Npart∑
j=1

L (θi) log (tj − E [t])2


(5.8)
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where L() is the likelihood of the re-
alization, tj the travel time of the
jth particle, Nsim is the number of
realizations and Npart is the number of
particles passing through the sampling
location for realization i.

Fig. 5.10b and Fig. 5.10c show the
average predicted age and associated
standard deviation in function of relative
vertical position in the grid cell. On
these graphs an exponential increase of
travel times from nearly zero at the top
of the grid cells to approximately 100
years near the base of the grid cells can
be seen, which is in accordance with
the theoretical exponential increase of
groundwater age with depth (Cook and
Böhlke, 2000).

Figure 5.8: Capture Zones for well
screens 1 (a), 2 (b) and 3 (c) for
well 711/72/1. Color code indicates
likelihood of grid cell to belong to the
capture zone.



112 GROUNDWATER MODELLING WITH GLUE

Figure 5.9: Empirical cumulative distri-
bution for total surface area of capture
zones and surface areas with a likelihood
greater than the 25th, 50th and 75th
percentile.

Figure 5.10: Surface capture zone (a),
mean predicted age (b) and standard
deviation predicted age (c) vs relative
vertical position in grid cell between base
and water table of sampling location.
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Figure 5.11: Advective groundwater flow velocity
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5.4 Conclusions

The generalized likelihood uncertainty
estimation methodology is applied to a
groundwater model of the unconfined
Brussels Sands Aquifer to asses the
capture zones and saturated travel times
for the sampling locations described in
chapter 4.

A large set of realizations for spatially
variable recharge and variable hydraulic
conductivity fields were assigned a like-
lihood based on their performance in
reproducing the observed head and
baseflow values. The chosen likelihood
function assigns equal weight to head
and baseflow observations. The recharge
values appeared to have the most influ-
ence on the performance of the model.
This is not unexpected in a steady-state
groundwater model of an unconfined
aquifer where recharge is the only input
of water.

Capture zones and travel times are
determined for every sampling location
by means of forward particle-tracking.
The capture zones vary in surface area
from less than 1 km2 to 90 km2. This
surface area increases with increasing
depth of sampling location. While
shallow well screens are characterized
by a well-delineated capture zone with
a center of mass close to the sampling
location, the capture zones of deeper
well screens are less well-delineated and
the centre of mass is more scattered.
This is a result of the different drainage
patterns arising from variable recharge
and hydraulic conductivity.

The average predicted travel times vary
between <1 year to 100 years and

show a lognormal distribution. The
age increases exponentially with depth
of sampling location. With respect
to the absolute calculated age of the
water samples, it has to be noted
that these values are obtained under
the assumption of a uniform effective
porosity of 20%. The travel time
values listed here should therefore be
interpreted with care and only used
relative to each other. Additionally these
travel times only indicate the time the
sampled water spent in the saturated
zone. To obtain an estimate of the age of
the water sample, the time elapsed since
infiltration at the ground surface, the
travel time through the unsaturated zone
needs to be taken into account, which
is closely related to the thickness of the
unsaturated zone.

The next chapter explores the relation-
ships between observed chemistry and
the groundwater age and the charac-
teristics of the capture zone, including
land use, soil type and thickness of
unsaturated zone.



Chapter 6

Self Organizing Map Analysis
of groundwater chemistry,
groundwater age and capture
zone characteristics

This chapter combines the information
contained in the groundwater chemistry
data set of chapter 4 with the informa-
tion on capture zones and calculated
travel time in the saturated zone from
chapter 5.

For every sampling location the percent-
age contribution of each land use class
and soil texture class in the capture
zone is calculated, weighted according
to the likelihood of each grid cell in
the capture zone The mean unsaturated
zone thickness of the capture zone is
calculated similarly. The major ion
and redox sensitive ion groundwater
chemistry data set is extended with these
variables and subsequently used as input
for a self organizing map analysis. In
order to use the saturated zone travel
time and capture zone characteristics as
explanative variables, these variables are
not used in the calculation of the Best
Matching Unit during the SOM training.

Samples with low concentrations of
solutes, especially the anions chloride,
nitrate and sulphate are associated with
longer travel times, while the sam-
ples with high solute concentrations are
linked to capture areas dominated by
crops. Low pH is mostly observed in
samples with capture zones where sandy
and clayey soils are present, mostly in
alluvial valleys. Oxygen depleted zones
occur both in samples with high and with
low travel times, the latter are associated
with elevated sulphate concentrations
and lower pH values

6.1 Introduction

One of the major sources of solutes in an
unconfined aquifer is recharging water.
Recharging water starts out as rainfall
with a variable chemical composition,

115
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depending on the distance to the sea and
the amount of pollution. Dry deposition
of soot and dust additionally changes
the composition of water entering the
soil. In Flanders, rainfall is acidic and
dominated by sodium and chloride, while
the concentrations of nitrogen and sulfur
species increase by both wet and dry
deposition (Craenen et al., 2000; VMM,
2009). The amount and composition of
dry deposition is influenced by the type
of vegetation (De Schrijver et al., 2004).

The chemical composition of rainfall how-
ever drastically changes during transport
through soil and the unsaturated zone
(Appelo and Postma, 2005): evapotran-
spiration of infiltrating water will concen-
trate solutes, carbon dioxide production
by vegetation alters pH, cation exchange
on clay minerals, organic matter and
metal oxides and hydroxides changes
cation concentrations and finally the
chemical composition can change due
to dissolution and precipitation of min-
eral phases. On top of these natural
processes, various anthropogenic point
and non-point captures can contribute to
solute concentrations. Some examples of
these processes are fertilizer application,
agricultural liming, road salting, sewage
effluent and landfill leachate (Böhlke,
2002; Panno et al., 2006; Wilcox et al.,
2005). One of the few processes that
removes solutes from soils is harvesting
of crops, in which solutes taken up during
crop growth are removed (Pacheco et al.,
1999). Once water enters the saturated
zone the composition will change due
to mixing of water of different origins
and due to geochemical processes like
dissolution and precipitation of minerals,
changes in redox conditions, cation
exchange, etc. (Glynn and Plummer,

2005).

Land use and soil characteristics will
therefore have a considerable influence
on the composition of groundwater.
Land use and associated anthropogenic
activities change through time and the
composition of infiltrating water changes
accordingly, adding a temporal dimen-
sion to the geochemical characterisation
of groundwater, which can also be influ-
enced by seasonal changes in infiltration
(Peeters et al., 2004; Wilcox et al., 2005).
Additionally, as most chemical processes
are not only thermodynamically but
also kinetically controlled (Appelo and
Postma, 2005), the time since infiltration
will be an indication of the extent of
water-rock interaction (Tóth, 1999).

In several studies the influence of landuse
on groundwater chemistry is clearly
demonstrated, mostly at small spatial
scales and by means of high resolution
vertical sampling along transects parallel
to flow paths. Kraft et al. (2008) are
able to link the vertical variations in
chloride and nitrate in a sandy aquifer
with a thick unsaturated zone to the
amount of fertilizer use at the time of in-
filtration. Postma et al. (1991) describe
plumes of elevated nitrate concentrations
emanating from under agricultural land,
in contrast to water from underneath
forested areas. Nitrate reduction occurs
further along the flow path. Similar
observations are made by Vissers et al.
(1999) and Eppinger and Walraevens
(2003a). Rueedi et al. (2009) estimated
sewer leakage volumes based on major
ion composition observations in multi-
level wells.

Identification of processes, both natural
and anthropogenic, affecting groundwa-
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ter chemistry is mostly qualitative, based
on an interpretation within a geochemi-
cal framework of relationships between
chemical variables and clusters in the
data. To identify these relationships
and clusters in the data, a wealth of
statistical and graphical methods are
available, an overview of which is given
in section 4.1.

Another method to identify geochemical
processes is by comparing observed
stoichiometric relationships between vari-
ables in the dataset with the stoichiom-
etry of selected reactions. Rajmohan
and Elango (2006) used a variety of
scatter plots of ionic ratios to create a
conceptual model including dissolution
and deposition of carbonate and silicate
minerals, ion exchange and surface water
interactions. Kim and Yun (2005)
postulate cation exchange as sodium
buffering mechanism in a sandy aquifer
based ionic ratios. Saturation indices
are often used together with ionic ratios
to asses thermodynamic equilibrium
between mineral phases and ground-
water (i.e. Coetsiers and Walraevens,
2006). Interpretation of ionic ratios
and relationships can be difficult since
variability in the data can be very high
and, more importantly, ionic ratios can
be influenced by several geochemical
processes.

Groundwater age, based on for instance
tritium or CFC concentrations, can often
be used to explain chemical composi-
tion, especially to distinguish between
groundwater infiltrated before or after
the start of intensive agriculture and
the associated widespread fertilizer use
(Zoellmann et al., 2001; Broers, 2004).
Zuber et al. (2005) associated diffuse non-

point pollution with younger groundwa-
ters and observed oxygen depletion in
older groundwaters. In Ayraud et al.
(2008) groundwater age determination
aided in identifying zones in the aquifer
with different flow regimes and chemical
composition in fractured and weathered
hard rock aquifers.

In this chapter land use and soil charac-
teristics are calculated for every capture
zone, weighted according to the likeli-
hood values of the capture zones. These
attributes are used together with the
saturated travel time, unsaturated zone
thickness and capture zone surface as ex-
planative variables in a Self-Organizing
Map analysis of major ions and redox
sensitive ions.

6.2 Data

6.2.1 Land use

The land use map shown in Fig. 6.1 is
a raster grid with a resolution of 50 m
and is the same land use map used for
the estimation of recharge (Meyus et al.,
2004). The land use map is a compilation
of satellite image interpretation by OC
GIS Vlaanderen with a resolution of 15
m in the Flemish and Brussels part of
the study area and by the Diréction
Générale de l’Aménagement du terri-
toire, du Logement et du Patrimoine
in the Walloon part. Land use is
classified into thirteen different land use
classes in the study area. From Fig.
6.1 it is apparent that urban land use,
including industry and infrastructure,
is dominant in the Brussels region,
around Leuven and Wavre. Two major



118 SOM OF CHEMISTRY, GROUNDWATER RESIDENCE TIME AND CAPTURE ZONE CHARACTERISTICS

Figure 6.1: Land use map (from Meyus et al., 2004)
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airports are present, the international
Zaventem airport in the northwest and
the military airport of Beauvechain in
the east. The most dominant land
use class however is arable land and,
to a lesser extent, pastures. Forested
areas occur mostly in the southern
part of the study area. Noteworthy
are Zoniën forest, just east of Brussels
and Meerdaalwoud – Heverleebos south
of Leuven. These forests are among
the largest continuous forested areas in
the region and have been permanently
covered with forest since at least the 18th
century, as indicated on the Ferraris map
(NGI, 2009). Forests are dominated by
broad-leaved trees, like beech and oak.

For the SOM-analysis the map is re-
classified into only four classes, urban,
crops, grass and forest. The urban
class contains all urban land use classes,
including industry, infrastructure and
airports. The crops-class contains all
grid cells classified as arable land, the
grass-class all pasture grid cells. Conifer-
ous forest is lumped together with broad-
leaved forests into the forest class.

The percentage of each land use class per
capture zone is calculated as the sum of
the likelihood values in the grid cells of
that land use class. As the sum of the
likelihood values is one for each capture
zone, the percentages are a likelihood
weighted representation of land use in
every capture area.

6.2.2 Soil Texture

Fig. 6.2 shows the soil texture map of the
study area, a map also compiled for the
estimation of recharge for the Flemish

Groundwater model (Meyus et al., 2004).
In Flanders the soil texture classes are
obtained from OC-GIS Vlaanderen, in
the Walloon part of the study area data
are obtained from the Diréction Générale
de l’Agriculture.

Based on the clay, silt and sand fraction,
seven texture classes are defined on the
soil map (Van Ranst and Sys, 2000). The
study area is dominated by a loamy soil,
while in the north eastern part sandy
loam soil occur. Especially in the south,
hill slopes near rivers are characterized
by more sandy soils, while very locally
in the alluvial plain clayey soils occur.

The procedure outlined in the previous
section to obtain weighted percentage
per class, is applied to the soil texture
map. The map is also reclassified into
three classes: sand, loam and clay. The
sand class contains the soil classes sand,
loamy sand, light sandy loam and sandy
loam, clay and heavy clay are grouped
in the class clay and loam remains
unchanged.

6.2.3 Unsaturated zone
thickness and
groundwater age

The groundwater age of a water sample
is the sum of the time the particle
spent travelling trough the unsaturated
zone plus the time needed to move
along with groundwater flow to the
sampling location (Cook and Böhlke,
2000; Bethke and Johnson, 2008). In
calculating the time since infiltration,
the travel time in the unsaturated zone
should be an essential part, especially in
areas with relatively young groundwater



120 SOM OF CHEMISTRY, GROUNDWATER RESIDENCE TIME AND CAPTURE ZONE CHARACTERISTICS

Figure 6.2: Soil texture map (from Meyus et al., 2004)

and thick unsaturated zones. This
is for instance clearly demonstrated
by Zoellmann et al. (2001) in which
groundwater ages from observed tritium
could only be reproduced in a numerical

model by incorporating the time spent
in the unsaturated zone. Schwientek
et al. (2009) even showed that vertical
variations in tritium concentration in a
single well did not correspond to the
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exponential increase in age with depth as
theoretically expected. These variations
were rather attributed to variations in
unsaturated zone thickness.

Estimating the travel time in the un-
saturated zone however, is a complex
issue. Although the total travel time is
proportional to the thickness, the flow
velocity is determined by meteorological
boundary conditions, soil hydraulic prop-
erties and plant water uptake (Fiori and
Russo, 2008). Spatial variability of these
properties adds to the complexity of un-
saturated zone travel time computation.

Mattern and Vanclooster (2009) give an
overview of available methods to both
measure and calculate unsaturated zone
travel times in the south of the study
area using transfer function models and a
physically based variably-saturated flow
model. The transfer function model
relates input time series, precipitation
and evapotranspiration, to output series,
piezometric head variations, trough a
transfer time probability function. The
vertical velocities estimated by the trans-
fer model varied between 6.6 and 28
m/year, corresponding to a travel time of
0.9 to 3.1 year. These values agree with
the piezometric head time series analysis
presented in chapter 3. These velocities
actually do not represent a vertical
water flux, they rather give information
on the response time of an aquifer to
atmospheric forcing on a local to regional
scale. Especially if considering piston
flow in the vadose zone, it is clear
that a pressure wave travels faster than
a solute. The numerical simulations
of solute transport in Mattern and
Vanclooster (2009) using the Hydrus
variable-saturated flow model with soil

parameters representative of the study
area, result in lower vertical water flux
velocities of 1.7 to 4.4 m/yr.

