
GERHARD BARMEN

ON THE COMBINATION
OF ISOTOPE HYDROGEOLOGY
WITH REGIONAL FLOW
AND TRANSPORT MODELLING

An Application
to the Groundwater System

of Southwestern Sweden

Department of
Engineering Geology
Lund Institute of Technology
Lund University



DEPARTMENT OF ENGINEERING GEOLOGY
LUND INSTITUTE OF TECHNOLOGY
LUND UNIVERSITY

ON THE COMBINATION

OF ISOTOPE HYDROGEOLOGY

WITH REGIONAL FLOW

AND TRANSPORT MODELLING

AN APPLICATION
TO THE GROUNDWATER SYSTEM

OF SOUTHWESTERN SWEDEN

GERHARD ALEXANDER BARMEN
THESIS

1992



THIS SERIES IS PUBLISHED BY
Department of Engineering Geology
Lund Institute of Technology
P.O. Box 118
S-221 00 Lund

The LUTVDG/TVTG series comprises

1000-series • Dissertations

3000-series - Research reports

5000-series - GrarV, t ton theses

7000-series - C •• n s and symposia reports
• Tv /. eports

811992 Gerhard Barmen
Printed in Swed * .it
Reprocentralen, v und University, Lund

ISRNLUTVDG 'VTG--1006--SE
ISBN 91-628-058/ «



Authors)
Gerhard Barmen

Due of issue
A p r i l 2 3 , 1 9 9 2

CODEN: iSR-ft LUTVDG/TVTG- -10 0 6 -,-&£

Sponsoring oipnintion

Title and subtitle ON THE COMBINATION OF ISOTOPE HYDROGEOLOGY WITH REGIONAL FLOW
AND TRANSPORT MODELLING
An a p p l i c a t i o n t o t h e groundwater s y s t e m of s o u t h w e s t e r n Sweden

Abstnct

Many different methods and tools can be used when trying to improve the information basis on which decisions are made for
maintaining a quantitatively and qualitatively safe, long-term use of groundwater resources. In this thesis, classical hydrogeological
examinations, hydrochemical investigations, environmental isotope studies, computerized groundwater flow modelling and
radioisotope transport modelling have been applied to the large system of reservoirs in the sedimentary deposits of southwestern
Scania, Sweden. The results obtained are first presented separately and subsequently the measured and calculated radioisotope
contents are compared. There are onlv few reports available at present on such a combination of methods.

The stable isotopes ZH, I8O and ' 3C and the radioactive 3H and 14C have been measured and the results obtained can improve
the estimations of the periods of recharge and the average circulation times of the groundwater reservoirs studied.

A groundwater flow model based on finite difference techniques and a continuum approach has been modified by data from
traditional hydrogeological studies. A calibration against piezometric records has been made for 1970, assuming steady-state
conditions, and also for the transient evolution from 1840 to 1988. The same computer code, NEWSAM, has been used to simulate
steady-state and transient isotope transport in the area studied, taking into account advective transport with radioactive decay. The
interacting groundwater reservoirs studied have been represented by a three-dimensional system of grids in the numerical model.

A major merit of this combination of isotope hydrogeology and regional flow and transport modelling is that the isotope
transport simulations help to demonstrate where zones particularly vulnerable to pollution are situated. These locations are chiefly
the result of the hydrogeological characteristics traditionally examined, but they are revealed by means of the transport model.
Subsequent, more detailed investigations can then be t'ocussed primarily on these vulnerable zones. High contents of radioisotopes
in the main aquifer of southwestern Scania may indicate that groundwatcr withdrawals have stimulated recharge from shallow
aquifers am! surface waters and that the risk of pollution has increased.

There are also several difficulties concerning the detailed, quantitative interpretations of the results, and these difficulties must
be (he focus of future work. Even if the aquifer system studied here can be classified as unusually homogeneous and well-defined,
the number of isotope measurements is small compared to the extension of the system. Furthermore, the calculated concentrations
are similar over large areas. Therefore, it is at present not possible to calibrate the isotope transport model by measured isotope
concentrations in order to verify or reject the results of the underlying groundwater flow model.

Keywords Groundwater, environmental, isotopes, flow, transport, numerical
modelling, regional scale, Alnar(> valley

Classification system and/or index terms (if any)

Supplementary bibliographical information

ISSN and key titie

Recipient's notes Number of pages 201

Lan*ua|e Eng l i sh

ISBN
91-628-0587-8

**• SEK 200: -
Security da&dfication

Distribution by (name and address)
Dept Engineering Geology, Lund University, Box 118, s-221 00 LUND, Sweden

I, the undersigned, being the copyright owner of the abstract of the above-mentioned dissertation, hereby grant to all reference
sources permission to publish and disseminate the abstnct of the above-mentioned dissertation.

Pat,



ON THE COMBINATION

OF ISOTOPE HYDROGEOLOGY

WITH REGIONAL FLOW

AND TRANSPORT MODELLING

AN APPLICATION

TO THE GROUNDWATER SYSTEM
OF SOUTHWESTERN SWEDEN

AV

GERHARD ALEXANDER BARMEN

AKADEMISK AVHANDLING

som för avläggande av teknisk doktorsexamen vid tekniska fakulteten vid
Lunds universitet kommer att offentligen försvaras vid sektionen för väg- och
vattenbyggnad, John Ericssons väg 1, hörsal V:A, tisdagen den 19 maj 1992,
kl 13.15.



Abraxas abrasax
Thesis antithesis synthesis that becomes thesis again

Meaningless.
Unreal. Meaningless.

And in the quiet night the spiders spin their webs
and the crickets fiddle

In autumn

Gunnar Ekelöf



PREFACE AND ACKNOWLEDGEMENTS
The ideas for this work were generally indicated already when I began my postgraduate
studies at the Department of Engineering Geology, Lund Institute of Technology, in
1983. However, for me the real start of this study occurred in October 1986, when I met
my supervisor, Professor Leif Bjelm, near the Jardin de Luxembourg in Paris, and he
enthusiastically proposed a thesis treating the groundwater reservoirs of southwestern
Scania by a combination of isotopic investigations and numerical flow and transport
modelling. At that time my interest in these methods had developed after a very inspiring
year as visiting student at the Laboratory of Quantitative Hydrology and Hydrogeology,
Paris School of Mines, Fontainebleau, and at the Laboratory of Isotopic Hydrology and
Geochemistry, Paris University XI, Orsay.

In practice, though not formally, this thesis has been carried out as a joint project of
these three research establishments. I would like to express my sincere appreciation to
Professor Leif Bjelm, Professor Ghislain de Marsily and Professor Jean-Charles Fontes
for their generosity with their expert knowledge, benevolent guidance, support and
never-ending encouragement throughout this work.

It has been quite a tough task to try to span over several scientific disciplines and to
work at three institutes at the same time. Nevertheless, the personal adventures and
sensations have been greater than the feelings of despair. For instance, I should not want
to have missed the first experience of sitting at a mass spectrometer in Orsay and the
result from the analysis of a tiny quantity of gas seemed to reflect the isotopic
composition of the groundwater I had sampled in Scania. I am very grateful to Annick
Filly and Marc Massault for their skilled guidance in the techniques of isotope analysis
and for having patience with my first stumbling steps in the laboratory.

Another pleasant memory is the occasion when the first results of transport
simulations could be examined after one night's work on the minicomputer. Calculations
of isotope values in almost 10000 meshes and for more than 100 years had stopped all
other activities but the figures seemed to be reasonable! I am greatly indebted to
Emmanuel Ledoux for his generous help and guidance with the numerical model, often
late into the evening and at weekends.

It has also been a stimulating experience to search for historical and detailed
information in libraries and archives about the methods involved in this thesis and about
the groundwater geology of southwestern Scania. For instance, the early investigations
undertaken for the water-works of the town of Malmö a century ago are a delight for the
reader and the climatic records of Tycho Brahe give a valuable historical perspective.
Particular recognition is due to the Alnarp committee and its members, who via Bo
Leander, VBB-VIAK, made their piezometric and hydrochemical records available to
me. Another important source of information has been the Well Archives of the Swedish
Geological Survey and I would especially like to thank Ove Gustafsson and Mats
Påhlsson at the branch office in Lund for helping me to find valuable data. OUe
Andersson, VBB-VIAK, made the former archives of VIAK available to me, which is
gratefully acknowledged.

I would also like to thank the personnel at the water-works and at the municipalities
of southwestern Scania, who provided assistance both when I was collecting groundwater

IV



samples and when I was searching for useful hydrogeological records. The increase in the
water consumption and in the waste production during the past century often set off
exciting reflections and discussions during these visits. A handful of owners of private
wells have given similar services, for which I am very thankful.

Most of the hydrochemical analyses of the water samples were carried out in the
laboratory of the Department of Water and Environmental Engineering, Lund Institute
of Technology. It was a great pleasure to work together with Mona Hamrin and Ylva
Persson and I am indebted to them for this assistance.

It is gratefully recognized that the International Atomic Energy Agency has included
this work in its on-going co-ordinated research program dealing with the coupling of data
on environmental isotopes and distributed parameter deterministic models. Thanks are
due also to the Swedish Environmental Protection Agency, the Swedish National Board
for Technical Development and the Swedish Natural Science Research Council for
financial support.

I feel much indebted to all colleagues, students and friends at the three research
establishments, in which this thesis has been prepared, for their help and support with
things large and small. I am particularly grateful to Peter Jonsson for helping me to send
simulation results via electronic mail from France to Sweden and with various other
computer problems. His frequent presence late in the evening and at weekends at the
Department of Engineering Geology and at certain other events, including coffee-serving
with biscuits was very much appreciated.

Many thanks to Karin Ryde for helping me so rapidly and energetically with checking
the English language.

Finally, I would like to express my gratitude to my relatives and close friends who
have encouraged me during some trying periods in the past years. This work would never
have been finalized without the warm Norwegian steam and spirit from my father and
the tender moral support from my mother.

The last thanks go to my wife Ingrid for keeping my body, heart and soul alive during
the final phase of the preparation of this thesis. See, June is stretching out its hand...

Lund, 3 April 1992

Gerhard Barmen



CONTENTS

PREFACE AND ACKNOWLEDGEMENTS iv
CONTENTS vi
ABSTRACT viii

1 INTRODUCTION 1
PURPOSES AND DELIMITATIONS 4
A GENERAL SURVEY OF THE CONTENTS 6

2 LITERATURE SURVEY 8
SELECTING A MODEL 8
BLACK-BOX MODELS 9
DISCRETE STATE COMPARTMENT MODELS 10
DETERMINISTIC CONTINUUM MODELS 12
Analytical methods 13
Numerical methods 14
STOCHASTIC MODELS 15
CONCLUSIONS 15

3 HYDROGEOLOGICAL FEATURES 16
GEOLOGICAL CHARACTERISTICS 16
Bed-rock 16
Quaternary deposits 21
Some mineralogical and geochemical features 25
HYDROLOGICAL CHARACTERISTICS 27
Precipitation, evapotranspiration and total ru,.-off 27
Groundwater reservoirs 30
Infiltration and groundwater recharge 32
Groundwater discharge to the sea 34
Groundwater extraction 35
Palaeoclimatology and palaeohydrology 38
HYDRAULIC CHARACTERISTICS 39
Piezometric variations 39
Specific capacities and transmissivities 43
Porosities and storage coefficients 48
Vertical leakage coefficients 51
CONCLUSIONS 52

4 HYDROCHEMICAL AND ISOTOPIC INVESTIGATIONS 56
HYDROCHEMICAL CHARACTERISTICS 56
Groundwater sampling 56
General features and spatial variations 58
Thermodynamic equilibrium and mineral saturation conditions 62
Time-dependent variations 65
DEUTERIUM AND OXYGEN-18 68
Collection of data 69
Spatial variations 69
TRITIUM 72
Contents in precipitation 73
Contents in groundwater 74
CARBON-13 AND CARBON-14 80
The contents of groundwater 82
Correction of carbon-14 activities in groundwater 85
CONCLUSIONS AND GENERAL RESULTS 89

vi



5 GROUNDWATER FLOW MODELLING 91
ADAPTATION OF A FLOW MODEL TO THE AREA OF APPLICATION 91
Principles of the finite difference code NEWSAM 91
Subdivision into layers and discrete meshes 92
General simplifications and assumptions 93
Boundary conditions and recharge 95
Special conditions - limestone quarries 99
Tentative distribution of transmissivities, leakage coefficients
and storage coefficients 100
Groundwater withdrawal 100
Calibration procedure 102
RESULTS AND DISCUSSION 104
Calibration of transmissivities and leakage coefficients 104
Sensitivity to changes in transmissivities and leakage coefficients 111
Sensitivity to changes in storage coefficients 118
Sensitivity to changes in other characteristics 121
CONCLUSIONS AND GENERAL RESULTS 136

6 ISOTOPE TRANSPORT MODELLING 141
ADAPTATION OF A GROUNDWATER TRANSPORT MODEL 141
Making use of NEWSAM to model isotope transport 142
Subdivision into layers and discrete meshes 143
Boundary conditions and isotope input 146
Simulation scheme and calibration 147
RESULTS AND DISCUSSION 148
Numerical dispersion 148
Effective porosities 149
Transmissivities and leakage coefficients 166
Storage coefficients and other characteristics 169
Various tritium and carbon-14 inputs 171
CONCLUSIONS AND GENERAL RESULTS 173

7 GENERAL CONCLUSIONS AND RECOMMENDATIONS 180

REFERENCES 183

APPENDIX
Selected chemical and carbon isotope data 194

Vll



ABSTRACT
Many different methods and tools can be used when trying to improve the information
basis on which decisions are made for maintaining a quantitatively and qualitatively safe,
long-term use of groundwater resources. In this thesis, classical hydrogeological
examinations, hydrochemical investigations, environmental isotope studies, computerized
groundwater flow modelling and radioisotope transport modelling have been applied to
the large system of reservoirs in the sedimentary deposits of southwestern Scania,
Sweden. The results obtained are first presented separately and subsequently the
measured and calculated radioisotope contents are compared. There are only few reports
available at present on such a combination of methods.

The stable isotopes 2H, ISO and 13C and the radioactive 3H and 14C have been
measured and the results obtained can improve the estimations of the periods of
recharge and the average circulation times of the groundwater reservoirs studied.

A groundwater flow model based on finite difference techniques and a continuum
approach has been modified by data from traditional hydrogeological studies. A
calibration against piezometric records has been made for 1970, assuming steady-state
conditions, and also for the transient evolution from 1840 to 1988. The same computer
code, NEWSAM, has been used to simulate steady-state and transient isotope transport
in the area studied, taking into account advective transport with radioactive decay. The
interacting groundwater reservoirs studied have been represented by a three-dimensional
system of grids in the numerical model.

A major merit of this combination of isotope hydrogeology and regional flow and
transport modelling is that the isotope transport simulations help to demonstrate where
zones particularly vulnerable to pollution are situated. These locations are chiefly the
result of the hydrogeological characteristics traditionally examined, but they are revealed
by means of the transport model. Subsequent, more detailed investigations can then be
focussed primarily on these vulnerable zones. High contents of radioisotopes in the main
aquifer of southwestern Scania may indicate that groundwater withdrawals have
stimulated recharge from shallow aquifers and surface waters and that the risk of
pollution has increased.

There are also several difficulties concerning the detailed, quantitative interpretations
of the results, and these difficulties must be the focus of future work. Even if the aquifer
system studied here can be classified as unusually homogeneous and well-defined, the
number of isotope measurements is small compared to the extension of the system.
Furthermore, the calculated concentrations are similar over large areas. Therefore, it is
at present not possible to calibrate the isotope transport model by measured isotope
concentrations in order to verify or reject the results of the underlying groundwater flow
model.
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Chapter 1
INTRODUCTION

The presence of water in sufficient quantity and of satisfactory quality is a vital
prerequisite for the survival of mankind and most other forms of life on earth. Many
countries, especially in the third world, suffer from the lack of fresh water. Particularly in
industrialized areas, another big problem is that many lakes, rivers and groundwater
reservoirs are already, or run the risk of becoming polluted by human activities.
Consequently, it is of increasing importance, almost in all parts of the world, to improve
our fund of knowledge concerning water resources.

Nearly all water is constantly circulating between ocean, atmosphere and land. This
concept, called the hydrologic cycle, is central to an understanding of the occurrence of
water and also to the development and management of water supplies (see figure 1.1 and
Heath, 1983). An interesting feature is that the most actively circulating groundwater
alone accounts for more than 92-95% of the earth's total store of water. Here we have
disregarded the water residing in the oceans, icecaps and glaciers (Lvovitch, 1970, and
Nace, 1971). However, groundwater has in general a much lower rate of replenishment
than surface water. A positive consequence of this is that a great part of the aquifers
situated at moderate to great depths have not yet been contaminated by man-made
pollution. Due to these facts such groundwater reservoirs and the regional systems in
which they occur are often of particular interest when trying to solve a problem
concerning a water supply.

7777///
Precipitation

s jr —' '

/ / t t/ / / '
y * / EvaDoration

/ Evaporation

I
I

GROUNDWATER

Figure 1.1 Schematic representation of the hydrologic cycle (modified after Heath,
1983).
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A regional groundwater system and its life cycle is usually relatively complex. A broad
interdisciplinary spectrum of knowledge is required to understand all the phenomena
occurring within it. For example, the system often comprises different groundwater
reservoirs which interact with each other and with lakes, streams, oceans, plants and
human activities, as illustrated by figure 1.2. These interactions involve first and foremost
an exchange of water. However, isotopic, chemical and biological reactions and
exchanges may be equally important. The latter events take place between and within the
different water bodies but also at the contact between the water and the surrounding
materials, such as rock, soil, gas or plant roots.

An interesting consequence of this multidisciplinarity is that many different methods
and tools can be used when trying to evaluate and manage a groundwater system. Each
method is usually founded on one discipline, for example groundwater hydraulics or
water chemistry. However, all the phenomena occurring in a groundwater system are
more or less interrelated. For instance, the flow conditions influence the isotopic
concentrations in groundwater and therefore isotopic studies facilitate conclusions about
the flow regime. As a consequence, the most reliable and detailed information is usually
obtained when results from different methods of investigation and interpretation are
combined. A correspondence between results obtained from partially independent
methods can in many cases strengthen the conclusions drawn.

