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Foreword

The need to protect groundwater in a con-
certed way at European Union (EU) level 
has been highlighted for more than two 
decades. For a long time, groundwater pro-
tection regimes and associated policies have 
suffered from a lack of overall planning 
and speci; c instruments which could ensure 
concerted actions across the EU. Early 
groundwater legislation (Directive 80/68/
EEC) rather narrowly focused on control of 
emissions of substances from industrial and 
urban sources, while provisions for control 
of diffuse sources came later in the legisla-
tive picture with the agriculture- and indus-
trial emissions-related directives, and in 
particular with the Nitrates (96/676/EC) and 
IPPC (61/96/EC) Directives. 

The Ministerial Seminar on Groundwater 
held at The Hague on 26–27 November 1991 
called for an action programme to avoid 
long term deterioration of groundwater 
quantity and quality across the EU, which 
led to the adoption of a communication by 
the Commission of a Groundwater Action 
Programme in 1996. In this communication, 
clear links were established with another 
Commission proposal for a `Framework 
Directive on Water Resources’ which was the 
foundation of the Water Framework Directive 
(WFD) adopted four years later (2000/60/
EC). In this context, and for the ; rst time, 
groundwater has become part of an inte-
grated water management system in which 

this environmental compartment naturally 
pertains. The WFD includes groundwater in 
its river basin management planning, with 
clear milestones concerning delineation 
of (ground)water bodies, economic analy-
sis, characterisation (analysis of pressures 
and impacts), and monitoring and design 
of programmes of measures, with the aim 
to achieve good quantitative and chemical 
status for all groundwater bodies by the end 
of 2015.

The difficulty of de; ning clear criteria 
concerning groundwater chemical status has 
led the European Parliament and Council to 
include provisions in the WFD (Article 17) 
asking the Commission to come forward 
with a `Daughter Directive’ providing addi-
tional technical speci; cations. Discussions 
were initiated in 2001, involving many 
exchanges among policy makers from 
the Member States, stakeholder organisa-
tions and the scienti; c community, which 
resulted in the adoption of the Directive 
2006/118/EC on the protection of ground-
water against pollution and deterioration on 
12 December 2006. 

From the beginning of the debates, start-
ing from The Hague Seminar’s discussions, 
it has always been obvious that the concept 
of `environmental quality’ of groundwater 
was understood differently from country 
to country, and from various sector per-
spectives. In other words, the distinction 
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xii

between the `natural’ environmental quality 
and the quality of groundwater for speci; c 
uses (mainly drinking water, but also irriga-
tion, animal watering and industrial uses) 
was never clearly made. This was merely due 
to the fact that little is known about what 
is meant by `natural environmental quality’ 
for groundwater. The need for undertaking 
research for a better understanding of envi-
ronmental mechanisms was highlighted in 
the 1996 communication on a groundwater 
action programme, stressing that the ; fth 
framework programme of research and tech-
nological development (1994–98), and in par-
ticular the ‘Environment and Climate’ key 
action, should provide advanced knowledge 
for a better groundwater management.

The EU BaSeLiNe project may be directly 
linked to this rising awareness about research 
needs. Funded under the Fifth Framework 
Programme, it led to studies of representa-
tive groundwater systems in Europe, illus-
trating the main processes and water quality 
evolution, with the aim of de; ning natural 
water quality background levels and propos-
ing a standardised Europe-wide approach. 
The project timely coincided with lively 
debates on the development of the new 
Groundwater Directive, and a workshop 
gathering scientists from the project and pol-
icy makers from the EU Member States was 
called in early 2003. From this meeting and 
the project outputs, it has become clear that 
uniform groundwater quality management 
at a European scale would be unfeasible. 

The Directive proposal published by the 
European Commission on 19 September 
2003 highlighted this feature in its explana-
tory memorandum, stating ‘a workshop on the 
BaSeLiNe project held on 27 January 2003 (and 
funded by the Director General for Research 
(DG RTD) under the Fifth Framework 

Programme) stressed the difficulty of set-
ting uniform quality standards for ground-
water, and emphasised the need to consider 
aquifer characteristics and pressures from 
human activities’. These recommendations 
are clearly reW ected by the approach fol-
lowed in the new Directive, namely request-
ing Member States to adopt `threshold 
values’ (environmental quality standards) 
for groundwater at the most appropriate 
level (groundwater body, river basin district 
or national) by the end of 2008, taking into 
account hydrogeological characteristics, 
pollutant pathways and so on. 

While the project yielded a solid scien-
ti; c background about natural groundwater 
background levels, BaSeLiNe could not pro-
vide the basis for recommending a common 
methodology for establishing groundwater 
threshold values as requested in the 2003 
proposal. A new project called BRIDGE 
(Background cRIteria for the Development 
of Groundwater thrEsholds) was, there-
fore, funded under the Sixth Framework 
Programme, which may be considered as 
a natural child of BaSeLiNe. Discussions 
within this project, including those on 
groundwater background levels, have been 
reW ected in the way the Directive has 
evolved during the negotiations, resulting in 
an Annex II which gives clear guidelines on 
criteria for establishing groundwater thresh-
old values. 

However, this is not the end of the story. 
The knowledge about `natural quality’ of 
groundwater is still very scarce, and on-going 
exchanges among scienti; c and policy-
making communities are needed to adopt 
a more detailed common methodology for 
groundwater threshold values and put it into 
practice. The forthcoming years will see a con-
siderable move in groundwater management 

Foreword
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xiii

developments, with better interactions 
among policy, science and other stakehold-
ers, and a production of data and knowledge 
which should allow us to achieve tremendous 
progress in our understanding of groundwater 
systems. 

The book `Natural Groundwater Quality’ 
arrives in this exchange-rich period and is 
hence very timely. It includes 21 chapters 
covering the issues of inorganic and organic 
quality of European aquifers, timescales 
and tracers, baseline trends, monitoring, and 
various case studies from Belgium, Bulgaria, 
the Czech Republic, Denmark, Estonia, 
France, Malta, Norway, Poland, Portugal, 
Spain and the UK. The book concludes with 

a synthesis about baseline concentrations 
and de; nition of background levels.

With the publication of a parallel book on 
`Groundwater Science and Policy’ comple-
menting the present volume, the adoption 
of the new Groundwater Directive, and the 
publication of this book, one may say that 
2006/7 has been a productive `groundwater 
year’, providing readers from policy-making, 
research and industrial communities, as well 
as from academic circles, with a solid foun-
dation for developing a sound groundwater 
system management.

Philippe Quevauviller
European Commission

Foreword
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The European Water Framework Directive 
(WFD) forms the primary legislation for the 
protection of the European aquatic envi-
ronment. The Groundwater Directive (GD) 
introduced in late 2006 has been incorporated 
to supplement the WFD and deal with spe-
ci; c questions of groundwater quality and to 
ensure ‘good status’ of groundwater. There 
is still a poor perception and understanding 
of groundwater by many people involved in 
water management and in implementation 
of policy. Against this background, a con-
sortium of European scientists conducted 
detailed studies of water quality in Europe, 
focusing on the natural ‘baseline’ quality of 
groundwater as the basis for understanding 
geochemical processes in aquifers and pro-
viding a basis for de; ning what constitutes 
pollution. 

The aim of this book is to provide a key 
reference text on natural water quality of 
aquifers through a series of thematic chap-
ters, together with chapters on representa-
tive groundwater systems in Europe which 
illustrate well the main processes and evolu-
tion of water quality.

The criteria for de; ning natural back-
grounds of water quality are developed to 
provide, as far as possible, a standardised 
Europe-wide approach. A geochemical 
approach has been adopted to assess the 
natural variations in groundwater quality 
in hydrogeologically well-de; ned systems. 
This is important, since the concentrations 

of certain elements present naturally in 
groundwaters may breach guidelines for 
potable water quality. Baseline criteria are 
also needed as a reference to be able to assess 
quantitatively whether or not anthropogenic 
pollution is taking place. The timescales 
inW uencing natural processes and the rates 
at which natural processes are occurring are 
discussed as well as historical water quality 
trends. The extent to which pristine waters 
are being depleted by contaminated waters 
moving into the aquifer is also assessed. As 
well as giving the necessary scienti; c frame-
work, the project results provide guidelines 
for new policy (speci; cally the Groundwater 
Directive), engagement with end users, 
including water utilities, and the general 
public.

A total of 25 reference aquifers from 
12 European countries (UK, Denmark, 
Poland, Estonia, Belgium, France, Spain, 
Portugal, Switzerland together with Czech 
Republic, Bulgaria and Malta) form the basis 
of the book. For each aquifer, median and 
upper baseline (97.7%ile) values are deter-
mined for over 50 inorganic parameters. 
Where groundwaters have been impacted by 
man, criteria are suggested for determining 
baseline ranges. These data have then been 
used for a synthesis of the baseline ground-
water quality in Europe. As well as major 
inorganic and trace constituents the occur-
rence and distribution of organic carbon is 
also considered. 

Preface
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Geochemical modelling carried out on 
three representative aquifers in Portugal, 
France and UK demonstrates a quantitative 
understanding of the major processes con-
trolling the evolution of baseline concentra-
tions, especially the changes occurring along 
a W owpath. For all three aquifers, the changes 
in water chemistry are well described by 
relatively simple reactive transport models 
which may be used to predict the changes 
in water quality in the pristine aquifer as 
well as when the W ow rates are accelerated 
by orders of magnitude due to groundwater 
abstraction. 

Isotope, noble gas and chemical tracers 
have been used to establish timescales in 
selected reference aquifers as the foundation 
for evaluating baseline quality evolution in 
old waters (39Ar, 14C, 4He), and in particular 
in detecting modern inputs (3H, 3He/3H, 85Kr, 
CFCs, SF6). Combination of careful studies 
of chemical trends along W ow lines coupled 
with age determination and followed by 
modelling presents a powerful approach for 
understanding the baseline conditions. The 
tracer studies prove to be of particular value 
in demonstrating mixing processes and the 
dimensions of W ow systems in the reference 
aquifers. 

Trends in natural baseline have been estab-
lished for aquifers in most countries over a 
period of decades, but these data have often 
been lost during water industry reorganisa-
tions. Such trends usually demonstrate the 
interface between natural (baseline) and 
contaminated groundwater. Two types of 
trends are observed – natural trends resulting 
from time-dependent geochemical reactions, 
which are manifest mainly at the spatial 
scale and non-baseline trends such as marine 
intrusion, which are induced by pumping. 
A methodology is developed to relate the 

spatial variability of hydrogeochemical 
parameters with time trends. 

The public perceptions of water quality 
were established among end users from all 
partner countries. Results indicate accep-
tance of the value of maintaining good 
status of pure, natural groundwater and sup-
port the tenet that the protection of supplies 
should be a paramount regulatory and mana-
gerial objective. There is also concern that 
good quality groundwater (including fossil 
or palaeowater) is being impacted and used 
too often for purposes that do not require 
such high quality. Support exists for greater 
public information, more investigation, 
planning and regulation, with widespread 
support for protecting high quality water. 
A strategy for baseline monitoring has been 
produced a) to de; ne the natural background 
status of groundwater bodies and aquifer sys-
tems and b) how rapidly and in what direc-
tion the intrinsic geochemical properties 
may change. It is hoped that the adoption of 
the scienti; c principles developed here and 
more integration of the science into policy 
will lead to more sustainable management 
of our precious aquifers. 

The chapters have been reviewed by at 
least one external reviewer and one reviewer 
from within the project. We would like to 
express our thanks to the following external 
reviewers:

Pierre Glyn (USA)
Dave Stonestrom (USA)
Chris Daughney (New Zealand)
Nick Walton (UK)
John Tellam (UK)
David Kinniburgh (UK)
Jű rgen Sű ltenfuss (Germany)
Phillipe Quevauvallier (France)
Frank Wentland (Austria)

Preface
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Manuel Ramon Llamas (Spain)
Andrés Sahuquillo (Spain)
Ian Cartwright (Australia)
Andrew Love (Australia)
Irina Gaus (France)
Jopep Mas Pla (Catalunya)
Willy Burgess (UK)
Pieter Stuyfzand (The Netherlands)
Eckhart Bedbur (Germany)
Laurent Cadhilac (France)
Laurence Gourcy (France)
Rasmus Jacobsen (Denmark)
Jaroslav Skorepa (Poland)
Kirsti Korrka-Niema (Finland)

The BaSeLiNe project was funded under 
the European Community’s Fifth Framework 
Programme (EVK1-1999-00024) with the 
title ‘Natural baseline quality in european 
aquifers: a basis for aquifer management’. 
We wish to thank the EU programme direc-
tor Panagiotis Balabanis for his support and 
also Phillipe Quevauvallier who encouraged 
the links between the science and policy 
aspects of the baseline studies. 

October 2007  W. M. Edmunds 
P. Shand

Preface
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Naturally occurring groundwaters are 
becoming increasingly impacted by human 
infl uences. It is important to develop criteria 
to recognise the extent and baseline charac-
teristics of groundwater bodies as a basis of 
management and specifi cally as a starting 
point to recognise pollution. The baseline 
concept is reviewed and a defi nition adopted 
for use in the chapters of this book. Emphasis 
is placed on developing a sound understand-
ing of the spatial and temporal distribution 
of water quality, in relation to hydrogeo-
logical and geochemical controls. The main 
geochemical controls on natural baseline 
chemistry, which usually accounts for 98% 
of the mineral composition of groundwater, 
are outlined. The various approaches avail-
able for baseline defi nition are then reviewed. 
Statistical tools are used as a fi rst step, but 
cannot explain the variance in the data for 
which a resort to the fi eld situation and use 
of historical data is required. The median and 
97.7 percentile are adopted as the main sta-
tistical parameters for initially defi ning base-
line and comparing different data sets.

1.1 Introduction

1.1.1 Concepts and baseline defi nition

One of the most difficult problems in hydro-
geology is to defi ne whether groundwater 
quality is natural or has been affected, to a 

greater or a lesser extent, by human activity. 
The desire for pure and wholesome water 
is deeply rooted in our culture. This is evi-
dent from the reverence accorded to springs 
and underground water by our ancestors as 
a source of wonder to their origins and as a 
symbol of purity. In modern society, spring 
waters are still valued highly in many com-
munities and they still embody an element 
of awe and mystery. The properties of pure 
spring water and groundwater command 
a high market value, and in a world where 
tap water is (usually wrongly) perceived 
as something less pure, the bottled-water 
image-makers go after evidence of the  purity, 
longevity and health-giving properties of 
springs and groundwater.

Gross pollution of groundwater is most 
easily recognised by the presence of arti-
fi cial organic compounds introduced only 
in the past half century. Yet, it remains 
exceedingly difficult to recognise incipient 
pollution in most groundwaters. From the 
examination of the chemical composition of 
a single water sample it would, as a rule, be 
impossible to determine whether the major 
ion chemistry observed was the result of 
natural processes or diffuse pollution related 
to human activity. Agricultural activity 
may, for example, add small amounts of 
major ions such as Ca, SO4, K and NO3 to 
groundwater such that, without careful 
monitoring, early indication of pollution 
could prove problematic. Nevertheless, the 
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overwhelming origin of major ions, which 
constitute more than 98% of groundwater 
solutes, are derived from rainfall inputs and 
soil processes and reactions between water 
and bedrock. In order to be sure that pollu-
tion is taking place, knowledge is required of 
spatial and temporal characteristics (trends) 
in major ions and other elements and of a 
defi nition of the pristine hydrochemical 
baseline composition.

Quality changes are not only due directly 
to human impacts but may also be brought 
about indirectly by pumping – changing the 
aquifer system hydrodynamics (displace-
ment of saline and redox fronts, seawa-
ter encroachment, up-coning from depth, 
 artifi cial recharge variations and mixing). 
Dewatering and induced water table oscil-
lation may cause oxidation of minerals, 
mobilisation of heavy metals and alkalinity 
changes. Thus the rate at which aquifers are 
becoming contaminated is generally diffi-
cult to estimate since no common criteria 
exist for such an assessment.

Although human activity may lead to 
water compositions which exceed drinking 
water standards, water quality limits may be 
also breached for elements such as F, As and 
Fe by entirely natural processes, the result of 
geochemical conditions existing in the aqui-
fer or due to the specifi c geology of an area.

Until recently, no common approach 
existed for defi ning the natural background 
quality of groundwaters, which make up 
nearly 70% of drinking water across Europe. 
Defi nitions and guidelines are required as 
part of the European Commission (EC) Water 
Framework Directive (WFD) and, specifi -
cally, the Groundwater Directive to assess 
the natural variation in groundwater quality 
and to assess whether or not anthropogenic 
pollution is taking place.

The objective of this chapter is to defi ne 
what is meant by baseline and to discuss 
the concept and its relevance to the WFD. 
The chapter also introduces key chemical 
and hydrological concepts, providing a back-
ground for the thematic and regional chap-
ters that follow.

1.1.2 Signifi cance of baseline studies for 
policy in EU and elsewhere

One of the main objectives of the current 
study has been to provide background sci-
entifi c information pertinent to implemen-
tation of the EC WFD and its subsidiary 
Groundwater Directive. The WFD 2000/60/
EC (EC 2000), sets out criteria for the assess-
ment of groundwater chemical status on the 
basis of existing Community quality stan-
dards (for nitrate, pesticides and biocides) 
and on the requirement for Member States 
to identify pollutants (defi ned as substances 
that may occur from both natural and 
anthropogenic sources, and synthetic pol-
lutants) and related threshold values that 
are representative of all groundwater bodies 
found as being at risk.

To this end, the defi nition of baseline 
chemical properties of groundwater is a 
necessary step in the implementation of 
policy at the river basin level and more spe-
cifi cally at the scale of individual ground-
water bodies. The WFD seeks common 
defi nitions of the status of groundwater 
(and surface water) quality. Environmental 
objectives are sought to ensure that ‘good 
groundwater status’ is achieved throughout 
the Community. Where good water status 
already exists, it should be maintained and 
any signifi cant and sustained upward trend 
in the concentration of any pollutant should 
be identifi ed and reversed.
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In its environmental objectives (Article 4) 
for groundwaters, Member States are required 
to implement the necessary measures to pre-
vent or limit the input of pollutants into 
groundwater and prevent the deterioration of 
the status of all bodies of groundwater. They 
shall protect, enhance and restore all bod-
ies of groundwater, with the aim of achiev-
ing good groundwater status at the latest 
15 years after the date of entry into force of 
the Directive (currently by 2015). Finally, 
Member States are required to implement 
the necessary measures to reverse any signif-
icant and sustained upward trend in the con-
centration of any pollutant resulting from 
the impact of human activity in order to pro-
gressively reduce pollution of groundwater. 
This requires scientifi cally defendable and 
achievable objectives in order to recognise, 
stabilise and reverse upward trends and to 
evaluate the efficiency of remediation mea-
sures. One of the applied scientifi c objectives 
of the present book is to help generalise and 
transfer accumulated knowledge and estab-
lish a framework for decision making. Lack 
of recognition of causes of water quality prob-
lems and well intentioned but ill thought 
out restoration efforts result in expensive 
failures, that may even cause harm.

Thus, baseline criteria need to be defi ned 
and adopted as part of strategies to prevent, 
identify and control pollution of groundwater 
(Article 17), since the defi nition of starting 
points for the identifi cation of signifi cant and 
sustained upward trends are needed within 
5 years of the adoption of the WFD.

As part of the implementation process 
(Annexe 1), all Member States are required 
to carry out an initial characterisation of all 
groundwater bodies to assess their uses and 
the degree to which they are at risk of failing 
to meet the objectives for each groundwater 

body (under Article 4). In specifying further 
characterisation of groundwater bodies or 
groups of bodies (Annexe 2.2), mention is 
made of more detailed properties of ground-
water bodies, including the adsorptive prop-
erties of the soils and the stratifi cation 
within aquifers with the target to establish 
natural background levels for these bodies of 
groundwater.

Although most European countries have a 
requirement to monitor and assess pollution, 
there are few which specifi cally address the 
question of defi ning natural quality. There 
are many differing existing practices which 
are described in Chapter 7. Without a consis-
tent policy, remediation is difficult to estab-
lish and hence impose at a European level. 
The corresponding practice in the USA, 
for example, is for the Environmental 
Protection Agency (EPA) to regulate pol-
lution-generating activities and also to set 
drinking water standards that water utilities 
must meet. At the same time, the  United 
States Geological Survey (USGS) assesses 
regional aquifers and water quality though 
the National Water Quality Assessment 
(NAWQA) programme.

