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ABSTRACT 

The focus of this thesis is on groundwater vulnerability assessment by process-based simulation 
models and data acquisition for these assessments. A modelling system for intrinsic groundwater 
vulnerability assessment in water supply areas was developed, consisting of flow- and transport 
models for the unsaturated zone and the groundwater zone, coupled to a geographical informa-
tion system. The system was applied to a water supply area located close to a major road south of 
Stockholm. Chloride was used as an indicator in determining the vulnerability for groundwater 
contamination from the road. The approach was useful to illustrate the dynamic change of chlo-
ride concentrations both during the stage of continuous application and after the applications was 
terminated. A structure and content of a database for flow and transport modelling, based on 
hydrogeological environments, was outlined. An existing hydrogeological parameter database, 
HPAR at the Geological Survey of Sweden (SGU), was examined as a potential source of data for 
the new database. Values for some important parameters needed for groundwater modelling, 
such as hydraulic conductivity and effective porosity, were lacking in the three municipal HPAR 
databases that were studied. It was suggested that these data should be added, together with 
information on the hydrogeological environments, for all geographical positions of interest. 
Without such minimum information, the efficient use of modelling tools could not be expected. 
Typical profiles of three common Swedish hydrogeological environments (sand deposits, glacial 
till and clay covered areas) were used to represent generic input data to model simulations in the 
unsaturated zone so that the importance of soil, vegetation type and groundwater levels on turn-
over times of conservative contaminants transported by natural recharge could be examined. The 
same profiles were used to predict the penetration depth of accidental liquid spills that occur at 
the land surface level. 
In the case of contaminant transport by natural recharge, water storage in the soil profile and 
vegetation type played an important role for turnover times. For liquid spills, the hydraulic con-
ductivity was found to be of major importance, while the water retention properties were of less 
importance. Modelling, together with available data sources, were successfully used to demon-
strate the vulnerability of different environmental conditions. 

Keywords: Database; Groundwater vulnerability; Hydrogeological environment; Process-based 
models; Penetration depth; Turnover time 

INTRODUCTION 

Groundwater is a vital natural resource for 
the economic and secure provision of drink-
ing water, and plays a fundamental role in 
human well-being.  However, the pressure on 
groundwater, in terms of both quantity and 
quality, has increased to an extent whereby 
not only drinking water sources but also 
sensitive ecosystems are threatened by con-
tamination through human exploitation. 
Increasing demand for water, a growing use 
of pesticides and fertilisers, atmospheric 
deposition and numerous point sources of 
contamination constitute a threat to the qual-
ity of groundwater. The present groundwater 

quantity and quality in Europe is summarised 
in a report by European Environment 
Agency (EEA) (1999), where it is concluded 
that significant problems with pesticides and 
nitrates in groundwater occur in several 
European countries. Furthermore, acidifica-
tion commonly occurs in northern European 
countries, resulting in low pH values in 
groundwater.  By international standards, the 
status of Sweden’s groundwater is good, both 
in terms of quantity and quality. This may be 
one reason why, up to now, groundwater has 
been a secondary consideration in the context 
of land use planning and environmental 
protection in Sweden (SEOC, 2004). 
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Despite groundwater’s important function to 
society, these resources have generally not 
been provided with adequate protection 
(Foster et al., 2002). This is mainly due to the 
geological formation's natural ability to at-
tenuate many water contaminants and hence 
the soil cover has long been considered as 
potentially effective for the protection of 
underlying groundwater.  
The groundwater system responds slowly to 
contamination events and the travel times to 
reach the groundwater zone are often long. 
Cleaning and restoring contaminated 
groundwater is often technically problematic 
and costly, and finding alternative sources for 
water supply is not always possible (Lind-
ström and Scharp, 1995). Therefore, the most 
effective and realistic solution is to prevent 
the contamination of groundwater through 
adequate land-use planning and groundwater 
management. All groundwater resources are 
not valued equally though, and the willing-
ness to protect a groundwater resource de-
pends on several issues, such as the actual use 
of groundwater, the potential for future water 
supply, alternative for water supply, and the 
importance of the groundwater resource for 
sensitive ecosystems and landscapes (Scharp 
et al., 1997). High dependence on groundwa-
ter for water supply usually implies a strong 
willingness to afford the resource protection; 
the willingness being even higher if alterna-
tive sources are not available. However, it is 
often necessary to define groundwater pro-
tection strategies that accept trade-offs be-
tween competing interests. The U.S. National 
Research Council, NRC (1997) provides a 
framework for calculating the economic 
value of groundwater and evaluating trade-
offs between competing uses of it. Valuation 
of groundwater resources is critical in deter-
mining an efficient outcome in many 
groundwater development, protection, and 
remediation projects, programs or policy 
decisions. In Sweden, the value of water has 
been discussed, e.g., by Sandström (1998) and 
Johansson et al.(2002). 
In recent years, groundwater vulnerability 
assessments have been conducted in many 
countries as an essential part of comprehen-
sive protection strategies. Vulnerability as-

sessment provides a basis for initiating pro-
tective measures for important groundwater 
resources and will normally be the first step 
in a groundwater pollution hazard assessment 
and quality protection, when the interest is at 
the municipal or provincial scale (Foster et al., 
2002). However, the concept is also valid for 
vulnerability assessment at a more local level, 
within individual groundwater supply catch-
ment areas. The basis for vulnerability as-
sessments is the heterogeneity of geological 
formations, implying that aquifers are not 
equally sensitive to disturbances by human 
activities or changes in the environment. 
Examples of planning situations where a 
vulnerability assessment can be used are: 
general land use planning, land use restriction 
within well-head protection zones, localisa-
tion and operation of activities endangering 
the groundwater quality, and design and 
management of groundwater monitoring 
networks 
The European Water Framework Directive 
(WFD) (2000/60/EC) aims to establish a 
framework for community action in manag-
ing the water environment and sets out a 
common approach to protection by defining 
environmental objectives for all ground and 
surface waters within the European Union. 
The WFD demands sustainable water use 
based on the long-term protection of water 
resources. The term “vulnerability” is only 
used in relation to coastal aquatic ecosystems. 
However, the idea of groundwater vulnerabil-
ity assessment is indirectly included in the 
directive. The WFD requires an initial charac-
terisation of all groundwater bodies to assess 
their uses and the degree to which they are at 
risk. As part of this initial characterisation, 
the monitoring, evaluation and presentation 
of the quantitative and qualitative status of 
ground and surface water are mandatory. In 
several European countries, vulnerability 
studies are an integral element of the work 
being undertaken to implement the WFD 
(for application examples see Witkowsky 
(ed.), 2004). 
In April 1999, the Swedish Parliament 
adopted fifteen national environmental qual-
ity objectives for the development of an 
ecologically sustainable society. The Geologi-
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cal Survey of Sweden (SGU) is responsible 
for the environmental objective Good-Quality 
Groundwater. The Good-Quality Groundwater 
objective requires that groundwater must 
provide a safe and sustainable supply of 
drinking water and contribute to viable habi-
tats for flora and fauna in lakes and water-
courses.  
Adopted approaches for vulnerability as-
sessment range from empirical classifications 
of key properties to detailed process-based 
simulation models. The purpose of the as-
sessment governs the level of complexity 
required. In the present work, a process-
based model approach was selected for the 
vulnerability assessment studies. The main 
concern in the research work was the vulner-
ability assessment of important groundwater 
resources in Sweden used for drinking water 
production. The great importance of these 
resources implies that it is usually desirable to 
develop quantitative assessments, e.g., in 
respect to transport times and contamination 
concentrations. Due to the large data needs 
for process-based models, data acquisition as 
input to these models is crucial.  

RESEARCH ISSUES 

The usefulness of qualitative results from 
stratigraphic zoning and from index and 
overlay methods have been questioned. On 
the other hand, quantitative assessments, 
expressed in terms that are relevant and 
understandable for the user, have been re-
quested (Maxe and Johansson, 1998). Proc-
ess-based quantitative vulnerability assess-
ments are needed for more accurate 
assessments. This is particularly important 
for safeguarding of the present and future 
municipal drinking water supplies. 
Thus, the main focus of the present research 
work was on the development of a vulner-
ability assessment, using process-based mod-
elling, for the important groundwater re-
sources in Sweden.  
The review of current literature revealed that 
basic questions that need to be answered in 
quantitative vulnerability assessment include: 
- How deep/far does the contaminant reach 
in the subsurface; 

- How long does it take until the contamina-
tion reaches the target; 
- What will the concentration level at the 
target be; and 
- For how long will the contamination last? 
As the intrinsic vulnerability of groundwater 
to contamination is, by definition, independ-
ent of both the contaminant nature and the 
contamination scenario, the basic concepts to 
be considered in order to answer the ques-
tions above include: 
- Advective transport time from the origin to 
the target; 
- Physical attenuation, e.g. by dispersion, 
dilution and dual porosity effects; and 
- Relative concentration of contaminants, 
which can reach the target.  
An important issue in process-based model-
ling is the acquisition of relevant input data. 
Ideally, all data used for contaminant trans-
port modelling should be site-specific. How-
ever, this is often unrealistic due to the costs 
involved in the data collection process. One 
possible means of coping with this lack of 
data is to instead use generic data from simi-
lar hydrogeological environments, stored in 
existing databases. These data could be ana-
lysed and presented as probability distribu-
tions. Establishment of a database based on 
hydrogeological environments would pre-
sumably offer an easily available source of 
hydrogeological information for modellers.  
Modelling of contaminant transport through 
the unsaturated zone is a critical part of any 
vulnerability assessment. The behaviour of 
the soil system is very dynamic and depends 
on a complex interaction between soil, plant 
and atmosphere. These properties vary natu-
rally between different hydrogeological envi-
ronments. The hydrogeological environment 
with, e.g., geology, position in landscape, 
drainage conditions, groundwater table and 
vegetation, play an important role in the 
contaminant transport process. In most cases 
there is a strong link between these factors, 
and a better understanding of the relation-
ships between them could serve as useful 
knowledge when available data are insuffi-
cient. 
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In light of the above, investigating the fol-
lowing questions have been the main focus 
of research in the present work: 
• How can subsurface flow and transport 

models be used in vulnerability assess-
ment? (Paper  I); 

• How can hydrogeological environments 
be used by process-based models in vul-
nerability assessment? (Paper II); 

• How can data be derived for vulnerability 
studies with process-based models when 
site-specific input data are scarce or miss-
ing? (Paper II); 

• How do the physical and hydraulic prop-
erties of soil, vegetation and the presence 
of groundwater effect the turnover times 
in the unsaturated zone when considering 
natural recharge? (Paper III); and 

• Which soil hydraulic properties are most 
important for the contamination spread-
ing pattern with dealing with large spills? 
(Paper IV) 

OBJECTIVES AND 

DELIMITATIONS 

The overall objective was to develop meth-
ods for the quantitative assessment of 
groundwater vulnerability using process-
based models, with specific reference to 
Swedish conditions. 
The specific objectives were to: 
• Develop and demonstrate the use of a 

process-based modelling system in 
groundwater vulnerability assessment 
(Paper I); 

• Outline a framework for a hydrogeologi-
cal database for groundwater modelling, 
based on hydrogeological environments 
and an existing Swedish database, by 
identifying existing data that is suitable 
for vulnerability studies using process-
based modelling (Paper II); and 

• Evaluate the impact of soil hydraulic and 
physical properties on turnover times re-
garding contaminant transport with natu-
ral recharge (Paper III) and on penetra-
tion depths of contaminants due to liquid 
spills (Paper IV). 