Perched
jiqulfer

Freshwater^** 1

~~~~~™*r saltwater!

erface

uifer C

Evapotranspiration

H
River å i » Return flow from

septic tanks

Impervious stratum

Semipervious stratum

Figure 12: Schematic representation of a regional system of groundwater reservoirs
interacting with some of the other components of the hydrologic cycle
(modified after Bear, J979). The arrows indicate major directions of water
movements.

The basic method used in groundwater investigations makes use of "classical"
hydrogeological information. Such information consists chiefly of geological, hydraulic
and hydrological data, from reports concerning bore hole records, pumping tests,



Introduction

variations in groundwater levels, precipitation, infiltration rates and the like. The method
of traditional hydrogeological investigations is fully presented in text-books by authors,
among whom can be mentioned Davis & DeWiest (1966), Freeze & Cherry (1979) and
Marsily(1986).

Classical hydrogeology is often supplemented by geophysical investigations to describe
the characteristics of different layers and to localize water-bearing layers, see for
example Astier (1971). Studies of the chemical composition of the groundwater and its
relation to the surrounding soil or rock can also be an important complement to ordinary
hydrogeological information. Differences in the hydrochemistry within a groundwater
system can help to evaluate circulation patterns and turn-over times. A good general
survey of theue features can be found in, for instance, Davis & DeWiest (1966) and
Freeze & Cherry (1979). A more detailed and thorough treatment is given in Stumm &
Morgan (1981).

During the past few decades other techniques for the investigation of groundwater
systems have been developed. One of them, tracer methodology, can be described as a
branch of hydrochemistry, while some particular tracers have been so widely employed
that their use merits treatment as a particular method. Thus, observations of temporal
and spatial variations of naturally occurring isotopes are commonly called environmental
isotope techniques. Special attention has been paid to the use of the isotopes 2H, 3H, 18O,
13C and 14C in investigations of regional groundwater systems. In this context studies of
stable isotopes can, for example, help to determine groundwater recharge areas and
leakage between different aquifers. Investigations using radioactive isotopes can be a
valuable tool for independently verifying residence time calculations based on Darcy's
law. Environmental isotope techniques have been thoroughly described by Fritz &
Fontes (1980) and Ferronsky & Polyakov (1982).

A second, comparatively new technique for the evaluation of groundwater systems is
mathematical modelling of groundwater flow and transport phenomena. In a strict sense
mathematical modelling is not a method of investigation, but a tool for making use of
and combining all available quantitative information. Several different types of
mathematical models exist. When it comes to regional systems of groundwater reservoirs,
deterministic mathematical models with distributed parameters are generally best suited,
especially if simulations of water withdrawal and pollution propagation are demanded
(Ledoux, 1986a). As the hydrogeological characteristics normally vary considerably
within a regional aquifer system, computerized, numerical models are usually applied.
The properties of the system are then represented by parameter values distributed on
discrete elements. If some characteristics are not very well known in a part of the
modelled area, different values of the parameters and also of boundary and initial
conditions can be tried. Such a sensitivity analysis can determine where additional
information would be of most value and of which type it should be to increase the
amount and the reliability of the knowledge gained. Deterministic models are often used
to simulate possible future situations of increased exploitation or pollutant propagation,
in order to assess their consequences. Before making simulations the model has to be
fitted with all available information concerning the groundwater system of interest.
Deterministic mathematical and numerical modelling is briefly surveyed in many
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textbooks on groundwater hydraulics, for example Bear (1979) and Marsily (1986). A
broader and more thorough account for the subject is given in books by Ledoux (1986a)
and Bear & Verruijt (1987).

Environmental isotope techniques and computerized mathematical flow and transport
modelling have become relatively widespread and frequently used. Yet, these tools have
been developed side by side with very little interaction. In part this is probably due to the
fact that the techniques have chiefly been elaborated by different specialists, who have
undertaken their investigations separately and in competition.

Recent years, however, have witnessed a tendency towards greater collaboration and
interaction among the different techniques and disciplines dealing with groundwater.
One major reason for this is an expectation that the knowledge about a system of
aquifers will often increase and become more reliable if the results from many
independent methods of investigation and interpretation are used in combination. This is
of particular interest when little information is available. Data from one method can then
be expected to compensate to some extent for the lack of data from another method (cf.
Barmen, 1986c).

It follows, therefore, that it would be of special interest to try to use environmental
isotope techniques together with computerized distributed parameter, conceptual flow
and transport modelling of regional aquifer systems. To the present author's knowledge,
Robertson (1974) is the only one who has published a scientific paper on the application
of such an approach. Further, the International Atomic Energy Agency started a co-
ordinated research program in 1990 dealing with the coupling of data on environmental
isotopes and distributed parame»er deterministic models (Yurtsever, 1989, and IAEA,
1989). In addition, Markussen, Möller, Villumsen, Mortensen & Selchau presented a
report founded on a similar idea in 1991.

PURPOSES AND DELIMITATIONS

The main purpose of the work presented in this thesis is to investigate whether a
combination of the results from deterministic flow and advective transport modelling
with observations of environmental isotope contents can improve the understanding of a
chosen regional groundwater system. The investigation should be carried out with the
overall objective to improve the basis for maintaining a quantitatively and qualitatively
safe long-term use of the groundwater resources studied. The main purpose can be
broken up into a few interacting and subordinate aims.

It should be investigated whether comparisons between observed temporal and spatial
isotopic variations and corresponding calculated values can be used as an independent
way of verifying the results of the numerical, groundwater flow model, which underlies
the isotope transport model used. Another aspect of this combination of results is that
isotope data might improve estimations of the properties relevant to the flow and
transport processes which are active in the groundwater system modelled. Therefore, the
potential contribution of environmental isotope data to the identification of the physical
parameters of the hydrogeological system to be studied, should also be investigated.

A second subordinate aim is to obtain a better knowledge concerning the
hydrogeological system chosen for the application of the methodology outlined. The
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selected groundwater system is situated in the sedimentary rocks and glaciofluvial
sediments of southernmost Sweden (see figure 1.3) and includes the Alnarp valley
reservoir. The major reasons for choosing this system are that it has been the subject of
comparatively thorough investigations and observations over more than a century, that
all parts of it are situated at moderate distances from Lund and that the volumes of
groundwater withdrawn for this region are substantial.

A further objective has been to assemble as much as possible of existing
hydrogeological information concerning this area. This information is a prerequisite for a
fruitful application of the basic ideas of this thesis.

The use of a distributed parameter, deterministic flow and transport model makes it
possible to integrate a sensitivity analysis of the parameters and boundary conditions
included. Such an analysis should be carried out to determine where additional
information would be of most value and which type would be most appropriate to
increase the knowk Jge about the groundwater system.

GERMANY

Figure 1.3: The hatched domain in southwestern Scania, the southernmost province of
Sweden, is the area being investigated
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Financial and temporal restrictions have set limits also for this work. In general, priority
has been given to equipment and techniques which were easily available and cheap, but
which satisfied basic requirements of quality and performance. The following is an
account for the most decisive delimitations.

The use of only one hydrogeological system obviously implies an important
restriction. In principle, it is possible to draw conclusions related only to this particular
system or to very similar ones. Though a great amount of information exists about the
groundwater system of southwestern Scania compared to other reservoirs, only a small
and unequally distributed number of useful data in relation to the extension of the
system have been to hand for the calibration work. This is of course a general and
realistic situation, but it limits the possibility of drawing methodological conclusions
concerning the combination of environmental isotope investigations with regional flow
and transport modelling.

The observations of environmental isotopes have been concentrated on the stable
isotopes 2H, 18O and 13C and the radioactive 3H and 14C.

The deterministic flow and transport model applied assumes an environment
equivalent to a porous medium. Moreover, the main modelling work has been done by
means of only one computer code, NEWSAM (Ledoux, 1986b). This finite difference
computer code has its limits in simulating groundwater flow and isotope transport
phenomena as quasi-three-dimensional and only taking into account advective transport
with radioactive decay. The detailed infiltration processes and the conditions of the
unsaturated zone are not modelled in NEWSAM. Thus, the representation of the
regional hydrogeological system used does not admit an accurate simulation of the
isotope concentration in every point. However, it may presumably be used to elucidate
major regional transport patterns and to localize zones particularly vulnerable to
pollution.

Chemical reactions have not been integrated into the applied deterministic model.
Nevertheless, hydrogeochemical phenomena have been considered when preparing and
interpreting the hydrogeological and isotopic input of the models.

Only one set of parameters and boundary conditions, reasonably calibrated from a
hydrodynamic and hydrogeological point of view, has formed the basis of the transport
modelling. As the modelled groundwater system is relatively complex, it might be
possible to find other sets of parameters and boundary conditions which fit equally well
from a hydrodynamic point of view. However, such calibration work would be very time-
consuming.

A GENERAL SURVEY OF THE CONTENTS

This thesis covers not only fundamental considerations, but also aspects of engineering
and applied geology. It is hoped that it will serve as a source of inspiration for a wider
use of both the philosophy underlying the work and some of the tools described.
Mathematical descriptions have been kept at a minimum and references to more
detailed reports are abundant.
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As mentioned earlier, there are very few descriptions in the literature of environmental
isotope studies combined with deterministic, distributed parameter flow and transport
modelling of regional groundwater systems. As such an integration is the main purpose
of this thesis, a brief literature survey of publications with a similar objective is given in
chapter 2. Also some other modelling approaches and studies aimed at detailed local
results have been included in this account.

The results of the combination of techniques described will be compared to those of
two separate investigations, one an ordinary hydrogeological study of environmental
isotope concentrations and the other dealing with traditional calibration of a well-
established groundwater flow model. These investigations need thorough background
information concerning the groundwater system of interest. Therefore, classical
hydrogeological data have been summarized in chapter 3.

Hydrochemi'.al and environmental isotope data concerning the area studied are
presented and discussed in chapter 4. The existing information on isotope concentrations
being scarce, supplementary sampling and analysis work have been executed within the
framework of this thesis. A survey of the results obtained by environmental isotope
techniques regarding the groundwater system of interest can be found at the end of
chapter 4.

The calibration of a deterministic numerical groundwater flow model with traditional
hydfogeological data is described in chapter 5. Conclusions based more or less purely on
the flow modelling results end this chapter.

The combination of deterministic flow and advective transport modelling with
environmental isotope concentrations measured in the field is treated in chapter 6. The
results arrived at by this combination of methods conclude the chapter.

Finally, general conclusions and recommendations are presented in chapter 7. The
basis of these conclusions is a comparison of the results obtained by the two separate
investigations presented in chapter 4 and 5 and the results of the work described in
chapter 6.



Chapter 2
LITERATURE SURVEY

In this thesis a deterministic continuum approach with distributed parameters is followed
to combine environmental isotope data with a numerical flow and transport model for a
regional system of aquifers. However, many other approaches with similar goals of
integration have been reported in the literature. Furthermore, many ways often exist to
accomplish the application of each modelling approach.

In this chapter a brief survey will be given of a number of approaches, which have
been reported, for the integration of isotope studies with mathematical models in
hydrogeology. The objective of the survey is to place the method used in this work in a
more general scientific context.

SELECTING A MODEL

Integration of isotopic data into mathematical models means that the behaviour of the
isotopes of interest within the system concerned should be described mathematically.
Such a representation of a hydrogeological system and the isotope transport occurring
within it can be more or less detailed. In its most conceptual form it may include all
known phenomena associated with solute transport in groundwater, as it is outlined, for
example, by Freeze & Cherry (1979) or Marsily (1986). Thus, advection, molecular
diffusion, hydrodynamic dispersion, adsorption, ion-exchange and other forms of
retention as well as chemical reactions and radioactive decay can be considered when
treating isotope hydrogeology by means of mathematical models. In addition, interaction
with surface waters and the water and moisture of the unsaturated zone, can also be
included in a conceptual model of the complete hydrological cycle.

As mentioned above, many different modelling approaches can be followed to
represent isotope transport phenomena. The selection of an appropriate model depends
mainly on the purpose of the modelling work and on the characteristics of the
environment and the isotope to be modelled. Other factors which may influence the
choice are the availability of data and their distribution and also the scale of the isotope
transport phenomena to be studied. Thus, it is often advisable to use different types of
models when dealing with tracer tests on a laboratory column, local groundwater studies
or regional aquifer systems.

An aspect often overlooked when selecting a model to be combined with isotope
hydrogeology is the personal preference factor. IAEA (1986) indicates that this factor is
sometimes not negligible when it comes to a selection of one approach over another.
This probably results from lack of familiarity with all the possible alternative approaches.
Therefore, there is a need to develop better mutual understanding between the users and
developers of these methods so as to draw full benefit from them. Another important
reason for personal preference is financial constraints. For example, the computer
programs available for modelling are often used for all applications instead of buying or
designing a more adequate one for a particular situation.

In the following survey of different modelling approaches used together with isotope
hydrogeology, a brief account will also be given for their fields of application. The
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emphasis will be on stable and radioactive environmental isotopes, but a few examples of
artificially introduced isotopes will also be included.

BLACK-BOX MODELS

This type of model describes the relation between the input and output of a
hydrogeological system. The system is treated as a black box, i.e. the internal structure is
not taken into consideration. The input-output relation and thus the system is fully
described by a system response function (see figure 2.1). The identification of this
function from a known input-output relation <s a general procedure called system
analysis. It has been developed mainly within other fields of natural science and
engineering.

UNKNOWN SYSTEM

INPUT SYSTEM RESPONSE
FUNCTION

OUTPUT

IDENTIFICATION

Figure 2.1: Elementary concepts of black-box models. The procedure of searching the
system response function when the input and the output are known is called
identification {modified after Nirin IAEA, 1986).

Most types of response functions include one or many parameters, which can give partial
information about the structure and character of the system. An example of a parameter
usually treated in connection with radioisotopes is the turn-over time of the
hydrogeological system, i.e. the mean transit time of the isotope of interest. Other
parameters included in certain response functions deal with mixing and dispersion
conditions.

The black-box model concept in isotope hydrogeology, including different response
functions, was thoroughly reviewed by Maloszewski & Zuber in 1982 and also by Zuber
(in Fritz & Fontes, 1986) and by Nir (in IAEA, 1986). This approach has its value when
information on the internal structure of the system of interest is very poor. A
prerequisite for a proper functioning is that spatial variations of the properties of the
system can be assumed to be without major importance and may be ignored.

It is easiest to identify response functions of linear hydrogeological systems, whose
internal structures remain constant. Usually, more complicated, non-linear systems have
to be treated, when the input and output of a black-box model vary greatly. For instance,
the behaviour of a system often changes if the input in the form of precipitation values
exceeds or falls below a certain range. Furthermore, variations within the system
concerning, for example, exploitation of springs and wells, will in general make an
identified system response function insignificant and a new one has to be sought.

Most reported applications of black-box models regard the relation between tritium
input concentrations, originating from precipitation infiltrated in karstic, volcanic or
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fissured rocks of mountain basins, and output concentrations in springs below the
recharge area. In such areas the applicability of other, more conceptual, models is often
limited. Maloszewski & Zuber (1982) give an account of some field-cases in
environments of this type.

DISCRETE STATE COMPARTMENT MODELS

Spatial variations of the properties of ground water systems can typically not be ignored.
Therefore various types of distributed parameter models have been developed. One of
them is discrete state, compartment (DSC) models.

The basic principle behind this type of models consists of subdividing a given
hydrogeological system into a set of interconnected, compartmental, volume elements.
The compartments or cells may be of any desired size and arranged in a one-, two- or
three-dimensional network. The subdivision is determined by the uniformity of the
system and the availability of hydrogeological and other information. Each cell is
considered to be uniform in all respects.

The transport of water and dissolved material through the interconnected
compartments of DSC models is calculated by applying a mass balance equation
successively to a series of selected time increments. For every time step or iteration the
discrete state of the modelled system is determined. Due to the repeated use of the basic
equation, it is referred to as a recursive one. The mass balance of equation 2.1 is also
applied sequentially to each cell in the network (Simpson & Duckstein, 1976). Thus,
boundary discharge volumes and concentrations from "upstream" cells become boundary
recharge volumes and concentrations for "downstream" cells (see figure 2.2).

The unknown BDC(N) can be obtained by specifying the degree of mixing within each
cell. Due to this feature, DSC models are often classified as sophisticated mixing-cell
models. Any regime between perfect mixing and pure piston flow is possible to simulate.
However, the concentration of tracer is uniform within a single cen and concentration
gradients may exist only between individual cells.

The discrete state, compartment approach is characterized by distributed parameters,
but a certain degree of lumping is also a common feature. In general, this type of model
neither requires nor makes use of detailed knowledge of the spatial variations of physical
and hydrogeological parameters and of the processes occurring within the system.
Therefore, discrete state, compartment models have many advantages when
environmental isotopes are used as tracers in regional hydrogeological investigations.
They incorporate the known, general, physical features of the regional hydrogeological
system, but not in detail. Furthermore, DSC models can easily be used for time-variant
flow conditions.

Short but good surveys of DSC model theory have been presented by, for example,
Przewlocki & Yurtsever (1974), Simpson, Campana & Duckstein (1978), Campana &
Simpson (1984) and Zuber (in IAEA, 1986). From discrete state, compartment models,
properly calibrated with environmental isotope data, one can obtain important
hydrogeological information such as aquifer recharge rates, residence times, storage
volumes and general flow directions.

10
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Figure 12: Schematic illustration of a two-dimensional, discrete state, compartment
model. An example of relationships between the recharged and discharged
water volumes of the interconnected compartments is shown. As concerns
recharged and discharged isotope concentrations, a corresponding set of
relationships could be marked

S(N) = S(N-l) + [BRV(N) • BRC(N)] - [BDV(N) • BDC(N)] (2.1)

where S(N) = amount of tracer in the cell at iteration N
BRV(N) = boundary recharge volume at iteration N - the input volume of water

to the cell
BRC(N) = boundary recharge concentration at iteration N - the input

concentration of tracer
BDV(N) = boundary discharge volume at iteration N - the output volume of

water from the cell
BDC(N) = boundary discharge concentration at iteration N - the output

concentration of tracer

DSC models provide estimates of the average, large-scale properties of a hydrogeological
system. However, observed values found in the literature or measured in situ usually
concern the local scale. Therefore, it is often very difficult to validate the calculated
estimates. More cells would result in a more realistic model of the aquifer but the sparse
isotope data generally used for the calibration work do not warrant the construction of a
model with additional cells. It should also be noted that the rigorous equations of flow
are not included in DSC models. Therefore, such models are sometimes used together
with hydraulic models to improve the flow estimates.

In certain situations the arrangement of cells is chosen on limited or almost lacking,
prior knowledge of the hydrogeological system. When this is the case, the approach turns
in fact into a lumped parameter model with an arbitrary number of fitting parameters. A
good fitting or calibration is easily obtained but the physical meaning of the parameter
values obtained is doubtful. However, the problem that a distributed parameter model
does not have a unique solution when there are too many fitting parameters is general.
The calibration with environmental isotope data can still be of value for the confirmation
or rejection of assumptions related to the model (Maloszewski & Zuber, 1982).

Many reported applications of DSC models, together with environmental isotope
data, concern regional systems for which general but not very detailed knowledge exists

11
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of the hydrogeological features and their spatial variations. Przewlocki & Yurtsever
(1974), give an account of one-dimensional representations of hydrogeological systems in
relatively small mountain catchment areas. Observed tritium concentrations in
precipitation and in groundwater discharged from springs were used for the calibration
of discrete state, compartment models under steady-state conditions. Llamas, Simpson &
Martinez Alfaro (1982) have employed a two-dimensional DSC model to calculate the
age distribution of groundwater for comparison with determined carbon-14 decay ages.
Campana & Mahin (1985) have used environmental tritium data to calibrate a two-
dimensional steady-state, DSC model for the simulation of tracer transport in a
limestone aquifer. Finally, Campana and Simpson (1984) give an example of a three-
dimensional representation of a sedimentary groundwater system. Corrected 14C decay
ages have been used for the calibration of a DSC model, assuming hydraulic steady-state
conditions.

In recent years many efforts to improve the discrete state, compartment approach
have been reporteH. In 1987, for instance, Campana pointed out the importance of using
ground water age distribution functions together with DSC models. The mean turn-over
time of the groundwater in an aquifer may be 5000 years, while the age may range from a
few decades to 15000 years. Knowledge of this range is of particular interest when
dealing with the transport of contaminated water in a hydrogeological system.

Yurtsever, Payne & Gomez Martos (in IAEA, 1986) discussed the poor
representation of real hydraulic mechanisms of groundwater systems, when using
ordinary DSC models. They proposed an alternative approach in which each of the
compartments is assumed to be a "linear storage element". In this manner the water
volume of each storage element will be variable and it will also be possible to simulate
time variant flow conditions.

Another example of development toward a more sophisticated DSC approach is given
by Adar, Neuman & Woolhiser (1988). The goal of their efforts is to estimate recharge
rates of aquifers, whose hydraulic and transport characteristics are poorly known, but for
which hydrochemical and isotopic data can be rapidly made available. Mass nalances of
water and of all observed isotopes and dissolved chemical constituents are considered for
each compartment of the model. The authors make plausible that this approach works
appropriately, if all the included isotopic and chemical components can be regarded as
conservative and if they mix well within each compartment. Adar & Neuman (1988)
describe an application of it with real data to estimate the spatial recharge distribution of
an aquifer situated in a semi-arid valley.

A further development of the latter approach has been presented by Adar and Sorek
(1989). Their novel contribution is to also take into account measurements of time-
variant hydraulic heads. With this extension, the transmissivities and storage coefficients
and their spatial distributions can be estimated.

DETERMINISTIC CONTINUUM MODELS

This class of models comprises the most conceptual representations of isotope transport
through hydrogeological systems. All physical and/or chemical phenomena which can
occur can be included and are described as being continuous and deterministic. That is,

12
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advection, molecular diffusion, hydrodynamic dispersion, adsorption, ion-exchange and
other forms of retention as well as chemical reactions and radioactive decay can be
considered. These models are usually founded on either an extension or a simplification
of the following condensed mathematical description of transport phenomena (see, e.g.
Marsily, 1986):

div (D gfad c - c V ) = u(dc/dt) + Q (2.2)

where D = total dispersion coefficient or dispersivity tensor
c = concentration, as mass of solute per unit volume of solution
\T = Darcy velocity vector
w = porosity
t = time
Q = mass of the substance added or subtracted per unit volume of porous

medium and per unit time, due to chemical, biological, radiological or
other mechanisms

Equation 2.2 can be more elaborated for a more realistic description as concerns the
term Q. If Q is omitted, this expression becomes a pure advection-dispersion equation,
where the left-hand side contains both the dispersive and the advective members.
Deterministic continuum models describe the reality as well as possible in mathematical
terms, making use only of such properties and variables which in principle are
measurable. Analytical solutions of the mathematical descriptions can often be found for
homogeneous systems with simple geometrical limits. Such solutions are presented by,
among others, Ogata (1970) and Bear (1972).

In many real, field situations the spatial variations of the properties of the studied
groundwater system make the mathematical representation too complex to be solved
analytically. Instead a numerical method for solving the transport equation has to be
applied. The most common methods are probably discretized methods, such as finite
difference and finite element methods, and the method of characteristics. They are
briefly surveyed by, among others, Goblet (1981 and in IAEA, 1986), Marsily (1986) and
Pinder (pp. 119-134 in Custodio, Gurgui & Lobo Ferreira, 1987). The reader is referred
to, among others, Bear & Verruijt (1987) for a more detailed outline.

A general problem in the deterministic, continuum modelling of the transport of
water and environmental isotopes in large-scale groundwater systems is that the mixing
processes occurring during the transport are usually too complex for a full mathematical
formulation. Furthermore, the field data required are often not available in sufficient
detail to justify the use of full mathematical formulations.

Analytical methods
Nir (1964) was one of the first to discuss the use of analytical solutions to the one-
dimensional, dispersive transport equation for the interpretation of tritium
measurements of groundwater. Since then numerous developments of this approach have
been published. For example, Andersen & Sevel (1974) have used an analytical
displacement-flow model with dispersion for comparison with measured vertical
distributions of environmental tritium. Samples for isotopic analysis were taken at
different levels in four bore-holes situated within 15 m of each other.

13
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Another analytical solution to the one-dimensional form of the advection-dispersion
equation with radioactive decay was used by Egboka, Cherry, Farvolden & Frind (1983).
They simulated the distribution of tritium along the central flow path in a contaminant
plume and compared it with isotopic measurements. The plume propagated within an
aquifer from a point source in a landfill. Egboka et al. state that the main advantage of
their approach is the complete freedom from numerical dispersion, which can be a
serious problem in certain numerical models. On the other hand, this analytical solution
has the disadvantage of assuming a constant velocity along the streamline.

Gamier (1987) applies a model similar to the one of Egboka et al. (1983) to simulate
the transport of I4C in confined aquifers. He uses a comparison between measured and
calculated carbon-14 activities to discuss also the magnitudes of the dispersion
coefficients and the role of hydrogeochemical retardation of 14C.

Geyh & Backhaus (1978) describe an analytical solution to the one-dimensional
advection-dispersion equation concerning vertical flow and transport between two
aquifers separated by an aquiclude. Radioactive decay is also included in their model.
They have used it to improve the interpretation of carbon-14 groundwater ages when
applied to systems of aquifers with changing piezometric levels in a long-term
perspective.

Numerical methods

There exist quite a few numerical methods which are suitable for the solution of the
advection-dispersion equation. As mentioned above, finite differences, finite elements,
the .nethod of characteristics, including the methods of particle in cells (PIC) and
random walk, and also combinations of these, have been most commonly used. Quite a
few computer codes for application of these methods have been developed during the
past two decades. However, only a few results of the application of these models for
comparison with environmental isotope data have been published.

Robertson (1974) seems to have been the first to document a field-verification of a
two-dimensional, deterministic groundwater flow and transport model based on
numerical techniques. He solves the flow equation by means of the finite difference
method. The calculated groundwater velocities are subsequently used to simulate
advective transport, two-dimensional dispersion, radioactive decay and ion exchange by
the method of characteristics (PIC, described by, among others, Konikow & Bredehoeft,
1978). The results of the model have been compared with measured concentrations of
tritium, strontium-90 and chloride in the Snake River Plain aquifer and proved to be
satisfactory. The isotopes and solutes studied originate from a radioactive waste disposal
and are thus not "environmental".

Herweijer, van Luijn & Appelo (1985) have applied a similar approach to calibrate a
one-dimensional vertical flow and transport model with measured concentrations of
environmental tritium. However, they used the random walk method for the solution of
the transport equation instead (see, e.g., Kinzelbach, pp. 227-245 in Custodio et al.,
1987). The calibrated model was subsequently used for the simulation of contamination
originating from heavily manured areas.

Markussen et al. (1991) have applied the computer code SHE, European
Hydrological System, to simulate the three-dimensional flow and transport of
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environmental tritium in a system of aquifers below Copenhagen, Denmark. This code
solves the flow and transport equations by means of finite difference techniques and the
version applied has been developed by the Danish Hydraulic Institute. Markussen et al.
have compared the simulated and the measured tritium concentrations in the main
aquifer of the studied area and they have adjusted the porosity values of the model to
obtain a better fit. The resulting average circulation times of the groundwater in the
vicinity of some wells producing drinking-water have subsequently been used to estimate
the propagation of various pollutants threatening the groundwater quality in the
Copenhagen area.

STOCHASTIC MODELS

Some of the variables and properties considered by the groundwater flow and transport
equation can often be assumed to be random. In such cases stochastic partial differential
equations can be used. They are outlined by, among others, Marsily (1986), who also
briefly examines some methods of their solution. Even if simulations using the Monte
Carlo method seem appropriate when treating the transport of environmental isotopes in
a regional system of groundwater reservoirs, only reports of the use of spectral analysis
and frequency domain methods for this purpose have been found in the literature. For
instance, Duffy & Gelhar (1986) and Duffy & Harrison (1987) have presented studies in
which the latter methods have proved to be successful for the interpretation of the one-
dimensional advective-dispersive transport of both environmental and radioactive waste
tritium. Duffy & Gelhar show also that the frequency domain approach is useful for
estimation of physical properties and parameters of the hydrogeologic system, such as
response time, velocity, dispersivity, transmissivity, etc.

CONCLUSIONS

According to this brief survey of the literature on the combination of isotope studies with
mathematical models in hydrogeology, only some ten investigations of this type have
been published. Most of these concern the application of discrete state, compartment
models and it is also within this class of models that recent major efforts for further
development are apparently being made.

In this thesis a deterministic continuum approach with distributed parameters in three
dimensions is followed, to combine environmental isotope data with a numerical flow
and transport model for a regional system of aquifers. Only two similar investigations
have been found in the literature and very little has been published about recent
developments of this approach. This class of models comprises the most conceptual
representations of isotope transport through hydrogeological systems. In principle, the
state of groundwater flow and isotope transport can be described in any point of the
studied groundwater reservoir and at any moment. In this respect, the latest advances in
the application of discrete state, compartment models bring them closer to the
deterministic continuum models.
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HYDROGEOLOGICAL FEATURES

GEOLOGICAL CHARACTERISTICS

Bed-rock

The investigated area is situated in southwestern Scania (see figure 1.3) at the edge of a
geological border zone between archaean rocks in the north and thick layers of
sedimentary rocks in the south. The Fennoscandian Border Zone, as it is called, forms a
tectonic buffer zone between the essentially rigid Fennoscandian Shield and a large area
of subsidence, which comprises the Danish-Polish Trough. The border zone crosses
Scania in a northwest-southeast direction and includes several crystalline borsts. One of
them, the Romeleås horst, constitutes the northeastern limit of the area of interest (cf.
figure 3.1). The bed-rock geology of southwestern Scania has been described by Norling
in Ringberg (1980) and Bergström (1982), among others.

Fennoscandian Shield

T
N

I 1 Proltrczoic
I I bailment

HftOIOiC

| j Lowtr Palateioic

Danish-Polish Trough
"VT—J—j

7 1 » .

Figure 3.1: Large tectonic and stratigraphic units of Scania (from Bergström, 1982).
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The geological evolution of southwestern Scania has been characterized by considerable
tectonic movements. Most of the faults and flexures follow the northwest-southeast trend
of the border zone. Faults in other directions do also occur and the bed-rock can be
divided into blocks, defined by tectonic zones of weakness. In general the blocks
southwest of the Fennoscandian Border Zone have subsided as a consequence of
alternating downward tectonic movement, marine transgression and sedimentation.
Today, these sediments have been petrified and form a sequence of sedimentary rocks
up to three kilometres thick. This sequence is dominated by deposits from the Upper
Cretaceous, probably due to a comparatively rapid subsidence and sedimentation during
this period (Bjelm, Hartlén, Röshoff, Bennet, Bruch, Persson & Wadstein, 1977, and
Figure 3.2).
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Figure 32: Schematic cross-section (SW-NE) showing the character of the structural
geology and the sequence of Pre-Quatemary strata in southwestern Scania
(after Norling in Ringberg, 1980).

The western fault and folding zone of the Romeleås horst (see figure 3.1) is the biggest in
this region. Tectonic activities have occurred here since the Lower Paleozoic, that is, for
more than 500 to 600 million years. In very generalized terms a large block of basement
has tilted to the southwest along the Fennoscandian Border Zone. Subsequently
sedimentation, subsidence, uplift of t! « Romeleås horst and erosion have alternated and
interacted. As a result of these processes Cambrian to Silurian deposits today form the
upper bed-rock surface within narrow, NW-SE oriented belts in the very close vicinity of
the horst. Furthermore, the main part of the Romeleås horst was raised above the
youngest sediments by big fault activities during the Cretaceous and Tertiary.
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Consequently, Triassic, Jurassic and Cretaceous sedimentary rocks are steeply tilted
southwest of the horst (Brotzen in Ekström, 19S3, and figure 3.3).
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Figure 33: Schematic cross-section (SW-NE) showing the steeply tilted sedimentary rock
layers southwest of the Romeleås horst (after Brinck, Leander & Winqvist,
1969).

The archaean bed-rock of the Romeleås horst consists of Precambrian crystalline rocks,
chiefly gneiss, in which joints are relatively common, often running in a NW-SE direction.
Many of the joints have been intruded by dolerite dikes, probably during a tectonicly
active period of Upper Carboniferous or Lower Pernvan. In the vicinity of these dikes,
there is an enhanced frequency of fissures.

The oldest sedimentary rocks on the southwestern edge of the Romeleås horst are
also relatively densely fractured. The system of fractures in these Cambrian sandstones is
mainly composed of vertical fissures trending NW-SE, but also horizontally fractured
zones are common (Mullern in Gustafsson, 1978).

The second biggest fault zone in southwestern Scania is the Svedala fault zone, which
stretches from Trelleborg to east of Lund via Svedala. It was active until the upper
Cretaceous or even until the Tertiary. This fault zone meets the Malmö fault
approximately at Svedaia (see figure 3.4). There are deep, fractured zones along the
main faults, while the blocks of sedimentary rocks between them are relatively
homogeneous.

As shown in figures 3.1, 3.2 and 3.3, the upper part of the bed-rock in the area of
interest consists mainly of Danian limestones, which were deposited during the very first
epoch of the Tertiary period. According to Bergström (1982), the thickness of these
sedimentary rocks is generally about 60 m, with a maximum known thickness of 180 m.
They rest upon soft chalk from the Maestrichtian epoch, i.e. the uppermost Cretaceous.
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Figure 3.4: Map of the major faults of importance for the groundwater circulation in the
upper bed-rock of southwesternmost Scania (after Bjelm et al, 1977, and
Bergström, 1982).

The Danian sediments were deposited in a comparatively warm marine environment
about 60 million years ago. In general, they have formed limestones of various
compositions and characters. Layers of hard and silicious limestones alternate with very
soft and limey strata, often rich in the remains of bryozoa ("moss animals") or, less
frequently, of corals. Lumps of flint are common in the limestone, often arranged in
more or less continuous layers, up to about two metres thick. Usually, the hard strata of
silicious limestone and flint are brittle, while the softer layers are more or less plastic.

The Danian rocks are quite densely fissured and fractured, though it is not known in
detail how and with which frequency the fissures occur. They may be mainly the result of
erosional forces and the loading and unloading during Quaternary glaciations and also to
some extent of tectonic movements. Information from the drilling of wells indicates that
the highest percentage of fissures is to be found in the upper 5-30 m of the bed-rock,
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probably due to the pressure exerted by the land ice masses. The upper parts of the bed-
rock have also often become very loose. As is to be expected, fissures seem to be most
common in the hard and brittle strata (Sorgenfrei, 1971, Gustafsson, 1972 and 1978,
Leander, 1977, and Landberg & Hartzén, 1987).

The main features of the bed-rock morphology in southwestern Scania are also a
result of tectonic movements and glacial erosion. The effect of the latter has often been
governed by hard layers of flint and silicious limestone. To a certain extent it is thus the
situations and slopes of these more resistant rocks which determine the topography of
the upper surface of the bed-rock. As can be seen from the map in figure 3.5, the surface
of the bed-rock is relatively flat and even in the southwesternmost part of the area of
interest, with the exception of some small ridges and depressions. Closer to the
Romeleås horst there exist a few marked depressions, which have probably been formed
by Tertiary and Quaternary erosion of less resistant sedimentary rocks. A well-known
example is the Lund valley in the bed-rock surface southeast of the town of Lund. The
bottom of this depression is situated about 30 m below sea-level (Mohrén in Ekström,
1953).

However, the most striking feature of the upper bed-rock topography is the graben-
like depression, which stretches parallel to the Romeleås horst from Abbekås on the
southern coast of Scania towards the north-west. Its existence was first demonstrated by
Erdmann (1887) and Jönsson (1889). The depression is known as the Alnarp valley and
crosses the Sound below the island of Ven and extends into northeastern Zealand,
Denmark. The valley has an average width of about 5 km. In the northwestern part of the
depression the bed-rock surface is usually situated 62-63 m below sea-level. In the
southeastern part the level is less even and normally lies 65-70 m below sea-level. In
certain areas the bottom of the valley has been found at a depth of up to about 90 m
below sea-level.

Previously many geologists have interpreted the Alnarp valley as being formed by
erosional forces of a preglacial river linking earlier stages of the Baltic Sea with the
Ocean (see for example Hoist, 1911). More recent investigations indicate that the trough
is limited by faults and deep fractures (cf. figure 3.2). Thus, it could be looked upon as a
gråben (Sorgenfrei, 1945) or it could be due to flexural folding of the sedimentary rocks
(Brotzen, 1938). According to Bjelm et al. (1977) the northwestern part of the valley is a
double-sided flexure, while it may be characterized as a block-faulted trough southeast of
the Svedala fault (see figure 3.4). The depression has probably been accentuated by
fluvial and glacial erosion (Norling in Ringberg, 1980).

The oldest known sedimentary rocks below the Alnarp valley are from the Upper
Triassic - about 200 million years old. They rest directly upon archaean rocks. Under the
increasing weight of Triassic, Jurassic, Cretaceous and Lower Tertiary sediments the
development of the Alnarp depression has progressed discontinuously. The major
subsidence occurred during the Maestrichtian and Danian epochs (Norling in Ringberg,
1976 and 1980). Norling & Bergström (1987) suggest that the present depression might
even be of Quaternary age, as Upper Tertiary strata seem to be absent within the Alnarp
valley.
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Figure 3^ : Map showing the relief of the upper surface of the bed-rock in southwestern
Scania (after Gustafsson & Teeling, 1973). All values in metres above sea-
level.

Quaternary deposits

The morphology of the upper bed-rock, shown in figure 3.5, is almost completely masked
by Quaternary deposits. These deposits are only a few metres thick at the Romeleäs
horst and along the coasts (cf. figure 3.6). Towards the Alnarp valley the Quaternary
deposits become thicker and the observed maximum is 183 m at Lemmeströtorp, situated
in the southeastern part of this depression (Gustafsson, 1978).
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THICKNESS OF

QUATERNARY DEPOSITS

Figure 3.6: Simplified map of the thickness of Quaternary deposits in southwestern
Scania (after SGU, ser. Ba, map no. 28,1980).

The deep sediments within the Alnarp valley consist mainly of fluvial deposits, called
Alnarp sediments. They are usually situated directly on the bed-rock surface. However,
here and there till is found between the Alnarp sediments and the bed-rock. Miller
(1977) suggests that these lower till beds were formed during the next-to-last glaciation,
the Saale, or perhaps also partly during an even older glaciation, the Elster.

The Alnarp sediments at the bottom of the depression consist predominantly of gravel
and sand. The sediments become progressively more fine-grained upwards and the main
part of the Alnarp sediments is made up of fine sand and silty fine sand. It is assumed to
have been deposited by a big river flowing from the south-east in the Alnarp depression
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(Hoist, 1911, and Nilsson, 1959 and 1973). This happened about 25000 to 30000 years
ago, during an interstadial, a warmer substage, of the latest glacial period (Weichselian).
At that time the sea-level is assumed to have been about 60 m lower than today, which
would explain the position of the sediments. Later, silt and clay have been deposited on
top of the layers of fine sand (Ringberg, 1980).

This simplified description of the sediments within the Alnarp valley is particularly
realistic as regards the northwestern part of the depression. In that area the strata are
comparatively homogeneous and regular, which is illustrated by the cross-section in
figure 3.7. The thickness of the Alnarp sediments is here about 40 m but in some areas
reaches a thickness of 70 m. Normally, the sediments coarser than silt are between 25
and 35 m thick (Nilsson, 1964, Nilsson & Gustafsson, 1967, and Gustafsson, 1978).

In the southeastern part of the Alnarp valley the stratification is much more irregular
(like in the right-hand-side of figure 3.7). This is particularly true immediately east of
Svedala in a central zone of the area of investigation, which is called the hummocky
moraine region due to its morphology. In this area, beds of Alnarp sediments and til)
commonly alternate down to the bottom of the valley. The Alnarp sediments were
probably influenced by glacial forces and they and the tills underwent rearrangement.
Also southeast of the hummocky moraine region the sediment layers have been
disturbed and there are inclusions of till within the Alnarp sediments. In certain areas the
Alnarp sediments are absent due to glacial erosion caused by young glacial flows. The
difference in the stratigraphy can be considerable as evidenced by drill-holes situated in
close proximity to each other. The amount of material more fine-grained than fine sand
increases towards the southeast, while the total thickness of the irregularly occurring
sediments more coarse-grained than silt is normally between 10 and 25 m in the
southeastern part of the Alnarp valley (Nilsson, 1959 and 1964, and Nilsson &
Gustafsson, 1967).

The Alnarp sediments, as well as the bed-rock on both sides of the Alnarp depression,
are in general overlain by Late Weichselian tills. The composition of the different beds of
till and the total thickness of till vary markedly, both vertically and horizontally. This
variation is an effect of the complex glacial history in this area. Ice masses probably
arrived from the north as well as from the east and the south only during the last part of
the Weichselian, approximately 25000 to 13000 years ago. The detailed development of
this glaciation is still being debated. A revised modern opinion is presented in Lagerlund
(1987). Furthermore, there are sometimes fluvial or glaciofluvial sediments between the
different beds of till. These sediments have been deposited during ice-free periods when
temporary deglaciation occurred.

As glacial flows from different directions deposited tills of various compositions in the
area of interest, it is often possible to distinguish beds of till with different properties in a
drill-hole or in a pit. In the northern part of the area of investigation the stratification is
relatively regular with one upper and one lower layer of till. The first is almost free of
boulders, stones and gravel and is very clayey. It has most likely its provenance in
limestones and clayey sediments of the Baltic basin. This clay till has often a clay content
of about 25-45 %, but may vary between 15 and 50 %. The lower till is highly
consolidated and usually has a higher content of boulders, stones and gravel. The total
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thickness of till varies between 5 and 50 m. The upper bed has a thickness of a few dm up
to more than 15 m. It is thickest in an area west of the Romeleås horst, which
corresponds to the northeastern limit of glacial flows arriving from the south and the
southwest.

East of this limit and also generally along and on the Romeleås crystalline horst the
till is thin. It is usually less than 5 m thick with a few exceptions within fractured zones
and depressions in the bed-rock surface. The till is mainly a clayey sandy till with a clay
content of about 5-10 %.

Immediately west and south of the hummocky moraine region the Quaternary
deposits have a more irregular stratification. This is partly an effect of tectonic glacial
forces, which have acted on frozen soils. The total thickness of till is 10-30 m close to the
central region of the area of investigation, while the total thickness of the loose deposits
generally decreases towards the coasts. In some areas, for example close to Trelleborg,