1.1.3 The defi nition of baseline

The baseline concentration of a substance 
in groundwater, used throughout this book, 
may be defi ned in the following manner:

the range of concentrations of a given 
element, isotope or chemical compound 
in solution, derived entirely from natu-
ral, geological, biological or atmospheric 
sources, under conditions not perturbed 
by anthropogenic activity.

Terms such as background or threshold 
have sometimes been used synonymously 
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and have often been used to identify ‘anoma-
lous’ concentrations relative to typical values, 
for example, in mineral exploration (Hawkes 
and Webb 1962; Runnells et al. 1998). 
Additional defi nitions may be required for 
water regulation purposes, for example, when 
changes from the present-day status, or an 
arbitrarily defi ned timeline, of groundwater 
may represent the starting point of monitor-
ing or consideration of trend reversals. The 
terms ‘background’ or ‘threshold’ are preferred 
in this context since the initial condition may 
include some anthropogenic component (Lee 
and Helsel 2005; Reimann and Garrett 2005). 
Precise determination of background con-
centrations is then needed to distinguish the 
anthropogenic changes in water quality caused 
by both pollutants and geogenic sources 
induced by intensive withdrawal of water. An 
additional scenario takes place when inten-
sive withdrawal induces rapid changes in nat-
ural quality (e.g. saline intrusion or up-coning) 
where the baseline is changed but without 
addition of anthropogenic constituents.

1.1.4 Past approaches to identifying 
baseline

Published studies of groundwater chemistry 
specifi cally aimed at defi ning natural baseline 
quality are few in number, although several 
classic groundwater studies contain detailed 
information on water quality changes in 
entirely natural groundwater systems. In the 
English Chalk aquifer, for example, groundwa-
ter evolution along fl ow paths has been used 
as a means of characterising baseline ground-
water quality and recognising recent inputs 
infl uenced by pollution from entirely natural 
trends in deeper, older waters (Edmunds et al. 
1987). Studies of hydrogeochemistry in dated 
palaeowaters have also been carried out by 
Hendry et al. (1991) for the well- characterised 

Milk River aquifer in Canada. Several studies 
have been carried out on aquifers in the USA 
as part of the Regional Aquifer Simulation 
Analysis programme, providing a sound geo-
chemical framework for understanding natu-
ral (and polluted) water quality. One example, 
the central Oklahoma aquifer (Christenson 
and Havens 1998), has locally high levels of 
arsenic, selenium, chromium and uranium 
which are interpreted in terms of the aqui-
fer mineralogy, and coupled hydrological 
and geochemical modelling has been used 
to understand the evolution of water quality 
along regional fl ow paths.

A fi rst approach to defi ning baseline values 
in the UK aquifers, as a whole, is given by 
Edmunds et al. (2003), where a geochemical 
approach was favoured over a purely statis-
tical one. Several detailed national studies 
of natural trace element concentrations in 
the UK, USA and Norway (Edmunds et al. 
1987; Frengstad et al. 2000; Lee and Helsel 
2005) have also been used to explore the 
abundance of a wide range of constituents 
derived largely from geological sources. More 
recently, the main aquifers in England and 
Wales were individually subject to studies 
to determine baseline characteristics as a 
basis for groundwater management and was 
summarised by Shand et al. (2007). Further 
European studies related to baseline  quality 
have been conducted in the Netherlands 
(Meinardi et al. 2003), Sweden (Ledin et al. 
1989) and France (Blum et al. 2002).

1.2 Hydrogeochemical controls

1.2.1 Generation of the natural baseline

The generation of groundwater quality can 
be viewed as a gigantic open system, but 
unevenly equilibrated chemical reactor 
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involving rain water, soils and rock strata. 
The acquisition of solutes may be regarded 
as a series of processes and reactions taking 
place within the hydrological cycle which 
may occur over natural timescales of days to 
millennia. The baseline geochemical system 
is a response to variable recharge rates, rain-
fall compositions, as well as the processes that 
have taken place along fl ow lines in aquifers 
in response to climate and environmental 
change including adjustments in water levels 
brought about by sea-level change as water 
fl owed toward discharge areas (Fig. 1.1).

Residence times of groundwater can typi-
cally be measured in hundreds to tens of 
thousands of years (Fig. 1.1). A sequence of 
relative timescales based largely on isoto-
pic tracers in aquifers has been suggested 
(Edmunds 2001): 
i. Palaeowater, that is, water recharged 
during or before the last glacial era,
ii. Pre-industrial Holocene water (free of 
any anthropogenic components),
iii. Industrial era but pre-thermonuclear era 
water (water free of tritium), and
iv. Modern water, that is, water younger 
than ca. 50 years, identifi ed by presence of 

tritium from thermonuclear tests in atmo-
sphere, or by presence of recent man-made 
contaminants such as CFCs.

Disturbances in fl ow and quality com-
menced with the onset of the Industrial 
Revolution and mechanised recovery of 
groundwater (Fig. 1.2). Before this time, natu-
ral fl ow regimes became established, adjust-
ing most recently to the restoration of the 
present-day coastline in the early Holocene. 
Stratifi cation of age and quality of groundwa-
ter would have taken place. Human impacts 
may, however, have been important in terms 
of water quality before the modern era, with 
forest clearances and land use changes involv-
ing land drainage, for example. The modern 
era, coinciding with roughly the last 200 
years caused a number of adverse impacts 
and signifi cant changes to the hydrochemi-
cal system, notably, deterioration in air qual-
ity, diffuse and point source pollution from 
agricultural and industrial sources, as well 
as mixing of water of different qualities as 
development of groundwater proceeded. The 
legacy of these impacts was generally slow to 
be recognised due to the hysteresis caused by 
the nature of the recharge process.

Fig. 1.1 Conceptual model of a 
confi ned groundwater system to 
show the defi nitions of modern 
and palaeowaters referred to in 
this study.
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The natural stratifi ed groundwater qual-
ity has been progressively disturbed by well 
and borehole drilling and pumping, espe-
cially during the twentieth century with 
the concomitant advance of contaminants 
from diffuse and point sources as well as by 
a changing atmospheric background from 
industrial sources (Fig. 1.2). Thus, it is nec-
essary to recognise the extent and chemical 
character of the naturally evolved water and, 
as far as possible, recognise and differentiate 
this from the human impacts on the natural 
baseline. This represents the main target of 
this chapter and forms an important starting 
point for water quality management.

1.2.2 Inert and reactive tracers

In order to understand the baseline charac-
teristics of groundwater, it is fi rst necessary 
to consider which constituents of the 
groundwater (chemical elements/species, 
isotopes or gases) can be used as tracers. It is 
convenient to distinguish between inert and 
reactive tracers. Inert tracers include chemi-
cally unreactive species such as Cl and sev-
eral isotopic signatures such as δ18O, which 
remain unchanged in composition over short 
timescales, or for which a major shift in 
composition indicates a new input source of 
groundwater. Reactive tracers include H + and 

Fig. 1.2 Evolution of the natural baseline quality of groundwater and progressive impacts of human 
infl uences.
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common cations contributed by weathering 
and reactions taking place along fl ow lines.

Examples of tracer types are

Inert tracers:

Cl, Br (Br/Cl), NO3, 
36Cl, δ18O, δ2H, 3H, 

noble gases (isotopes and ratios, e.g. 
81Kr).

Reactive tracers:

Major ions and ionic ratios, H+, Si, trace 
elements (e.g. B, Li, F, Sr), isotope 
ratios (87Sr/86Sr, δ34S, δ13C, 14C).

Inert tracers may be used to track the 
inputs to groundwater from the atmosphere, 
land surface and soils, which in turn can help 
track changes in past climates, environment 
and water origins, and also provide estimates 
of age. It is noted that nitrate may be used 
as an inert tracer in aerobic systems since it 
is stable in the presence of oxygen. Reactive 
tracers, on the other hand, chart the water–
rock interaction and help to characterise the 
rock type, mineralogy, fl ow pathways and 
geochemical controls leading to the unique 
mineral composition of the natural water.

In order to fully understand the evolution 
of a groundwater body and to characterise its 
baseline properties it is usually necessary to 
adopt a multi-tracer approach. For example, 
a combination of inert and reactive tracers 
was used to deduce the evolution of ground-
waters from present day to pre-Holocene in 
the Permo-Triassic East Midlands aquifer of 
England (Edmunds and Smedley 2000). This 
example, described later, allowed changes in 
baseline with time, palaeoclimate infl uences 
and the impacts of modern pollution to be 
assessed with some degree of confi dence. A 
similar multi-tracer approach is adopted for 
the reference aquifers in this book since this 

provides one of the clearest illustrations of 
the separation of natural trends from human 
infl uences.

1.2.3 Controls on baseline groundwater 
systems in the hydrochemical cycle

Rainfall modifi ed by evapotranspiration may 
be a signifi cant contributor to defi ning ground-
water compositions. Hydration of carbon 
dioxide acquired during passage through the 
soil provides the key reactant (H2CO3) con-
trolling weathering of the rocks encountered 
at shallow depths. The soil and unsaturated 
zone provide a highly reactive environment 
for mineral dissolution with strong changes in 
moisture content (water–rock ratio), recycling 
of solutes, pH changes neutralising acidic 
inputs and also high microbial populations 
which may catalyse geochemical reactions 
at shallow depths. In this way, the distinc-
tive mineral content of many groundwaters 
is determined in the top 5–10 m. Lithology 
and mineralogy (especially the presence or 
absence of rapidly reacting carbonate miner-
als), hydrophysical properties and residence 
time determine the detail of the eventual 
groundwater quality. Saturation controls by 
minerals, such as calcite, may inhibit further 
reaction and signifi cant modifi cation of water 
quality in the deeper saturated water bodies, 
although redox controls are of considerable 
importance. The main processes whereby 
baseline groundwater quality is determined 
are shown conceptually in Fig. 1.3.

1.2.3.1 Rainfall inputs

Rainfall originates mainly in the oceans 
and carries with it a characteristic aero-
sol composition dominated by Na and Cl 
accompanied by high Mg/Ca ratio. As the 
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rain passes over land, rain-out of aerosols 
will take place so that the residual water 
vapour becomes depleted in Cl. Similarly, 
the isotopic composition of water vapour 
evolves as it becomes more continental 
(Clark and Fritz 1997). Thus, the baseline 
chemistry may differ signifi cantly between 
coastal and inland areas in the same aquifer 
(as described, for example, for the Chalk of 
Dorset in Chapter 9). Pristine rainfall is nat-
urally acidic with a pH of around 5.6, and, 
although it contains low CO2, it can be a sig-
nifi cant agent for water–rock interaction.

1.2.3.2 Soils

The chemistry of groundwater depends to a 
large extent on the output from the base of 

the soil zone. There is scope for considerable 
modifi cation of the rainfall composition 
in the soil, notably by evapotranspiration 
 causing concentration, typically by a fac-
tor of 3 in temperate regions but up to 10 or 
more in semi-arid parts of Europe. The diur-
nal and seasonal fl uctuations in temperature 
and the variable rainfall cause wide ranges 
in water–rock ratio and ionic strength of the 
soil solutions, leading to mineral saturation, 
with some precipitation in dry spells and sub-
sequent dissolution. The main impact of the 
soil is owing to the biological production of 
CO2, which under natural baseline conditions 
may raise the concentration by up to 10–100 
times that of the atmosphere. The resulting 
carbonic acid is the main control on weather-
ing, both of carbonate and silicate minerals. 

Fig. 1.3 Main processes affecting the evolution of natural (baseline) groundwater quality. 
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Organic soils may be naturally acidic 
(pH 2.9–3.3). Acidity will be neutralised to 
near neutral pH in alkaline soils above car-
bonate rocks, but in non-carbonate rocks the 
pH of moisture leaving the soil may remain 
in the range 4.0–5.0 (Dahmke et al. 1986; 
Edmunds et al. 1992).

1.2.3.3 Unsaturated zone

Where the water table is shallower than a 
few metres, capillary action will lift water to 
evapotranspirative sinks, concentrating the 
solutes; deep-rooted vegetation may also lift 
water from depth. Below a few metres depth, 
the moisture drains to the water table, typi-
cally at recharge rates of between 0.01 and 
1 m yr–1 in porous media, but greater than 
this in fractured rocks where dual porosity 
may lead to differential rates of percolation 
with some fracture fl ow. The moisture takes 
with it the fi ngerprint of inert atmospheric 
inputs plus reactive tracers, solutes derived 

from reactions in the unsaturated zone. 
Reactions taking place at the soil–bedrock 
interface are some of the most intense in the 
geochemical cycle and play a major part in 
determining the baseline composition.

Inert solutes, such as chloride, moving 
through the unsaturated zone will retain a 
memory of the climatic and environmental 
conditions at the time of recharge. Thus, 
past wet periods and droughts, as well as 
land use type and land use change will be 
recorded in the oscillations of Cl and other 
inert solutes. Superimposed on the natural 
baseline, the unsaturated zone then records 
human impacts, such as excess nitrate from 
fertiliser applications to arable land.

The attenuation of rainwater or soil acid-
ity is usually completed in the unsaturated 
zone, inducing complementary changes in the 
reactive tracers, depending on the mineral-
ogy and cation-exchange capacity. This is 
 illustrated for a siliclastic aquifer in Fig. 1.4 
using interstitial water profi les (10 m depth 

Fig. 1.4 Natural baseline condi-
tions beneath grassland on 
sandstone (Triassic sandstone, 
English Midlands). Exchangeable 
cations are progressively removed 
by incoming low pH water; high 
metal concentrations occur in the 
upper section of the unsaturated 
zone.
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above the water table) taken from an area 
of acid heathland overlying arkosic Triassic 
sandstone in the English Midlands (Edmunds 
et al. 1992). Profi les are shown for a number 
of elements in water obtained by immiscible 
liquid displacement method. This profi le 
was drilled in a newly planted area of Cyprus 
pine; the high Cl concentrations above 3.5 m 
clearly show the period of growth (12 years) 
and slowing of recharge (from 95 to 22 mm 
yr–1) as compared with the original heathland. 
A gradual attenuation of acidity from pH 4 to 
6 takes place over the section with buffering 
of pH initially controlled by Al and at lower 
levels by base cations (Ca and Mg). A number 
of other metals (Fe, Mn, Cu, Zn, Ni and Be) are 
also mobilised in the upper 5 m of the profi le. 
It is uncommon for acidic conditions to per-
sist into the saturated zone and to affect over-
all groundwater quality, although it is evident 
that shallow groundwaters in non-carbonate 
aquifers may give rise to naturally high metal 
concentrations.

1.2.3.4 Hydrogeochemical processes in 
groundwater

Under natural conditions, groundwater qual-
ity is determined by the sum of soil-modifi ed 
atmospheric inputs plus water–rock interac-
tion taking place at the soil–bedrock inter-
face and from longer-term reactions taking 
place along fl ow paths in the saturated zone. 
The initial concentrations and ratios bear a 
close resemblance to the parent geo logy for 
some elements. Aquifer lithology and min-
eral assemblage thus provide the primary 
groundwater signature and the groundwater 
will undergo geochemical reactions (disso-
lution–precipitation, ion-exchange or redox 
reactions) mixing as water moves down-
gradient (Fig. 1.3).

1.2.3.5 Solution–precipitation reactions

Mineral solubility and kinetics determine 
the release of cations to groundwater. 
Therefore, a consideration of the availabil-
ity in the zone of weathering in the bedrock 
of the most soluble rock-forming minerals 
will be critical in establishing the initial 
water quality. Dissolution of carbonate 
and silicate minerals are largely driven 
by the action of CO2 produced within the 
soil zone by root respiration and bacte-
rial metabolism on solid mineral phases 
within the soil. A detailed treatment of the 
processes involved is given in several texts 
(Stumm and Morgan 1996; Langmuir 1997; 
Appelo and Postma 2005).

A number of dissolution reactions may be 
used to explain the release and uptake of sol-
utes from carbonate and silicate rocks.

(1a) Congruent dissolution of calcite

CO2 + CaCO3 + H2O → 2HCO3
– + Ca2+

 Calcite

(1b) Incongruent reaction of impure calcite

xCa2+ + Ca(1– x)MgxCO3 → CaCO3 + xMg2+

 Impure calcite Calcite

(2a) Weathering of primary rock minerals 
(feldspar) to release solutes and form clays

 2CO2 + 2NaAlSi3O8 + 11H2O →
 Albite

AlSi2O5(OH)4 + 2Na+ + 2HCO3
– + 4H4SiO4

 Kaolinite

(2b) Weathering of primary rock minerals 
(biotite) to release solutes and form clays

2K(Mg . 2Fe)(AlSi3)O10(OH)2+10H+ + 
Biotite

0.5O2 + 7H2O → Al2Si2O5(OH)4
+ 2K+ + 4Mg2+ + 2Fe(OH)3 + 4H4SiO4
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(3) Weathering of cation-rich clays to form 
cation-poor clays

3Na0.33Al2.33Si3.67O10(OH)2 + H+ + 11.5H2O →
 Na-montmorillonite

3.5Al2Si2O5(OH)4 + Na+ + 4H4SiO4
 Kaolinite

There are common features to these reac-
tions. All of them are hydrolysis reactions 
that consume CO2 and therefore change pH. 
During the early evolution of the chemi-
cal composition of groundwater, the open 
or closed system behaviour with respect to 
CO2 is important (Fig. 1.3). Up to a certain 
depth during recharge, the infi ltrating water 
remains in contact with the atmospheric and 
soil CO2 (open system), but below a certain 
depth diffusive exchange with the soil and 
atmosphere become negligible and the sub-
sequent evolution takes place with a fi xed 
quantity of atmospheric CO2, although fur-
ther in situ production of CO2, for example, 
from breakdown of organic matter or deep 
crustal or mantle sources may still occur.

The reactions of silicate minerals under 
conditions of natural weathering, as shown 
above for albite and biotite, also have some 
common features. An unstable mineral 
such as albite (formed under high-temper-
ature conditions) reacts with carbonic acid 
(represented above only by H+) and forms 
kaolinite, a more stable mineral. In the pro-
cess, cations are produced (both major and 
trace elements since natural minerals are 
generally impure) and silica is also produced 
along with bicarbonate. Biotite also releases 
some iron which precipitates under aero-
bic conditions as iron oxyhydroxide. It is 
important to note that silicate minerals are 
the primary source of silica in most ground-
water systems and not quartz or other forms 
of SiO2, which remain almost inert. The 

reactions of carbonate minerals are usually 
quite rapid whereas those involving silicates 
tend to be rather slow and are in general also 
irreversible.

Two reactions are shown for carbonate 
minerals. Congruent dissolution is the com-
mon reaction taking place involving attack 
by the weak acid (H2CO3). Calcite undergoes 
complete dissolution, and reaction takes 
place until saturation is reached, although the 
reaction of calcite can still occur under the 
dynamic (reversible) conditions of the equilib-
rium. During congruent solution, cations will 
be added in stoichiometric quantities so that 
the groundwater assumes cation ratios simi-
lar to those in the parent carbonate. However, 
as the groundwater proceeds along the fl ow 
path, incongruent dissolution will continue 
whereby the impurities in the solid phase are 
progressively released and a purer mineral (in 
this case a lower-Mg calcite) is produced. The 
Mg/Ca ratio in the water increases as a result 
of this process and may be used as an indica-
tor of residence time and increasing maturity 
of groundwater – young groundwaters will 
generally only have low Mg concentrations.

The release of ions to solution will depend 
on the relative solubilites and reaction kinet-
ics of the component minerals, the rate of 
supply of H+ and temperature. Therefore, 
groundwater catchments with different lith-
ologies, mineral assemblages and, especially, 
soil types, would be expected to give rise 
to different water chemistries and baseline 
characteristics. The baseline chemistry may 
refl ect different land use and different recharge 
areas within a catchment. In carbonate areas, 
for example, for groundwaters at saturation 
with respect to calcite, the concentrations of 
HCO3 are likely to refl ect recharge areas which 
may have different P(CO)2 and hence different 
land use and soil types (Langmuir 1971).