The research focused on intrinsic vulnerabil-
ity assessment, implying that the geological, 
hydrological and hydrogeological characteris-
tics of an area are taken into account, but the 
nature of the contaminants is not included. 
Thus, the specific interaction of different 
contaminants with topsoil, subsoil and the 
unsaturated soil has not been considered. 
Furthermore, only vulnerability assessment 
using process-based simulation models were 
applied. 

SCIENTIFIC BACKGROUND 

In this chapter, the evolution of the aquifer 
vulnerability concept is discussed. Since the 
focus of the present research has been on 
process-based simulation models as a tool for 
groundwater vulnerability assessment, the 
literature review emphasises studies in which 
such tools have been applied. 

General concepts of vulnerability assess-
ment 

In hydrogeology the term vulnerability was 
first used in the late 1960s by the French 
hydrogeologist J. Margat, and since then it 
has been used more widely in the 1980s 
(Haertle, 1983; Aller et al., 1987; Foster and 
Hirata, 1988). Currently, the term is com-
monly used all over the world. A common 
definition of groundwater vulnerability has 
not been agreed upon and various definitions 
of vulnerability have been proposed. Most of 
them are quite similar. The report COST 65 
(1995) from European Commission presents 
an overview of the various definitions. One 
often-used definition is from (NRC, 1993): 
“Groundwater vulnerability is the tendency of or 
likelihood for, contaminants to reach a specific posi-
tion in the groundwater system after introduction at 
some location above the uppermost aquifer”. 
The basic premise underlying the concept of 
aquifer contamination vulnerability is the 
variation of groundwater recharge mecha-
nisms and the natural attenuation capacity of 
soil and subsoil profiles. Thus, instead of 
applying universal controls over potentially 
contaminating land uses and effluent dis-
charges, it is more cost effective to vary the 
type and level of control according to this 
attenuation capacity (Foster et al., 2002). 
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Groundwater vulnerability, as defined in 
most studies, is not a characteristic that can 
be directly measured in the field (Gogu and 
Dassargues, 2000). It is an idea based on the 
fundamental concept “that some land areas 
are more vulnerable to groundwater con-
tamination than others” (Vrba and Zaporo-
zec (eds.), 1994), according to the attenuation 
capacity. Therefore, it is often defined as an 
intrinsic property of the groundwater system 
that takes into account the inherent hydro-
geological characteristics of an area. As in-
trinsic vulnerability does not refer to a spe-
cific contaminant, only the properties that are 
relevant for all types of contaminants are 
considered. The main attributes used for the 
intrinsic vulnerability assessment are 
groundwater recharge, soil properties and 
characteristics of unsaturated and saturated 
zones (Foster, 1987 and 2002; Gogu and 
Dassargues, 2000). Daly et al. (2002) and 
Zwahlen (ed.) (2003) presented three basic 
aspects, proposed by the European working 
group in the field of scientific and technical 
research, COST Action 620, that should be 
considered in order to quantify the intrinsic 
vulnerability: the advective transport time, 
the relative quantity of contaminants which 
can reach the target, and the physical attenua-
tion (dispersion, dilution, dual porosity ef-
fects, etc.). 
Some vulnerability concepts also include 
fluxes, concentrations and characteristics of 
contaminants, and are referred to as specific 
groundwater vulnerability (Lindström and 
Scharp, 1995; Daly et al., 2002; Zwahlen (ed.), 
2003). Furthermore, the vulnerability of an 
area can either be determined solely as an 
effect of the vertical transport of contami-
nants in the unsaturated zone, or may also 
include the horizontal transport within the 
saturated zone. In the latter case, vulnerability 
is related to water quality at a specific loca-
tion in the groundwater zone, such as a well 
(Johansson et al., 1993, Zwahlen (ed.) 2003). 
In COST Action 620 (Zwahlen (ed.), 2003), 
the concept of vulnerability is proposed to be 
based on an origin-pathway-target model for 
environmental management. For resource 
protection, the groundwater table in the 
aquifer is regarded as the target, and the 

pathway consists of the most vertical passage 
possible from the ground surface to the 
groundwater table. For source protection, the 
water in the well or spring is the target, while 
the pathway additionally includes the most 
horizontal flow route in the aquifer. 
Recently, new terminology in connection to 
vulnerability assessments has started becom-
ing formalised. A groundwater resource 
pollution hazard relates to the probability that 
groundwater in the aquifer will become con-
taminated with concentrations above the 
corresponding guideline value for drinking 
water quality (Foster et al., 2002). Hazards are 
the activities and developments, which pose a 
threat to groundwater (Daly et al., 2002). The 
hazard is normally assumed to originate at 
the ground surface (potential release of a 
contaminant). The risk of contamination of 
groundwater also includes the potential con-
sequences of a contamination event 
(Zwahlen (ed.), 2003). SRA (1998) and Back 
and Rosén (2001) described the groundwater 
risk assessment as a way of considering the 
probability and economical consequences of 
contamination, the intrinsic vulnerability 
being a part of the assessment. Fedra (1998) 
presented an overview of integrated risk 
assessment and management using dynamic 
models and Geographical Information Sys-
tem (GIS). Wladis et al. (1999) applied a 
monetary risk-based decision analyses (on a 
national scale) to compare alternative actions 
designed to protect groundwater from fur-
ther degradation.  
Comprehensive reviews of the vulnerability 
assessment methods are presented in reports 
by the NRC (1993), U.S. EPA (1993), Vrba 
and Zaporozec (1994) and Lindström & 
Scharp (1995). More recent summaries of 
existing vulnerability mapping methods can 
be found in Gogu and Dassargues (2000) and 
Zwahlen (ed.) (2003). A comparison of 
groundwater vulnerability assessment tech-
niques was performed by Gogu et al. (2003). 
A large number of different applications 
using vulnerability assessment and mapping 
are presented in Witkowsky (ed.) (2004). 
Burkart et al. (1999) present examples of the 
application of index and overlay, process-
based modelling and statistical methods for 
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groundwater vulnerability assessments for a 
variety of data from Midwest U.S. 

The purpose of vulnerability assessments 

Vulnerability assessment is a general planning 
and decision-making tool. The objective of 
vulnerability assessment is to direct regula-
tory, monitoring, educational and policy 
development efforts to those areas where 
they are most needed for the protection of 
groundwater quality. Often the purpose of 
groundwater vulnerability assessment is to 
differentiate between areas that need protec-
tion from potential contaminating activities, 
and areas where such activities would consti-
tute a minor threat to the groundwater. Vul-
nerability assessments can be included within 
the traditional efforts for groundwater pro-
tection. Hence, they are meant to be included 
within a protection strategy and not consti-
tute a single tool (Lindström and Scharp, 
1995, Foster et al., 2002). Combined with 
information on the pollution hazard from 
different sources, areas where more in-depth 
studies will be carried out and plans for pre-
ventive actions to be taken can be pointed 
out.  
Many groundwater professionals have argued 
about the usefulness of vulnerability assess-
ments. It has been claimed that the hydro-
geological conditions are too complex to be 
encapsulated by any vulnerability tool. It has 
also been questioned if it is possible to pre-
sent a single, integrated vulnerability index or 
if it is necessary to work with specific vulner-
abilities for individual contaminants. Scien-
tifically, it is more consistent to evaluate 
vulnerability to contamination by each con-
taminant or group of contaminants. How-
ever, the implication would be an atlas of 
maps for any given area, which would be 
difficult to use in most applications (Foster et 
al., 2002). Moreover, there will normally not 
be adequate data and/or sufficient human 
resources to achieve this ideal.  
The NRC (1993) outlined three “laws” of 
groundwater vulnerability that should be 
spelled out explicitly with every vulnerability 
assessment: 

• All groundwater is to some degree vul-
nerable; 

• Uncertainty is inherent in all vulnerability 
assessments; and 

• In the more complex systems of vulner-
ability assessment, there is a risk that the 
obvious may be obscured and the subtle 
may become indistinguishable. 

The latter point refers to the danger, espe-
cially when using complex vulnerability as-
sessment tools, that in light of the final vul-
nerability ranking one may lose sight of the 
data used for the analysis and of the assump-
tions underlying vulnerability assessment 
schemes. 
However, in spite of these reservations, vul-
nerability assessments are often recom-
mended as an initial step in groundwater 
protection (e.g. by NRC, 1993; U.S. EPA, 
1993; Lindström and Scharp, 1995; Vrba and 
Zaporozec, 1995; and Zwahlen (ed.), 2003). 

Approaches to vulnerability assessment 

There is no universal methodology for 
groundwater vulnerability assessment, al-
though a number of different approaches 
exist. The methods are usually grouped into 
three major categories: (1) index and overlay 
methods, (2) methods employing process-
based simulation models and (3) statistical 
models. The same categories will be used 
here. Each category has advantages and limi-
tations, and none are considered to be most 
appropriate for all situations. They serve 
different purposes and have different aims.  