the Quaternary deposit is composed of clay till alone. In other areas it is often possible to
distinguish two beds of till. The upper one is usually a clayey sandy till or a clayey till with
a clay content of 10-25 %, while the lower bed of till is normally more sandy and even
gravelly.

sw NE
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Figure 3.7: Simplified geological cross-section (SW-NE) in the northwestern part of the
Alnarp valley close to Staffanstorp (after Ringberg, 1980).

The hummocky moraine region at the centre of the area of interest has most likely been
formed by blocks of dead ice left in this region during the ablation of the Weichselian
land ice. According to lithological logs from bore-holes, the total thickness of till in this
region varies between 10 and 115 m. The till is generally less clayey in the areas of dead
ice than in other areas of southwestern Scania (Lundegårdh, Lundqvist & Lindström,
1974). A sandy or clayey, sandy till with a clay content of about 5 % dominates in the
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northern, eastern and central parts of the hummocky moraine region. In the western and
southern parts of the region the till is more clayey, with a clay content of about 15-25 %.
Many of the tops and the slopes of the moraine hills are covered by glacial clay, called
plateau clay. This clay seems to have been deposited in ice-lakes dammed by dead ice. It
has generally a clay content of 25 to 60 %.

More detailed accounts of the properties of the tills and also of the other Quaternary
deposits in southwesternmost Scania can be found in the descriptions by Daniel (1977),
Gustafsson (1972,1978,1981 and 1986) and Ringberg (1975,1976 and 1980).

The layers of till are often interbedded with sediments, at least locally. These
sediments are often coarse-grained, mainly consisting of sand, and seem generally to be
glaciofluvial deposits. They have usually relatively limited extensions but they may also be
some twenty or thirty metres thick and spread out over some km2, filling depressions on
low-lying tills. Due to glacial tectonization the sediments may also be tilted and reach the
surface. In some areas, for example close to Skurup, very thick, interbedded deposits of
up to about 50 m of sand have been detected (Svensson, Nilsson & Gedda, 1971). These
deposits may be connected with the limestone bed-rock, the sediments within the Alnarp
valley and also glacial deposits at the surface.

Glacial and glaciofluvial deposits of silt, sand and gravel are quite common at or just
below the surface in the area of interest. They have thicknesses of up to 20 m or more,
but layers of silt and clay are frequent within them. These deposits have relatively limited
extensions and usually occur isolated from other coarse-grained deposits. However,
glaciofluvial deposits with a wide extension also occur, in particular in the northwestern
part of the area. They may generally be characterized as deltas, which have been formed
by the intervention of dead ice.

Other coarse-grained sediments of a rather wide extension are the beach deposits
along the coasts. They have usually a thickness of less than 5 m. In some areas, beach
deposits are found up to about 5-6 m above sea-level, reflecting transgressions and
regressions of the sea during the past 5000 to 6000 years (see the section concerning
palaeoclimatology and palaeohydrology below). Many of the glaciofluvial or beach
deposits rest directly on the bed-rock or on other coarse-grained sediments without any
less permeable layer of till or clay in between.

Finally, there are thick layers of sediments along some of the small rivers and streams
in southwestern Scania. For instance, there are deposits of fine sand up to 25 m thick,
stretching along the Kävlingeå river from Gårdstånga via Örtofta to west of Kävlinge
(Möller, 1959).

Some mineralogical and geochemical features

The Maestrichtian chalk and the Danian limestone seem to consist of almost pure
calcium carbonate, apart from layers of flint. Their average lime contents are around 80-
90 %. Jacks (1977) claims that some X-ray diffractograms made on chalk from
southwestern Scania show that pure calcite is present. The remaining part of the rock is
chiefly composed of silica, according to geochemical analyses provided by Truedsson in
1988, of the limestone from the quarry at Limhamn. The total contents of MgO, AI2O3,

and the other analysed components are usually less than 1.5 %. When the
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limestone is silicious, the lime content is often only 40-60 % and the silica content is
correspondingly higher (Gustafsson, 1986).

The Alnarp sediments consist mainly of fine sand with a low content of lime, about 2-5
%, and a high content of quartz, more than 90 %, according to Hoist (1911) and Nilsson
(1973). Analyses performed by Erlstrom in 1988 on samples from one bore-hole at
Lomma confirm their findings (see table 3.1).

Mineral or rock

Quartz
Feldspar
Limestone and flint
Shale
Ilmenite and magnetite
Mica
Fragments of rocks

32-33 m below
ground surface

92-94 %
2-4%
1-2%
< 1%
< 1%
< 1%
< 1%

41-42 m below
ground surface

88-92 %
2-4%
2-4%
1-2%
1-2%
< 1%
< 1%

Table 3.1: Composition of two samples of Alnarp sediments collected at Lomma
(Erlström, 1988).

The local bed-rock is often the main component of a glacial till, even if it does not
determine the composition fully. Thus, southwestern Scania, with bed-rock of limestone
and shale, which is easily eroded by glaciers to a very fine-grained product, has a soil
cover predominently of clayey till and clay till, with a high content of lime (Nilsson &
Gustafsson, 1967). In general, the highest lime contents are found in the tills situated
close to the limestone bed-rock and in the most fine-grained tills and sediments. As a
consequence, there is a good correlation between the clay content of the tills and their
lime contents. However, the lime content is often reduced in the uppermost layers due to
weathering. The mineral composition of the different tills described above can be
outlined as follows:

In the northern part of the area of investigation the lime content of the upper till
usually varies between IS and 30 %. This high content is due to the high content of
Danian and Cretaceous limestones as well as Palaeozoic limestones and shales in this till.
The lower till has a lower lime content, of about 5-10 %, and it has a high content of
archaean rocks and shale.

The till on and along the Romeleås horst usually consists of about 80-90 % archaean
rocks and some shale. The content of lime is normally less than 5 %.

West and south of the former dead ice region the lime content in the upper till
generally varies between 20 and 35 %. This high content is due to the high content of
Danian and Cretaceous limestones as well as of Palaeozoic limestones in this till. Also
blocks of chalk of up to 30 m thick have been mapped within it.

In the hummocky moraine region the content of limestone in the till is low, explaining
the low content of lime, usually less than 5 %. However, the content of limestone is
somewhat higher in the till in the western and southern parts of this region.
Consequently, the content of lime is also higher there, about 5-15 %.
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Detailed geochemical analyses of the rocks and soils in the studied area are not
numerous. For instance, only a few results of mineral identification by means of X-ray
diffraction within the clay fraction of tills are presented by Daniel (1977), Gustafsson
(1972, 1978, 1981 and 1986) and Ringberg (1975, 1976 and 1980). Most of the
information in this section originates from these publications.

HYDROLOGICAL CHARACTERISTICS
Precipitation, evapotranspiration and total run-off

Precipitation in southwestern Scania is measured in a comparatively dense network of
meteorological stations run by the Swedish Meteorological and Hydrological Institute
(SMHI). As traditional rain-gauging seems to underestimate the amount of precipitation
which falls to the ground by about 15-20 % in the area of interest, SMHI has started to
calculate corrected values. An example of mean annual precipitation values for the
period 1952-1978, which as far as possible take this effect into consideration, is presented
in figure 3.8, from which it can be seen that the average for southwestern Scania is about
750-800 mm/year.

MEAN ANNUAL
PRECIPITATION

Figure 3.8: Corrected average annual precipitation in southwestern Scania for the period
1952-1978 (after Bergstrand, Johansson & Jutman, 1986).
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The distribution of precipitation over the year as well as the annual average are usually
assumed to be relatively stable over some ten years in the temperate climate of southern
Sweden. However, it should be kept in mind that the distribution and the amount of
annual precipitation vary greatly from one year to another. Marked differences between
"dry" and "wet" years have been recorded also during the past century in southwestern
Scania, as can be seen in figure 3.9. The distribution and the amount of annual
precipitation have a great influence on the relative importance of evapotranspiration,
surface run-off and groundwater recharge/discharge.

Figure 3.9: Variations in the annual precipitation at Lund 1920-1983. Crude results from
measurements without correction. Data from SMHI.

There exist almost no direct measurements of evapotranspiration in southwestern
Scania. However, many works have treated evaporation using various empirical formulas
described by Shaw (1983), among others. Most of these formulas are founded on
temperature measurements. Results from such calculations have been presented by
Weijman-Hane, Nilsson, Brinck & Leander (1970) and Gustafsson & De Geer (1977).
They suggest an average evaporation of about 400-450 mm/year in the area of interest.
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When direct measurements are lacking, the evapotranspiration may also be estimated as
the difference between precipitation and total discharge on and in the ground. Such
estimates are presented in Brinck & Leander (1981) and they result in an average
evapotranspiration of about 450-500 mm/year for southwestern Scania. Measurements
of the surface run-off are also rare in this area. This problem is often overcome by
extrapolating measurements from similar areas in the neighbourhood. Another solution
is to combine corrections of measured or independently calculated values of
precipitation, evapotranspiration and total discharge with a water balance through
iterating calculations. In this manner a more reliable estimate of each of the components
can be obtained. Bergstrand, Johansson & Jutman (1986) have worked according to this
method and they have found an average evapotranspiration of approximately 500
mm/year in southwestern Scania.

Due to this lack of data on evapotranspiration, it is not possible to distinguish
temporal variations of this component of the hydrological cycle. Nevertheless, Brinck,
Leander & Winqvist (1969) claim that transpiration has increased over the past hundred
years as an effect of changed cultivation methods, including, among other things,
increased irrigation.

There are many small streams in southwestern Scania and quite a few small lakes in
the central hummocky moraine region (see figure 3.10). However, the number of stream
flow measurements is very limited in southwestern Scania. In such a situation, the total
run-off on and through the ground can be estimated by means of water balance
calculations of the type mentioned above. However, with such an approach the amount
of water being discharged to the sea as surface run-off cannot be separated from the
amount of water recharging groundwater reservoirs. On the assumption of no net change
in the total volume of groundwater, the recharged amount of water is finally discharged
through the ground to the sea (see also the following section).

The total amount of water available for surface run-off and groundwater
recharge/discharge has been estimated to be about 200-250 mm/year or 6-8 1/s and km2,
for southwestern Scania and the period 1931-60 (SMHI, 1979). Bergstrand, Johansson &
Jutman (1986) have estimated the corresponding value for the period 1952-1978 to be
about 250-300 mm/year or 8-10 1/s and km2. A few years of flow measurements in the
streams Segeån (SMHI, 1979) and Skivarpsån (Landberg & Nielsen, 1984a) have given
values of about 6-7 1/s and km2. Therefore, it is plausible that by far the greatest
proportion of the water discharged to the sea is carried by surface streams, a normal
hydrological feature in an environment of this kind.

Finally, it should be pointed out once again that the quantitative estimates of the main
components of the hydrologic cycle presented in this section should be regarded as
approximations only. The few measurements available concerning surface run-off/stream
flow and evaporation/evapotranspiration do not permit a more accurate determination
of the water balance for southwestern Scania.
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Figure 3.10: Simplified map of streams and lakes in southwestern Scania (after
Gustafsson & Teeling, 1973).

Groundwater reservoirs

The alternating layers of permeable, coarse-grained sediments and almost impermeable
clay tills represent good conditions for the existence of several different groundwater
reservoirs with different hydraulic heads in southwestern Scania. The differences in
hydraulic heads and often also the directions of flow between the groundwater reservoirs
situated at different levels vary among different zones in the area of interest. The
directions of vertical groundwater transport in certain zones have also varied with time
due to changes in groundwater withdrawal over the past century. These relatively
complex conditions will be discussed further in other sections of this chapter.

According to the description of the Quaternary deposits, a large part of southwestern
Scania is covered by more or less impermeable clayey tills and clay tills. These deposits
seem to be fissured by deep permanent cracks (Weijman-Hane et al, 1970, and Leander,
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1977). Here and there, the cracked clay till functions as an upper groundwater reservoir,
albeit a very poor one. There are also a few comparatively good and large shallow
groundwater reservoirs in this area. They are chiefly situated in glaciofluvial deltas and
other similar deposits, which are particularly common in the northern part of the area of
interest (Gustafsson, 1981). All the aquifers mentioned in this paragraph can be regarded
as phreatic ones.

Other, relatively shallow groundwater reservoirs are situated in the upper parts of the
Precambrian, crystalline rocks and the Cambrian, quartzitic sandstones on and along the
Romeleås horst. Fractures are frequent in these rocks, especially within major tectonic
border zones and in zones where dolerite dikes occur. The dikes often cross and connect
groundwater-bearing fractures in the surrounding rocks. In addition, there are many
connected horizontal and vertical fractures in the sandstones (Mullern in Gustafsson,
1978).

Thick deposits of coarse-grained, inter-morainic sediments may form large, confined
groundwater reservoirs in southwestern Scania. A particularly good example of this is
found in the layer of sand, about SO m thick, close to Skurup and Skivarp (Landberg &
Nielsen, 1984a and b). There are also several other examples of smaller and more
shallow groundwater reservoirs situated in this type of deposit.

As may be understood from the previous geological survey, the main groundwater
reservoirs of southwestern Scania are situated in the upper parts of the limestone bed-
rock and in the coarse-grained sediments of the Alnarp valley. These hydrogeological
units interact hydraulically and may be treated as one regional, confined groundwater
reservoir.

The groundwater yield from the limestone bed-rock is mainly dependent on the
degree of fracturing. Water-bearing fissures are more commonly associated with hard
and brittle layers of silicious limestone and flint than with soft and plastic limestone
layers. The upper part of the Danian limestone has often been eroded down to its
hardest layers, which have become densely cracked due to loading and unloading during
the Quaternary glaciations (Landberg & Hartzén, 1987). Therefore, most of the easily
accessible groundwater occurs in the top stratum of the bed-rock.

The nature and frequency of fissures in the limestone bed-rock at somewhat greater
depths is not very well known. However, several water-bearing, fractured zones have
been observed during the construction of a transport tunnel from the limestone quarry at
Limhamn. Fissures in almost all directions and types of rock were noticed down tc
depths of about 45 m below sea-level. More or less vertically fractured zones close to flint
layers were the most common (Berndtsson, 1966).

The circulation of groundwater from great depths may occur in connection with the
major faults and flexures of the area of interest. Along the limits of the Alnarp valley, at
least in its northwestern part, fractures extend through almost all the sedimentary layers.
Thus, groundwater from deeply situated strata may reach the main reservoir. Such
groundwater, often with a high content of dissolved solids, is known from many deep
wells in proximity to the limits of the valley (Bjelm et al, 1977).

Also along the Romeleås horst and the Svedala fault there are deeply fractured zones
where groundwater can circulate between the different geological strata. Thus, these
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zones have a certain influence on the quantity and the quality of the groundwater in the
upper limestone reservoir.

Infiltration and groundwater recharge

It has already been stated that the existing hydrological data do not usually permit a
subdivision of the total run-off into its various components. The main components sought
are the fraction of the total run-off which is discharged on the surface and the fraction
which infiltrates and replenishes underground reservoirs and is subsequently discharged
as groundwater. The ratio between the two fractions is chiefly determined by the
character of the uppermost layers. The difference in hydraulic head between the
different groundwater reservoirs, as well as the hydraulic properties of the intermediate
layers, may also influence the amount of groundwater recharge.

According to the previous sections, a large part of southwestern Scania is covered by
more or less impermeable clayey tills and clay tills. Such dense layers hardly allow any
infiltration to take place. However, the deep, permanent cracks mentioned earlier may
locally enhance the possibility for infiltration very much (Weijman-Hane et al, 1970, and
Leander, 1977). In some zones, for example on and along the Romeleås horst, the upper
bed of till is thin. Elsewhere, for example in the hummocky moraine region, the till is not
very clayey. Thus, infiltration may take place relatively easily in these areas. The
infiltration is even further facilitated in the hummocky moraine region, as tilted, inter-
morainic sediments sometimes reach the surface (Ringberg, 1980). Finally, some of the
best zones for infiltration in southwestern Scania are found in the glaciofluvial deposits,
which are situated at or close to the surface.

In extensive zones of the lowlands north, west and south of the hummocky moraine
region, the hydraulic head is lower in the uppermost groundwater reservoir than in the
confined reservoirs situated deeper down. This means that no recharge of these deeply
situated aquifers can take place here, no matter how permeable the uppermost layers
may be. Instead, there will be an upward leakage of groundwater from the confined
reservoirs.

The detailed groundwater movements may be relatively complex. For instance, the
reservoir of the inter-morainic, coarse-grained sediments close to Skurup and Skivarp
have, in the periods of intensive groundwater withdrawal, been recharged from above as
well as from below (Landberg & Nielsen, 1984a and b). Furthermore, the Alnarp
sediments are at least partly supplied by groundwater flowing more or less horizontally
from the fractured limestone layers, which form the limits of the depression.

The rest of this section will be devoted to a quantitative estimate of the infiltration in
different zones of southwestern Scania. One of the preferred zones of infiltration is
situated on and along the Romeleås horst. It is probably the relatively high altitude, the
thin cover of comparatively permeable till, the fractured rocks and the steeply tilted
sedimentary layers which together make this area one of the major zones of recharge for
the main groundwater reservoirs (cf. Hoist, 1911, and Brinck, Leander & Winqvist,
1969). Brinck, Hydén & Leander (1979) estimate the average groundwater recharge to
be approximately 5 Mm3/year for approximately 70 % of this zone. This value
corresponds to an infiltration towards the reservoirs at depth, of about 50 mm/year.
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Another preferred zone of infiltration is the hummocky moraine region situated at the
centre of the studied area. Here, the altitude is relatively high, the hummocky
morphology reduces the surface run-off and the uppermost Quaternary deposits consist
mainly of comparatively permeable sandy or clayey sandy tills. Coarse-grained, inter-
morainic sediments locally reach the surface in this zone. Gustafsson (1978) shows that
the hydraulic head of the groundwater within the Alnarp sediments and the Danian
limestone is usually situated more than 5-10 m below the surface in the hummocky
moraine region. All these features facilitate the recharge of the main groundwater
reservoir in this region. Brinck, Leander & Winqvist (1969) estimate the average
recharge of this reservoir to be about 2-3 Mm3/year here. This value corresponds to an
infiltration towards the Alnarp sediments and the Danian limestone of about 30-40
mm/year. The latter figure is well in line with the findings of Sevel, Kelstrup & Binzer
(1981). The results from their investigation in a district in central Zealand with similar
hydrogeological conditions indicate an infiltration towards deeply situated reservoirs of
30-56 mm/year.

Outside these two major zones of recharge, the rate of infiltration towards the main
groundwater reservoir is very sensitive to changes in groundwater exploitation and it has
therefore varied greatly with time. As mentioned above, the quasi-undisturbed relation
between the hydraulic heads of the uppermost groundwater reservoirs and of the main
reservoir allows hardly any recharge towards great depths in the lowlands of
southwestern Scania. However, Andersen (1971) claims that the rate of recharge to the
main groundwater reservoir can be increased very much by lowering its hydraulic head.
In other words, large-scale groundwater exploitation may change the ratio between the
fraction of the total run-off discharged along the surface and the fraction passing through
the ground. Brinck, Leander & Winqvist (1969) have calculated the average recharge in
the flat area northwest of the hummocky moraine region to be less than 15 mm/year
before 1891. A corresponding estimation of the infiltration to the main reservoir in this
zone after relatively intense exploitation until 1968 gives the result 40 mm/year, which
equals a total recharge of about 13 Mm3/year. Today, most of the recharge of the
groundwater reservoir in the Alnarp sediments and the uppermost Danian limestone
seems to occur in the lowlands. Weijman-Hane et al. (1970) have assembled information
from eastern Zealand. They show that an average groundwater recharge of at least 80-
100 mm/year to reservoirs situated at depth can probably occur in areas with
hydrogeological conditions like those in the area of interest. This figure applies to a
situation in which the infiltration has been stimulated by long-term and large-scale
exploitation. Landberg & Nielsen (1984a) estimate the maximum recharge to deep
reservoirs at the same value in southwestern Scania.

With these considerations in mind, Gustafsson & De Geer (1977) have made a
cautious assessment of the potential, total groundwater recharge to the aquifer of the
Alnarp sediments and the upper part of the Danian limestone. They have tried to
calculate only the recharge which can be exploited, and excluded recharge in the coastal
zones. With an average infiltration of 60-80 mm/year to the main groundwater reservoir,
these authors have estimated the potential recharge to be about 82 Mm3/year in
southwestern Scania.
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In reality the potential recharge to the main reservoir in the area of investigation has
been fully developed only in certain parts of the plain zone northwest of the hummocky
moraine region. Completely different conditions prevail in most of the flat lands north,
west and south of the hummocky, central zone. Here, the hydraulic head in the
uppermost reservoir is still situated close to or even lower than the hydraulic head in the
main, confined, groundwater reservoir. Consequently, very little water can infiltrate to
great depths and most groundwater circulation takes place close to the surface. Here and
there, in particular in local depressions, groundwater leaks from the main aquifer
towards the uppermost, phreatic aquifer, which gives rise to marshy tracts or springs
(Gustafsson, 1978). Landberg & Nielsen (1984a) have calculated the average
groundwater discharge by upward leakage to the superficial strata in the lowlands to be
about 30 mm/year. This figure is valid for the zones without or with very small
groundwater exploitation. Today's total groundwater discharge from the main reservoir
y upward leakage can be estimated to be about 3-6 Mm3/year.

Groundwater discharge to the sea

As will be shown in the section on piezometric variations, the gradient of the hydraulic
head in the main groundwater reservoir causes a flow directed towards the coast in most
parts of southwestern Scania. Furthermore, the sediments upon the limestone bed-rock
are usually relatively thin in off-shore coastal areas. As a result of these features, fresh
groundwater is assumed to flow out into the Baltic Sea and the Sound along this coast.
Landberg (1983b) has calculated the mean groundwater discharge from the Danian
limestone to be approximately 5 1/s per km of shoreline in southwesternmost Scania.
Due to variations in the gradient of the hydraulic head and the groundwater flow
properties, the average groundwater discharge for the whole area of interest is probably
smaller, about 2-3 1/s per km of shoreline. This value would give a total groundwater
discharge to the sea of approximately 5-8 Mm3/year in southwestern Scania.

In contrast to the above, the sediments upon the limestone bed-rock situated off-
shore are relatively thick and almost impermeable in certain zones. Such zones are
known from the extensions of the Alnarp valley below the Baltic Sea and the Sound. For
instance, the coarse-grained, Alnarp sediments are overlain by about 35 m of silt, clay
and clay till close to the shores of the Sound between Sweden and Denmark.

However, there is a deep depression at the bottom of the Sound between Ven and the
Swedish mainland, as shown in figure 3.11 below. Therefore, the coarse-grained
sediments are probably in contact with the sea-water (Gustafsson, 1986). This
assumption is supported by observations of salt water intrusion into the sediments
situated deeply below the surface of Ven (Nilsson & Perers, 1974, Barmen, 1988, and
Dahlström & Johansson, 1989). Furthermore, groundwater flowing through the Alnarp
sediments is also likely to contribute to the total groundwater discharge to the sea, as
described above. For instance, the observations by Andersson (1987) of submarine
springs between the Island of Ven and the mainland of Scania indicate such a
contribution.
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Clay till and Clayey tin
Clay and silt
Fine sand
Sand and gravel

Figure 3.11: Simplified geological section showing the Alnarp depression between the
Island of Ven in the west and the Swedish mainland in the east. Here, the
bottom of the Sound cuts the Alnarp sediments, and salt water may intrude
into these coarse-grained deposits (after section B-B' of the hydrogeological
map no. 14, SGU, 1986).

Groundwater extraction

In general the shallow aquifers in southwestern Scania do not permit large-scale
exploitation. Important exceptions are the glaciofluvial deposits described by Gustafsson
(1981) and situated in the northern part of the investigated area. Landskrona
municipality withdrew about 1 Mm3/year from these reservoirs in the fifties and the
potential exploitation has been estimated to be around 4 Mm3/year. Also in other places
within the area of interest, dug wells penetrating lenses of coarse-grained sediments or
glaciofluvial deposits can supply several households or a few farms with water. Even a
shallow well situated in clay till is sometimes sufficient to meet the water demands of a
single household (see, for example, Påhlsson, 1986). However, the exploitation of shallow
groundwater reservoirs in the area of interest is probably negligible today, due to
problems as regards water quality, for instance, pollution by bacteria or nitrate.

The groundwater reservoirs of the thick, coarse-grained, inter-morainic deposits at
moderate to great depths is exploited on a large scale only by the water-works at Skivarp
and Skurup. Nevertheless, farms situated here and there in the area of interest have
made use of aquifers of this type for more than a century. These coarse-grained
sediments are partly in good hydraulic contact with the Alnarp sediments and the upper
part of the limestone bed-rock, at least at Skivarp and Skurup (Svensson, Nilsson, Perers
& Gedda, 1973, and Landberg & Nielsen, 1984a and b). Therefore, the withdrawal of
groundwater from the inter-morainic deposits will in this work be treated as if it took
place from the deep, main aquifer.
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The main groundwater withdrawal >n the area of interest takes place from the Alnarp
sediments and the upper part of the limestone bed-rock. The first drilled wells making
use of this aquifer were probably constructed in about 1840. Drilling activities were then
concentrated to areas where the groundwater yield was found to be considerably higher
from a drilled well than from a shallow, dug well. For instance, most of the households in
the vicinity of the village Kyrkheddinge were probably supplied by drilled artesian wells
at the beginning of the XXth century (Jönsson, 1889, and Holmström, 1912). These wells
were fed by groundwater from the upper limestone bed-rock a few kilometres east of the
Alnarp valley. The presentation of the geological findings of Erdmann (1887) and
Jönsson (1889) led to the erection of the first water-works exploiting the groundwater
from the Alnarp sediments, at Grevie in 1901, and the pioneer work was conducted by
the town of Malmö. A few years later also the towns of Lund and Trelleborg constructed
water-works to pump up groundwater from the limestone at Källby in 1907 and at Dala
in 1912, respectively.

After these early reports, many hydrogeological investigations have been carried out
in the area and the exploitation of the main groundwater reservoir has increased greatly.
To meet the demands of this work, data on the withdrawals have been gathered from the
archives of the local authorities in Lund, Malmö, Skurup, Svedala, Trelleborg and
Vellinge and also in the Malmö offices of the consultant firms VBB and VIAK. Figure
3.12 has been constructed from these data, based on measurements made at the water-
works in the area.

Figure 3.12: Total annual groundwater withdrawal in Mm31840-1988 from the reservoirs
in the upper limestone and in the Alnarp sediments in southwestern Scania.
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A minor fraction of the indicated exploitation derives from private wells on farms,
market gardens, industries, etc. To a large extent the size of this fraction has been
assessed, as complete measurements do not exist. In general, it is assumed to be less than
10-20 %.

The groundwater exploitation has been increasing more or less continuously since the
beginning of this century until about 1950, when there was a marked drop, which can be
explained by the fact that at that time the water-works at Vomb started to provide the
towns of Malmö and Lund with artificially infiltrated groundwater.

After an almost continuous increase in the exploitation of the groundwater over the
following 20 years, the withdrawal decreased from the beginning of the seventies until the
beginning of the eighties (see figure 3.12). During this period many small water-works
have been closed and the supply of water from Lake Bolmen and the water-works at
Ringsjön and Vomb has a progressively greater significance for southwestern Scania. The
situation of the biggest water-works based on groundwater in 1970, when the exploitation
was at its maximum, is illustrated by figure 3.13.

Today, the total annual groundwater withdrawal is relatively stable in the area of
investigation. However, many municipalities are carefully comparing the economical and
technical advantages and disadvantages of local groundwater and more distant lake-
water.
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Figure 3.13: Distribution of the biggest municipal and industrial groundwater extractions
in southwestern Scania in 1970. The exploitation from the reservoirs in the
upper limestone and in the Alnarp sediments is given in Mm3. Only
withdrawals bigger than 0,1 Mm3 are shown.
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Another form of groundwater exploitation has been carried out over long periods of time
at the big limestone quarries at Klagshamn and Limhamn. They have been drained from
inflowing groundwater down to the level of exploitation. Gustafsson (1972) has estimated
the discharge in 1969 from the main reservoir caused by this drainage to have been 1.5
Mm3 at Limhamn and 0.3 Mm3 at Klagshamn. Truedsson (1988) estimates the
groundwater discharge at Limhamn to be 1.2 Mm3 for the year 1987. The quarry at
Klagshamn was abandoned in 1950 and the discharge has probably not changed very
much since 1969, as the water-level has been kept relatively stable in the former
limestone quarry.

Palaeociimatology and palaeohydrology

Many relatively dramatic changes in the climate and the hydrology have occurred in
southwestern Scania since the Late Weichselian glaciations and the beginning of the
Holocene. The final melting of the masses of ice in this part of Scandinavia took place
during the Boiling age, which started about 13000 BP with an improvement of the
climate. The ground was relatively soon free from ice but the climate was arctic due to
the proximity to the Weichselian land ice. At this time sea-level was situated about 12 m
above that of today. A gradual uplift of the land started when the load of the ice masses
was removed, and eventually the Sound was dry (Ringberg, 1976).

A rapid rise of temperature occurred in about 10000 BP at the beginning of the Pre-
Boreal age. The climate was dry and relatively warm. According to Digerfeldt (1988) lake
levels and groundwater recharge were very low about 9500-9200 BP. Except for some
small fluctuations, the climate became gradually even warmer. At the end of the Boreal
age, around 8000 BP, hazel, elm, oak and also alder had found their way into southern
Sweden.

At this time the ocean had started to transgress the lowest parts of the land in the
area of interest. This happened because the melting of huge amounts of ice resulted in a
rise of the sea-level, which was now more rapid than the uplift of the land. As a reminder
of these events, remnants of forests can still be found at the bottom of the sea, for
instance east of Scania.

The climax of the warm climate occurred during the Atlantic and early Sub-Boreal
ages, approximately 8000-4500 BP. At the end of this period the average summer
temperatures were about 2-3 degrees higher than today. It was very dry and the
groundwater recharge is assumed to have been small at this time (Lamb, 1982). The sea-
level continued to rise and it passed today's level in about 7200 BP. The largest
transgression of the land by the Litorina sea occurred ca 4700 BP with the maximum sea-
level reaching 5-5.5 m above that of today (Ringberg, 1976).

Subsequently the climate changed, the temperature decreased, and the humidity, and
with it, the groundwater recharge increased. About 2500 BP a sudden change to very cold
climate and relatively high precipitation occurred. According to Lamb (1982), among
others, this event should correspond to the Fimbulwinter described in the Icelandic
sagas. During this period the average summer temperatures were 3-4 degrees lower than
today. Studies of sediments, principally carried out by Digerfeldt (1988), show that there
was a maximum in about 2400 BP in the lake-levels of the area of interest. This is
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probably the result of the preceding period of high precipitation and large groundwater
recharge.

More rapid and smaller changes in the climate are known, concerning the past 2000
years. In general, it was relatively warm and dry between 200 and 700-800 AD, with
minimum lake-levels in ca 500 AD (Lamb, 1982, and Digerfeldt, 1988). Between 750 and
900 there were many short cold periods, while it was relatively warm and dry around
1000-1200. About 1300 AD a colder and wetter period started, but there were also quite
a few fluctuations with warm and dry years.

Around 1550 it became drastically colder and more humid. Observations carried out
at that time by the Danish scientist Tycho Brahe on the island of Ven show that the
average winter temperature of the period 1582-1597 was 1.5 degrees lower than
nowaday's. This period is sometimes called the Little Ice Age and the cold climate
continued until the middle of last century. The landscape in the area of interest was very
wet during the eighteenth century, as the evaporation was very low. Moreover, most
farmers had not started to drain their fields at that time. Meteorological records show
that the climate has become warmer and drier again since the beginning of our century.

HYDRAULIC CHARACTERISTICS

Piezometric variations

As mentioned in the section concerning groundwater reservoirs, there are often at least
two or three superposed aquifers with different hydraulic heads in southwestern Scania.
Unfortunately, long-term piezometric observations are not available for all aquifers and
in all parts of the area of investigation. Nevertheless, the general pattern of variation will
be estimated and described below, with the available measurements and general
hydrogeological data as a basis.

In most parts of southwestern Scania, shallow groundwater reservoirs are situated in
the uppermost Quaternary deposits. The water tables usually follow the topography of
the land surface in these phreatic aquifers. Their average piezometric level is situated 1-6
m below the ground according to Ekström (1955), Gustafsson (1972, 1978 and 1981),
Jeppsson (1986), NUsson & Gedda (1972) and also Påhlsson (1986 and 1988).

The water tables of the uppermost groundwater reservoirs are usually highly
influenced by seasonal variations of precipitation and temperature. In general, an annual
maximum occurs in February-March in this part of Sweden after a rainy and relatively
mild autumn. The lowest water table is usually observed after the summer, in September-
October. The example shown in figure 3.14 is a good representation of the general
seasonal fluctuations of the water table in southwestern Scania. The amplitude between
the two extreme values is normally 1-3 m. The biggest values, 3 m or more, have been
recorded in clay tills.

In many places in the area of interest, particularly in the vicinity of the Alnarp valley,
there are confined aquifers made up of lenses of inter-morainic, coarse-grained
sediments. The hydraulic heads of this type of groundwater reservoir have not been
extensively monitored. Single measurements, recorded during or shortly after drilling
operations in such deposits, indicate that their undisturbed piezotnetric levels are often
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higher than the ones found in the uppermost layers in the same places (see the Well
Archives of the Swedish Geological Survey). However, results from Skivarp (Landberg &
Nielsen, 1984b) show that the hydraulic head of such a confined aquifer, after a period of
comparatively extensive groundwater extraction may be lower than the water table of the
uppermost reservoir as well as of the hydraulic head of the main aquifer.

Figure 3.14: Observed fluctuations, 1970-1986, of the water table in the uppermost
Quaternary deposits a few km southwest of Vellinge. This piezometer is
situated in clayey till and it is included as no. 1:5 in the Swedish
Groundwater Monitoring Network run by the Swedish Geological Survey
(SGU, 1985). The example shows the general seasonal fluctuations of
southwestern Scania. In this case the differences between the maxima in
February-March and the minima in September-October are about 2 m.

The spatial and temporal distributions of hydraulic heads are best known for the main,
confined aquifer. Piezometric observations are particularly numerous in the surroundings
of the exploitation wells at Grevie. The frequent monitoring activities are obviously
essential, as large quantities of groundwater have been extracted here since the
beginning of this century to supply the town of Malmö.

As already mentioned, groundwater from the main aquifer is said generally to have
leaked upwards and formed springs in many parts of southwestern Scania at the
beginning of the XXth century. Brief reports about these conditions are found in, for
instance, Jönsson (1889) and Holmström (1912). One of the earliest, documented
measurements of a hydraulic head in the area of interest was executed at Åkarp in
December 1891. At that time the piezometric levels of some artesian springs were
situated approximately 12 m above sea-level, that is, a couple of metres above the
surface, according to the records of the municipality of Malmö.
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The increase of groundwater extraction during last century has naturally implied a
corresponding decrease of the piezometric levels. The hydraulic head of the main
reservoir has been lowered by about 15-20 m in the vicinity of the exploitation wells at
Grevie, as illustrated in figure 3.15. An interesting remark in connection with this
diagram is that the exploitation was very big in the years before 1951, but the piezometric
level of the main aquifer did not decrease as much as would have been expected. Brinck,
Leander & Winqvist (1969) explain this phenomenon by a very big groundwater
replenishment in about 1950 in relation to the average of the illustrated period.
However, the precipitation record presented in figure 3.9 support not clearly this
hypothesis.

Today, the piezometric level is situated at least 5-10 m below the ground in the
northwestern area of the Alnarp valley. Consequently, there is a downward gradient of
the hydraulic head in these areas, facilitating the recharge of the main groundwater
reservoir.

The decrease of the hydraulic head is less marked in the southern and western plains
of the area of investigation. The piezometric level is often situated close to the surface.
Therefore groundwater here still leaks from the main aquifer towards the uppermost
reservoirs, according to Gustafsson (1972 and 1978).
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Figure 3.15: Total groundwater extraction at Grevie compared to the piezometric record at
Djurslöv for the period 1901-1987. Withdrawals and hydraulic head
measurements are for the main aquifer. The observation well is situated a
few kilometres north of the wells with the biggest pumping rates (inspired by

' Brinck & Leander, 1981).
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The groundwater extraction in the vicinity of Copenhagen in northeastern Zealand has
been and is much bigger than in southwestern Scania. Consequently, the hydraulic heads
of confined aquifers have been lowered very much in certain zones. As an effect of this,
subsidence has been observed locally in clayey tills and clay tills of the Copenhagen area.
However, no subsidence is known so far in southwestern Scania (Gustafsson & De Geer,
1977).

The hydraulic heads of the main groundwater reservoir also show annual fluctuations.
The variations reflect chiefly the distribution of recharge and extraction over the year.
The effects of fluctuating groundwater withdrawals are often dominating in the vicinity of
pumped wells.

At a certain distance from such wells the piezometric fluctuations are usually very
similar to those of the uppermost groundwater reservoirs. The maximum values occur
during the spring and the minima during the autumn. The amplitude between the two
extreme values varies as a function of the storage coefficient of the main aquifer.

At the centre of the area of investigation the long-term piezometric records
concerning the main aquifer display only relatively small fluctuations. The annual
amplitudes are generally less than a few decimetres and there are no marked seasonal
variations (Brinck, Leander & Winqvist, 1969, and Gustafsson, 1978). Similar conditions
with small fluctuations of the hydraulic head have been reported by Nilsson & Gedda
(1972), regarding the uppermost limestone aquifer in the area along the motorway south
of Malmö.

The piezometric variations are often bigger in other zones of southwesternmost
Scania. A relatively small degree of fissuring in the limestone aquifer leads to annual
fluctuations of the order of 1 - 3 m in many places south and west of the hummocky
moraine region (see e.g. Libertson & Lemmeke, 1972, and Perers & Johansson, 1980).
Similar amplitudes are found in the fissured rocks at or close to the Romeleås horst.
Within or in the vicinity of the northwestern part of the Alnarp valley the piezometric
variations are often somewhat smaller, about 0.5 - 1 m (see figure 3.16).

A piezometric map of the area of interest concerning the situation in 1970 is
presented in figure 3.17 below. At this time quasi-steady-state conditions prevailed in
large parts of the main aquifer, and the biggest number of piezometric observations are
available for this period.

By studying the distribution of hydraulic heads in figure 3.17 it is possible to draw
some general conclusions about the groundwater flow conditions, the favoured zones of
recharge and also the distribution of the transmissivities. The piezometric pattern agrees
satisfactorily with what has been stated earlier. For instance, the groundwater flow is
directed from the assumed zones of recharge in the centre and on and along the
Romeleås horst. Moreover, the piezometric contour lines close to the Alnarp valley
indicate that the main aquifer is more permeable here than outside the valley. In
addition, the extensive groundwater exploitation in the area between Malmö and Lund
has created a characteristic depression of the hydraulic heads, draining the surrounding
aquifer.

A particular feature indicated by the piezometric map is that the average
transmissivity of the main aquifer around the Limhamn limestone quarry is very small.
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This can be concluded from the very steep gradient of the hydraulic heads around the
quarry. The piezometric level is situated about 60 m below sea-level in the quarry, while
it is a few metres above sea-level only 700 - 1500 m from the edge of the quarry
(Gustafsson, 1972).

A comparison between a ground level map and the piezometric map of figure 3.17
clearly reveals a few areas where there is a groundwater leakage from the limestone bed-
rock towards the uppermost Quaternary deposits. The groundwater flow in the main
aquifer is often directed towards those places, and streams are often found here.
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Figure 3.16: Piezometric record from the main aquifer at Åkarp. The observation well is
situated within the Alnarp valley and reflects the conditions in the Alnarp
sediments and the uppermost limestone. The groundwater extraction in the
vicinity of the well was relatively modest during the period presented here
(inspired by Brinck, Leander& Winqvist, 1969).

Specific capacities and transmissivities

The properties of groundwater transport often depend on the porosity of the aquifer of
interest. However, the "kinematic" porosity is generally very small in the limestone part
of the main aquifer of southwestern Scania (see the following section). Therefore, it is
normally the degree of fissuring which determines the transport properties in this case.
As a consequence, the best conditions for groundwater transport usually exist in the
upper 10 - 30 m of the limestone aquifer, which are relatively fissured. Nevertheless,
fissures permitting transport of groundwater in large quantities may also exist at greater
depths (Gustafsson, 1972,1978 and 1981).
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Figure 3.17: Piezometric map displaying the situation around 1970 of the main aquifer. In
that year quasi-steady-state conditions prevailed over extensive areas in
southwestern Scania, The piezometric values are given in metres above sea-
level More than 500 piezometers have been used to construct the map, which
is based on information from the archives of the consultant firm VBB,
Brinck, Leander & Winqvist (1969), Svensson, Nilsson & Gedda (1971),
Weijman-Hane et al. (1970), Svensson, Nilsson & Perers (1974), Perers &
Johansson (1980), Landberg & Nielsen (1984a-c) and also the
hydrogeological maps ofSGU (1972,1977,1981 and 1986).

Specific capacities of drilled wells are usually evaluated from drawdown data obtained
during a short pumping test. Such a test is normally executed during the final preparation
of a drill-hole, and takes about 5-10 hours. The specific capacity of a well varies with the
transport properties of the surrounding aquifer but also with the details of the
construction of the well, the depth and the radius of the well, the capacity of the pump
and the duration of the pumping test (see, for instance, Gustafsson, 1972, and Knutsson
in Knutsson & Morfeldt, 1978). Therefore, specific capacities from different wells cannot
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be compared directly. However, such a value gives a first, rough assessment of the
groundwater transport capacity of the reservoir penetrated by the well.

Since the specific capacity is a relatively simple measurement to make, close to 600
specific capacities are registered in the well archives of the Swedish Geological Survey,
for southwestern Scania. This information concerns chiefly the main groundwater
reservoir of the area of interest. To a certain extent also reservoirs situated in deposits of
inter-morainic sediments are included.

There are relatively big variations in the specific capacities also within small zones in
southwestern Scania, as indicated by the example of figure 3.18. This feature is probably
mainly due to the influence of the fissures which occur heterogeneously in the
limestones. Nevertheless, it is possible to find some general patterns in the regional
distribution of specific capacities.

In the northern part of the area of investigation the specific capacities are generally
small. They are usually less than 0.5 l/s m (Gustafsson, 1981). On the other hand, the
average of the measurements made in the area west and southwest of the hummocky
moraine region is about 2.9 l/s m (Gustafsson, 1972). High values of the specific
capacities are also common in the southern part of the investigation area, as indicated in
figure 3.18. This figure also exposes a diagonal zone of low and very low values, which
corresponds to the bed-rock within the Alnarp valley. Gustafsson (1978) suggests that the
lower location of this zone has protected it against glacial erosion and loading.
Consequently, there should be comparatively few fissures in the limestone at the bottom
of the Alnarp valley, which could explain the small specific capacities. However,
unpublished data from Edström (1989) indicate another explanation. According to him,
the lowered bed-rock within the depression is of a different age and also has other
hydraulic properties, compared to the surrounding limestones.

Outside the described zones the wells drilled through the upper part of the limestone
generally show intermediate specific capacities. It should also be mentioned that
screened wells in the Quaternary deposits are fairly uncommon. Most of them are
situated at Grevie, where the town of Malmö extracts groundwater from the Alnarp
sediments. The specific capacities of these wells are usually very big, about 5 -101/s m.

Furthermore, the specific capacities of wells through the archaean bed-rock and the
quartzitic sandstones at or close to the Romeleås horst are in general small. However,
big fissures occur here and there, especially in the neighbourhood of hypehtes and
dolerites. Where such fissures cross each other, the specific capacities of individual drill-
holes may be greatly enhanced.

Conventional evaluation of the transmissivity of an aquifer needs longer records of
drawdown data than a well test does, for the determination of the specific capacity. In
addition, the estimation of the transmissivity in a heterogeneous environment like
crystalline rocks and till is very difficult and uncertain. As a large part of Sweden is
characterized by such geological materials comparatively few data are available on
transmissivities in many areas (ef. Knutsson in Knutsson & Morfeldt, 1978).

45



Chapter 3

o<o.i oai-as O0-5-1 O1"2 d ) 2 " ' O Spadfc capacity

Figure 3.18: Regional distribution of specific capacities in the central part of southwestern
Scania. The values are given in l/s • m. The figure is based on data from 117
wells in the Danian limestone, with a diameter of between 110 and 150 mm.
The wells are at most drilled 10 m through the bed-rock (from Gustafsson,
1978).

However, in general, the hydrogeological conditions in southwestern Scania are suitable