Based on the saturated travel time
computed in the previous chapter and
the unsaturated zone thickness at the
infiltration locations together with a
vertical vadose zone flow velocity, an
estimate of total groundwater age can
potentially be calculated. From the
previous paragraph however it is clear
that the uncertainty associated with the
absolute value of vertical flow veloc-
ity is high and in the study area no
measurements of groundwater age are
available to verify calculated travel times
or calibrate the parameters needed for
the calculation. In order to avoid to use a
highly debatable total groundwater age
in the SOM-analysis, saturated travel
time and unsaturated zone thickness
as approximation to unsaturated travel
time are therefore used as separate
variables.

The unsaturated zone thickness for each
capture zone is calculated as the likeli-
hood weighted unsaturated zone thick-
ness of every grid cell in the capture zone.
The unsaturated thickness for every
grid cell is obtained by subtracting the
heads of simulation 354 (the simulation
with highest likelihood, Fig. 5.7) from
topography. As a drain boundary
condition is applied to the top of every
grid cell, the minimum unsaturated zone
thickness will be 25 cm.
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6.3 Self Organizing Map
Analysis

The datasets of major ions and redox
sensitive ions presented in chapter 4
are extended with saturated travel time,
unsaturated zone thickness, capture zone
surface area, percentages of land use
classes urban, crops, grass and forest and
the percentages of soil texture classes
sand, loam and clay.

Fig. 6.3 shows the land use classes, soil
texture classes, saturated travel time
and unsaturated zone thickness for every
capture zone. With regards to land use
and soil texture the ratios of different
classes reflects the ratios in the entire
study area. Crops dominate land use,
forested and grass land are second and
urban area are least occurring in the
capture zones. In soil texture almost all
zones are dominated by loam, with only
minor contributions of sand and clay. A
small number of samples is dominated
by sand and clay, these are capture zones
near river valleys or alluvial plains.

Most of the samples have a saturated
travel time less than 40 years, although
some samples have travel times in excess
of 60 years, up to allmost 100 years.
The likelihood weighted unsaturated
zone thickness is generally less than
20 m. Some samples however have a
unsaturated zone thickness of up to 40
m.

The goal of the self organizing map
analysis is to explore the variability
in chemical composition with respect
to groundwater age, land use and soil
texture. These variables will be referred
to as the explanative variables. In

chapter 4 all variables where used to
train the SOM. If the same approach
is used here, it is not unthinkable
that the ordering of the resulting SOM
could be dominated by variations in
the explanative variables. In order to
avoid this effect, a part of the dataset
is masked out in the BMU calculation,
as advocated by Céréghino and Park
(2009).

The SOM for major ions and redox
sensitive solutes created in chapter 4 are
extended with component planes for the
explanative variables. As the explana-
tive variables are masked out and not
used for BMU-calculation, the structure
of the SOM remains unchanged. The
grouping of the samples based on the
SOM from chapter 4 will therefore be
used in the following discussion.

6.3.1 Major Ions

The resulting component planes and U-
matrix are shown in Fig. 6.4. The
grouping of the units from the SOM-
analysis in chapter 4 is indicated to
facilitate the discussion.

Group 1 has low to average concen-
trations of almost all solutes, low to
medium saturated travel times and
unsaturated zone thickness. Land use
is variable, although grass land occurs
more frequently in the capture zones of
the samples assigned to this zone. Soil
textures in this zone are dominated by
loam.

Group 2 encompasses the SOM units
with elevated solute concentrations, es-
pecially of calcium, magnesium and
nitrate. The soil texture of this group is
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Figure 6.3: Land use (a), Soil texture (b), saturated travel time (c) and unsaturated
zone thickness (d) for every capture zone.

dominated by loam and land use in these
capture zone is completely dominated
by arable land. Saturated travel times
generally are low, while unsaturated
zone thickness is variable. Group 2b,
with the most elevated concentrations of
solutes, has the highest percentages of
arable land in the capture zones, while

unsaturated zone thickness is small.

The main characteristic features of group
3 are the low anion concentrations,
especially chloride, sulphate and nitrate.
The most striking feature however are
the elevated saturated travel times and
unsaturated thicknesses. The capture
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Figure 6.4: Self Organizing Map of major ions together with saturated travel time,
unsaturated zone thickness, land use and soil texture. The last subplot indicates
grouping

zones of the samples in this group also
have higher percentages of forest.

Groups 4 represents samples with low
pH and elevated sulphate concentrations.
Travel times and unsaturated thicknesses
are low, the percentages of sand and
clay in the capture zones are higher.
From the soil texture map (Fig. 6.2),

it is apparent that zones with high
percentages of clay and sand coincide
with alluvial valleys.

Apart from the observations linked to the
defined groups, the component planes for
chloride and percentage of urban land
use in Fig. 6.4 show that the highest
chloride concentrations occur in capture
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zones with high percentages of urban
land use.

6.3.2 Redox Sensitive Ions

The component planes and U-matrix
of the SOM of redox sensitive solutes,
extended with component planes of
explanative variables is shown in Fig.
6.5, together with the grouping of the
SOM.

The bulk of the samples are assigned to
group 1. This group has elevated oxygen
concentrations together with medium
to high chloride, sulphate and nitrate
concentrations. Iron and manganese are
not in solution in the samples of this
group. The most striking characteristic
of the explanative variables are the
short saturated travel times. It is also
noteworthy that also in this group the
high chloride concentrations coincide
with high urban land use percentages.

Groups 2 and 3 are characterized by
very low concentrations of nitrate and
oxygen. Group 2, with low nitrate,
chloride and sulphate concentrations,
has elevated saturated travel times and
unsaturated zone thicknesses. Group 3
on the other hand has lower pH values
and the highest sulphate concentrations.
This zone appears to be associated
with low saturated travel time and
unsaturated zone thickness. As also
noted in Fig. 6.4, the high sulphate
concentrations coincide with capture
zones with higher contributions of sand
and clay. Additionally, the highest iron
concentrations are situated in this zone.

6.4 Conclusion

Land use, soil texture and unsaturated
zone thickness of each capture zones
calculated in chapter 5 is determined,
weighted according to their likelihood
and associated with groundwater sam-
pled at that location. Most capture
zones are dominated by arable land
and loamy soils, while unsaturated zone
thickness is generally higher than 10m.

The SOM-analysis of chapter 4 is ex-
tended with land use, soil texture, un-
saturated zone thickness and saturated
travel time. The resulting maps show
that the group of samples with low
to medium solute concentrations are
associated with low travel times and have
a high contribution of grass land. The
group with elevated solute concentra-
tions on the other hand is dominated
by arable land. Low solute concen-
trations correspond to samples with
long saturated travel times. The group
with low pH, low nitrate and elevated
sulphate and chloride concentrations is
associated with samples in an alluvial
setting with short saturated travel times.
The SOM of redox sensitive species
shows that samples depleted in oxygen
with low solute concentrations have long
saturated travel times, while samples
with low pH and elevated sulphate are
associated with short travel times in the
saturated zone and are situated in an
alluvial setting.
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Figure 6.5: Self Organizing Map of redox sensitive ions together with saturated
travel time, unsaturated zone thickness, land use and soil texture. The last subplot
indicates grouping



Chapter 7

Geochemical modeling using
Bayesian Model Averaging and
Generalized Likelihood
Uncertainty Estimation

The SOM-analysis of chemical compo-
sition, groundwater flow information,
land use and soil texture data, together
with rainfall composition information,
reaction stoichiometry and saturation
indices allow the formulation of ten
different conceptual geochemical models
for groundwater evolution from rainfall
to observed chemical composition at the
sampling locations. These conceptual
models are implemented in a numerical
geochemical code, PHREEQC, to asses,
for every sample, the likelihood of each
conceptual model and to quantify the
contribution of each process in the mean
predicted chemical composition for every
sample.

The mean predicted chemical composi-
tions are obtained using the integrated
uncertainty estimation methodology pre-
sented by Rojas (2009), to account for
uncertainty from parameters and inputs,

but also from the different conceptual
models. The methodology combines
Generalized Likelihood Uncertainty Esti-
mation with Bayesian Model Averaging
(GLUE-BMA) (Draper, 1995).

The results show that likelihood of
conceptual models including calcite dis-
solution, external sources of solutes and
cation exchange in soil are highest for
most of the samples. For a minority
of samples, conceptual models only con-
sidering rainfall and calcite dissolution
are sufficient to explain the observed
chemistry. Oxygen and nitrate reduction
occur both for samples with and without
extra sources of solutes and both by
pyrite and organic carbon oxidation.

Generalizing for the entire unconfined
aquifer, rainfall accounts for only 10
% of the total concentration, 60 % is
derived from calcite dissolution and 1 %
of the cation concentration is influenced

127
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by cation exchange. This leaves about
30 % of the cation concentration to be
derived from external sources.

7.1 Introduction

Geochemical modeling in hydrogeology
in its broadest sense, the quantification
of chemical processes affecting ground-
water chemistry, has been applied for a
relatively long time. Piper (1944) for
instance demonstrated how his graphical
representation of chemical composition
can be used to determine the amount
of mixing between two end member
compositions. This represents the most
simple form of geochemical models, the
mixing of different fractions of water
with different chemical compositions, un-
der the assumption that these waters are
in chemical equilibrium with the aquifer
material. This mixing cell concept still
is widely used in modeling groundwater
chemistry (Gieske and de Vries, 1990;
Schramke et al., 1996; Dahan et al.,
2004; Carroll et al., 2008; Laaksoharju
et al., 2008). As such, it forms the
basis of a number of transport modeling
approaches (Bajracharya and Barry,
1992; Bidwell, 1999). Andrews et al.
(1997) used a mixing cell methodology
to simulate nitrate leaching from sewage
sludge and fertilizer in the unsaturated
zone. Dahan et al. (2004) used a
mixing-cell methodology to calibrate and
validate the results of a groundwater flow
model.

A straightforward way of incorporating
chemical reactions in geochemical mod-
eling is by stoichiometric mass balance
modeling. This concept is introduced in

hydrogeochemistry in the classic paper
by Garrels and Mackenzie (1967) which
provided a quantification of silicate
weathering processes influencing the
chemistry of some springs in the Sierra
Nevada, California, US. This paper
formed the basis of a large number of
publications using mass-balance model-
ing to explain groundwater chemistry,
an excellent overview of which is given
in Bowser and Jones (2002). Pacheco
and van der Weijden (1996) were among
the first to explicitly incorporate an-
thropogenic contributions in addition to
mineral phases in mass-balance model-
ing. In later papers this methodology is
extended to account also for the changes
in solute composition from biomass
production (Pacheco et al., 1999).

Mass-balance modeling is an appealing
technique as it is only based on mineral
phase stoichiometry and is mathemati-
cally straightforward to implement as
it consists only of solving a set of
equations. These are however also the
main drawbacks. The stoichiometry of
some mineral phases, like plagioclase,
or anthropogenic contributions can be
highly variable and difficult to determine.
Additionally, a unique, exact analytical
solution is not always possible if the num-
ber of phases is greater than the number
of solute species or if the set of equa-
tions is badly conditioned (Bowser and
Jones, 2002). The algorithm proposed
by Parkhurst (1997) deals with these
drawbacks by allowing for uncertainty
in the solute concentrations, adding
additional constraints based on alkalinity
and redox state and by solving the
set of equations by a modified simplex
algorithm. This results in a set of
possible solutions given the observed con-
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centration data with uncertainty limits.
An example of this approach can be
found in Burns et al. (2003), where eight
possible models where found to explain
the geochemical evolution in a small
forested catchment underlain by granite.
Dhiman and Keshari (2006) used mass-
balance modeling along a flowpath to
formulate a conceptual model which was
subsequently tested with a numerical
geochemical model.

Mass-balance models however do not
take into account thermodynamic
and kinetic aspects of the considered
chemical processes (Bowser and Jones,
2002). Numerical codes for low
temperature aqueous geochemical
calculations, like PHREEQC (Parkhurst
and Appelo, 1999), are based on an
ion-association aqueous model and have
capabilities for speciation and saturation-
index calculations; batch-reaction
and even one-dimensional transport
calculations involving reversible
reactions. The thermodynamic
equilibrium constants and kinetic
rate equations needed for geochemical
calculations are based on several
databases of published thermodynamic
and kinetic data (i.e. Palandri and
Kharaka, 2004).

These geochemical models are in a first
stage of hydrogeochemical research often
just used to calculate groundwater spe-
ciation and saturation indices (Coetsiers
and Walraevens, 2006; Helstrup et al.,
2007). More elaborate use of geochemi-
cal models can be found in the simulation
of natural variations in groundwater
composition (Kenoyer and Bowser, 1992;
André et al., 2005; Apollaro et al.,
2007; Postma et al., 2008; Visser et al.,

2009), artificial recharge (van Breukelen
et al., 1998), diffuse pollution of nitrate
and denitrification (Postma et al., 1991;
Sheibley et al., 2003; Miotlinski, 2008),
redox conditions (Jakobsen and Postma,
1999; Brown et al., 2000; Massmann
et al., 2004; Andersen et al., 2001), point-
source pollution (Christensen et al.,
2000; Gooddy et al., 2002; Brun and
Engesgaard, 2002; Molson et al., 2002)
and CO2-sequestration (Xu et al., 2004).
In most of these studies, solute transport
is oversimplified and considered to be a
1D process in steady state. In the past
years some codes are developed to couple
reactive transport with groundwater flow
models, for instance PHT3D (Haerens
et al., 2002; Barry et al., 2002) or
PHAST (Parkhurst et al., 2004).

A lot of effort has been spent on im-
proving thermodynamic databases and
on the numerical implementation of
processes to minimize the uncertainty
of the geochemical models (Glynn and
Plummer, 2005; Hereford et al., 2007).
Several authors, like Dai and Samper
(2004) and van der Grift and Griffioen
(2008), recognize and evaluate the un-
certainty arising from the parameters in
geochemical models. Conceptual model
uncertainty however receives far less
attention. Mass balance models using
the algorithm of Parkhurst (1997) list a
number of, often equally plausible, phase
assemblages and mass transfer rates,
each of which can be considered as a
different conceptual model. It is however
difficult to quantify the uncertainty
associated with each model. Dai et al.
(2006) applied a stepwise procedure
to select the conceptual model best
suited to simulate the hydrogeochemical
system under study. Several conceptual
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models are formulated with increasing
complexity. By automated calibration,
the best suite of parameters is obtained
for each conceptual model. The model
having the smallest difference between
simulations and observations is selected
as best model.

Although such an approach is certainly
an improvement compared to consider-
ing only parameter uncertainty, due to
the calibration step in the procedure,
errors in the conceptual models can
be compensated by biased parameter
estimates, as shown by Troldborg et al.
(2007) in groundwater flow and transport
modeling.

To address this issue in groundwater
modeling, Rojas et al. (2008) combined
the generalized likelihood uncertainty
estimation with Bayesian Model Aver-
aging. Within the GLUE framework,
the global likelihood response surface
of all possible combinations of plausible
model structures and parameter values
is explored in order to select those
simulators that perform well. For each
model structure, the posterior model
probability is obtained by integrating
the likelihood measures over the retained
simulators for that model structure.
The posterior model probabilities are
subsequently used in Bayesian Model
Averaging to weight the predictions of
the competing models when assessing
the joint predictive uncertainty.