Index and overlay methods 
Index and overlay methods are based on the 
assumption that a few major parameters 
largely control groundwater vulnerability, and 
that these parameters are known and can be 
evaluated. These methods are, in general, 
based on limited basic data, used in regional 
studies, and usually cover extensive areas 
(Lindström and Scharp, 1995). The ground-
water vulnerability evaluated is qualitative and 
relative. Scoring, integrating or classifying to 
produce an index, rank or class of vulnerabil-
ity, interprets the information. The simplest 
overlay systems identify areas where parame-
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ters indicating high vulnerability coincide, e.g. 
shallow groundwater and sandy soil. More 
sophisticated systems assign numerical scores 
based on several parameters. The most 
commonly used of these methods, 
DRASTIC (Aller et al., 1987), uses a scoring 
system based on seven hydrogeological char-
acteristics of a region. Several other overlay 
and index systems for groundwater vulner-
ability exist. Examples of these methods are 
GOD (Foster, 1987), SINTACS (Civita, 
1994) and EPIK (Doerfliger et al. 1999). 
Typically, such systems include variables 
related to groundwater recharge rate, depth 
to the groundwater table, and soil and aquifer 
properties. In general, index and overlay 
methods rely on simple mathematical repre-
sentations of expert opinion and not on 
process representation. The advantage of 
these methods is that they provide relatively 
simple algorithms or decision trees to inte-
grate a large amount of spatial information 
into maps of vulnerability classes or indexes. 
Examples of vulnerability studies by index 
and overlay methods, conducted in Europe 
and elsewhere, are presented in Witkowski 
(ed.) (2004). The methods are particularly 
suitable for use with GIS. However, the lack 
of a physically-based, precise definition also 
has some drawbacks. The results tend to be 
subjective. If various methods are tested in 
one area, the resulting maps are often differ-
ent and sometimes contradictory (Ferreira 
and Oliveira, 2003; Gogu et al., 2003).  

Process-based simulation models 
Process-based simulation models are used for 
examining vulnerability from a quantitative 
point of view and for establishing clearly 
identified reference criteria for quantification, 
comparison and validation purposes. Proc-
ess-based models use current scientific un-
derstanding to incorporate the most impor-
tant and relevant processes, using the 
governing equations for water flow and sol-
ute transport. The focus is on computing 
travel times or concentrations of a contami-
nant in the unsaturated and groundwater 
zones. Most modelling efforts are aimed at 
predicting the consequences of a proposed 
action and, thus, can be used for making land 
use planning decisions. Models can also be 

used in an interpretative sense to gain insight 
into the controlling parameters in a vulner-
ability assessment. Additionally, models can 
be used to study processes in generic hydro-
geological settings. For example, generic 
models can be used to analyse flow in hypo-
thetical hydrogeological systems and they 
may be useful in helping to define regulatory 
guidelines for a specific region (Anderson 
and Woessner, 1992). They are also useful for 
different predictions involving contamination 
hazards at specific sites. However, their need 
for extensive data input and the expertise 
required to implement them may, in some 
cases, limit their use over large areas (e.g. 
Lindström and Scharp, 1995 and Refsgaard et 
al., 1999). 

Statistical methods 
Statistical methods are the least common 
category of vulnerability assessment methods 
found in the literature. Although statistical 
studies are used as tests for other methods 
and geostatistical methods, such as kriging, 
are frequently used to describe the distribu-
tion of water quality parameters, very few 
vulnerability assessment methods are directly 
based on statistical methods. Statistical meth-
ods are used to quantify the vulnerability of 
groundwater contamination by determining 
the statistical dependence or relationship 
between observed contamination, observed 
environmental conditions that may or may 
not characterise vulnerability (e.g. unsaturated 
zone properties or recharge) and observed 
land uses that are potential sources of con-
tamination (e.g. fertiliser application and 
septic tank occurrence). Once a model of this 
dependence or the relationship has been 
developed with statistical analysis, the prob-
ability of contamination can be evaluated. 
Knowledge of significant environmental 
conditions is required for the area in ques-
tion. In statistical methods the vulnerability is 
expressed as contamination probability. The 
higher the contamination probability, the 
higher the vulnerability. Furthermore, the 
statistical significance of the results can be 
explicitly calculated. This provides a measure 
of uncertainty in the model. The disadvan-
tage is that statistical methods are difficult to 
develop and once established, can only be 
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applied to regions that have similar environ-
mental conditions to the region for which the 
statistical model was developed. Teso et al. 
(1996) used a logistic regression model and 
GIS to predict groundwater vulnerability to 
pesticides. A statistical method, CALVUL 
(Troiano et al., 1999), is used to determine the 
groundwater vulnerability due to pesticide 
leaching in California. In Texas, Evans and 
Maidment (1995) developed a similar statisti-
cal analysis using nitrate in groundwater as 
the basis for delineating vulnerable ground-
water areas. 

Vulnerability assessment using process-
based simulation models 
A merit of process-based simulation models 
in vulnerability assessment, compared to 
index and overlay methods, is that the results 
are quantitative in terms of, e.g., travel times, 
leachate concentrations and critical loads. 
Process-based models are efficient tools for 
the analysis of groundwater problems and 
groundwater resources management. Models 
help groundwater resources managers to 
develop a shared conceptual understanding 
of complex natural systems, allow testing of 
management scenarios, predict outcomes of 
high risk and high cost environmental ma-
nipulations and set priorities (Caminiti, 2004).  
A large spectrum of models exist today for 
predicting flow and contaminant transport in 
the subsurface. Addiscott and Wagenet 
(1985) made a distinction between mechanis-
tic and functional models (also called box-
models). A mechanistic model uses current 
scientific understanding to incorporate the 
most fundamental (i.e. mathematical-
physical) descriptions of the important and 
relevant processes using the governing equa-
tions for water flow and contaminant trans-
port. A functional model uses simplified, less 
mechanistic treatments of some or all the 
relevant processes. By using a simplified, less 
mechanistic approach, the number of input 
parameters for the model may be reduced. In 
some cases, a clear distinction between 
mechanistic models and functional models 
may be difficult to make. Thus, in practice, 
the distinction is made between more or less 
mechanistic models. 

Limiting factors for the effective use of simu-
lation models for groundwater resources 
management purposes, e.g. vulnerability 
studies, and decision-making include the 
difficulty to manage large volumes of soil and 
groundwater data and to account for the 
spatial heterogeneities that pervade in natural 
environmental systems. The dependence on 
the existence of abundant input data implies 
that when data is scarce, the obtained results 
will suffer from substantial uncertainty. The 
simple functional models are attractive be-
cause they require relatively less data, while 
the predictive capability of these models is 
questionable due to the semi-empirical nature 
of the process description. On the contrary, 
the key problem in using the more complex 
models operationally lies in their generally 
large data requirements (Refsgaard et al., 
1999). Hence, applying transport models for 
management purposes implies a trade off 
between the wish to describe the involved 
processes as well as possible, and the need to 
design a not too complicated management 
tool. Consequently, important concerns in 
the use of models are the choice of modelling 
approach and the choice of the degree of 
complexity. The purpose of the study should 
determine what type of model to develop or 
to choose. 
The customary division of the subsurface 
into two zones separated by the groundwater 
table (in the case of unconfined aquifers) is 
artificial because there is a continuous ex-
change of water between the unsaturated and 
saturated zones. However, in most situations 
it is common to model the two zones sepa-
rately. Unsaturated flow and transport mod-
els are more difficult to apply than models 
for the saturated zone, owing not only to the 
complicated plant-soil-water interactions and 
the complexity of unsaturated flow, but also 
to the numerical problems that usually are 
encountered in solving the highly non-linear 
governing equations for unsaturated flow 
(Andersson and Woessner, 1992). 

 Models for the unsaturated zone 
A number of models of varying complexity 
describing the contaminant transport in the 
unsaturated zone have been developed since 
the 1970s and applied in numerous pollution 
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studies. Models for the unsaturated zone are 
often one-dimensional, which means that 
they only consider vertical flow. Many are 
based on semi-empirical process descriptions 
of the lumped functional type while others 
use more physical descriptions based on 
Richards’s equation of flow through porous 
media and the advection-dispersion equation 
for movement of inorganic pollutants. 
For vulnerability assessments, these models 
are sometimes applied to evaluate the travel 
time through and attenuation capacity within 
the unsaturated zone above the ground water 
table. Subregions or areas with similar un-
saturated zone properties are selected and 
grouped. One simulation is performed for 
each group or section and the results are 
mapped in various ways, e.g. a map of the 
travel time to the water table, a map of the 
percent removal of a contaminant within the 
unsaturated zone, etc. Alternatively, the dif-
ferent travel times can be transformed to 
various vulnerability classes. 
The flow and transport models can be used 
both in regional and site-specific studies. 
However, because of the difficulties in find-
ing relevant data for large areas, they have 
mostly been applied at the point, field and 
catchment scale, even though examples of 
both the functional and mechanistic models 
being applied at the regional scale exist as 
well. 
Point source and non-point source (NPS) 
pollutants differ in the scale of the areal ex-
tent of their source. Point source pollutants 
are those isolated to a single point location, 
such as a hazardous liquid spill. In contrast, 
NPS pollutants are spread across broad areas. 
Obviously, land use decisions related to NPS 
groundwater contamination are very different 
from those for point sources. 
Large attention in vulnerability assessments 
by process-based models has been given to 
the assessment of NPS groundwater con-
tamination from past, present and future use 
of agrochemicals. These chemicals have the 
potential to pose problems that have signifi-
cantly greater economic effects than those 
that have long been recognised from point 