EDMUNDJ_Ch1.indd   11EDMUNDJ_Ch1.indd   11 12/11/2007   3:06:59 PM12/11/2007   3:06:59 PM



W. M. Edmunds and P. Shand12

1.2.3.6 Redox controls

Redox reactions are very signifi cant in deter-
mining and delineating changes in the base-
line characteristics of groundwater. Most 
shallow groundwaters under natural con-
ditions contain dissolved oxygen concen-
trations (on average around 8 mg L–1) only 
slightly below atmospheric values. During 
down-gradient fl ow, the dissolved oxygen 
is progressively consumed by microbially 
mediated processes or inorganic reactions 
leading to anaerobic conditions marked by a 
sharp change in the redox potential (Eh) at a 
redox boundary (Fig. 1.3). The rate of removal 
of dissolved oxygen is strongly dependent on 
the geochemistry of the aquifer and the pres-
ence of electron donors (notably dissolved 
organic matter – total organic carbon [TOC] – 
or Fe2+ contained in pyrite or, to a lesser 
degree, silicates). In some aquifers, such as 
young unconsolidated sediments, there is 
likely to be sufficient reactive organic car-
bon (small molecules containing 4–8 carbon 
atoms) to permit microbially mediated reac-
tions. In many aquifers such as sandstones, 
however, there may be a low abundance of 
TOC, or the carbon present may be inert; 
present only as humic acids or geological car-
bonaceous material (see Chapter 4). In such 
cases, the presence of interstitial pyrite may 
act as the dominant control on redox status.

A sequence of redox changes may be rec-
ognised along fl ow paths in aquifers (Champ 
et al. 1979; Edmunds et al. 1984) which often 
follow those predicted by equilibrium ther-
modynamics (Stumm and Morgan 1996). 
Thus, following the complete reaction of 
O2, nitrate is the next electron acceptor, and 
then Mn and Fe oxides are reduced followed 
by SO4 and then by methane fermentation. 
A similar set of oxidation half-reactions 

may be recognised in the sequence: organic 
matter>HS–>Fe2+>NH4>Mn2+. For most prac-
tical purposes, it is the rate of removal of 
oxygen that is the most signifi cant, since, 
in the reducing environment, Fe2+ becomes 
stable and may appear in signifi cant quanti-
ties. Following the reaction of oxygen, the 
removal of nitrate is rapid and although 
under baseline conditions nitrate concentra-
tions are low, removal of high contaminant 
levels are possible across the redox bound-
ary (Parker et al. 1991). Sulphate reduction, 
although predicted, is inhibited by reaction 
kinetics in aquifers low in TOC and may 
persist in many reducing groundwaters 
(Edmunds et al. 1984).

1.2.3.7 Ion-exchange reactions

Modifi cations to the chemistry of ground-
water by cation exchange as it moves along 
fl ow paths in aquifers are well documented 
(Appelo and Postma 2005). Most aquifers, 
and especially those formed in marine envi-
ronments, are in a state of continuing evo-
lution as freshly recharged groundwater 
displaces saline formation water and the 
parent rock undergoes adjustment including 
incongruent dissolution (described above) 
and also exchange of adsorbed cations espe-
cially sodium for calcium:
(4) Cation-exchange reactions

Na+ + ½Ca-X2 → Na-X + ½Ca2+

where X represents the exchanger.
Nearly all minerals have exchange properties 
and can retard the progress of charged species 
in groundwaters, but it is the size of the sur-
face area of the mineral that will determine 
the variation in cation-exchange capacities 
(CECs). Clay minerals such as montmoril-
lonite have large CECs and exceed those of, 
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for example, kaolinite. Organic matter and var-
ious forms of iron oxy-hydroxides, however, 
may have the highest CECs. It is also impor-
tant to note that the amount of exchangeable 
cations contained on mineral surfaces in many 
aquifers will greatly exceed the dissolved 
concentrations (Appelo and Postma 2005).

Examples of cation exchange taking place 
along fl ow paths are given for several of the 
reference aquifers featured in this book, 
for example, the Neogene aquifer in Belgium. 
It may be possible to determine the amount 
of Na released by cation exchange (in carbon-
ate rocks where albite reaction is not impor-
tant) from the baseline quantities entering 
as aerosol, by the amount the molar Na/Cl 
ratio exceeds the marine value (mNa/Cl = 
0.86). This is illustrated for the Chalk aquifer 
(Chapter 9).

Cation exchange is a major control on the 
quality of young sedimentary aquifers, espe-
cially in coastal regions. Marine formation 
water is progressively removed in a fresh-
ening process which proceeds sequentially. 
Fresh water containing mainly Ca2+, which is 
favoured by the natural exchangers, displaces 
sea water dominated by Na+ and Mg2+, fi rst 
displacing the Na+ and then the Mg2+ (Appelo 
and Postma 2005; Walraevens et al. 2007).

1.3 Timescales of groundwater 
movement and spatial 

considerations

In order to interpret the water quality varia-
tions in terms of baseline concentrations, 
some knowledge of water ages (timescales) 
within groundwater systems is required. 
For this purpose, the use of both inert and 
reactive chemical and isotope tracers is 
essential. Under favourable conditions, 

groundwater ages can be assessed with suf-
fi cient confi dence, though, very often, dif-
fi culties are encountered due to the lack of 
ideal tracers. To overcome difficulties, it is 
also sometimes convenient to combine the 
tracer methods with numerical models of 
fl ow and solute transport.

By investigating the evolution of water 
quality along fl ow lines, it is also possible to 
establish relative timescales. For instance, 
the identifi cation (or absence) of marker spe-
cies related to activities of the industrial era, 
such as elevated TOC, tritium (3H), dissolved 
anthropogenic gases (chlorofl uorocarbons, 
SF6) and certain micro-organic pollutants 
may provide evidence of a recent component 
in groundwater. Radiocarbon (14C), stable 
isotopes of oxygen and hydrogen in water 
molecules, accumulated 4He and other noble 
gases are widely used for determinations of 
water ages. Even when absolute age deter-
mination cannot be made, it may be pos-
sible to distinguish waters of different ages 
in qualitative terms using reactive chemical 
tracers including ionic ratios such as Mg/
Ca, Na/Cl and increase in trace element 
concentrations.

1.3.1 The East Midlands Triassic aquifer: 
an illustration of changing baseline

The East Midlands Triassic sandstone is 
highly oxidised red sandstone of arid des-
ert and is of fl uviatile origin, which at 
depth contains dolomite and anhydrite 
cements indicating a playa lake setting for 
deposition. It forms a major water supply 
source in the UK and has been the subject 
of detailed hydrogeological and geochemi-
cal investigations (see e.g. Bath et al. 1979; 
Edmunds et al. 1982; Downing et al. 1987; 
Edmunds and Smedley 2000; Smedley and 
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Edmunds 2002). It provides a good example 
to show how inert and reactive chemical 
tracers help to build a story of the changing 
baseline as water moves along fl ow paths in 
the aquifer (Figure 1.5). This approach is used 
in subsequent chapters to illustrate baseline 
concepts and an outline is given here using 
representative tracers. In Chapter 4, the East 
Midlands aquifer is subjected to modelling 
to test some of the geochemical observa-
tions, and in Chapter 5 the upper part of the 
aquifer is used as a case study to evaluate the 
use of modern tracers.

The sandstone forms a single hydraulic 
unit and the aquifer is confi ned by a thick 
sequence of mudrocks (Mercia Mudstone) 
which locally contain residual evaporite 
minerals. The aquifer is underlain by a 
sequence of Permian mudstones, marls and 
dolomitic limestones, and Carboniferous 
rocks with saline formation water. In Fig. 1.6, 
groundwater temperature has been used as a 
proxy for age or distance along the fl ow path, 
also separating waters from different depths 
at the same site. A selection of tracers is 
used to illustrate the main processes and the 
changes in baseline chemistry.

Groundwater age increases regularly along 
the fl ow path with maximum ages well in 
excess of 50 kyr and fresh waters span the 
period up to and beyond the range of radiocar-
bon dating. Groundwater recharge occurred 
during the Holocene, but an age gap indicates 
that no recharge occurred during the period 
c.10,000–20,000 yr bp, corresponding to 
permafrost in the recharge areas during the 
glacial maximum. The transition between 
groundwaters of Holocene and Pleistocene 
age is clearly indicated by the step in δ18O 
of 1.7%o and supports the evidence for 
recharge during a colder interstadial climate. 
Noble gas recharge temperatures indicate 

that conditions during the interglacial period 
were some 6oC cooler than at the present day.

Although confi ned between mudstones 
with a potential to add salinity, the ground-
water has a remarkably low total miner-
alisation. Chloride can be used as an inert 
tracer of inputs from the atmosphere and 
other sources (any internal sources of Cl are 
e xtremely low). Concentrations as low as 
6 mg L–1 in older waters are likely to refl ect 
precipitation when a more continental cli-
mate existed across northern England, when 
sea levels were much lower. The ratio Br/Cl 
has also been used to help constrain the ori-
gins of Cl, with the higher ratios refl ecting 
the greater continentality during the Late 
Pleistocene. The high Cl at outcrop then 
defi nes the extent of groundwater pollution 
from various sources (including industrial 
sources of rainfall from the modern era) – 
inputs which, after evapotranspiration, give 
concentrations entering groundwater of 
~27 mg L–1. Sulphate (Fig. 1.6), similarly also 
indicates the extent of modern contaminant 
input, but extremely low SO4 concentrations 
in water of Holocene age also refl ect pristine 
atmospheric inputs as shown from studies 
of sulphur isotopes (Edmunds et al. 1995). 
Unlike Cl, SO4 increases in the deeper, older 
waters indicating dissolution of remnant 
anhydrite. Cross-formational fl ow in the East 
Midlands aquifer does not occur and most of 
the hydrogeochemical changes are the result 
of internal water–rock interaction.

Sequential processes in reactive tracers 
refl ect water–rock interaction with both 
carbonate and silicate minerals as well as 
anhydrite. The Mg/Ca ratio which is low 
near outcrop fi rst indicates reaction with 
secondary calcite cements, but the sharp 
increase to values above 2 indicates the 
predominance of dolomite reaction; in deeper 
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groundwaters the lower Mg/Ca ratios refl ect 
the infl uence of Ca added by reaction of 
anhydrite. The molar Na/Cl ratio increases 
regularly along the fl ow path indicating reac-
tion of albite. Several trace elements also 
increase regularly along the fl ow path and 
the example is shown of lithium (Fig. 1.6) 
which increases from 1 μg L–1 at outcrop to 
around 40 μg L–1 at depth. Lithium is obvi-
ously not derived from any pollution source 
but most probably from progressive feldspar 
dissolution. Like Cl, these element and ratio 
changes may be used as indicators of relative 
groundwater age as well as demonstrating the 
changing baseline compositions and their 
controls.

In this highly oxidising lithology, the 
groundwaters remain aerobic Figure 1.5 and 
oxygen persists for several thousand years 
(Fig. 1.6), but then its removal is marked by a 
change in the redox potential and the estab-
lishment of reducing conditions. This redox 
barrier has a strong control on the baseline 
concentrations of many elements, includ-
ing nitrate and other redox sensitive trace 

elements such as Fe, Se and As. Arsenic 
(as arsenate) concentrations increase with 
residence time in the aerobic section of the 
aquifer highest next to the redox bound-
ary, but then remain relatively low in the 
reducing section of the aquifer (Smedley and 
Edmunds 2002).

1.4 Baseline definition and 
quantification

Several approaches have been considered in 
the present book to help identify baseline 
properties and are summarised in Table 1.1. 
They include the use of historical data, the 
use of down-gradient profi les, extrapolation 
from adjacent areas with similar geology, geo-
chemical modelling and the use of statisti-
cal techniques. These approaches separately 
or together help incipient or actual human 
impacts to be recognised (Shand et al. 2007).

Traditionally, the use of statistical tech-
niques has assumed that geochemical distri-
butions are either normal, or more generally, 

Fig. 1.5 Summary of groundwater quality in the East Midlands Triassic sandstone. Further 
explanation given in the text.
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log-normal (Ahrens 1954). In most natural 
systems, including groundwater, geochemi-
cal distributions may be polymodal and are 
usually heavily skewed (Shand and Frengstad 
2001). Non-parametric statistical methods 
are advocated for geochemical distributions, 
which may not have a normal or log-normal 
distribution (Reimann and Filimoser 2000). 
For practical purposes, ranges in baseline 
concentrations are used and not simply a 
single average, although some normative 
average value may be helpful as a guideline. 
This range can be described in many ways, 
for example, by giving a mean and standard 
deviation, the total range in values or by 
describing minimum and maximum base-
line concentrations after removing outliers. 

The value of the commonly used statistical 
parameters, such as median or mode, are of 
use when comparing the baseline chemistry 
of aquifers from different areas or within 
the same aquifer from different regions. Use 
of the median value instead of the mean is 
preferred for comparing different datasets 
because it is more robust and much less 
affected by outlying values.

Various but rather similar approaches 
have been used in an attempt to defi ne cut-
off points between baseline and anthropo-
genic inputs (Edmunds et al. 1997; Kunkel 
et al. 2004; Reimann and Garrett 2005). 
Probability plots have been extensively used 
in the mining industry and such diagrams 
have been used to identify background and 

Fig. 1.6 Hydrochemical cross section for various indicators (DO, Cl, SO4, mMg/Ca, mNa/Cl and 
Li along the profi le shown in Figure 5 (here temperature used as proxy for distance). For further expla-
nation see text.
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anthropogenic populations of elements in 
surface water and groundwater samples 
adjacent to a mining and smelting area in 
Utah, USA (Runnells et al. 1998). Similarly, 
the median +2 median absolute deviation 
(median of the absolute deviations from the 
median of all data) has been used to exclude 
extremes (Tukey 1977; Reimann and Garrett 
2005).

As a starting point, it is useful to defi ne an 
upper baseline from the single data set, for 
example, the 95th percentile as chosen in the 
UK and USA baseline studies (Edmunds et al. 
1997; Lee and Helsel 2005) or 97.7  percentile 
(mean + 2-sigma) as done by Langmuir (1997). 
There are no a priori reasons why the upper 
2–10% of the data population should include 

all the non-baseline samples. For example, it 
is obvious from examining any of the data 
sets that nitrate contamination is wide-
spread and affects up to 50% of samples in 
some aquifers. In the present investigations, 
the median and the 97.7 percentile have 
been adopted widely to represent the average 
tendency and to separate outliers on a purely 
statistical basis.

The BaSeLiNe project (European 
Commission 2003), completed under the 
European Union Framework VI programme, 
forms the primary data set of information 
used in this book. Groundwater data sets for 
single aquifers (or sections of aquifers) are 
fi rst treated statistically, but then examined 
through time series and spatial distributions 

Table 1.1 Various approaches used for the determination of baseline chemistry of groundwaters.

Method Application to baseline studies Advantages and limitations

Use of historical data Important for identifying trends  Highly valuable records and more effort
 over lifetime of groundwater  needed to preserve these
 development Long-term data-sets are, however, rare
  The range of solutes is usually small (e.g. 
  chloride, nitrate and hardness). Analytical 
  methods (and analysts) have changed with 
  time, detection limits vary
Use of downgradient Profiles along flow gradients  Care needed to distinguish data from
profiles provide a useful two dimensional  boreholes with different depths and large and
 summary of groundwater quality  small abstraction sites
 evolution with time  Limited use in unconfined groundwaters
Extrapolation from  Useful first approach but no Lithofacies changes along strike or dip usually
adjacent areas substitute for examination of each  limit this approach. Each area  has unique
 water body geological and hydrogeological properties
Geochemical modelling Provides independent means of  Requires a good knowledge of the
 testing hypotheses of groundwater  hydrodynamic situation, end member
 evolution, based on  compositions and aquifer mineralogy
 thermodynamic  approach 
Statistical methods Distinguish anomalous from  Cannot distinguish anomalies resulting from

 typical values. Provides important  natural or contaminant sources
 summary of median and ranges of  Should always be used alongside
 data for a water body hydrogechemical studies
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(especially down-gradient profi les) where the 
hydrogeology and controlling hydrogeochem-
ical processes may be taken into account. 
In this way, the degree of  heterogeneity of 
a groundwater body can be interpreted in 
relation to groundwater fl ow paths, depth 
and residence times. Anomalies super-
imposed on the baseline due to pollution 
may normally be expected in the fl ow sys-
tem upstream of the pristine (baseline) 
groundwaters.

From the foregoing discussion, it is clear 
that the groundwater baseline will be rep-
resented by a range of values refl ecting the 
natural spatial variability in water quality 
due to geological, geochemical and envi-
ronmental factors. The main purpose of 
the chapters in this book is to highlight the 
spatial variability of natural groundwater 
quality within groundwater systems and to 
provide a basis against which contamination 
may be recognised.

An ideal starting point to establish baseline 
concentrations is to locate waters where there 
are likely to be no traces of human impact 
(essentially those from the pre-industrial era), 
although this is not always easy for several 
reasons. Unconfi ned aquifers and confi ned 
aquifers in recharge areas usually contain, espe-
cially at shallow depths, anthropogenic com-
ponents from diffuse sources (e.g. acid rain and 
agrochemicals). Groundwater exploitation by 
means of drilling may penetrate water of dif-
ferent ages and quality with increasing depth 
as a result of the stratifi cation that invariably 
develops under undisturbed hydrogeological 
conditions. This stratifi cation is a result of 
different fl ow paths and fl ow rates being estab-
lished as a consequence of  prevailing hydrau-
lic gradients and the natural variation in the 
aquifer’s physical and geochemical properties. 
As a result of porosity differences, groundwa-
ter is often a mixture of water fl owing rapidly 

through fractures and older, slower-moving 
water held in the matrix.

The European reference aquifer  studies 
show that many waters, recognisable as being 
modern and with short turnover times, may 
still not show other clear signs of pollution. 
Their composition may still overwhelmingly 
refl ect mineralisation derived from water–
rock interaction and will often be fully 
acceptable in terms of potability, provid-
ing that biological constituents do not pose 
a health risk. The most common indicator 
of incipient pollution in most of the 
European groundwaters is nitrate, which is 
mobile under aerobic conditions and is pres-
ent above naturally low threshold values in 
most groundwaters. High nitrate occurrence 
also can be entirely natural, for example, in 
groundwaters from semi-arid areas where 
leguminous vegetation is present (Edmunds 
and Gaye 1997).

At the practical level, the baseline needs 
to relate to a specifi c water body and val-
ues related to the controlling geochemical 
processes and heterogeneity involved. Each 
aquifer system will be unique. A subdivi-
sion of the water body (e.g. into confi ned or 
 unconfi ned, oxidising or reducing) may be 
necessary in order to properly express and 
defi ne the baseline.

Once the hydrogeological and geochemi-
cal assessment has been made, a useful 
(single) operational defi nition of the base-
line concentration is the median which 
enables intercomparison between data sets 
(see Chapter 2). The baseline range can be 
defi ned from 2.3% to 97.7% of sample popu-
lation (95.4% of population being within 
that range). Another graphical presentation 
of data for each element or species used is 
also given in the form of box plots. The boxes 
should be in the range of 16–84% of sample 
population (68% of population being within 
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that range) whereas ‘whiskers’ should indi-
cate the range of 2.3–97.7% as well as outli-
ers. The upper whisker can be regarded as the 
upper limit of the baseline concentration.

Care is needed in applying statistical treat-
ment of data. For instance, when the number 
of observations is lower than 37, the minimal 
and maximal values measured will defi ne 
the baseline range. In other words, there are 
no outliers. However, if the extremely high 
value(s) do not fi t to any regular distribution 
and can be regarded as belonging to a local 
anomaly, then they will require special con-
siderations on the supposed origin related 
either to anthropogenic pollution or geo-
genic infl uence.

Cumulative frequency plots are favoured 
in baseline studies as a coarse means of dis-
criminating the natural chemistry from that 
due to pollution; outliers may indicate the 
extent of pollution but may also occur due 
to anomalous natural concentrations (e.g. 
mixing with saline groundwaters). However, 
there are also several types of geochemical 
reactions which will alter distributions by 
removing or limiting concentrations in solu-
tion  including redox processes, adsorption 
onto solid mineral phases and saturation 
with respect to minerals that will limit the 
solubility of one or more elements. This is 
illustrated in Chapter 2, Fig. 2.2 for the main 
situations encountered in groundwater envi-
ronments where the inferences that may be 
drawn from cumulative frequency plots are 
shown.
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The baseline chemistry of groundwaters 
varies both spatially and with time due to 
many complex factors including climate, soil 
type, geology and residence time. The base-
line is therefore represented by a range rather 
than a single concentration. The variations 
in baseline groundwater characteristics are 
presented for a variety of aquifers in Europe 
including different rock types (from carbon-
ate to siliclastic) and ages (PreCambrian 
to Quaternary). Most aquifers have been 
affected to some degree by diffuse pollution 
and a set of guidelines has been developed to 
help in the determination of baseline.