The ten different conceptual models
formulated in chapter 6 are implemented
using the geochemical code PHREEQC.
The GLUE-BMAmethodology is applied
by computing a large number of real-
izations for each model with different
parameter values. Based on a perfor-

mance criterion, a likelihood is assigned
to each realization and conceptual model,
for every sample in the dataset. The
results thus contain the likelihood for
every conceptual model to explain the
observed chemical composition of each
sample and additionally the likelihood
weighted contribution of each process
in the chemical composition can be
assessed.

7.2 Methods

7.2.1 GLUE-BMA
methodology

A thorough review of Bayesian Model
Averaging is given in Rojas (2009), in this
section only the most important features
will be discussed, based on this reference.

BMA starts from the premise that no
single model can be considered the best
model to simulate a system. Instead,
competing models are assigned weights
according to the observed dataset. The
final prediction estimate is obtained by
a weighted sum of the predictions of the
different models.

Within a Bayesian framework, a prior
probability distribution is assigned to
the parameters (θl) and inputs (Ym)
under each model Mk ⊂M, and a prior
probability distribution is also assigned
to each modelMk. The joint distribution
over data D, parameters and models, can
be written as:

p (D,θl, Ym,Mk) =

p (D | θl,Mk) p (D | Ym,Mk) p(Mk)
(7.1)
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The BMA predictive distribution of ∆,
the quantity to be predicted, is given by:

p (∆ | D) =
K∑
k=1

p (∆ | D,Mk) p (Mk | D)

(7.2)

p (∆ | D) is an average of the predictive
distributions of ∆ under each model con-
sidered, p (∆ | D,Mk), weighted by its
posterior model probability, p (Mk | D).
This last term provides information on
the ability of the model to fit the
observed data and can be computed from
eq. 7.1 using Bayes’ rule:

p (Mk | D) = p (D |Mk) p (Mk)∑K
i=1 p (D |Mi) p (Mi)

(7.3)

where p (Mk) is the prior probability
of model Mk and p (D |Mk) is the
integrated likelihood of model Mk. The
mean and variance of the GLUE-BMA
prediction of ∆ are given by:

E [∆ | D]

= EM [E (∆ | D,M)]

=
K∑
k=1

E [∆ | D,Mk] p (Mk | D)

(7.4)

V ar [∆ | D]

= EM [V ar (∆ | D,M)]

+V arM [E (∆ | D,M)]

=
K∑
k=1

V ar (∆ | D,Mk) p (Mk | D)

+
K∑
k=1

(E (∆ | D,Mk)− E (∆ | D))2

×p (Mk | D) (7.5)

The variance thus consists of the within
model variance (first term) and the
between-models variance (second term).

To implement the combined GLUE
– BMA methodology to account for
conceptual model uncertainty, following
steps are involved (Rojas, 2009):

1. A suite of conceptual models is
proposed to simulate the system
under study, based on prior and
expert knowledge, and prior model
probabilities are assigned.

2. For each model structure, prior
ranges are defined for the input and
parameter vectors.

3. A likelihood measure and a rejection
criterion are defined.

4. Simulators of the system are created
by sampling input and parameter
values for the suite of conceptual
models using Latin Hypercube Sam-
pling to ensure a uniform sampling
of the hyperspace of input vectors,
parameters and models.
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5. The likelihood measure,
p (D |Mk,θl,YM) ≈
L (Mk,θl,YM | D), is calculated
for each simulator and only retained
as simulator for model Mk if it
satisfies the rejection criterion.
Steps 4-5 are repeated until the
hyperspace of possible simulators is
adequately sampled, when for every
model Mk the first two moments
of the conditional distributions
converge.

6. The integral likelihood of each
model is approximated by summing
the likelihood weights of the
retained simulators.

7. The posterior model probabilities
are then obtained by normalizing
the integrated model likelihoods
such that they sum up to one, using
eq. 7.3.

8. After normalization of the likeli-
hood weighted predictions under
each individual model, a multi-
model prediction is obtained with
equation 7.2. The leading moments
can be computed with equations 7.4
and 7.5.

The GLUE-BMAmethodology is applied
to each of the 256 sampling locations.
For each sampling location the suite of
conceptual models and the range of input
and parameter values is evaluated in
terms of how well it is able to reproduce
the observed groundwater chemistry at
that sampling location.

7.2.2 Conceptual
Geochemical Models

Conceptual geochemical models aim to
list all relevant processes and geochem-
ical reactions needed to explain an
observed chemical composition. To asses
whether the conceptual models comply
with the thermodynamics and kinetics
of the proposed reactions, numerical geo-
chemical models can be used (Deutsch,
1997).

At present, all groundwater in the
Brussels Sands aquifer can be considered
to be derived from rainfall. The chem-
ical composition of rainfall in Flanders
is monitored by the Vlaamse Milieu
Maatschappij at several stations, of
which the Tielt-Winge station is closest
to the study area (VMM, 2005). A stiff
plot of the median solute concentrations
(Fig. 7.1) shows that, even after con-
centrating solutes by a factor of two to
three, rainfall can only account for a very
limited fraction of the solutes present in
groundwater of the Brussels Sands.

The circum-neutral pH-values of the
Brussels Sands groundwater, together
with the almost linear relationship be-
tween calcium and bicarbonate concen-
trations indicate calcite dissolution in
a system open to carbon dioxide. The
empirical cumulative distributions of the
saturation indices of calcite and carbon
dioxide (Fig. 4.8) indeed confirm that
the majority of samples is in equilibrium
with calcite. The source of calcite
can however not be restricted to the
Brussels formation itself as large parts,
especially the coarse facies, contain
very limited amounts of calcite (cfr.
section 2.3.4). While west of the River
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Figure 7.1: Stiff plot of median
concentrations of solutes in rainfall in
monitoring station Tielt-Winge in 2004
(from VMM, 2005)

Dijle, the calcareous sandstones from
the Lede formation can provide an extra
source of calcite, the most widespread
occurrence of calcite in the study area is
in the Quaternary loam deposits. Cross-
sections along the E40 highway, crossing
the study area from the north west to the
south east, clearly show that especially
on the interfluves the loam deposits still
contain calcite (Goossens et al., 2007).
On the hillslopes and in the river valleys
the loam generally is decalcified. The
calcareous loam deposits can contain
approximately 12 weight percent calcite
(S. Deckers, pers. comm.). The presence
of calcite in the unsaturated zone allows
for calcite dissolution in a system open
to carbon dioxide, as indicated by the
observed groundwater chemistry.

Carbon dioxide saturation indices which
are an expression of the amount of
carbon dioxide gas dissolved in water,
are much higher than the value that
would be expected from dissolution of
atmospheric carbon dioxide alone (SI =

Figure 7.2: Bicarbonate vs calcium and
magnesium in meq/L

-3.5) (Appelo and Postma, 2005). The
increased carbon dioxide is generated by
root respiration and decay of organic
matter in soil.

The calcium concentration in ground-
water cannot be explained by calcite
dissolution alone. The stoichiometric
scatterplot of bicarbonate vs calcium
shows that the calcium concentration
is generally higher than would be ex-
pected from calcite dissolution alone
(Fig. 7.2) although a limited number
of samples has calcium concentrations
lower than bicarbonate concentrations.
This indicates that locally groundwater
is not in equilibrium with calcite. This
is confirmed by the saturation indices
in Fig 4.8, where a small number of
samples have saturation indices smaller
than 1. Additionally the plot in Fig.
7.2 shows, together with the component
planes of magnesium and calcium, that,
at least locally, a relationship between
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the two exists, which would indicate
dissolution of dolomite or magnesian
calcite. Chemical analysis of the calcite
phases in the Brussels Sands however
point to low magnesian calcite and no
dolomite (Fobe, 1986). A possible source
of both magnesium and calcium in the
study area can be agricultural liming
of arable land. Agricultural lime is
often based on dolomite and generally
contains both magnesium and calcium.
The agricultural lime distributed by
Miramag for instance, is a finely grind
dolomite (www.miramag.be). In the
SOM analysis of major ions, the highest
calcium, magnesium and bicarbonate
concentrations coincide with a zone
completely dominated by arable land
(group 2 in Fig. 6.4).

Another process that links calcium, mag-
nesium and bicarbonate concentrations,
is cation exchange in soils:

CaX2 +Mg+2 
 MgX2 +Ca+2 (7.6)

If calcium is adsorbed on the clay from
the soil solution, releasing magnesium,
equilibrium with calcite will compensate
the removed calcium by calcite dissolu-
tion and bicarbonate concentration will
increase.

The high calcium and magnesium con-
centrations are accompanied by high
concentrations of chloride, sulphate and
especially nitrate. Scatter plots of chlo-
ride, sulphate and nitrate vs bicarbonate
corrected calcium concentrations (Fig.
7.3), indeed show a positive correla-
tion. The bicarbonate corrected calcium
concentration is the observed calcium
concentration minus the bicarbonate
concentration, expressed in meq/L.

The elevated nitrate concentrations point
towards an agricultural source of solutes,
namely manure and fertilizer applica-
tion. Chemical analysis of various
types of manure, recently published by
the Bodemkundige Dienst van België
(Coppens et al., 2009) show that manure
can be a source of not only nitrate,
but contains considerable amounts of
potassium, calcium, sodium and mag-
nesium. Sulphate and chloride are
also enriched in manure. Artificial
fertilizers have a more limited compo-
sition, mainly consisting of nitrogen,
phosphate and potassium. Groups 1
and 2 of the major ion SOM are both
dominated by arable land, although
group 1 has a considerable percentage
of pastures. This is reflected in the
chemistry, especially the arable land
has high solute concentrations linked
to fertilizer and manure, while medium
to low concentrations occur in the zone
with considerable grass land percentages.
However, agriculture can not be the sole
additional source of solutes in the aquifer.
The highest chloride and sodium con-
centrations occur for instance together
with higher urban land use percentages.
This can point towards road deicing
or leaking sewage systems. Elevated
sulphate and nitrate concentrations can
also be linked to both dry and wet
atmospheric deposition (VMM, 2009).

The calculated groundwater age con-
firms anthropogenically linked sources
of solutes. Older groundwaters are
characterized by low solute concentra-
tions, especially the anions sulphate,
chloride and nitrate. Although the
absence of nitrate can be, at least
partly, attributed to denitrification, no
sinks of chloride are present in the
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Figure 7.3: Scatter plots of chloride (a), sulphate (b) and nitrate (c) vs bicarbonate-
corrected calcium (in meq/L)

aquifer. It is more probably that
these samples represent water infiltrated
before the explosive population growth
and the intensification of agriculture
with widespread manure and fertilizer
application since the sixties.

Potassium has low background concen-
trations in the aquifer and it is the
sole solute whose concentration does
not largely deviate from the concen-
tration in rainfall. Potassium is an
important plant nutrient and is therefore
effectively removed from soil solution
by vegetation. Additionally, potassium
is preferentially bound to clays and
oxides in cation exchange reactions. This
ensures a buffering of the potassium
concentration in the soil solution. The
highest potassium concentrations occur
in the aquifer in locations with higher
percentage of clayey soils. Older ground-
waters have slightly elevated potassium
concentrations. As these samples are
taken near the base of the aquifer the
higher potassium concentrations can be
attributed to glauconite dissolution. It
is also possible that the potassium is

derived from mixing with pore waters of
the underlying Ieper Clay.

The SOM of redox sensitive ions (Fig.
6.5) shows that oxygen is removed from
the aquifer with increasing travel time.
Oxygen reduction can be attributed to
oxidation of trace amounts of organic
matter or pyrite in the aquifer sediments.
The resulting reducing conditions allow
iron and manganese to be present in
solution, although this is not necessarily
the case (group 2 in Fig. 6.5). The
iron and manganese can be derived from
iron oxi/hydroxide coatings and from
glauconite. Group 3 has younger ground-
water, depleted in oxygen and nitrate,
while iron and sulphate concentrations
are elevated. This points towards nitrate
reduction by pyrite. The higher clay soil
class percentages indicate that this is
occurring in the alluvial plain. These
clay soils are also associated with low
pH values. This can be the result of acid
production during pyrite oxidation, but
it is equally plausible that the low pH is
the result of direct mixing of Brussels
Sands groundwater with acid rainfall
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(Huybrechts et al., 2000). The alluvial
deposits near rivers can contain peat
which provides a large source of organic
matter. If present organic matter will
reduce nitrate rather than pyrite as the
organic matter reaction is kinetically
more favorable (Appelo and Postma,
2005).

Based on the calculated saturation in-
dices and stoichiometric relationships
between variables, following processes
are assumed to be affecting groundwa-
ter composition in the Brussels Sands
Aquifer:

1. Concentration of rainfall derived
solutes by evapotranspiration

2. Carbon dioxide production by vege-
tation in soils

3. Calcite dissolution in a system open
to carbon dioxide

4. Cation exchange in soil

5. Extra sources of calcium, magne-
sium, sodium, potassium, chloride,
sulphate and nitrate from anthro-
pogenic activities including manure
spreading, fertilizing, liming, road
deicing, leaking sewage systems and
dry and wet atmospheric deposition

6. Reduction of oxygen and nitrate
by oxidation of organic matter and
pyrite

These processes and reactions are com-
bined into ten different conceptual mod-
els (table 7.1).

7.2.3 Geochemical model and
parameters

The numerical geochemical code
PHREEQC (Parkhurst and Appelo,
1999) is used to implement the
conceptual models. The choice is made
to simulate the groundwater geochemical
system only by thermodynamically
constrained reactions. Reactions
kinetics and solute transport are not
taken into account.

Although the Brussels Sands formation
is siliciclastic dominated by quartz with
glauconite, K-feldspars, chalcedony and
opal present, none of these phases are
considered to react in the conceptual
models as (1) dissolution of quartz and
feldspars is kinetically controlled rather
than thermodynamically (Bowser and
Jones, 2002), (2) few reliable thermody-
namic data are available for glauconite
(Xu et al., 2004), (3) dissolution of
quartz, chalcedony or opal will have very
limited influence on major ion chemistry
and (4) few reliable dissolved silica
measurements are available to constrain
the modelling.

An example PHREEQC input file is
given in Appendix C. Geochemical pro-
cesses are called in PHREEQC by using
keywords and entering the relevant input
values and parameters. When using
PHREEQC to simulate batch-reactions
without transport and reaction kinetics,
the code mimics in a way a laboratory
setting. In each step of the simulation,
all solutes are mixed and all geochemical
reactions thermodynamically possible
based on the specified concentrations
of solutes and solid phases are allowed
to react untill equilibrium is reached
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Table 7.1: Conceptual geochemical models

Process M
1

M
2

M
3

M
4

M
5

M
6

M
7

M
8

M
9

M
10

Concentration of rainfall x x x x x x x x x x
CO2 production by vegetation x x x x x x x x x x

Calcite dissolution x x x x x x
Extra anthropogenic solutes x x x x x x

Cation exchange in soil x x x x
Pyrite oxidation x x

Oxidation organic matter x x

(Parkhurst and Appelo, 1999). The
pH, redox state and speciation of the
resulting solute composition is calculated
together with the saturation indices with
respect to all possible phases that can
be formed from the solution composition.
The resulting solution is saved and can
be used in a subsequent step in the
geochemical model. In the input-file
shown in Appendix C, each block of
input (between keywords ’USE’ and
’END’) corresponds to a process listed
in table 7.1. For each conceptual
model a template input file is created
by combining the appropriate input
blocks. The implementation of each
process together with the input vector
and parameter ranges are discussed in
the following paragraphs.