sources (Loague et al., 1996), as large areas 
can be negatively affected. 
The simplified functional models include 
NPS models, such as the pesticide leaching 
models CMLS (Nofzinger and Hornsby, 
1986), GLEAMS (Leonard et al., 1986; Knisel 
et al., 1989), CREAMS (Knisel, 1980; Knisel 
and Williams, 1995), PELMO (Klein, 1995) 
and PRZM3 (Carsel et al., 1998). Groundwa-
ter contamination from nitrate leaching has 
been studied in Holland using a simplified 
regional nitrate-leaching model RENLEM2 
(De Vries et al., 1987; Kragt and Hack-ten 
Broeke, 1991). In Germany, regional scale 
modelling of vulnerability to nitrate contami-
nation was conducted by Wendland et al. 
(1998) and Gömann et al. (2005), who inte-
grated an agricultural economic model with 
two hydrological models. Another model 
developed at the regional scale is the phos-
phate transport model, REPTRAM (Schou-
mans et al., 1989), that predicts the impact of 
application of animal manure on phosphate 
transport in the unsaturated zone.  
TETrans (Corwin et al., 1999) is a one-
dimensional functional model for solute 
transport in the unsaturated zone, developed 
for prediction of salt loading to groundwater 
from agricultural land below the root zone. 
VULK (Jeannin et al. 2001) is an analytical 
model developed under the scope of COST 
Action 620 as a tool for intrinsic vulnerability 
assessment.  The acronym VULK stands for 
vulnerability and karst. The conceptual 
framework underlying VULK comprises a 
simple method for transfer time mapping, 
both for resource and source vulnerability. 
Mechanistic models used for vulnerability 
assessment are most commonly one-
dimensional NPS pollution models, such as 
LEACHM (Wagenet and Hudson, 1987), 
MACRO (Jarvis, 1994), WAVE (Vanclooster 
et al., 1994, 1995), UNSATCHM (Simunek et 
al., 1996), HYDRUS (Simunek et al., 1998), 
UNSAT-H (Fayer, 2000), Daisy (Abrahansen 
and Hansen 2000), PEARL (Tiktak et al., 
2000) and the CoupModel (Jansson and 
Moon, 2001). For the prediction of ground-
water acidification, an integrated dynamic 
model was developed by combining a modi-
fication of hydrological model PULSE with 
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two hydrochemical models, SAFE and 
PROFILE (Knutsson et al., 1995). The mod-
els were used for predicting the response in 
the groundwater chemistry to different future 
acid deposits scenarios at the regional scale. 
Maxe (1999) examined three different meth-
ods to assess the groundwater vulnerability to 
acidification and found that due to the grid 
scale, a mechanistic model used in regional 
vulnerability assessment failed to assess the 
least-sensitive areas, mostly because of the 
inability to adequately use the information 
and expertise available.  The spatially distrib-
uted leaching model for plant protection 
products, EuroPEARL (Tiktak et al., 2004), 
was tested in agricultural areas at the scale of 
the European Union (EU) and combined the 
PEARL model and European soil and cli-
mate databases. Seventy five % of the total 
agricultural area in the EU was parameter-
ised. However, Austria, Finland and Sweden 
could not be included in the simulations, 
because there was insufficient soil profile 
information for these countries (Tiktak et al., 
2004). 
Models that account for preferential flow 
paths, such as roots and wormholes, cracks, 
joints and solution channels, are not com-
monly found in vulnerability assessments. 
Yet, preferential flow can be a dominant 
transport phenomenon under certain circum-
stances. A model of water movement and 
solute transport in macro porous soils, 
MACRO, was presented by Jarvis (1994), and 
Jarvis and Larsson, (1998). Beverly et al. 
(1999) developed a simplified unsaturated 
model, SMILE (simple macro pore infiltra-
tion, leakage and evaporation), for providing 
recharge estimates to groundwater models, 
while a physically based approach for macro 
pore flow at the catchment scale was devel-
oped by Christiansen et al. (2004), using a 
coupling of the three-dimensional MIKE-
SHE (Danish Hydrological Institute, 2000 a, 
b) and one-dimensional Daisy models. 

Models for the saturated zone including cou-
pled models 
Flow and transport are better understood in 
the saturated zone than in the unsaturated 
zone. A number of generalised computer 
codes, which can be used for the simulation 

of most aquifer systems, are available. For 
vulnerability assessments, the groundwater 
models are used for source protection studies 
assessing the travel times from the ground-
water table to the well or spring and con-
taminant concentration in the well or spring. 
Groundwater models are usually two or 
three-dimensional. Two examples of two-
dimensional computer software, that are 
widely used and well documented, are the 
MOC model (Konikow and Bredehoef, 1978, 
Konikow et al., 1994) and SUTRA (Voss, 
1984). The most used computer programme 
for groundwater modelling in three dimen-
sions is MODFLOW (McDonald and Har-
baugh, 1988). FEFLOW (Diersch, 1998) is 
an example of a very advanced model, includ-
ing both unsaturated and saturated flow and 
transport. 
The three-dimensional MIKE-SHE model is 
an example of an integrated surface and 
groundwater model. In the model, all major 
hydrological processes occurring in the land 
phase of the hydrological cycle can be simu-
lated. One-dimensional flow and transport in 
rivers and in the unsaturated zone is in-
cluded.  
A variety of applications for different 
groundwater flow and transport problems 
using assorted computer codes are found. In 
some cases, computer code for the unsatu-
rated zone and saturated zone are coupled, 
most often using a one-dimensional model 
for the flow and transport in the unsaturated 
zone and two or three-dimensional models 
for the saturated flow and transport. In the 
coupled applications, the two codes are not 
integrated but sequentially executed. This 
implies that there is no feedback from the 
groundwater zone to the unsaturated zone 
(e.g. Refsgaard et al., 1999 and Lindström, 
2005).  
Granlund and Nystén (1998) modelled chlo-
ride transport in typical Finnish aquifers 
vulnerable to chloride contamination, using 
the two-dimensional MOC model. Lindström 
(2005) used the one-dimensional, unsaturated 
MACRO model and the two-dimensional 
MOC model to assess the groundwater vul-
nerability due to salt from road de-icing in a 
water supply area of Sweden. 
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Eliasson (2001) used the FEFLOW model to 
predict the impact of de-icing salt and acci-
dental spills from a large road to an impor-
tant aquifer for water supply. The model 
results were used in the context of a Multiple 
Criteria Decision Aid System. 
Refsgaard et al. (1999), in a study concerning 
groundwater contamination from nitrate 
leaching at a large scale, used the MIKE 
SHE/Daisy coupled modelling system and 
Christansen et al. (2004), used the same pack-
age for modelling macropore flow and trans-
port processes at the catchment scale. In 
Sweden, MIKE SHE has been used, e.g. by 
Gustafsson et al. (1997) and Kylefors et al. 
(1999), for operational water management. 
Demetriou and Punthakey (1999) evaluated 
different options for sustainable groundwater 
management using MIKE SHE modelling 
package. 
Recent applications of MODFLOW in vul-
nerability assessments include Gumbricht 
and Thunvik (1996) Beverly et al. (1999), 
Lasserre et al., (1999), Gogu et al. (2001), and 
Thunqvist (2003). 

GIS in vulnerability assessments 
For all three categories of vulnerability as-
sessment methods, i.e. index and overlay, 
process-based simulation models and statisti-
cal methods, GIS technology may provide 
greatly increased efficiency in data handling, 
analytical capability and display flexibility. 
Examples of areas where GIS has been used 
in groundwater vulnerability assessment are: 
(i) integration of various data layers that are 
involved in the vulnerability assessment, (ii) 
support of analysis and modelling of spatial 
and physical relationships of critical envi-
ronmental variables and parameters and (iii) 
display of results in the form of maps. Ex-
amples of the application of index and over-
lay methods, process-based simulation mod-
els and statistical methods for groundwater 
vulnerability assessment to a variety of data 
from the Midwest U.S. are presented in 
Burkart et al. (1999). 
The spatial nature of most of the vulnerabil-
ity assessments make the evaluation well 
suited to the integration provided by GIS. 
However, all data used in the production of a 

vulnerability map also imposes limitations. 
For example, the interpolation of a small 
number of data spread across a relatively 
large area can have a significant impact on 
the accuracy of the vulnerability map (e.g. 
permeability and layer thickness). 
The linkage of GIS and models is becoming 
more and more attractive due to the increas-
ing capability of GIS to store, retrieve, ana-
lyse and present geographically referenced 
spatial data. When coupled to a user-friendly 
graphical interface, these tools become inter-
esting to users such as personnel at local, 
regional and national planning authorities and 
private consultants, and can be very useful 
for decision support in planning situations. In 
many cases, where process-based models 
have been used to determine groundwater 
vulnerability, a GIS has also been used to 
organise the input data and to determine 
homogeneous biophysical units (e.g. Sokol et 
al., 1993; El Kadi et al., 1994; Morse et al., 
1994; Zhang et al,. 1996, Loague and Corwin, 
1998; Corwin et al., 1999; Lasserre et al., 1999; 
Lord and Anthony, 2000; Tiktak et al., 2002; 
Wendland et al., 1998, 2002; and He, 2003. 
Corwin et al, (1997) presented a review con-
cerning the modelling of non-point source 
pollutants in the unsaturated zone with GIS. 
In Sweden, simulation models together with 
GIS in a management context have been 
used, e.g., by Gumbricht and Thunvik (1996), 
Eliasson (2001), Sivertun and Prange (2003), 
Thunqvist (2003) and Lindström (2005). An 
example of a recent Swedish application of 
an expert system using key parameters and 
GIS in risk mapping of groundwater salinisa-
tion is presented by Lindberg et al. (1996), 
and Gontier and Olofsson (2005). 

Decision support systems and expert 
systems 

The basic idea of an expert system (ES) is to 
use applied artificial intelligence technology 
to transfer expertise from an expert to a 
computer. The software users can then ob-
tain advice and explanations from the system. 
While expert systems are usually applied to 
narrow and specific problems, decision sup-
port systems (DSS) are more like a collection 
of tools and data that are used to solve prob-
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lems that are often very broad. The integra-
tion of data, models and a sophisticated user 
interface is a key characteristic of a DSS 
(Newell et al., 1990). The user can experiment 
with the tools and attempt to find a solution. 
Essentially the decision process is controlled 
by the user (Newell et al., 1990). In a 
groundwater management context, DSS seem 
to be more suitable to use than ES due to the 
large scope of the problem with various types 
of modelling studies, different scales of prob-
lems and several types of data involved in 
using a model. 
Several DSS within the groundwater man-
agement field have been developed during 
the past 15 years. Newell et al. (1990) de-
scribed a Graphical Decision Support System 
for Groundwater Contaminant Modelling 
(OASIS). Three technologies were applied to 
build OASIS: graphical interfaces, hypertext 
and object oriented programming. 
Fedra (1993, 1998, and 2002) presented ap-
plication examples of modelling practices, 
which use decision support systems and 
discusses the benefits of interactive decision 
support software for water resources in the 
context of risk management. An example of a 
DSS that draws together models, spread-
sheet, expert systems, neural network, GIS 
and databases in a programmable system is 
RAISON (Lam and Swayne, 1993, Booty et 
al., 2001). The U.S. EPA’s Pesticide Assess-
ment Tool for Rating Investigations of 
Transport (PATRIOT) is a DSS for provid-
ing rapid analysis of groundwater vulnerabil-
ity to pesticides on a local, regional or state 
level. MACRO-DB (Jarvis et al., 1997) de-
scribes a decision support tool for assessing 
pesticide fate and mobility in soils. MACRO-
DB consists of soil, pesticide, climate and 
crop databases linked to parameter estima-
tion routines and a simulation model, 
MACRO (Jarvis, 1994). 
An often-cited source on groundwater deci-
sion support is a set of papers by Freeze and 
co-workers (Freeze et al., 1990, Massmann et 
al., 1991, Sperling et al., 1992, Freeze et al., 
1992), where a decision model is presented 
together with example situations where it has 
been applied. The system helps to systemati-
cally evaluate risk, uncertainty and costs for 

various management alternatives. The total 
costs are calculated via an objective function 
to find the cheapest alternative. 