More than 80 components were measured 
in these aquifers. Statistical data and plots 
are useful for comparison between areas and 
are of strategic value since they include data 
for elements for which there are no existing 
guidelines, but which may still be harm-
ful (e.g. Be, Se, Sb, Tl, U). This represents a 
comprehensive and strategic database of the 
baseline concentrations for most inorganic 
substances and a reference to quantify pollu-
tion by such substances.

There is considerable overlap between the 
different aquifers for most solutes regardless 
of main aquifer type. The main hydrochemi-
cal characteristics in aquifers are determined, 
not specifi cally by rock type, but by a range 

of hydrochemical processes such as mineral 
dissolution, redox reactions, ion-exchange 
reactions, mixing, adsorption–desorption 
and rainfall inputs.

2.1 Introduction

The baseline chemistry of groundwater as 
defi ned in Chapter 1 in aquifers or ground-
water bodies, is very variable, both spatially 
and with depth, as a function of the many 
complex geological, hydrogeological, geo-
chemical and climatic factors which control 
hydrochemical evolution. It is well estab-
lished that groundwater chemistry varies 
in response to these factors, as well as with 
time, related to solubility and kinetic con-
trols (Hem 1985; Appelo and Postma 2005). 
However, the characterisation of the ground-
water chemistry is difficult to establish for 
several reasons: sampling is often biased 
towards parts of the aquifer which are most 
productive (e.g. valley bottoms), samples 
may be limited to specifi c (shallow) hori-
zons in the aquifer, the sample may repre-
sent a mixture of waters where long screen 
intervals are used to maximise groundwater 
abstraction, and the sample may not, there-
fore, be representative of groundwater 

2 The Baseline Inorganic Chemistry of 
European Groundwaters

P. SHAND AND W. M. EDMUNDS
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within an aquifer. Nevertheless, where 
sufficient infrastructure exists, it is generally 
possible to ascertain the main controls on 
aquifer chemistry and to assess at least some 
of the spatial and depth variations within 
an aquifer. An assessment of the natural or 
baseline condition is more difficult because 
of the long history of anthropogenic infl u-
ence both by the direct inputs of pollutants 
as well as the changes imposed by pumping, 
thus a reversal or change in fl ow regime often 
results in changes in water quality. Such an 
assessment is required in order to quantify 
the presence or absence of pollution (Shand 
and Frengstad 2001; Edmunds et al. 2003; 
Shand et al. 2007) as well as to provide limi-
tations to remediation, that is, remediating 
to the baseline may be either prohibitively 
expensive or practically impossible.

This chapter presents an overview of 
major, minor and trace elements in ground-
waters from a range of European aquifers. A 
total of 25 aquifers from 11 countries were 
investigated (Table 2.1). These aquifers were 
chosen so as to cover a wide range of aqui-
fer lithologies (carbonate-poor siliclastic to 
carbonate dominant) as well as of different 
age (Cambrian to Quaternary). The results 
across Europe are shown as statistical sum-
maries and the overall trends in water qual-
ity are discussed. Detailed studies of many 
of the individual reference aquifers are pre-
sented in subsequent chapters of this book.

2.2 Database Compilation and 
Sampling

For the reference aquifers from each country, 
available groundwater chemical data were 
collated from various sources and the differ-
ent databases were compiled to a common 

framework. The quantity and quality of 
data were very variable both within and 
between the different countries. These 
were limited in part by a lack of historical 
data and partly due to data confi dentiality, 
for example, in private company data-
bases. The quality of the historical data was 
checked for individual countries using ionic 
balances as a means of detecting poor quality 
analyses which were then rejected. Owing to 
the lack of historical data in most European 
countries, the data were mainly from records 
over the last decade; within these datasets 
the range of measured components was often 
limited or varied over time.

In order to have a more consistent data-
base and overcome data-poor aquifers, an 
additional dedicated hydrochemical sam-
pling programme was completed for most of 
the aquifers studied. Both sampling method-
ology and analytical procedures may cause 
variations in data, hence the groundwaters 
were all sampled using an agreed protocol 
and using the same analytical techniques. 
In this exercise a wide range of major and 
minor elements as well as trace elements 
(c.63 trace elements) were analysed for each 
reference aquifer by a single laboratory. A 
protocol was established whereby unstable 
parameters such as pH, redox potential (Eh) 
and dissolved oxygen (DO) were measured 
in a fl ow-through cell where possible, and 
specifi c electrical conductance (SEC), alka-
linity and temperature were measured at 
site. In addition, all samples were fi ltered 
through 0.45 μm membrane fi lters for the 
analysis of dissolved components. The 
number of analyses available for each aqui-
fer and used in the summaries are shown 
in Table 2.2.

The compilation and amalgamation 
of data from each aquifer into a database 
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presented several problems. For example, 
many of the parameters had different detec-
tion limits as a consequence of different 
analytical techniques or changes in detec-
tion limit due to improvements in sensitiv-
ity over time. Where reasonable detection 
limits were available, a value of half of the 
detection limit was imposed for statistical 
and plotting purposes. However, if old data 
with very high detection limits were pres-
ent, these were removed.

Although most laboratories have stringent 
quality control procedures and reference 

material checks for accuracy and precision, 
there was some concern as to how closely 
comparisons could be made between data 
from the different country laboratories. A 
set of samples (including international refer-
ence materials) were therefore sent to sev-
eral laboratories as part of a ‘round-robin’ 
intercomparison exercise. The results for 
selected major and trace elements are shown 
in Fig. 2.1. The comparisons for major ele-
ments and the majority of trace elements 
are within the errors provided for the ref-
erence material, hence providing a reliable 

Table 2.2 Numbers of analyses for each of the reference aquifers.

Country Aquifer Number of Analyses

United Kingdom Wessex Basin  59
Lower Greensand  86
Sherwood Sandstone York  43
Sherwood Sandstone E Midlands  56

Spain Donana Aquifer  98
Portugal Aveiro Aquifer Q  72

Aveiro Aquifer C  90
Belgium Ledo–Paniselian  256

Neogene Aquifer  84
France Fontainbleau Sands  42

Valreas Aquifer  14
Lower Triassic  18

Denmark Miocene Aquifer  64
Quaternary Aquifer  2
Limestone & Chalk aquifers  35

Poland Tertiary K-G Sands  40
Bogucice Sands  33

Estonia Devonian Aquifer system 2394
Cambrian-Vendian System 1551

Czech Republic Cenomian  43
Turonian  61

Bulgaria Thracian  19
Razlog  20

Malta Mean sea-level aquifer  7
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 analytical framework for the comparison of 
data sets. However, for older data, quality 
control must remain an issue.

2.3 Data Presentation

Comparisons of datasets for major, minor 
and trace elements are presented in the fol-
lowing section using cumulative probability 
plots. These are considered the most effec-
tive means for displaying the range of data as 
well as potentially discriminating different 
populations of data. Cumulative probabil-
ity (or cumulative frequency) plots display 
the range of data based on a percentile basis 
(Fig. 2.2). Different populations, represented 
by a change in slope on the plots may indi-
cate different sources, for example, natural 
and contaminant, as well as major discon-
tinuities within the groundwater body (e.g. 
reducing and oxidising environments). 
Cumulative probability plots have been used 
in the mineral exploration industry to dis-
criminate anomalous concentrations from 
background (Runnells et al. 1998), and also 

around polluted sites to discriminate point 
source pollution. Geochemical distributions 
are, however, often naturally complex and 
many common geochemical processes cause 
changes in simple distributions (Fig. 2.2). 
Therefore, these provide a useful fi rst-order 
tool to help in assessing the internal hydro-
chemical functioning of an aquifer.

Several other problems need to be borne 
in mind with regard to interpreting ranges 
of data on the plots described above. 
For example, it could be argued that outliers, 
that is, data above the 97.7 percentile also 
represent the baseline. However, this crite-
rion has been applied here for practical pur-
poses, and it is a common practice to remove 
unusual or outlying data when applying sta-
tistical treatments.

The baseline range for an aquifer may 
typically show wide variations (Shand et al. 
2007) and it is desirable to subdivide it 
into  different sections for monitoring and 
interpretation. This allows, for example, 
the different properties of unconfi ned and 
confi ned parts of an aquifer to be compared 
and assessed: the different ages and fl ow 

Fig. 2.1 Comparison of hydrochemical data from laboratories used routinely for partners from 
Belgium, Denmark, Poland and the UK completed as part of a round-robin exercise.
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patterns make it likely that resource man-
agement, remediation strategies and protec-
tion controls will be different in each part 
of the aquifer. An example of differences 
between unconfi ned and confi ned parts of 
the same aquifer are shown in Fig. 2.3 for the 
major element Mg. The fi gure shows how 
Mg forms two distinct populations of data. 
The lower concentrations in the unconfi ned 

Fig. 2.2 Cumulative frequency 
versus log-concentration diagram 
illustrating geochemical processes 
that may give rise to a range of 
complex distributions of 
hydrochemical data.

Fig. 2.3 Cumulative frequency plot showing 
different populations of Mg concentrations in 
groundwater of the chalk aquifer of southern 
England. Two different systems can be defi ned: 
the unconfi ned and confi ned parts of the aquifer.
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groundwaters are due to the dominance of 
congruent dissolution of low-Mg calcite, 
whereas in the older, confi ned groundwa-
ters, incongruent dissolution of the calcite 
has led to an increase in Mg concentrations 
over time. When considering the water 
quality management of a groundwater body, 
anthropogenic infl uences around a local sys-
tem of boreholes needs to be assessed with 
regard to local variations and not swamped 
by the wide ranges typically found across a 
large aquifer system. The initial statistical 
evaluation therefore allows the major com-
ponents of the groundwater body to be exam-
ined and where necessary for the aquifer to 
be subdivided. In the plots used in this chap-
ter, the systems are typically represented by 
the aquifer as a whole; more detailed inter-
pretation is made in country chapters.

2.4 How to Determine Baseline

The simplest way to determine the baseline of 
a specifi c substance (as defi ned in Chapter 1) 
is to analyse the range of concentrations in 
pristine waters. Hydrogeological evaluation 
and consideration of residence times will 
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normally be able to pinpoint aquifer sections 
that are likely to be free of contamination. In 
addition, newly drilled boreholes may pro-
vide chemical data on initial conditions. As 
a result of groundwater abstraction, pristine 
groundwaters now remain at the present day 
mainly in areas where the aquifer is little 
developed, in confi ned or very deep sections. 
These groundwaters may also be very old 
(palaeowaters) and their quality may derive 
from chemical reactions which may not be 
representative of the parts of the aquifer 
which are actively developed. In confi ned 
aquifers, the conditions may be reducing and 
the chemical processes differ signifi cantly 
from unconfi ned aquifers which are often 
oxidising. Groundwater dating (Chapter 5) is 
an invaluable tool for assessing such changes 
in chemistry with time.

Many unconfi ned aquifers are unprotected 
and subject to various forms of pollution 
from human activities. Groundwater sources 
or areas which have been grossly affected by 
point source pollution are often obvious and 

may be avoided or discarded. However most 
of the important aquifers in Europe now 
show the effects of diffuse pollution, nota-
bly enhancement of nitrate concentrations, 
and a methodology needs to be developed to 
determine the baseline in the groundwater 
bodies in such aquifers.

One of the best methods to determine 
the natural baseline is the use of historical 
data. Unfortunately, few good-quality records 
remain which go back further than a few 
decades. Even where trends exist, they may 
be difficult to interpret unless accompanying 
information such as knowledge of changes in 
abstraction rates are available. A plot of nitrate 
trends over 100 years in groundwaters of a 
Permo–Triassic aquifer in England (Fig. 2.4) 
shows that gradients in nitrate concentra-
tion have increased with time and therefore 
extrapolation from the past few recent decades 
would not provide a realistic baseline value.

Baseline compositions may also be made 
by extrapolating from areas of similar geol-
ogy, hydrogeology and landscape position. 

Fig. 2.4 Time series data for 
NO3–N in groundwaters from 
three unconfi ned and one 
confi ned sites in the Sherwood 
sandstone aquifer in the UK.
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Table 2.3 Summary of tools used to help in the 
determination of baseline in modifi ed aquifers.

O Exclude known polluted samples

O Historical data
O Up-gradient and cross-gradient sampling
O Compare with pristine areas

O Graphical techniques
O Statistical techniques
O Geochemical modelling

However, care must be taken because it is 
unlikely that two different areas will have 
exactly the same baseline properties due 
to facies change, fracture/porosity develop-
ment, recharge history, natural variability in 
fl owpaths, aquifer mineralogy and geochem-
istry. Several of the reference aquifer studies 
emphasise the heterogeneity in groundwater 
chemistry within aquifers and it is advis-
able to use comparisons between countries 
or regions as a guideline only. Geochemical 
modelling (Chapter 4) may provide one way 
of examining natural trends, indicating the 
degree to which some parameters are modi-
fi ed and to test hypotheses regarding geo-
chemical evolution.

The application of more advanced statisti-
cal tools such as hierarchical cluster analysis 
appears very useful where categories of data 
(rather than a single component) are used to 
recognise different populations (Daughney 
and Reeves 2005). All the abovementioned 
techniques (Table 2.3) should be used in 
conjunction since it is unlikely that any one 
will be wholly successful, and hence a com-
bination is appropriate.

2.5 Geochemical Controls on 
Groundwater Chemistry in Europe

The chemical properties of groundwater are 
derived through reactions between water 
and the minerals and gases with which it 
comes in contact between the recharge and 
discharge areas. The dominant geochemi-
cal processes and sources involved in deter-
mining baseline groundwater chemistry 
include rainfall inputs, water–gas  interaction 
especially in the soil and unsaturated 
zone, mineral dissolution, redox reactions, 
ion-exchange reactions (during freshening 

and salinisation) and mixing (with old for-
mation water or modern seawater). The tim-
escales involved in these changes vary from 
seconds to millions of years. The dominant 
processes infl uencing each of the reference 
aquifers is shown in Table 2.4.

Most of the aquifers display a range of 
processes, however, these occur at differ-
ent rates and in different hydrogeological 
environments, giving rise to large spatial 
and temporal variations in groundwater 
quality. Mineral dissolution rates vary 
considerably, for example, carbonates and 
sulphates dissolve comparatively rapidly 
whilst silicate minerals dissolve much 
more slowly. It is commonly found that 
the readily dissolved minerals have been 
removed from the shallow parts of the 
aquifer where recharge is occurring  leading 
to the development of ‘reaction fronts’ 
(Appelo and Postma 2005).

There is commonly a zonation in redox 
processes as groundwaters evolve within an 
aquifer where oxidation of organic matter 
(or other reduced species) will cause reduc-
tion of species in a specifi c order: DO, NO3, 
Fe, SO4 (Stumm and Morgan 1996). A sharp 
redox boundary often exists close to the junc-
tion between unconfi ned and confi ned parts 
of the aquifer and this typically occurs where 
there is a change in residence time caused by 
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the juxtaposition of different fl ow systems. 
This may give rise to very different baseline 
chemistries and it may be necessary to defi ne 
these as different systems (Fig. 2.3).

Ion-exchange reactions are important in 
aquifers where the adsorbed ‘exchangeable 
cations’ were initially at equilibrium with, 
for example, original formation water, but 
where the water chemistry has changed as 
water of different composition is drawn in 
by pumping (Appelo and Postma 1995). The 

two most common examples of exchange 
processes are ‘aquifer freshening’ where the 
original water was marine or saline, and 
fresh water is now displacing the older more 
saline water; and where seawater (or deeper 
saline water) is introduced into a fresh-
water environment causing salinisation. 
In both cases, there is an exchange of 
cations between the exchange complex 
(e.g. clays) and the groundwater. Several of 
the reference aquifers (Table 2.4) have been 

Table 2.4 Summary of the dominant processes controlling baseline water quality in the 
reference aquifers.

Aquifer Dominant baseline processes

UK Wessex Carbonate and feldspar dissolution, saline mixing
UK Greensand Silicate dissolution, ion-exchange, redox
UK Vale of York Carbonate, silicate, sulphate dissolution, redox, saline mixing 
UK E Midlands Carbonate, silicate, sulphate dissolution, redox, saline mixing
ES Donana Evaporation, calcite and feldspar dissolution, redox, mixing, ion-exchange
ES Madrid Carbonate and silicate dissolution, ion-exchange, clay neoformation
P Quaternary Carbonate and silicate dissolution, redox, ion-exchange
P Cretaceous Carbonate and silicate dissolution, redox, ion-exchange, saline mixing
B Ledo–Paniselian Silicate dissolution, redox, ion-exchange
B Neogene Carbonate and silicate dissolution, redox
F Fontainbleu Silicate and carbonate dissolution
F Valreas Carbonate dissolution, ion-exchange, saline mixing
F Triassic Carbonate and sulphate dissolution
DK Miocene Carbonate dissolution, redox, ion-exchange
DK Quaternary Redox, saline mixing
DK Limestone Carbonate dissolution, redox, ion-exchange, saline mixing
PL Kedzieryn Carbonate and gypsum dissolution, redox, saline mixing/diffusion
PL Bogucice Carbonate dissolution, redox, ion-exchange, diffusion
EE Devonian Carbonate dissolution, redox, saline mixing
EE Cambrian-Vendian Silicate dissolution, ion-exchange, saline mixing
CZ Cenomian Calcite dissolution, ion-exchange, saline mixing
CZ Turonian Calcite and silicate dissolution, saline mixing
BG Thracian Calcite and silicate dissolution, redox
BG Razlog Carbonate dissolution
M Sea-level aquifer Carbonate and phosphate dissolution, saline mixing
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infl uenced by mixing with saline water, 
which is refl ected in the positive skewed 
distributions, and modifi cation of the rela-
tive proportions of major cations. The ori-
gins of salinity include entrainment of 
formation waters from the matrix of dual 
porosity aquifers, up-coning of deeper 
saline water of different origins and saline 
 intrusion in coastal regions from present 
day or  palaeo-seawater.

2.6 Hydrochemical Characteristics 
of the European Reference Aquifers

The consistent approach to sampling and 
analysis in the 25 reference aquifers in this 
investigation allows a snapshot of European 
water quality emphasising the baseline 
quality. The ranges of chemical species 
within and between the selected ground-
waters are summarised in Figs. 2.5–2.11 as 
cumulative probability plots. Since all data 
from the 25 aquifers are plotted, it is not 
always possible to follow trends in indi-
vidual aquifers. These are presented in later 
chapters on selected individual aquifers. The 
intention is to give an overview of the range 
and variability of European water composi-
tions from the shape of the envelope. The 
legend symbols are explained in Table 2.5. 
An overall statistical summary is shown in 
Tables 2.6 and 2.7.

2.6.1 Acidity and total mineralisation

The variations in pH are shown on Fig. 2.5(a). 
The average (median) pH  varies from c.6.5 
to 7.5 in most aquifer types regardless of 
whether they are carbonate or siliclastic. 
This highlights the fact that only small 
amounts (c.2–3%) of carbonate minerals 

(calcite, dolomite) in an aquifer are suffi-
cient to buffer the pH to circum-neutral val-
ues. However, the overall acidity varies over 
several orders of magnitude (pH is the nega-
tive log of the hydrogen ion concentration, 
hence one unit increase is a ten fold decline 
in H+ concentration) within many aquifers. 
A main exception is the Chalk of the UK, a 
fi ne-grained carbonate aquifer (UK2) which 
has a median value of 7.22 and with a narrow 
pH range. Several aquifers contain alkaline 
waters exceeding pH 9 where natural water 
softening to Na–HCO3 compositions has 
taken place. The carbonate-poor Quaternary 
aquifer of Portugal (P2) has the lowest 
median pH of 6.1. Many aquifers contain a 
small percentage of low pH groundwaters, 
occurring in shallow siliciclastic aquifers 
or within decalcifi ed parts of the aquifer in 
which mobilisation of trace metals such as 
aluminium may also be expected (Moss and 
Edmunds 1997; Shand et al. 2005).