The initial solution of every conceptual
model has the composition of rainfall.
The range of possible values for pH
and ion concentrations is based on the
measurements in the rainfall monitoring
network of Vlaamse Milieu Maatschap-
pij (VMM, 2005, 2009). The values
for sulphate and nitrate correspond
well to the average total deposition for
these parameters for Belgium, 0.04 and
0.05 mmol/L respectively, estimated by

EMEP, the Co-operative Programme for
Monitoring and Evaluation of the Long-
range Transmission of Air Pollutants in
Europe (Klein and Benedictow, 2006).
The average base cation deposition for
Belgium in 2000 reported by this organi-
zation (Ca+2 = 0.016mmol/L,Mg+2 =
0.014mmol/L, K+ = 0.003mmol/L and
Na+ = 0.087mmol/L), also falls within
the ranges measured in Tielt-Winge (van
Loon et al., 2005).

Using a Latin Hypercube sampling al-
gorithm, 50 000 possible rainfall com-
position vectors are created. The first
10 000 vectors with a charge balance
error less than five percent are retained
in the input vector dataset used in
these simulations. The input solution is
equilibrated with oxygen with a partial
pressure of 0.2, representing water in
contact with the atmosphere.

In PHREEQC, concentration of solutes
cannot be simulated directly. The
concentration of rainfall by evapotranspi-
ration is therefore simulated by removing
a fraction of the initial 55.506 moles of
water from the solution, corresponding
to the ratio evapotranspiration over pre-
cipitation. The solution is subsequently
restored to 1 L with the MIX keyword
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Table 7.2: Ranges of parameter values
and input (concentrations in mmol/L)
Parameter Min Max
Rainfall Composition
pH 4.44 5.69
Ca+2 0.016 0.035
Mg+2 0.004 0.021
Na+ 0.044 0.137
K+ 0.004 0.007
Cl− 0.007 0.089
SO−2

4 0.009 0.044
NO−3 0.014 0.086
HCO−3 0.004 0.078
Concentration Factor 2 5
Composition Extra Solutes
Ca+2 0 1.085
Mg+2 0 0.77
Na+ 0 1.04
K+ 0 0.1
Cl− 0 1.804
SO−2

4 0 0.899
NO−3 0 1.125
Log PCO2 -3.0 -1.0
Cation Exchange Composition Soil
CaX2 40 60
MgX2 3 8
NaX 0.1 2.5
KX 0.1 0.4
Organic Carbon 0 0.75
Pyrite 0 0.75

by multiplying the concentrations of
solutes with the ratio precipitation over
evapotranspiration (Appelo and Postma,
2005). The concentration factor, the
ratio of precipitation over evapotranspi-
ration, is allowed to vary between 2 and
5, corresponding to recharge values of
150 mm/yr to 375 mm/yr.

An extra source of solutes is
introduced into the solution by
completely dissolving an artificial
phase with a general composition
CaaMgbNacKdCle (SO4)f (NO3)g.
This artificial phase represents
anthropogenic inputs in the system from,
among others, manure and fertilizer
application, sewage leakage, road
deicing, dry and wet deposition. The
use of an artificial phase representing
anthropogenic contribution to solute
concentrations is introduced by Pacheco
and van der Weijden (1996) and further
extended in Pacheco et al. (1999). The
main drawback of using an artificial
phase is estimating the chemical
composition of recharging water from
individual sources, like manure, fertilizer,
atmospheric deposition, etc. Broers
and van der Grift (2004) estimated
the average chemical composition of
wet and dry deposition, agricultural
liming, fertilizer, manure, crop uptake
and harvesting for different land use
types for the year 1995. In this study
no information on the variation of these
estimates is mentioned. In Visser et al.
(2007) the study is extended and the
historical solute concentration in water
recharging an aquifer in the south of
the Netherlands is estimated based
on a large number of data sources,
including atmospheric deposition
chemical analyses, national data on
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manure, fertilizer and agricultural liming
use through time, land use data and
representative chemical compositions
of different types of manure. Although
it was possible to correlate their
estimated recharge composition time
series to time series of groundwater
chemical composition, the study clearly
showed the large number of often very
strong assumptions needed to create
an estimate of the temporal evolution
of anthropogenic input. A recent
publication of chemical composition of
manure from different types of livestock
over the last 15 years in Flanders
(Coppens et al., 2009) further illustrates
this variability. These analyses show
that not only will the type of livestock
or manure influence the chemical
composition, after application of manure
the composition will change due to
preferential uptake of certain solutes
by vegetation. Which solutes and the
amount of solutes removed from the soil
solution are dependent on the type of
crops (Coppens et al., 2009). Reported
pH-values of manure are mostly slightly
basic, but atmospheric deposition of
sulfur and nitrogen species acidify the
soil water solution (VMM, 2009). To
counter acidification and to optimize
calcium and magnesium concentrations
in soil, agricultural liming is often
applied to arable land which provides
another source of anthropogenic solutes.
The dominant road deicing agent used in
Belgium is NaCl, with limited addition
of CaCl2. Seeing the dense road
network and the number of highways
crossing the study area, road deicing
has the potential, at least locally,
to be an important contribution to
the antropogenic solutes entering the
aquifer.

It is clear from the previous paragraph
that the estimation of the chemical
composition of recharging water is a
very complex matter and has a very
high spatial and temporal variability.
A reliable process-based estimate of
this chemical composition is beyond the
scope of this study, and a more prag-
matic approach is adopted to estimate
the range of extra solute input in the
system. The minimum for all solute
species is set to zero, the maximum is
set to the 90th percentile of the observed
chemical composition in groundwater.
The maximum for calcium is chosen to be
the 90th percentile of excess calcium, the
calcium concentration minus twice the bi-
carbonate concentration in mmol/L. The
hyperspace spanned by this range for the
seven variables is also sampled 50 000
times by Latin Hypercube sampling. As
for the rainfall composition, only the first
10 000 samples with a charge balance
error less than 5% are retained.

Carbon dioxide concentration in soils is
higher due to carbon dioxide production
by plants (Appelo and Postma, 2005).
This is simulated by equilibrating the
solution after the previous step with
CO2 with a variable partial pressure.
The range of the log of CO2 partial
pressure in the model is between -3 and
-1 and based on the CO2 saturation
indices calculated from the observed
pH and bicarbonate concentration in
groundwater. The saturation index of a
gas phase is equal to the log of the partial
pressure of that gas phase (Appelo and
Postma, 2005).

As calcite is present in the unsaturated
zone (Chapter 2), calcite dissolution
occurs in a system open to CO2. To
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simulate this in PHREEQC, equilibrium
with calcite is specified together with
equilibration with carbon dioxide. The
reactive amount of calcite is set arbitrary
to the very high value of 10 moles
to ensure sufficient calcite present to
dissolve.

Cation exchange is also simulated in
the unsaturated zone, after equilibration
of the solution with carbon dioxide
and possibly calcite. The composition
of the exchanger is variable and the
ranges listed in table 7.2 are based on
cation exchange compositions measured
in soils in the loam agricultural region of
Belgium (Vanden Auweele et al., 2004).

Two processes are considered to repre-
sent oxygen consumption and subsequent
nitrate reduction, namely oxidation of
organic matter and of pyrite. Both
are considered to be present in the
Brussels Sands aquifer (Eppinger and
Walraevens, 2003a; Lagrou et al., 2004).
Organic carbon and pyrite oxidation are
considered in separate conceptual models
to be able to evaluate which process is
contributing most to the observed chem-
ical composition. In reality however,
these processes occur together, often se-
quentially. Both processes are mediated
by bacteria and organic carbon oxidation
seems to be more favorable than pyrite
oxidation (Appelo and Postma, 2005).
The reactive amounts of pyrite and
organic carbon vary between 0 and 0.75
mmol/kg (Eppinger and Walraevens,
2003a; Lagrou et al., 2004). Preliminary
runs of the geochemical model with the
maximal concentrations of both showed
to yield realistic results. Both reactions
however drastically change pH and bi-
carbonate concentrations. According to

Chapelle and Knobel (1983) incongruent
dissolution of glauconite to goethite and
kaolinite also consumes oxygen. This
process is not included as dissolution of
clay minerals due to acid attack is still
not well understood (Steudel et al., 2009)
and hard to implement in a numerical
geochemical model in a realistic manner.
Together with organic carbon and pyrite,
once again calcite equilibrium is specified
to simulate calcite dissolution in the
aquifer, closed with respect to CO2 as
these reactions are assumed to take place
below the water table and gas diffusion
to the atmosphere is therefore limited.

7.2.4 GLUE-BMA
implementation

The parameter and input vector hyper-
space described in the previous section
and summarized in table 7.2 is sampled
10 000 times using Latin Hypercube sam-
pling to ensure a uniform sampling of the
hyperspace. The ten different conceptual
models are simulated using this dataset,
resulting in 100 000 simulations of the
geochemical system.

To assign a likelihood to each simulation,
a likelihood measure and performance
criterion needs to be specified based
on observed data. In this study, the
likelihood is assessed of the suite of
conceptual models to simulate each indi-
vidual observed chemical composition.
As such, the GLUE – BMA is thus
applied 256 times, once for every ground-
water chemistry observation described in
chapter 4.

The likelihood of a simulation with
parameter set θl and input vector Yj
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of conceptual model Mk to simulate the
observed pH and major ion composition
of observation h, Ch, is calculated using
a weighted root mean square error
estimate, where n denotes the number
of chemical variables:

L (Mk, θj , Yl | Ch) =√√√√ 1
n

n∑
i=1

(Ch,i,obs − Ch,i,sim)2

σ2 (Ci,obs)

−1

(7.7)

The residuals between simulated and
observed values are weighted according
to the variance of the variables in the
observed dataset. The variance of nitrate
is halved arbitrarily to increase the
weight of this variable in the likelihood
assessment, seeing the importance of
nitrate as an indicator of both anthro-
pogenic influence and redox conditions.

Based on preliminary runs, the rejection
criterion is set equal to 1. Simulations
with a likelihood less than 1 are assigned
a likelihood of zero. The integral
likelihood of each conceptual model
is obtained by summing all likelihood
values.

Before computing the posterior model
probabilities by summing and normaliz-
ing the integral likelihoods considering
all conceptual models, a prior weight is
given to conceptual models according
the redox conditions in the observed
groundwater chemistry. For the samples
with an oxygen concentration less than
2 mg/L, the conceptual model including
oxygen reduction, M7 to M10, get a
weight of 1, while the other models are
given a weight of zero. Likewise, for the
samples with an oxygen concentration

higher than 2 mg/L, the conceptual
models without oxygen reduction (M1
to M6) are assigned a weight of 1, the
other conceptual models get a weight
of zero. There prior weights reflect
the knowledge that in samples with
an oxygen concentration less than 2
mg/L, a chemical process is needed
to remove oxygen from groundwater.
Only conceptual models M7 to M10
implement oxygen reduction reactions,
so only these models will be able to
adequately represent the chemistry of
these samples.

The likelihood values are normalized
so they sum up to one under each
model and the mean and variance of
the predicted concentrations for every
groundwater chemistry observation are
calculated according to equations 7.4 and
7.5.

7.3 Results

Before discussing the results of the mod-
elling, some issues need to be addressed
with regards to the interpretation of the
results. The numerical modelling aims to
test and quantify the conceptual models.
As such the modelling approach is not
suited to provide predictions on the
chemistry of the aquifer, it rather should
be considered as an elaborate inverse
modelling, identifying and quantifying
the important processes.

To asses whether the number of simula-
tions is sufficient to adequately sample
the parameter and input vector hyper-
space, the convergence of the moments
of the predictive quantity is verified.
Seeing the large number of variables to
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Figure 7.4: Convergence of mean (a) and variance (b) of Ca2+ concentrations for
all sampling locations

be predicted in this study, convergence is
illustrated using the mean and variance
of predicted Ca+2 concentration for all
observation locations (Fig. 7.4). The
number of simulations, 10 000, appears
to be adequate for the uncertainty
estimation.

A scatterplot of the observed versus the
mean predicted pH and concentration
of major ions is presented in Fig. 7.5.
The observed and mean simulated Ca+2

and HCO−3 concentrations agree quite
well. There is a general agreement
in the trend of observed and modeled
concentrations of Na+, Cl−, SO−2

4 and
NO−3 , although the mean predicted
values appear to overestimate low values
and underestimate high values. To a
lesser degree this can also be observed
in the magnesium scatter plot. pH
and especially potassium are less well
represented by the model. From the
exploratory data analysis it was already

apparent that these two parameters are
not easily linked to other variables and
the proposed conceptual models are
not suited to adequately simulate the
variation of these two variables.

The variance associated with the sim-
ulated values appears to be quite con-
stant. Fig. 7.6 shows the fraction of
the between-model and within-model
variance to the total variance for each
sampling location. It is apparent that
the within model variance is the most
important source of variance. For
a minority of samples however the
between-model variance is considerable,
which is an indication that more than
one conceptual model is capable of
simulating the observed chemical com-
position. This is confirmed by Fig.
7.7, which shows the likelihood of each
conceptual model for every sampling
location.
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Figure 7.5: Observed vs mean predicted pH and concentrations of major ions.
Length of error bars (in grey) is one standard deviation above and below the mean
predicted quantity

The two most important conceptual
models are models 5 and 6, which include
extra solutes from anthropogenic sources
and calcite dissolution, without oxygen
reduction. In model 6 additionally cation
exchange on soil material is included.

The likelihood values of conceptual
models 5 and 6 are comparable for most
samples, although distinct differences
exist. None of the simulations of Model
1, which only includes concentration
of rainfall and equilibration with soil,
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Figure 7.6: Within model variance and between model variance for every sampling
location

satisfy the rejection criterion and all
the likelihood values of this conceptual
model are set to zero accordingly. For
a small number of samples, models 2,
3 and 4 contribute considerably to the
mean predictions, which extend Model

1 with calcite dissolution (model 2),
extra sources of solutes (model 3) and
extra sources of solutes together with
cation exchange (model 4). For the
samples with an oxygen concentration
below 2 mg/L, the likelihood of models
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Figure 7.7: Likelihood of each concep-
tual model for every sampling location

1 to 6 is set equal to zero and only
the models with oxygen reduction are
considered. These consist of models
simulating oxygen depletion in a system
with calcite dissolution without (model 7
and 8) and with (model 9 and 10) extra
sources of solutes. Oxygen depletion is
modeled by organic carbon oxidation in
models 7 and 9, while pyrite is oxidized
in models 8 and 10. It appears that
oxidation of organic carbon has the
most potential to simulate the observed
groundwater chemistry. In a very small
number of samples pyrite oxidation is
important.