Influence of uncertainty in vulnerability 
assessments 
Since a model is only an approximation of 
reality, and also because the inputs to the 
model are rarely, if ever, exactly known, the 
output of the model is also likely to deviate 
from reality. Hence, uncertainty assessments 
are necessary and should include uncertainty 
on model structure, parameter values, etc. 
(Refsgaard and Henriksen, 2003). It is impor-
tant to know how large the uncertainties in 
the model outputs are, particularly when the 
model is used for predictive purposes (Heu-
velink, 1998, Beven 2002). 
Uncertainty analyses can help to identify 
which attributes require more accurate meas-
urements in order to reduce overall uncer-
tainty, identify attributes for which less pre-
cise information is required and thereby 
reduce data collection efforts, and determine 
whether a simpler approach would be suffi-
cient or if a more sophisticated approach is 
required for better reliability (Heuvelink, 
1989). 
Examples of uncertainties inherent in all 
approaches to groundwater vulnerability 
studies are presented in, e.g., NRC (1993), 
Loague and Corwin (1998), Dubus et al. 
(2003), and Tiktak et al. (2004). These are 
model related errors, which include uncer-
tainty resulting from inadequate or incom-
plete representation of the system processes, 
and data related errors, which include uncer-
tainty resulting from errors in inputs and 
parameters. Input error can arise from meas-
urement, position and/or synchronisation 
errors. Parameter error has two possible 
origins. For models requiring calibration, 
parameter errors are usually the result of 
model parameters that are highly interde-
pendent and non-unique. For models with 
physically based parameters, parameter error 
results from an inability to represent areal 
distributions on the basis of a limited number 
of point measurements (Loaque and Corwin, 
1998). In process-based modelling, the model 
upscaling may also be a source of errors 
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(Heuvelink, 1998). Many of the processes 
that are studied, and for which models are 
built, take place at various temporal and 
spatial scales (Refsgaard et al., 1999). Differ-
ent scales for modelling, adopted from 

Refsgaard et al. (1999), include point (local) 
scale, field scale (50-200 m), grid scale (1-5 
km), catchment scale (10-50 km) and larger 
scales, such as a regional or continental scale. 
Models for vulnerability assessments are used 
at different scales and scale-specific errors 
may occur because different processes are 
important at different scales. The input data 
density is reduced at large scales and the 
support of the inputs and outputs of a model 
changes with a change in scale, and this af-
fects the relationships between them (Heu-
velink, 2003). 
The use of GIS is also associated with differ-
ent kinds of errors. Sources of errors result-
ing from the inappropriate use of GIS are 
presented by Burrough (1986). 
In recent years, a great deal of attention has 
been paid to the propagation of errors in 
process-based modelling and several tech-
niques are available to carry out uncertainty 
analyses (e.g. Janssen et al., 1994 and Wingle 
et al., 1996). One can, e.g., use classical sensi-
tivity analysis to measure the effect that 
changing one factor has on another or, first-
order uncertainty analysis (FOUA) based on 
Taylor series and statistical sampling methods 
that utilise a range of likely values for input 
parameters to assess the probable range of 
output parameters (e.g. Monte Carlo simula-
tion). Furthermore, one can use stochastic 
modelling approaches that directly incorpo-
rate the parameter or process uncertainties 
into the model itself and provide direct un-
certainty estimates of model outputs (Heu-
velink, 1998). Loague and Corwin (1996) 
provide examples of sensitivity analysis, first-
order uncertainty analysis and Monte Carlo 
simulation. Bayesian methods may be used 
when uncertainties in input parameters can 
be specified by either judgment, or estimated 
from existing data bases from which input 
parameter values have been determined 
(Freeze et al., 1990, Massmann et al., 1991, 
Sperling et al., 1992, Freeze et al., 1992, NRC, 
1993, Rosén and Gustafson, 1996). 

In vulnerability assessments, the most fre-
quently used methods for evaluating uncer-
tainty are the FOUA-technique and stochas-
tic modelling. Uncertainty analysis using 
different methods have been performed by, 
e.g., Loaque and Corwin (1998) Tiktak et al. 
(1999), Crosetto et al. (2000), Bärlund and 
Tattari, 2001, Mailhot and Villeneuve (2003), 
Borman and Diekkruger (2004), and Baben-
dreier and Catleton (2005). 
Dubus et al. (2003), reviewed sources of 
uncertainty in pesticide fate modelling. The 
review suggests that the probabilistic ap-
proaches, which are typically being used to 
account for uncertainty in pesticide fate 
modelling, such as Monte Carlo modelling, 
ignore a number of key sources of uncer-
tainty. The result of doing so is likely to have 
a significant effect on the prediction of envi-
ronmental concentrations for pesticides (e.g. 
model error or modeller subjectivity). 
Progress in the domain of uncertainty analy-
sis is crucial if robust estimates of uncertainty 
in model predictions are to be obtained (Du-
bus et al., 2003). Uncertainty will limit the use 
of a model for making regulatory decisions 
unless the uncertainty is included into the 
decision making process (e.g. Jury et al., 1987; 
Greig-Smith, 1992; and Costanza et al., 1992). 
Disclosure of the sources and magnitude of 
the uncertainty is needed for the decision 
maker to understand with what confidence 
the decisions are being taken. 

METHODS 

The research work has a general and applied 
character, and strives to shed light on the 
potential of process-based models for 
groundwater vulnerability assessment. A 
literature review of current approaches to 
groundwater vulnerability assessment was the 
starting point of the research (Lindström and 
Scharp, 1995). The introductory part of the 
thesis summarises the concept of vulnerabil-
ity assessment of groundwater, providing an 
updated literature review of process-based 
models used in groundwater vulnerability 
assessment. 
Paper I describes a study in which a model-
ling system for assessing groundwater vulner-
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ability was developed and tested in a munici-
pal water supply area. The system included 
two different models for the unsaturated 
zone and the groundwater zone. GIS was 
used as a pre-and post-processor for the 
groundwater part of the system and a graphi-
cal user interface was developed to make the 
system user-friendly. 
Paper II outlines the structure and content of 
a new hydrogeological database for flow and 
transport modelling based on hydrogeologi-
cal environments. An existing hydrogeologi-
cal parameter database is explored as a poten-
tial source of data and a user interface for the 
parameter database is presented. 
In Paper III, typical soil profiles for three 
different soils and vegetation properties for 
four vegetation types are described, thereby 
supplying generic input data to model simula-
tions in the unsaturated zone. The profiles 
were defined for three typical hydrogeologi-
cal environments in Sweden, including the 
groundwater table and vegetation. Moreover, 
the paper discusses the impact of the soil 
hydraulic properties, vegetation properties 
and different groundwater levels on the turn-
over times of water conservative contami-
nants in the unsaturated zone. 
Paper IV demonstrates the use of the typical 
soil profiles characterised in Paper III when 
predicting the penetration depth of liquid 
spills that occur at the land surface. The 
relative importance of soil hydraulic proper-
ties for contamination spreading regarding 
large spills is examined. Moreover, estimates 
of penetration depths for comparatively large 
volumes of liquid in three typical soil profiles 
(sand, glacial till and clay) are presented. 
Thus, the thesis had two main themes: (1) 
vulnerability assessment using process-based 
models, and (2) data acquisition for these 
assessments. 

A modelling system for groundwater 
vulnerability assessment 

The potential contamination is assumed to 
originate at the land-surface. For the purely 
intrinsic vulnerability assessment, a conserva-
tive contaminant is taken as a reference. The 
main target of the vulnerability assessment is 

the groundwater table (resource protection). 
This enables a consistent investigation of the 
total recharge area. For the protection of a 
particular well or spring (source protection), 
the lateral movement in the saturated zone to 
the source is also considered. A general, 
conceptual modelling of the transport of 
contaminants in the subsurface is described 
in Figure 1, which involves: 
(1) Computation of a water budget at the 
land surface based on input/output fluxes in 
order to assess actual infiltration; 
(2) Use of the infiltration (and associated 
mass of contaminant) as an upper boundary 
condition for modelling one dimensional 
vertical transport of a dissolved contaminant 
through different layers of the unsaturated 
zone; and 
(3) Use of the computed fluxes and concen-
trations at the base of the unsaturated zone 
as input to a two or three-dimensional 
groundwater flow and transport model of the 
aquifer. 
An outline for a groundwater vulnerability 
assessment centered on process-based simu-
lation models, including a GIS and a hydro-
geological database, is illustrated in Figure 2. 
In order to make the use of the included 
components easier, they may be supported by 
a graphical user interface. 
The primary components and features of a 
system for assessing groundwater vulnerabil-
ity in water supply areas was developed and 
tested (Paper I). The system can be used, 
e.g., for obtaining insight into the potential 
groundwater contamination from roads, 
such as de-icing salt. The system consists of 
the flow and transport models, MACRO 
(Jarvis, 1994, Jarvis and Larsson, 1998) for 
the unsaturated zone, and MOC (Konikow 
and Bredehoeft, 1978; Konikow et al., 1994) 
for the groundwater zone, coupled to the 
GIS, IDRISI (Eastman, 1992, 2001). The 
general simulation procedure is illustrated in 
Figure 3. 
MACRO is a one-dimensional model includ-
ing a number of options allowing the user 
flexibility in matching the simulation to the 
particular conditions that are of interest. The 
most important options relate to pre-
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Figure 1. Illustration of a groundwater vulnerability assessment, based on an origin-pathway-
target conceptual model, showing the main conceptual processes affecting transport of dis-
solved contaminant from the soil surface to the spring or pumping well: (modified a ter Cost 
action 620  2003). 

cipitation input (hourly or daily rainfall data), 
the type of solute, the type of vegetation and 
the soil type. MACRO includes an option for 
preferential flow. MOC is two-dimensional 
and used for steady-state or transient simula-
tions. The model incorporates a first-order, 
irreversible rate-reaction, linear and non-
linear equilibrium-controlled sorption, and 
equilibrium-controlled ion exchange. Owing 
to the one-dimensional nature of the unsatu-
rated zone model, multiple realisations are 
needed to account for the heterogeneity in 
an area. The study area has to be divided into 
homogeneous sub-areas with respect to the 
land use and the soil type. The resulting time 
series of fluxes and concentrations from the 
unsaturated zone are used as input to the 
groundwater zone model. 
The GIS contains all the spatially distributed 
data. It is mainly used to prepare and to 
transform, e.g., the model input data into a 
form suitable for groundwater modelling. In 

addition, the GIS is used to present and to 
further analyse the model results. The data 
prepared by the GIS and the data from the 
unsaturated zone model (daily fluxes and 
concentrations), are linked to the groundwa-
ter model to simulate flow and transport in 
the groundwater zone. The results can be 
viewed using the interface. 