The groundwaters also show a wide varia-
tion in SEC [Fig. 2.5(b)], a measure of the total 
mineralisation. The freshest  groundwater 
bodies are represented by the siliclastic 
aquifers (PL2 and P1) where  easily soluble 
components such as carbonate or evaporite 
minerals are often not present. The highest 
median SEC values are found in the Maltese 
aquifers where saline intrusion and mix-
ing is a widespread problem. Most aquifers 
show distributions which are approximately 
log-normal (a linear distribution on log-scale 
probability plots) varying by around one 
order of magnitude. However, several show 
a positive skew corresponding to high SEC 
values due to the presence of older saline 
Na–Cl type formation waters in deeper parts 
of the aquifer, for example, Belgian Ledo–
Paniselian aquifer (B1), or to seawater intru-
sion (Donana aquifer of Spain, ES2).
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Fig. 2.5 Cumulative frequency plots for pH and SEC (specifi c electrical conductivity) 
in the European reference aquifer groundwaters. For aquifer key see Table 2.5.
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2.6.2 Major elements

Major ions defi ne the main characteristics 
of natural waters and refl ect the main rock 
types and geochemical processes involved 
in water–rock interaction. Although con-
tamination will add some major ions to 
groundwater, these effects are often negli-
gible. Selected major element distributions 
in European aquifers are shown on Figs. 2.6 
(cations) and 2.7 (anions and Si). Although 
the different aquifer units may show dis-
tinct distributions, sometimes approaching 
log-normal, there is considerable overlap 
 between the aquifers, regardless of rock type, 
mineralogy or hydrogeological properties.

Calcium concentrations vary across 
European aquifers by over four orders of 
magnitude and even within individual 

aquifers, they are typically two to three 
orders of magnitude. Most of the Ca is 
derived from natural sources and represent 
baseline concentrations. The upper limiting 
factor in most freshwater systems is satu-
ration with respect to calcite (Hem 1985) 
which will limit the maximum concentra-
tions and the fl attening-off in many of the 
distributions at around 70–120 mg L–1 is a 
refl ection of this (Fig. 2.6). Aquifer freshen-
ing (ion-exchange mainly with Na) decreases 
Ca in solution and mixing with saline water 
may lead to an increase in concentrations. 
Nevertheless, it is clear that baseline con-
centration ranges in the system at the aqui-
fer wide scale are large.

Magnesium distributions display many 
similar patterns to Ca (Fig. 2.6), but the 
median concentrations are lower and nota-

Table 2.5 Aquifer symbols used for cumulative probability plots, Figs. 2.5 to 2.11.

Symbol Country Aquifer Symbol Country Aquifer

B1 Belgium Ledo Paniselian Malta Malta
Water table 

aquifer
B2 Neogene PL1 Poland Kedzieryn 
BUL1 Bulgaria Razlog PL2 Bogucice

BUL2 Thracian P1 Portugal
Aveiro 

Cretaceous

CZ1 Czech Cenomian P2
Aveiro 

Quaternary
CZ2 Turonian E2 Spain Donana
DK1 Denmark Chalk UK1 UK Vale of York
DK2 Miocene UK2 East Midlands

DK3 Quaternary UK3
Lower 

Greensand

EE1 Estonia
Cambrian-

Vendian UK4 Wessex
EE2 Devonian  
F1 France Lorraine  
F2 Fontainbleu  

F3  Valreas   
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Table 2.6 Summary statistics for hydrochemical parameters, stable isotopes, and major and minor 
elements for European groundwaters studied.

Parameter Units Min.* Max. Median Mean 95 %ile 97.7 %ile n

T oC    5.4    30.8    12.0   13.9   21.6   23.5  902

pH    3.00     9.76     7.60    7.53    8.25    8.40 3358

Eh mV 2203   552  144  163  425  455  746

DO mg L–1   <0.1    13.0    1.1    2.8    9.5   10.0  715

SEC μS cm–1   10 74200  498 1150 2940 7150 1192

δ2H ‰ –75.0    –4.0 –45.9 –42.7  –20.8  –19.6  397

δ18O ‰ –10.7    –0.8  –7.1  –6.6    –3.9   –3.7  426

δ13C ‰ –25.0     4.2 –13.5 –13.3    –6.7   –4.6  368

Ca mg L–1    0.30  2090   57.1   65.8  121  176 4820

Mg mg L–1    0.00  1213    19.6   24.4   45.6   57.8 4784

Na mg L–1    0.00 16691   21.1  146  364  859 2214

K mg L–1   <0.5   479     5.3   11.4   35.6   65.8 2047

Cl mg L–1    0.15 32000    19.0  160  369  663 5078

SO4 mg L–1   <0.02  2900    10.0   36.4  122  239 4820

Field HCO3 mg L–1   <0.1  1640  168  192  415  471  823

Lab. HCO3 mg L–1   <0.1   971  299  288  464  577 3823

NO3–N mg L–1   <0.002   108     0.37    4.98   26.2   42.7 1137

NO2–N mg L–1   <0.001    20.0     0.01    0.07    0.16    0.35 2641

NH4–N mg L–1   <0.003    35.4     0.15    0.43    1.35    2.43 3421

P mg L–1   <0.02     8.3     0.39    0.19    0.6    1.2  780

TOC mg L–1    0.10   732     1.90    6.02   18.7   23.5  396

DOC mg L–1    0.15   130     1.50    3.02    9.03   14.0  367 

F mg L–1   <0.05     5.60     0.15    0.30    1.18    2.06  712

Br mg L–1   <0.03    17.8     0.09    0.29    0.94    2.02  590

I mg L–1   <0.001     3.31     0.01    0.03    0.06    0.11  531
Si mg L–1    0.14    44.3     4.60    5.56   12.9   14.7 1684

* Typical detection limits shown, higher detection limits in some countries may have biased medians and means to 
slightly higher concentrations.
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bly the concentration ranges in individual 
aquifers are small – often below an order of 
magnitude. This refl ects the lower geochemi-
cal abundance of Mg, but also the slower dis-
solution kinetics of Mg carbonates. Mg is also 
released progressively from impure carbonates 
by incongruent dissolution, leading to higher 
Mg/Ca ratios in older, evolved groundwaters 
(see Chapter 1).

The large range of Na concentrations and 
tendency for a positive skew (Fig. 2.6) is con-
trolled largely by mixing with saline forma-
tion waters (see also similar distribution for 
Cl). However, Ca–Na exchange during aqui-

fer freshening has led to different patterns 
of Na from Cl in some aquifers, refl ected 
by an increase in Na/Cl ratio. Potassium 
concentrations also vary over several orders 
of magnitude and are dominated initially 
by reactions between groundwater and 
K-bearing mineral phases such as K-feldspar 
and clays. The high concentrations are prob-
ably dominated by mixing with old forma-
tion waters or with seawater during seawater 
intrusion. In some of the reference aquifers, 
K is enhanced due to anthropogenic infl u-
ences locally, as described in the subsequent 
chapters, but this is masked by the greater 

Fig. 2.6 Cumulative probability plots for major cations in the reference aquifer groundwaters. 
Symbols as in Figure 2.5.
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Table 2.7 Summary statistics for trace elements for European groundwaters studied.

Parameter Units Min.* Max. Median Mean 95 %ile 97.7 %ile n

Ag μg L–1 <0.05 0.63 <0.05 <0.05 <0.05 0.10 571

Al μg L–1 <1 4707 4.00 23.9 68.2 132 750

As μg L–1 <0.05 79.0 0.50 2.97 13.1 20.6 813

Au μg L–1 <0.05 0.10 <0.05 <0.05 <0.05 <0.05 565

B μg L–1 <20 5971 34.2 129 562 868 758

Ba μg L–1 0.90 4848 46.9 122 454 787 808

Be μg L–1 <0.05 17.4 0.05 0.15 0.42 0.98 722

Bi μg L–1 <0.05 0.25 <0.05 <0.05 0.09 0.25 576

Cd μg L–1 <0.05 8.79 <0.05 0.16 0.59 1.13 784

Ce μg L–1 <0.01 65.0 <0.01 0.–1 0.27 0.90 579

Co μg L–1 <0.02 52.5 0.08 0.65 2.61 4.74 728

Cr μg L–1 <0.5 28.4 <0.5 1.34 5.99 9.98 783

Cs μg L–1 <0.01 205 0.02 0.52 0.71 1.90 623

Cu μg L–1 <0.1 134 1.20 3.11 12.3 17.4 786

Dy μg L–1 <0.01 2.46 <0.01 0.02 0.03 0.14 570

Er μg L–1 <0.01 1.18 <0.01 0.02 0.03 0.10 573

Eu μg L–1 <0.01 1.10 <0.01 0.01 0.03 0.07 578

Fe μg L–1 <0.005 120 0.35 1.35 4.94 9.70 4423

Ga μg L–1 <0.05 1.06 <0.05 <0.05 0.06 0.11 576

Gd μg L–1 <0.01 3.33 <0.01 0.03 0.04 0.17 578

Ge μg L–1 <0.05 5.12 <0.05 0.08 0.26 0.35 577

Hf μg L–1 <0.02 1.97 <0.02 <0.02 <0.02 <0.02 578

Hg μg L–1 <0.2 6.00 <0.2 <0.2 1.00 1.60 746

Ho μg L–1 <0.01 0.40 <0.01 <0.01 0.03 0.05 579

In μg L–1 <0.01 0.05 <0.01 <0.01 <0.01 <0.01 579

Ir μg L–1 <0.05 0.72 <0.05 <0.05 <0.05 <0.05 576

La μg L–1 <0.01 906 <0.01 1.77 0.26 0.85 578

Li μg L–1 <0.03 7073 11.3 34.9 80.0 142 756

Lu μg L–1 <0.01 0.50 <0.01 0.03 0.17 0.26 573

Mn μg L–1 <0.05 2.55 <0.05 0.11 0.44 0.75 1066

Mo μg L–1 <0.1 13.2 0.40 0.88 3.14 4.96 728
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Table 2.7 (Continued)

Parameter Units Min.* Max. Median Mean 95 %ile 97.7 %ile n

Nb μg L–1 <0.01 0.16 <0.01 <0.01 <0.01 0.02 578

Nd μg L–1 <0.01 37.0 <0.01 0.22 0.21 1.03 578

Ni μg L–1 <0.2 114 1.00 3.25 14.8 25.1 786

Os μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 576

Pb μg L–1 <0.1 30.0 0.39 0.81 2.00 4.99 785

Pd μg L–1 <0.2 5.10 <0.2 <0.2 <0.2 0.30 578

Pr μg L–1 <0.01 9.74 <0.01 0.04 0.04 0.16 578

Pt μg L–1 <0.01 0.06 <0.01 <0.01 <0.01 0.02 578

Rb μg L–1 0.06 445 3.13 6.83 23.9 36.8 627

Re μg L–1 <0.01 2.47 <0.01 0.02 0.02 0.06 578

Rh μg L–1 <0.01 0.12 <0.01 <0.01 0.01 0.01 578

Ru μg L–1 <0.05 0.07 <0.05 <0.05 <0.05 <0.05 576

Sb μg L–1 <0.05 6.00 <0.05 0.73 6.00 6.00 681

Sc μg L–1 0.34 83.2 3.16 3.77 7.72 9.68 578

Se μg L–1 <0.015 247 0.50 1.83 5.16 9.64 757

Sm μg L–1 <0.05 5.07 <0.05 0.05 0.04 0.22 577

Sn μg L–1 <0.05 3.38 0.05 0.10 0.37 0.51 577

Sr μg L–1 8.21 33764 240 645 2083 3115 836

Ta μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 576

Tb μg L–1 <0.01 0.61 <0.01 0.01 0.03 0.03 578

Te μg L–1 <0.05 3.11 <0.05 <0.05 <0.05 0.09 576

Th μg L–1 <0.05 1.85 <0.05 <0.05 0.07 0.15 580

Ti μg L–1 <10 488 <10 <10 <10 <10 578

Tl μg L–1 <0.01 0.74 <0.01 0.03 0.20 0.20 613

Tm μg L–1 <0.01 0.15 <0.01 <0.01 0.03 0.03 578

U μg L–1 <0.05 56.3 0.07 1.20 5.70 9.89 626

V μg L–1 <1 169 <1 1.64 3.00 4.00 578

W μg L–1 <0.1 414 <0.1 0.85 0.30 0.50 578

Y μg L–1 <0.01 41.6 0.01 0.51 1.67 5.33 578

Yb μg L–1 <0.01 2.08 <0.01 0.02 0.03 0.10 578
Zn μg L–1 <0.2 2010 11.5 40.5 112 224 773

Zr μg L–1 <0.5 179 <0.5 1.25 3.00 5.92 578
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overall natural range. The effect of increases 
in K (a nutrient) at a local scale may be sig-
nifi cant; hence the need to defi ne the base-
line locally with regard to local receptors 
such as streams or stream-based ecosystems 
fed by natural groundwater discharge.

The distributions of Cl (Fig. 2.7) are domi-
nated by the regional infl uence of saline 
water inputs to the groundwater. Initial 
inputs from rainfall are unlikely to exceed 
10 mg L–1 for most aquifers, although con-
centrations may increase on recharge by a 
factor of two to fi ve depending on evapo-
transpiration. Local increases have been 
observed in many of the studied aquifers 
due to agricultural and industrial activities 
or being close to urban centres, but this, as 
for Na, is swamped by the contribution from 
natural sources (saline water). Trend analy-
sis in the reference aquifer reports has high-
lighted that increases in salinity are often 
locally observed due to up-coning of deeper 
saline formation water as a consequence of 
abstraction. The source of solutes in this 
case is natural, and a baseline property, 
but indirect anthropogenic infl uences have 
caused the change, hence the term anthro-
pogenically modifi ed baseline may be used 
to deal with such changes.

Sulphate concentrations approach nor-
mal distributions for most European aqui-
fers although there is often a slight negative 
skew (Fig. 2.7). Sulphate baseline concen-
trations partly refl ect inputs from rainfall 
and in many aquifers the initial inputs may 
have been augmented by industrial aero-
sols in the past half century (Edmunds and 
Kinniburgh 1986). At a regional scale, the 
ranges may be swamped by the infl uence of 
saline water. In aquifers with SO4 concentra-
tions above 100 mg L–1 another major infl u-
ence is the presence of gypsum or anhydrite. 

This is clearly highlighted in the UK Triassic 
Sandstone aquifer (UK1; Fig. 2.7) and is attrib-
uted to the  dissolution of  sulphate-bearing 
 minerals in older  groundwaters. As with Cl, 
 sulphate in this aquifer and others has also 
been introduced into aquifers by anthropo-
genic infl uences related to land use near to 
outcrop. A more detailed discussion of sul-
phate is made in Chapters 4 and 5 using 
modelling approaches and a consideration of 
residence time indicators.

Alkalinity (as HCO3) displays similar 
distributions to Ca (Fig. 2.7), but with a 
negative skew related to groundwater from 
carbonate-defi cient aquifers. The alkalin-
ity of groundwater is an excellent indica-
tor of the buffering capacity of the system 
and distributions of low alkalinity ground-
waters are a better measure than pH of the 
extent of carbonate-defi cient aquifers. This 
is exemplifi ed by the UK Lower Greensand 
aquifer where low alkalinities predominate. 
In some of the older deeper groundwaters, 
for example, in the Belgian Ledo–Paniselian 
aquifer, ion-exchange and development of 
Na–HCO3 waters has allowed alkalinities to 
exceed 900 mg L–1. Large variations in alka-
linity are apparent in most European aqui-
fers, the lowest concentrations representing 
carbonate-defi cient systems or shallow clas-
tic aquifers which have been decalcifi ed.

2.6.3 Silicon

The presence of silicon, up to a few mg L–1, in 
nearly all natural waters testifi es to its nat-
ural abundance so that an undersaturation 
with respect to silicate minerals denotes 
either an absence of Si minerals (a rare 
occurrence) or very short residence times 
(Davis 1964), as found in many surface 
waters and some of the European groundwa-
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ters. Silicon concentrations for individual 
aquifers in most European groundwaters 
(Fig. 2.7) lie within quite narrow ranges 
although with median concentrations rang-
ing from 1.8 to 21 mg L–1. Quartz is rela-
tively insoluble at normal groundwater 
temperatures with saturation being around 
3 mg L–1. The dissolved silicon concentra-
tions in most ground waters are derived 
from silicate weathering reactions (Garrels 
and Mackenzie 1967) and concentrations 
are likely to reflect the type and rate of sili-
cate reactions (Appelo and Postma 2005). 
The silicate hydrolysis reactions, such as 

for the weathering of K-feldspar, are non-
reversible and dissolved silica is produced:

2KAlSi3O8 + 2H+ + 9H2O → 
Al2Si2O5(OH)4 + 2K+ + 4H4SiO4

At the temperatures of most groundwa-
ters, upper limits to the Si concentrations 
at neutral pH are likely to be controlled by 
chalcedony, an amorphous silica phase or 
secondary clay minerals (Paces 1978; Appelo 
and Postma 2005) rather than pure quartz at 
the ambient pH temperatures and the lack of 
equilibrium conditions with quartz reached 

Fig. 2.7 Cumulative probability plots for major anions and Si in the reference aquifer groundwaters. 
Symbols as in Fig. 2.5.
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in most groundwaters. The wide range of 
median values may indicate the different 
mineral assemblages and silicate reactions 
in each aquifer.

2.6.4 Nitrogen species

The distributions of nutrient species NO3–N 
and NH4–N in the European reference aqui-
fers are shown in Fig. 2.8 along with dis-
solved organic carbon (DOC). Nitrogen may 
be present in water as a number of dissolved 
species: nitrate (NO3), ammonium (NH4), 
nitrite (NO2) which is metastable, nitrogen 
gas (N2) as well as organic nitrogen. Organic 
nitrogen was not analysed as part of this study, 
since it is only anticipated to be a signifi cant 
component of polluted groundwaters.

The occurrence and mobility of the inor-
ganic N-species are largely dependent on the 
redox condition of the water, with NO3 being 
stable under oxidising conditions and NH4 
under reducing conditions. Under  reducing 
conditions, denitrifi cation is generally medi-
ated by heterotrophic and autotrophic bac-
teria, which oxidise organic material (e.g. 
DOC, SOC) or inorganic material (e.g. Fe2+, 
pyrite). The reduction of nitrate is dependent 
on other nutrients and especially reactive 
organic carbon (Ottley et al. 1997). The main 
product of denitrifi cation in most aquifers is 
N2 gas, as demonstrated by measurement of 
N2/Ar ratios (Wilson et al. 1990).

Nitrate frequently occurs above natural 
baseline concentrations as a result of land 
use and other human impacts. Over the past 
century, there have been large changes to 
natural N and P cycles, mainly due to the 
application of fertilisers in agriculture. 
Although point sources of pollution have 
been avoided, diffuse pollution by fertiliser 
addition has led to signifi cant increases in 

nutrient inputs with time (Fig. 2.4) over large 
areas. As well as the extensive but variable 
applications of fertiliser, denitrifi cation reac-
tions also make the  determination of baseline 
nitrate values very difficult. Atmospheric 
inputs have also signifi cantly increased in 
the past due to emissions from the burn-
ing of fossil fuels; hence human impacts are 
present at the regional scale from recharge 
inputs. The variations in NO3–N concentra-
tions are large, mainly due to anthropogenic 
infl uences, but also since the populations 
include many data below detection limits cor-
responding to reducing environments where 
nitrate has reacted to N2 gas. Some aquifers 
have median concentrations greater than the 
existing EU maximum admissible concentra-
tion (MAC) of 10.3 mg L–1. Evidence from a 
number of the reference aquifers (see later 
chapters) indicates that baseline concentra-
tions are unlikely to be more than c.1–3 mg 
L–1 NO3–N, although this has been difficult 
to establish in some areas due to a lack of 
good historical data. Modern N-inputs in 
rainfall cannot be used as a guide since these 
have increased nitrogen species due to atmo-
spheric pollution.