for transmissivity evaluations. Some SO transmissivities have been determined there
during the past 10- • 15 years. These measurements have been concentrated to zones
where the groundwater has been extensively exploited, mainly for municipal purposes.
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Figure 3.19: Transmissivities of the main aquifer in southwestern Scania (in m2/s
multiplied by 1000). The figure is based on data from Andersson (1981a-b
and 1982), Andersson & Landberg (1982 and 1983), Andersson & Malm
(1983), Brinck, Hydén & Leander (1979), Landberg (1983a-b and 1987a-b),
Landberg & Andersson (1983), Landberg & Nielsen (1984a-c), Nilsson &
Landberg (1978 and 1980), Perers & Ryttar (1977), Påhlsson (1988),
Sandqvist, Andersson & Landberg (1982) and also Svensson, Nilsson &
Perers (1974).

No transmissivities concerning the less populated central area have been found. As can
be seen from figure 3.19, most of the existing transmissivity values lie within the interval
1-5 10"3 m2/s. There are two adjacent values which differ by a factor of 10 regarding
screened wells within the Alnarp sediments close to Grevie. This indication of
inhomogeneity is supported by an unexpectedly high content of silt within the Alnarp
sediments in parts of the investigation drill-holes constructed by the Department of
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Engineering Geology, Lund Institute of Technology, during the winter of 1991/92 on
behalf of the municipality of Malmö.

Particularly high transmissivities have been measured in a few cases where coarse-
grained sediments and fissured limestones interact hydraulically. Smaller values have
usually been found where the limestones are locally comparat: ely free of fissures. The
transmissivities are also small close to the Romeleås horst.

Eriksson, Graneli, Landberg, Leonardsson, Perers & Weibull (1977), Landberg &
Nielsen (1984a) and Lindberg & Landberg (1984) have also evaluated the transmissivity
of inter-morainic, coarse-grained sediments in the surroundings of Skurup. They have
obtained T-values of about 2 102 m2/s for these thick deposits in the southeastern part
of the area of investigation.

The transmissivity distribution used for mathematical flow modelling by Brinck,
Hydén & Leander (1979) corresponds fairly well to the described, measured
transmissivities. These authors have also made use of an approximate relation between
specific capacities and transmissivities presented by Jetel (1968). However, their
application of this relation to 56 specific capacities has resulted in a relatively small
average transmissivity of the limestone aquifer around the northwestern part of the
Alnarp valley, only 4.5 10"4 m2/s. Landberg has applied the same relationship to 91
specific capacities from the southwestern part of the area of investigation, when
preparing a mathematical model for the report by Perers & Johansson (1980). This
operation gave an average transmissivity of 1.5 103 m2/s. This result is more in line with
the majority of the evaluations based on drawdown data from long pumping tests.

Finally, it is of interest to compare the transmissivities of southwestern Scania with
those of the hydrogeologically similar region of northeastern Zealand in Denmark.
According to DGU & Kemp & Lauritzen (1975) the average transmissivity of the upper
part of the limestone aquifer is 3 - 4 103 m2/s. The same report states that the mean
transmissivity of the Alnarp sediments in this zone is about 3 103 m2/s.

Porosities and storage coefficients

Only a few porosity measurements have been made in the Quaternary deposits and the
limestones of southwestern Scania. The total porosity of clay till is in genera] about 45 -
55 % but the kinematic porosity is much smaller, only 5 % or less (Knutsson in Knutsson
& Morfeldt, 1978). Sevel, Kelstrup & Binzer (1981) have found total porosities of 24 - 30
% in the clayey tills and clay tills of southern Zealand, which show many similarities with
the tills of southwestern Scania. They also specify the drainable or kinematic porosity to
be approximately 5 %. As regards the coarse-grained, inter-morainic sediments,
investigations in the southeastern part of the area of interest presented by Eriksson et al.
(1977) and Landberg & Nielsen (1984a) indicate kinematic porosities of about 20 %. The
corresponding value for the Alnarp sediments is probably intermediate between these
two extreme values.

The total primary porosity of the limestone in southwestern Scania may vary a lot.
According to Weijman-Hane et al. (1970), its mean value is only about 4 % in the
surroundings of the Limhamn limestone quarry in the west. However, the primary
porosity may locally be bigger, around 20 %, in layers rich in bryozoa and corals. Brinck
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& Leander (1975) have found total primary porosities of 15 - 25 % in core samples of
limestone from Habo-Ljung, a few kilometres north of Malmö. However, only a small
fraction of these porosities are likely to be kinematic.

The secondary porosity seems to be the biggest and most important one, as concerns
groundwater storage in large parts of the limestone of southwestern Scania. This kind of
porosity is chiefly the result of limits between different layers of limestone, fissures due
to glacial erosion and technically fractured zones. The total, mainly secondary, porosity
of silicious limestones in the surroundings of the Limhamn limestone quarry has been
given as 15-20 % by Weijman-Hane et al. (1970).

No data concerning the total kinematic porosity of the limestone in southwestern
Scania have been found. However, this property has been determined to be more than 10
% in the upper limestone and chalk of the Kristianstad plain in northeastern Scania
(Nilsson & Gustafsson, 1967).

There are relatively few data on storage coefficients available in southwestern Scania.
However, it is possible to draw some general conclusions about the storage coefficients of
the area of investigation from the hydrogeological information presented so far.

The pattern of piezometric fluctuations is an important indicator of the storage
properties of a groundwater reservoir. As has been seen in the section concerning
piezometric variations and as stated by Brinck, Hydén & Leander (1979) small changes
of the water content of the main aquifer generally result in important changes in the
hydraulic head. Exploitation of this reservoir in the northwestern part of the Alnarp
valley results in an almost instantaneous increase in vertical leakage of water from the
surface and more shallow groundwater reservoirs. This is a typical behaviour of a semi-
confined aquifer with a relatively small storage coefficient. Smaller hydraulic head
fluctuations in the central and southeastern zone of the main aquifer indicate somewhat
bigger storage coefficients (Brinck, Leander & Winqvist, 1969, Svensson, Nilsson &
Gedda, 1971, and Gustafsson, 1978).

Some 20 storage coefficients have been determined by long-term pumping tests in the
main aquifer of southwestern Scania in the past 10 - 15 years. These measurements have
been even more concentrated to certain zones than those of the transmissivity. As can be
seen in figure 3.20, almost all existing values of storage coefficients fall within the interval
1-5 104. As the values do not differ very much and as the number of observations is
small, it is not possible to see any clear spatial variation. Smaller values have usually been
found where the limestones are locally comparatively free from fissures.

Shallow groundwater reservoirs situated in inter-morainic sediments can probably
sometimes be classified as water table aquifers. That means that their storage coefficient
is defined as the kinematic porosity of the aquifer material. Results from long-term
pumping tests in the aquifer studied by Eriksson et al. (1977) point to a storage
coefficient of 20 %. This value is supported by observations of very small piezometric
fluctuations in this reservoir. Less shallow inter-morainic sediments show intermediate
storage properties. Landberg & Nielsen (1984a), for instance, have determined the
storage coefficient of inter-morainic sediments, situated relatively deeply, to 1.5 103.

Finally, it is also of interest to compare the storage coefficients of southwestern
Scania with those of the hydrogeologically similar region of northeastern Zealand in
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Denmark. According to DGU et al. (197S) the storage coefficients of the upper part of
the limestone aquifer vary between 2 104 and 2 103. The same report states that the
storage coefficient of the Alnarp sediments in this zone is usually about 7 10*4, varying
between 6 10"* and 1 10"3.

Figure 3.20: Storage coefficients of the main aquifer in southwestern Scania The values
have been multiplied by 10*. The figure is based on data from Andersson
(1981b and 1982), Andersson & Landberg (1982), Andersson & Malm
(1983), Brinck, Hydén & Leander (1979), Landberg (1983a-b and 1987a-b),
Landberg & Andersson (1983), Landberg & Nielsen (1984a-c), Nilsson &
Landberg (1980), Perers & Ryttar (1977), Pählsson (1988), Sandqvist,
Andersson & Landberg (1982) and also Svensson, Nilsson & Perers (1974).
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Vertical leakage coefficients

The Alnarp sediments and the limestone bed-rock of southwestern Scania are usually
overlain by more or less semipervious layers, as described earlier in this chapter.
Lowering the piezometric head of the main aquifer by pumping, creates a hydraulic
gradient within the clayey tills and clay tills. The quantity of water which migrates
through the semipervious layers depends chiefly on the magnitude of the hydraulic
gradient and on the leakage coefficient. The latter property can be defined as the ratio
between the vertical hydraulic conductivity of these layers and their thicknesses.

According to Knutsson (in Knutsson & Morfeldt, 1978), the vertical hydraulic
conductivity of clayey tills and clay tills usually varies between 10 n and 10' m/s. If the till
is silty or sandy the vertical hydraulic conductivity may be as much as KF -10-* m/s. The
semipervious layers of till are in general 10 - 40 m thick in southwestern Scania.
Consequently, a typical value of the leakage coefficient in the area of interest could
probably be about 1010 s•».

Some 20 leakage coefficients have been determined by long-term pumping tests in the
main aquifer over the past 10 - 15 years. As can be seen in figure 3.21, most of the
existing values of leakage coefficients fall within the interval 1 1010 - 5 109 s1. Bigger
values have been obtained, in particular south and southeast of Malmö and along the
Romeleås horst, where the semipervious layers are relatively thin and permeable.

However, Brinck, Hydén & Leander (1979) argue that these values are likely to be
overestimated, as the piezometric heads of the semipervious layers in many cases have
not been lowered to the same extent as those of the aquifer. This means that the
pumping tests have not been continued long enough for an evaluation of the steady-state
leakage coefficient. Consequently, Brinck, Hydén & Leander (1979) have in general used
leakage coefficients of 1 10 10 s ' to represent the aquifer system surrounding the
northwestern part of the Alnarp valley by a mathematical flow model.

Although there is a certain difference between the values of figure 3.21 and those of
Brinck, Hydén & Leander (1979), the pattern of the regional distribution of leakage
coefficients is the same. This distribution is also supported by general statements about
variations in the leakage conditions in, for instance, Brinck, Leander & Winqvist (1969)
and Gustafsson (1972, 1978 and 1981). The leakage coefficients are assumed to be big in
zones with relatively thin and/or permeable layers of till. Such zones are found, for
example, near the river Höje å south of Lund, in the central hummocky moraine region
and immediately west of this area, in the inter-morainic, coarse-grained sediments
between Skurup and Rydsgård and along the southwestern coasts and the Romeleås
horst.

The leakage coefficients are assumed to be small in zones with relatively thick and/or
impermeable layers of till. Examples of such zones are found in the northern part of the
area of investigation and in the southern part of the hummocky moraine region, where
the loose deposits are extremely thick.

Also in this case, it is of interest to compare the leakage coefficients of southwestern
Scania with those of the hydrogeologically similar region of northeastern Zealand in
Denmark. According to DGU et al. (1975) the leakage coefficients of the semipervious
layers overlying the limestone aquifer vary between 1 1010 and 3.5 109s1 . The same
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report states that the leakage coefficients of the tills upon the Alnarp sediments usually
vary between 1 • 109 and 2 10' s1. The differences are due to variations in the thickness
and the grain-size distribution of the semipervious layers.
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Figure 321: Leakage coefficients (in s1) of the semipervious till layers overlying the main
aquifer in southwestern Scania. The values have been multiplied by 10'".
Data from Andersson (1981b and 1982), Andersson & Landberg (1982),
Andersson & Malm (1983), Brinck, Hydén & Leander (1979), Landberg
(1983b and 1987a-b), Landberg & Andersson (1983), Landberg & Nielsen
(1984a and c), Nilsson & Landberg (1978 and 1980), Perers & Ryttar
(1977), Sandqvist, Andersson & Landberg (1982) andaiso Svensson, Nilsson
& Perers (1974).

CONCLUSIONS

The main groundwater reservoir within the hydrogeoiogical system of southwestern
Scania is formed by the uppermost part of the limestone bed-rock, which is relatively
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fissured. The comparatively coarse-grained Alnarp sediments are hydraulically connected
with the limestone reservoir and they are therefore also included in this confined aquifer.
The principal inflows to and outflows from the main aquifer of the area of investigation
are shown schematically in figure 3.22. The groundwater reservoir is chiefly supplied by:

1) Infiltration on and along the Romeleås horst. It is probably the relatively high
altitude, the thin cover of comparatively permeable till, the fractured nature of the rocks
and the steeply tilted sedimentary layers which together make this area one of the major
zones of recharge.

2) Vertical leakage from small and shallow groundwater reservoirs situated in the
uppermost deposits of the hummocky moraine region in the centre of the area of
interest. Here, the altitude is relatively high, the hummocky morphology reduces the
surface run-off and the uppermost Quaternary deposits consist mainly of comparatively
permeable sandy or clayey sandy tills. All these features facilitate the recharge of the
main groundwater reservoir in this region.

3) Vertical leakage from small and shallow groundwater reservoirs in the lowlands
outside the two zones of recharge mentioned above. However, in these areas the rate of
infiltration towards the main groundwater reservoir is very sensitive to changes in
groundwater exploitation and it has therefore varied greatly with time. These long-term
temporal variations will be further discussed at the end of this section. Nevertheless,
most of the recharge of the main groundwater reservoir seems to occur here today.

Hummocky
moraine
region

Romele
horst

Extraction

25

I I

In/Outflows in Mm3/year

Figure 3.22: Schematic representation of the principal inflows to and outflows from the
main aquifer in southwestern Scania, approximating the situation in about
1970.
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The principal aquifer chiefly discharges by:
1) Groundwater extraction in wells situated in the Alnarp sediments and in the upper

part of the limestone bed-rock. Apart from a few fluctuations, the exploitation has
increased since the beginning of this century. Today, this exploitation causes the biggest
outflows of groundwater from the main aquifer. As mentioned above, the effects of the
long-term change in groundwater withdrawal will be further discussed in the end of this
section.

2) Upward leakage from the main aquifer towards shallow, phreatic aquifers, which
gives rise to marshy tracts or springs in local depressions. This phenomenon was
relatively common in large parts of southwestern Scania at the beginning of this century.
Today, this type of outflow occurs only in small zones of the flat lands north, west and
south of the hummocky central area.

3) Groundwater discharge into the Baltic Sea and the Sound, as the gradient of the
hydraulic head in the main groundwater reservoir causes a flow directed towards the
coast and the semipervious layers overlying the aquifer are usually relatively thin in off-
shore coastal areas.

NW

m.a

JO-

40

30

20'

10'

o-

.8.1.

J

Z

> 
tA

R
S

E
tÄ

C
K

S
K

0

1

(0

f

m
20

k
i t\

w

} 
H

O
IM

E
JA

30

SE
Ml

2

I
40 KM

Figure 3.23: Topographical NW-SE cross-section along the A Inarp valley. The piezometric
levels within the main aquifer in 1891 and in 1968 are displayed. During the
period between the two observations, the heads were lowered very much in
the lower-lying parts of the area. On the other hand, the hydraulic heads have
changed very little in the central zone of comparatively high altitudes. After
Brinck, Leander& Winqvist (1969).
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As mentioned above, the size of some of the inflows to and outflows from the main
aquifer have varied a lot with time. The major reason for this is the increase of
groundwater extraction last century, which has resulted in a corresponding decrease of
the piezometric levels.

However, the hydraulic head of the main reservoir has chiefly been lowered in the
vicinity of the wells exploited, that is, in particular around the northwestern part of the
Alnarp valley, but also in the western and southern lowlands (see figure 3.23). About one
hundred years ago, there was mainly upward leakage from the main aquifer in these
areas. Today, most of the recharge of the groundwater reservoir in the Alnarp sediments
and the uppermost Danian limestone seems to occur here. The lowered hydraulic heads
have probably also reduced the groundwater discharge into the sea.

In the central parts of the area of investigation the long-term piezometric records
concerning the main aquifer display only relatively small fluctuations. Consequently, the
recharge conditions have probably not changed very much here. The latter statements
are supported by the right-hand-side of figure 3.23.
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HYDROCHEMICAL AND ISOTOPIC

INVESTIGATIONS
The previous chapter has illustrated that several relatively well separated groundwater
reservoirs are found in the area of interest. In this chapter, the results of numerous local
and a few regional hydrochemical and isotopic investigations of some of these reservoirs
will be assembled. As before, the conditions within the main aquifer will be the main
focus of attention. Samples which are assumed to represent water from one specific
reservoir have been chosen, though a minor part of the information might concern
mixtures between groundwaters from different reservoirs. This is chiefly due to particular
hydrogeological conditions at the specific sites or to sampling wells not properly
constructed for this purpose.

HYDROCHEMICAL CHARACTERISTICS

The major part of the information on the physical and chemical groundwater
characteristics in the investigation area has been found in Brinck, Leander & Winqvist
(1969) and Brinck & Leander (1981). In addition, unpublished results of chemical
analyses carried out by the Alnarp committee - a cooperative committee of the
groundwater users in the area - have been made available by Bo Leander at VBB-VIAK
in Malmö. Hydrochemical data have also been found in several other publications, which
are listed in the appendix. From these sources, approximately 260 analyses from 65 wells
have been used to calculate equilibrium conditions and saturation indices with respect to
the minerals of interest.

Groundwater sampling

In addition, complementary sampling of groundwater from 32 other wells was
undertaken in 1987 and in 1988 by Barmen (1989). This operation was mainly carried out
to support the isotopic investigations described below. Sampling, analysis and
interpretation have been carried out in the traditional way as described in textbooks like
Freeze & Cherry (1979) and Stumm & Morgan (1981). It is well known that in particular
temperature, Eh, pH and the amount of bicarbonate ions change very easily during
sample storage and should therefore always be measured immediately. Moreover, the
quality of these values are important here as they are of particular interest for the
interpretation of 14C measurements. Therefore, temperature, pH and Eh were measured
at the sampling site, using a spirit thermometer and a portable, digital meter with pH-
and Eh-electrodes (Orion SA 250). The bicarbonate alkalinity and the contents of
chloride were also analysed on sampling, using standard titration procedures.
Conductivity was determined at the same time by means of a digital conductivity meter
(Extech 440).

The concentrations of remaining anions were determined spectrophotometrically with
a field water laboratory (Hach DR-EL). Samples for this purpose were collected in
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250 ml plastic bottles and were analysed the same day. Also a 50 ml plastic bottle was
filled at each site and preserved with 0.25 ml concentrated nitric acid. The cation
concentrations in these samples were measured by means of an atomic absorption
spectrophotometer (Perkin Elmer 280) at the Department of Water and Environmental
Engineering at Lund Institute of Technology.

Data concerning the detailed hydrochemical composition of the groundwaters in
southwestern Scania will not be repeated here. The only exceptions are the values of
direct importance for the interpretation of the 14C measurements. These results are
presented in the appendix. The positions of all wells taken into consideration in the
following hydrochemical discussion are indicated in figure 4.1.

Figure 4.1: The crosses mark groundwater wells sampled for hydrochemical analyses,
which have been taken into consideration in this work
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General features and spatial variations

A general glance at the approximately 300 chemical analyses available reveals many
similarities among them. Calcium, magnesium, sodium, bicarbonate, sulphate and
chloride are the dominating constituents of groundwater from the investigation area. PH-
values vary between 6.8 and 8.2 (mean of about 7.3). This feature is reasonable due to
the relatively similar chemical composition of the recharge waters, the Quaternary
deposits and the upper part of the bed-rock in most of southwestern Scania.

In general, the chemical and bacteriological composition of the groundwater in
southwestern Scania is such that it is suitable for use as drinking water. The only
exceptions are found in some shallow aquifers, which are contaminated by nitrate and
bacteria. High contents of iron and a high degree of hardnesses of the groundwater in
some parts of the main pquifer demand treatment for technical reasons.

Several methods of finding similarities and differences in extensive hydrochemical
data are described in the literature. Here, all available results of chemical analyses have
been used to construct Piper diagrams and circular diagrams. A selection of these,
presented in figures 4.2 and 4.3, illustrate that the hydrochemical characteristics may
differ also between the reservoirs of the groundwater system in question. The diagrams
will be used as a basis of the following discussion and interpretation of spatial variations
in the hydrochemical characteristics.

Figure 4.2a indicates that groundwaters in shallow aquifers of the investigation area
can be classified as calcium-bicarbonate type waters. Bicarbonate is usually a dominating
ion in reservoirs, which contain a large portion of recently infiltrated precipitation and
which are also influenced by carbon dioxide from the atmosphere and plants. The high
calcium contents are reasonable, as the upper till deposits in southwestern Scania in
general have a lime content of between 15 and 35 %.

As illustrated by the figures 4.2a and 4.3a, it is also common to find relatively high
contents of sulphate in the shallow wells. This is probably often due to the oxidation of
sulphur-rich soils, which may take place when the hydraulic head is lowered by
groundwater withdrawal. High nitrate concentrations also occur here and there, due to
contamination combined with oxidizing conditions.

The relative compositions of the groundwaters in the upper part of the main reservoir
outside the Alnarp valley are similar to those of the groundwaters from shallow aquifers
(see figure 4.2a and b). However, there is a tendency towards higher relative contents of
magnesium, sodium + potassium and chloride in the part of the main aquifer under
discussion than in the shallow reservoirs. Figures 4.3a and b indicate that also the
absolute contents of the mentioned constituents show the same tendency. The somewhat
enhanced contents of sodium and chloride in the main reservoir are most likely due to a
certain degree of mixing with fossil water from older sediments and with sea-water. This
phenomenon will be discussed more thoroughly below.

Furthermore, the hardness seems to be higher in the main reservoir than in the
shallow reservoirs. The hardness, often more than 20° dH, is probably at least partly an
effect of the presumed long turn-over times of these waters, which facilitate dissolution
of carbonate minerals from the rocks forming the main reservoir.
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Figure 42: Piper diagrams for cations and onions, for groundwaters from wells in
southwestern Scania. In general, the mean chemical compositions have been
used for wells which have been sampled more than once. Figure a) reflects
the conditions in shallow reservoirs, b) reflects the conditions in the upper 20
metres of the bed-rock southwest and northeast of the Alnarp valley and c)
reflects the conditions in the Alnarp sediments and in the upper part of the
limestone bed-rock within the Alnarp valley. In the latter figure the chemical
compositions of three types of salt waters have also been marked: Sea-water
from the Baltic • a five-pointed star, sea-water from the Sound - a six-pointed
star and fossil water from a deep well at Gärdslöv - a cross.
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The contents of iron and ammonium are often high, while the contents of sulphate are
usually low in the main aquifer. Landberg & Andersson (1983) have observed such
hydrochemical conditions at Vellinge, southwest of the Alnarp valley. They claim that
this most likely shows that reducing conditions prevail in this part of the main aquifer.
Provided that the oxidation potential is low enough, sulphate may be reduced and H2S
formed instead (see below).

There are many divergences in the chemical compositions of the groundwaters in the
different wells within the Alnarp valley. However, the variation seems to follow a mixing
line between a calcium-bicarbonate rich water and a sodium-chloride rich water (see
figure 4.2c). The first end member of the mixing line represents relatively recent
recharge and the second one corresponds to salt-water. The latter may be fossil water
retained in older rock formations. Such water may be transported upwards through
fissures in the limestone due to high piezometric levels in the deep reservoirs. The salt-
water may also have its origin in recently intruded sea-water. Brinck & Leander (1981)
have shown that it is not possible to distinguish between the two origins by comparing ion
ratios, as can also be seen in figure 4.2c.

Most points in figure 4.2c are intermediate between the two extreme chemical
compositions. An example of this is given in figure 4.3c, representing groundwater from
the Alnarp sediments. The generally high contents of dissolved solids in groundwater
from the main aquifer indicate a relatively long average turn-over time for this reservoir.

Figure 4.3d shows a circular hydrochemical diagram from an about 100 m deep well
yielding groundwater from the locally fissured limestone bed-rock within the Alnarp
valley. Wells in similar positions commonly produce relatively salty water. This is most
likely an effect of the lowered position of the limestones within the valley, together with
particularly deep fissures associated with the tectonic structure of this depression.

LEGEND

Hardness 22. B
(°dH)

8.4 pH
K 14.0 Fe (mg/l)

NO3

Cl

a)

6.S
0.060

60



Chemistry and isotopes

Figure 43: Some typical hydrochemical patterns in groundwater samples from
southwestern Scania. The chemical compositions are presented as circular
diagrams calculated by VANDDATA (1989). The diagrams reflect the
conditions in a) a ca 5 m deep, dug well, b) a well penetrating the upper ca
10 m of the limestone bed-rock, southwest of the Alnarp valley, c) a well
draining theAlnarp sediments and d) a well penetrating the upper ca 35 m of
the localfy fissured limestone bed-rock within the Alnarp valley. The radius of
each circle is proportional to the total contents of dissolved ions, given in
epm.
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The water from the main reservoir within the Alnarp valley is also relatively hard, in the
region of 15-20° dH. However, the hardner, ij usually somewhat lower here than in the
rest of the reservoir. One reason for this is probably the relatively low lime contents in
the Alnarp sediments.

The contents of iron are normally very high in the groundwaters extracted from the
Alnarp sediments. Values in the region of 3-5 mg/1 are common, but also concentrations
higher than 15 mg/1 have been registered. On the other hand the sulphate contents are
usually close to zero and the oxidation potentials are in general -50 mV or less.

These circumstances may indicate that sulphate reduction takes place in this part of
the main aquifer. Jacks (1977) has investigated the question more thoroughly and found
that this is most probably the case. He argues that the reduction is due to the presence of
tiny plant residues at the bottom sediments on which a population of a sulphate-reducing
bacteria feeds. This gives rise to a reducing environment in which iron can come into
solution. This process may also produce H2S and CH4 and it may lead to relatively low
calcium contents. The latter could be another reason for the comparatively low hardness
within the Alnarp valley.

These arguments could explain why gases like H2S and CH4 have often been noticed
in southwestern Scania during drilling operations, especially in the Alnarp Valley itself
(Nilsson, 1964, and Nilsson & Gustafsson, 1967). However, few quantitative
measurements have been carried out and amounts of H2S less than 0.1 mg/1 are enough
to notice the characteristic smell of rotten eggs (Banck, 1989). It should also be noted
that Hoist, already in 1911, connected the presence of H2S with organic matter in the
sediments.

In spite of these features, high contents of SO4 are found in certain wells in the main
aquifer. In most cases the phenomenon can be explained by the oxidation of sulphur-rich
deposits of organic material in meadows, peat bogs and old sea deposits. Such an
oxidation may occur during the lowering of the hydraulic head due to massive
groundwater withdrawals.

Thermodynamic equilibrium and mineral saturation conditions

Thermodynamic equilibrium is practically never present in an aquifer. For instance, the
time needed for equilibration with respect to minerals such as calcite and dolomite is
usually months or years in shallow reservoirs. Nevertheless, mathematical models
assuming thermodynamic equilibrium are commonly used to estimate general trends in
conditions for mineral saturation. A kinetic model, preferably including inhibitors of
chemical reactions, must be employed to be able to give more precise predictions of the
development of the conditions for saturation. According to Banck (1989), a reliable and
general kinetic model for field studies of aquifers is at present an Utopia, since it must
consider the active surface areas of reacting minerals.

With these cautionary words in mind, almost all available hydrochemical data have
been used for thermodynamic equilibrium calculations, to estimate general features of
the conditions for mineral saturation. For this purpose, the computer programs
WATEQF (Plummer, Jones & Truesdell, 1976) and WATCH2 (Svavarsson, 1981) have
been used. The results, expressed in logarithmic form, are summarized in table 4.1. A
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negative or positive saturation index means that the groundwater of interest is
undersaturated or supersaturated with respect to the investigated mineral phase. The
detailed results for samples which have been analysed with regard to carbon-14 activity
are presented in the appendix.

Table 4.1 shows clearly that all the groundwaters studied are nearly in equilibrium
with respect to the calcium carbonate minerals calcite and aragonite. This is true also for
the groundwater reservoir in the Alnarp sediments, though they consist of less than about
4 % carbonate minerals. Jacks (1977) argues that this may be due to a relatively big
groundwater exchange between the sediments and the surrounding fissured limestone.

Reservoir SI with SI with SI with SI with SI with
respect to respect to respect to respect to respect to

calcite aragonite dolomite siderite Fe(OH)3

Shallow deposits including -0.17 -0.32 -1.23 -0.68 -1.38
inter-morainic sediments (0.29) (0.29) (0.75) (0.86) (1.48)

Danian limestone outside 0.03 -0.12 -0.34 -0.36 -1.08
the Alnarp valley (0.26) (0.26) (0.55) (0.45) (1.33)

Alnarp sediments 0.08 -0.08 -0.38 0.73 -1.76
(0.18) (0.18) (0.46) (0.34) (0.73)

Danian limestone within 0.21 0.05 0.06 -0.37 -0.47
the Alnarp valley (0.16) (0.17) (0.13) (0.44) (0.97)

Table 4.1: Average saturation indices expressed in logarithmic form for the dominating
groundwater reservoirs in southwestern Scania. The thermodynamic
equilibrium conditions have been estimated for all available hydrochemical
data by means of computer programs designed by Plummer, Jones &
Truesdell (1976) and Svavarsson (1981). Standard deviations are given
within brackets below each mean saturation index.

The differences between these groundwater reservoirs are somewhat bigger for the other
minerals treated in table 4.1. The variations within the groups are also bigger, as
reflected by the bigger standard deviations. The groundwaters of the shallow aquifers are
in general undersaturated with respect to most of the minerals investigated. This is
reasonable if one assumes that these reservoirs have relatively short turn-over times and
often contain recently recharged water. On the other hand, the groundwaters of the
different parts of the main aquifer seem to be more or less in equilibrium with respect to
the carbonate minerals studied. This could easily be interpreted as an effect of long turn-
over times in this reservoir. The feature is accentuated by the fact that the biggest
number of positive saturation indices is found in the groundwater in the fissured
limestone below the Alnarp sediments. Here, the average turn-over times are likely to be
very long.

The results presented in table 4.1 may also be due to other causes, in particular if the
discussion is concentrated to a single mineral or reservoir. For instance, there are only a
few samples from the main aquifer which are supersaturated with respect to dolomite,
according to the calculations made for this work. Many of these samples have been taken
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in comparatively deep wells with high TDS values. Moreover, Jacks (1977) has found a
very good correlation between the contents of magnesium and chloride in groundwater
from the main reservoir. Altogether, this indicates that high concentrations of
magnesium are the result of dilution of retained sea-water and fossil water rather than of
equilibration with dolomite. Furthermore, the investigations of Jacks make it plausible
that the carbonates in the area of interest in general consist of relatively pure calcite.

Jacks (1977) has also clearly shown that the high contents of iron in the groundwater
of the Alnarp sediments can only exist in solution if the pH is moderate and if the redox
potential is low. PH values of about 7.3 and redox potentials of about -70 mV have been
observed and should be adequate values. They have been used for the equilibrium
calculations. However, iron tends to precipitate as siderite (FeCO3) in many wells in the
Alnarp sediments, according to table 4.1. It is plausible that the main reason for this is
the extremely high iron concentrations in these parts of the main reservoir. Figure 4.4
shows that the estimated tendency for precipitation of siderite (FeCO3) increases with
the content of iron. Moreover, siderite tends to dissolve in other parts of the aquifer,
where the iron concentrations are much lower than in the Alnarp sediments (see table
4.1).

Banck (1989) claims that the considerable calculated supersaturation with respect to
siderite within the Alnarp sediments and also with respect to other carbonates in some
samples may indicate the presence of chemical inhibitors. For instance, phosphates and
dissolved organic substances, even at low concentrations, may inhibit the precipitation of
carbonates. Furthermore, the siderite formation is sluggish, as iron is usually bound to
soluble complexes.

Most samples are strongly undersaturated with respect to iron hydroxide (Fe(OH)3),
in particular those with low redox potentials from the Alnarp sediments. The solubility of
this mineral is very sensitive to the redox potential. For example, if the redox potential is
around zero or slightly positive and iron is present in the groundwater, Fe(OH)3 will have
a tendency to precipitate instead. Such conditions exist in many shallow aquifers and
sometimes also occur in the main reservoir due to oxidation as a consequence of massive
groundwater withdrawals.

Finally, an important indicator of the saturation conditions as regards carbonate
minerals is the calculated partial pressure of carbon dioxide in the groundwater. The
main aquifer is replenished by water which has become charged with CO2 by contact with
the atmosphere and organic activity in the top layers of soil. The carbon dioxide is
dissolved in the water and forms carbonic acid. The acid can dissolve the substance
making up the aquifer, in particular carbonate minerals. As this reaction proceeds
towards equilibrium, the carbonic acid is progressively consumed. Because closed system
conditions prevail in the main reservoir, carbon dioxide cannot be replenished
continuously. Consequently, the pCO2 must decline as long as the carbonate mineral
dissolution goes on.

The programs used for calculating the thermodynamic equilibrium conditions have
also been used to estimate the pCC>2. The corresponding calculated values of the
saturation index with respect to calcite and the pCO2 are plotted in figure 4.5. There is a
marked tendency towards a decline in the content of carbonic acid, expressed as the
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partial pressure of carbon dioxide, as the mineral dissolution reactions proceed towards
equilibrium or even continue to supersaturation. This process forms a basis for the
interpretation of carbon-14 activities in the confined main aquifer, as will be shown
below.

Figure 4.4: Relationship between the observed contents of iron and the corresponding
calculated saturation index ofsiderite expressed in logarithmic form.

Time-dependent variations

There are very few long-term records available of the hydrochemical evolution in the
shallow aquifers. However, it is plausible that the contents of nitrate, for example, have
increased in these reservoirs over the past fifty years.

More information about the time-dependent variations exists as regards the main
reservoir. Much of this information is concentrated to the area monitored by the Alnarp
committee (1987) around the northwestern part of the Alnarp valley. Some 50 wells have
been sampled more than once and for about 20 of them, 10 hydrochemical analyses or
more have been registered. The latter records have been statistically analysed but only a
few trends at a high level of significance have been found. In fact, the chemical
composition of these groundwaters seems to be relatively stable (see figure 4.6a).
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Figure 4.5: Relationship between the calculated partial pressure of carbon dioxide and
the corresponding saturation index ofcalcite, expressed in logarithmic form.

However, marked hydrochemical fluctuations have been observed in wells situated in the
northwestern coastal zone. For instance, high concentrations of sodium and chloride
occur frequently in the period 1973-1977. These variations are probably due to a variable
amount of sea-water intrusion. This is a consequence of the very extensive groundwater
extraction in this zone from the main aquifer at the beginning of the seventies. After that
period the withdrawals have decreased very much locally and the piezometric levels have
risen. Consequently, the influence of sea-water intrusion in the wells studied has
probably diminished (Brinck & Leander, 1981). An example of the influence of this
phenomenon on the chemical composition is shown in figure 4.6b.

Big hydrochemical variations have also been noticed in a few deep wells relatively far
away from the coasts. Here, fluctuating withdrawals and piezometric levels have probably
caused a variable upward transport of fossil salt-water through fissures in the limestone
from reservoirs at depth.

Korsfeldt & Westerberg (1982) have noticed decreasing contents of bicarbonate in the
wells supplying the water-works of Källby and Prästberga. The decrease during the
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period 1951-1981 is statistically verified at a level of significance of 1 %. However, the
major part of the changes occurred during the last decade of this period. As discussed
above, this is a comparatively unstable period with big fluctuations in both exploitation
and hydrochemistry. The result should therefore be interpreted with caution.
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Figure 4.6: Variations in the contents of bicarbonate, chloride, sodium and calcium in
two wells penetrating the Alnarp sediments. Figure a) represents a well at
Fjelie about 5 km from the coast, where the hydrochemistry is relatively
stable. The fluctuations at Lomma (b), very close to the coast, are bigger.
The data are extracted from the hydrochemical monitoring programme of the
Alnarp committee (1987,1989 and 1990).
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DEUTERIUM AND OXYGEN-18

Deuterium, 2H, and 18O are constitutive isotopes of the water molecule. They are often
used in hydrogeological studies, as they usually remain in the water from infiltration to
outlet in a spring without undergoing exchange with the environment. These isotopes are
stable and occur in nature in very small quantities compared to the "ordinary" isotopes of
hydrogen, 'H, and oxygen, 16O, respectively. The abundance of a stable isotope is usually
given as a "(-value", which reflects its relative abundance compared to an internationally
accepted standard and is defined as:

6x - ((Rx/Rstd) - l)x 103 (expressed in per mil) (4.1)

where 1^ represents the isotope ratio of a sample (2H/1H, 13C/UC, »«O/16O etc.) and R ^
is the corresponding ratio in a standard. As regards the abundance in water of the
isotopes of oxygen and hydrogen, the standard commonly used is SMOW - the mean
composition of ocean water (Craig, 1961a).

In the global hydrologic cycle, atmospheric water is chiefly produced by evaporation
from the ocean. This moisture then condenses as a result of the cooling of the air masses.
Due to isotopic fractionation during these physical processes, the isotope ratios in
rainwater differ in most cases from those of the ocean. A simple example of fractionation
is that during evaporation the lighter isotopes will leave the reservoir more easily than
the heavier ones. Consequently the evaporated water will be depleted in heavy isotopes.
In the condensation process the heavier isotopes will be the preferred ones, according to
the same physical principles. More detailed descriptions of these processes and
suggestions for further reading are given in Fritz & Fontes (1980) and IAEA (1981b).

It has been found that the most important factor influencing the 2H and 18O isotope
ratios in precipitation is the air temperature and its variations at the actual site of
precipitation (Yurtsever, 1975). The explanation of this feature is probably that moisture
is removed at close to isotopic equilibrium with the surface air (Gat in Fritz & Fontes,
1980).

The surface air temperature is usually closely related to other factors, such as altitude,
latitude, season and long-term climatic variations. Therefore, very good correlations are
often found between these factors and the abundances of 2H and 18O in precipitation.
Such relationships are often very useful for hydrogeological interpretations of stable
isotope data.

The change of 18O concentration in precipitation is correlated with a commensurate
change in the concentration of deuterium. A good linear relationship exists between the
mean 52H and 618O values in the IAEA archives of world-wide precipitation samples. It
closely resembles the "meteoric water line" (MWL), 62H - SSiSO + 10%o, which was
defined by Craig (1961b). However, local relationships between 62H and SISO commonly
differ from Craig's definition, due to variations in the vapour-forming and rainout
processes. In order to relate the composition of any water sample to the MWL, the
"deuterium excess parameter", d, is often used. It was defined by Dansgaard (1964) as

d = sm - 8«i8o.
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Collection of data

The complementary groundwater samples, mentioned at the beginning of this chapter,
have also been used in the determination of the contents of 18O and 2H. Totally 37
samples from 32 wells have been analysed with respect to these stable isotopes (Barmen,
1989). As before, the conditions within the main aquifer are the main focus and 25 of the
sampled wells yield groundwater from this reservoir.

The samples have been collected in dark, 20 ml glass bottles, with air-tight screw tops.
The analyses were carried out by the author in the Laboratory of Geochemistry and
Isotope Hydrology at the Paris-Sud University, France. Double-collecting mass
spectrometers were used for this purpose: a Micromass VG 602 C for 18O and a
VG 602 D for 2H. The l8O abundances were determined after equilibrating the samples
with CO2(g) of known isotopic composition. The preparation of H2(g) for the 2H analysis
was made by reducing the water molecules on uranium at 800°C. The resolution of the
measurements was determined to be ± 0.1 per mil for 518O and ± 2 per mil for S2H in
repeated preparations and analyses.

Spatial variations

Burgman, Calles & Westman (1987) and Calles & Westman (1989) have studied the
isotopic composition of precipitation in Sweden. They have recorded mean annual values
of about -9.7%o for 518O and -69%o for 52H at Arup, some ten km northeast of the
investigation area. The major part of this area has a more maritime climate than at the
sampling station. Therefore, the isotopic composition of the precipitation in the area of
interest is probably slightly heavier than at Arup.

Burgman, Eriksson & Westman (1983) claim that the isotopic composition of the
groundwater in southern Sweden should essentially reflect that of the mean annual
precipitation. The major recharge in the area of interest is assumed to take place during
the autumn, when the isotopic composition of precipitation is usually close to the annual
mean and the evapotranspiration loss is relatively small.

The isotope contents of the analysed groundwaters, shown in figures 4.7 and 4.8, agree
very well with this argumentation. Almost all 618O values are close to -9%o and the 52H
values are about -65%o. The spatial variations and the differences between the reservoirs
are very small. Therefore, the stable isotope contents do not seem to be very suitable for
regional groundwater flow modelling in southwestern Scania. This was to be expected as
there are comparatively small variations in the area of interest as regards climate and
altitude.

It would perhaps have been reasonable to find stable isotope compositions somewhat
closer to that of SMOW in groundwater with a slight admixture of sea-water.
Nevertheless, there are no significant differences between the contents of oxygen-18 and
deuterium in deep wells close to the coasts and other wells exploiting the main reservoir.

However, remarkably low oxygen-18 and deuterium values for two wells can be seen
in figures 4.7,4.8 and 4.9. Both of these wells are relatively deep and yield water from the
Alnarp sediments and the upper part of the limestone within the AJnarp valley.
Therefore, it is not plausible that the low isotope contents can be explained simply by an
over-representation of winter recharge, usually more depleted in stable isotopes. More
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likely, these wells produce groundwater, which at least partly has been recharged during a
period with a generally colder climate.

OXYGEN-18

Figure 4.7: Distribution of the oxygen-18 contents in groundwaters sampled by Barmen
(1989). Figures in boxes represent shallow aquifers, while figures in italics
represent groundwater from the Alnarp sediments. Two very low values are
underlined and discussed in the text. The other values are for water from the
rest of the main aquifer. All values are given as S"OSMOW in per mil

Burgman, Calles & Westman (1987) have established relationships between the mean
surface air temperature and the mean contents of oxygen-18 in precipitation in Sweden.
These relationships suggest that the low isotopic values observed correspond to climatic
conditions on an average two and four degrees colder, respectively, than today.
According to the discussion in chapter 3, these average temperatures indicate the
influence of water recharged about 400 and 2500 years ago, respectively. The low isotopic
values may also be due to the mixing of waters recharged relatively recently with
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groundwaters from the ice-melting period about 13000 years ago. This water is probably
much more depleted, as regards the stable isotope composition, than the sampled
groundwaters.

The groundwaters reflecting recharge during colder periods may have been retained
here and there in hjdrogeological "pockets" of the main reservoir. The number of
observations is too small to allow any reliable conclusions to be drawn, but old water
seems to be retained somewhat more frequently within the Alnarp valley formations than
elsewhere. This fact may also give a hint that the average turn-over time is longer in this
part of the main aquifer.

DEUTERIUM

Figure 4^: Distribution of the deuterium contents in groundwaters sampled by Barmen
(1989). Figures in boxes represent shallow aquifers, while figures in italics
represent groundwater from the Alnarp sediments. Two very low values are
underlined and discussed in the text. The other values are for water from the
rest of the main aquifer. All values are given as 62HSMOW in per mil.
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The relationship between 18O and 2H contents in the analysed samples is shown in figure
4.9. The local meteoric water line at Arup, estimated by Calles & Westman in 1989, is
also marked. The obvious similarity between the isotopic composition of the
groundwaters from different reservoirs has already been mentioned and discussed. From
figure 4.9 it is also clear that the groundwater composition is very close to that of today's
precipitation. The small differences in deuterium excess between the samples reveal that
similar climatic conditions probably existed when the recharge took place.

TRITIUM

Tritium, 3H or T, is the only constitutive isotope of the water molecule which is
radioactive. Its half-life has been determined to be 12.43 years by Unterweger, Coursey,
Schima & Mann (1980). As tritium concentrations are normally very small in natural
waters, they are expressed in a particular unit called the tritium unit, TU. One TU
corresponds to one atom of tritium per 1018 "ordinary" atoms of hydrogen, »H.

If mixing of groundwaters of different origin is neglected, the tritium content of a
groundwater will usually differ from that of the water which recharged the aquifer only as
a consequence of radioactive decay. The decay is then in proportion to the time elapsed
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between the infiltration of rainwater and the sampling of groundwater, replenished by
this rainwater. This makes tritium analysis a well suited instrument for studies of
residence times in aquifers, volumes of groundwater reservoirs and groundwater
velocities. The technique has been widely used in hydrogeological investigations over the
past 30 years at least. Good reviews of the methodology have been presented by Fritz &
Fontes (1980) and Ferronsky & Polyakov (1982), among others.

Contents in precipitation

To be able to interpret tritium data as concerns groundwater, it is necessary to know the
tritium contents of the recharging water. Usually this is equivalent to knowing the
amount of tritium in precipitation. However, the global and temporal distribution of
tritium in precipitation is very unequal due to the existence of several sources of tritium
production with a variable influence in space and in time. A description of these effects
can be found in the reviews mentioned above and in Barmen (1986b), among others.

There are very few measurements of the natural tritium contents in precipitation from
before 1952. Since that year, the tritium from nuclear weapon tests has overshadowed