To have a more quantitative insight in
the processes included in the conceptual
models, Fig. 7.8 shows the percent
contribution of each process in the
total mean predicted concentration of
every major ion. Bars located above
1, indicate removal of the variable out
of the solution by the considered pro-
cess. The rainfall contribution per
sample is calculated by multiplying the
solute concentration after concentration
by evapotranspiration, specified in the
input, for every simulation with the
corresponding likelihood. The likeli-
hood values are based on the observed
concentration in the considered sample.
The percentage contribution shown in
figure 7.8 is obtained by dividing the
contribution in mmol/L by the mean
predicted concentration of the solute.
The percent calcite contribution is calcu-
lated in a similar manner based on the
amount of calcite dissolved calculated
by PHREEQC and the percentage of
extra solute contribution is based on
the amount of extra solutes specified
in the input. The cation exchange
contribution is based on the difference
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between the composition on the cation
exchanger specified in the input and the
composition of the exchanger calculated
by the numerical model. The contri-
bution of oxygen and nitrate reduction
is computed based on the amount of
pyrite or organic carbon that has reacted.
As these processes influence acidity and
alkalinity, the calcite equilibrium can
change. The contribution of calcium
and bicarbonate derived from oxygen
reduction is therefore based on the
amount of calcite that has reacted due
to the oxygen and nitrate reduction.

The contribution of rainfall in the cal-
cium concentration is very limited; the
concentration is dominated by calcite dis-
solution. An often considerable amount
of the total calcium concentration is
derived however from extra sources of
solutes. In the samples where oxygen
reduction occurs, the pH decrease is
buffered by calcite dissolution. This
represents only a minor amount of
total calcium concentration. Cation
exchange in the soil both acts as a
source and a sink of calcium but the
importance of this process for the total
calcium concentration is limited. The
process is more important for magnesium
concentrations, although the majority
of magnesium is derived from external
sources. Cation exchange hardly affects
the sodium concentration, although the
contribution of rainfall is large compared
to the other cations (Fig. 7.8). The
bar chart for potassium needs to be
interpreted with care, seeing the poor
agreement between observed and mean
simulated concentrations. The graph
shows that cation exchange could be a
strong sink for potassium in this system
and that this process is probably respon-

sible for the buffering of potassium in
the aquifer.

As expected, chloride is dominated by
extra sources, only about 20 % of the
chloride concentration is derived from
rainfall. The same observation can be
made for sulphate. In the samples for
which pyrite oxidation is simulated how-
ever, this process is an important source
of sulphate. Nitrate concentrations
are also dominated by extra sources,
although the proportion from rainfall
is relatively elevated. When oxygen
is removed by oxidation of pyrite or
organic carbon, denitrification can occur.
The simulated denitrification effectively
removes considerable amounts of extra
nitrate. Bicarbonate concentrations
are completely dominated by calcite
dissolution although changes in pH due
to cation exchange and denitrification
cause shifts in the calcite equilibrium
with addition or removal of bicarbonate
of the solution. Part of the calcite
derived bicarbonate, indicated in Fig.
7.8, is therefore linked to changes in
redox conditions.

For 13 samples none of the simulation
satisfied the acception criterion. These
samples are mostly characterized by very
high potassium concentrations, which
lead to very high residuals.

Fig. 7.9 shows the contribution of
each process to the total concentration.
In Fig. 7.9a this is calculated by
summing the contributions per process
over all species expressed in meq/L
and dividing this sum by the total
solute concentration. In Fig. 7.9b the
concentrations are expressed in mg/L. It
has to remarked that the contribution of
oxygen and nitrate reduction rendered in
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these figures represents the percentage
of solutes that have been removed from
the system by this process. The cation
exchange contribution is the sum of all
species that underwent cation exchange.

Fig. 7.9b shows that calcite dissolution
is the dominant process and accounts
for approximately 60 weight % of the
total solute composition. Extra sources
of solutes contribute about 30 % to
the total composition. Solutes from
rainfall make up slightly less than 10
weight percent, while cation exchange is
the process least influencing the total
composition with less than 1 weight
% contribution. In the samples where
oxygen and nitrate reduction occurs,
the process can remove a considerable
part of the solute composition. The
same information is contained in Fig
7.9a. Expressed in meq/L %, the cation
exchange contribution becomes more
important as the process mainly the
magnesium concentration, which has a
low atomic weight. Likewise, reduction
processes are less important in meq/L
%, especially if sulphate (from pyrite
oxidation) with a high molecular weight
is involved. Both figures however show
that for a minority of samples calcite
dissolution is not important and likewise
that for a very limited number of samples
no extra sources of solutes are needed.

7.4 Self Organizing Map
Analysis

In order to link the model results
with the results of the source zone
and age calculations and the results
of the exploratory data analysis, the

weight percentages of each process in
the total concentration are added to
the dataset used for SOM analysis
in the previous chapter as additional
explanative variables. Like in the
previous chapter, these variables are not
used for BMU calculation and therefore
do not influence the structure of the
SOM.

The component planes of this SOM
analysis are given in Fig. 7.10. In group
3, the group of samples with overall
low solute concentrations, long saturated
zone travel times and high unsaturated
zone thicknesses, the contribution of ex-
tra solutes is less important. As a result,
the percentage of rainfall contribution
increases. These samples most probably
reflect samples least influenced by an-
thropogenic contributions. The slightly
elevated potassium concentrations can
possibly be attributed to glauconite
dissolution.

Calcite dissolution, obviously linked to
pH, calcium and bicarbonate concen-
trations, also shows accordance with
the percentage loamy soils. This again
indicates that an important part of
calcite dissolution is occurring in the
Quaternary loess deposits in the unsat-
urated zone. The SOM-units with very
low pH values are, as mentioned before,
situated in alluvial valleys and therefore
have higher clay contribution. Cation
exchange appears to be an important
feature in explaining the cation com-
position, especially potassium. Cation
exchange is furthermore associated with
two zones, the upper left and lower
right corner of the SOM grid. In the
upper left corner, samples are grouped
with relatively low solute concentrations.
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These samples are generally young (short
saturated zone travel time and thin
unsaturated zone). Their composition
can be assumed to more closely reflect
soil water composition. Calcite disso-
lution is less important in this zone,
partly because of the small contact time
and the percentage of sandy soils in
the source areas. Cation exchange in
soils is a more important source of
cations, while external sources become
more important. In the lower right
corner, the opposite is observed, namely
very high values of all solutes. This
is the zone dominated by arable land.
Surprisingly, extra sources of solutes are
less important here, in favor of calcite
dissolution and cation exchange (Fig.
7.10). However, agricultural liming of
arable land can increase apparent calcite
dissolution rates, while cation exchange
of calcium for magnesium can also induce
calcite dissolution.

The dataset of redox sensitive species
is also extended with the weight per-
centages of each contributing process
to the total concentration (Fig. 7.11).
In this SOM, the percentages cannot
be regarded as independent explanative
variables as the oxygen concentration
of the samples explicitly is used in the
weighting of the simulations. Group
2, the oxygen depleted zone with older
groundwater has low solute concentra-
tions and elevated contributions of rain-
fall. In the zone with younger ground-
water chloride and especially sulphate
concentrations are elevated, a strong
indication of local pyrite oxidation.

7.5 Discussion

Despite the general agreement between
observed and simulated values (Fig.
7.5), some large residuals are present,
especially for magnesium and potassium.
These large residuals are an indica-
tion that some processes controlling
the concentrations of Mg+2 and K+

are not or not adequately included in
the conceptual models. Weathering
of glauconites and cation exchange on
glauconites and iron(hydr-)oxides for
instance can also effect magnesium and
potassium concentrations.

Griffioen (2001) discusses the occurence
of potassium desorption from the ex-
changer due to increased hardness from
manure spreading. Kim and Yun (2005)
on the other hand clearly show that
even in sediments with a low cation
exchange capacity, monovalent cations
can be buffered effectively by cation
exchange as long as groundwater flow is
taken into account. Atteia et al. (2005)
demonstrate that the chemical compo-
sition of an aquitard in contact with
an aquifer can influence the chemical
composition by diffusion. To include
these processes in the conceptual models
and to implement these numerically,
batch-reaction simulations are not suited
since groundwater flow and transport
need to be accounted for. Using reactive-
transport modelling would not only
allow to simulate cation exchange in
a better way, the effects of diffusion
and kinetically controlled geochemical
reactions can be incorporated in the
conceptual models.
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7.6 Conclusion

Within the GLUE–BMA framework,
ten different conceptual models are
implemented in PHREEQC to simulate
the chemical composition at the 256 sam-
pling locations. Although the majority
of variance in the prediction is associated
with parameter and input vector uncer-
tainty, the uncertainty analysis shows
that in order to simulate the entire suite
of chemical composition in the Brussels
Sands aquifer, several conceptual models
are needed. Some of these models often
are equally likely.

The contribution of each separate pro-
cess specified in the conceptual models to
the mean predicted concentration of each
of the major ions is assessed. This clearly
shows that calcium and bicarbonate
concentration are dominated by cal-
cite dissolution, although a considerable
amount of calcium is derived from
external sources. Cation exchange is
important to explain the magnesium and
potassium concentration, of which the
latter is effectively buffered by cation
exchange. Oxygen and nitrate reduction
by pyrite and organic carbon is an
important process for a small number
of samples and the process, as can be
expected, drastically changes nitrate and
sulphate concentrations.

Generalizing for the entire unconfined
aquifer, rainfall accounts for less than
10 % of the total concentration, 60 %
is derived from calcite dissolution and
about 1 % of the cation concentration
is influenced by cation exchange. This
leaves about 30 % of the cation con-
centration to be derived from external
sources. The weight percentages of

the contribution of each process to
the total concentration are used as
additional explanative variables in the
SOM-analysis of chapter 6. Samples
with considerable rainfall contribution
are linked to older groundwater, younger
groundwater having larger contributions
of external sources. The samples with
highest solute concentrations appear to
be affected by considerable calcite disso-
lution and cation exchange in addition
to external sources of solutes. Oxygen
and nitrate reduction occur both in very
old and very young groundwater. In
younger groundwater pyrite oxidation is
important as shown by elevated sulphate
concentrations. An inverse relationship
between extra solute contribution and
saturated travel time (Fig. 7.10) is
present.

The residuals between observed and
simulated concentrations indicate that
a part of the chemical composition of
groundwater is not accounted for by the
processes in the conceptual models. This
is probably due to the batch-reaction
calculations, which do not account for
reaction kinetics, groundwater flow and
transport.
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Figure 7.8: Contribution of each process to the predicted mean concentration of
major ions for every sampling location. Bars above 1 indicate the amount of the
ion removed from the system by the considered process.
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Figure 7.9: Contribution of each process to the total concentration for every
sampling location calculated as percentage in meq/L (a) and in mg/L (b).
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Figure 7.10: Component planes of the Self-Organizing Map of major ions of chapter
6, extended with the weight percent contributions of the different processes in the
total concentration. The last subplot shows the grouping of the SOM.
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Figure 7.11: Component planes of the Self-Organizing Map of redox sensitive
ions of chapter 6, extended with the weight percent contributions of the different
processes in the total concentration.





Chapter 8

Conclusions

In this study a methodology is developed
to identify and quantify the processes
affecting groundwater chemistry and
applied to the unconfined part of the
Brussels Sands aquifer. The methodol-
ogy integrates information on geology
and mineralogy, observed groundwater
chemistry and groundwater flow and
transport, using various methods, includ-
ing data mining techniques, geostatistics,
groundwater and geochemical modeling
and uncertainty analysis.

The approach followed allowed to formu-
late conceptual models of the processes
affecting groundwater chemistry based
on non-linear relationships between so-
lute concentrations, calculated satu-
rated travel times and characteristics
of the infiltration area, like land use,
unsaturated zone thickness and soil
texture. The likelihood of the concep-
tual models in simulating the observed
groundwater chemistry is assessed by
implementing them in the geochemical
code PHREEQC within the integrated
Generalized Likelihood Uncertainty Es-
timation - Bayesian Model Averaging
framework. The latter ensures incorpo-
rating input, parameter and conceptual
model uncertainty in the modelling. The

resulting geochemical models provided
a quantification of the processes con-
sidered and the contribution of each
process in the total calculated chemical
composition of each sample could be
determined.

8.1 Brussels Sands
Aquifer

The Brussels Sands formation is a het-
erogeneous deposit, mainly consisting
of coarse quartz sands with variable
percentages of calcite and glauconite
and a variable grain size. Locally
the sands are cemented with calcite or
silica. In addition to quartz, calcite and
glauconite, iron oxides/hydroxides occur
and minor amounts of K-feldspars.

Together with the Quaternary alluvium
in the river valleys, the Brussels Sands
form an unconfined aquifer with a vari-
able, but generally high hydraulic con-
ductivity, drained by the Dijle, Zenne
and Gete Rivers and their tributaries.

Groundwater in the Brussels Sands
Aquifer is generally hard, with high
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alkalinity and a circum-neutral pH, due
to calcite dissolution. Since the 1960’s
a steady increase in hardness, nitrate
and chloride concentrations is observed
in public drinking water production sites,
linked to diffuse pollution. The aquifer
is mainly oxic although locally suboxic
to anoxic conditions are observed with
the potential of reduction of nitrate.

8.2 Bayesian Data
Fusion for
Watertable
Interpolation

The water table interpolation method-
ology introduced by Fasbender et al.
(2008), based on the Bayesian Data
Fusion framework Bogaert and Fasben-
der (2007), is further developed to
incorporate conceptual hydrogeological
information.

The BDF framework is used to combine a
kriged groundwater table map, based on
a limited number of head observations,
with the results of a groundwater model
based on a simplified representation of
the aquifer.

The resulting map presents a ground-
water table map for average conditions.
Time series analysis of groundwater
level observations showed that seasonal
influences are present in wells with a
thin unsaturated zone, while on the
interfluves only multi-annual variations
in head are observed, with a time lag of
two to three years between precipitation
event and groundwater level response.

The resulting groundwater head map
honors the groundwater level observa-
tions and the contours are in accordance
with the conceptual knowledge of the
aquifer system, i.e. a recharge-fed
aquifer, drained by rivers. Gradients
tend to be very low on the interfluves, re-
flecting the high hydraulic conductivity,
while near the rivers very steep gradients
occur.

The BDF approach improves the kriging
prediction, especially in regions scarce of
data as the interpolation is dominated
by the results of the groundwater model.
Near observation locations on the other
hand, the prediction is dominated by the
kriging prediction. The improved predic-
tive capabilities of the BDF methodology
is confirmed by cross-validation.

8.3 Self-Organizing
Map Analysis
of Groundwater
Chemistry Data

Groundwater chemistry data from 256
sampling locations throughout the
aquifer is obtained from governmental
monitoring networks, public drinking
water production sites and private
pumping wells. Long term trends in
groundwater chemistry are present in
the aquifer, but short term, seasonal
variations are very limited.