Process-
based
models

Site-specific 
and Generic
databases

GIS

User interface

Figure 2. Outline of a computerised 
groundwater vulnerability assessment 
system. 
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Figure 3. Graphical illustration of the
modelling system used in the stu

 

For the simulations, the MOC-model was 
modified to facilitate the data exchange be-
tween MOC and IDRISI. Furthermore, a 
particle tracking routine, allowing both for-
ward and backward determination of particle 
path lines, was developed. The routine en-
ables the delineation of capture zones for 
water supply wells and presentation of the 
advective transport from a contamination 
source. In order to facilitate the exchange of 
data between the two models (MACRO and 
MOC), the MOC source code was altered. 
The system was applied to a water supply 
area located close to a major road south of 
Stockholm (Paper I). The Jordbro study area 
(Figure 4), which consists of gravel and sand, 
is highly permeable. The total thickness of 
the esker deposits that underlie the entire 
study area varies between 10-30 m across 
most of the area. The unsaturated thickness 
varies between 2-10 m. Nynäsvägen road, 
which transverses the study area over a dis-
tance of 1.5 km along the esker formation, 
constitutes a potential risk for contamination 
of the groundwater resource as a whole and 

also the drinking water source (i.e. the water 
supply well that is located a few hundred 
meters away from the road). Chloride was 
used as an indicator in determining the risk 
for groundwater contamination from the 
road. The future chloride concentration in 
the aquifer was predicted and the effects of 
different pumping rates on the chloride con-
centrations in the water supply well were 
tested.  

Generic data for modelling 

The structure and content of a generic data-
base for flow and transport modelling based 
on hydrogeological environments was out-
lined (Paper II). Typical data needed for 
process-based modelling were presented, 
including different key hydrogeological pa-
rameters in different hydrogeological envi-
ronments and data relating to contaminant 
transport. 
An existing hydrogeological digital database, 
the Hydrogeological Parameter Database 
(HPAR), which is located at the Swedish 
Geological Survey, was examined as a poten-
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Figure 4. The Jordbro study area. 

tial source of parameter data for the outlined 
database. A graphical user interface for the 
HPAR was developed. The interface can be 
used for viewing the parameter data, per-
forming statistical analyses of the parameter 
data and, finally, storage of the data in a new 
hydrogeological database for flow and trans-
port modelling. The interface was designed 
using Visual Basic. SGU’s digital databases 
from Heby, Västerås and Hallstahammar 
municipalities were used to test the new 
interface. 
The concept of hydrogeological environ-
ments was presented as a potential primary 
basis for obtaining generic data for ground-
water modelling. A hydrogeological environ-
ment is defined as an area delineated by using 
its characteristic hydrogeological conditions. 
It is therefore a composite description of all 
the major geological and hydrological factors, 
which affect and control groundwater move-
ment into, through and out of an area. In the 
context of this work, hydrogeological 
environments are defined as groups, includ-
ing hydrogeological settings or subunits (Fig-
ure 5). Hence, a hydrogeological environment 
can consist of several different settings with 
local differences in stratigraphy. 

Modelling study for diffuse contamina-
tion  

The influence of different soil hydraulic and 
vegetation properties on the mean turnover 
times for conservative contaminants trans-
ported by natural recharge in the unsaturated 
zone, was evaluated for different groundwa-
ter levels (Paper III). Instances where 
groundwater levels were 0.5 and 2.5 m below 
the soil surface were compared. The com-
parison also included unsaturated conditions, 
i.e. the groundwater table below the model-
ling region (4 m). The contaminants moving 
with water were considered to be transported 
by advection only, i.e. dispersion and diffu-
sion were not accounted for. When saturated 
conditions existed in the soil profile, dis-
charge of groundwater was calculated. The 
water was discharged at the depth of the 
groundwater level. 
Three different soils (sand, glacial till and 
clay) were combined with four vegetation 
types (grass, pine, spruce and arable plants) to 
represent typical Swedish hydrogeological 
environments. Each hydrogeological envi-
ronment comprised a description of a repre-
sentative soil profile, vegetation properties 
and depth to the groundwater. The descrip-
tion of a soil profile included the most prob-
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i r ,Figure 5. Glaciofluvial deposits w th subunits (afte  SEPA, 1999 and SRA  1998). 

able layering of the soil profile and the hy-
draulic properties within each layer. Carrying 
out a statistical analysis of soil hydraulic 
properties, using a Swedish soil database, 
allowed for the most probable layering and 
properties within the layers to be determined. 
The soil database, included in the Coup-
Model, contains data from approximately 
2200 soil layers, representing 260 soil profiles 
from different parts of Sweden. For the 
purpose of this study, a subset of 171 soil 
profiles, representing sand, glacial till and 
clay, were selected for the statistical analysis.  
The numerical calculations were performed 
using a physically based, one-dimensional 
coupled heat and mass transfer model for the 
plant-atmosphere system, namely the Coup-
Model (Jansson and Moon, 2001). The basic 
structure of the model consists of a depth 
profile of the soil. The soil profile is divided 
into layers with certain thicknesses and soil 
properties (in the present case a 4 m deep soil 
profile, divided into 12 model layers, was 
used). Two coupled differential equations are 
employed to describe water and heat flow in 
the vertical soil profile. Sub models account-
ing for interception, snow, surface water, 
evaporation and transpiration define the 
upper boundary conditions for the model. 

Different options exist for the lower bound-
ary, depending on whether saturated or un-
saturated conditions are assumed to exist. 
When groundwater is present in the soil 
profile, water discharge from different parts 
of the soil profile can be calculated.  An 
extensive description of the model can be 
found in Jansson and Karlberg (2004). Im-
portant parts of the model that have rele-
vance for this work are described in Paper 
III. 

Modelling study for liquid spills 

The role of soil hydraulic properties for con-
servative contaminant transport at high infil-
tration rates (liquid spills) was examined 
using the dynamic CoupModel (Paper IV) 
together with parameter values defined for 
typical Swedish soil profiles (Paper III) as 
input data. It was observed how typical soil 
properties, including their variability due to 
the hydraulic conductivity, influence the 
prediction of the penetration depth of liquid 
spills occurring at the land surface. Wet (-0.60 
m initial pressure head) and dry (- 150 m 
initial pressure head) initial conditions in the 
soil profiles were considered in connection to 
the spill. A salt tracer was used in the simula-
tions in order to evaluate how deep down the 
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Figure 6 a (left). Chloride concentration in the aquifer after applying de- c ng salt over a 10 
years period. 6 b (right) Chloride concentrations when de-ic ng salt has been applied over a 
10 year period and then stopped for a period of 10 years. 

spill penetrated from the ground surface. The 
variation of the simulated penetration depths 
was studied using standard deviations for K-
values for the different soil profiles. Due to 
the high infiltration rates that occur in con-
nection to large spills, effects of vegetation 
and evaporation were assumed to be of mi-
nor importance and therefore neglected The 
spreading area of the spill at the land surface 
was calculated by assuming that the area 
affected by the spill can be defined as the 
ratio between the total volume of the spill 
liquid on the ground surface and the total 
volume infiltrated. 

RESULTS 

Testing the modelling system for the 
unsaturated and saturated zone 
The test of the developed modelling system 
in the Jordbro area (Paper I) showed that the 
chloride concentration in the studied aquifer 
will increase substantially due to road de-icing 
and that it may take decades to lower the 
chloride concentration to the original back-
ground values after halting the use of de-icing 
salt (Figure 6 a, b). The technical drinking 
water limit for chloride of 100 mg/L was 
exceeded at a distance of 100 m from the 
road; however, the water supply well was not 
affected. In the vicinity of the road, chloride 
concentrations were even higher. Ten years 
application of de-icing salt, at a rate of 10 
kg/m/yr, followed by an equivalent period 

with no salt application, was studied. An 
initial chloride concentration of 25 mg/L was 
assumed and the abstraction rate from the 
water supply well was set to 7.5 L/s.  The 
water supply well is located approximately 
600 m from the road and was affected by the 
de-icing salt after approximately 8 years.  In 
the second stage, where no salt was applied, a 
maximum chloride concentration of about 60 
mg/L was found in the water supply well 
nearly 5 years after halting the application of 
de-icing salt. 

Hydrogeological database for modelling 

Figure 7 outlines the basic elements of the 
database. The key part of the database con-
sists of the probability distributions of sig-
nificant hydrogeological parameter data de-
fined for hydrogeological environments in 
Sweden. Hydrogeological environments 
described by the Swedish Environmental 
Protection Agency (SEPA 1999) are sug-
gested to be used. Key parameter data on the 
properties of contaminants, as well as pedo-
transfer functions to derive parameter esti-
mates from more easily available data, e.g. for 
K-values, were proposed to be included in 
the database. This means that the database is 
a combination of data descriptions from both 
measurements and data that are part of mod-
els to convert from one property to another 
property of the environment. Information 
from other data sources, e.g. on climate data, 
soil, vegetation and contaminant properties, 
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Figure 7. Schematic structure of the outlined database.

should be linked to the hydrogeological pa-
rameter database in order to make it opera-
tional and easy to use without too much data 
processing. In order to view and analyse the 
data in the database, a graphical user interface 
was designed. Nowadays, these user inter-
faces are standard features and are often 
requirements for databases. 

The HPAR database 
The study of the HPAR database (Figure 8) 
revealed that the structure is feasible for 
extraction of data to the outlined database for 
groundwater modelling. Any SQL-type lan-
guage should be useful to handle a number of 
the tables. However, values for some impor-
tant parameters needed for groundwater 
modelling, e.g. hydraulic conductivity and 
effective porosity, were not found in the 
three municipal HPAR databases that were 
studied. The HPAR database does make 
provision though for entering such data. It 
was therefore suggested that these data 
should be extracted from other sources, such 
as from SGU and elsewhere, and included in 
the HPAR database. In order to use the 
concept of hydrogeological environments as 
a basis for the retrieval of generic data for 
groundwater modeling, it was proposed that 
the hydrogeological environments should be 
identified and registered in the HPAR data-
base for all data points. 