the natural production by some orders of magnitude. However, it can be assumed from
the general data presented in Fritz & Fontes (1980) that the background level in
southwestern Sweden should be about 20 TU. Perers & Johansson (1980) and Sevel,
Kelstrup & Binzer (1981) have carried out hydrogeological investigations in or in the
vicinity of the area of interest. They claim that the tritium concentration in precipitation
was probably relatively constant before 1952, with an average close to 10 TU. Saxena
(1990) is of the opinion that these pre-bomb values might have been as low as about 2-4
TU, according to estimates based on analyses of old wines.

In this study an average tritium concentration of 18 TU in precipitation before 1952
has been adopted. In a few cases an alternative value of 10 TU has also been used.
According to the references mentioned, both of these values might be somewhat too
high. However, whether 4, 10 or 20 TU is adopted as an average for the period before
1952 has a comparatively small influence on the interpretation of today's tritium
concentrations in the main aquifer. The arguments for this statement will be given in the
following.

Also as regards the tritium contents in precipitation after 1952 in the area being
studied, unfortunately only relatively few measurements exist. The only ones availab' i for
this work have been undertaken on precipitation collected at Skurup in the southeastern
part of the investigation area. Nevertheless, it is usually possible to make highly valid
extrapolations from other sampling sites with similar geographical conditions. By means
of such extrapolations the annual average tritium concentrations in precipitation in
southwestern Scania have been estimated (see figure 4.10). The estimations are based on
correlations between records from the sampling stations Skurup and Huddinge in
Sweden and Taastrup and Odum in Denmark. Values for years without measurements in
those places have been extrapolated from the long tritium records in Ottawa and Vienna
(IAEA, 1969, 1970, 1971, 1973, 1975, 1979, 1981a, 1983 and photocopies of data until
1987). In order to facilitate the interpretation of the observed groundwater contents, the
tritium concentrations are also presented after correction for radioactive decay until
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1971 and 1988, respectively, in figure 4.11. The same curves are also shown in figure 4.12
with the difference that the original tritium contents before 1952 have been taken to be
4TU.

Figure 4.10: Estimated tritium contents in precipitation in southwestern Scania. The
values presented concern annual averages weighted with respect to the
amount of precipitation.

Contents in groundwater

Groundwaters in the area being studied have been sampled and analysed with respect to
tritium since the early sixties, as reported by Nilsson in 1966. The general results of these
analyses and the detailed results of some 100 other tritium analyses have been available
for this work. Most of the latter data have been collected in the hydrogeological mapping
of southern Sweden (Gustafsson, 1972, 1978, 1981 and 1986) or as a part of the
groundwater monitoring program of the Swedish Geological Survey (SGU). These
samples have been analysed at the Natural History Museum in Stockholm. In addition, a
further 22 wells in southwestern Scania have been sampled for tritium content (Barmen,
1989). Finally, samples from three wells at Grevie, taking groundwater from the Alnarp
sediments for the Malmö water-works, were analysed in 1991. As before, the conditions
within the main aquifer were the main focus and the vast majority of the sampled wells
yield groundwater from this reservoir.
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Figure 4.11: Annual average tritium contents in precipitation estimated as in figure 4.10
and corrected for radioactive decay until 1971 (dashed line) and 1988
(continuous line), respectively.

The groundwaters sampled in 1988 and in 1991 were collected in 1 1 plastic bottles. As
the amount of tritium was expected to be very small in many samples, care was taken not
tc affect the sample. The tritium was determined at Isotopcentralen in Copenhagen,
Denmark, by liquid scintillation techniques. Owing to the low concentrations in many
samples from the main reservoir, most samples were pretreated in order to enrich the
water in tritium. After distillation, an electrolytic enrichment process was started. The
water was reduced to 1/15 of its initial volume over about a month. The higher tritium
concentrations obtained in this way made the subsequent liquid scintillation procedure
more accurate. The minimum detection level in the measurements has been
experimentally determined to 1 TU. According to the laboratory the resolution is about
± 50 % within the interval 1 - 2.99 TU. Within the interval 3.0 - 9.9 TU it is estimated to
be ± 12 % and approximately ± 5 % within the interv >110 - 99 TU.

According to Nilsson (1966) the results of the in\ ̂ stigations in the early sixties show
that the tritium contents in groundwater from the main aquifer were at a constant low
level, that is, less or much less than 3 TU. For instance, analysis of a sample tr.ken in the
summer of 1964 from a well in the Alnarp valley at Grevie gave an estimate of 0.81 TU.
Moreover, groundwater from limestone below the continuation of the Alnarp valley in
Denmark also showed values of less than 1 TU.
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Figure 4.12: Annual average tritium contents in precipitation corrected for radioactive
decay until 1971 (dashed line) and 1988 (continuous line), respectively. The
values are estimated as in figure 4.10, but with the original contents before
1952 approximated to 4 TU.

A comparatively large number of samples for tritium analyses were collected in about
1971. The results of the analyses regarding groundwater from the main aquifer are shown
in figure 4.13. Tritium data also from shallow aquifers are available in the archives of the
Swedish Geological Survey. 24 samples were collected in 9 wells in the southeastern part
of the investigation area over the years 1973-1975. In most of the samples the tritium
concentration exceeds 50 TU. The maximum tritium content is 209 TU and the average
of these samples is about 75 TU. Furthermore, the Danish Geological Survey (DGU et
al, 1975) have also collected samples for tritium analysis around the Danish part of the
Alnarp valley. They have found no measurable tritium in groundwater from the Alnarp
sediments and the limestone below it. On the other hand, the tritium concentration in
the water of Lake Esrum has been determined to be 104 TU.

The results of tritium analyses of groundwater samples collected in 1982 and 1988 are
presented in the figures 4.14 and 4.15, respectively. Samples from three shallow aquifers
were also collected in 1988, and were found to contain 28, 29 and 48 TU, respectively
(Barmen, 1989). The analyses of three groundwater samples extracted in 1991 from the
Alnarp sediments at Grevie show that they contain less than 1 TU.
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Figure 4.13: Tritium contents measured in groundwater from the main reservoir in
southwestern Scania in 1970 and 1972 (from Gustafsson, 1972 and 1978).
Four values from 1974 and three from 1975 are also included (data from
Gustafsson, 1978 and 1981, and also unpublished data from the Swedish
Geological Survey). The interval 3-24 TV, marked for a sampling site in the
southwestern part of the area, indicates that the tritium contents have varied
between these values in seven samples taken between 1970 and 1975.

The data on the distribution of tritium in grouiJwater may be summarized and
interpreted as follows. The outlines of this interpretation are more or less in accordance
with the opinions of, among others, Nilsson (1966), Gustafsson (1972, 1978, 1981 and
1986), Perers & Johansson (1980) and Brinck & Leander (1981). The mentioned average
groundwater circulation times are roughly estimated by a one-dimensional piston flow
model, usually leading to under-estimates,

The concentrations are comparatively high in samples from lakes and shallow
groundwater reservoirs. High tritium values have also been found in groundwater from
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the main reservoir along the coasts and along the northeastern boundary of the area in
question (see the figures 4.13-15). In these zones the Quaternary deposits are
comparatively thin (see figure 3.6) and in the southwestern coastal district the extraction
of groundwater from the main aquifer is extensive. Some samples from the central zone
southwest of the Alnarp valley also showed somewhat enhanced tritium contents, in
particular in 1971, but also in 1982. At most of these sampling points the Quaternary
deposits were locally comparatively thin and also permeable. In the cases mentioned the
tritium concentrations were at least 5-10 TU and often more than 20-30 TU. A
comparison with figures 4.11 and 4.12 could indicate that these waters have been mixed
with a substantial amount of precipitation and recharge over the past 5 up to 35 years.
However, it should be kept in mind that a relatively small volume of water recharged
during the sixties can mask a big volume of older water with low, pre-bomb tritium. This
is true, whether the average in precipitation before 1952 has been estimated at 4 or 18
TU. Such a mixing may occur due to natural hydrogeological conditions but also to badly
constructed or badly maintained wells. The risk of contamination with highly tritiated
surface and shallow groundwater was particularly great at the end of the sixties.
Consequently, in particular the observations of tritium concentrations around 3-15 TU in
the groundwater samples presented in figure 4.13 should be interpreted with caution.
The true average turn-over time of the aquifer intended to be sampled might be much
longer than what is apparent from the tritium concentration.

The conclusions to be drawn from observations of enhanced tritium contents in the
main aquifer may be developed further at places where the local hydrogeological
conditions are well known. In certain zones, it is plausible that the high tritium values
indicate that groundwater withdrawals have led to a more rapid turn-over due to a
stimulation of recharge from shallow aquifers and surface waters.

Nevertheless, most samples from the main aquifer show very low contents of tritium,
in figures 4.13-15. The low values seem to be particularly frequent in the vicinity of the
Alnarp valley, where the Quaternary deposits of clayey till and clay till are very thick. The
tritium concentrations are here less than 2 TU. According to the crude, unpublished
results from the laboratories of tritium analysis, the ^-radiation from these samples can
often not be distinguished from the internal background radiation. Due to fluctuations in
the latter and also in the detection level at the two laboratories engaged in these
analyses, it is difficult to specify the low tritium contents more exactly. However, as
indicated by figures 4.11-12 this problem is not very important for an interpretation from
a more practical point of view.

If a groundwater sampled in 1988 contains less than 0.1, 1 or 2 TU, it indicates that
the major part of the sample has been recharged before 1952 in all three cases. The
result will be more or less the same whether the precipitation value before 1952 is
estimated to be 4 or 18 TU, due to the relatively short half-life of tritium. For example, a
value of 18 TU in precipitation before 1952, together with a groundwater concentration
as low as less than 0.1 TU in 1988, corresponds to a mean turn-over time of about 90
years. To obtain a more precise estimate of the presumably long circulation times in
large parts of the main groundwater reservoir, it would be interesting to study an isotope
with a longer half-life than tritium. Such an attempt is described in the following section.
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Figure 4.14: Tritium contents measured in groundwater from the main reservoir in
southwestern Scania in 1982. One value from 1981 and one from 1983 are
also included (data from Gustafsson, 1986, and also unpublished data from
the Swedish Geological Survey).
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Figure 4.15: Tritium contents measured in groundwater from the main reservoir in
southwestern Scania in 1988 (data from Barmen, 1989).

CARBON-13 AND CARBON-14

Besides tritium, 14C is the radioactive isotope which has been most used in hydrogeology.
In such applications its half-life has been taken to be 5730 years (Mook in Fritz &
Fontes, 1980). The natural origin of 14C is nuclear reactions between secondary neutrons
from cosmic rays and nitrogen nuclei in the transition zone between the stratosphere and
the troposphere. The atoms of 14C oxidize to form I4CO2 molecules. The latter are readily
mixed with the ordinary carbon dioxide of the atmosphere and subsequently enter the
bio- and hydrosphere. The highest production of carbon-14 occurs at mid-latitudes, but
the 14C content of the troposphere over each hemisphere is very uniform, due to good
carbon dioxide mixing.
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The 14C content relative to the total CO2 in the atmosphere is usually assumed to have
been relatively stable before the beginning of the industrial era in the 19th century.
However, 14C analysis of dendrochronologically dated tree rings reveal long-term
variations, as described by, among others, Damon, Long & Grey (1966). Since the
beginning of the Christian era the fluctuations in carbon-14 concentrations seem to have
been relatively small, less than about ± 1.5 %, except for the period around the 17th
century. Then an oscillation of up to ± 3 % occurred in connection with the "Little Ice
Age". A distinct minimum in the initial 14C contents, about 3 % below the subsequent
average, can also be found about 2000-2500 years BP. This minimum corresponds to a
very cold period, as described in chapter 3. On the other hand, I4C contents were
probably 5-15 % higher 4000-6000 years BP, corresponding to a relatively warm climate.
This increase implies an apparent contraction of the carbon-14 time scale relative to the
astronomical time scale. 1000 astronomical years would be approximately equal to 700
14C years during the first four millenia BC. To sum up, there appears to be a correlation
between atmospheric 14C contents and long-term climatic cycles. However, the detailed
explanation of such a correlation is still being debated. Nevertheless, these long-term
variations are probably of minor importance for applications in the investigation area,
considering the magnitude of the hydrochemical uncertainties when interpreting the 14C
concentrations in groundwaters (see below).

During the past century, man has influenced the natural 14C content of the
atmosphere substantially. First the combustion of fossil fuels, containing no 14C, has
reduced the 14C level by approximately 10%. Since 1963 this Suess effect has been
surpassed by the injection of 14C into the atmosphere by nuclear bomb testing.
Temporarily the 14C content was a factor of two above normal, as indicated in figure 4.16.
The exchange with the ocean results in a gradual decrease towards natural conditions. In
hydrogeology this nuclear bomb effect can be very useful when studying recently
recharged groundwaters.

Carbon-14 contents are referred to a standard which corresponds to wood grown in
1890 in an environment free of carbon dioxide originating from the combustion of fossil
fuels. Its 14C content has been defined as representing the activity (A) of modern carbon.
The 14C activity of the samples measured is expressed as a percentage of modern carbon
(pmc). An activity of 100 pmc is close to the "steady-state" activity of tropospheric CO2
and corresponds to 13.56 disintegrations per minute and gram of carbon (Fritz & Fontes,
1980).

Chemical dilution and also isotopic exchange and fractionation of the stable isotope
13C are closely related to the corresponding processes of 14C. Therefore, it is often of
great value for the interpretation of carbon-14 concentrations to measure the 6nC value
in groundwater. The 13C content is usually expressed in per mil as a 6-value in the same
way as in the case of deuterium. The reference standard is PDB, which is derived from
the rostrum of Belemnitella Americana from the Pee Dee Formation of South Carolina
(Craig, 1957). The aqueous carbon cycle is usually taken to begin with atmospheric
carbon dioxide, which shows a 6nCPDB value very close to -l%o all over the world.
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Figure 4.16: Estimated distribution of the carbon-14 activity in atmospheric C02 from
southwestern Sweden (extrapolated from Fontes, 1985).

The contents of groundwaft •*

During recharge, infiltrating water will usually become saturated with carbon dioxide. In
addition to the CO2 of the atmosphere, carbon dioxide is also produced in the upper soil
layers by root respiration and by the bacterial decomposition of organic matter. The
partial pressure of CO2 in soil is usually ten to hundred times higher than that of CO2 in
the atmosphere. Therefore, the isotopic composition of plant matter in the area of
interest usually has a dominating influence on the isotope balance in the carbon dissolved
in groundwater. The only exception is in areas where plant cover or plant matter was
sparse or absent at the time of recharge.

The 14C content in soil CO2 is very close to that of the atmosphere. The 13C content
depends on the type of plants growing in the area. Plants using the Calvin (C3)
photosynthetic cycle for carbon fixation dominate in temperate climates, as, for instance,
in southwestern Sweden. According to investigations by, among others, Wickman (19S2),
Craig (1953), Galimov (1966) and Rightmire & Hanshaw (1973) the mean 5"CPDB value
of soil CO2 in the area being investigated is most likely close to -25%o. I t ' s plausible that
soil CO2 of arable lands has a lower partial pressure and is richer in 13C when the plant
cover is less in winter and early spring (cf. Rightmire, 1978). Due to »C-enriched
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respiration in forest soils, usually also the 13C content of the soil carbon dioxide is
somewhat enriched in forested areas (cf. Fritz, Reardon, Barker, Brown, Cherry, Killey
& McNaughton, 1978).

In general, the amount and the composition of the vegetation may have changed since
the recharge of an aquifer which is assumed to have a relatively long average turn-over
time. Concerning southwestern Scania, the vegetation was probably not markedly sparser
over the past circa 5000 years than it is today. The forested zones were perhaps
somewhat more extensive, but the S13C value of the CO2 in the soil has probably not
fluctuated very much in the investigation area.

The stable isotopic composition of soil carbon dioxide has been measured at six
places, well distributed over the investigation area. Samples of soil gas were collected by
means of well-tested equipment from the Laboratory of Geochemistry and Isotope
Hydrology at the Paris-Sud University, France. A pointed steel tube was hammered
about 1 metre into the ground. Soil gas can enter the tube via very small holes situated
close to the point. The tube was connected to a glass bulb, which had previously been
carefully evacuated in the laboratory. The whole system was evacuated twice with a hand-
pump of high quality and the bulb was opened to let in the soil gas. The changed pressure
within the sample device in relation to the atmospheric pressure could be monitored by a
manometer. After between IS minutes and a few hours, the bulb was closed and returned
to the laboratory in France for analysis. The carbon dioxide of the sample was separated
by repeatedly passing it through liquid nitrogen traps. The isotopic composition was
subsequently determined by means of a mass spectrometer (Micromass VG 602 D). The
detailed results are given in the appendix (table A.4).

The gas pressures in soil, judged by the times taken to fill the sample bulb with gas in
the field, seemed to be very low at most sampling sites. Only at site number 5, situated in
a beech forest, was the sample container filled rapidly. This sample proved to be rich in
carbon dioxide and it showed a 513CPDB value of -20.9%o. The other samples contained
very little CO2 and their contents of carbon-13 were substantially higher. These features
may be related to the fact that the samples were collected at the end of October and that
most of the sites were characterized by clay till with no plant cover. Unfortunately, the
high 13C values could also be a result of exchange with atmospheric carbon dioxide
(613CPDB close to -1%6). Except at site number 5, the sampling procedure took more than
one hour. Consequently, a 613C value of between -25 and -20 per mil was assumed to be
appropriate for the initial composition of dissolved carbon dioxide in the groundwater of
the investigation area. This value may also be relevant in earlier recharge situations when
deciduous forests dominated the landscape in southwestern Scania. Fritz et al. (1978)
have found a mean value of -20.9%o for a large number of measurements in such a forest
environment in southernmost Canada.

Furthermore, the 6i3C values of the aqueous carbon species will in general differ from
the isotopic composition of the carbon dioxide dissolved in the infiltrating water, due to
isotope fractionation. The carbon-13 content of the Dissolved Inorganic Carbon (DIC) of
groundwater in contact with soil carbon dioxide under "open system" conditions depends
mainly on pH and temperature. These relationships have been well described by, for
example, Stumm & Morgan (1981). If the pH of the infiltrating water is below 6, the
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effect of fractionation can be neglected. This is a common case for ordinary, slightly acid
rainwater which has not had time to be buffered by the soil minerals before becoming
saturated with soil carbon dioxide. However, if the pH of the infiltrating water reaches 7
or more prior to isolation from soil carbon dioxide, the fractionation factors may be
substantial, corresponding to an enrichment of up to 8 per mil units or more in the DIC
of the groundwater.

In addition to the influence from soil CO2, the isotopic composition of carbon species
dissolved in groundwater may be affected by isotopic exchange and chemical dissolution-
precipitation processes with carbonates in rocks and soils. Carbonate minerals of the
rocks and soils of the aquifer will be dissolved in groundwater to an extent depending on
the prevailing conditions, such as pH, temperature and hydrochemical composition. The
isotopic composition of these minerals usually differs considerably from that of the soil
carbon dioxide and from the initial I3C and I4C values of the DIC. Consequently, the
isotope contents of the DIC of the groundwater will change in accordance with the
importance of the dissolution-precipitation and exchange processes. In southwestern
Scania, the different carbonate minerals of the Danian limestones of marine origin are
probably the main source for carbon coming into the groundwater by dissolution. Such
minerals are several million years old and 14C-free. On the basis of surveys published by
Wickman & Ubisch (1951), Craig (1953) and Deines (in Fritz & Fontes, 1980), their
513CpDB values can be estimated to lie within the interval 0 ± 3 per mil. Unfortunately, no
results of isotopic analysis of limestones f.om the area in question are available for this
work.

Groundwater from 26 wells used for complementary sampling have been analysed for
14C and 13C (Barmen, 1989). As before, the emphasis is on the conditions within the main
aquifer and 21 of the sampled wells yield groundwater from this reservoir.

About 401 of groundwater were sampled at each well foi analysis of 14C and 13C. Two
thick-walled, 20 1 plastic containers were used for this purpose. Because the partial
pressure of CO2 in groundwater is generally much higher than atmospheric pressure,
COj will rapidly escape from the solution. Therefore the pH was raised to about 9.3 by
adding NaOH. The dissolved carbon was precipitated by adding excess BaC^. The whole
process was done as quickly as possible to minimize contact with the air, and the samples
were immediately sealed. After about eight hours of sedimentation the sample was
decanted and 21 of precipitate were collected and brought to the laboratory.

The analyses of 14C and 13C were carried out by the author in the Laboratory of
Geochemistry and Isotope Hydrology at the Paris-Sud University, France. The carbon
content of the main part of each sample was concentrated and extracted into benzene
according to a method described by Fontes (1971). The 14C activity of the benzene was
measured by detecting the ^-particles in a liquid scintillation counter (LKB-Wallace).
The uncertainty was estimated for each analysis, taking into account the amount of
benzene used. These values are reported together with the measured 14C activities in the
appendix.

The remaining part of each sample was washed and dried. Carbon dioxide was
produced from the carbonate precipitate by treatment with pure concentrated
phosphoric acid. The reaction was carried out at 25°C in order to keep the isotope
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fractronation effects constant. The 13C abundance was determined using a double-
collecting mass spectrometer (Micrcmass VG 602 D). The accuracy of the measurements
was determined to be ± 0.2 per mil by repeated preparations and analyses. The 13C
contents thus found are also given in the appendix.

Correction of carbon-14 activities in groundwater

As already mentioned, there are many processes which can affect the carbon budget of a
groundwater. The 14C content of the dissolved carbon in a groundwater prior to
radioactive decay will depend on the relative importance of the different carbon sources,
their isotopic compositions and also the different isotope fractionation effects during the
transition of the carbon between different species. Consequently, it is usually not a
straight-forward and trivial task to interpret the results of carbon-14 analyses of
groundwater samples.

Several attempts to overcome these problems have been made during the past thirty
years and a number of possible correction procedures have been presented by different
authors. Good reviews of the main correction methods can be found in Ferronsky &
Polyakov (1982) and Fontes (1985). Generally, the problem consists of estimating an
initial I4C activity before radioactive decay started, but after all other processes affecting
the dissolved carbon isotope composition had taken place. Most of the procedures
developed for this purpose utilize geochemical, hydrochemical and isotopic data to arrive
at a correction factor.

The dilution of the 14C activity is often presented as a fraction q, which reduces the
initial activity of a sample (normally 100 pmc). This dilution factor may be used for
est irra t ing a corrected 14C age, t, expressed in years, according to the following equation:

t = -8267 ln(At/qAo) (4.2)

In this equation At and Ao are the measured and initia! activities, respectively. The
corrected 14C age almost never corresponds to the true age of the water sample. Instead,
it should be treated as an estimate of the average turn-over time of the aquifer in the
vicinity of the sampled well. When dealing with young groundwater, it is often of great
value to compare the corrected I4C ages with results from tritium analyses performed on
samples from the same well. It should be emphasized that unless it is possible to describe
in great detail the geochemical evolution of a groundwater along its flow path, correction
schemes can at best approximate a simplification of the processes affecting the isotope
geochemistry.

Methods for carbon-14 corrections are usually applicable on either "closed-" or "open
system" conditions and in some cases also on mixed conditions, which is perhaps the most
realistic description of many real systems. In an open system with respect to CO2(g),
carbonate dissolution occurs while the solution remains in contact with an abundant
gaseous environment of constant pCO2, such as the atmosphere. In contrast to this, the
dissolution proceeds in the absence of CO2(g) in a closed system. Consequently, the
equilibrium pCC»2 of the groundwater will decrease, when carbonic acid is consumed in
this latter case.
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In this study correction methods described in Tamers (1967), Pearson & Hanshaw
(1970), Mook (1976), Wigley, Plummer & Pearson (1978) and also in Fontes & Gamier
(1979) have been applied. A chemical mass balance method found in Clark (1987) has
also been tried. The ideas behind these methods of correction are well presented in the
literature referred to and they will not be repeated here.

All calculations of dilution factors were done on a Claris Resolve spread sheet, which
facilitated variation of the input parameters of the different correction methods. The
chemical and isotopic values of the treated groundwaters presented in the appendix havs
formed the basis for this work. Additional geochemica) and hydrochemical data required
for these calculations were evaluated by means of the WATEQF program (Plummer,
Jones & Truesdell, 1976). A program of the type described b, Plummer & Prestemon in
1991, would have made the evaluation of the dilution factors easier, but was not available
for this work.

Some selected results of the calculations of corrected carbon-14 activities and the
corresponding mean residence times are presented in the appendix (tables A.5-7). The
corrections have been made in the opposite direction to what is conventional, in order to
facilitate a comparison with the results of chapter 6. Thus, it is the measured activities of
the samples which have been corrected. Consequently, the difference between the
atmospheric 14C activity at the moment of recharge and the corrected sample activity will
correspond to the aging by radioactive decay (cf. equation 4.2).

In the area of investigation, almost all applied correction methods tend to give similar
and reasonable results, though they consider various degrees of "open-" and "closed
system" conditions and different aquifer characteristics. Variations of some of the
estimated input parameters seem to influence the results more than do different
correction methods. For example, changing the carbon-13 contents of limeston - from -3
to +3 per mil will lower the corrected carbon-14 activity by 10-20 pmc units in most
calculated cases. All 13C values within the quoted range are plausible in the investigation
area. Obviously, different values may be applicable in different parts of southwestern
Scania. Consequently, this property has to be properly measured if one wants to obtain
as precise corrections as possible of the 14C activities.

Nearly all correction methods result in activities greater than 100 pmc in three
samples from shallow groundwater reservoirs. This indicates recent recharge and agrees
with the high tritium contents obtained in samples from the same wells. Two samples
from inter-morainic sediments show corrected carbon-14 contents close to 100 pmc or
higher. These reservoirs were most likely also recharged relatively recently. Their
average turn-over times seem to be somewhat longer than in the shallow aquifers,
perhaps a few hundred years. This assumption is strengthened by the very small
quantities of tritium in samples from these reservoirs.

The main aquifer can generally be characterized as a closed system consisting of, or in
close contact with limestone. According to Fontes (1985), the correction methods
presented in Pearson & Hanshaw (1970) and in Fontes & Gamier (1979) should be the
most suitable ones in this type of situation. The two methods give similar results for most
samples collected in the area of investigation. UC activities estimated by the method of
Fontes & Gamier with feasible input parameters are presented in figure 4.17.
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Figu t J /: Plausible corrected carbon-14 activities in groundwater from the main
aquifer of southwestern Scania in 1988. Most of the values have been
obtained by the correction procedure proposed by Fontes & Gamier (1979).
A few values from wells penetrating deep into the limestone and with very
high carbon-13 contents have been calculated by the correction process
outlined by Wigley, Plummer & Pearson (1978). More information on the
input values for these figures, as well as some alternative results, are
presented in the appendix.

Son* of the sampled wells penetrate deep into the limestone of the main reservoir and
show, -ligh contents of 13C. These features may indicate that incongruent dissolution and
reprt.ipitation of calcite occur in very slowly circulating groundwater. In such a situation
the correction procedure presented by Wigley, Plummer & Pearson (1978) would be
adequate and a slightly simplified version of it has been applied to the samples here. To
estimate the effects of incongruent dissolution and reprecipitation better, more detailed
geochemical information on the groundwater system being studied is needed. If the
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influence of such processes is substantial, many of the corrected I4C activities presented
in figure 4.17 are likely to be too low.

The effect of fractionation on the isotopic composition of the CQ2 in the soil and the
carbon dissolved in the groundwater has probably not reached equilibrium in the water
recharging the main aquifer, according to general descriptions by Pearson & Hanshaw
(1970). As a consequence, the activities obtained by the method of Fontes & Gamier
(1979) and presented in figure 4.17 may be slightly too low.

In wells in coastal zones and along the northeastern border of the investigation area,
the corrected contents of carbon-14 in the main aquifer correspond to mean turn-over
times of a few years up to a few hundred years. Elsewhere in the upper parts of the
limestone and in the Alnarp sediments, the average circulation times vary between 500
and 2500 years, with a mean of about 1500 years.

Groundwater from deep wells in the limestone show comparatively high carbon-13
and low carbon-14 values. The corrected activities correspond to mean turn-over times of
approximately 4000 - 12000 years. The highest value comes from the well with very low
contents of 18O and 2H (figure 4.9), indicating recharge during a period of colder climate.
Earlier discussions speculated as to whether the sampled groundwater could have been
influenced by recharge in connection with the end of the last glaciation. In fact, this single
carbon-14 analysis seems to support the idea, though the chemistry of the aquifer makes
the estimation of the circulation time very uncertain. However, the samples with the
lowest, corrected 14C activities have been collected in wells in a zone around the central
part of the Alnarp valley. In this zone, the piezometric level of the main aquifer has not
varied very much with time (cf. figure 3.23) and the piezometric gradients are small (cf.
figure 3.17) indicating almost stagnant groundwater conditions.

It should be repeated that, if the influence of incongruent dissolution and
reprecipitation of calcite is big and if fractionation effects between the soil carbon
dioxide and the carbon dissolved in the water recharging the main aquifer is small, then
the circulation times mentioned tend to be too long. In any case, the results of the
analyses of 13C and 14C are compatible with the other results arrived at in this chapter.

Finally, another few words of caution. As described in chapter 3, the increased
exploitation of the main aquifer in southwestern Sweden over the past century has in
general changed the direction of flow through the aquitardeous layers. Therefore, the
groundwater extracted may first have been moving slowly upwards for a very long time
and then increased withdrawal has caused a principally downward migration towards an
exploitation well. This means that the measured 14C activities in the sampled
groundwaters do not reflect today's hydrogeological situation. The activities are lower
and the estimated "ages" are older than they would have been had they represented the
actual average circulation times of the main aquifer. This problem is most severe for the
interpretation of radioisotopes with relatively long half-lives, a point which has been well
described by Geyh & Backhaus (1978) and Sudicky & Frind (1981).
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These authors also treat the related difficulty that water with very low I4C activities in
stagnant groundwater bodies may diffuse into a relatively young groundwater. Such
relatively old water might reside in the smallest pores or fissures of the clay tills and
limestones. Thereby, the groundwater velocities will seem to be lower than what could be
assumed from the hydrodynamic conditions and the kinematic porosity.

However, these problems should not affect the comparisons between the corrected,
measured 14C activities and the simulated ones discussed in chapter 6. The simulations of
the transient evolution of the flow and transport phenomena will start by calculating a
steady-state situation in 1840, prior to any exploitation of the main reservoir.
Furthermore, the simulations should use property sets with porosities higher than
normally estimated as being kinematic ones, to compensate for diffusion effects.

CONCLUSIONS AND GENERAL RESULTS

The results and their interpretations concerning the chemistry of groundwater and its
contents of the isotopes 2H, 18O, 3H, 13C and 14C, presented here, are compatible and
reasonable from a hydrogeological point of view.

Very shallow groundwater reservoirs are likely to have short, mean turn-over times,
perhaps of a few years, and contain recently recharged water. The average circulation
times in aquifers in inter-morainic sediments are estimated to be somewhat longer, of
the order of a few hundred years.

The groundwaters in the main reservoir in the upper part of the limestone outside the
Alnarp valley and in the Alnarp sediments usually seem to have a much lower rate of
renewal. Mean turn-over times range from more than 40 years, estimated from tritium
measurements, to 500 - 2500 years, according to corrected carbon-14 activity.
Nevertheless, in coastal zones, along the northeastern boundary and also in a few other
localities in the area being investigated, where the Quaternary deposits are relatively thin
and permeable, recently recharged groundwaters have been detected in the major
aquifer. These high contents of radioisotopes may indicate that groundwater withdrawals
have led to a more rapid turn-over due to a stimulation of recharge from shallow aquifers
and surface waters and that the risk of pollution of the main aquifer has increased.
Conclusions based on data from locations where the hydrogeological conditions are
better known could obviously be further elaborated.

Groundwater sampled in deep wells, penetrating at least several tens of metres of the
Danian limestone, often seem to represent reservoirs with very long circulation times.
The chemical contents are high and the concentration of radioisotopes is very low.
Estimates based on 14C activity indicate average turn-over times of 4000 • 12000 years.
Moreover, two samples from this type of reservoir below the Alnarp valley have very low
contents of 2H and 18O. This feature indicates that these groundwaters, at least partly,
have been recharged during a period with generally colder climate. The number of
observations is too small and the interpretation tools are not accurate enough to make
these observations convincing. Nevertheless, one can speculate whether groundwater
influenced by recharge during the final stage of the latest glaciation might have been
retained in hydrogeological "pockets" in the main reservoir.
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Some general conclusions may also be drawn regarding the possibilities of the tools used
in this investigation in relation to the overall objective of the thesis. The hydrochemical
data are important to support the isotopic interpretations. However, this information in
itself cannot be taken into direct account in the following transport modelling. For this
purpose, chemical kinetics have to be considered further and more detailed data are
needed, in particular about the chemical composition of materials making up the aquifer.
A statistical treatment by means of factorial analysis, for instance, might help to detect
the chemical constituents which have the greatest influence on the composition of the
groundwater.

The contrasts between the 2H and I8O concentrations in the groundwater from
different parts of the aquifer system are too small to be suitable for the following
regional transport modelling. There is not even an indication of an admixture of sea-
water, rich in these stable isotopes, in groundwater from wells situated close to the
coasts.

As regards tritium, there are significant contrasts between the different parts of the
investigated groundwater system. However, the contrasts within large areas of the main
reservoir are small. Due to the short half-life of tritium and to the usually, long mean
turn-over time of this aquifer, most samples from it show very low contents of tritium.
This may reduce the possibilities of drawing reliable conclusions from a comparison with
the results of the transport modelling in chapter 6. Furthermore, it would be very
valuable to collect samples for tritium analysis from several different levels within the
aquitardeous layers. Such results could probably elucidate the recharge processes in the
main aquifer.

Finally, it has been emphasized that it is not a trivial task to interpret 14C contents
from a system including limestones and clay tills comparatively rich in lime. In spite of
the many uncertainties related to such an interpretation, contrasts in the concentrations
of the same type as for tritium may be detected. Using both of these radioisotopes in
comparisons with the subsequent isotope transport modelling is probably the best way to
benefit from the results of isotope investigations.

In addition, it is to be recommended that the transport simulations should comprise
property sets with porosities higher than normally estimated as being kinematic ones.
This adjustment could be a way of taking into account diffusion effects on the contents of
tritium and carbon-14 from groundwater residing in the smallest pores and fissures of the
clay tills and limestones of the area being studied.
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GROUNDWATER FLOW MODELLING

The description of the aquifer system in chapter 3 highlights the lack of information on
certain properties in many zones of the area. Nevertheless, the hydrogeological
conditions of southwestern Scania can be characterized as being relatively well
investigated and monitored. For instance, records, covering the past 100 years at least, of
piezometric levels and groundwater withdrawals exist. In addition, the main aquifer
seems to be relatively homogeneous compared to other large Swedish groundwater
reservoirs.

ADAPTATION OF A FLOW MODEL TO THE AREA OF APPLICATION

One of the main purposes of this work is to try to make use of all the different types of
data, which could give information on the groundwater system of interest and the flow
and transport phenomena occurring within it. Therefore, it is of great interest to treat
and simulate all variables of state when modelling the hydrogeological system of
southwestern Scania. Of the different modelling approaches presented in chapter 2, the
deterministic and conceptual representation with distributed parameters seems to be the
most suitable one in this case. Several methods can be used to solve the partial
differential equations of groundwater flow traditionally used in this context. Ledoux
(1986a) argues that an approximate numerical solution, arrived at by means of finite
difference techniques, is often very convenient when treating groundwater reservoirs on
a regional scale. NEWSAM, designed by Ledoux (1986b), is one example of a computer
code based on finite difference techniques and constructed to simulate groundwater flow
through extensive systems of aquifers. This numerical model seems to meet most of the
requirements stated above. Furthermore, the code has been easily available for this work
on flow modelling, thanks to the fact that the work was mainly performed at the
Laboratory of Quantitative Hydrogeology, directed by Dr. Ledoux at the Paris School of
Mines.

Hovedstadsrådet (1981) has already used a similar numerical model to simulate the
main aquifer system of northeastern Zealand with good results. As concerns
southwestern Scania, parts of this area have also been treated by means of numerical
groundwater flow models. Brinck, Hydén & Leander (1979) have used finite element
techniques to simulate the groundwater flow in the northwestern zone of the area of
interest. So also has Landberg, when preparing basic data for Perers & Johansson (1980)
concerning the southwesternmost zone of the investigation area.

Principles of the finite difference code NEWSAM

The computer code NEWSAM is founded on a classical phenomenological, macroscopic
description of groundwater flow through porous media, fhis description makes use of
the continuum approach, thoroughly described by Bear (1979), among others. The
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following equation is traditionally used for groundwater flow in a three-dimensional,
confined medium:

div (K gratl h) = S, (ah/at) + q (5.1)

where K = hydraulic conductivity tensor
h = hydraulic head
S, = specific storage coefficient
t = time
q = withdrawn or injected water flux per unit volume of the medium

This general equation is often simplified when applied to sedimentary groundwater
systems. It is assumed that the flow within an aquifer takes place only in the quasi-
horizontal plane x-y, and that water passes aquitards only in the perpendicular direction
z. With this approximation one can avoid treating a real three-dimensional flow problem,
which is a much more laborious task. In spite of the simplification, it is practically
impossible to solve the equation above by analytical methods in a natural heterogeneous
and anisotropic environment.

Therefore, NEWSAM may be used to obtain an approximate solution by means of
finite difference techniques. The code utilises nested squares of variable size for the
subdivision of the area of interest into discrete elements. The mean value of the
hydraulic head is calculated for each element or mesh and for each time step considered.
For a given distribution of aquifer properties and defined initial and boundary
conditions, there exists only one solution to the flow equation above. The reader is
referred to Ledoux (1986a and b), Marsily, Ledoux, Levassor, Poitrinal & Salem (1978)
and also Barmen (1986a, in particular appendix 1) for a more detailed description of the
principles behind the finite difference computer code NEWSAM.

Subdivision into layers and discrete meshes

The major aquifer of the studied hydrogeological system is confined and situated in the
upper part of the limestone bed-rock and in the Alnarp sediments. This groundwater
reservoir is in general separated from surface water and local, shallow aquifers by thick
layers of till, which function as aquitards. The shallow reservoirs are represented by layer
no. 1 of the model, while the bottom layer, no. 2 of the model, corresponds to the main
aquifer. The elements of layer no. 2 are assigned leakage coefficients, which govern the
vertical exchange of water between the two strata. In this manner the variable thickness
and vertical hydraulic conductivity of the almost impervious clayey tills and clay tills are
taken into account. The surface areas and the thicknesses of the two layers of the model
are given in table S.I below.

Layer no.

1
2

Hydrogeological unit

Shallow aquifers
Deep confined aquifer

Area (km2)

1832
2252

Thickness (m)

10
30

Table 5.1: Surface areas and thicknesses of the two layers of the numerical geoundwater
flow model.
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The two superposed layers of the model have been subdivided into meshes of up to four
different sizes. In general, the small mesh sizes have been used in zones where the
available information is relatively dense and/or where it is of particular interest to obtain
comparatively detailed and reliable results from the model calculations. The big meshes,
on the other hand, have chiefly been positioned in zones where the existing
hydrogeological data are relatively scarce and/or where it is less important to obtain
detailed results from the model calculations. The numbers of meshes of different sizes
are shown in table 5.2. The difference in size between two adjacent meshes is limited to
one size by the code NEWSAM. This concerns both the horizontal and the vertical
directions.

Layer
no.

1
2

Sum

Big
2x2 km2

237
408

645

Medium
lxl km2

877
557

1434

Small
0.5x0.5 km2

28
245

273

Very small
0.25x0.25 km2

0
28

28

All
together

1142
1238

2380

Table 5X. Number of meshes of different sizes in the numerical groundwater flow
model.

In the upper layer the small elements are situated mainly in the central area, where the
topography varies relatively rapidly. The situation of the water table is generally
correlated to the ground surface level. Therefore, small meshes have been used in this
zone to make possible a fairly good model representation of the piezometric variations in
the upper stratum. On the other hand, big elements are used in the plain areas along the
coasts. Here, the gradients of the water table are in general small. However, meshes of
medium size have been used along the shore-line of the uppermost layer to ensure a
fairly detailed representation of this well known boundary.

As regards the bottom stratum, the grid-net has been designed with the situations of
wells with big groundwater withdrawals and wells with long piezometric records as a
basis. In the first case, big piezometric gradients in the vicinity of the pumped wells
motivate small elements. In the second case, the meshes have to be small to make
possible relatively reliable comparisons between the measured piezometric levels and
those derived from the model. Areas without the above types of wells are subdivided into
big meshes (see figure 5.1).

General simplifications and assumptions

As already mentioned, the selected finite difference groundwater flow model implies
many simplifications. One of the major ones is that only horizontal groundwater flow is
allowed to take place in the aquifers, while the flow through the aquitards is restricted to
being vertical. Another major simplification is that the groundwater system of
southwestern Scania is treated as being equivalent to a porous medium. This approach is
considered to be appropriate, as the major objective is to study the overall characteristics

93



Chapters

of the system, as mentioned in chapter 1. Also the main aquifer, comprising the fissured
Danian limestones together with porous Alnarp sediments, is assumed to be
homogeneous and permeable enough to be approximately modelled in this manner.

Figure 5.1: Subdivision of the bottom layer into 1238 meshes of four sizes. This stratum
of the numerical groundwater flow model represents the main aquifer in the
area of interest.

Further, average values of transmissivity, the leakage coefficient and storage coefficient
concerning each mesh in the model are required for the numerical calculations. In
addition, an estimate of the real, mean piezometric level of each mesh and for each time
step considered is necessary for comparison with the corresponding, calculated values
and to make possible the calibration of the flow model. However, the number of
measurements of hydrogeological properties and variables of state is very small
compared to the number of elements in the model. Therefore, it is necessary to make
considerable assumptions and approximations so as to be able to estimate the mentioned
input data for each mesh. A general problem is that the size and complexity of the
hydrogeological system demands a dense subdivision of the model into small elements,
while the existing density of observations is not sufficient to permit such a high mesh
frequency.
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The estimations of input data for each mesh have mainly been done by hand in a
somewhat subjective manner. As the measurements of hydrogeological properties are
relatively few, the estimates have been based on qualitative hydrogeological information,
mainly derived from Gustafsson (1972, 1978, 1981 and 1986) and from the maps listed
after the literature references. Most of the other works referred to in chapter 3 have also
been of great value for this purpose. Another major source of information are the almost
3000 drilling records of wells in southwestern Scania, which are stored in the Well
Archives of the Swedish Geological Survey. They usually comprise a fairly good
description of the geological stratification along the bore-holes. Piezometric observations
and results from well capacity tests are also often included. Assisted by this additional
information ail meshes of the model have been assigned tentative and approximate, but
hydrogeologicaUy reasonable values of transmissivity, leakage coefficient, storage
coefficient and initial piezometry. The assessments of the boundary conditions have been
made in a corresponding way.

Another simplification in the model is that no seasonal variations of, for instance,
pumping rates, infiltration and piezometric levels are taken into consideration. Only
annual averages have been judged as relevant for this investigation, which mainly
considers long-term hydrogeological processes on a regional scale. In addition, detailed
information about seasonal variations is available only for a limited number of places and
variables over relatively short periods.

As will be discussed in the following section, the recharge processes are highly
simplified in this model. The piezometric level of the uppermost layer is regarded as
constant with time. Therefore, apart from the leakage coefficients, it is only the