Traditional exploratory data analysis
techniques for hydrogeochemical
research, like Piper and Stiff plots and
process-based classification schemes
proved to be a very good data screening
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tool to identify the major processes
affecting groundwater chemistry.
However, the low flexibility of these
methods limits their use in a detailed
hydrochemical characterisation.

The nonlinear regression performed by
Self-Organizing Map analysis is a power-
ful technique to visualize data, group
similar samples and identify complex
relationships between variables. A
limitation of the technique is the amount
of user-intervention required to deter-
mine the parameter values and the
lack of formal guidelines for map size
determination.

Based on the exploratory data analysis of
the major ion and redox sensitive species
datasets using SOM’s, some general
observations can be made with regards to
the chemical composition of the Brussels
Sands aquifer:

1. Calcium and bicarbonate are the
dominant ions

2. Low concentrations of calcium, mag-
nesium and bicarbonate coincide
with low to moderate chloride, sul-
phate and nitrate concentrations

3. The highest values of all variables
with the exception of potassium
occur together. pH values tend
to be moderate to low for these
samples

4. Low values of chloride, sulphate and
nitrate are associated with medium
values of calcium, magnesium and
bicarbonate

5. A small number of samples have low
pH, calcium, magnesium, bicarbon-

ate and nitrate while chloride and
sulphate are elevated.

6. The aquifer is mostly oxic and
nitrate occurrence is limited to the
oxic zone. A part of the oxy-
gen depleted samples is associated
with low chloride and sulphate, the
other oxygen depleted samples have
elevated concentrations of these
anions.

The Brussels Sands aquifer is thus
dominated by calcium and bicarbonate,
with sizeable contributions of nitrate,
sulphate and chloride.

The spatial representation of the groups
defined based on the SOM clearly showed
a difference between samples taken in
Flanders and in Wallonia. The difference
in observed groundwater chemistry is
due to the differences in sampling loca-
tion. In Flanders observation wells with
multiple well screens with a short well
screen are sampled, thus allowing depth-
specific sampling. The most sampling
locations in the Walloon part of the
study area are observation wells with
long well screens, pumping wells or
drainage gallery. These samples there-
fore represent a mixed, depth averaged
chemical composition.

8.4 Groundwater Model-
ing with GLUE

To determine infiltration areas and travel
time for all 256 sampling locations, a
numerical groundwater model is created
and a particle tracking is performed on
the results of the groundwater model.
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Hydraulic conductivity and recharge
values, both having a large influence
on model results, are characterised by
a considerable uncertainty. In order to
account for the uncertainty of these in
the calculation of infiltration areas and
travel times, the Generalized Likelihood
Uncertainty Estimation methodology is
used.

A large set of realizations for spatially
variable recharge and variable hydraulic
conductivity fields were assigned a like-
lihood based on their performance in
reproducing the observed head and
baseflow values. The chosen likelihood
function assigns equal weight to head
and baseflow observations. The recharge
values appeared to have the most influ-
ence on the performance of the model.

Capture zones and travel times are
determined for every sampling location
by means of forward particle-tracking.
The capture zones vary in surface area
from less than 1 km2 to 90 km2. This
surface area increases with increasing
depth of sampling location. While
shallow well screens are characterized
by a well-delineated capture zone with
a center of mass close to the sampling
location, the capture zones of deeper
well screens are less well-delineated and
the centre of mass is more scattered.
This is a result of the different drainage
patterns arising from variable recharge
and hydraulic conductivity.

The average predicted travel times vary
between less than 1 year to 100 years
and show a lognormal distribution. The
age increases exponentially with depth
of sampling location. With respect
to the absolute calculated age of the
water samples, it has to be noted

that these values are obtained under
the assumption of a uniform effective
porosity of 20%. The travel time
values listed here should therefore be
interpreted with care and only used
relative to each other. Additionally these
travel times only indicate the time the
sampled water spent in the saturated
zone. To obtain an estimate of the age of
the water sample, the time elapsed since
infiltration at the ground surface, the
travel time through the unsaturated zone
needs to be taken into account, which
is closely related to the thickness of the
unsaturated zone.

8.5 SOM of chemistry,
groundwater travel
time and source zone
characteristics

Land use, soil texture and unsaturated
zone thickness of each capture zone
calculated in chapter 5 is determined,
weighted according to their likelihood
and associated with groundwater sam-
pled at that location. Most capture
zones are dominated by arable land
and loamy soils, while unsaturated zone
thickness is generally over 10 m.

The SOM-analysis of chapter 4 is ex-
tended with land use, soil texture, un-
saturated zone thickness and saturated
travel time. The resulting SOM’s show
that the group of samples with low
to medium solute concentrations are
associated with low travel times and have
a high contribution of grass land. The
group with elevated solute concentra-
tions on the other hand is dominated
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by arable land. Low solute concen-
trations correspond to samples with
long saturated travel times. The group
with low pH, low nitrate and elevated
sulphate and chloride concentrations is
associated with samples in an alluvial
setting with short saturated travel times.
The SOM of redox sensitive species
shows that samples depleted in oxygen
with low solute concentrations have long
saturated travel times, while samples
with low pH and elevated sulphate are
associated with short travel times in
the saturated zone and are situated in
an alluvial setting. In both the SOM
of major ion and the SOM of redox
sensitive species a link between chloride
concentration and percentage land use
is present.

8.6 Geochemical Model-
ing with GLUE-BMA

Based on the results of the SOM anal-
ysis, calculated saturation indices and
stoichiometric relationships between vari-
ables, following processes are assumed
to be affecting groundwater composition
in the Brussels Sands Aquifer:

1. Concentration of rainfall derived
solutes by evapotranspiration

2. Carbon dioxide production by vege-
tation in soils

3. Calcite dissolution in a system open
to carbon dioxide

4. Cation exchange in soil

5. Extra sources of calcium, magne-
sium, sodium, potassium, chloride,

sulphate and nitrate from anthro-
pogenic activities including manure
spreading, fertilizing, liming, road
deicing, leaking sewage systems and
dry and wet atmospheric deposition

6. Reduction of oxygen and nitrate
by oxidation of organic matter and
pyrite

These processes and reactions are com-
bined into ten different conceptual mod-
els and implemented in PHREEQC to
simulate the chemical composition at
the 256 sampling locations. The GLUE-
BMA framework is used to account for
uncertainty in parameter values, input
vectors and conceptual models.

Although the majority of variance in
the prediction is associated with pa-
rameter and input vector uncertainty,
the uncertainty analysis shows that in
order to simulate the entire suite of
chemical composition in the Brussels
Sands aquifer, several conceptual models
are needed. Some of these models often
are equally likely.

The residuals between observed and
mean simulated concentrations indicate
that the most important processes affect-
ing groundwater chemistry are included
in the conceptual models. The larger
residuals for especially magnesium and
potassium indicate that some processes
are not fully described in the conceptual
models. The modelling will probably
improve if reactive transport modelling
is used in stead of batch geochemi-
cal modelling without reaction kinetics,
groundwater flow and transport.

The contribution of each separate pro-
cess specified in the conceptual models to
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the mean predicted concentration of each
of the major ions is assessed. This clearly
shows that calcium and bicarbonate
concentration are dominated by cal-
cite dissolution, although a considerable
amount of calcium is derived from
external sources. Cation exchange is
important to explain the magnesium and
potassium concentration, of which the
latter is effectively buffered by cation
exchange. Oxygen and nitrate reduction
by pyrite and organic carbon is an
important process for a small number
of samples and the process, as can be
expected, drastically changes nitrate and
sulphate concentrations.

Generalizing for the entire unconfined
aquifer, rainfall accounts for only 10 % of
the total concentration, 60 % is derived
from calcite dissolution and 1 % of the
total solute composition is influenced by
cation exchange. This leaves about 30 %
of the total concentration to be derived
from external sources.

The observed percentages of contribu-
tion to the total cation concentration
of the different processes are used as
additional explanative variables in the
SOM-analysis of chapter 6. Samples
with considerable rainfall contribution
are linked to older groundwater, younger
groundwater having larger contributions
of external sources. The samples with
highest solute concentrations appear
to be affected by considerable calcite
dissolution and cation exchange in ad-
dition to external sources of solutes.
The link of these samples with sources
dominated by arable land, indicate
agricultural activities as most important
source of these solutes. Oxygen and
nitrate reduction occur both in very

old and very young groundwater. In
younger groundwater pyrite oxidation is
important as shown by elevated sulphate
concentrations.

8.7 General Conclusions

The methodology presented in
this manuscript shows that the
understanding of the geochemistry
of an aquifer benefits greatly from
an integrated approach combining
information on groundwater chemistry,
flow and transport.

Bayesian Data Fusion has shown to be a
versatile framework able to incorporate
hydrogeological conceptual information
in geostatistical interpolation. In ex-
ploratory data analysis, Self-Organizing
Maps are a valuable tool, especially for
visualizing high-dimensional data and
identifying non-linear relationships. A
drawback of this methodology is the
subjectivity inherent to the interpreta-
tion. Estimation of the influence of
uncertainty from parameter values, input
data and even from different conceptual
models on model results is not only
invaluable in assessing the quality of
model predictions, it also contributes
greatly to the understanding of the sys-
tem under study. The integrated GLUE-
BMA methodology used in this study,
based on the theses of equifinality of
models, proved to be very versatile and
straight forward to implement and adapt.
The main drawbacks of the GLUE-BMA
methodology are the high computational
load and the subjectivity associated with
assigning likelihoods and prior weights
to individual conceptual models. The
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results of the modelling will also depend
on the conceptual models specified. In
this study a part of the variance is
due to only simulating batch reactions
and not including reaction kinetics and
groundwater flow and transport.

The results presented in the final chapter
7 address both research questions, the
identification and quantification of pro-
cesses affecting groundwater chemistry
in the unconfined part of the Brussels
Sands Aquifer. While calcite dissolu-
tion is the most important process in
the aquifer, a sizeable contribution of
extra solutes is needed to explain the
groundwater chemistry for the majority
of samples. A small number of samples
has very limited contribution of extra
sources. These samples can be consid-
ered to represent the natural baseline
condition of the aquifer.

The latter can be important from an
aquifer management perspective. With
the methodology presented in this study
it is possible to identify samples having
limited influence of extra sources or
assess the contribution of extra solutes
in a given sample. The methodology
therefore can both aid in defining nat-
ural background concentrations for an
aquifer, it can also be used in monitoring
and assessing pollution, based on readily
available major ion chemistry. It has
to be remarked that the quality of the
methodology is largely depending on the
quality of the samples. Samples from a
discrete depth will yield more valuable
information than a sample from a well
screening the entire aquifer. It is there-
fore essential that depth of sampling and
screened interval is recorded for every
sampling location.

The groundwater modelling in chapter
5 highlights that even in the highly
permeable Brussels aquifer, advective
flow velocities can be very low and
travel times can vary between 1 and 100
years. This means, especially if a thick
unsaturated zone is taken into account
as well, that a groundwater sample
represents water infiltrated several years
to tens of years ago. This implies that
measures currently taken to reduce the
anthropogenic load on an aquifer, like
limiting manure spreading, treatment
of septic effluent, reducing atmospheric
deposition, etc., will only be manifested
in the groundwater composition over
years or decades.

8.8 Suggestions for Fur-
ther Research

One of the most important aspects in the
study of groundwater chemistry is the
age of groundwater. Groundwater age
measurements in the aquifer will not only
provide a verification of the relationships
between travel time and groundwater
chemistry, it would also allow to assess
the uncertainty of effective porosity
in the groundwater modelling. By
measuring different proxies for ground-
water age it is in theory possible to
differentiate between the travel time in
the unsaturated zone and saturated zone,
an highly important aspect in an aquifer
with thick unsaturated zones.

A second research area that would
contribute to the understanding of the
groundwater chemistry is groundwater
flow, transport and reactions in the
unsaturated zone. The unsaturated



162 CONCLUSIONS

zone is a highly reactive environment
and measuring the water composition
at different depths of the unsaturated
zone will help assessing the input to
groundwater.

Finally, as pointed out earlier, the
geochemical modelling would benefit
from using reactive transport models to
explicetly account for reaction kinetics,
groundwater flow and transport.
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Well_ID
X 