Hydrogeological environments for 
modelling the soil water system 

The soil hydraulic properties, vegetation 
properties and groundwater levels of three 
typical hydrogeological environments were 
identified and described (Paper III). Each 
hydrogeological environment in this study 
comprised a description of a representative 
soil profile, vegetation properties and typical 
depths to the groundwater. The description 
of the soil profile included the most probable 
layering and the hydraulic properties within 
each layer. The results from the statistical 
analysis of the soil hydraulic properties for 
the three soil types (sand, glacial till, clay) are 
presented in Table 1. Clay and glacial till soils 
in the database generally displayed a more 
pronounced layering with depth than sand 
profiles, which were more or less homogene-
ous throughout the soil profile. The vertical 
heterogeneity of the soil hydraulic properties 
was most pronounced for the glacial till soil. 
The porosity (θs) and the hydraulic conductiv-
ity (Ksat) decreased significantly with increas-
ing depth, and the variation in the water 
retention curve within each type of soil was 
identified (Figure 9) and estimated according 
to the corresponding variation in the water 
content at saturation and residual levels.
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i
Figure 8. The HPAR database structure and some of the available data The boxes depict tables 
and their attribute fields.  ID fields are used to l nk the tables. 

Influence of different soil and vegetation 
types on mean turnover times in the un-
saturated zone  

The influence of different soil hydraulic 
properties and vegetation properties on the 
mean turnover times of water in the unsatu-
rated zone was evaluated for different 
groundwater conditions (Paper III). An in-
crease in the mean turnover times was shown 
when moving from coarser to finer textured 
soils and from arable land to a more water-
demanding spruce forest (Figure 10). This 
pattern was most pronounced for unsatu-
rated conditions and for the deeper (2.5 m) 
groundwater level, where the sensitivity to 
different soils was twice as large as the sensi-
tivity to different vegetation types. Higher 
soil water storage resulted in longer turnover 
times. In the case of the different vegetation 

types, the water storage was of minor impor-
tance. However, forest vegetation generally 
has larger evapotranspiration values than 
grass and arable land vegetation. This leads to 
a smaller amount of water discharge from the 
soil profile, which in turn leads to longer 
turnover times. 
To characterise a hydrogeological environ-
ment, a specific soil type, vegetation type and 
groundwater table were combined (in the 
case of glacial till soil, both shallow and deep 
groundwater levels were considered for the 
same hydrogeological environment). Sand 
deposits were made up of a combination of 
sand soil, pine vegetation and a deep 
groundwater table (2.5 m). The resulting 
mean turnover time for this hydrogeological 
environment was 230 days. A reasonable 
approximation of this mean turnover time 
could be obtained for deeper groundwater 
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 Sand Glacial till Clay 
Depth (m) 0-0.1 0.1-0.5 >0.5 0-0.1 0.1-0.5 >0.5 0-0.2 0.2-0.3 0.3-0.8 >0.8 
Brooks and Corey  
Pore size distribution, λ 0.32 0.42 0.56 0.26 0.22 0.16 0.06 0.045 0.035 0.03 
Air entry, ψa (cm) 13.5 12.5 10.5 1.8 8.0 10.0 5.0 5.3 2.5 5.2 
Saturation, θs (vol%) 48 43 40 76 50 33 50 47 49 48 
Residual water, θr (vol%) 2.0 4.8 5.2 7.0 0.5 0.3 0.5 0.5 0.5 0.5 
Wilting point (vol%) 2.5 2.5 2.5 4 4 4 16.8 16.8 16.8 16.8 
Hydraulic conductivity, 
Ksat (mm/day) 2113 2018 1528 1291 737 34 704 411 996 304 

Standard deviation 
 Ln Ksat (mm/day) 1.64 1.62 2.09 2.52 2.20 1.79 3.03 2.90 3.32 3.31 

 

i t
t

Table 1. Results from the statistical analysis of the soil hydraulic properties for three dif-
ferent soil types. Coeffic ents for the Brooks and Correy reten ion function, fitted to the 
arithmetic mean values of the water content at different pressure heads, and the geome -
ric mean for the hydraulic conductivity are presented. 

levels by scaling the turnover time for the 
unsaturated soil to the desired depth (e.g. a 
groundwater table at 10 m would have a 
mean turnover time of 920 days). The glacial 
till environment comprises a combination of 
glacial till soil and spruce vegetation. Both 
shallow (0.5 m) and deeper (2.5 m) ground-
water tables were assumed to occur in glacial 
till, depending on the position in the land-
scape. The mean turnover time for the deep 
groundwater table was simulated to be 430 
days. For the shallow groundwater table, the 
mean turnover time decreased to 200 days. 
Clay covered areas are described as a combi-
nation of clay soils, arable land vegetation 
and a shallow groundwater table (0.5 m). The 
turnover time in this environment was ap-
proximately 150 days. 

The role of soil hydraulic properties for 
infiltration of liquid spills 

The relative importance of soil hydraulic 
properties for contamination spreading from 
large spills was examined, and estimates of 
penetration depths for liquid spills were 
presented (Paper IV). As expected, large 
variations in the simulated mean infiltrated 
volumes, spreading areas and penetration 
depths were obtained between the different 
soils (Figure 11). The range of variations was 
also substantial within a soil type as a result 
of the variation in hydraulic conductivity. In 
addition, the initial conditions were of some 
importance, but this was much less pro-
nounced when compared to the variation due 
to soil type. In general, initial conditions were 
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Figure 10. The mean turnover time, water storage and mean water discharge for the different 
groundwater conditions with respect to the various soil ypes ( eft) and the different vegeta-
tion types (right). 

demonstrated to be important for soils with a 
low hydraulic conductivity, i.e. glacial till and 
clay. 
The variation of penetration depths between 
different soil types followed the expected 
pattern; the coarser the soil, the deeper the 
maximum penetration depth. An exception 
was clay soil with a high hydraulic conductiv-
ity, which had a maximum penetration depth 
of approximately 5.7 m. for dry initial condi-
tions. It was also observed that, although the 
sand and the clay soil with high hydraulic 
conductivities had approximately the same 
infiltration volume, the penetration depth in 
the clay was approximately 50 % that of the 
penetration depth in the sand soil. The dy-
namic behaviour (Figure 12) showed that the 
greater penetration depth for the sand was 
obtained continuously during a 20 day-

period. Initially, infiltration depths were 
within the same range after the first day. 
Within the sand and glacial till profiles, the 
variation patterns were similar to the penetra-
tion depth increasing in the same way with 
increasing hydraulic conductivity. The differ-
ence in penetration depth was most pro-
nounced within the clay profile and the varia-
tion pattern differed from the other two soils. 
The clay soil, with low K-value (- 1 std), 
showed significant variation between wet and 
dry initial soil water conditions. Impacts from 
macro pore flow paths were shown for the 
clay soil when high K-values (+1 std) were 
used, resulting in penetration depths of up to 
-5.7 m. When mean and high K-values were 
applied, however, there was no variation 
between wet and dry conditions. 
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Figure 11. Accumulated infiltra-
tion in the three soil profiles for 
different ini ial conditions and 
hydraulic conductivities, due to 
the hydraulic load of 5000 mm 
and the dep h of the infiltrated 
waterfront after a 20 day simula-
tion per od when the infiltration 
has stopped and field capacity is 
reached. 

DISCUSSION AND CONCLUSIONS 

There is an obvious need and interest for 
vulnerability assessments as a tool in 
groundwater resources management. Decid-
ing which method to use will depend primar-
ily on the objectives of the vulnerability as-
sessment. The use of process-based models 
for vulnerability assessments has increased 
during the past ten years, due to the desire to 
generate quantitative assessments and be-
cause of the progress made with model de-
velopment and database technology. The 
scales in which the process-based models are 
used have become larger, now ranging from 
assessments at the local (point) scale to larger 

scales, and even up to nation (and continent) 
wide assessments. Consequently, the use of 
GIS to facilitate process-based modelling has 
also increased. GIS is now widely used to 
create digital geographic databases, to ma-
nipulate and prepare data as input parameters 
for modelling and to display results. The 
coupling of the process-based models and 
GIS offers possibilities to develop new pro-
cedures for the quantification of physically 
significant parameters using hydrogeological 
databases. An important concern in vulner-
ability assessments, using process-based 
modelling, is in the area of data availability, 
scale and uncertainty. A great challenge exists 
in vulnerability assessments to correctly 
tackle these issues and clearly express the 
uncertainties in the results. 

-8

-7

-6

-5

-4

-3

-2

-1

0
1 3 5 7 9 11 13 15 17 19 21

Day number

Pe
ne

tr
at

io
n 

de
pt

h 
(m

)

Glacial till Sand Clay

i  

Figure 12. The mean simulated depths of 
the contamination front (m) for the different 
soil  types at dry initial soil condit ons.

The process-based modelling approach has a 
good potential to serve as a tool for ground-
water vulnerability assessments. The merit 
with the approach is that the results pro-
duced are quantitative, e.g. in terms of con-
centrations and/or travel times. The model-
ling system, as well as the outline of a new 
hydrogeological database for groundwater 
modelling presented in the current work, is 
intended to be a practical modelling aid in 
vulnerability assessments and can be used, 
e.g., in predictive modelling to simulate con-
tamination scenarios and changes of 
groundwater quality due to protective or 
remedial measures. 
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Results from the Jordbro study area demon-
strate the potential applicability of the pre-
sented system as a tool for the evaluation of 
the impact of road de-icing on groundwater 
quality, and for assessing changes in ground-
water quality due to different remedial meas-
ures, such as reducing salt application. Be-
cause of the conservative nature of chloride, 
it is a good tracer and hence it is able to show 
potential contamination risk in the subsur-
face.As showed in other studies, e.g. Maxe 
and Johansson (1998) and Eliasson (2001), 
accidental spills on roads may also pose a 
severe risk for highly permeable deposits. 
The penetration depths for liquid spills in 
sand soils, as simulated in Paper IV, indicated 
that in the Jordbro case, where the ground-
water level was located at a depth of 5 m, a 
conservative contaminant would reach the 
groundwater level within 24 hours. 
The modelling system is expected to be a 
useful tool for evaluating different groundwa-
ter protection strategies. However, the mod-
elling approach is data demanding. When 
input data are scarce, the results obtained will 
suffer from substantial uncertainty. The 
uncertainties are related to, for instance, the 
estimation of the recharge rates, the thickness 
of the unsaturated zone, and the hydraulic 
conductivities of the unsaturated and satu-
rated zones if the number of measurement 
points are scarce. Using GIS to deal with the 
point values and thereby expressing the spa-
tial representation of the modelling, is a pow-
erful method. However, procedures for 
carrying out uncertainty assessment should 
be included and also expressed by the GIS 
methods. Moreover, thorough sensitivity 
analysis of modelling results is strongly rec-
ommended before using the results for plan-
ning and management purposes. In a specific 
modelling situation, it is important to be 
aware of the models limitations and their 
consequences for the results. The value of 
modelling applications ultimately depends on 
the people who apply the models, their 
knowledge of the site hydrogeology and their 
understanding of the models capabilities. 
An important aspect for the successful use of 
any process-based model in vulnerability 
assessment is the acquisition of relevant data 