difference between this constant value and the calculated piezometric level of the main
aquifer, which determine the amount of recharge to the bottom layer of the model.

Interactions between surface water and groundwater is almost neglected in the flow
model. Nevertheless, the piezometric levels are prescribed where there are lakes and
rivers. Unfortunately, it is not possible to make an investigation of the relations between
the baseflow of rivers and groundwater recharge similar to the one made by
Hovedstadsrådet (1981) for the case of northeastern Zealand. This is chiefly due to the
lack of information on flow in the small rivers of southwestern Scania.

Finally, it should also be mentioned that the bottom layer of the model does not have
any hydraulic contact with reservoirs situated below it. In reality, a certain groundwater
exchange of this type may take place, in particular along fissured fault zones. The
reservoirs situated at great depths have been neglected, as their global influence on the
system of interest is most likely relatively small. Moreover, there is hardly any
information available on their hydraulic properties and hydrogeological status.

Boundary conditions and recharge

One of the major boundary conditions of the groundwater flow model is that the water
table of the upper layer is prescribed in each mesh. The piezometric level of this layer
varies spatiaUy but it is regarded as stationary. The average ground surface level of every
element has been approximated by means of the topographical maps on the scale
1:50000. The mean piezometric level has been determined somewhat subjectively to be
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located 1 - 6 m below the ground surface level of the mesh. Its distribution is shown in
figure 52. Thus, the seasonal piezometric fluctuations of about 1 - 3 m are disregarded by
the model. No horizontal flow occurs in the local phreatic aquifers due to the completely
prescribed piezometry of the upper layer.

Figure 52: Lateral distribution of the prescribed piezometry of the upper layer within the
groundwater flow model All values are given in metres above sea-level

In fact, the main purpose of layer no. 1 of the model is to simulate the recharge of the
principal aquifer. If the hydraulic head on the bottom stratum is situated below the water
table in a certain place there will be a downward vertical flow in the model, that is,
recharge. The prescription of the piezometric levels of the upper stratum means that a
mesh of layer no. 1 will be supplied with water from "outside" until flow and mass balance
is obtained within the whole system of meshes. If the hydraulic head on the bottom
stratum h situated above the prescribed water table in a certain position, groundwater
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will be transported upwards and leave the model from the upper layer in the same
manner. The magnitude of the recharge or discharge will be proportional to the vertical
piezometric gradient and also to the leakage coefficient representing the aquitardeous
layers between the two strata of the model.

While the piezometric levels of all the meshes of the upper layer are prescribed, there
are no meshes with completely prescribed piezometric head in the bottom layer.
However, there are other, particular conditions at the boundaries of this stratum.

The northeastern limit of the bottom layer is defined as a boundary where no
horizontal groundwater flow may pass the border. However, the area on and along the
Romeleås horst is a preferred zone of infiltration and recharge, according to chapter 3.
The hydrogeological situation along this border, with a relatively big vertical inflow to the
main aquifer, is reproduced by the model by means of a high elevation of the prescribed
piezometric levels of layer no. 1. In addition, the meshes at the boundary are assigned big
leakage coefficients to take into account the fact that the aquitardeous layers are
comparatively thin and permeable there. As an effect of the described inflow to the main
aquifer, the piezometric contours of this hydrogeological unit run mainly parallel to the
northeastern boundary (see figure 3.17).

Figure 5.3 illustrates that all lateral borders of the bottom layer, except for the
northeastern one, are situated off-shore. The upper layer of the model is limited at the
shoreline. However, in reality, fine-grained, Quaternary deposits of various thicknesses
rest upon the aquifer bed-rock in large parts of the investigated, off-shore, coastal areas.
As discussed in chapter 3, the piezometric contours of the main aquifer run chiefly
parallel to the shoreline, which indicates groundwater outflow from the reservoir across
this border (see figure 3.17).

Groundwater seems to be discharged into the sea close to the coast-line, in areas
where the Quaternary deposits on the sea bottom are relatively thin, for example in the
southwest. In certain zones, for instance in the surroundings of the Alnarp valley, where
the deposits are thicker and/or less permeable, the outflow of groundwater probably
takes place further away from the coast. In order to simulate these various boundary
conditions drainage meshes have been used in the off-shore part of the bottom layer (see
appendix 1 in Barmen, 1986a, for an explanation).

The drainage meshes have been assigned transfer coefficients over a wide range, to
represent the various conditions for exchange with sea-water along this boundary of the
model. Usually, values of about 1(M - 103 m2/s have been applied. However, transfer
coefficients in the interval 1 - 1 0 m2/s have been used in zones where the contact
between the bottom layer and the sea is assumed to be direct.

The values of the transfer coefficients reflect the vertical hydraulic conductivities and
the thicknesses of the deposits on the sea bottom, resting on the main aquifer. The first
property has been extrapolated mainly from our knowledge of the characteristics of the
aquitards on land. The second has been estimated by means of nautical charts of the sea
off southwestern Scania and also the hydrogeological maps and marine geological map
noted at the end of the list of references. This information on the topography of the sea
bottom and the uppermost part of the main aquifer has also been of great value in
determining the off-shore limit of the bottom layer. The border of the stratum has been
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set where the exchange with sea-water has been judged to occur easily, due to a relatively
thin semi-permeable cover of the main aquifer on the bottom of the sea.

Figure 5.3: The limits of the bottom layer of the model (outer frame) related to the
coast-line (thick line) and the extension of the upper layer (hatched area).
The extension of the Alnarp valley is indicated by the two parallel dotted and
dashed lines.

Furthermore, the drainage meshes described require a prescribed piezometric level in
the environment outside the modelled layer, which in this case is the sea. The version of
the numerical model used in this study assumes a uniform fluid density, while the density
of sea-water in the area of interest is approximately 1020 kg/m3. To take into account the
effects of the higher density of the sea-water compared to groundwater (10C0 kg/m3),
piezometric values slightly above 0 m have been used for many of the drainage meshes.
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The average value for each mesh has been calculated by a simple mechanical equilibrium
calculation, using two columns filled with fluids of different densities. The one having a
height corresponding to the depth of the sea actually did contain sea-water.

Finally, as indicated at the end of the previous section, there is no vertical
groundwater flow crossing the bottom layer of the model.

Special conditions - limestone quarries

The piezometric levels of the main aquifer have been lowered locally over long periods of
time due to the exploitation of the big limestone quarries at Klagshamn and Limhamn.
The quarries have been drained from inflowing groundwater down to the level of
exploitation. These conditions have been represented by the model in the following way.

The bottom layer of each quarry is approximated by a medium-sized mesh. These
meshes have been classified as drainage meshes, which means that they represent a sort
of boundary condition in the model (see appendix 1 in Barmen, 1986a). There are no
meshes in layer no. 1 above the quarries. On the other hand the piezometric levels are
prescribed in the drainage meshes of layer no. 2. Groundwater drainage levels during the
exploitation of the limestone quarries have been approximated as shown in table 5.3.
These values have been estimated on the basis of rough figures on the production in the
Limhamn quarry (Truedsson, 1988) and general information gleaned from economic and
industrial history. In reality the variations have, of course, been more gradual.

A drainage mesh of the computer code NEWSAM requires a transfer coefficient,
which should refle t how easily the groundwater can flow from the aquifer out into the
quarry. As the limestone of the main aquifer are outcrops in the limestone quarries, the
transfer coefficients have been assigned relatively high values - 1 m2/s in Klagshamn and
10 m2/s in Limhamn.

Period

1840-1860
1861-1870
1871-1880
1881-1890
1891-1910
1911-1920
1921-1930
1931-1940
1941-1945
1946-1949
1950
1951-1960
1961-1988

Klagshamn limestone quarry
Piezometric level (m)

0
-2
-4
-7

-10
-20
-20
-20
-20
-20
-20

0
0

Limhamn limestone quarry
Piezometric level (m)

0
-2
-4
-7

-10
-15
-20
-30
-35
-40
-50
-50
-60

Table 53: Variations of the prescribed piezometric levels of the drainage meshes
representing the two limestone quarries Klagshamn and Limhamn in the
numerical groundwater flow model.
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Tentative distribution of transmissivities, leakage coefficients and storage coefficients

As the number of measurements of transmissivities, leakage coefficients and storage
coefficients is fairly limited, qualitative hydrogeological information has had to serve as
the basis of the input data.

Transmissivities are assigned to only the meshes of the bottom layer, which represents
the main aquifer. Most values are assumed to lie within the range 1 -5 103 m2/s. The
initial, tentative distribution of the transmissivities has chiefly been estimated by means
of the approximately 600 measurements of specific capacities for the area of interest. It is
sometimes difficult to judge whether a single value for specific capacity represents a
relatively large zone around a tested well or only very specific local conditions. For this
work information on the large-scale occurrence of fissures in the bed-rock and coarse-
grained deposits in direct contact with the bed-rock surface has been of great value.

Piezometric m ,s have also played a major role in judging the transmissivity
distribution. However, big hydraulic gradients, which occur naturally in a zone of an
aquifer, may be an effect of either small transmissivities or big recharge in a part of that
zone. Therefore, the basic data for the estimation of leakage coefficients have also been
checked against the piezometric maps in the determination of the initial transmissivity
distribution.

Leakage coefficients are assigned to all meshes of the bottom layer, concerning
leakage from or to the layer situated above. Vertical variations have not been completely
modelled, but zones with relatively thin and/or permeable aquitardeous layers in the real
geological environment have also been assigned big leakage coefficients in the numerical
model. These coefficients are presumed to vary within the range of about 10» - 10* s1.
Their horizontal distribution has chiefly been estimated by means of the information on
stratification and grain-size in the drilling records of the Swedish Geological Survey. Also
the maps by Gustafsson & Teeling (1973) and SGU (1980) and general information
about the presence of thin aquitardeous layers and thick, coarse-grained deposits have
been used to estimate the lateral distribution of leakage coefficients. As indicated
previously, the piezometric maps of the area of interest have been interpreted both with
respect to the distribution of the leakage coefficients and the transmissivities.

Storage coefficients are also assigned to all meshes on layer no. 2. Values within the
range 10-4 - 103 have been assumed to be representative for the main aquifer. Their
lateral distribution could probably have been estimated by means of general
hydrogeological information in the same manner as for the transmis.«ivities and the
leakage coefficients. However, the findings of Brinck, Hydén & Leander (1979) indicate
that the values of the storage coefficients are of minor importance when the main
objective of the model simulations concerns long-term and regional conditions.
Therefore, the storage coefficients have been assumed to have the same value within the
whole bottom layer. The sensitivity to different magnitudes of this value has been tested
during the calibration of the flow model, which will be described below.

Groundwater withdrawal

Extraction of groundwater from the main aquifer is simulated by prescribed outflows
from layer no. 2. The withdrawals are placed in meshes corresponding to the positions of
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the exploited wells. The annual groundwater withdrawals specified per well have been
used for the model calculations. This information has been obtained chiefly from the
records of the municipal water-works, as mentioned in chapter 3.

However, a certain amount of the total groundwater exploitation in southwestern
Scania derives from private wells on farms, market gardens, small industries, weekend
cottages etc. There are almost no records of the size and the distribution in time and in
space of these withdrawals. Relatively rough estimates have therefore been based on the
approximate figures given by Brinck, Leander & Winqvist (1969), Brinck & Leander
(1981), Gustafsson (1972, 1978, 1981 and 1986) and Gustafsson & De Geer (1977). The
distribution in time and in space of the exploitation in small private well?, which have
been introduced in the flow model, are accounted for in table 5.4 and figure 5.4. As the
first wells extracting groundwater from the main aquifer were probably constructed
during the 1840's, a more general exploitation has been assumed not to have begun
before about 1860.

Period

1840-1860
1861-1870
1871-1880
1881-1890
1891-1907
1908-1917
1918-1922
1923-1927
1928-1932
1933-1937
1938-1942
1943-1947
1948-1952
1953-1957
1958-1962
1963-1974
1975
1976
1977-1979
1980-1983
1984-1985
1986-1988

Less intensive withdrawal
(m3/km2 year)

0
10
50

100
333
467
533
600
667
733
800
867

1000
1134
1067
1000
1067
1134
1167
1067
1200
1267

Intensive withdrawal
(m3/km2 • year)

0
60

300
600

2000
2800
3200
3600
4000
4400
4800
5200
6000
6800
6400
6000
6400
6800
7000
6400
7200
7600

Table 5.4: Approximate distribution in time of groundwater extraction from small
private wells as used for the model simulations of transient conditions. The
situations of the zones of intensive and less intensive withdrawal from the
main aquifer are shown in figure 5.4.
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EXPLOITATION OF
PRIVATE WELLS

INTENSIVE

LESS INTENSIVE

NO EXPLOITATION

Figure 5.4: Estimated locations of zones of intensive and less intensive private
groundwater withdrawals from the main aquifer (see table 5.4 above).

Calibration procedure

Calibration of a groundwater flow model means that the hydraulic input characteristics
must be altered until the results of the model calculations fit with the corresponding
observations. The characteristics which are normally to be altered are the transmissivities
and the leakage coefficients. Other properties which may be calibrated are the storage
coefficients, the prescribed piezometric levels of the uppermost layer and also the
transfer coefficients and the prescribed piezometric levels of the drainage meshes at the
boundaries.

Piezometric maps and long-term piezometric records are the main observations to be
compared with the results of the model calculations. This will be thoroughly
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demonstrated in the rest of this chapter. The inflow to the main aquifer by recharge
along the northeastern border may also be used as a comparison between the results of
the model and the estimates presented in chapter 3. Similar comparisons between
estimates and results of model calculations may be done as regards the total recharge in
the area of interest, the outflow to the sea across the southwestern boundary and the
drainage to the limestone quarries.

The calibration process has been divided into two alternating parts so as to gain the
greatest benefit from the piezometric observations. The groundwater flow model has
been adjusted to either steady-state or transient conditions. In the first case a map
showing the lateral piezometric distribution for a certain year can be produced by the
model and compared with corresponding measurements. In the second case also the
long-term records from piezometric observation wells can be used for a comparison with
the results of the model calculations at specific points.

Brinck, Hydén & Leander (1979) have put forward arguments that make it plausible
that steady-state conditions are established relatively rapidly in the aquifer system of
interest. Nevertheless, the more or less continuously increased groundwater extraction
over the past one hundred years has probably resulted in transient conditions prevailing.
However, a few short periods, which seem to approximately represent steady-state
conditions have existed. One such period occurred in about 1970. Figure 3.15 indicates
that groundwater exploitation and the regional piezometry were relatively stable for a
few years during this period. Furthermore, the piezometric level of the main aquifer has
been measured in an unusually large number of wells in 1970. This makes comparisons
with the model results easier and more certain than in other years. Consequently, the
calibration of the groundwater flow model under steady-state conditions has been based
on a piezometric map of southwestern Scania from about 1970 (see figure 3.17).

According to the description in chapter 3, there was probably no extraction of
groundwater from the main aquifer before 1840, and thus approximately steady-slate
conditions probably existed. Therefore, the situation around 1840 has been taken as the
origin for the transient calculations. The initial situation has been estimated by
simulating steady-state conditions with the same hydraulic properties as in 1970 but
without any groundwater extraction.

The period 1840-1988 has then been simulated with successively changing
groundwater withdrawals. As mentioned earlier, only annual averages of extraction rates
have been introduced into the model and the presentation of piezometric results reflects
the situation only at the end of each year. The piezometric and groundwater flow
situation during the XlXth century is very poorly known. However, from the beginning of
our century the results of the transient calculations can be compared with the records of
an increasing number of observation wells. Furthermore, the lateral piezometric situation
in 1970 obtained by transient calculations can be checked against the one obtained by
steady-state calculations and, of course, also with the observed one.

The results of the steady-state and the transient model calculations have been used
for successive adjustments of the hydraulic characteristics of the modelled aquifer system
to obtain an acceptable fit to the corresponding measurements.
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RESULTS AND DISCUSSION

Boundary conditions with prescribed piezometric levels and drainage meshes in
accordance with the previous description have been applied in the majority of cases
presented in the following. Furthermore, the storage coefficients of the main aquifer
were assumed to be uniform and equal to 5 10"» in the transient simulations. After
various tests, an initial time-step of 168 hours has been found to give a satisfactory
convergence of the non-stationary numerical calculations. The time-step has been
increased progressively by the square root of two in the calculations for each period -
normally a year.

Calibration of transmissivities and leakage coefficients

After some adjustments of the tentative transmissivities and leakage coefficients
described earlier, the values presented in the figures 5.5 and 5.6 were assumed to
represent the real groundwater system relatively well, as a fairly good correspondence
between model-derived and observed steady-state and transient piezometric values was
obtained in most parts of the area of the investigation, as can be seen in figures 5.7 and
5.8. The difference between calculated and observed values is usually less than two
metres in these figures. However, as mentioned earlier, several different distributions of
transmissivities and leakage coefficients could probably have led to an acceptable
piezometric fit, due to the complexity of the modelled system and the relatively small
number of observations. Nevertheless, the alternating calibration procedure considering
steady-state as well as transient conditions, significantly limits the number of adjusted
combinations possible.

The transmissivities of the model are high and the leakage coefficients are small
around the Alnarp valley (see the figures 5.5 and 5.6). The values of the adjusted model
are particularly extreme in the central part of this area. However, there are very few
bore-holes and hardly any measurements of these properties in this zone. Therefore, the
extreme values cannot be verified by observations at present. Brinck & Leander (1981)
discuss the same problem and conclude that the relatively extreme properties used to
adjust the model might be due to an oversimplification in the modelling concept. The
groundwater flow is probably purely three-dimensional in the particular zone and the
model takes into account only a combination of pure horizontal flow in the main aquifer
and vertical flow through the semipermeable layers. However, the piezometric map
based on observations reveals a local piezometric depression in the area in which the
properties used in the model were the extremes (see figure 3.17 and 5.7). Thus, it is not
impossible that indeed the leakage coefficients could be small and that the
transmissivities cei id be big in this zone.

Some of the boi ler lines between zones with big and zones with small transmissivities
in figure 5.5 seem to be situated in the vicinity of one of the fault lines in figure 3.4.
Hence, the assumed influence of these faults on the transmissivity distribution and also
on the piezometric levels of the main aquifer is taken into account to a certain degree in
the flow model.
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The local conditions along the northeastern boundary and the Romeleås horst do not
seem to be very well represented by the adjusted model, as can be seen in figure 5.7. The
main reason for this is probably that the chosen model concept is not very suitable for
the comparatively heterogeneous hydrogeological situation in this zone. Another reason
is that the meshes of the model should have been made smaller here, to match the
heterogeneities and the steep piezometric gradients. Furthermore, comparisons are
difficult as there are hardly any piezometric observations for this zone. However, the
average groundwater flow and recharge at the boundary seem to correspond fairly well to
the estimates in chapter 3, as will be shown below. Therefore, the detailed piezometric
and flow conditions at the border are assumed not to be very important for the model
representation of the major part of the total groundwater system.

TRANSMISSIVITY

5-10J'ST<10-10-3m2/»

10-»<T<510'm'/s

0.510-»<TS1 10-3 m*/s

O.MO-3STSO.51O3 m*/

Figure 5.5: The best-fitting distribution of transmissivities of the main aquifer within the
groundwater flow model.
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LEAKAGE COFFICIENT

Figure 5.6: The distribution of leakage coefficients within the groundwater flow model
with adjusted properties. The values of the figure represent the vertical
hydraulic properties of the clayey tills and clay tills in the area of interest.
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Figure 5.7: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The dashed lines with figures in italics show the results obtained by steady-
state calculations with the adjusted groundwater flow model. They are
compared to the piezometric map based on observations, figure 3.17
(continuous lines). All piezometric values are given in metres above sea-level.
The calculated piezometric curves are interrupted at the shore-line to make
the presentation clearer.

Some general comments should be made on figure 5.8. The correspondence between
measured and calculated piezometric levels is fairly good in most cases. However, quite a
few discrepancies can also be observed. Apart from the fact that the transmissivities, the
leakage coefficients, the storage coefficients and other characteristics of the groundwater
system are not perfectly adjusted in all zones of the modelled area, there are several
other plausible explanations for the differences.
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The mesh centres of the model do not correspond exactly to the positions of the
observation wells and of the wells used for groundwater extraction. Therefore, there may
be more or less constant differences between the observed piezometric levels and the
calculated ones (see, for example, Svedala and V Klagstorp in figure 5.8). A time lag may
also occur between the peaks and drops of the observed and calculated piezometries due
to different effects of changed pumping rates at different distances from the exploitation
wells.

Seasonal and also erratic variations in the order of 1-3 m are commonly seen in the
piezometric records. However, the continuous lines representing the calculated
piezometries are based on the values obtained at the end of each year, assuming constant
conditions throughout the year. This sort of average may differ by a few metres from the
values really observed at the end of the year.

There are particularly big differences between observed and calculated piezometric
values around 1950 (see, for instance, Åkarp and Djurslöv in figure 5.8). The main
reason for this has already been discussed in chapter 3. The groundwater extraction in
the northwestern part of the Alnarp valley was very extensive at the end of the forties,
which is also indicated by the decreasing, calculated piezometric levels. However,
particular climatic conditions during this period have most likely caused an increased
groundwater replenishment. This phenomenon is not taken into consideration by the
model and therefore it gives lower piezometric levels than those measured.

Finally, the calculated values tend to be higher than the observed ones at the
beginning of the period (see, for instance, Åkarp and Eksholmen in figure 5.8).
Furthermore, the calculated piezometric time-gradients are also in general bigger than
the ones observed before 1950. The reason for these phenomena is not completely
known. However, the adjustments in the model characteristics have mainly been made by
comparisons with observations from about 1970 and by assuming that approximately
steady-state conditions existed in 1970. The variations in piezometry and groundwater
extraction have been relatively small during the period after 1950, compared to the
period 1900-1950. Therefore, it is natural that the results of the model calculations fit the
observations from recent decades best.

It is also possible that the transmissivities, the leakage coefficients, the storage
coefficients and/or other characteristics of the groundwater system have changed during
the drastic piezometric decrease caused by the rapid increase of withdrawal at the
beginning of this century. The inclination of the lines in figure 5.8 indicate that at least
the transmissivities may have been bigger before the piezometric levels were lowered to
the values of the period around and after 1950. It should be noticed that the observed
value at Åkarp in 1891 is relatively approximate as it refers to the piezometric level of an
artesian spring.

In addition, the real net recharge of the groundwater system may have been smaller
than the modelled one at the beginning of the period being studied. This might be due to
the fact that the outflows into marshy surface depressions and the discharges into the sea
were in reality bigger than estimated. Moreover, at the beginning of this century the
withdrawals might also have been bigger than estimated. The reason for the very erratic
peaks after 1980 in the observed piezometry at Eksholmen is not known (see figure 5.8).
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It is also interesting to compare the piezometric map representing steady-state
conditions in 1970 derived from the model, with the corresponding one obtained after a
transient simulation of the piezometric evolution 1840-1970. Figure 5.9 shows that the
two maps are very similar, which strengthens the conclusion that the groundwater flow
model is fairly well adjusted. However, the piezometric levels obtained by transient
calculations are here and there slightly higher than the ones obtained by steady-state
calculations. The explanation for this is probably that the groundwater flow situation in
1970 is not a perfect steady-state situation. A certain degree of non-stationarity is quite
plausible as, for instance, groundwater withdrawal changed rapidly at Grevie over a
couple of years around 1970.

Figure 5.9: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The dashed lines show the results obtained by steady-state calculations with
the adjusted groundwater flow model. They are compared to the results
obtained from a transient model simulation of the evolution from 1840 to
1970 (continuous lines). All piezometric values are given in metres above sea-
level. Dashed lines overlapping the continuous ones are not visible.
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Another way to try to verify the results of the flow model is to compare the different
components of the water balance of the groundwater system with the corresponding
estimates presented in chapter 3. However, these estimates are relatively rough and it is
therefore not possible to make a very accurate verification. Nevertheless, the figures
presented in table 5.5 indicate that the adjusted groundwater flow model gives
reasonable results and also that the results from steady-state and transient simulations
are similar. The modelled outflows into the sea are perhaps slightly too small, while the
modelled inflows at the northeastern boundary seem to be slightly too big. As will be
shown at the end of the chapter, this type of flow result can also be used to illustrate how
the overall inflow-outflow pattern and magnitude have changed over the past century.

Components of the
total water balance
of the main aquifer

Limhamn limestone quarry
Klagshamn limestone quarry
Outilow to the sea
Extraction from wells

Total outflows

Northeastern boundary
Net recharge elsewhere

Total inflows

Steady-state
model
results

for 1970

1.2
0.3
5.3

26.8

33.6

8.0
25.6

33.6

Transient
model
results

for 1970

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

Estimated
values
from

chapter 3

1.2-1.5
0.3

5-8
26.8

6 -8

27-41

Table 5.5: Calculated and estimated magnitudes of the different components of the
water balance concerning the main aquifer of the investigated groundwater
system. All figures are given in Mm}/year. The total inflows have been
estimated by assuming that the average net infiltration was 20 - 30 mm/year
in the area of interest in 1970.

Sensitivity to changes in transmissivities and leakage coefficients

So far, we have discussed only the results of model simulations with one set of
transmissivities, T, and leakage coefficients, LC. The model seems to be fairly well
adjusted with this set of properties, but it is, of course, important to test its sensitivity to
changes in transmissivities and leakage coefficients. Therefore, the set of properties of
the adjusted model has been altered in four different ways. These operations have been
made by simple and general multiplications of the T and LC values according to table
5.6. The results of transient model simulations with these sets of properties show that
they do not give an equally good adjustment as the original set. Nevertheless, some
conclusions from comparisons between the results of the different simulations will be
presented below.
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Set no.

1

2

3

4

Characteristics in relation to the set of properties
of the adjusted model

Transmissivities: 2 x T

Transmissivities: 0.5 x T

Leakage coefficients: 0.5 x LC

Transmissivities: 2 x T
Leakage coefficients: 0.5 x LC

Table 5.6: Description of the four sets of properties used to check the sensitivity of the
model to changes in the values of transmissivities (T) and leakage
coefficients (LC). The original values have been changed for all meshes by
simple multiplication by the constants in the table.

The groundwater flow model seems to be comparatively sensitive to changes in
transmissivities. As can be seen in figures 5.10a and b, the piezometric results of
simulations with the property sets no. 1 and 2, differ quite markedly from the results of
the adjusted model. With the set of large transmissivities the piezometric gradients
become much too small. Moreover, the piezometric levels derived from the model are
too low in the central areas, while they are too high in the coastal zones (see figure
5.10a). On the other hand, the gradients become much too big with the set of small
transmissivities (see figure 5.10b). Consequently, the calculated levels are in this case too
high at the centre, while they are too low close to the coasts.

Changes in the leakage coefficients seem to influence the groundwater flow model
less. The piezometric gradients are similar in the two cases shown in figure 5.10c.
However, the piezometric levels obtained are generally too low when the set of small
leakage coefficients is applied.

The relative importance of high transmissivities compared to small leakage
coefficients can also be studied in figure 5.10d. The effect of the high transmissivities
seems to dominate, producing small gradients. The piezometric levels are also low at the
centre and high close to the coasts in comparison with the adjusted model. However, the
small leakage coefficients cause a general lowering of the piezometric levels. Therefore,
the results of property set no. 4 are somewhat more similar to those of the adjusted
model than the results of property set no. 1.

Figure 5.11 presents the calculated piezometric evolutions in an observation well at
Åkarp, which is situated relatively close to the coast. This well is chosen to illustrate the
results, because piezometric measurements have been made there often and for a long
period. However, the results are in principle the same for almost all of the other
piezometric observation wells in southwestern Scania. In general, figure 5.11 supports
conclusions from figures 5.10a-d. Fo instance, the calculated, time-dependent gradients
are small and the piezometric levels are too high when big transmissivities are applied
(figure 5.11b). The opposite case of small transmissivities results in high gradients and
low piezometric levels (figure 5.1 lc).
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Figure 5.10a: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results obtained from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of a calculation with twice the transmissivities (dashed
lines with figures in italics, set no. 1 in table 5.6). All piezometric values are
given in metres above sea-level.
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Figure 5.10b: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results obtained from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of a calculation with transmissivities of half the size
(dashed lines with figures in italics, set no. 2 in table 5.6). All piezometric
values are given in metres above sea-level.
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Figure 5.10c: Piezometric map ofti : main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results obtained from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of a calculation with leakage coefficients of half the
size (dashed lines with figures in italics, set no. 3 in table 5.6). All piezometric
values are given in metres above sea-level. Dashed lines overlapping the
continuous ones are not visible.
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Figure 5.10d: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results obtained from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of a calculation with twice the transmissivities and
leakage coefficients of half the size (dashed lines with figures in italics, set no.
4 in table 5.6). All piezometric values are given in metres above sea-level
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In the case with small leakage coefficients, the calculated piezometric ievels are generally
too low in both figure 5.lid and in figure 5.10c. However, the time-dependent gradients
seem to be too big at Åkarp. The latter is probably a local particularity caused by the very
big and rapid increase of groundwater withdrawal in this zone. This effect is also visible
in figure 5.1 le, where the time-dependent gradient is bigger than in figure 5.11b.
Nevertheless, the results of property set no. 4 (figure 5.1 le) are also here somewhat
more similar to those of the adjusted model than are the results of property set no. 1
(figure 5.11b).

Finally, it is also interesting to compare the effects on the overall water flow balance
of the different sets of hydraulic properties. In general, the values given in table 5.7 are
very well in line with the conclusions from figures 5.10a-d. The groundwater flow model
seems to be relatively sensitive to changes in the transmissivities, while changes in the
leakage coefficients have only a minor influence on the water flow balance.

Components
of the water
balance

Limhamn
Klagshamn
To the sea
Wells

Outflows

NE boundary
Elsewhere

Inflows

Sets of hydraulic properties (cf. table 5.6)

Adjusted

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

No. 1
2 x T

2.3
0.5

11.7
26.8

41.3

13.7
27.6

41.3

No. 2
0.5 x T

0.6
0.1
2.5

26.8

30.0

4.5
25.4

29.9

No. 3
0.5 x LC

1.2
0.2
4.9

26.8

33.1

7.7
25.4

33.1

No. 4
2 x T

0.5 xLC

2.3
0.5

10.3
26.8

39.9

12.7
27.0

39.7

Table 5.7: Calculated magnitudes of the different components of the water balance
regarding the main aquifer. All figures are given in Mm3/year and they
concern the situation in 1970, and are from transient model simulations.

Sensitivity to changes in storage coefficients

The model has been run with five different storage coefficients (S): 5 105, 10"4, 5 10-4,
103 and 5 103. For simplicity, the same value has been used in the whole area of interest
for each simulation. These calculations concern transient conditions 1840-1988, as
storage coefficients affect only non-stationary calculations. Selected results will be used
below to account for the sensitivity of the model to changes in storage coefficients.

As can be seen in figure 5.12, the results of calculations with different storage
coefficients seem to be very similar. Most probably the explanation is that the tested
storage coefficients are all relatively small, and thus the groundwater system can respond
rapidly to changes in withdrawal. With the hydrogeologically plausible and tested interval
of storage coefficients for the main, confined aquifer, the hydraulic response will usually
be almost fully developed within less than 1-2 years (cf. Brinck, Hydén & Leander, 1979).
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Figure 5.12: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the results obtained from a transient simulation
with S = 5 10* from 1840 to 1970. They are compared to the corresponding
results of calculations with S = 5 lfr5 (dotted lines) and S = 5 W3 (dashed
lines). All piezometric values are given in metres above sea-level. Dotted and
dashed lines overlapping the continuous ones are not visible.

However, the piezometric levels in figure 5.12 are somewhat higher in certain zones
when the biggest storage coefficient (5 103) is applied than when the smaller ones are
used. Probably the general piezometric lowering resulting from the increased
groundwater extraction during the 1960's is slightly delayed due to the big values of S. On
the other hand, with small storage coefficients the response is more or less fully
developed within one year. Therefore, there are very small differences between the
piezometric results of the calculations with S less than 103.
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This can also be seen in the piezometric evolutions with time, as in figure 5.13. In most
places within the studied area the results are very similar to those for Åkarp. Thus, even
if the storage coefficients should probably have been laterally distributed, the effects of
an over-simplification in this respect seem to be insignificant.

The calculated components of the water balance in the main aquifer (table 5.8) also
lead to the same conclusion, namely, that the model representation of the studied
groundwater system is almost entirely insensitive to variations in the storage coefficients
under the conditions of interest.

Components
of the water
balance

Limhamn
Klagshamn
To the sea
Wells

Outflows

NE boundary
Elsewhere

Inflows

Storage coefficients

5 10-5

1.2
0.3
5.3

26.8

33.6

7.9
25.7

33.6

M O 4

1.2
0.3
5.3

26.8

33.6

7.9
25.7

33.6

5 10^

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

MO-3

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

5 103

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

Table 5.8: Calculated magnitudes of the different components in the water balance in
the main aquifer. All figures are given in Mm3/year and they represent the
situation in 1970, using transient model simulations with various storage
coefficients.

Set no.

1

2

3

4

5

6

7

Characteristics in relation to the set of properties
of the adjusted model

Prescribed piezometry of layer no. 1 lowered by 5 m

Prescribed piezometry of layer no. 1 raised by 5 m

NE boundary: Prescribed piezometry lowered by
about 15-20 m

NE boundary: LC/10 in general

No limestone quarries in the model

No private wells in the model

Withdrawals reduced by about 1 Mm3/year at
Grevie around 1950 and 1970

Table 5.9: Description of the seven sets of properties used to check the sensitivity of the
model to variations of the boundary conditions and the groundwater
extraction in certain zones.
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model calculations with various storage coefficients. S = 5 • 1(H (thick
continuous line), 5 = 5 103 (thin dashed line) and S = 5 IP5 (thin
continuous line, hardly visible).

Sensitivity to changes in other characteristics

The sensitivity of the groundwater flow model to variations of boundary conditions and
groundwater extraction in certain zones has also been tested. The set of properties has
been changed in seven different ways, according to table 5.9. The effects of these changes
have been studied by transient simulations for the period 1840-1988. Except for in set no.
4, the transmissivities and the leakage coefficients have been the same as in the model
with adjusted properties (see the figures 5.5 and 5.6). The storage coefficients have been
given the value 5 10-*.

The prescribed piezometries in the meshes of the upper layer have been lowered and
raised by 5 m in the sets of properties no. 1 and 2, respectively. As a result of these
changes, also the piezometric levels of the main aquifer have been lowered (figure 5.14)
or raised (figure 5.15) by approximately 5 m almost everywhere. However, the effects on
the piezometry of the main aquifer seem to be somewhat smaller in those zones having
big piezometric gradients and/or big groundwater withdrawals. For example, the
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differences in piezometry among the different simulations are approximately 3.5 - 4 m at
Åkarp, while they are almost 5 m at Svedala and V Klagstorp (see figure 5.16).

Figure 5.14: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results obtained from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of a calculation in which the prescribed piezometry of
the upper layer has been lowered by 5 m (dashed lines with figures in italics,
set no. 1 in table 5.9). All piezometric values are given in metres above sea-
level.

Thus, the model seems to be comparatively sensitive to changes in the boundary
condition defined by the prescribed piezometry of the uppermost layer. This is an
important but somewhat troublesome finding, as it is difficult to improve the model in
this respect. The difficulty is mainly due to the fact that there are only a few observations
on the shallow water-tables in the area of interest. Therefore, it is hard to find a
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representative, average piezometric level for each mesh of the uppermost layer in the
model. According to chapter 3, the piezometric level of the uppermost layer is usually
situated 1 - 6 m below ground level. As shown above, this accuracy gives a similar
accuracy in the piezometric levels derived from the model, for the main aquifer, which is
not very good. Moreover, it is even harder to determine a representative average when
the meshes are big and the topography is variable as in the central zone and along the
northeastern boundary. Finally, poorly known seasonal piezometric fluctuations make it
even more difficult to estimate the annual piezometric mean levels of the uppermost
layer.

Figure 5.15: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results of a transient simulation of
the evolution from 1840 to 1970. They are compared to the corresponding
results of a calculation in which the prescribed piezometry of the upper layer
has been raised by 5 m (dashed lines with figures in italics, set no. 2 in table
5.9). All piezometric values are given in metres above sea-level.
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Furthermore, it can also be concluded from figure 5.16 that in certain zones a raising
(Svedala in figure b) or lowering (V Klagstorp in figure c) of the prescribed levels by a
couple of metres would give a better fit than the values of the adjusted model. However,
at Åkarp, situated in the zone with the highest density of observations, such changes
would not lead to a better fit of the results from the model.
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Figure 5.17: Piezometric map of the main aquifer, corresponding to the situation in 1970
(m.a.s.1). The continuous lines show the best-fitting results from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of a calculation in which the prescribed piezometry of
the upper layer has been lowered by about 15-20 m along the northeastern
boundary (dashed lines with figures in italics, set no. 3 in table 5.9).

The magnitudes of the different components of the total water balance obtained by the
model calculations have also been studied. Table S.10 shows that it is mainly the outflows
to the sea and the inflows by recharge in the central areas which are influenced by the
changes in the prescribed piezometric levels of the uppermost layer. However, the effects
of a raised, prescribed level seem to be much bigger than those of a lowered one. The
vertical recharge flow from the uppermost layer towards the main aquifer is probably
relatively more influenced by an increased difference between the two piezometric levels
than by a decreased one. A similar explanation is most likely applicable as regards the
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relationship between the hydraulic gradient down to the coast and the discharge flow
from the main aquifer towards the sea.

The prescribed piezometries of the uppermost layer have also been particularly varied
along the northeastern boundary. The values in the meshes at the limit have generally
been lowered by 15-20 m (set no. 3 in table 5.9). The total response within the model to
this change is relatively small. Nevertheless, the piezometric levels of the main aquifer
are significantly lowered in the vicinity of the northeastern border (see figure 5.17).
However, the decrease in the piezometric levels due to the changed boundary condition
is less than one metre at Åkarp. At Svedala it is even smaller and at V KJagstorp there is
no visible effect on the model results (see figure 5.18).

The total water balance regarding the main aquifer is not influenced very much by the
changed conditions along the northeastern boundary either. The inflow over the limit in
question has naturally decreased (see table 5.10). However, this decrease has been
compensated by an increase of the inflow by recharge in the central areas. Thus, .ne total
balance is almost unchanged.

The leakage coefficients have also been particularly varied along the northeastern
boundary. The values regarding the meshes at the limit have been multiplied by 0.1 in set
no. 4 of table 5.9. By coincidence the results of the model run with this property set are
almost identical to the results obtained by a run with set no. 3. Therefore, no piezometric
results from this simulation will be presented here. It can be concluded from the
simulations with the property sets no. 3 and 4, that also comparatively big changes in the
conditions along the northeastern boundary probably influence the results of the model
mainly locally, in the vicinity of the limit.

Components
of the water
balance

Limhamn
Klagshamn
To the sea
Wells

Outflows

NE boundary
Elsewhere

Inflows

Sets of hydraulic properties (cf. table 5.9)

Adjusted

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

No. 1
h-5m

1.2
0.1
4.1

26.8

32.2

7.8
24.4

32.2

No. 2
h + 5m

1.3
0.5

10.2
26.8

38.8

8.0
30.8

38.8

No. 3
NE:

h -cal5m

1.2
0.3
5.1

26.8

33.4

4.7
28.4

33.1

No. 4
NE:

LC/10

1.2
0.2
5.0

26.8

33.2

4.7
28.4

33.1

Table 5.10: Calculated magnitudes of the different components of the water balance for
the main aquifer. All figures are given in Mm3/year and refer to the situation
in 1970, from transient model simulations. The total outflows do not always
equal the total inflows due to the fact that the figures were rounded off.
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In addition, it should be mentioned that the resulting inflow over the northeastern
boundary is about 5 Mm3/year in the simulations with the property sets no. 3 and 4 (see
table 5.10). This is a value too low which is compared to the estimated 6-8 Mm3/year (see
table 5.5). However, the figure obtained with the adjusted model is at the upper limit of
this interval. Consequently, the results of the simulations with sets no. 3 and 4 indicate
that the prescribed piezometries and/or the leakage coefficients at the northeastern
boundary should be slightly reduced in order to obtain an even better adjustment of the
groundwater flow model.

a)

17 —
I /

15-

1 x
I O

"O :
Q) 1 1 -

si :
Q —y

O '-

_̂ o
"ö I>s , :
X 3 -

. -
-

' -
-

m.G
^ —

1 1 1 1

.s.l.

4—

f I F i

" " '

i i i i

v

1 1 1 1

\

• \

Af

K

11 r r

\
\

A
v

1 1 1 1

t
1

1 1 1 1

\

( " \
V

1 1 1 1

Åkarp

i

II

1 T J 1

kv- ̂

1 1 1 1

1890 1910 1930 1950 1970 1990

Year
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The sensitivity of the flow model to changes in the outflows from the main aquifer via the
limestone quarries, private wells and the municipal wells at Grevie has also been studied.
In property set no. 5 in table 5.9, the limestone quarries at Limhamn and Klagshamn
have been entirely omitted from the model. The results from a transient simulation with
this property set show that the changed conditions have only a very local influence. The
piezometric levels are changed in the immediate neighbourhood of the two quarries. For
instance, at V Klagstorp a few kilometres from Klagshamn the change is less than 2-3 dm
(see figure 5.19). At Åkarp, there is no visible difference between the calculated
piezometric levels with and without drained limestone quarries.
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Figure 5.19: Piezometric variations in selected observation wells at Åkarp (a) and V
Klagstorp (b). The locations of the wells are shown in figure 5.8. The results
from a transient simulation 1840-1988 with the adjusted model are shown as
continuous thick lines. They are compared to the corresponding results of
calculations in which the limestone quarries at Limhamn and Klagshamn
not are taken into consideration by the model (dashed thin lines, set no. 5 in
table 5.9). The two lines overlap for Åkarp.
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According to table 5.11, the total water balance of the main aquifer is not greatly
influenced by the changed conditions at Limhamn and Klagshamn. The outflows at the
quarries obviously disappear in the model and consequently the vertical recharge in a
zone east of them decreases somewhat.

All groundwater extraction from private wells has been reduced to zero in the
simulations with the property set no. 6 of table 5.9. This reduction of the withdrawals
generally leads to increased piezometric levels, as can be seen in the results of the model
presented in figure 5.20. The increase is bigger in areas with big piezometric gradients
and/or intensive private exploitation (cf. figure 5.4).

This difference is also clear from the two examples presented in figure 5.21. At Åkarp
the difference between the piezometric levels with and without private exploitation is
more than 2 m in about 1988, while the corresponding difference at V Klagstorp is less
than 0,5 m. At both places the difference becomes successively bigger with time, due to
the increasing withdrawals from the private wells, as displayed in table 5.4.