(m Lambert)
Y 

(m Lambert) # obs Start Date End Date
Min

(m asl)
Mean

(m asl)
Max

(m asl) Std Range
2-0003 164325 180120 105 19/10/1993 6/01/2004 13.80 14.63 15.24 0.35 1.44
2-0006 160980 160420 307 7/01/1975 4/04/2005 65.21 68.41 69.57 0.57 4.36
2-0009 163749 162234 353 7/01/1975 9/04/2008 57.22 58.24 59.52 0.58 2.30
2-0011 166910 161060 350 7/01/1975 9/04/2008 61.87 62.26 62.82 0.20 0.95
2-0018 172172 182570 420 15/09/1988 8/04/2008 9.33 10.53 11.48 0.43 2.15
2-0032 179030 171310 236 15/05/1987 1/03/2004 49.15 50.29 54.15 1.36 5.00
2-0034 161526 176243 231 14/05/1987 1/03/2004 39.51 40.51 41.85 0.55 2.34
2-0050 175803 170384 223 15/05/1991 1/04/2008 47.49 49.40 50.74 0.82 3.25
2-0073 168703 174665 187 15/01/1993 1/04/2008 35.75 36.64 37.54 0.41 1.79
2-0109 159858 177887 135 11/09/1997 1/04/2008 26.52 28.94 30.06 0.78 3.54
2-0113 186590 162370 146 16/12/1996 14/04/2008 50.84 51.30 51.86 0.28 1.02
2-0114 153030 158805 125 4/12/1997 9/04/2008 92.22 93.31 94.48 0.62 2.26
2-0419b 155955 180524 20 6/10/2006 9/04/2008 14.70 15.15 15.64 0.30 0.94
2-0420b 160082 170389 30 10/01/2006 1/04/2008 63.32 63.43 63.61 0.08 0.29
2-0421 180790 176231 32 19/10/2005 1/04/2008 47.05 47.28 47.56 0.18 0.51
2-0430 166516 167019 23 18/07/2006 1/04/2008 49.77 49.88 50.00 0.07 0.23
2-0431 157749 163462 21 11/09/2006 9/04/2008 73.44 73.59 73.70 0.07 0.26
2-0435b 144293 154712 22 16/08/2006 9/04/2008 93.91 94.08 94.41 0.16 0.50
2-0438b 180807 166112 23 18/07/2006 1/04/2008 78.55 78.66 78.77 0.07 0.22
2-0440b 183110 172384 23 20/07/2006 1/04/2008 61.71 61.81 61.92 0.06 0.21
32/6/7/010 172479 159585 9 20/12/2005 3/04/2008 40.62 40.97 41.46 0.26 0.84
39/3/4/004 147450 153440 24 13/08/1997 1/04/2008 68.41 68.62 68.63 0.05 0.22
39/4/1/060 156640 157140 39 24/11/1995 27/08/2008 63.86 64.23 64.66 0.20 0.80
39/4/3/010 161850 157050 142 1/02/1995 15/12/1998 43.77 45.54 47.22 0.68 3.45
39/4/4/007 156320 154037 37 29/07/1997 23/01/2009 78.15 79.51 80.50 0.64 2.35
39/4/6/462 160504 152858 1396 20/11/1995 27/08/2008 84.22 85.23 86.21 0.36 1.99
39/4/7/075 155330 151170 24 24/11/1995 22/08/2008 95.21 96.91 99.28 1.12 4.07
39/4/9/431 160280 150020 991 19/01/1996 27/08/2008 91.67 92.98 93.70 0.28 2.03
39/6/3/003 144605 145826 29 21/08/1997 27/08/2008 121.21 122.70 124.48 0.96 3.27
39/7/1/006 147942 145151 11 19/03/2004 22/08/2008 118.29 118.57 119.53 0.37 1.24
39/7/4/004 147748 143995 24 16/10/1998 18/03/2008 99.52 100.25 100.59 0.21 1.07
39/7/4/105 148670 143740 2 1/07/1996 19/03/2004 117.73 118.18 118.62 0.63 0.89
39/7/4/106 148403 144623 2 26/04/1996 19/03/2004 112.83 112.95 113.06 0.16 0.23
39/7/4/107 148105 144600 2 5/06/1996 19/03/2004 113.08 113.40 113.72 0.45 0.64
39/7/4/110 148437 142664 2 20/08/1997 19/03/2004 118.80 120.50 122.20 2.40 3.40
39/7/4/111 148260 142618 2 20/08/1997 19/03/2004 121.74 122.65 123.56 1.29 1.82
39/7/4/112 148204 142702 2 20/08/1997 19/03/2004 121.93 122.75 123.56 1.15 1.63
39/7/4/114 148666 142383 9 20/08/1997 22/08/2008 124.21 125.31 125.91 0.48 1.70
39/7/4/118 147998 143187 3 19/03/2004 28/03/2006 118.44 118.66 119.08 0.36 0.64
39/7/5/004 148926 143136 24 28/08/1997 22/08/2008 121.26 121.90 122.89 0.49 1.63
39/7/5/015 148935 144060 2 20/06/1996 19/03/2004 114.70 115.14 115.57 0.62 0.87
39/7/5/028 148936 144000 3 19/03/2004 28/03/2006 115.90 115.97 116.10 0.11 0.20
39/7/9/008 153609 140481 2 9/12/2003 4/11/2004 137.87 138.09 138.31 0.31 0.44
39/7/9/010 153280 139652 2 9/12/2003 4/11/2004 144.55 144.91 145.27 0.51 0.72
39/7/9/012 153187 140039 2 9/12/2003 4/11/2004 142.01 142.33 142.64 0.45 0.63
39/8/1/096 154870 146950 32 19/01/1996 22/08/2008 123.14 124.65 126.13 0.69 2.99
39/8/3/001 160927 145438 19 14/07/2000 27/08/2008 76.49 77.19 77.80 0.39 1.31
39/8/6/278 160041 142381 1428 7/09/1995 27/08/2008 117.11 117.85 118.75 0.35 1.64
39/8/7/004 155923 138758 2 8/12/2003 4/11/2004 148.68 148.71 148.74 0.04 0.06
39/8/7/009 156357 139398 2 8/12/2003 4/11/2004 144.78 144.98 145.17 0.28 0.39
39/8/7/012 154344 140012 2 8/12/2003 4/11/2004 150.42 150.68 150.94 0.37 0.52
39/8/8/012 156928 139035 2 9/12/2003 4/11/2004 133.54 133.65 133.75 0.15 0.21
39/8/8/015 157582 139526 2 8/12/2003 4/11/2004 135.98 136.30 136.62 0.45 0.64
39/8/8/018 157877 138727 2 8/12/2003 4/11/2004 137.24 137.43 137.61 0.26 0.37
39/8/9/036 161842 139511 35 24/11/1995 22/08/2008 133.08 133.90 134.91 0.50 1.83
40/1/3/466 169514 157808 25 28/08/1997 3/04/2008 39.90 40.58 41.00 0.30 1.10
40/1/6/027 168947 151888 1191 25/01/1995 28/08/2008 95.72 97.45 98.72 0.33 3.00
40/1/8/001 167230 148340 10 29/11/1999 17/08/2004 106.86 107.45 107.83 0.31 0.97
40/1/8/028 166745 148892 18 20/10/1997 1/03/2006 103.21 103.80 104.59 0.41 1.38



Well_ID
X 

(m Lambert)
Y 

(m Lambert) # obs Start Date End Date
Min

(m asl)
Mean

(m asl)
Max

(m asl) Std Range
40/1/8/031 167341 149277 13 1/09/1999 1/03/2006 106.39 106.85 107.34 0.27 0.95
40/1/8/046 166057 151156 1099 25/01/1995 28/08/2008 82.96 83.84 84.59 0.23 1.63
40/1/8/094 166477 150590 59 25/01/1995 17/09/1997 88.51 88.74 88.96 0.13 0.45
40/1/9/025 167363 149284 3 1/03/1998 1/03/1999 106.39 106.54 106.81 0.23 0.42
40/1/9/027 167730 148870 26 20/11/1997 28/08/2008 109.32 109.75 110.47 0.33 1.15
40/1/9/034 167972 150492 51 25/01/1995 17/09/1997 109.17 109.56 110.05 0.13 0.88
40/1/9/039 168043 150499 57 25/01/1995 17/09/1997 110.46 110.70 110.86 0.09 0.40
40/1/9/057 167995 150494 50 25/01/1995 17/09/1997 109.23 109.49 110.17 0.17 0.94
40/1/9/072 169033 149466 1061 19/01/1996 28/08/2008 116.21 117.23 118.23 0.35 2.02
40/2/3/073 175820 156110 31 24/11/1995 28/08/2008 93.96 94.87 97.78 0.89 3.82
40/2/5/022 174350 151639 266 14/06/1995 28/08/2008 106.43 107.04 107.58 0.16 1.15
40/5/4/065 164540 143750 33 24/11/1995 3/04/2008 126.05 126.96 128.06 0.53 2.01
40/5/6/057 167830 143250 29 1/12/1995 3/04/2008 131.38 132.97 134.48 0.68 3.10
40/6/2/003 174565 146120 2 23/09/1999 19/04/2000 146.85 147.18 147.50 0.46 0.65
40/6/2/004 174575 146110 3 20/10/1998 19/04/2000 146.87 147.10 147.52 0.37 0.65
40/6/2/078 174550 146130 1079 24/11/1995 28/08/2008 145.97 146.65 148.60 0.46 2.63
622/71/1 184101 163357 45 10/03/2004 6/11/2007 74.29 75.20 75.65 0.28 1.36
622/71/2 181830 165821 48 11/03/2004 24/10/2007 75.04 75.39 75.78 0.20 0.74
622/71/4 185893 165149 30 10/03/2004 6/11/2007 60.84 61.62 62.29 0.46 1.45
622/71/7 183830 164612 13 11/03/2004 6/11/2007 68.07 68.90 70.24 0.66 2.17
622/71/8 184957 166213 42 11/03/2004 9/11/2007 68.29 68.94 69.78 0.41 1.49
622/72/1 188078 168525 27 15/03/2004 29/11/2007 58.10 59.27 61.66 1.17 3.56
622/72/12 184948 163205 8 28/05/2004 6/11/2007 84.81 85.51 85.95 0.40 1.14
622/72/2 185940 166691 10 11/03/2004 11/10/2007 67.80 68.55 70.90 0.90 3.10
622/72/3 184800 167160 30 11/03/2004 12/10/2007 72.48 73.36 74.38 0.58 1.90
622/72/5 181461 165384 27 11/03/2004 24/10/2007 79.95 80.97 82.05 0.58 2.10
622/76/6 188978 164832 26 20/02/2004 31/10/2007 48.20 49.03 49.67 0.45 1.47
640/71/2 182150 167732 45 11/03/2004 23/10/2007 69.29 70.11 70.99 0.51 1.70
640/72/1a 179243 167746 15 24/11/2005 22/10/2007 73.76 74.29 75.21 0.54 1.45
640/72/6 184257 169022 27 11/03/2004 23/10/2007 61.85 62.78 63.65 0.71 1.80
640/72/7 182788 168501 27 17/03/2004 23/10/2007 67.22 67.65 68.43 0.33 1.21
651/63/2 176797 177974 27 11/02/2004 29/10/2007 20.42 20.62 20.93 0.12 0.51
651/63/3 182715 179543 24 10/02/2004 29/11/2007 30.95 31.47 32.01 0.33 1.06
651/63/5 180054 177573 25 26/04/2004 11/09/2007 37.19 38.27 40.75 0.80 3.56
651/72/1 179460 179968 27 27/01/2004 29/11/2007 18.41 18.86 19.33 0.32 0.92
700/21/1 143269 160792 24 13/02/2004 13/11/2007 25.85 26.35 26.79 0.30 0.94
700/71/1 145139 156917 36 5/05/2004 12/11/2007 79.24 80.14 81.22 0.63 1.98
700/73/1 149008 157710 22 13/02/2004 13/11/2007 86.47 90.29 99.85 4.09 13.38
700/75/3 144613 160031 21 4/05/2004 12/11/2007 53.68 55.77 56.75 0.91 3.07
700/75/6 146283 156964 17 1/04/2005 29/11/2007 68.39 69.32 70.13 0.58 1.74
703/71/3 157720 172445 32 14/05/2004 28/11/2007 42.40 42.84 43.47 0.21 1.07
703/73/3 159437 174959 25 16/04/2004 28/11/2007 44.03 44.29 45.53 0.31 1.50
703/73/5 161731 172639 32 18/06/2004 26/11/2007 56.11 57.37 58.10 0.52 1.99
710/71/3 164949 161771 26 13/02/2004 13/10/2006 55.88 56.28 56.63 0.25 0.75
710/71/4 164147 161242 13 13/02/2004 14/11/2007 53.17 53.59 53.91 0.23 0.74
710/71/6 160976 158749 45 13/02/2004 14/11/2007 67.58 68.22 68.76 0.36 1.18
710/71/7a 168567 159418 20 11/06/2004 23/03/2007 51.16 51.98 52.20 0.29 1.04
710/73/1 166383 163593 11 17/06/2004 15/11/2007 54.17 54.60 55.14 0.34 0.97
711/71/1 166674 167701 42 10/06/2004 16/11/2007 48.71 49.16 49.45 0.21 0.74
711/71/3 162502 164595 43 9/06/2004 14/11/2007 63.59 64.73 65.03 0.34 1.44
711/71/4 165911 165047 28 17/06/2004 15/11/2007 49.21 49.40 49.59 0.12 0.38
711/72/1 164738 168388 22 8/12/2004 28/11/2007 57.65 58.17 60.38 0.62 2.73
711/73/1 160901 163867 15 17/06/2004 13/11/2007 70.25 72.23 77.96 2.23 7.71
711/73/3 164592 165569 16 17/06/2004 15/11/2007 58.87 60.01 61.74 0.97 2.87
711/73/5 163962 162912 20 13/02/2004 15/11/2007 51.27 53.02 54.59 0.99 3.32
711/73/7 164071 166943 16 7/06/2004 28/11/2007 61.70 62.92 63.65 0.58 1.95
711/73/8 167779 168190 20 8/12/2004 28/11/2007 42.22 43.15 43.62 0.34 1.40
712/71/4 176518 172277 33 27/09/2004 22/10/2007 33.74 34.70 34.94 0.21 1.20
712/72/2 176916 168298 33 23/03/2004 8/10/2007 63.81 64.17 64.59 0.23 0.78
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712/72/3 178192 169072 27 23/03/2004 25/10/2007 63.45 63.86 64.37 0.26 0.92
712/72/6 178924 170726 27 24/03/2004 8/10/2007 55.33 55.73 56.39 0.33 1.06
712/72/8 177969 172862 20 27/09/2004 3/09/2007 39.48 39.92 40.29 0.25 0.81
713/21/1 168340 165055 14 10/06/2004 15/11/2007 30.55 31.14 31.99 0.46 1.44
713/63/2 167242 173211 22 9/04/2004 26/11/2007 41.20 42.50 43.21 0.52 2.01
713/63/4 165666 172889 22 18/06/2004 26/11/2007 42.83 45.94 46.79 0.97 3.96
713/71/1 165178 169918 39 19/04/2004 26/11/2007 49.75 51.16 51.67 0.35 1.92
713/71/2a 168077 169589 40 6/05/2004 26/11/2007 41.89 42.32 42.85 0.28 0.96
713/72/3 163432 171414 32 12/05/2004 27/11/2007 57.65 58.52 58.93 0.29 1.28
713/72/4 166918 172904 28 9/04/2004 27/11/2007 41.61 42.93 43.52 0.38 1.91
713/73/10 166501 170933 28 19/04/2004 27/11/2007 44.54 45.89 46.28 0.32 1.74
713/73/2 163416 168542 32 7/06/2004 26/11/2007 58.20 59.48 59.94 0.37 1.74
713/73/4 164984 172264 17 12/05/2004 28/11/2007 50.11 50.47 50.96 0.28 0.85
713/73/9 164384 168900 27 4/06/2004 29/11/2007 55.52 56.94 57.47 0.38 1.95
720/21/2 174749 180421 24 21/01/2004 4/10/2007 12.07 12.66 13.19 0.39 1.12
722/21/4 166540 185141 20 26/01/2004 26/09/2007 6.82 7.25 7.74 0.25 0.92
722/34/1 170763 182163 18 20/01/2004 26/09/2007 8.86 12.50 13.36 1.03 4.50
723/73/14 163586 183573 20 23/01/2004 3/10/2007 10.09 10.74 11.56 0.43 1.47
723/73/9 167124 182035 26 20/01/2004 3/10/2007 13.06 13.89 14.98 0.51 1.92
724/73/4 161849 181634 20 20/01/2004 3/10/2007 12.27 12.78 13.12 0.24 0.85
727/21/1 163305 187718 18 26/01/2004 26/09/2007 4.77 5.56 6.42 0.49 1.65
DULP001 145571 156221 13 25/02/2005 10/09/2005 72.81 73.24 73.44 0.21 0.63
DULP002 145564 156228 13 25/02/2005 10/09/2005 73.42 73.54 73.61 0.06 0.19
DULP003 145552 156234 13 25/02/2005 10/09/2005 73.32 73.47 73.56 0.07 0.24
DYLP001 169717 167223 300 20/04/1989 26/09/2005 27.69 28.53 29.36 0.40 1.67
DYLP002 169667 167242 281 25/03/1989 26/09/2005 27.39 28.03 28.46 0.25 1.07
DYLP026 169808 167617 267 25/03/1989 26/09/2005 26.74 27.40 27.74 0.09 1.00
FLOP004 169014 161969 30 15/05/2000 16/12/2002 31.53 32.05 32.47 0.27 0.94
FLOP007 169220 161757 28 15/05/2000 14/10/2002 31.73 32.13 32.40 0.19 0.67
FLOP009 169482 161118 31 15/05/2000 16/12/2002 32.34 33.12 33.37 0.23 1.03
GRYP002 188310 167119 311 7/01/1993 24/12/2004 48.16 48.42 48.67 0.06 0.51
GRYP004 188340 167144 311 7/01/1993 24/12/2004 49.70 50.12 50.60 0.11 0.90
GRYP008 188262 167129 358 18/03/1991 24/12/2004 47.81 48.19 48.57 0.09 0.76
HALP004 144200 155650 55 18/05/1999 28/12/2000 85.44 85.56 85.69 0.05 0.25
HORP001 182960 180490 196 14/03/1993 29/12/2001 25.36 25.93 26.29 0.19 0.93
HORP002 182961 180490 208 27/10/1990 6/10/2001 24.68 25.41 25.69 0.24 1.01
LAVP030 166914 162186 42 16/03/2001 14/01/2003 33.50 33.96 34.45 0.22 0.95
LAVP031 166867 162256 42 16/03/2001 14/01/2003 33.68 34.05 34.18 0.10 0.50
LAVP032 166832 162312 42 16/03/2001 14/01/2003 36.52 36.68 36.96 0.10 0.44
LAVP051 168080 163614 42 16/03/2001 14/01/2003 29.48 30.54 31.10 0.38 1.62
LAVP056 168293 163914 42 16/03/2001 14/01/2003 29.87 30.17 30.42 0.11 0.55
LAVP062 168430 164226 27 16/03/2001 31/05/2002 29.54 29.94 30.12 0.16 0.58
LAVP065 168551 164613 39 16/03/2001 14/01/2003 28.53 29.31 29.64 0.29 1.11
LAVP068 168605 164856 41 16/03/2001 14/01/2003 31.04 31.84 32.32 0.34 1.28
LAVP069 168539 164883 40 16/03/2001 14/01/2003 28.33 29.27 29.65 0.33 1.32
LAVP070 168438 164932 41 16/03/2001 14/01/2003 29.21 29.99 30.61 0.36 1.40
RODP035 167369 162082 73 30/06/1994 29/09/2000 52.17 52.99 53.34 0.29 1.17
RODP059 167117 162321 62 17/10/1994 29/09/2000 31.67 32.73 33.35 0.52 1.68
SILP002 164585 178370 129 25/11/1998 8/12/2004 20.68 21.06 21.20 0.11 0.52
SILP004 164780 178230 132 25/11/1998 8/12/2004 19.61 20.32 20.52 0.15 0.91
SNOP002 183014 169339 249 5/06/1992 12/12/2004 56.72 57.51 57.88 0.28 1.16
SNOP004 183045 169300 243 5/06/1992 12/12/2004 57.17 57.66 57.84 0.14 0.67
SNOP006 183051 169270 249 5/06/1992 12/12/2004 57.94 58.22 58.35 0.07 0.41
TWAP001 163075 169170 8 1/07/1999 1/04/2000 53.53 53.70 53.81 0.11 0.28
TWAP002 163076 169170 8 1/07/1999 1/04/2000 53.49 53.60 53.73 0.07 0.24
TWAP003 163304 169155 8 1/07/1999 1/04/2000 55.51 56.03 56.28 0.25 0.77
TWAP004 163503 169280 8 1/07/1999 1/04/2000 52.52 53.11 53.41 0.30 0.89
WETP001 180193 170289 132 19/05/2000 27/11/2005 57.74 57.99 58.06 0.06 0.32