The concentrations of NH4–N are also 
variable both within and between aquifers 
(Fig. 2.8), with an overall global median 
value of 0.15 mg L–1 NH4–N. In many cases, 
the highest concentrations are considered 
to be naturally-derived as they are present 
in reducing groundwaters at depth or under 
confi ned conditions. Increasing ammonium 
has been found in the anaerobic Chalk aqui-
fer in Berkshire (UK) in older groundwaters 
along the fl owline attributed to exchange 
with minor amounts of marine clays, espe-
cially illite, reaching concentrations in 
excess of 0.5 mg L–1. Organic nitrogen was 
not analysed as part of this study, but may 
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form a signifi cant component of total nitro-
gen present in polluted groundwaters.

2.6.5 Phosphorus

Dissolved phosphorus concentrations in 
groundwater are derived from a variety of 
natural and anthropogenic sources, occur-
ring as inorganic orthophosphate, inorganic 
polyphosphates and organic phosphorus (P). 
The dominant natural source of P is apatite, 
especially fl uorapatite, and exchangeable P 
on iron oxides (either desorbed or dissolved 

during reductive dissolution). Anthropogenic 
sources include inorganic and organic ferti-
lisers, water treatment works and farmyard 
slurry. Under alkaline conditions P is easily 
sorbed to carbonates and iron oxide miner-
als, hence its mobility is likely to be low. 
A large proportion of total phosphorus in 
waters occurs in particulate form, and the 
total dissolved phosphorus (TDP) analysed 
in this study may contain a colloidal com-
ponent. Phosphorus concentrations show 
log-normal distributions in many aquifers, 
but observed concentrations are often below 

Fig. 2.8 Cumulative probability plots for selected dissolved nutrients in the reference aquifer ground-
waters. Symbols as in Fig. 2.5. Note that TOC is plotted for the Bulgarian Razlog aquifer to indicate 
that DOC concentrations are very low.
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the limits of detection used (indicated by 
vertical lines on Fig. 2.8). Although it is com-
monly assumed that P inputs from groundwa-
ter to rivers are low, especially in carbonate 
terrains, the data show that groundwater 
inputs may often be signifi cant.

2.6.6 Organic carbon (DOC)

The occurrence of organic carbon in European 
groundwaters is described in more detail in 
Chapter 3. The overall data are shown on 
Fig. 2.8 to highlight the large ranges in con-
centration. Many of the high concentrations 
are derived from natural sources (e.g. Danish 
Miocene and UK Triassic sandstones). 
Although no DOC data were available for 
the Razlog aquifer in Bulgaria, total organic 
carbon (TOC, plotted on Fig. 2.8) was below 
the limit of detection. The nature of most 
DOC in groundwater is poorly documented, 
and its ability to modify redox status and sol-
ute transport is determined by the reactivity 
of the organic matter. A few aquifers may 
contain naturally high organic carbon (e.g. 
in Quaternary aquifers rich in organic mat-
ter such as the Ribe formation, Denmark) 
and contribute signifi cantly to the DOC 
of groundwater. However the natural base-
line values are typically low (median values 
ranging from 0.7 to 3.7 mg L–1) and elevated 
concentrations may sometimes act as an 
indicator of contamination. Point source 
pollution may also enhance groundwater 
concentrations, for example, beneath slurry 
pits and around landfi ll sites. The baseline 
must therefore be assessed on a local scale.

2.6.7 Trace elements

Regional studies of trace element concentrations 
in the groundwaters of Europe are relatively 

scarce, although some national assessments 
are available (Edmunds et al. 1989; Banks 
et al. 1998; Lee and Helsel 2005). A total of 
63 trace elements were analysed in most 
of the reference aquifers by ICP-MS (induc-
tively coupled plasma mass spectrometry) 
to provide a common reference and improve 
the number of aquifers with good trace ele-
ment data. Selected elements are shown in 
Fig.s 2.9–2.11, mainly those that are pres-
ent at concentrations above detection limit 
in most aquifers. Additional elements were 
analysed for the individual reference aqui-
fers but not plotted. They include (brackets 
denote detection limits in μg L–1):

B (20), Cr (0.5), Cs (0.01), Cu (0.1), Ge (0.05), 
Li (4), Pb (2), Rb (0.01), Sb (0.05), Sc (0.05), 
Se (0.5), V (1), Y (0.01), REEs (0.01–0.05).

Many metals were below the detection 
limit including (values in brackets are typi-
cal detection limits in μg L–1):

Ag (0.05), Au (0.05), Be (0.05), Bi (0.05), Ga 
(0.05), Hf (0.02), Hg (0.1), In (0.01), Ir (0.05), 
Nb (0.01), Os (0.05), Pd (0.2), Pt (0.01), Re 
(0.01), Rh (0.01), Ru (0.05), Sn (0.05), Ta 

(0.05), Te (0.05), Th (0.05), Ti (10), Tl (0.01) 
W (0.1), Zr (0.5).

A number of elements are mobile under 
specifi c pH conditions, for example, detect-
able quantities of the rare earth elements are 
generally present only under acidic condi-
tions. Trace elements often show concen-
tration ranges of over three to four orders of 
magnitude and there is considerable overlap 
between the aquifers regardless of rock type 
or host mineralogy. The particular behaviour 
and areal distribution depend very much 
on whether they are controlled by redox 
processes (e.g. Fe, Mn, As), saturation with 
respect a specifi c mineral phase (e.g. Ba) or 

EDMUNDJ_Ch2.indd   42EDMUNDJ_Ch2.indd   42 12/11/2007   3:08:27 PM12/11/2007   3:08:27 PM



Baseline Inorganic Chemistry of European Groundwaters 43

by geochemical abundance in the particular 
aquifer lithology.

2.6.7.1 Strontium

Strontium is derived mainly from Ca-rich 
minerals such as calcite, Ca-rich feldspars 
and/or gypsum/anhydrite. Concentrations 
in individual aquifers often vary over two to 
three orders of magnitude (Fig. 2.9), refl ecting 
both sources and residence time. Although 
geochemically Sr behaves similarly to Ca in 
groundwaters (Hem 1985), it is not limited 
by mineral saturation at the concentrations 

usually found in groundwater, in contrast 
to Ca which is limited by calcite satura-
tion. Strontium, like magnesium is released 
by incongruent reactions and may increase 
with residence time. The populations of Sr 
therefore approach a more log-normal dis-
tribution than Ca. The highest baseline Sr 
concentrations are typically found in carbon-
ate aquifers (e.g. Danish Chalk, Malta and 
Gozo aquifers) or sandstone aquifers con-
taining gypsum (e.g. UK Vale of York). High 
concentrations may also be present in sili-
cate aquifers, especially where mixing with 
seawater or formation water has occurred. 

Fig. 2.9 Cumulative probability plots for Sr, Ba, F and U in the reference aquifer groundwaters. 
Symbols as in Figure 2.5.
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Since strontium is typically derived from 
water–rock interaction, it is a good indica-
tor of processes taking place in the aquifer 
and is unlikely to be impacted seriously by 
pollution.

2.6.7.2 Barium

Barium also shows a wide range of concentra-
tions within and between aquifers (Fig. 2.9). 
Sources include K-rich minerals such as 
K-feldspar or biotite as well as barite (BaSO4). 
Solubility is largely controlled by saturation 
with respect to barite and where SO4 concen-
trations are high, Ba is held at low concen-
trations. Thus it is uncommon to fi nd Ba in 
groundwaters at concentrations higher than 
a few hundred μg L–1. Although Ba is a toxic 
element, relatively few European ground-
waters contain waters higher than the MAC. 
Median concentrations are similar in most 
aquifers, the exceptions being much higher 
concentrations in the Estonian aquifers and 
to a lesser degree in the Danish Chalk where 
groundwaters have relatively low dissolved 
SO4 (Fig. 2.7).

2.6.7.3 Fluoride

Fluoride, like Sr, is an element which owes its 
occurrence in groundwater almost  entirely 
to water–rock interaction, apart from an 
initial rainwater input concentration of 
approximately 0.1 mg L–1. Sources include 
the mineral fl uorite (CaF2) and phosphate 
minerals, such as fl uorapatite; fl uoride is also 
released from weathering of primary silicates 
such as biotite and hornblende (Edmunds 
and Smedley 2005). There are signifi cant 
variations between the European aquifers 
(Fig. 2.9), with some displaying relatively 
restricted ranges whilst  others display varia-

tions over three orders of magnitude. High 
concentrations are normally associated with 
granites or sediments derived from granitic 
rocks or with alkaline groundwaters where 
exchange of Ca for Na allows higher F solu-
bility once Ca has been removed. Fluorine is 
an essential element for humans at low con-
centrations but harmful at higher concen-
trations. Most groundwaters have median 
values which fall in the optimum range for 
potability, although a small number of indi-
vidual groundwaters have concentrations 
above current European drinking water stan-
dards (1.5 mg L–1).

2.6.7.4 Uranium

Uranium occurs as the mineral uraninite 
(UO2) and its oxidised or partly oxidised mas-
sive form, pitchblende (U3O8), as well as a 
number of secondary minerals. However, 
discreet uranium minerals are compara-
tively rare. Uranium is redox sensitive and in 
water, U occurs dominantly as the hexava-
lent, U(VI), species. U(IV) concentrations are 
usually low (less than 0.06 μg L–1) in reducing 
waters because of the low solubility of the 
mineral uraninite. Higher uranium concen-
trations are nearly always found in oxidising 
groundwaters where the uranium may be 
stabilised as oxy-anions (Langmuir 1997). 
Uranium varies over a large range, with 
solute concentrations sometimes spanning 
three to four orders of magnitude in some 
aquifers (Fig. 2.9). Median concentrations 
are greater than 1 μg L–1 in a number of aqui-
fers while maximum concentrations reach a 
few tens of μg L–1. These are natural baseline 
concentrations and are derived from primary 
or secondary minerals along fl ow pathways, 
being especially enriched in sandstone aqui-
fers with increasing residence time.

EDMUNDJ_Ch2.indd   44EDMUNDJ_Ch2.indd   44 12/11/2007   3:08:28 PM12/11/2007   3:08:28 PM



Baseline Inorganic Chemistry of European Groundwaters 45

2.6.7.5 Fe, Mn, Co, Ni

Iron and manganese are common in aqui-
fers both in primary minerals and as sec-
ondary oxides and oxy-hydroxides in most 
rock types. Primary sources of Fe and Mn 
include carbonates and silicates which 
release Fe2+ on weathering (Hem 1985). 
Both Fe and Mn are redox-sensitive ele-
ments in groundwater, being soluble in 
their reduced form but forming insoluble 
oxy-hydroxides under oxidising conditions. 
This is refl ected in these elements having 
low baseline concentrations in unconfi ned 
parts of the aquifers where oxygen is pres-
ent, but increasing signifi cantly across redox 
boundaries (as described in detail in later 
chapters). Concentration ranges of these 
elements vary over four to fi ve orders of 
magnitude (Fig. 2.10) in indi vidual aquifers 
refl ecting the importance of redox controls. 
Where aquifers are oxidising, such as the 
Razlog aquifer in Bulgaria, Fe remains low, 
but most groundwaters become reducing at 
depth or where confi ned, leading to reductive 
dissolution of oxides and oxy-hydroxides.

Fe hydroxides/oxides have a high sorption 
capacity for other metals such as Ni, Co, Mn 
and As (Dzombak and Morel 1990). Nickel 
and Co are shown on Fig. 2.10 and both 
display large ranges in the majority of aqui-
fers. Ni and Co are primarily derived from 
weathering of ferro-magnesian minerals (e.g. 
olivine, pyroxene, biotite) but the often close 
association between high Fe and/or Mn and 
trace metals indicates a control largely by 
desorption/dissolution reactions involving 
oxide/oxy-hydroxide phases. The concentra-
tions of many trace metals such as Ni and 
Co form distinct, if low, concentration popu-
lations in most aquifers related to lithology 
and prevailing geochemical  processes and 

the concentrations reported here represent 
the natural baseline against which the anthro-
pogenic pollution can be measured.

2.6.7.6 Aluminium

Aluminium is a major constituent of many 
rock-forming silicate minerals. Gibbsite (Al 
hydroxide) is also a relatively abundant min-
eral and may form the main upper limit on 
aluminium concentrations in groundwater. 
However, complexes of Al with F, SO4 and 
organic matter are also important (Driscoll 
and Postek 1996). Despite its relative geo 
chemical abundance, Al occurs at low 
 concentrations, in the μg L–1 range, because 
of the low solubility of the Al-bearing min-
erals at the near-neutral pH values of most 
natural waters (Nordstrom and Ball 1986). 
Aluminium is most soluble under acidic 
conditions as Al3+, its most toxic form, and 
to a lesser degree at high pH as hydrolysed 
species. It is possible that some Al may 
also exist in colloidal form, which can pass 
through the 0.45 μm fi lters used as a stan-
dard to fi lter samples.

Median concentrations in the European 
aquifers are typically less than 10 μg L–1 
(Fig. 2.11) refl ecting the circum-neutral pH 
values of most of the groundwaters. Maximum 
concentrations in some, mainly siliciclastic 
aquifers, reach a few hundred μg L–1 in more 
acidic groundwaters.

2.6.7.7 Arsenic

Arsenic occurs naturally, mainly in minerals 
such as arsenopyrite (FeAsS) and arsenic-rich 
pyrite. It also occurs in signifi cant concen-
trations in pyrite or sorbed onto iron oxides. 
Its presence in silicate minerals and carbon-
ates is usually much lower (Smedley and 
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Kinniburgh 2002). Sulphide minerals and 
iron oxides are therefore the most common 
sources and sinks of As in groundwaters. 
Release from sulphide minerals can occur 
through oxidation reactions while release 
from iron oxides can be via reductive dis-
solution or desorption reactions. Arsenic is 
redox sensitive having two main oxidation 
states in groundwater, As(III) and As(V). The 
As(III) form is the dominant form in reduc-
ing conditions and As(V) dominates under 
oxidising conditions. The spatial variations 
in total As are illustrated (Fig. 2.12) for 
the UK East Midlands aquifer. The cross 
section shows a profi le of As concentrations 

relative to Eh along a fl ow line of 30 km from 
outcrop where the groundwater temperature 
is shown as a proxy for distance and resi-
dence time. In this aquifer, anthropogenic 
impacts are limited to the near outcrop and 
for As are negligible. The timescale of fl ow 
is around 30 kyr. Arsenic concentrations 
build up with time within the oxic section 
of the aquifer probably due to desorption as 
a consequence of increasing pH (Smedley 
and Edmunds 2002). Higher concentrations 
in the deeper parts of the aquifer are most 
likely controlled by reductive dissolution 
of Fe oxides since Fe concentrations are 
high.

Fig. 2.10 Cumulative probability plots for Fe, Mn, Co and Ni in the reference aquifer groundwaters. 
Symbols as in Fig. 2.5.
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The different As species have different 
toxicity with the reduced form being more 
harmful than the oxidised form as well as 
slightly more soluble. The current EC limit 
for As in drinking water is 10 μg L–1 and 
natural arsenic presents a problem in sections 
of some European aquifers. Concentrations 
in the reference aquifers typically vary by 
one to two orders of magnitude and median 
concentrations range from < 0.1 to 6 μg L–1.

2.6.7.8 Cadmium and zinc

Cadmium is an uncommon element and 
occurs as a trace constituent of sulphide 

minerals, particularly those containing Zn 
(e.g. sphalerite ZnS). It forms a divalent 
cation in solution under acidic oxidising 
conditions and may form a range of complex 
ions at higher pH. Natural concentrations 
in most groundwaters are limited, most 
likely by adsorption onto Mn or Fe oxide 
surfaces, although binding by organic sub-
stances may also be signifi cant at high pH. 
Cadmium may also be adsorbed by calcite 
surfaces (Davis et al. 1987) or become incor-
porated into calcite via chemisorption. High 
concentrations, above 0.5 ppm, in soils are 
considered to be due to pollution including 
industrial, high-Cd phosphate fertiliser or 

Fig. 2.11 Cumulative probability plots for Al, As, Cd and Zn in the reference aquifer groundwaters. 
Symbols as in Fig. 2.5.
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sewage sludge applications (McBride 1994). 
Cadmium concentrations in Europe are 
generally low (below the detection limit 
of 0.2 μg L–1 or less) in most groundwaters 
(Fig. 2.11), the highest median and maxima 
were found in the Belgian Neogene aquifer, 
but did not exceed 1 μg L–1.

In contrast to cadmium, Zn is present at 
measurable concentrations in almost all 
groundwaters. It is associated with sulphide 
minerals, typically those of Cu and Pb and 
is a trace constituent in most rocks. The 

Fig. 2.12 Arsenic distribution in the East 
Midlands aquifer (UK) showing dissolved oxygen 
and Eh redox controls (modifi ed from Smedley 
and Edmunds 2002). Scale is expressed as 
temperature as proxy for distance down-gradient.

most important sources of Zn in the envi-
ronment are in ore deposits where it forms 
primary sulphide minerals such as sphaler-
ite (ZnS) and is also released from second-
ary sulphate and carbonate minerals. It is 
relatively common in groundwaters but is 
strongly adsorbed on ferric hydroxides under 
alkaline conditions and may also bind with 
organic matter. The median concentrations 
of the individual aquifers vary over an order 
of magnitude from 1.8 to 60 μg L–1 (Fig. 2.11) 
and typical ranges within aquifers are typi-
cally over 2–3 orders of magnitude. For Zn, 
it is likely, as for other trace metals that 
groundwater concentrations largely repre-
sent the result of water–rock interaction. 
However, there are many sources of contam-
ination  including, for example, galvanised 
components of pumps, screens etc.

2.7 Discussion

The previous sections have described the 
wide range and complex distributions of 
a wide range of substances in the selected 
European reference aquifers, and have 
attempted to characterise these variations 
mainly using a simple statistical approach. 
The timescales involved in these geochemi-
cal changes vary from minutes to millions 
of years and groundwater compositions may 
be variable even where the bedrock geology 
and mineralogy are uniform. Variations in 
source minerals and groundwater fl owpaths 
give rise to the observed range in the natural 
baseline. The degree of spatial heterogene-
ity is, therefore, likely to vary in response to 
the above factors and may be predictable or 
appear random. The characterisation of such 
variations requires careful sampling and care 
must also be taken with the interpretation 

600
RB

RB

RB

10 15 20

10 15 20

10 15
Temperature (°C)

20

600

600

0

−200

10

15

10

5

0

5

0

E
h 

(m
V

)
D

O
 (

m
g 

L−1
)

A
s 

(µ
g 

L−1
)

EDMUNDJ_Ch2.indd   48EDMUNDJ_Ch2.indd   48 12/11/2007   3:08:30 PM12/11/2007   3:08:30 PM



Baseline Inorganic Chemistry of European Groundwaters 49

of pumped, potentially mixed, samples from 
boreholes.

The groundwaters of Europe overall dis-
play a wide range of solute concentrations 
and statistical summaries are given in Tables 
2.7 and 2.8. The ranges in water quality 
within all of the reference aquifers, may also 
vary over several orders of magnitude. The 
ranges can be described statistically using 
the median (more robust than the mean) 
together with an upper limit (97.7  percentile) 
to remove outlying data (Shand et al. 2007). 
The ranges in concentration highlight the 
order of magnitude variations in the aqui-
fer or groundwater body as well as showing 
distinctions between groundwater bodies 
having different lithologies. These summary 
data must be placed in the context of spatial 
variability to be of practical value for man-
agement. Median concentrations for indi-
vidual aquifers are also shown in Table 2.8. 
The statistical summaries mask information 
on the spatial and depth variations within 
each groundwater body and further hydro-
geological and geochemical characterisa-
tion is essential for the protection as well as 
management of water resources. Emphasis 
should especially be placed on understanding 
depth variations within aquifers particularly 
since groundwater bodies are likely to be 
vertically zoned or in indirect contact with 
other groundwater bodies having different 
quality. Interpretation of quality differences 
should be linked to physical characterisa-
tion to assess any changes that might be 
caused by change in fl ow regimes induced 
by abstraction. Examples of spatial varia-
tions in individual aquifers are presented in 
later chapters.

The reference aquifer studies indicate 
the uniqueness of each groundwater sys-
tem from a geochemical perspective, yet 

with similar processes taking place in each. 
Characterisation of such heterogeneity is 
a pre-requisite for establishing an effective 
and efficient monitoring network. It is also 
commonly the case that pollution inputs 
are masked within the overall large ranges 
of concentration of the individual solutes, 
therefore quantifi cation of pollution needs 
to be carried out on a local smaller system 
to test whether concentrations are other 
than baseline. Owing to subtle differences 
in geological structure, lithological facies 
changes and mineralogy, care must be taken 
when extrapolating the results between and 
within aquifers; other factors such as the 
cover of glacial drift in northern Europe may 
lead to heterogeneity in water quality. It is 
therefore recommended that data for base-
line assessment be sought from each ground-
water body rather than making assumptions 
based on data from remote areas with simi-
lar geology.