As regards the water balance of the main aquifer (see table 5.11), the model indicates
that a general reduction of groundwater exploitation will lead to a decreased recharge.
This will most likely take place chiefly in the areas where the reduction is biggest. The
outflows to the sea will also increase somewhat.
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Moreover, it is quite plausible that the comparatively rough estimates of the private
withdrawals are completely wrong in certain zones. A better estimate of the real
exploitation would probably demand local adjustments of the properties of the model.
However, also the extreme variation in the example of set no. 6 does not distort the
model results very much. Consequently, the model is not very sensitive to a certain
misrepresentation of the groundwater exploitation.

Figure 5.20: Piezometric map of the main aquifer, corresponding to the situation in 1970.
The continuous lines show the best-fitting results from a transient simulation
of the evolution from 1840 to 1970. They are compared to the corresponding
results of calculations in which groundwater withdrawals from private wells
have been omitted (dashed thin lines with figures in italics, set no. 6 in table
5.9). All piezometric values are given in metres above sea-level. Dashed lines
overlapping the continuous ones are not visible.
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Figure 521: Piezometric variations in selected observation wells at Åkarp (a) and V
Klagstorp (b). The locations of the wells are shown in figure 5.8. The results
of a transient simulation 1840-1988 with the adjusted model are shown as
continuous thick lines. They are compared to the corresponding results of
calculations in which groundwater withdrawals from private wells have been
omitted (dashed thin lines, set no. 6 in table 5.9).
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Figure 522: Piezometric map of the main aquifer, corresponding to the situation in 1970
(m.a.s.l). The continuous lines show the best-fitting results from a transient
simulation of the evolution from 1840 to 1970. They are compared to the
corresponding results of calculations in which the groundwater withdrawals
at the water-works of Grevie have been reduced by about 1 Mm3/year around
1950 and 1970 (dashed thin lines, set no. 7 in table 5.9). Dashed lines
overlapping the continuous ones are not visible.

Finally, groundwater withdrawal has been changed locally in the property set no. 7 of
table 5.9. The exploitation of the wells at Grevie has been reduced by about 1 Mm'/year
from the peak withdrawals in 1947-1950 and 1969-1972. This change seems to influence
the results of the model only in the surroundings of the particular wells situated in the
northwestern part of the Alnarp valley (see figure 5.22). Even relatively close to the wells
of Grevie, for instance at Djurslöv (see figure 5.23), the piezometric change is limited to
about 1 m and it is concentrated to the years of changed withdrawals. The latter is an
effect of the small storage coefficients of the main aquifer, discussed earlier.
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The total water balance is in this case very similar to that of the adjusted model (see
table 5.11). The groundwater withdrawals from wells are of course about 1 Mm3/year
smaller, which is compensated for by a reduced recharge in the zone around the wells at
Grevie. Consequently, the model does not appear to be very sensitive to a certain
misrepresentation of the groundwater exploitation in southwestern Scania.
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Figure 5J3: Piezometnc variations in the observation wells at Djurslöv (ef. figure 5.8).
The results from a transient simulation 1840-1988 with the adjusted model
are shown as a continuous thick line. They are compared to the
corresponding results of calculations in which the groundwater withdrawals
at the water-works of Grevie have been reduced by about 1 Mm3/year around
1950 and 1970 (dashed thin lines, set no. 7 in table 5.9). The lines overlap
extensively in the figure.
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Components
of the water
balance

Limhamn
Klagshamn
To the sea
Wells

Outflows

NE boundary
Elsewhere

Inflows

Sets of hydraulic properties (cf. table 5.9)

Adjusted

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

No. 5
No limestone

quarries

0.0
0.0
5.5

26.8

32.3

7.9
24.3

32.2

No. 6
No private

wells

1.2
0.3
5.8

21.3

28.6

7.4
21.1

28.5

No. 7
Reduced with-
drawals, Grevie

1.2
0.3
5.4

25.7

32.6

7.9
24.6

32.5

Table 5.11: Calculated magnitudes of the different components of the water balance in
the main aquifer. All figures are given in Mm3/year and they reflect the
situation in 1970, from transient model simulations. The total outflows do
not always equal the total inflows due to approximations of the figures.

CONCLUSIONS AND GENERAL RESULTS

Many different results produced by the groundwater flow model NEWSAM, have been
presented in this chapter. They illustrate that the model is sensitive to changes in many
different input parameters and properties of the area being investigated. However, it is
clear that two characteristics of the modelled area influence the results much more than
all others. These are the transmissivities of the main aquifer and the prescribed levels of
the water table in the local, shallow aquifers. Also, relatively small changes in the latter
characteristics seem to change the results of the flow model very much. This problem
should always be kept in mind, as the accuracy of the measurements or estimations of
transmissivities and piezometric maps of shallow aquifers usually gives the investigator a
fairly large freedom of choice.

Moreover, it is a general problem when adjusting a groundwater flow model that the
spatial and temporal distributions of the variable used for the adjustments - usually the
piezometric level - are not known well enough. This problem also influences the
possibility of making certain adjustments in this case, even though the number of
piezometric observations available is relatively large.

Several different distributions of transmissivities and leakage coefficients could
probably have led to an acceptable piezometric fit, due to the complexity of the modelled
system and the relatively small number of observations. Nevertheless, the adjusted model
presented probably represents the groundwater system comparatively well. This
conclusion can be drawn, as the results of the calculations for both the steady-state and
the transient situation for 1970 agree fairly well with the unusually large number of
piezometric observations undertaken in that year. Also the relatively good
correspondence between the transient results concerning the piezometric evolution 1840-
1988 and some ten records covering 50-100 years, support this conclusion.
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Groundwater flow modelling

The estimations and interpolations of the values of the many characteristics for each
mesh of the model have mainly been done somewhat subjectively and by hand in this
work. This task could at least partly have been solved in a simpler and more efficient
manner. For instance, a statistical treatment and correlation of existing data concerning
the characteristics being investigated and also related characteristics, which can influence
the values being sought, could be of interest. Among others Aboufirassi & Marino (1984)
and Ahmed & Marsily (1987) have shown how the geostatistical method kriging may be
used to estimate transmissivities from specific capacities. An attempt to apply a similar
technique to the data from the area being investigated here has not yet been concluded.

Furthermore, computerized interpolations between the data points could probably
have been used to a certain extent for the assignment of values to each mesh. However,
in southwestern Scania, as in most other places, the results of such operations have to be
checked, together with qualitative information from stratigraphic descriptions, drill-hole
logs, local hydrogeological experience etc.

Finally, if one assumes that the adjusted model represents the hydrogeological
characteristics of the investigation area relatively well, the model may also be used to
illustrate how the functioning of the groundwater system has changed from 1840 until
1988. At the beginning of this period there were almost no withdrawals from the main
aquifer, while its exploitation has been quite intensive in certain zones since about 1930.

The influence of the changes on the piezometry in certain wells has already been
discussed and presented in numerous figures. The corresponding changes in the total
water balance of the main aquifer derived from the model are shown in table 5.12 below.
The most striking feature of this table is that the total water flow through the system is
approximately tripled from 1900 to 1950. This is mainly due to the very large increase of
groundwater withdrawals, which have resulted in big piezometric drops. According to the
results of the model these drops have also led to a decrease in the groundwater outflow
to the sea.

The increasing outflows have only to a minor extent been met by increasing inflows
along the northeastern boundary (see table 5.12). Instead, the recharge to the main
aquifer has become much bigger in other areas. Unfortunately, results of the simulations
were not saved in such a way that makes it possible now to detect the exact positions of
these areas. However, piezometric maps and some results from single meshes make it
plausible that, since about 1930, the major recharge occurs in zones of big groundwater
withdrawals situated between the centre and the coasts (see below). Since 1950 the
magnitude of the different components in the water balance and also the piezometric
levels of the main groundwater reservoir seem to be comparatively stable.

Figures 5.24a-b present a selection of piezometric maps, which illustrate the results of
transient simulations for the period 1840-1988. The biggest changes seem to occur
between 1900 and 1950 and in places where the biggest changes in exploitation have
taken place. The piezometric levels of the main aquifer have been lowered very much in
the surroundings of the northwestern part of the Alnarp valley. Many wells supplying
municipal water-works are situated in this zone, for example the wells at Grevie managed
by the municipality of Malmö. The piezometric levels of the main aquifer have also been
lowered in the vicinity of the municipal wells at Vellinge, Höllviken and Trelleborg.
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Figure 524a: Piezometric maps of the main aquifer, illustrating the piezometric evolution
from a transient simulation with the adjusted model for the period 1840-
1988. The different maps show the results corresponding to the situations in
1840,1900,1920 and 1940. All piezometric values are given in metres above
sea-level.
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Figure 5.24b: Piezometric maps of the main aquifer, illustrating the piezometric evolution
from a transient simulation with the adjusted model for the period 1840-
1988. The different maps show the results corresponding to the situations in
1950,1970 and 1988. All piezometric values are given in metres above sea-
level.

139



Chapter 5

Components
of the water
balance

Limhamn
Klagshamn
To the sea
Wells

Outflows

NE boundary
Elsewhere

Inflows

1840

0.0
0.0
7.7
0.0

7.7

6.7
1.0

7.7

1900

0.3
0.8
7.3
2.7

11.1

6.9
4.0

10.9

1920

0.4
1.3
6.8
8.3

16.8

7.2
9.5

16.7

1940

0.6
1.3
6.0

18.3

26.2

7.5
18.7

26.2

1950

1.0
1.3
5.5

24.7

32.5

7.8
24.7

32.5

1970

1.2
0.3
5.4

26.8

33.7

7.9
25.8

33.7

1988

1.2
0.2
5.4

25.4

32.2

8.0
24.2

32.2

Table 5.12: Evolution of the magnitudes of the different components of the water
balance obtained by a transient model simulation for 1840-1988 with the
adjusted model. All figures are given in Mm3/year and they concern the main
aquifer. The total outflows do not always equal the total inflows due to the
rounding off of the figures.

According to the calculations with the adjusted model, the net recharge to the main
aquifer has almost always been less than 10 mm/year in large parts of the northern,
western and southern flat lowlands of the area of interest. However, in a very extensive
area around the Grevie wells, the net recharge was about 30 mm/year in 1970. The
results of the model in the vicinity of the wells with big withdrawals at Trelleborg,
Höllviken and Vellinge indicate a net infiltration into the main aquifer of about 40, 60
and 80 mm/year, respectively, in 1970. The corresponding, calculated values for meshes
along the northeastern limit are often higher than 100 mm/year.

The examples from the model simulations concerning the net recharge agree
relatively well with the quantitative estimations presented in chapter 3. The potential
recharge to the main aquifer has been estimated to be 60-100 mm/year, based on Danish
reports (Weijman-Hane et al, 1970, and Gustafsson & De Geer, 1977). However, it was
also stated that in reality the potential recharge has only been fully developed in certain
zones with intensive withdrawals from the main groundwater reservoir. Brinck, Leander
& Winqvist (1969) have judged 30-40 mm/year to be a realistic figure for the net
recharge to the main aquifer in the hummocky moraine region and in the
northwesternmost part of the Alnarp valley in about 1970.
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ISOTOPE TRANSPORT MODELLING

Solute transport through a porous medium is usually a more complex phenomenon than
the corresponding groundwater flow. Traditionally, advection (or convection), molecular
diffusion and kinematic dispersion are recognized as the three main mechanisms of
migration. This description is valid for the transport of substances that are not subject to
any changes, exchanges or reactions, that is, conservative substances. However, physical,
geochemical, radiological and biological mechanisms often influence the migration of
substances. General transport phenomena may be described by the following condensed
equation (see, e.g. Marsily, 1986):

div (D gfSa c - c V) = w(3c/3t) + Q (6.1)

where D = total dispersion coefficient or dispersivity tensor
c = concentration, as mass of solute per unit volume of solution
^ = Darcy velocity vector
w = porosity
t = time
Q = mass of the substance added or subtracted per unit volume of porous

medium and per unit time, due to chemical, biological, radiological or
other mechanisms

The porosity, w, is a fraction of the total porosity relevant for the solute transport
phenomena being investigated, as will be discussed in the section on effective porosities
below. The term Q is a "net source or sink term", which represents the result of all
mechanisms tending to invalidate the laws of mass balance during the transport.

The relative importance of the different components of the general transport
equation depends, among others things, on the nature of the substance being transported
and the nature of the medium through which the transport is taking place. When trying
to solve transport problems in a groundwater engineering context, it is often acceptable
to assume that one or a few of the components are negligible in comparison with the
others.

ADAPTATION OF A GROUNDWATER TRANSPORT MODEL

According to the objectives of this work and the conclusions of chapter 4 our interest will
be focussed on the transport of the radioactive isotopes tritium and carbon-14 through a
regional groundwater system. It is reasonable to assume that commonly occurring
concentrations of tritium and carbon-14 neither change the density of the groundwater,
nor modify the groundwater flow. Consequently, the flow equation and the transport
equation may be solved one after the other and not with full interaction between the two
phenomena.

In general, tritium is assumed not to be subject to any changes, exchanges, or
reactions during migration, other than radioactive decay. On the other hand, carbon-14 is
known to be influenced by several physical, geochemical, radiological and biological
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mechanisms. An attempt to correct the measured 14C concentrations for these effects has
been made in chapter 4. Thus, the term Q in equation 6.1 can be simplified to represent
pure radioactive decay in the following transport simulations.

Ala-Eddin & Magnusson (1991) have shown that in a hydrogeological environment
like the one of southwestern Scania, variations in the dispersivity have a relatively big
influence on solute transport on the local scale. However, the author's experience from
preliminary tests with the computer code METIS (Goblet, 1985) is that the sensitivity to
variations in the dispersivity is relatively small on a regional scale. Solute transport is
more sensitive to variations of such properties as hydraulic conductivity and porosity.
Dispersivities are likely to differ very much among the different geological materials in
the area of interest. Furthermore, dispersion coefficients are very difficult to measure or
estimate on a regional scale of tens of kilometres. This is particularly true when the time
span of interest covers more than 150 years and the groundwater flow pattern has
changed markedly during this period. As a consequence, omitting explicitly dispersion
from the transport equation will probably give a satisfactory representation of the
transport phenomena if our interest is focussed on the major characteristics and
behaviour of the regional hydrogeological system over the past century.

The simplifications mentioned will result in the following transport equation:

- div (c V) = w(dc/d\. + Ac) (6.2)

where c = concentration, as mass of solute per unit volume of solution
V = Darcy velocity vector
w = porosity
t = time
A = radioactive decay constant

According to this description, the transport of the dissolved substances will be in the
same direction and with the same velocity as the transport of the groundwater molecules,
that is, via advective transport. The isotopes will decrease by radioactive decay as they
are transported. It is necessary to make use of some numerical method to solve also this
simplified, partial differential, transport equation when taking the whole groundwater
system into consideration.

Making use of NEWSAM to model isotope transport

The computer code used for the groundwater flow calculations in chapter 5, may also be
used for transport simulations. In principle, the code calculates solute transport in
accordance with equation 6.2, approximated by finite differences. Ledoux (1986b) argues
that NEWSAM gives a satisfactory representation of transport phenomena if the
purpose is to study regional hydrogeological characteristics. In general, it does not
provide an accurate simulation of the solute concentrations at every point of an aquifer
system. Nevertheless, calculations with this computer code may help to gain an
understanding of the regional transport mechanisms. Of course, local models taking
equation 6.1 into full consideration can be set up as a function of the results from the
regional model.
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The groundwater flows between the different meshes of the modelled region are
calculated in the hydrodynamic part of NEWSAM (see chapter 5). The transport option
of the computer code makes use of the flows to calculate the advective transport over the
boundaries between the meshes. Assuming conservation of mass except for radioactive
decay, the average concentration of dissolved substance can be calculated for every
element by applying a mass balance. All assumptions and simplifications made in chapter
5 concern also these calculations, as the hydrodynamic flow is a basis for the transport
simulations.

Solving differential equations by means of numerical approximations always
introduces an error compared to the analytical solution. In this case the effect of the
error will be that the solute concentrations will be somewhat spread out instead of
showing an abrupt front according to the assumed advective transport mechanism. This
phenomenon is called numerical dispersion and will be more thoroughly discussed below.
In general, finite difference approximations of solute transport equations may cause a
relatively large numerical dispersion. Therefore, it should be emphasized once again that
the results presented in the following are to be regarded only as a first approximation of
the regional solute transport phenomena.

Subdivision into layers and discrete meshes

The subdivision used in chapter 5 has been extended to a somewhat more fully three-
dimensional representation in order to model the transport of isotopes through the
groundwater system being studied. By taking into account the thicknesses of the different
layers, the concentration of solute within every mesh can be calculated from information
on the porosity and the mass balance of the element. The surface areas and the
thicknesses of the different layers in the model are given in table 6.1 below.

The shallow reservoirs are represented by layer no. 1 of the model, in the same way as
in the previous chapter, while the almost impervious clayey tills and clay tills are now
modelled as 14 strata, no. 2 • IS, each 5 metres thick. They are of various sizes to take
into account the variable total thicknesses of the aquitards in southwestern Scania. The
bottom stratum, layer no. 16 of the model, represents the main aquifer. It is 30 metres
thick, which corresponds to the fissured, upper part of the limestone bed-rock and the
sandy sediments at the bottom of the Alnarp valley. The positions of some of the 16
layers are shown schematically in figure 6.1.

It must be emphasized that the model representation of the variable total thicknesses
of the aquitard layers is very much simplified and schematized. Only strata classified as
clay, clay till and clayey till from drill-hole records are taken into account, for the
determination of the above-mentioned number of layers. The transport through other
geological materials situated within and below these strata is assumed to occur
instantaneously compared to the transport times through the aquitard layers. This
assumption is strengthened by the results of more detailed, finite-element calculations
executed by Ala-Eddin & Magnusson (1991) for a similar environment. However, the
dilution effects on the isotope concentrations of vertical transport run the risk of being
under-estimated, as the volume of "old" groundwater remaining in the more coarse-
grained layers is neglected by the model.
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Layer no.

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16

Hydrogeological unit

Shallow aquifers
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Aquitard
Confined main aquifer

Area (km2)

1832
1832
1553
1351
1199
967
795
578
455
289
209
148
129
60
48

2252

Thickness (m)

10
5
5
5
5
5
5
5
5
5
5
5
5
5
5

30

Table 6.1: Surface areas and thicknesses of the different layers of the numerical
groundwater flow and transport model.

Shallow aquifers

Aquitard
layers

Main aquifer
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Shallow «qulf*f
Uywno.1

Aquitvd
Uywno.10

Figure 6.1: Schematic positions of the 16 layers of the numerical model of groundwater
flow and transport. The main features of the subdivision of some of the layers
into meshes of different size are also shown.
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The number of meshes of the different sizes for the various layers are given in table 6.2.
The spatial distribution of the information available on the hydrogeological properties of
the aquitards is similar to that of the uppermost aquifer layer. However, there are hardly
any observations of the piezometric conditions in the aquitards. Therefore, the same
sizes have simply been used for meshes situated in the corresponding positions in layers
no. 1 -15. There are no aquitard layers in the limestone quarries discussed in chapter 5.

Layer
no.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

Sum

Big
2x2 km2

237
237
194
149
116
81
62
42
36
17
11
10
8
8
7

408

1623

Medium
lxl km2

877
877
770
748
728
636
541
406
307
209
164
107
96
28
20
557

7071

Small
0.5x0.5 km2

28
28
28
28
28
28
24
16
16
12
4
4
4
0
0

245

493

Very small
0.25x0.25 km2

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
28

28

All
together

1142
1142
992
925
872
745
627
464
359
238
179
121
108
36
27

1238

9215

Table 62: Number of meshes of different size in the 16 layers of the numerical
groundwater flow and transport model.

Leakage coefficients are assigned to all meshes of layers no. 2 - 1 6 , regarding leakage
from or to the layer situated above. Their values have been chosen to give the same
leakage through the 14 aquitard layers as between the two aquifer layers used in chapter
5. Furthermore, the coefficients have been assumed to be equal in meshes overlying each
other. Thus, vertical variations in the leakage properties have not been modelled.
However, zones with relatively thin and/or permeable aquitardeous layers in the real
geological environment have been represented by few layers with big leakage coefficients
in the numerical model.

Boundary conditions and isotope input

Boundary conditions corresponding to those used in chapter 5 have been applied also in
this chapter. For instance, there is no groundwater flow crossing the lateral borders of
the 14 aquitard strata, as only vertical flow is allowed to take place through these layers.
In addition to the prescribed piezometric levels of the uppermost layer, also the isotopic
concentrations are prescribed when simulating transport.
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In most of the simulations to be presented in this chapter, the tritium concentrations in
the meshes of the uppermost layer have been fixed at 18 TU before 1952. As regards the
period after 1952, the tritium concentrations of the uppermost layer have been set equal
to the average concentrations in precipitation as estimated in chapter 4.

The carbon-14 concentrations in the meshes of the uppermost layer have been fixed at
100 pmc in most of the simulations. The enhanced 14C-concentrations in precipitation
after 1952, mentioned in chapter 4, have been taken into account in only one of the
transport simulations.

Tests with other prescribed tritium and carbon-14 concentrations in the uppermost
layer have also been made. The results of such simulations will be discussed below.

There are several very rough approximations associated with the model
representation of the isotope input into the groundwater system studied. First, the pores
of the uppermost layer are assumed to be filled with groundwater having a tritium
concentration equal to the average in the precipitation of the year in question. The same
approximation is used also for one of the carbon-14 simulations. As discussed in chapter
5, the annual vertical groundwater recharge into the model does not follow the real
variations for the amounts of precipitation and infiltration. Consequently, the total
content of isotopes in layer no. 1 will generally be over-estimated for years of small
amounts of precipitation containing high isotope concentrations. However, this quantity
of isotopes will usually not influence the deep layers of the model. If the isotope
concentration is substantially lower in the precipitation of the subsequent year, a large
fraction of the isotopes introduced the previous year will be removed from the
uppermost layer of the model. Also when the isotope concentration in layer no. 1 is high,
only a small amount will normally have left this layer after one year, as the downward
transport of isotopes is relatively slow in the groundwater system studied.

Another approximation related to the vertical isotope input in the model is due to the
thickness of the different horizontal layers. As mentioned above, the concentration is
assumed to be the same in the entire volume of an element. Typically, the isotope
concentrations will decrease substantially during transport due to radioactive decay in
combination with slow migration. Therefore, high concentrations in one mesh are to be
diluted by transport to another mesh, which initially has a low content of isotopes. When
a small volume of water with a high concentration of isotopes from the first element is
transported to the second, adjacent element the new mean concentration of the second
element will not be very much enhanced. A more detailed study of vertical isotope
migration would require a much finer subdivision of the groundwater system of interest.
This approximation, as well as the one described above, influences the calculated tritium
concentrations more than the 14C concentrations.

Simulation scheme and calibration

The simulations of isotope transport in the aquifer system of interest have been done
under more or less identical conditions as were applied in the groundwater flow
simulations described in chapter 5. First, a situation corresponding to long-term steady-
state conditions in 1840 has been estimated. The steady-state calculations have been
initialized with zero-concentrations of isotopes in all meshes except for those of the
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uppermost layer. From the resulting situation the changes until 1988 have been simulated
by transient calculations. After 1952 the prescribed isotopic concentrations in the
uppermost layer have been changed annually, at least as regards tritium.

In general, the "adjusted" property set presented in chapter 5 has been used and the
storage coefficients of the main aquifer have been set equal to 5 104. An initial time-
step of 168 hours has been found to give a satisfactory convergence of the non-stationary
numerical simulations. Also here the time-step has been increased progressively by the
square root of two in the calculations for each period - normally a year.

It is unfortunately not possible to calibrate the isotope transport model in a proper
sense, as the number of measurements is too small in relation to the size of the
investigated area. Furthermore, the concentrations observed in sampling wells often
represent mixtures of groundwaters from different depths and with different average
circulation times, while the calculated concentrations correspond to the average in an
element of the model at a certain level. Occasionally, the measured isotope contents may
represent a smaller portion of the groundwater reservoir than the calculated mean value
for an entire element. As mentioned at the end of the previous section, peak
concentrations will be smoothed out during the vertical transport due to the relatively
rough subdivision into layers. In spite of these difficulties, a large number of simulations
with various property sets has been undertaken in order to check the sensitivity of the
model results to such variations.

The majority of the isotope transport simulations have been devoted to checking the
influence on the results of the porosity values concerning the aquitard and aquifer layers.
Moreover, sensitivity tests similar to those of chapter 5, treating variations in
transmissivities, leakage coefficients, storage coefficients and other characteristics have
also been carried out. The results of these simulations as regards tritium are presented
below. Finally, simulations of tritium and carbon-14 transport have been executed with
variations in the prescribed values of the uppermost layer.

RESULTS AND DISCUSSION

Numerical dispersion

In general, finite differences are not judged to be very well suited to solving the transport
equation, apart from very simple one-dimensional problems, mainly because of the
errors originating from the approximate representation of the differential transport
equation by finite differences. If a second-order, uncentred approximation is used for the
first-order derivatives of equation 6.2, the associated errors will be of the second order
and correspond to a dispersion phenomenon. Consequently, a "numerical dispersion" is
added erroneously due to the numerical approximation of the mathematical description
(see, e.g. Goblet, 1981, and Marsily, 1986).

If errors of the third order and higher are assumed to be negligible, it is often possible
to estimate and correct for the influence of the numerical dispersion. However, such
corrections would be rather complex and time-consuming in our case, as they should be
executed for all meshes every time the groundwater velocity and the time step are
changed. It is, of course, possible to estimate the effects of the numerical dispersion in a
few selected meshes.
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It was stated earlier that hydrodynamic dispersion is of minor importance as regards the
main objectives of this investigation. Therefore, the model used does not in principle
take hydrodynamic dispersion into account. However, this phenomenon may be
represented by the numerical dispersion, if the mesh sizes and time steps are chosen so
that the order of magnitude of this dispersion is correct.

The maximal effects of the numerical dispersion have been roughly estimated in some
meshes of the groundwater flow and transport model. According to these calculations the
numerical dispersion corresponds to a longitudinal dispersivity in the main aquifer of
about 75-125 metres in zones with the smallest mesh size. The dispersion increases with
mesh size and the corresponding longitudinal dispersivity would be about 1000 metres for
the biggest meshes. As concerns the vertical transport through the aquitards, the effects
of the numerical dispersion would be equivalent to a longitudinal dispersivity of less than
3 metres.

Compared to the values quoted by, for instance, Freeze & Cherry (1979) and Marsily
(1986) these longitudinal dispersivities have reasonable orders of magnitude in the small
meshes and the aquitard layers. In the big meshes the numerical dispersion seems to
cause a dispersion corresponding to unreasonably big dispersivities. Consequently, the
numerical dispersion effects probably do not distort the isotope transport simulations
seriously, except in the big meshes of the main aquifer. In these zones, the results of the
model will tend to show a horizontal transport of substances, which is both too rapid and
too large.

Effective porosities

When simulating isotope concentrations in accordance with equation 6.2, only the
porosity and the radioactive decay constant will be additional input properties compared
to the groundwater flow simulations. The latter is in general determined satisfactorily
(see chapter 4). On the other hand, the porosity values of interest as regards isotope
transport are usually much more difficult to determine.

Most porosity measurements concern the total porosity. However, it is the kinematic
porosity which is often judged to be the most adequate for solute transport.
Unfortunately, it is more complicated to determine this porosity. For instance, it is
plausible that the kinematic porosity varies with the hydraulic gradient. If the contact
between the kinematic porosity and the rest of the total porosity is very poor, the
following transport equation can be used (cf. Marsily, 1986):

- div (c V) = u>c (3c/3t + Ac) + (w - u>c)(dc'/dt + Ac') (6.3)

where c = concentration in the mobile water, as mass of solute per unit volume of
solution

c' = concentration in the immobile water, as mass of solute per unit volume
_̂  of solution
V = Darcy velocity vector
wc = kinematic porosity
u = total porosity
t = time
A = radioactive decay constant
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However, if c comes into equilibrium with c' immediately, they will be equal. Then the
formula can be written as in equation 6.2 but with porosity referring to the total porosity.
Consequently, if the equilibration is rapid, compared to our time step, on the order of a
year, the "activated" porosity will probably be very close to the total porosity.

In principle, there is a big difference between the total porosity and what is usually
assessed as the kinematic porosity of clay till. The groundwater flow crosses this material
relatively slowly. Thus, there will probably be time for equilibration between the truly
mobile water and those water molecules, which are, for instance, fixed to the surfaces of
geological material or are stagnant in dead-end pores. Consequently, a much bigger
fraction of the porosity than the strictly kinematic one will probably be "effective" in the
migration of substances. This latter porosity value is believed to be the one which is most
reasonable for use in simulations of isotope transport.

On the whole, this discussion shows that it is very difficult to assign porosity values to
the meshes of the transport model. Therefore, the sensitivity of the model to variations
in the porosity has been investigated. Due to the lack of detailed information and also for
simplicity, the porosities have been assumed to be uniform within both the aquitards and
the main aquifer. Values within a comparatively wide interval have been tested in the
simulations of isotope transport in the area of interest (see table 6.3). However,
according to the statements above and to the data presented in the section concerning
porosities and storage coefficients in chapter 3, effective porosities of about 20-30% and
15-25% seem to be reasonable in the clay till and in the main aquifer, respectively.
Furthermore, Markussen et al. (1991) have used values within these intervals with
reasonable results, when modelling tritium transport in a similar hydrogeological
environment in Copenhagen.

POROSITY

in the main aquifer

0.05

0.15

0.20

0.30

in the layers of clay till

0.15

X

0.30

X

X

0.40

X

0.50

X

X

X

X

Table 63: Porosities used in the simulations of isotope transport. Squares marked by an
X mean that the corresponding porosities have been used for tritium and
carbon-14 simulations.

The isotopic measurements, accounted for in chapter 4, are too few to permit a proper
calibration of the numerical calculations. As mentioned earlier, the calculated and the
observed isotope values for a certain point in the main aquifer may reflect the average of
different groundwater volumes. Furthermore, the calculated tritium contents are close to
0 TU and the calculated carbon-14 contents are between 80 and 100 pmc at almost all
sampling points. Therefore, plots of the calculated isotope values against the observed
ones give very little information (see Barmen, 1990).
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Due to these difficulties, the results of the transport model will be presented mainly as
maps of the calculated tritium and carbon-14 distributions in the main aquifer for the
selected years. The corresponding, observed values will also be shown for general
comparison. Therefore, the maps will in general concern the years around 1971 and 1988,
when the isotope measurements were comparatively frequent. The maps will serve
mainly for the study of the influence of variations of the different properties on the
results of the model simulations.

In figures 6.2 and 6.3 the results from tritium simulations with three porosity sets are
shown. Even if the results of the calculations with the other porosity sets in table 6.3 had
been presented, the conclusions of this section would have been the same. The selected
porosity sets are among the most plausible ones, according to the discussion above.

TRITIUM CONTENTS
CALCULATED

Wi >10 TU

S 3-10 TU

D <3 TU

OBSERVED

.4 contents In TU

<2TU

Figure 62a: Calculated and observed tritium contents in the main aquifer corresponding
to the situation in about 1971. The effective porosities in the calculations are
30% in the clay till and 15% in the main aquifer.
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The general patterns are very similar in the tritium distributions presented in figures
6.2a-c. Both the calculated and the measured values are enhanced in certain zones along
the coasts and along the northeastern boundary, where the aquitard layers are thin. The
tritium values are also relatively high here and there in the central areas. However, in the
latter case the positions of the high, measured and of the high, calculated concentrations,
do not correspond very well. The majority of both the measured and calculated values
are much lower than 2 TU. Due to these features, the figures do not make it possible to
determine which of the sets of effective porosities used, best correspond to reality.

However, there are also some clear differences between the results presented in
figures 6.2a-c. When any of the effective porosities is increased, the zones with enhanced,
calculated tritium contents in the main aquifer become smaller and less numerous.

TRITIUM CONTENTS
CALCULATED

B >1O TU

S 3-10 TU

• «3 TU

OBSERVED

.4 contents In TU

«2TU

Figure 6.2b: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1971. The effective porosities in the calculations are
30% in the clay till and 30% in the main aquifer.
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Figure 62c: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1971. The effective porosities in the calculations are
50% in the clay till and 30% in the main aquifer.
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TRITIUM CONTENTS

CALCULATED

M >10 TU

S 3-10 TU

D «3 TU

OBSERVED

.4 conttnt» In TU

Figure 63a: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities in the calculations are
30% in the clay till and 15% in the main aquifer.

The general patterns in figures 6.3a-c are very similar to those in figures 6.2a-c. However,
the zones with enhanced, calculated tritium contents in the main aquifer have become
larger and more numerous in 1988. The smaller the porosities are, the stronger this
tendency is.

Although there is a relatively big difference between figures 6.3a and 6.3c, it is
difficult to determine which of the porosity sets applied in the simulation result in the
best correspondence with observations. The main reason for this problem is that there
are hardly any measured tritium values in the central areas with enhanced, calculated
concentrations. The measured and calculated tritium contents correspond relatively well
along the coasts and the northeastern boundary for almost all porosity values.
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TRITIUM CONTENTS
CALCULATED

M >10 TU

S 3-1OTU

D <3 TU

OBSERVED

.4 content* In TU

+ <2 TU

Figure 63b. Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities in the calculations are
30% in the clay till and 30% in the main aquifer.

Furthermore, results from simulations with other sets of properties make it likely that
effective porosities of 30% in the clay till and 15% in the main aquifer are the smallest
ones which would result in relatively reasonable simulated tritium concentrations.

It would be of value to study the calculated, vertical distributions of the tritium, for an
understanding of the simulated transport situations around the zones with enhanced
tritium in figures 6.2 and 6.3. Unfortunately, results of this kind have been saved only for
a relatively small number of the meshes and there are almost no measurements available
for comparisons with these sections.

Some of the calculated vertical distributions are presented in figures 6.4-6.6 to further
examine the influence of the porosities on the results of the simulations. Calculated,
vertical distributions are available for the years 1964, 1971, 1982 and 1988, but only the
latter ones are treated, because the differences in the results from simulations with
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different porosity sets become more distinct with the duration of the groundwater
exploitation.

The quasi-three-dimensional representation of the advective transport phenomena
used implies that tritium will migrate vertically through the aquitards and horizontally in
the main aquifer. Due to the piezometric situation of today within this groundwater
system, the tritium transport is usually directed downwards and towards the coast.

TRITIUM CONTENTS

CALCULATED

H >10TU

S 3-.10 TU

• «3 TU

OBSERVED

.4 content» In TU

+ <2 TU

Figure 6.3c: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities in the calculations are
50% in the clay till and 30% in the main aquifer.
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Figure 6.4: Map showing the positions of the calculated vertical isotope distributions
presented in the figures 6.5, 6.6 and 6.8.
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Figure 6.5: Calculated vertical distributions of the tritium contents in the different layers
of the model around 1988. The profiles concern meshes situated in the
northeastern part of the area of investigation (see figure 6.4). The effective
porosities of the clay till and the main aquifer are taken to be a) 30% and
15%, b) 30% and 30%, and c) 50% and 30%, respectively.
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In general, the transport situation is the same as in the profiles of figure 6.5.
Groundwater with a high content of tritium infiltrates rapidly at Stenberget at the
northeastern border of the investigation area. Thus the concentrations become high in
the main aquifer here. The contents of tritium are transported towards the Alnarp valley
in accordance with the piezometric observations presented in figure 3.17. In profile Ag.6-
6, the relatively high tritium concentrations of the main aquifer are due to horizontal
inflow from meshes at the northeastern border. The vertical migration of tritium is
probably very slow at this point, and as a result of radioactive decay, there is practically
no tritium in the aquitard layers of the profile.

At Ag.6-4, situated about 6 kilometres from the northeastern border, there is no
tritium in the main aquifer in any of the three grades of porosity presented in figure 6.5.
As at the previous location, the tritium seems to disappear during its slow downward
transport due to radioactive decay. Moreover, the tritium transported horizontally
through the main aquifer has also disappeared at this distance from the border due to
radioactive decay.

In the three profiles situated in the Alnarp valley, Hvilan, Grevie 20 and Grevie 9, the
vertical flow through the thick aquitard layers is probably very slow. Consequently, the
tritium has disappeared less than half-way down in these layers due to radioactive decay.
In spite of the fact that there is no influx of horizontally-transported tritium from the
northeastern border at this distance from the boundary, the simulated tritium contents in
the main aquifer at Grevie 20 and 9 are relatively high.

The reason for this is probably indicated in figures 6.2 and 6.3, namely, that there is a
tritium fan in the main aquifer immediately south of the Grevie zone of wells. The
simulated tritium contents originate from a vertical inflow through the relatively thin and
partially even nonexistent impermeable layers at Bara-Klågerup. The tritium is then
transported horizontally through the bottom layer and, according to the simulation
results, the front edge of the fan was situated approximately in the Grevie zone around
1988. The simulated tritium fan did not reach Hvilan, situated about 5 km further to the
northwest, which explains the zero concentrations in figure 6.5. However, as can be seen
in figure 6.3, all measured tritium concentrations in the Grevie wells are less than 2 TU.
The analysis of the additional samples taken in 1991 gave concentrations of less than 1
TU. Consequently, in this particular case effective porosities of 50% in the clay till and of
30% in the main aquifer seem to be reasonable, provided that the estimates of the other
properties of the model are realistic.

The tritium concentrations of the bottom aquitard layer in Grevie 9 in figures 6.5a
and b are also slightly enhanced. There is no entirely obvious explanation for this, but it
may at least partly be due to fluctuations in the upward/downward direction of vertical
groundwater flow.

The directions in which the tritium migrates vertically vary between the profiles of
figure 6.6. The migration has also been alternating between an upward and a downward
direction during the past century. The high tritium contents in the bottom layer of profile
Ag.6-10 are due to inflow from adjacent zones where the aquitardeous layers are almost
absent. This tritium is spread horizontally in the main aquifer towards the coast. To a
certain extent it is also spread upwards in profile Ag.6-10, as the hydraulic gradient is
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sometimes directed upwards and sometimes downwards, depending on the groundwater
exploitation in this zone. The tritium in the aquitard layers may therefore originate from
the top layer as well as from the bottom layer in this particular case.

Svar 1:10 V. Klagstorp 1 V. Klagstorp 2 Ag.6-10
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Figure 6.6: Calculated vertical distributions of the tritium contents in the different layers
of the model around 1988. The profiles concern meshes situated in the
southwestern pan of the area of investigation (see figure 6.4). The effective
porosities of the clay till and the main aquifer are taken to be a) 30% and
15%, b) 30% and 30%, and c) 50% and 30%, respectively.

Groundwater flow and tritium transport have usually been directed downwards in the
profiles V Klagstorp 1 and 2. The contents in the aquitards are therefore almost only
affected by vertical transport downwards. The isotope concentrations of the bottom layer
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are probably due to a combination of inflow from above and horizontal inflow from the
zones around Ag.6-10.

In profile SVAR 1:10 the groundwater flow has most likely always been directed
upwards during the period treated by the transport simulations. The tritium
concentration in the main aquifer layer does therefore have its origin in horizontal inflow
from adjacent meshes. When the effective porosities are relatively small the contents of
tritium in the bottom layer of the aquitard are also enhanced by upward transport from
the bottom aquifer layer (see the figures 6.6a and b).

Finally, it is clear from figures 6.5 and 6.6 that the tritium concentrations in general
are higher when the effective porosities are small, due to more rapid transport from the
surface and smaller quantities of groundwater in the different layers which could dilute
the concentrations. Furthermore, there are hardly any differences between the tritium
contents in the aquitard layers in figures 6.5a-b and 6.6a-b, though the porosity of the
main aquifer is doubled. However, as the contents within the main aquifer vary, the
contents in the aquitard layers influenced by upward tritium transport are affected.

Similar conclusions can be drawn from the results of simulations for the transport of
carbon-14 with varying effective porosities. Both calculated and measured isotope
concentrations are enhanced in certain zones along the coasts and along the northeastern
boundary. Increased effective porosities in the numerical model imply that the areas of
the zones with high isotope concentrations in the main aquifer decrease.

The differences between figures 6.7a-c, concerning I4C, are somewhat bigger than
those between figures 6.3a-c, which refer to tritium. Although there is a comparatively
big difference between figures 6.7a and 6.7c, it is difficult to determine which of the
porosity sets used in the simulation result in the best agreement with observations. The
main reason for this problem is once again the small number of measured isotope
concentrations. In particular, there are hardly any measured 14C values in the large areas
southwest of the Alnarp valley with enhanced, calculated activities. These peculiarly high
concentrations may at least partly be due to an overestimation of the leakage coefficients
and/or transmissivities in the numerical model.

On the other hand, the measured contents of I4C in the central part of the Alnarp
valley are much lower than any of the calculated values. Here it should be repeated that
the measured activities have been corrected for various dilution effects, as described in
chapter 4. These figures may thus be unreliable, especially the very low ones. The reason
for the discrepancy may also be that the leakage coefficients and/or transmissivities are
overestimated in this area.

There are very small differences between the simulation results concerning 14C
activities in 1840 and in 1988. Hence, the differences in the figures 6.7a-c have their
origin in a flow and transport situation before any exploitation of the main reservoir had
started in southwestern Scania. In other words, the low isotope concentrations in large
areas probably do not reflect the present circulation times in this groundwater system.

It is also valuable to study the calculated, vertical distributions of carbon-14 in order
to understand the simulated transport situations in figure 6.7. Results of this kind have
been saved for only a relatively small number of the meshes and they are for 1988. There
are no measurements available for comparisons with these profiles.
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CARBON-14 CONTENTS
CALCULATED

S >99 pmc
§ 96-99 pmc
S 90-96 pmc
B 80-90 pmc
EH < 80 pmc

OBSERVED
.85 content» in pmc

Figure 6.7a: Calculated and observed carbon-14 contents in the main aquifer,
corresponding to the situation in about 1988. The effective porosities in the
calculations are 30% in the clay till and 15% in the main aquifer.

An examination of figures 6.8 and 6.5, leads in general to the same conclusions. However,
the longer half-life of 14C compared to tritium also helps to gain more detailed
information from the isotope transport modelling. Groundwater with a high content of
carbon-14 infiltrates rapidly at Stenberget at the northeastern border of the investigation
area, leading to high concentrations in the main aquifer there. The I4C is transported
towards the Alnarp valley in accordance with the piezometric observations presented in
figure 3.17. In profile Ag.6-6, the relatively high concentrations in the main aquifer are
most likely due to horizontal inflow from meshes at the northeastern border. The vertical
migration of 14C is, or at least has been, directed upwards at this point. The
concentrations in the aquitard layers are relatively high, reflecting comparatively rapid