Appendix B

Baseflow Observations

B.1 Introduction

To assess the performance of the ground-
water model to simulate the Brussels
Aquifer system in chapter 5, calculated
values of head and baseflow are com-
pared to their calculated equivalents.
The head data set is extensively de-
scribed in chapter 3, while this section
addresses the baseflow dataset.

Time series of total river discharge are
available at several locations in the study
area. Since the groundwater model
can only provide calculations of the
groundwater component of the hydro-
graph, this groundwater component or
baseflow needs to be separated from the
total discharge hydrograph, the baseflow
separation.

In this study the method of Witten-
berg (Wittenberg, 1999) is applied to
stream discharge measurements to sepa-
rate baseflow. The Wittenberg method
is preferred over others as it is process-
based method rather than a purely data-
driven statistical method and secondly
because it describes baseflow recession as
a non-linear process instead of a classical
single linear reservoir process.

The groundwater model is a steady-state
model and therefor the mean of the
multi-annual baseflow hydrograph will
be used as calibration target with a
confidence interval equal to one standard
deviation.

In the groundwater model drain cells
are assigned to each cell with a drain
elevation equal to topography minus 1.25
m for all other cells. In order to compare
the calculated drainage with

the baseflow obtained from the hydro-
graphs, a watershed or catchment area
needs to be calculated for each river
discharge measurement location. This
watershed encompasses all the cells of
which the runoff will eventually flow
towards the measurement location. The
calculated drainage in MODFLOW for
these cells within a catchment area will
be summed and compared to the base-
flow obtained for that gauging station.

B.2 Data

River discharge measurements in the
study area are carried out by the
Vlaamse Milieu Maatschappij (VMM)
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in the Flemish part and the Diréction
Générale des Ressources Naturelles et
de l’Environnement (DGRNE) in the
Walloon part. Discharge data are made
publicly available through following
websites:

VMM: Hydronet

DGRNE: Aqualim

Through these web portals, daily mea-
surements of river stages and discharge
are obtained together with metadata of
the measuring station (Lambert coordi-
nates X & Y, elevation of river bed in m
asl).

Fig. B.1 shows the location of the 20
measurement stations with respect to the
river network, most of which have daily
hydrographs available, spanning several
years. Three gauging stations, L08_103,
L5720 and L09_141, are monitoring
discharge in rivers acting as boundary of
the study area. The groundwater model
will only by able to simulate part of the
baseflow to these rivers and therefore
these three stations are removed from
the data set. Fig. B.2 shows the total
discharge hydrographs for the seventeen
remaining gauging stations.

The majority of measurements are avail-
able in the period 1995 till 2005, so
this period is selected for the baseflow
separation.

Prof. Vanclooster kindly provided pre-
cipitation data from the meteorological
station of the Université Catholique de
Louvain in Louvain-La-Neuve. These
consist of total daily precipitation from
06/01/1993 till 31/08/2004 in mm/d.

B.3 Baseflow separation

Wittenberg (1999) presents a baseflow
separation algorithm based on a non-
linear relationship between baseflow, Q
and storage, S according to S = aQb,
where b allows for non linearity in the
storage-discharge relationship. In combi-
nation with the continuity equation of a
reservoir without inflow, the recession
curve equation starting at an initial
discharge Q0 is given by:

Q1 = Q0

[
1 + (1− b)Q1−b

0
ab

t

] 1
(b−1)

(B.1)

From theoretical studies and from exper-
imental results, the value of b appears to
be equal to 0.5 for unconfined aquifers.
Parameter a can be thought of being
related to porosity, hydraulic conduc-
tivity and morphometric properties of
the watershed and aquifer Wittenberg
(1999). Given a recession curve with
Qi, the discharge at time i, a can be
estimated by:

a =
∑

(Qi−1 +Qi) ∆t
2
∑(

Qbi−1 −Qbi
) (B.2)

To separate baseflow from daily time-
series of total flow, computation starts
at the last value of the time series and
proceeds backwards in time. Baseflow
at the time t − dt is determined from
baseflow at time t by equation B.3,
derived by inverting equation B.1:

Qt−dt =
[
Qb−1
t + t (b− 1)

ab

] 1
b−1

(B.3)
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Figure B.1: River gauging stations

The time-step dt is set to 1 day. Equa-
tion B.3 is designed to model recession.
To incorporate recharge events, which
interrupt the recession, following proce-
dure is adopted:

• When the reverse computed base-
flow recession curve intersects the

rising limb of the total hydrograph
a transition point (going one time-
step forward) is adopted as the peak
of baseflow.

• Values of the rising limb of the
baseflow hydrograph are then found
as the computed recession for one
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time-step forward for each given
total flow value.

B.4 Results

B.4.1 Baseflow separation

The baseflow separation is implemented
by determining a representative value
for parameter a for a given hydrograph
based on several recession curves. This
average value is subsequently used in the
Wittenberg baseflow separation method-
ology described above.

In order to obtain recession periods
for the determination of parameter a,
periods of ten or more consecutive days
without rainfall are selected from the
precipitation record. The period is
selected for subsequent analysis only if
discharge measurements are present and
the discharge is monotonically decreas-
ing. For each recession period parameter
a is calculated using eq. B.2 with b
set to 0.5, the value for an unconfined
aquifer. The parameter a which results
in the lowest mean squared error between
observed and calculated discharge, using
eq. B.1, is chosen to be representative
for the aquifer system at the gauging
station.

This procedure is illustrated for gauging
station L08_097 in St. Joris Weert,
where discharge of the Dijle river is
measured. Between August 1994 and
August 2004 six periods are found with
ten consecutive days without precip-
itation and monotonically decreasing
discharge values. The lowest root mean
squared value is obtained for a = 194.07.

This value is subsequently used for
baseflow separation. The total discharge
hydrograph and baseflow timeseries is
rendered in Fig. B.3. The mean baseflow
values amounts to 4.53 m3

/s and the
standard deviation is 1.06 m3

/s.

Table B.1 summarizes the a-value, mean
baseflow and standard deviation for
each gauging station within the model
domain.

B.4.2 Catchment Delineation

To calculate the total drainage in MOD-
FLOW corresponding to the baseflow
obtained from hydrographs, the drainage
of all cells contributing drainage to the
gauging station needs to be summed. A
way to achieve this is to calculate the
hydrological catchment for each measure-
ment location under the assumption that
if a cell within a catchment produces
drainage, it will contribute to the total
flow observed at the gauging station.

The watershed delineation is carried
out using the GIS-software GRASS
6.3 with QGIS 0.11-Metis as pre-and
postprocessor. The watershed delin-
eation is a two-step process. Step 1
is the calculation of a raster with the
drainage direction for each cell in the
study area based on the DEM. The
second step delineates the watershed for
a measuring location using the raster
from step 1 and the coordinates of the
measuring location. An example of such
a delineated catchment is shown in Fig.
B.4 for gauging L08_097 measuring the
discharge of the Dijle River in St. Joris
Weert.
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Table B.1: a-value, mean baseflow and standard deviation for all gauging stations
Station ID a mean baseflow (m3

/s) std baseflow (m3
/s)

L08_097 324 7.23 1.31
L08_098 164 4.57 1.11
L08_111 76 0.65 0.38
L08_112 41 0.27 0.07
L08_113 44 0.15 0.08
L08_115 32 0.22 0.1
L08_116 37 0.2 0.08
L08_118 108 1.47 0.55
L5370 73 0.92 0.35
L5460 80 0.45 0.18
L6100 49 0.05 0.05
L6101 40 0.22 0.1
L6131 50 0.64 0.24
L6140 90 1.85 0.64
L6150 63 0.58 0.08
L6160 134 3.3 0.94
L6640 72 0.34 0.1

The procedure outlined above could not
be applied for gauging stations L08_111
in Elewijt, measuring the Barebeek River
and L08_115 in Heverlee, measuring
the Molenbeek River. These gauging
stations are situated in areas with low re-
lief for which the catchment delineation
algorithm implemented in GRASS is not
suited to obtain catchment areas. For
these gauging stations a catchment area
is delineated manually from topography.
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Figure B.2: Total discharge hydrographs (in m3/s) from 1975 till 2008
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Figure B.3: Total discharge and baseflow
for gauging station L08_097 for the the
entire period (a) and detail for the year
1999 (b)

Figure B.4: Catchment area delineated
for gauging station L08_097
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The conceptual models of chapter 6 are implemented in PHREEQC using the input file shown below. For each 
conceptual model a template input file is created containing only the lines corresponding to the processes listed 
in table 6.1. Values of parameters and inputs changed during the GLUE-BMA approach are in bold italics

# Rainfall composition
SOLUTION 1
    temp      12
    pH        5.493876 
    redox     pe
    units     mmol/kgw
    density   1
    Ca        0.018297
    Mg        0.004967
    Na        0.118583
    K         0.005700
    Cl        0.014903
    S(6)      0.031505 as SO4-2
    Alkalinity 0.034733 as HCO3-
    N(5)      0.054070 as NO3-
    O(0)      1 O2(g)      -0.67
    -water    1 # kg

# Concentration of recharge by evapotranspiration
REACTION 1
    H2O        -1
    40.803690 moles in 1 steps
SAVE solution 2
END
USE solution 2
MIX 2
2 3.775325 # restore to 1 L
SAVE SOLUTION 3
END

# Add extra source of solutes
USE solution 3
REACTION 2
Ca0.61797Mg0.71960Na0.30928K0.05153Cl1.29776(SO4)0.59285(NO3)0.68287 
1
    1 millimoles in 1 steps
SAVE solution 4

END
USE solution 4

# Equilibrate solution with excess calcite and soil CO2 pressure
EQUILIBRIUM_PHASES 1
    Calcite   0 10
    CO2(g)    -1.644172 10
    SiO2(am)  0 10



# Cation exchange in soil
EXCHANGE 1
    KX      0.000219
    MgX2    0.010217
    CaX2    0.086290
    NaX     0.000646
SAVE solution 5
SELECTED_OUTPUT
    -file                 Model10a_10000.txt
    -reset                false
    -ph                   true
    -molalities           Ca+2  Mg+2  Na+  K+
                          Cl-  SO4-2  NO3-  HCO3-
                          O2  Fe+2 Fe+3 N2 SiO2
                          CaX2  MgX2  NaX  KX
    -equilibrium_phases   Calcite Dolomite SiO2(am) CO2(g) C Fe(OH)3
END

# Equilibrate with excess calcite and limited amount of pyrite
USE solution 5
EQUILIBRIUM_PHASES 2
    Calcite   0 10
    Pyrite    0 0.000783
SAVE solution 6
SELECTED_OUTPUT
    -file                 Model10b_10000.txt
    -reset                false
    -ph                   true
    -molalities           Ca+2  Mg+2  Na+  K+
                          Cl-  SO4-2  NO3-  HCO3-
                          O2  Fe+2 Fe+3  N2  SiO2
                          CaX2  MgX2  NaX  KX
    -equilibrium_phases   Calcite Dolomite SiO2(am) CO2(g) Pyrite
END

# Equilibrate with excess calcite, ironhydroxide and limited amount 
of 
# organic carbon
EQUILIBRIUM_PHASES 2
    Calcite   0 10
    C         0 0.001307
    Fe(OH)3   0 10
SAVE solution 5
SELECTED_OUTPUT
    -file                 Model7_10000.txt
    -reset                false
    -ph                   true
    -molalities           Ca+2  Mg+2  Na+  K+



                          Cl-  SO4-2  NO3-  HCO3-
                          O2  Fe+3  Fe+2  N2 SiO2
    -equilibrium_phases   Calcite Dolomite CO2(g) SiO2(am) C Fe(OH)3
END
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