Knowledge of groundwater residence 
time is important, since older groundwater 
is less likely to be impacted by pollution and 
because residence time plays an important 
role in reactions controlling the baseline 
quality. Conversely, signifi cant pollution 
has occurred in most aquifers in water 
younger than the second half of the 
 twentieth century. The timescales of ground-
water movement are typically of the order 
of meters per year and it is therefore likely 
that the infl uence of pollution from the past 
few decades will continue to be present in 
the aquifers for a considerable time period 
in the future.

The natural age distribution and original 
baseline properties have been modifi ed in 
many of Europe’s aquifers by groundwater 
abstraction. This has been most evident in 
the unconfi ned parts of aquifers but may also 
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Table 2.8 Median concentrations in studies European groundwaters. See Table 2.5 for aquifer key.

Parameter Units B1 B2 BUL 1 BUL 2 CZ 1 CZ 2 DK 1 DK 2 DK 3 EE 1 EE 2

T oC 10.0 12.4 14.6 14.0 10.3 9.8 9.8 10.4 10.8 9.1 8.5
pH 6.70 7.48 7.31 7.00 7.29 7.20 7.11 7.70 6.95 7.80 7.70
Eh mV 271 148 320 –77 –80 –47
DO mg L–1 0.2 1.9 6.5 5.3 1 6 0.01 0.02 0.015 0.1 6.8
SEC μS cm–1 158 799 637 37 56 633 421 1157 695 458
δ2H ‰ –50
δ18O ‰ –7.3 –7.7
δ13C ‰ –13.3 –10.4 –12.9

Ca mg L–1 24 62 87 64 43 100 114 37 257 43 64

Mg mg L–1 4.3 12 14 25 5.8 6.1 19 7.0 20 15 27

Na mg L–1 9.1 52 17 8.4 5.9 20 28 41 60 5.0

K mg L–1 3.8 18 2.0 3.1 2.1 3.7 2.9 7.1 8.0 3.8

Cl mg L–1 13 43 12 18 5.2 13 47 32 64 160 8.2

SO4 mg L–1 10 54 64 55 16 47 82 7.9 282 7.5 9.0

HCO3 mg L–1 252 159 260 320 137 439 156 357

NO3–N mg L–1 0.150 0.282 4.22 1.56 0.500 11 0.100 0.057 0.029

NO2–N mg L–1 0.005 0.020 0.003 <0.001 0.003 0.003 0.002 0.799 0.006 0.010

NH4–N mg L–1 0.160 0.680 0.039 0.094 0.070 0.025 0.104 0.226 0.188 0.200 0.158

P mg L–1 0.324 0.145 <0.02 <0.02 <0.02 <0.02 0.021 0.166 0.070 <0.02 <0.02

TOC mg L–1 21.9 0.1 1.9 5.7 2.6

DOC mg L–1 2.7 1.1 1.7 2.9 3.7 2.8
F mg L–1 0.205 0.235 0.205 0.150 0.120 0.425 0.060 0.140 0.660 0.186

Br mg L–1 0.030 0.090 0.060 0.165 0.170 1.770 <0.03

I mg L–1 0.003 0.014 0.009 0.004 0.004 0.052 0.003

Si mg L–1 9.9 21 1.8 2.0 13 8.3 17 3.5 4.2
Ag μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Al μg L–1 14 10 <1 5 5 1 9 4 3 <1

As μg L–1 5 1 1 1 <1 1 1 1 6 1 1

Au μg L–1 0.025 0.025 0.025 <0.05 <0.05 <0.05 <0.05 <0.05

B μg L–1 22 514 <20 <20 <20 45 198 63 167 41

Ba μg L–1 42 15 54 25 25 46 35 105 325 488

Be μg L–1 <0.05 <0.05 <0.05 0.05 0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Bi μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Cd μg L–1 0.32 <0.05 <0.05 1.50 0.05 0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Ce μg L–1 0.13 0.04 <0.01 <0.01 0.150 <0.01 <0.01 <0.01

Co μg L–1 1.45 0.08 <0.02 0.05 0.50 <0.02 <0.02 0.84 <0.02 <0.02

Cr μg L–1 0.8 <0.5 6.6 0.5 1.0 1.0 0.8 <0.5 <0.5 <0.5 <0.5

Cs μg L–1 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.02 <0.01

Cu μg L–1 1.75 3.95 0.90 15.00 1.00 1.00 0.60 1.10 0.60 5.70 1.40
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Aquifer*

EE 2 F 1 F 2 F 3 P 1 P 2 PL 1 PL 2 UK 1 UK 2 UK 3 UK 4

19.6 11.9 17.2 20.7 17.3 12.0 11.2 11.4 12.6 11.0 11.4
7.00 7.50 6.84 7.48 7.34 6.10 7.24 7.43 7.26 7.84 7.18 7.22

140 54 91 369 54 94 202 240 124 517
4.21 6.44 0.96 0.715 0.02 0.07 0.75 0.5 0.3 7.61

295 735 601 496 431 456 568 671 1025 492 366 586
–29 –52 –53 –26 –23 –71 –70 –54 –58 –46 –39
–5.0 –7.2 –7.5 –4.7 –4.3 –10.0 –9.9 –7.9 –8.3 –7.1 –6.4
–12.6 –8.0 –12.9 –16.8 –13.5 –13.3 –14.6 –12.8 –14.2 –14.4

15 38 93 101 18 43 82 86 140 46 52 106

4.8 19 8.2 22 6.1 6.0 12 14 35 25 2.8 2.5

28 73 18 27 54 26 15 23 36 10 10 11

2.5 6.6 1.9 2.0 7.9 7.8 3.4 2.6 4.0 4.3 2.5 1.7

45 31 13 41 37 3.4 25 37 15 20 21

10 48 46 40 46 41 50 27 170 48 22 14

45 155 238 284 131 85 209 330 333 172 148 269

0.452 22.150 20 0.010 4.43 0.150 0.100 0.053 0.570 0.196 6.60

<0.001 0.005 0.003 0.010 0.002 0.002 0.003 0.005 0.002 0.002

0.025 0.030 0.005 0.010 0.136 0.011 0.005 0.030 0.011

0.033 <0.02 <0.02 0.034 0.100 0.020 0.178 0.044 0.027 0.150 0.032 0.044

0.8 0.4 1.5 4.2 1.7 0.9 3.1 0.9 1.0 1.2

1.4 0.9 3.0 0.7 2.7 0.7
0.412 0.270 0.040 0.182 0.180 0.170 0.080 0.133 0.080

0.500 0.154 0.135 <0.03 <0.03 0.113 0.072 0.078 0.084

0.006 0.019 0.007 0.004 0.014 0.004 0.004 0.003

9.6 6.3 9.8 12 5.7 5.4 9.3 8.6 6.7 3.7 6.7 4.7
<0.05 <0.05 <0.05 <0.05 <0.05 0.100 <0.05 <0.05 <0.05 <0.05 <0.05
16 6 <1 5 5 10 <1 1 1 1 <1 1

1 6 1 1 2 <1 1 1 1 2 3 1

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

20 <20 <20 30 117 78 48 42 61 <20 <20 <20

58 78 30 38 75 31 64 62 48 105 59 12

<0.05 <0.05 <0.05 <0.05 0.18 0.05 <0.05 <0.05 <0.05 0.05 <0.05 <0.05

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

0.12 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 0.20 0.10 <0.05

0.03 <0.01 <0.01 0.02 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.02 <0.02 0.05 <0.02 0.12 0.17 <0.02 <0.02 0.15 0.29 <0.02 0.02

3.3 <0.5 19 <0.5 0.1 <0.5 <0.5 <0.5 <0.5 1.0 0.6 <0.5

0.02 2.1 0.02 <0.01 0.20 0.11 <0.01 <0.01 0.09 0.17 0.01 <0.01

3.80 1.60 1.45 3.10 0.97 3.27 0.10 0.30 1.90 2.00 1.40 2.20
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Table 2.8 (Continued)

Parameter Units B1 B2 BUL 1 BUL 2 CZ 1 CZ 2 DK 1 DK 2 DK 3 EE 1 EE 2

Dy μg L–1 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Er μg L–1 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Eu μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01

Fe μg L–1 7598 500 8 110 30 30 663 890 2650 300 500

Ga μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Gd μg L–1 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Ge μg L–1 <0.05 <0.05 <0.05 0.07 <0.05 <0.05 0.27 <0.05

Hf μg L–1 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

Hg μg L–1 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 0.95 <0.2 <0.2 <0.2

Ho μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

In μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Ir μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

La μg L–1 0.090 0.07 <0.01 <0.01 0.04 <0.01 0.01 <0.01

Li μg L–1 6.500 48 3.5 25 25 10 8.0 30 10 14

Lu μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Mn μg L–1 53 60 <2 <2 99 12 18 92 407 76 25

Mo μg L–1 <0.1 0.15 0.75 1.0 1.0 1.4 0.45 1.6 2.5 0.70

Nb μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01

Nd μg L–1 0.11 0.03 <0.01 <0.01 0.02 <0.01 <0.01 <0.01

Ni μg L–1 1.10 <0.2 <0.2 5.0 1.0 1.0 2.0 0.85 3.85 <0.2 <0.2

Os μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Pb μg L–1 1.30 0.55 <0.1 15.5 1.0 1.0 <0.1 1.0 3.0 <0.1 <0.1

Pd μg L–1 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

Pr μg L–1 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Pt μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Rb μg L–1 3.4 7.2 0.30 1.6 1.1 1.7 4.3 1.8

Re μg L–1 <0.01 <0.01 0.04 0.010 <0.01 0.02 <0.01 <0.01

Rh μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Ru μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Sb μg L–1 <0.05 <0.05 0.06 0.25 0.25 <0.05 <0.05 <0.05 <0.05 <0.05

Sc μg L–1 4.7 9.0 2.4 6.4 4.1 5.5 1.8 2.6

Se μg L–1 <0.5 <0.5 1.0 <0.5 0.50 1.1 <0.5 1.0 12 <0.5

Sm μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Sn μg L–1 <0.05 0.10 <0.05 <0.05 0.11 0.14 <0.05 <0.05

Sr μg L–1 67 477 331 200 240 906 279 994 742 241

Ta μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Tb μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

Te μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

Th μg L–1 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05
Ti μg L–1 <10 <10 <10 <10 <10 <10 <10 <10
Tl μg L–1 <0.01 <0.01 <0.01    <0.01 <0.01 <0.01 <0.01 <0.01
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Aquifer*

EE 2 F 1 F 2 F 3 P 1 P 2 PL 1 PL 2 UK 1 UK 2 UK 3 UK 4

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

96 55 <5 31 1355 164 1425 605 361 80 160 <5

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

<0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.05 <0.05 <0.05 <0.05 0.14 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

<0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02

0.90 <0.2 <0.2 1.20 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

<0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

0.01 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

2.0 33 3.5 27 14 2.2 22 22 34 14 5.4 0.85

<0.01 <0.01 <0.01 <0.01 0.03 <0.01 0.23 0.06 <0.01 <0.01 <0.01 <0.01

29 7 4 4 17 30 230 62 214 4 13 <2

0.30 0.40 0.35 0.40 0.22 0.12 0.30 0.30 0.80 0.59 <0.1 <0.1

0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.01 <0.01

0.02 <0.01 <0.01 0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

3.40 <0.2 <0.2 0.30 1.67 <0.2 <0.2 <0.2 1.20 1.00 2.80 0.35

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

1.00 0.30 <0.1 1.00 0.21 0.25 <0.1 <0.1 1.00 <0.1 0.40 1.00

<0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2

<0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

3.4 13 1.7 1.2 8.2 9.7 1.8 1.4 2.5 2.8 2.2 1.3

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

0.68 <0.05 <0.05 <0.05 6.0 0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

4.3 4.6 3.1 4.1 0.50 3.6 5.8 4.5 2.1 1.0 3.3 1.6

0.60 0.50 3.250 0.50 1.1 0.52 <0.5 <0.5 0.90 0.15 <0.5 0.65

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

0.10 0.38 <0.05 <0.05 0.05 0.07 <0.05 0.18 0.08 0.06 0.07

65 359 222 1222 104 171 672 299 853 271 162 233

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

<0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

<0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 <0.05

<10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10
<0.01 <0.01 0.01 <0.01  0.04 <0.01 <0.01 <0.01 0.20 <0.01 0.01
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affect the confi ned aquifer where decreases 
in piezometric level have led to loss of arte-
sian conditions. Such abstraction may cause 
the mixing of different stratifi ed layers, 
for example, by pulling down younger, often 
polluted groundwater in the cone of depres-
sion around a borehole or up-coning of older, 
deeper groundwater. In these cases it is likely 
that the local baseline will be modifi ed. In 
some cases, this can lead to derogation of the 
groundwater due to salinity or changes in 
redox status. Although the sources of indi-
vidual solutes may be natural, the cause is 
anthropogenic. The changes in fl ow systems 
with time often make it difficult to interpret 
hydrochemical data within the present day 
modifi ed fl ow regime. However, since the 
natural fl ow rates in most aquifers are low 
(of the order of m yr–1, except for example 
in karstic areas) the kinetic dependence 
of many chemical reactions means that 
groundwaters often retain a memory of pre-
vious fl ow regimes.

The data plots (Figs. 2.5–2.11) show that it 
is often difficult to distinguish between the 
groundwater chemistry in different aquifer 
types, for example, carbonate vs. silicate 
types. This is due to the fact that many sili-
cate aquifers contain secondary calcite as 

cements: carbonate minerals dissolve easily 
and they will often dominate the ground-
water chemistry. Only in cases where the 
carbonate cement has been dissolved away 
(e.g. in shallower parts of recharge zones) 
will differences become apparent. However, 
differences in trace elements may be char-
acteristic of each type. As well as lithologi-
cal control, other processes (mixing, redox 
reactions and ion-exchange reactions) are 
common to all aquifers and in combination 
with residence time will generally dominate 
the evolution of groundwater chemistry in 
aquifers.

Diffusional exchange between ground-
waters in aquifers with dual porosity char-
acteristics (where differences in quality 
between matrix pore water and water moving 
much more rapidly in fractures) has been 
considered in several reference aquifers. This 
is the case for the European Chalk for example; 
saline or geochemically modifi ed pore water 
is released very slowly to the more active part 
of the fl ow system. Exchange may also occur 
between aquifers and adjacent aquitards.

Many solutes found naturally in ground-
water exceed existing regulatory standards 
as shown relative to MAC concentrations. 
In such cases, trend reversal or remediation 

Table 2.8 (Continued)

Parameter Units B1 B2 BUL 1 BUL 2 CZ 1 CZ 2 DK 1 DK 2 DK 3 EE 1 EE 2

Tm μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

U μg L–1 <0.05 <0.05 5.26 <0.05 <0.05 3.01 <0.05 0.56

V μg L–1 <1 <1 <1 <1 1.0 <1 1.0 <1

W μg L–1 0.20 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

Y μg L–1 0.16 0.04 <0.01 <0.01 0.02 0.02 0.02 <0.01

Yb μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
Zn μg L–1 20 24 3.3 60 5.0 5.0 20 7.7 11 29 1.8
Zr μg L–1 <0.5 <0.5 <0.5    <0.5 <0.5 <0.5 <0.5 <0.5

* see Table 2.5 for aquifer nomenclature.
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may be difficult, impossible or prohibitively 
expensive, so  special regulations may be 
required for these. Most solutes considered 
as pollutants (i.e. of anthropogenic origin) 
also have a natural baseline and careful 
assessment of the baseline (natural) compo-
nent needs to be undertaken. A summary 
of both anthropogenic and natural compo-
nents which may exceed existing standards 
for the reference aquifers is provided in 
Table 2.9. Of the anthropogenic substances, 
most are derived from the agricultural 
application of fertiliser although some cases 
have been noted where mining activities 
(e.g. BG Thracian) have affected large areas. 
Of the baseline components, Fe, Mn, F, Cl and 
SO4 are elements often present at excedence 
levels, but noteworthy are the number of 
aquifers with naturally high concentrations 
of the trace elements As, Ba and Ni.

It is inappropriate to cite individual values 
for baseline concentrations and a range of val-
ues must therefore be considered; narrowing 
down the size of the groundwater body or 
system or separating geochemically defi ned 
units (e.g. reducing groundwaters) may limit 
the range. For many elements, pristine areas 
or time periods must be identifi ed. The loca-
tion of historical data can be important to 

determine the pre-anthropogenic concentra-
tions, especially for nitrate.

The statistical data and plots are useful for 
comparison of baseline between areas and 
may be useful in the future to assess changes 
from the present day. In addition they are of 
strategic value since they include new data 
for elements for which there are no existing 
statutory guidelines, but which may still be 
harmful for human consumption (e.g. Be, Se, 
Sb, Tl, U). The present defi ni tion of these 
baseline ranges for a system can be used to 
recognise future contamination incidents 
involving such uncommon elements.

2.8 Conclusions

There is a considerable range in water qual-
ity within all of the reference aquifers, with 
concentrations typically varying over sev-
eral orders of magnitude. The ranges can 
be described statistically using the median 
(more robust than the mean) and an upper 
limit (97.7 percentile) to remove outlying 
data.

Most aquifers have been affected to some 
degree by diffuse pollution. Baseline is there-
fore unlikely to be modern-day status: the 

Aquifer*

EE 2 F 1 F 2 F 3 P 1 P 2 PL 1 PL 2 UK 1 UK 2 UK 3 UK 4

<0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

<0.05 0.41 0.90 0.34 0.05 0.09 <0.05 <0.05 1.4 0.73 <0.05 0.24

<1 <1 <1 <1 3.0 <1 <1 <1 <1 <1 <1 <1

<0.1 <0.1 0.10 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1

0.02 <0.01 0.02 0.01 0.01 0.59 0.02 <0.01 0.02 <0.01 0.01 <0.01

<0.01 <0.01 <0.01 <0.01 0.03 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01
20 9.6 2.8 44 15 13 6.9 3.5 9.2 9.3 23 6.4
<0.5 <0.5 <0.5 <0.5 3.0 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
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Table 2.9 Summary of solutes (natural and anthropogenic) which may exceed drinking water 
standards in the studied reference aquifers (see Table 2.1 for further details of aquifers).

Aquifer Natural (baseline) components
Anthropogenic (non-baseline) 

components identifi ed
UK Wessex F, Fe, Mn NO3, K
UK Greensand Fe, As NO3, K, Cl, SO4

UK Vale of York SO4, As, Ba, Fe, Mn, U NO3, K, Cl, SO4

UK E Midlands Mn, As NO3, K, Na, Cl, SO4

ES Donana Mg, K, Na, Cl, SO4, As, Ni, Se NO3, SO4, Br, Co, Cu, Zn
ES Madrid As NO3, organic C
P Quaternary Fe, Mn, CH4 NO3, SO4, K
P Cretaceous Fe, Mn, F, As, Ba NO3

B Ledo–Paniselian Na, K, Mg, Ca, Fe, Mn, NH4, Cl, SO4, F NO3, NO2, K, Cl
B Neogene As, Ba NO3, K, Cl, P, Cu, Cr, Pb, Zn
F Fontainbleu Fe, Mn NO3, SO4, Cl, Na, K
F Valreas Fe, Mn, As NO3, SO4, Cl, K, Zn
F Triassic SO4, Fe, Mn, As, Ba, U NO3

DK Miocene Cl, DOC, As, Al, Se –
DK Quaternary Al, As, Fe, Ni, DOC –
DK Limestone SO4, Cl, F, As, Ni, Zn –
PL Kedzieryn SO4, NH4, Fe, Mn SO4, Cl
PL Bogucice Fe, Mn, NH4 SO4, Cl
EE Devonian Fe, Cd, Li, Pb NO3

EE C-Vendian Na, Cl, F, Fe, Mn, Ba, Cd, Li, Pb –
CZ Cenomian Fe, Mn, F NO3, SO4, Cl
CZ Turonian NH4, Fe, Mn, F, Al NO3, NH4

BG Thracian SO4, Mn, Ba NO3,SO4,PO4,Na,Cl, heavy metals
BG Razlog Cl, SO4, Na, K, NH4 –
M Sea-level aquifer Na, Cl, F, P, Ba NO3

data from aquifers require data manipulation 
(removal of outliers and anthropogenic infl u-
ences) making determination of the baseline 
difficult. It is commonly the case that pol-
lution inputs are masked within the overall 
large range of baseline, therefore, quantifi ca-
tion of pollution needs to be done on a local 
scale, that is, within a smaller system.