moveu.snts, contrary of what was expected from the tritium results in figure 6.5. Based
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on the simulation results, the average transport times through the section can be
estimated to be a few hundred years.

CARBON -14 CONTENTS
CALCULATED

US > 99 pmc

O 96-99 pmc

S 90-86 pmc

Q 80-90 pmc

• < 80 pmc
OBSERVED
.85 contents in pmc

Figure 6.7b: Calculated and observed carbon-14 contents in the main aquifer,
corresponding to the situation in about 1988. The effective porosities used in
the calculations are 30% in the clay till and 30% in the main aquifer.

At Ag.6-4, situated about 6 kilometres from the northeastern border, the carbon-14
conditions are very similar to the previous profile. The relatively high concentrations in
the main aquifer are also here most likely due to horizontal inflow from meshes at the
northeastern border. The vertical migration of 14C was probably directed upwards before
the main aquifer was exploited. The concentrations in the aquitard layers are smaller
than in the previous profiles but still relatively high. They are almost equal at all depths,
reflecting comparatively rapid vertical movements also here.

The two profiles Grevie 20 and Grevie 9 are situated in the Alnarp valley. The vertical
flow through the thick aquitard layers is probably not as slow here as was expected from
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figure 6.5. As the lowest carbon-14 activities are often found in layer no. 3, the direction
of the vertical flow through the aquitards has probably fluctuated between upward and
downward as a function of the groundwater withdrawals. The simulated 14C contents in
the main aquifer are high, at least at Grevie 9.

CARBON-14 CONTENTS
CALCULATED

S > 99 pmc
t=3 96 • 99 pmc

S 90-96 pmc

Q 80-90 pmc

• <80 pmc
OBSERVED
.85 content! In pmc

Figure 6.7c: Calculated and observed carbon-14 contents in the main aquifer,
corresponding to the situation in about 1988. The effective porosities used in
the calculations are 50% in the clay till and 30% in the main aquifer.

The reason for this is probably related to vertical inflow which is unhindered by, or goes
through only very thin impervious layers at Bara-Klågerup, as described on page 159. A
comparatively rapid horizontal transport, within the main groundwater reservoir from
the- recharge area towards Grevie explains the big values at Grevie 9. The simulated
carbon-14 fan does not seem to have influenced Grevie 20 very much yet, and it has not
reached Hvilan, situated about 5 km further to the northwest. However, the carbon-14
contents of the main aquifer at Hvilan probably arrive in the horizontal transport from
recharge zones at greater distances from the coast.
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Figure 6.8: Calculated vertical distributions of the carbon-14 in the different layers of the
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Transport through the main aquifer from the northeastern boundary may also have an
influence. No 14C seems to reach the bottom layer by vertical downward transport at
Hvilan. The activity is almost zero in the deepest aquitard layer, reflecting very slow
downward groundwater movements. This is probably due to small and stable piezometric
differences over the aquitard layers in this zone.

Transmissivities and leakage coefficients

A set of transport simulations has been run to study the effect of different values of
transmissivities and leakage coefficients. The same property sets as those used in chapter
5 have been applied. This means that the hydraulic heads are usually not calibrated.
Consequently, the isotopic results have to be interpreted with this remark in mind.

Furthermore, the calculations have been done with the effective porosities fixed at
50% in the clay till layers and at 30% in the main aquifer layer. These values are close to
the upper limit for the total porosity usually estimated to be reasonable for the geological
materials in question. However, the results from simulations of tritium and carbon-14
concentrations indicate that the high porosities give somewhat more plausible isotope
distributions. For instance, the central areas with particularly high, calculated
concentrations for 1988 become smaller. In this section only two selected simulations of
tritium transport will be discussed.

The effects of enhanced transmissivities are shown in figure 6.9. The simulated tritium
concentrations are higher than in figure 6.3c almost everywhere except in the zones south
of Grevie and along the southwesternmost coast. The major reason for this distribution
within the main groundwater reservoir is most likely that tritium is spread out more
rapidly from the principal recharge zones, due to the increased transmissivities. The
differences between figure 6.3c and 6.9 can also be caused in part by different
piezometric situations. In the case with high transmissivities, the piezometric levels
within the main aquifer are relatively high close to the coasts and relatively low in the
central zones and at the northeastern border. Therefore, the infiltration of tritium-rich
water from the uppermost layer of the model will be enhanced in figure 6.9 in areas with
high altitudes such as the northeastern boundary and certain central zones (cf. table 5.1).
On the other hand, the corresponding infiltration will be reduced in many zones with big
withdrawals or low ground-levels, as at Grevie and the southwesternmost coast.
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Figure 6.9: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities in the calculations are
50% in the clay till and 30% in the main aquifer. Property set no. 1 of table
5.6 with 2x T have been used

The effects of reduced leakage coefficients on the results of the isotope transport
simulations are shown in figure 6.10. The simulated tritium concentrations are slightly
smaller than in figure 6.3c almost everywhere. According to chapter 5, the piezometry of
the main aquifer is decreased a little due to a reduced infiltration from the top layers,
when the leakage coefficients are small. This reduced infiltration of tritium-rich water
from the uppermost layer of the model can probably explain the reduced tritium
concentrations of figure 6.10.

167



Chapter 6

t \</\\\
0 10 km
r i . . . . 1 /

/

\ å
> ?< r< n\ \\

\y^-

\
\

\

| \ \

Q N

\ % s

> JV'
J^ \

\ §

\ »13

TT^P »2

wv

1

+

\

TRITIUM CONTENTS
CALCULATED

M >10 TU

@ 3-10 TU

D «3 TU

OBSERVED

. 4 content» In TU

i . + «2 TU

Ik
Ik

• V \ \

^ \ v. *w • ?

Figure 6.10: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities used in the
calculations are 50% in the clay till and 30% in the main aquifer. Property
set no. 3 of table 5.6 with 0.5 xLC has been used

Nevertheless, the differences between figure 6.3c and 6.10 are relatively small. This is of
particular interest as regards the centra] zones southeast of Malmö with enhanced,
calculated tritium concentrations, which have not been verified by observations. If these
features are to be explained only by overestimations of the leakage coefficients, these
estimates must be more than twice too big.

In the figures presented in this section the majority of the calculated tritium
concentrations in the main aquifer is very low, less than 2 TU, which corresponds fairly
well with the values obtained from the comparatively small number of observations.
Thus, it is difficult to judge which property set gives the best results, but it is evident that
the results of simulations of tritium transport are sensitive to changes in transmissivities
to a great extent and to changes in leakage coefficients to a somewhat smaller extent.
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The numerical model used does not represent a fully three-dimensional groundwater
system. However, changes in the transmissivities and hydraulic gradients within the main
aquifer seem to have a bigger influence on the results of tritium simulations than changes
in the leakage coefficients and vertical hydraulic gradients over the aquitard layers.

Storage coefficients and other characteristics

In this section, as in the previous one, the calculations have been done with the • ffective
porosities fixed at 50% in the clay till layers and 30% in the main aquifer layer and only
transport simulations on tritium have been carried out.

It was shown in chapter 5 that the results of the groundwater flow model were fairly
insensitive to changes in the storage coefficients in the area studied. Tritium simulations
with various storage coefficients lead to the same conclusion as regards the isotope
transport model. As the results are almost identical, they will not be presented here.

Furthermore, the sensitivity to changes in other characteristics has been tested by
using the different property sets presented in table 5.9, that is, the sensitivity of the
model to variations in the boundary conditions and the groundwater extraction is tested.
As the results from these simulations lead to similar conclusions only two of them will be
presented here.

The influence on the simulated tritium concentrations of raising the prescribed
piezometry of the uppermost layer by 5 m can be seen in figure 6.11. The calculated
tritium concentrations are very similar to those of figure 6.3c almost everywhere.
However, the piezometric levels in the main aquifer are quite different in these two cases
(see figure 5.15, p. 123). Consequently, the vertical hydraulic gradients over the aquitard
layers are bigger in the situation represented by figure 6.11 than in the one of figure 6.3c.
Table 5.10 (p. 127) states that also the infiltration is bigger in the case of figure 6.11.
Therefore it is somewhat astonishing to find that the tritium contents are not very much
enhanced.

The reason for this must be that outside the zones with enhanced tritium contents
(figure 6.3c) the leakage coefficients are small, which make the vertical tritium transport
very slow. In spite of the increased vertical hydraulic gradients and infiltration in the case
shown in figure 6.11, the tritium disappears by radioactive decay probably before it
reaches the main aquifer. As regards the situation represented by figure 6.9 discussed
earlier, it is probable that the various sizes and situations of zones with enhanced tritium
contents in the main aquifer are mainly the result of changes in the horizontal tritium
transport conditions. The transmissivities and the horizontal hydraulic gradients within
the main aquifer are very different in figures 6.3c and 6.9, while they are similar in
figures 6.3c and 6.11.

These findings support the earlier general conclusion as concerns the simulated
tritium transport situation. The infiltration of tritium-rich water from the superficial
layers occurs only at a few, relatively small zones with big leakage coefficients and where
the vertical hydraulic gradients are directed downwards. The major distribution of
tritium in the main aquifer is due to horizontal transport from these preferred recharge
zones. The horizontal flow and transport is comparatively rapid when the piezometric
gradients and the transmissivities are big.
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Figure 6.11: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities used in the
calculations are 50% in the clay till and 30% in the main aquifer. Property
set no. 2 of table 5.9 with the prescribed piezometry of the uppermost layer
raised by 5 m has been used.

The prescribed piezometry of the uppermost layer has been lowered by about 15-20 m
along the northeastern boundary in figure 6.12. The calculated tritium concentrations are
very similar to those of figure 6.3c everywhere, except at the border of interest. Here, the
tritium contents are considerably smaller in figure 6.12 than in figure 6.3c. According to
the description of this case in chapter 5, the piezometric levels in the main aquifer, as
well as the infiltration and the horizontal hydraulic gradients, are decreased along the
northeastern boundary. These changes also reduce the tritium transport, but only in the
neighbourhood of the border.
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Figure 6.12: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities used in the
calculations are 50% in the clay till and 30% in the main aquifer. Property
set no. 3 of table 5.9 with the prescribed piezometry lowered by about 15-20
m along the northeastern boundary has been used.

Various tritium and carbon-14 inputs

So far, the tritium concentrations in the meshes of the uppermost layer have been fixed
at 18 TU before 1952. In the years after 1952, they have been set equal to the annual
average concentrations in the precipitation. The carbon-14 concentrations in the meshes
of the uppermost layer have been fixed at 100 pmc for the entire simulation period.
However, a few test simulations with other isotope inputs have also been carried out, as
mentioned earlier.

Among others, Saxena (1990) claims that the average tritium contents in precipitation
over southern Sweden was probably much less than 18 TU before 1952. Thus, a test with
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the tritium concentrations in the meshes of the uppermost layer fixed at 10 TU before
1952 has been carried out, resulting in slightly lower calculated steady-state
concentrations in the main aquifer in 1840. The small difference is maintained during the
first half of this century. However, in the model results for 1971 and 1988, there are
hardly any differences between the two sets of tritium input. The high tritium inputs after
1952 due to "bomb" tritium probably mask the difference noted earlier.

The quantities of tritium in the uppermost layer might be somewhat overestimated in
the model. Therefore, a test simulation was made with reduced tritium concentrations in
the uppermost layer after 1952 in conjunction with a reduction to 10 TU before that year.
The tritium input concentrations have been fixed at values corresponding to only half the
weighted annual average in the precipitation (see chapter 4, pp. 73-74). The results of a
tritium transport simulation with these values are presented in figure 6.13. A comparison
between figures 6.3c and 6.13 shows that the calculated tritium contents of the main
aquifer in 1988 are much smaller in the latter case. This is to be expected, as the total
input of tritium into the modelled groundwater system has been reduced substantially.

Moreover, a test with the same reduced tritium values after 1952, but with 18 TU in
the uppermost layer before 1952, has also been run. The result is nearly identical to the
one presented in figure 6.13. Consequently, even the lower tritium inputs after 1952 are
big enough to mask very efficiently any differences noted earlier.

A variation of the prescribed J4C concentrations of the uppermost layer in accordance
with figure 4.16, p. 82, to take into account the effects of nuclear weapon tests has little
effect on the resulting, simulated carbon-14 concentrations of the main aquifer in 1988.
Zones with high I4C concentrations in figure 6.7 get even higher values, while elsewhere
the differences are small.

On the other hand, a reduction of the prescribed carbon-14 activity of the uppermost
layer to 90 pmc reduces also the resulting, simulated concentrations within the main
groundwater reservoir by about 10 pmc. The latter feature underlines the importance of
the difficulty in estimating the 14C contents of the recharging water after all types of
dilution mechanisms and processes.
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Figure 6.13: Calculated and observed tritium contents in the main aquifer, corresponding
to the situation in about 1988. The effective porosities used in the
calculations are 50% in the clay till and 30% in the main aquifer. The
tritium concentrations in the uppermost layer are fixed at 10 TU for the
period 1840-1952. During the following years, 1953-1988, they are set equal
to half the average annual concentrations in the precipitation.

CONCLUSIONS AND GENERAL RESULTS

There are two general difficulties in trying to evaluate the results of the isotope transport
simulations presented in this chapter. First, the number of observations on isotope
concentrations is small in relation to the three-dimensional extension of the groundwater
system of southwestern Scania. Second, the calculated concentrations are similar in large
parts of the area of investigation. This is true in particular as regards tritium, but also to
some extent for carbon-14. For instance, most of the calculated tritium concentrations in
the main aquifer are less than 2 TU. Also a majority of the measured concentrations
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show this order of magnitude. Therefore, it is possible to judge to what extent the tritium
simulations are sensitive to changes in various properties and conditions, but it is not
possible to determine which set of properties agrees best with the observations. The
situation is similar as concerns carbon-14. The calculated 14C concentrations, which
correspond to sampling points in the main aquifer, are usually between 80 and 100 pmc.
An additional difficulty in this case is that the measured 14C-values have to undergo a
substantial correction before comparisons with the simulation results are made.

The major conclusions concerning to what extent the isotope simulations are sensitive
to changes in various properties and conditions are described in the following.

The positions of the zones with enhanced, calculated concentrations of isotopes
practically do not vary with porosity. However, if the porosities of the aquitard layers
and/or of the main aquifer are increased, the zones with enhanced, calculated
concentrations in the main aquifer become smaller and less numerous. Effective
porosities of 30% in the clay till and 15% in the main aquifer seem to be realistic values
from a hydrogeological point of view. However, comparisons between simulation results
in small meshes of the bottom layer and a few corresponding, observed isotope
concentrations indicate that porosities of 50% in the clay till and 30% in the main aquifer
might fit better, assuming that the "adjusted" transmissivities, leakage coefficients and
prescribed piezometric levels of the uppermost layer presented in chapter 5 are
reasonable estimates of reality.

The calculated tritium contents are sensitive to changes in the transmissivities of the
main aquifer to a large extent and to changes in the leakage coefficients of the aquitard
layers to a somewhat smaller extent. The results of the simulations are almost insensitive
to changes in the storage coefficients.

The numerical model applied does not represent groundwater flow and isotope
transport in a fully three-dimensional manner. However, the simulated advective
transport can be discussed as a combination of a two-dimensional horizontal and a one-
dimensional vertical component. The most marked contribution of tritium within the
modelled, major, groundwater reservoir seems to occur by horizontal transport from a
few principal recharge zones to which tritium-rich groundwater from the top layer can
infiltrate easily. The velocity and the direction of the horizontal transport is chiefly
governed by the transmissivities of the major aquifer and the prescribed piezometric
levels of the uppermost layer.

The sensitivity of the tritium transport simulations to variations in the boundary
conditions and in the groundwater extraction may also be estimated chiefly by their
relative influence on the horizontal flow conditions within the main reservoir. In general,
variations which cause changes in the vertical flow conditions change the tritium
distribution within the main aquifer only to a small extent. Over extensive areas the
vertical transport is already so slow that the tritium has disappeared by radioactive oecay
before it has reached the bottom layer.

As concerns tritium input, the value Hfore 1952 is of little importance for the results
in the seventies and the eighties if the tritium input after 1952 is substantial^ bigger. On
the other hand, the magnitude of these bigger values do influence the magnitude of the
simulated tritium concentrations markedly in the latter part of this period.
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As concerns carbon-14 inputs, a variation to take into account the effects of nuclear
weapon tests has little effect on the resulting, simulated carbon-14 concentrations of the
main aquifer in 1988. On the other hand, a reduction of the prescribed carbon-14 activity
of the uppermost layer to 90 pmc reduces also the resulting simulated concentrations
within the main groundwater reservoir by about 10 pmc. The latter feature underlines the
importance of the difficulty in estimating the 14C contents of the water recharging the
main reservoir after all types of dilution mechanisms and processes.

In spite of the difficulty in determining which set of properties best agree with the
isotope observations, and the sensitivity of the transport model to variations in certain
properties and conditions, it is clear that the transport simulations help to demonstrate
where the most vulnerable zones are situated. In all the results of the model calculations
the highest isotope concentrations of the main aquifer occur in the same positions
regardless of which values are applied for the conditions and properties. That is, the most
rapid transport of dissolved substances from the surface occurs in these zones. Thus,
according to the results of the isotope transport model, the greatest dangers of pollution
of the main groundwater reservoir are to hand there.

The time for transit of tritium and carbon-14 may vary depending on the effective
porosities and probably also to a certain extent on the dispersivities. Nevertheless, the
locations of the most vulnerable zones seem to be determined by traditional
hydrogeological properties such as the thickness and position of aquitard layers, vertical
hydraulic conductivities, piezometric levels and transmissivities. These characteristics are
introduced already in the groundwater flow model described in chapter 5. However, their
influence on the vulnerability and the positions of the most sensitive zones are elucidated
first when the model is extended to take simplified isotope transport into consideration.
Subsequent, more detailed investigations of the flow and transport properties and
conditions can be concentrated on the sub-areas detected.

As mentioned in chapter 5, transmissivity values may change with time as an effect of
variations in the hydraulic heads. This is also true as regards porosity values. Therefore it
should be kept in mind that these characteristics might have changed to a certain extent
due to the drastically increased groundwater withdrawals from 1840 to 1988.

Furthermore, if one assumes that the isotope transport simulations, based on the
adjusted characteristics from chapter 5, at least roughly reproduce the real transport
phenomena, the results of the modelling can be used to illustrate how the transport
conditions have changed from 1840 until 1988. Figure 6.14 presents a selection of tritium
distribution maps concerning the main groundwater reservoir. The effective porosities
are fixed at 30% in the aquitard layers and at 15% in the main aquifer.

Already at the beginning of the simulation two zones show enhanced tritium values.
The transport of substances from the surface must be rapid there, as the tritium contents
in the uppermost layer have been estimated to be 18 TU at that time. This rapidity is
somewhat astonishing, in particular in the central zone, and it is recommended that the
flow and transport characteristics should be investigated in detail here. In the major part
of the area of investigation the tritium contents of the uppermost groundwater reservoir
disappear by radioactive decay during a slow, downward, vertical transport before it
reaches the bottom layer of the model.
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Figure 6.14: Calculated and observed tritium contents in the main aquifer, corresponding
to the situations in about 1840, 1900, 1964, 1971 and 1988. The effective
porosities in the calculations ate 30% in the clay till and 15% in the main
aquifer.

The map showing the situation in about 1900 is almost identical to the previous one. This
is natural as the groundwater withdrawals and the tritium contents of the upper layer
have been assumed to vary very little between 1840 and 1900.

On the other hand, in 1964 the zones with enhanced tritium contents have increased
in number and in extension. The major reasons for this are certainly the increased
horizontal hydraulic gradients of the main aquifer and the bigger infiltration caused by
the gradually increased groundwater withdrawals, in particular after 1930. In addition,
the tritium contents of the uppermost layer of the model started to increase in 1953
towards their peak value in 1963.
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The zones in the main aquifer with enhanced tritium contents have continued to increase
in number and in extension in the maps for 1971 and 1988. The major reasons are
probably the same as before. However, the groundwater withdrawals, the infiltration, the
horizontal hydraulic gradients and the tritium contents of the uppermost layer have not
increased very much, if at all, since 1964. Instead, the values of these characteristics have
been stable or diminished, in particular after 1971. A possible explanation of this feature
has already been touched on in chapter 4 as regards 14C. The period of extensive
withdrawals from the main groundwater reservoir is very short compared to the average
turn-over time, before any exploitation had started. Under natural conditions the system
was practically stagnant. Groundwater, reflecting the past, with very low isotope
concentrations, is released from the aquitard layers during the first phase of extraction
from the main aquifer. Thus the measured and also the simulated tritium and carbon-14
contents probably do not represent the present turn-over times or velocities within this
groundwater system. However, as the exploitation proceeds, the tritium and carbon-14
concentrations will increase towards a value which reflects the present turn-over time of
the system. The validity of this explanation can be checked by making detailed
measurements of the tritium and carbon-14 concentrations at different depths within the
clay till layers. Furthermore, isotope concentrations corresponding to the circulation
times of today can be estimated by a steady-state simulation of the transport with
adequate characteristics.

The simulated variations with time of the tritium contents, shown in figure 6.14, can
also be used for detailed discussions of the transport conditions in particular zones. The
surroundings of the Grevie wells have already been paid special attention when
interpreting figure 6.5, but they will be treated once more in the following. The major
part of the exploitation of the main aquifer is concentrated to t! is area. The groundwater
flow and transport model is more accurate here than in many other parts of the
investigation area, as the meshes in general are small around Grevie and the
observations are comparatively frequent there.

According to figure 6.14, the tritium concentrations of the main aquifer were very low
around Grevie in 1900. In 1964, the tritium contents had started to increase within a fan-
like zone a few kilometres south of the exploitation wells of Malmö Municipality. These
enhanced, simulated, tritium contents seem to originate from vertical inflow through the
relatively thin and sometimes non-existent, impermeable layers at Bara-Klågerup. The
tritium is transported horizontally through the bottom layer ~nd, according to the
simulation results, the front edge of the fan had reached Grevie 9 in about 1971. The
enhanced concentrations continue to propagate within the model, and in 1988 almost all
the wells at Grevie are effected by the simulated tritium fan (see figure 6.14). If it is
assumed that the tritium concentrations of the main aquifer at Bara-Klågerup started to
increase around 1950, the average migration velocity can be roughly estimated to be
about 125 metres per year. This is felt to be a very high value, but it is implied by the
hydrogeologicai properties and conditions described earlier.
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All measured tritium concentrations in the Grevie area are much lower than 2 TU, also
the latest ones from 1991. Without measurements from the supposed infiltration zone at
Bara-Klågerup, it is at present not possible to fully explain the discrepancy between the
calculated and the measured concentrations around Grevie.

One, at least partial, explanation may be that the effective porosities should be 50% in
the clay till and 30% in the main aquifer in this particular zone. The calculated tritium
concentrations in the well water at Grevie would then be compatible with ihe
measurements. This corresponds to a situation in which the volume of stagnant water
within the aquitard layers are very big.

It might also be that the tritium contents infiltrated at Bara-Klågerup are spread out
horizontally at a level above the screened parts of the wells at Grevie. Coarse-grained
and hydraulically conductive strata, which are interbedded in the clay till layers or
situated in the upper part of the Alnarp sediments, are not specifically taken into account
by the model. This oversimplification may have led to the differences described. Finally,
the transmissivities ;n the part of the Alnarp valley discussed may have been
overestimated, as indicated in chapter 3.
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GENERAL CONCLUSIONS AND

RECOMMENDATIONS
The results obtained by the hydrogeological survey, the isotopic investigation, the
groundwater flow modelling and the radioisotope transport modelling, presented in
chapters 3, 4, 5 and 6, respectively, support each other and all contribute to a compound
survey of the flow and transport conditions in the groundwater system being studied.

A major merit of this combination of isotope hydrogeology and regional flow and
transport modelling is that the isotope transport simulations help to demonstrate where
zones particularly vulnerable to pollution are situated. These locations are chiefly the
result of hydrogeological characteristics traditionally examined, but they are revealed by
means of the transport model. Subsequent, more detailed investigations can then be
focussed primarily on these vulnerable zones.

The groundwater flow and transport model applied can be updated progressively as
results of further investigations become available. The deterministic model can at any
time be used to judge the quantitative and qualitative effects of, for instance, increased
groundwater extractions or an inflow of a pollutant, on the basis of the present state of
knowledge about the groundwater system of interest.

There are also several difficulties concerning the detailed, quantitative interpretations
of the results, and these difficulties must be the focus of future work. Even if the aquifer
system studied here can be classified as unusually homogeneous and well-defined, the
numbei of isotope measurements is small compared to the extension of the system.
Furthermore, the calculated concentrations are similar over large areas. Therefore, it is
at present not possible to verify or reject the results of the flow model by a calibration of
the isotope transport model.

Furthermore, the isotopic investigations included in this thesis can improve the
general estimations of the properties relevant to the flow and transport processes, but it
is not possible to make any reliable, detailed quantitative determinations. The contrasts
between the 2H and 18O concentrations in different parts of the aquifer system are too
small to be suitable for transport modelling. As regards 3H, there are significant contrasts
between the different parts of the investigated groundwater system, but within large
areas of the main reservoir the concentrations are usually very small, due to a long,
average, circulation time. The measured 14C values have to undergo a substantial
correction before they can be compared with the simulation results. In spite of the many
uncertainties related to such an interpretation, contrasts of the same type as for tritium
can be detected.

Though it is not possible to determine which set of model properties and conditions
best agree with the isotope measurements, the sensitivity to changes of various
properties and conditions can be judged. Two characteristics of the modelled area seem
to influence the results more than all others. These are the transmissivities of the major
aquifer and the prescribed piezometric levels in the local, shallow aquifers. Even
relatively small changes of the latter characteristics seem to change the results of the flow
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and transport model greatly. The positions of the zones with enhanced, calculated
isotope concentrations in the main aquifer remain almost constant with changing values
of the porosities. However, if the porosities of the aquitard layers and/or of the main
aquifer are increased, the zones become smaller and less numerous.

The value before 1952 of the tritium input is of little importance for the results
regarding subsequent years, as long as the tritium input after 1952 is substantially bigger.
On the other hand, the magnitude of these bigger values do influence the magnitude of
the simulated tritium concentrations quite markedly in the latter part of the period of
interest.

A variation of the carbon-14 inputs, taking into account the effects of nuclear weapon
tests, have little effect on the resulting, simulated carbon-14 concentrations of the main
aquifer. On the other hand, the prescribed carbon-14 activity of the uppermost layer has
a big influence on the simulated concentrations within the main reservoir. This feature
underlines the importance of making a good estimate of the I4C contents of the water
recharging the main reservoir after all types of dilution mechanisms and processes.

The major results obtained concerning the groundwater system of southwestern
Scania can be summarized as follows:

The total water flow through this system is approximately tripled from 1900 to 1950,
due to the very big increase in groundwater withdrawals, which have resulted in M4
piezometric drops. As a consequence, the major recharge of the main reservoir today
occurs in zones of extensive groundwater withdrawals, situated between the centre and
the coasts of southwestern Scania.

The shallow groundwater reservoirs are likely to have mean turn-over times of
approximately a few years, while the average circulation times in aquifers in inter-
morainic sediments are estimated to be up to a few hundred years. The groundwatcis in
the main reservoir seem to have a much lower rate of renewal. Mean turn-over times
range from more than 40 years to 500 - 2500 years. Groundwater sampled in deep wells
often seems to represent reservoirs with even longer circulation times.

Nevertheless, in coastal zones, along the northeastern boundary and also in a few
other localities in the area being investigated, where the Quaternary deposits are
relatively thin and permeable, recently recharged groundwaters have been detected in
the major aquifer. High contents of radioisotopes in the main aquifer may indicate that
groundwater withdrawals have stimulated recharge from shallow aquifers and surface
waters and that the risk of pollution has increased.

Transport within the main groundwater reservoir from a few zones where recently
recharged groundwater from the shallow reservoirs can infiltrate easily, seems to be the
essential mode of isotope distribution.

RECOMMENDATIONS FOR FUTURE WORK

It is recommended that the combination of isotope hydrogeology with regional flow and
transport modelling should be developed further to improve the fundamental knowledge
and the investigation methods essential for maintaining a quantitatively and qualitatively
safe, long-term use of groundwater resources. Other modelling concepts and techniques
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and also other areas for application should be tried.

In general, the applied combination of various investigation methods will result in a
wider understanding of the flow and transport conditions within a studied groundwater
system. Zones which seem to be particularly vulnerable to pollution or where a small
amount of additional information could improve the hydrogeological survey substantially,
can easily be identified. Detailed investigations with measurements and more accurate
modelling should be conducted at these locations. The information gained from the
detailed studies should be used for adjustments of the regional flow and transport model.
The recalibrated regional model will serve to detect other zones in which additional,
detailed investigations should be carried out, etc. This iterating procedure will gradually
lead to improved knowledge about the groundwater system studied.

The treatment and interpretation of the available data, concerning, among other
things, geological logs from drill-holes, groundwater hydraulics and hydrochemistry, have
been undertaken mainly without automatization. The spatial and temporal distributions
have been determined by hand and by means of simple statistical methods. It is
recommended that data are treated by more advanced methods, such as computerized
kriging and factorial analysis, to obtain a starting-point for the calibration of flow and
transport models more swiftly. However, the results of such operations have to be
checked against qualitative information from stratigraphic descriptions, drill-hole logs,
local hydrogeological experience, etc.

Most samples from the main groundwater reservoir of southwestern Scania show very
low contents of tritium, reducing the possibility of drawing reliable conclusions from a
comparison with the results of the transport modelling. It would be very valuable to
collect samples for tritium analysis from several different levels between the shallow
aquifers and the major aquifer to better elucidate the vertical transport processes in this
groundwater system.

It is also recommend.'-! that future research should be devoted to estimations of
porosities suitable for is-; ne transport simulations, in general as well as in southwestern
Scania in particular. T i t ationship between the isotope composition of precipitation
and water recharging > »rain aquifer must be studied further. Additional attempts to
estimate the MC con .1 > A the water recharging the main reservoir after all types of
dilution mechanisms ir j / rocesses should also be carried out.
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Appendix
SELECTED CHEMICAL AND

CARBON ISOTOPE DATA

REFERENCES PRESENTING HYDROCHEMICAL DATA

AInarp committee (1987,1989 and 1990)
Andersson (1981a, 1981b and 1982)
Andersson & Landberg (1982 and 1983)
Andersson & Malm (1983)
Barmen (1989)
Brinck & Leander (1975, 1976 and 1981)
Brinck, Leander & Winqvist (1969)
Dahlström & Johansson (1989)
Eriksson, Graneli, Landberg, Leonardsson, Perers & Weibull (1977)
Gustafsson (1972,1978,1981 and 1986)
Kjessler & Mannerstråle AB (1956)
Korsfeldt & Westerberg (1982)
Landberg (1987a and 1987b)
Landberg & Andersson (1983)
Nilsson, Nelson & Landberg (1977)
Nilsson & Perers (1974)
Perers ÄRyttar (1977)
Sandqvist, Andersson & Landberg (1982)
Svensson, Nilsson & Perers (1974)
VBB (1953 and 1962)
VIAK (1969,1970 and 1974)
Widarsson (1991)
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Appendix

Figure A.1: Situations of the groundwater sampling sites in southwestern Scania
corresponding to the information of the following tables.
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Sample

point

No.

2

3

5

6

7

9

11

12

13

14

15

16

18

20

21
22

23

24

25

26

27

28

29

30

31

32

Name

Raby farm

Kabbarp

Skivarp 6:3

Skurup 1:1

Svedala H

Hyby

Skabersjöby

Alnarp

Yddingen HV

Källby

Prästberga

Trelleborg 110

Trelleborg 304

Grevie 17

Grevie20

Genarp

Höllviksn E

Skurup 1:4

Stenberget

Höllviken H

Vellinge PIV

Alstad 1

ö Klagstorp 3

Hvilan

Börringe

Rydsgärd

Reservoir

Shallow deposits

Shallow deposits

Intermorainic sediments

Intermorainic sediments

Danian limestone

Danian limestone

Danian limestone

Alnarp sediments

Danian limestone

Shallow deposits

Alnarp sediments

Danian limestone

Danian limestone

Alnarp sediments

Alnarp sediments

Danian limestone

Danian limestone

Danian limestone

Archaean bedrock

Danian limestone

Danian limestone

Danian limestone

Danian limestone

Alnarp sediments

Alnarp sediments

Danian limestone

Date

880910

880917

880906

880906

880908

880413

880414

880419

880420

880421

880421

880422

880422

880425

880425

880426

880901

880906

880906

880907

880907

880908

880909

880910

880912

880913

Temp.

°C

12.2

13.0

9.5

9.5

9.6

8.5
10.0

9.5

8.8

8.0

9.5

8.8

9.0

9.6

9.5

9.3

9.0

9.4

9.0

9.2

9.8

9.5

9.2

10.0

10.0

8.7

Cond.

mS/m

94

30

51

78

82

79

57

83

74

53

104

76

80

85

106

59

113

72

44

78

75

75

69

93

105

67

PH

7.0

6.9

6.9

7.1

7.1

7.6

7.0

73

73

7.3

7.1

6.8

7.2

7.3

7.2

7.5

7.0

7.0

6.8

6.8

6.8

7.0

6.8

7.2

7.4

7.1

Eh

mV

0

170

30

-50

91

16

130

120

-10

110

0

-70

-100

-98

•80

-50

S1O2

mg/l

193

23.5

23.5

23.5

26.7

27.8

21.8

24.4

25.7

7.5

21.4

193

21.4

21.4

21.4

25.7

19.3

19.3

193

22.5

23.5

18.2

11.8

24.6

26.7

21.4

Table A.1: Selected hydrochemkal data for wells where samples for analysis of carbon-
13 and carbon-14 have been collected. Except for in a few cases, where the
samples have been reanalyzed or reinterpreted, the values are extracted from
Barmen (1989). The sampling sites of interest are shown in figure A. 1.
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Sample
point
No.

2

3

5

6

7

9

11

12

13

14

15

16

18

20

21

22

23

24

25

26

27

28

29

30

31

32

Na
CpRl
mg/l

1.26
29

0.22
5.0

0.36
S.3

0.68
15.6

1.22
28

2.91
67

032
12

237
59

1.30
30

037
13

322
74

0.83
19

126
29

2.04
47

3.04
70

1.39
32

2.35
54

0.96
22

0.45
10.3

1.09
25

122
28

1.30
30

0.65
15

2.83
65

437
105

0.96
22

K
epm
mg/l

0.18
7.0

0.15
6.0

005
2.0

0.05
2.0

0.10
4.0

0.12
4.7

0.07
2.8

0.06
12

0.05
2.1

0.06
2.4

0.08
3.0

0.07
2.6

0.08
3.0

010
4.0

0.12
4.6

0.11
4.3

0.16
62

0.18
12

0.02
0.9

0.09
3.7

0.11
4.4

0.08
3.0

0.07
2.8

0.08
3.0

020
1.1

0.08
32

C*
epm
mg/l

7.94
159

3.19
64

5.19
104

6.69
134

3.63
72.8

1.96
39.2

4.13
82.8

4.35
872

12$
652

4.07
81.6

4.75
95.2

5.35
107.2

4.75
95.2

4.09
82.0

5.37
107.6

2.69
54.0

6.95
139.2

2.79
56.0

4.23
84.8

539
108

6.19
124

5.63
113

5.45
109

4.71
94.4

3.67
73.6

4.65
93.2

Mg
cpm
mg/l

0.86
10.4

020
2.4

033
63

122
14.8

3.82
46.4

2.83
34.4

138
19.2

1.74
212

3.49
42.4

0.69
8.4

1.74
212

22A
212

2.86
34.8

1.91
23.2

1.74
2U

237
31.2

1.81
22.0

4.01
48.8

0.72
8.80

2.30
28.0

3.29
40.0

1.74
21-2

1.88
22.8

1.51
18.4

2.76
33.6

1.97
24.0

Fc
cpm
mg/l

0.00
0.04

0.00
0.06

0.08
2.16

024
6.68

0.01
0.24

0.03
0.81

0.04
0.99

0.16
435

0.01
0.34

0.02
037

023
6.44

0.10
2.70

0.05
1.37

0.15
4.10

0.19
5.40

0.00
0.11

0.00
0.10

0.01
0.37

0.03
0.85

0.04
1.03

0.14
3.80

0.19
520

0,07
1.86

0.27
736

0.03
0.83

0.09
2.65

Sr
epm
mg/l

0.00
0.18

0.00
0.10

0.01
026

0.01
0.35

0.19
8.3

028
12.1

0.04
1.95

Oi l
4.90

0.19
8.30

0.01
0.47

0.08
3.35

0.04
1.96

0.10
4.57

0.08
3.65

0.09
3.75

022
9.70

0.02
0.83

Oil
9.80

0.02
0.77

0.03
1.37

0.08
3.4

0.02
1.00

0.04
136

0.08
3.50

0.19
8.40

0.03
1.10

Sum
pos
tons

1024

3.76

622

8.89

8.97

8.13

6.38

8.99

829

5.42

10.10

8.63

9.10

8.37

1035

6.98

1129

8 .7

5.47

8.94

11.03

8.96

8.16

9.48

11.42

7.78

a
epm
mg/l

1.47
52

0.42
15

0.45
16

034
19

0.76
27

138
56

0.71
25

2.74
97

036
20

0.93
33

4.68
166

0.79
28

0.99
35

2.74
97

4.01
142

039
21

324
115

0.34
12

0.65
23

1.64
58

2.17
77

0.71
25

03i
IS

4.09
145

1.92
68

0.42
15

HCO)
epm
nig/I

5.83
336

2.00
122

4.00
244

625
381

8.10
494

6.00
366

525
320

6.38
389

6.80
415

3.00
183

521
318

720
439

7.75
473

5.00
305

5.60
342

5.41
330

537
340

730
458

2.71
165

5.57
340

7.60
464

6.89
420

7.05
430

5.58
340

9.18
560

6.84
417

SO4
epm
mg/l

2.02
97

1.06
51

0.60
29

130
72

0.00
<1

0.00
<1

0.04
2

0.00
0

0.00
0

1.15
55

0.02
1

0.42
20

0.37
18

0.00
<1

0.00
<1

0.33
16

1.98
95

0.00
<1

0.96
46

0.87
42

1.10
54

0.42
20

0.00
<1

0.00
<1

0.00
<1

0.00
<1

PO4
epm
mg/l

0.04
1.4

.

0.00
0.08

0.01
027

0.00
0.07

0.00
0.08

0.00
0.10

0.02
035

0.00
0.08

0.01
0.18

0.03
0.95

0.00
0.08

0.00
0.08

0.01
025

0.01
024

0.00
0.12

0.00
0.13

0.00
0.13

0.00
011

0.00
0.12

0.00
0.10

0.00
<001

0.00
0.12

0.02
0.64

0.00
0.12

0.00
0.04

11
1

0.89
55

0.14
9

0.00
<03

0.00
<03

0.02
1.3

0.01
03

0.01
03

0.00
<03

0.01
0.9

0.11
6.6

0.00
<03

0.00
<03

0.01
0.9

0.01
03

0.00
<03

0.04
2.6

029
18

0.02
1.3

0.01
0.9

0.01
0.4

0.01
03

0.00
<0.1

0.00
<0.1

0.00
<0.1

0.06
33

0.00
<0.1

Sum

ion

1025

3.62

5.05

8.30

8.88

739

6.01

9.14

7.37

520

9.94

8.41

9.12

7.76

9.62

6.37

11.08

7.86

4.33

8.09

10.88

8.02

736

9.69

11.16

726

Table A 2: Hydrochemical data selected as in table A.I (see also figure A. 1).
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Appendix

Sampl

No.

2

3

5

6

7

9

11

12

13

14

15
16

18

20

21

22

23

24

25
26

27

28

29

30

31

32

hPa

28.1

12.9

242

233

303

7.1

253

15.1

160

7.1

19.5

53.4

22.8

11.9

16.6

8.1

25.8

35.5

20.7

41.5

56.2

32.5

52.7

16.7

17.2

25.6

SI with
respect to

calcite

0.02

-0.82

-0.40

0.06

-0.08

0.02

-0.27

0.10

0.00

-0.25

-0.16

-0.28

0.10

-0.02

0.03

0.04

-0.11

-032

-0.75

-038

-0.21

-0.06

-0.26

-0.02

0.27

-0.04

SI with
respect to
aragonite

-0.13

-0.98

-0.55

-0.10

-0.24

-0.13

-0.42

-0.06

-0.16

-0.40

-031

-0.43

-0.05

-0.17

-0.13

-0.12

-0.26

-0.47

-0.91

-0.54

-036

-0.22

-0.41

-0.17

0.11

-0.20

SI with
respect to
dolomite

-0.97

-2.89

-1.88

-0.73

-0.24

0.09

-1.05

-0.30

-0.10

-1.40

-0.85

-1.05

-0.13

-0.47

-0.54

-0.05

-0.91

-0.59

-238

-1.24

-0.78

-0.74

-1,09

-0.63

0.32

-0.58

SI with
respect to
sioerite

-1.75

-2.03

-0.29

0.55

-0.77

0.12

•0.40

0.61

-0.51

-0.64

0.46

-0.09

0.04

0.47

0.51

-0.87

-1.47

-0.71

-0.98

-0.62

0.08

0.40

-0.24

0.68

0.12

0.19

SI with

-3.60

-0.65

•130

-0.24

-2.02

-1.44

-0.59

-0.40

0.50

0.54

-1.32

-0.47

0.62

-1.97

-2.70

-3.44

-1.50

-2.67

-1.12

-1.06

-0.50

0.25

-2.57

-2.18

-0.23

-2.42

SI with
respect to

quartz

0.72

0.79

0.85

0.85

0.90

0.94

0.81

0.86

0.90

038

0.81

0.78

0.82

0.81

0.81

0.89

0.77

0.76

0.77

0.84

0.84

0.74

0.56

0.86

0.90

0.82

SI with
respect to

chalcedony

0.18

0.26

030

030

036

039

0.26

032

035

-0.18

0.26

0.23

0.27

0.26

0.26

034

0.22

0.22

0.22

0.29

0.30

0.19

0.01

0.32

0.35

0.27

Table A.3: Results of calculations of partial pressures for carbon dioxide and saturation
indices in logarithmic form with respect to selected minerals for the wells of
figure A.I.

Site description Probe depth 513CPDB 518OSMow
(m) %o %o

l.Åkarp, lawn, clay till 1.00 -9.08 -2.63
2. Kabbarp, arable land without plant cover, clay till 1.20 -10.16 -2.75
3. Klågerup, field with some grass, sandy clayey till 0.8S -10.01 -3.36
4. Hassle-Bosarp, field with grass, sand 0.87 -13.94 -5.77
5. Häckeberga, beech forest, till 0.90 -20.90 -7.93
6. Lund, arable land without plant cover, clay till 0.90 -12.63 -2.67

Table \A: Observed stable isotopic composition of soil carbon dioxide at six places well
distributed within the investigation area. The sampling was executed 19-24
October 1988. The samples 1-4 and 6 have probably been contaminated with
atmospheric CO2, chiefly caused by long filling times during the sampling
procedure.
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Appendix

Sample
nrtint
No.

2

3

5

6

7

9

11

12

13

14

15

16

18

20

21

22

23

24

25

26

27

28

29

30

31

32

•14.62

-12.03

-13.69

-12.84

-10.50

-8.18

-11.49

-10.71

-11.59

-11.55

-12.29

-12.94

-12.41

-11.45

-11.45

-8.28

-12.88

-8.77

-12.80

-11.20

-9.48

-13.90

-13.24

-12.00

-13.97

-13.46

Measured
. A Mr

(pmc)

91.210.7

107311.4

60.611.1

54.413.6

14.4103

9.51 0.7

30.511.4

42.11 0.6

16.810.7

76.11 2.4

38.81 0.7

46.3 1 0.9

37.31 0.6

36.51 0.6

40.51 0.7

16.010.8

68.41 0.5

12.910.4

54.712.9

51.010.7

36.11 0.5

51.71 0.4

52.51 0.6

46.01 0.6

11.910.3

35.11 0.4

Fontes & Gamier (1979)
0 \* In l*Vy2- "*JrOO

613C in carbonates: 0%oEnrichment factor: -10%o

Corrected A14C 14C-"age"

160

212

112

103

30

23

61

88

35

159

74

83

71

76

85

41

129

29

107

103

77

93

94

88

22

64

-3902

-6210

-956

-243

1003'

12035

4074

1053

8687

-3859

2495

1530

2793

2229

1351

7461

-2084

10295

-588

-259

2112

612

507

1032

12671

3653

Wigley, Plummer & Pearson (1978)

613C in carbonates: 0%o
613C initially in solution: -u%o

Corrected A l 4C 14C-"age"

126

193

91

89

32

31

59

90

32

145

68

75

64

70

78

51

112

38

90

102

93

76

83

83

17

54

-1901

-5437

756

928

9532

9642

4421

907

9454

-3076

3220

2349

3658

2895

2035

5507

-930

809^

847

-135

632

2237

1569

1535

14437

5082

Table A.5: Results of measurements of I3C and UC in groundwater sampled in the wells
of figure A.I. Results of calculations corrected 14C activities (in pmc) and
mean residence times (in years) according to various correction models are
also listed
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Appendix

Sample
point
No. -3%o

Corrected A " C "Cage"

2

3

5

6

7

9

11

12

13

14

15

16

18

20

21

22

23

24

25

26

27
28

29

30

31

32

173

261

125

122

42

40

79

120

43

196

92

102

87

95

105

67

152

49

123

137

123

104

113

112

24

74

-4515

-7944

-1826

-1619

7125

7503

1945

-1516

6972

-5555

700

-202

1132

421

-438

3352

-3478

5866

-1698

-2592

-1682

-352

-995

-970

11845

2509

613C in carbonates

Corrected A 1 4C ""Cage"

156

223

111

106

34

29

66

98

36

165

79

89

75

80

88

48

133

37

107

114

95

93

99

%

21

65

-3674

•6630

-838

-475

8849

10224

3390

144

8391

-4126

1956

922

2363

1876

1017

6015

-2343

8270

-547

-1072

407

601

72

352

12786

3537

+3%»
Corrected A 1 4C

145

200

102

%

30

24

59

86

32

146

71

81

68

71

78

40

121

31

97

101

81

86

91

86

20

60

"Cage"

-3068

-5726

-137

324

9990

11870

4371

1249

9358

-3154

2825

1708

3216

2863

2004

7634

-1549

9766

257

-46

1743

1280

824

1260

13458

4263

Table A.6: Results of calculations of corrected UC activities (in pmc) and mean
residence times (in years) according to the correction model by Pearson &
Hanshaw (1970).
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Appendix

Sample
point
No. -3%o

Corrected A14C 14C-"age"

2
3

5

6

7

9

11

12

13

14

IS

16

18

20

21

22

23

24

25

26

27

28

29

30

31

32

141

214

102

100

35

33

65

98

35

160

75

84

71

78

86

55

125

40

100

112

100

85

92

92

20

60

-2856

-6285

-167

40

8783

9162

3604

143

8631

-3896

2359

1457

2791

2080

1221

5011

-1819

7525

-39

-933

-23

1307

664

689

13504

4168

«13CinCO2:-21%o
513C in carbonates

0%o
Corrected A14C 14C-"age"

131

187

93

89

29

24

56

83

30

138

66

75

63

67

74

41

112

31

90

%

80

78

83

81

18

55

-2232

•5188

604

966

10291

11665

4831

1585

9833

•2684

3398

2363

3804

3318

2458

7456

-902

9712

895

370

1848

2043

1514

1793

14228

4978

+3%o
Corrected A14C

124

171

87

82

26

20

51

74

28

126

61

70

58

61

67

34

103

26

83

86

69

73

78

74

17

51

I4C-"age"

-1793

-4451

1138

1598

11264

13144

5645

2523

10632

-1879

4100

2983

4490

4138

3278

8908

-274

11040

1532

1228

3017

2554

2098

2534

14732

5538

Table A.7: Results of calculations of corrected UC activities (in pmc) and mean
residence times (in years) according to the correction model by Pearson &
Hanshaw (1970).
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prerequisite for the survival of mankind and all other forms of life on earth. Many
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available for decision making with the objective of maintaining a safe, long-term
use of groundwater resources. The most reliable and detailed information is
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interpretation are combined.

In this thesis, classical hydrogeological examinations, hydrochemical
investigations and environmental isotope studies have been applied to the large
system of reservoirs in the sedimentary deposits of southwestern Scania, Sweden.
A computerized, distributed parameter, groundwater flow model has been
calibrated against piezometric records. Subsequently steady-state and transient
transport of tritium and carbon-14 has been simulated. The results obtained from
the different methods of investigation are presented separately, and finally the
measured and simulated tritium and carbon-14 contents are compared. There are
only few reports available at present on such a combination of methods.

A major merit of this combination of isotope hydrogeology and regional flow and
transport modelling is that the isotope transport simulations help to demonstrate
where zones particularly vulnerable to pollution are situated. These locations are
chiefly the result of the hydrogeological characteristics traditionally examined, but
they are revealed by means of the transport model. Subsequent, more detailed
investigations can then be focussed primarily on these vulnerable zones. High
contents of radioisotopes in the main aquifer of southwestern Scania may indicate
that groundwater withdrawals have stimulated recharge from shaiiow aquifers
and surface waters and that the risk of pollution has increased.

Cover illustration: The red spots mark zones in the main groundwater reservoir of
southwestern Sweden which are probably particularly vulnerable to pollution from
the surface. The locations have been estimated by numerical simulations of tritium
transport.
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