for the assessments. For this purpose, the 
structure and content of a generic database 
was outlined. The data in the database may 
primarily be used in preliminary simulations, 
and more detailed studies should be supple-
mented with site-specific data. The use of 
hydrogeological environments is expected to 
provide a useful framework for the outlined 
database. Within planning and prevention 
scenario studies, hydrogeological environ-
ments will contribute with hydrogeological 
data gathered from similar environments. 
These data may then be used for simulating 
potential risks and benefits, in the absence of 
measured soil hydraulic characteristics or 
parameter data for groundwater modelling.  
Since the parameters of the hydrogeological 
environments are used, e.g., to evaluate the 
turnover times in the unsaturated and 
groundwater zone, the results are associated 
with uncertainties. Sensitivity analyses should 
be carried out on parameters taken from the 
database to determine the significance of 
uncertainty on the model results. When 
probability distributions are used for the 
input parameters, the resulting distributions 
in model results may serve as a measure of 
the uncertainty. When hydrogeological envi-
ronments are used in the context of vulner-
ability assessments, it is important to identify 
and map all hydrogeological environments 
within an area because the contaminants in 
the groundwater zone may pass through 
several hydrogeological environments. 
Hence, the hydrogeological environments are 
not to be used as isolated units, but should be 
combined (Stejmar Eklund, 2002). 
To be able to use the concept of hydro-
geological environments as a basis for the 
retrieval of generic data for process-based 
modelling, it is proposed that all of the hy-
drogeological environments are identified 
and well documented. The structure of the 
HPAR database offers a sound basis for 
groundwater modelling data. However, in the 
HPAR databases of the municipalities studied 
actual data on some important parameters, 
e.g. hydraulic conductivity, are missing, al-
though space has been allocated in the data-
base to register such data. These data should 
be extracted from other sources at SGU and 
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elsewhere, and included it in the HPAR data-
base. Data quality within the HPAR database 
is relatively good, and it contains information 
related to the sample ID, the sampling data, 
the sampling method, geographic position, 
type of represented entity, some technical 
characteristics connected to the represented 
entity, etc. However, some information rele-
vant for vulnerability assessments, such as 
land use and information on potential con-
taminations sources in the vicinity of the 
wells, should be incorporated. In addition, 
typical soil profiles defined for three com-
mon Swedish hydrogeological environments, 
and statistically analysed and explored by the 
one-dimensional dynamic model, may be 
included in the outlined database. 
The dynamic modelling approach for the 
unsaturated zone was primarily used for 
comparative and illustrative purposes, explor-
ing processes and parameters that are impor-
tant for vulnerability assessments by process-
based models. Furthermore, the modelling 
approach enabled a calculation of turnover 
times of conservative contaminants trans-
ported by natural recharge in the saturated 
zone. In addition, the model simulations 
clearly demonstrated the impact of the soil 
properties, vegetation types and groundwater 
levels on the transport of a conservative 
tracer in the soil and the response to envi-
ronmental changes. 
The simulations showed that the mean turn-
over times were most dependent on the 
variation in the water retention properties 
(variation in hydraulic conductivity was not 
taken into account). Differences in the total 
water storage in the soil profile explains the 
variations in turnover times between soil 
types. In fine-grained soils this leads to 
longer turnover times, compared with coarse-
grained soils. The glacial till soils become 
more compacted with increasing soil depth, 
resulting in a decrease in porosity and 
hydraulic conductivity, which efficiently 
prevents the water flowing to deeper layers. 
Thus, water discharge was more superficial 
for the glacial till than for the clay and sand 
soils. 
An increase in turnover time from arable 
land, to grass, to pine and finally to more 

water-demanding spruce forest, was expected 
and also shown in the simulations. Forest 
vegetation generally has larger evapotranspi-
ration than grass and arable vegetation, lead-
ing to a smaller amount of water discharge 
from the soil profile, implying longer turn-
over times. 
Groundwater levels generally had a major 
impact on turnover times. Notably, the re-
sults from the simulations with a shallow 
groundwater level differed from the rest in 
that the turnover times were not sensitive to 
the variation of water retention properties. 
Furthermore, the sensitivity to vegetation 
types was low for the simulations with a 
shallow groundwater level. On the other 
hand, the influence on turnover times was 
most pronounced when the groundwater 
level was shallow. Glacial till and sand soils 
with shallow groundwater levels stored more 
water in the upper 50 cm of the soil profile 
compared to the deeper groundwater levels. 
However, this was not observed for the clay 
soils. Hence, the capillary transport of water 
from the groundwater was more pronounced 
in the coarser soils than in the clay soil. The 
study showed that it is important to account 
for the variation in soil properties and 
groundwater levels within an area if further 
detailed studies are to be made. 
Another key consideration in vulnerability 
assessments is the expected penetration 
depth of the contaminant in the subsurface in 
case of hydraulic surcharge. This is especially 
important when considering liquid spills. It is 
important to know what possibilities for 
rapid remediation measures exist after, for 
example, an accidental spill on a road. As 
expected, for liquid spills, the hydraulic con-
ductivity was found to be of major impor-
tance, while the water retention properties 
were of less importance. 
The initial conditions in the soil were demon-
strated to be vital for the infiltrated volume 
of liquid spills for soils with low hydraulic 
conductivity. Except for the clay soil with 
low hydraulic conductivity, the initial water 
content did not have any pronounced effect 
on the penetration depth of the liquid spill. A 
one-domain approach ignoring preferential 
flow was used in the simulations. This may 
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question the validity of the present investiga-
tion, if only the penetration depth is of inter-
est. Nonetheless, for contaminants where the 
focus is on total amounts, the relative differ-
ences obtained between the soils in the study 
is considered reliable. A one-dimensional 
model based on Richards’ equation may be 
unnecessarily complex for simple investiga-
tions of penetration depths by infiltration, 
and often more simple models are used for 
the prediction of the advective transport in 
unsaturated soils. On the other hand, the 
dynamic approach was important to account 
for the vertical heterogeneity and the redis-
tribution phenomena after infiltration.  
Penetration depths of accidental spills, simu-
lated by a dynamic model in the unsaturated 
zone, may be used in conjunction with typical 
hydrogeological environments by examining 
characteristic groundwater levels for different 
environments. The groundwater level in sand 
deposits is normally between 2-10 m, and in 
some eskers more than 20 m. In glacial till, 
the groundwater level usually varies between 
1-3 m depending on the position in the land-
scape, whereas in clay the groundwater level 
is usually shallow (0.5-2 m). The penetration 
depth of a liquid, when related to the typical 
groundwater levels of the different soils, 
provides important information about the 
possibility for the contaminant to reach the 
groundwater zone rapidly, and thus give an 
indication of the vulnerability of the ground-
water and of the possibility for successful 
remedial actions to be taken. 
The hydraulic properties of the soil profiles 
and the vegetation properties identified for 
typical hydrogeological environments in 
Sweden could prove to be a useful way of 
obtaining input data for model simulations 
when detailed measurements are not avail-
able. Statistical information of water reten-
tion properties and hydraulic conductivities 
provided a basis for estimating the turnover 
times and penetration depths, giving an indi-
cation of the uncertainty in the predictions. 
In conclusion, the approach of using process-
based modelling for vulnerability assessment 
is based on relatively loosely coupled models, 
generic databases and a GIS. It is believed 
that this will provide an appropriate, flexible 

and time efficient means to express vulner-
ability of groundwater in quantitative terms. 
However, more work needs to be carried out 
on the single components of the approach, as 
well as methods for integrating them. Fur-
thermore, structured routines for uncertainty 
analysis are crucial for the credibility of the 
results. 

RECOMMENDATIONS FOR 

FUTURE RESEARCH 

From the examples of the vulnerability as-
sessments presented in this thesis, it is possi-
ble to point out several specific areas in 
which future research is desirable. By ad-
dressing these areas, better assessments of 
groundwater vulnerability using process-
based models will be achieved. 
Further development of the Swedish soil 
database included in the CoupModel will 
need to be undertaken. In particular, soil 
profiles with information on several types of 
glaciofluvial deposits with coarse materials, 
and deep till profiles are needed. In addition, 
the user friendliness and accessibility of the 
database needs to be improved. 
The outlined hydrogeological database for 
groundwater modelling also needs to be 
further developed. Data must be gathered 
and included from different sources in this 
regard. Test areas should be chosen where 
the hydrogeological information may be 
transformed to hydrogeological environ-
ments, with the inclusion of the most impor-
tant parameters for groundwater modelling. 
In addition, the influence of using parameter 
data in hydrogeological environments on the 
vulnerability assessments should be studied 
further, e.g. by performing sensitivity analy-
ses. Comparative studies of simulations with 
process-based models using parameter data 
from hydrogeological environments and 
simulations with site-specific data should be 
performed. Numerous aspects that affect the 
vulnerability assessments in conjunction with 
the use of the hydrogeological environments 
concept need to be studied further. These 
aspects include land use, vegetation, climate, 
integrated systems, data access, etc. 
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Methods that permit preferential flow in 
groundwater vulnerability assessments to be 
determined should be investigated and the 
explicit incorporation of effects in the 
groundwater vulnerability assessments should 
be considered. 
In general, one of the future challenges is the 
establishment of a conceptual and opera-
tional basis for an integrated vulnerability 
assessment concept. This could take the form 
of, for example, a computerised decision 
support tool that would be capable of merg-
ing the data from spatial and generic data-
bases, and combining different vulnerability 
assessment methods. This might, in principal, 
be achieved by using the process-based mod-
els, GIS packages and interfaces, but the 
parameter data needs to be collected and 
 

 included in databases. Furthermore, spatial 
variability will be a major problem when 
applying point models to large areas for vul-
nerability assessment. Tools need to be cre-
ated for merging data obtained at different 
spatial and temporal scales into a common 
scale for vulnerability assessment.  
Advances in new techniques might result in 
the user developing a strong belief in the 
ability of the assessments, using these tech-
niques to describe the behaviour of the com-
plex subsoil system. However, humans can 
never be substituted, even if we create the 
perfect tools. What is needed is the develop-
ment of an understanding of the interactions 
between the different roles of planners, poli-
ticians, experts, etc. in groundwater manage-
ment. 
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