Historical records provide the most impor-
tant approach for determining the baseline 
for a number of key elements (major ions and 

nitrate for example). However, old records 
are often difficult to fi nd, and many long-
term data may have been lost as a result of 
organisational changes and the shift to digi-
tal records. In some countries, the data are 
confi dential and not available for public use.

The statistical data and plots given in this 
chapter and in the reference aquifer studies 
are useful for comparison between areas, and 
are of strategic value since they include data 
for elements for which there are no existing 
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guidelines, but which may still be harm-
ful (e.g. Be, Se, Sb, Tl, U). The defi nition of 
these baseline ranges can be used to recog-
nise contamination incidents by uncom-
mon elements for which no guidelines exist. 
More than 80 components have been mea-
sured in these aquifers with overall summa-
ries given in Tables 2.6–2.8. This represents 
a comprehensive and strategic database of 
the baseline concentrations for most inor-
ganic substances, and a reference to quantify 
pollution.

There is considerable overlap in concen-
tration for most solutes between the dif-
ferent aquifers regardless of lithology. The 
main hydrochemical characteristics in most 
aquifers are determined, not specifi cally by 
rock type, but by a range of hydrochemical 
processes such as mineral dissolution, redox 
reactions, ion-exchange reactions, mixing, 
adsorption–desorption and rainfall inputs. 
Owing to subtle differences in geological 
structure, facies changes, mineralogy, etc. 
care must be taken when extrapolating the 
results between and within aquifers. This 
is particularly the case for trace elements 
where sources tend to be much more het-
erogeneous. It is recommended that data be 
sought from the groundwater body of inter-
est rather than relying on the applicability of 
data from remote areas. A protocol for base-
line defi nition is given in Chapter 21.

A number of solutes such as As, Ba, F and 
Fe have concentrations above standards for 
which regulatory standards are in operation, 
but the source of these is natural. Trend 
reversal or remediation may be either impos-
sible or prohibitively expensive in areas 
where this occurs and special regulations 
may therefore be required for these. Many 
of these solutes, in addition, are also pollut-
ants and a careful assessment of the baseline 

(natural component) needs to be undertaken 
to distinguish natural baseline from anthro-
pogenic origin.

The ranges in concentration highlight the 
order of magnitude variations in the aquifer 
or groundwater body. These must be placed 
in the context of spatial variability to be of 
practical use for groundwater management. 
Knowledge of the spatial and depth varia-
tions is then also essential for the protection 
as well as management of water resources. 
The baseline may also be modifi ed by 
groundwater abstraction without the intro-
duction of pollutants.
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Summary

Organic carbon is present in all natural 
waters and plays an important role in many 
geochemical processes. Total organic carbon 
(TOC), measured on unfi ltered samples, has 
been analysed on more than 400 groundwa-
ter samples from eight European Union 
countries, and the operationally defi ned dis-
solved organic carbon (DOC), measured on 
fi ltered samples, was analysed on roughly 
250 ground water samples from four of these 
countries. TOC was found at a median 
concentration of 2.69 mg L–1 with a range 
from 0.12 to 59.4 mg L–1 and DOC had a 
median concentration of 2.16 mg L–1 with 
a range from 0.18 to 58.9 mg L–1, demon-
strating very high natural organic carbon 
values can be found locally in some pristine 
aquifers. A relationship between the organic 
carbon utilised by bacteria and TOC is 
observed although the correlation is not 
clear. Generally, there is a linear correlation 
between the TOC, DOC and the chemical 
oxygen demand (COD) values. Organic con-
taminants derived from anthropogenic activ-
ities are generally not identifi ed in the 
TOC/DOC analysis as the contaminant con-
centrations are typically several orders of 
magnitude lower than the bulk aqueous 
carbon measurement. TOC/DOC analysis 
can be an important indicator of pollution 
at landfi lls and similar settings with high 
loads of organic carbon, but in many other 

situations the TOC or DOC concentration 
is not a good tracer or indicator of contami-
nation. The TOC or DOC is though a very 
important component in the biogeochemi-
cal cycling of elements and consequently 
it is recommended as a component to be 
measured on all groundwater samples. The 
measurement of a fi ltered organic carbon 
fraction is recommended where groundwa-
ters contain signifi cant amounts of particu-
late material. Measurements of TOC and 
DOC on the same samples in this study 
show comparable levels, however, the TOC/
DOC ratio varied and TOC was not gener-
ally found to be above DOC as may have 
been expected. Further investigations are 
needed to fi nd the reasons for this. Further 
research is also needed to evaluate what part 
of the TOC is easily available for biogeo-
chemical processes. Increased knowledge on 
this issue would help to better understand 
the development of the different redox envi-
ronments and bacterial regrowth in water 
supply systems.

3.1 Introduction

All natural waters contain dissolved organic 
compounds. Geochemists have tended to 
ignore them in the past because they are 
complex and difficult to analyse, but it is 
now recognised that they play a major role 
in weathering processes (Heyes and Moore 

3 Organic Quality of Groundwaters

D. C. GOODDY AND K. HINSBY
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1992; Shand et al. 2005), in diagenesis 
(Bottrell 1996) and in the transport of trace 
metals (Benedetti et al. 1996). Organic car-
bon concentrations can vary considerably 
both spatially and temporally so a large 
number of analyses are frequently required 
to produce a representative estimate of con-
centrations. Natural organic carbon in shal-
low groundwaters is derived mostly from 
the overlying soils and consists of a mixture 
of macro molecules normally classifi ed as 
humic and fulvic substances. For example, it 
has been shown that humic substances con-
stitute the dominant fraction of the organic 
carbon (up to 90%) in Canadian groundwater 
systems (Thurman 1985). The remainder is a 
complex mixture of lower molecular weight 
compounds. Some of the more hydrophobic 
compounds present in surface and recharge 
waters will be sorbed onto the aquifer solids. 
Deeper and older waters may contain organic 
material which has been mobilised from the 
matrix (e.g. Grøn 1989; Grøn et al. 1996; 
Orem et al. 1999) such as lower molecular 
weight compounds resulting from kerogen 
degradation or bitumen dissolution. The 
natural organic carbon content of groundwa-
ter is generally not a health concern in itself, 
but exceptions have been reported (e.g. Orem 
et al. 1999). There’s however no general 
guideline value for the total contents of 
organic carbon in groundwater. Organic car-
bon in groundwater can also be derived from 
anthropogenic sources. The anthropogenic 
carbon occurs at much lower concentrations 
(generally 2–4 orders of magnitude), but the 
organic pollutants such as chlorinated sol-
vents and pesticides are more toxic and a 
health concern at these lower concentration 
levels. Finally chlorination may create carci-
nogenic by-products in groundwater (Stuart 
et al. 2001).

3.2 Measured Organic Fractions

TOC (total organic carbon) and DOC (dis-
solved organic carbon) measurements are 
standard methods globally used for measur-
ing the amount of organic carbon in water 
samples (e.g. ASTM 1988). TOC measure-
ments include all organic compounds in the 
analysed water sample, that is, TOC meas-
urements for instance also include sus-
pended particles and bacteria in addition to a 
large number of dissolved organic molecules 
of different sizes (Fig. 3.1). DOC measure-
ments are performed on fi ltered samples 
(conventionally 0.45 μm silver fi lters 
although polycarbonate fi lters are increas-
ingly being used), that is, most suspended/
’particulate’ carbon is removed, but some 
viruses and small bacteria may still pass 
through the fi lter.

Organic carbon is generally very impor-
tant for the evolution of different redox 
environments in aqueous environments, and 
the amount and reactivity of the organic car-
bon in the aquifers is therefore an important 
parameter when evaluating the state and 
trends of groundwater quality. However, the 
amount of TOC/DOC itself does not provide 
information on how reactive or reducing the 
environment is. Generally, the biologically 
viable TOC/DOC in European groundwaters 
is likely to originate from the soil, as any 
organic matter present in the rock matrix 
is mostly unavailable to microorganisms. 
Exceptions do exist though in shallow aqui-
fers where the aquifers may contain young 
reactive organic matter (Jakobsen and Postma 
1999; Hansen et al. 2001). The majority of 
DOC that travels from the soil zone to deep 
within the aquifer will be old and highly 
recalcitrant, and therefore not prone to further 
microbial breakdown over the timescales of 
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more active groundwater circulation (Darling 
and Gooddy 2006). Groundwater with a 
small but very reactive amount of ‘young’ 
organic carbon may be much more reactive 
than groundwater with a much larger but ‘old’ 
non-degradable amount of organic carbon.

The degradability of organic carbon is not 
only important for the ‘health’ of the aquifers 
(Grøn et al. 1992), but also for the water sup-
ply systems (DEPA 2002). The amount of 
highly reactive organic carbon, which are 
especially relevant for the water supply sys-
tems may be estimated by the method pro-
posed by Kooij et al. (1982). This method 
estimates the easily assimilable organic 
carbon (AOC), that is, the part of the TOC 
in the water, which is easily available to aer-
obic bacteria. High AOC contents may cause 
bacterial growths in the aquifers or a prob-
lem with bacterial regrowth in water pipe-
lines if the water is not desinfected/chlorinated 
(Kooij 1992; DEPA 2002). Water chlorination 
on the other hand is known to cause carcino-
genic disinfection by-products when chlorine 

reacts with the DOC, and it is therefore often 
avoided if possible (Stuart et al. 2001; DEPA 
2002). AOC concentrations are generally 
much lower than TOC/DOC concentrations 
typically 2–3 orders of magnitude in Danish 
groundwater (DEPA 2002), however, in some 
cases they may be close to the TOC/DOC 
values. Large AOC values indicate young 
potential contaminated groundwater or rela-
tively young and highly reactive organic car-
bon in the sediments. Large AOC values 
furthermore show that the groundwater has 
a signifi cant potential for reducing oxygen 
and nitrate and hence that reduced geochem-
ical environments in the aquifers should 
develop relatively fast. Groundwater gener-
ally has AOC values, which are much lower 
than surface waters (Jørgensen 2000).

Increased understanding regarding the 
evolution and variation of natural organic 
and inorganic groundwater quality is strongly 
needed as a basis for the recognition of 
human impacts on aquifers and for aquifer 
management. We present baseline values for 

Fig. 3.1 Continuum of particulate 
and dissolved organic carbon in 
natural waters. FA – fatty acids; 
CH – carbohydrates; AA – amino 
acids; HC – hydrocarbons. TOC 
measurements include all the 
organic ‘compounds’ shown 
above, DOC values include only 
the dissolved organic ‘compounds’ 
which are to the right of the 0.45 
micron boundary (<0.45 μm).
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the non-volatile organic carbon (NVOC) 
fraction expressed as total dissolved organic 
carbon (TOC) and dissolved (passed through 
a 0.45 μm fi lter organic carbon (DOC) in 
groundwaters, which are comparable to 
earlier studies. These were sampled from 
20 European reference aquifers. TOC and 
DOC were analysed in groundwater from 
more than 300 wells. The number of bacte-
ria, the concentration of easily AOC and the 
COD were also determined in selected sam-
ples from Denmark.

3.3 Description of Investigated 
Aquifers

Fourteen different aquifers were sampled for 
TOC analysis in groundwater in eight EU 
countries (Fig. 3.2, Tables 3.1 and 3.2). The 
sampled aquifers can be grouped in three 
major aquifer types: (1) sand (including 
gravel), (2) carbonates (chalk/limestone) and 
(3) sandstone. The aquifer sediments were 
deposited in different geological periods from 
the Devonian sandstone in Estonia, which is 
more than 350 million years old, to the rela-
tively recent unconsolidated Quaternary 
sand aquifers in Portugal and Spain less than 
2 million years old. Hence the dataset con-
tain analyses from aquifers representing 
deposits from the last three geological eras: 
the Palaeozoic, Mesozoic and Cenozoic. The 
aquifer sediments represent several transi-
tional, terrestrial and marine depositional 
environments, which at the time of deposi-
tion have contained varying amount of 
organic matter.

Most of the investigated aquifers are 
unconsolidated sands (5) or sandstone (6), 
illustrating that these are the most common 
and important aquifer types in Europe. The 

Fig. 3.2 Box–Whisker plot of TOC concentra-
tions in all European aquifers sampled.
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sands and sandstones range from unconsoli-
dated mature very pure quartz sands to 
arkosic immature sandstones. Four of the 
investigated aquifer or aquifer systems are 
composed of various kinds of carbonates or 
include a carbonate, which likewise is among 
the most common and important aquifer 
types in Europe. The carbonates range from 
fi negrained chalk to bryozoan limestone 
with large fragments of Bryozoa and other 
marine animals. The distribution of TOC 
concentrations in the selected aquifers is 
believed to illustrate the most common dis-
tribution of TOC values in European aqui-
fers. The investigated aquifers are generally 
semi-confi ned and recharged either directly 
or through Quaternary deposits of varying 
thickness. Table 3.1 lists the name and some 
basic geological information about the inves-
tigated aquifers.
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Table 3.1 Summary of aquifer types used in this baseline study.

Country Aquifer name Type Geological period
Age (million 

years)*
Depositional 
environment

Belgium Ledo–Paniselian Sand Neogene (Miocene) >5 Marine 
Denmark Ribe Formationen

Bryozokalk
Sand
Bryozoan limestone

Neogene (Miocene)
Paleogene

>5
>55

(Fluvio)-deltaic
Marine

England Cheshire
Dorset
Thames
Vale of York

Sandstone
Chalk
Chalk
Sandstone

Permo-Triassic
Cretaceous
Cretaceous
Permo-Triassic

>200
>65
>65
>200

Aeolian/fluvial
Marine
Marine
Aeolian/fluvial

Estonia Middle Devonian (D2) Sandstone Devonian >350 Marine/Deltaic
France Valréas Sandstone Neogene (Miocene) >5 Marine
Poland Bogucice

Kedzierzyn-Glubczyce
Sandstone
Sand

Neogene (Miocene)
Neogene (Miocene)

>5
>5

Marine
Barrier/shallow 

Marine
Portugal Aveiro Quaternary

Aveiro Cretaceous
Sand
Sandstone/

limestone

Neogene 
(Pleistocene)

Cretaceous

>0.01
>65

Fluvial/Aeolian
Transitional 

Fluvial/Deltaic/
Marine

Spain Doñana aquifer system Sand Neogene 
(Plio-Pleistocene)

>1 Eolian, fluvial, 
fluvio-deltaic

* The listed ages are not exact ages for the aquifer sediments but the approximate minimum age of the geological 
period in which the aquifer sediment was deposited.

Table 3.2 Statistical summary for TOC in investigated European groundwater. 

Country n Minimum Maximum Median Mean
Standard 
deviation

Belgium 18 1.22 10.5 2.72 3.26 2.05
Denmark 46 0.70 59.4 1.99 4.50 10.4
England 101 0.49 19.2 1.96 3.02 3.06
Estonia 19 0.15 1.90 0.80 0.83 0.46
France 5 0.60 3.33 2.03 1.82 1.08
Poland 120 0.31 5.69 1.31 1.43 0.85
Portugal 120 0.12 19.3 3.25 4.26 3.22
Spain 10 0.26 7.75 0.74 2.40 2.99

Mean 0.48 15.9 1.85 2.69 3.01
Denmark NMP 9883 0.10 71 1.4 2.0 2.5

All measurements are in mg C L–1. Data from the Danish National Monitoring Programme 
(Denmark NMP) is included for comparison.
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3.4 Results

3.4.1 TOC concentrations

Results from the study countries for TOC are 
statistically summarised in Table 3.2 and 
shown graphically in Fig. 3.2. For most of the 
countries there is a fairly large discrepancy 
between the Mean and Median values which 
refl ects the extreme concentration of the out-
liers (see black circles on Fig. 3.2) especially 
for Denmark. For the two countries with the 
lowest TOC concentration in groundwater, 
Poland and Estonia, the mean and median 
concentrations are very similar. The sample 
set for France is too small to be statistically 
signifi cant and is included for comparison.

3.4.2 DOC concentrations

A limited number of samples from Denmark, 
England, France and Poland were also ana-
lysed for the DOC fraction. Table 3.3 shows 
the range of values obtained for these four 
countries. The high overall mean concentra-
tion is probably a refl ection of a few very high 
organic carbon concentration waters from 
Denmark. These samples bias the statistical 
evaluation since they were specifi cally 

collected from wells known to have high 
TOC values in order to demonstrate the pos-
sible large range of natural organic carbon in 
groundwater.

3.4.3 Comparing TOC and DOC data

A cumulative frequency plot for the TOC 
(based on 439 analyses) and for the DOC 
(based on 246 analyses) is shown in Fig. 3.3. 
The curve shape is typical of a lognormal 
distribution and indicates that both popula-
tions resemble this kind of statistical func-
tion. The very high concentration outliers 
from Denmark which exceed 50 mg C L–1 
occur in the top 99.5 percentile and so are 
not shown on the plot.

A direct comparison can be made between 
DOC and TOC samples collected in the UK 
is shown in Fig. 3.4(a). A fairly weak positive 
correlation is observed between the two 
parameters (R2 = 0.32) with TOC generally 
lower in concentration that DOC, suggest-
ing some degradation of the organic carbon 
in the unfi ltered samples between sampling 
and analysis which may be due to microbial 
action.

In comparison, Fig. 3.4(b) shows a cross 
plot for DOC and TOC samples collected 

Table 3.3 Statistical summary for DOC investigated European groundwater. 
All measurements are in mg C L–1.

Country n Minimum Maximum Median Mean
Standard 
deviation

Denmark 12 1.67 58.9 3.98 11.98 18.8
England 113 0.18 18.6 2.19 3.09 3.04
France 3 1.28 3.16 1.32 1.92 1.07
Poland 118 0.28 3.93 1.14 1.32 0.75

Mean  0.85 21.1 2.16 4.58 5.92
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in Poland. The range of values is much 
smaller but also the two parameters are 
much more closely correlated (R2 = 0.81) 
with TOC values being roughly 8% higher 
than the DOC values, more likely refl ecting 
a high degree of particulate matter in the 
unfi ltered fraction.

Fig. 3.3 Cumulative frequency plot for both DOC 
and TOC from all European aquifers sampled.
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3.4.4 Comparing TOC between aquifers

Fig. 3.5(a) shows an example of TOC data for 
two Permo-Triassic sandstone aquifers and 
two Chalk aquifers both from the UK. The 
data suggest a much broader range of concen-
trations for the Permo-Triassic sandstones 
and additionally that the Permo-Triassic 
sandstones have generally higher TOCs.

In contrast, Fig. 3.5(b) shows the same data 
but with each plot based on aquifer type and 
region. Permo-Triassic sandstones from 
Cheshire and the Vale of York show quite 
different properties, with the Vale of York 
encompassing a greater range of values. 
Similarly there are considerable differences 
between Chalk from the Dorset region and 
Chalk from the Thames region of the UK. 
This highlights the difficulties encountered 
when only considering aquifer types.

This is also illustrated by a recent study 
performed on data from the National Danish 
groundwater monitoring database. This study 
demonstrates TOC values comparable to the 
British values illustrated in Fig. 3.5. However, 
here the different types of silicious rocks 
(unconsolidated Tertiary and Quaternary 
sands) show slightly lower average TOC con-
centrations than most Danish carbonaceous 
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Fig. 3.4 Cross plot of TOC and 
DOC from (a) all UK aquifers 
sampled and (b) all Polish aquifers 
sampled.
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rock types, for example, the Bryozoan lime-
stones (Ernstsen et al. 2005).

3.4.5 Comparing TOC with other 
parameters

Measurement of TOC can be problematic 
and in itself not necessarily a meaningful 
parameter accordingly, TOC values measured 
as part of the Danish National Monitoring 
Programme (Czakó 1994; Henriksen and 
Stockmarr 2000) have been compared with 
the COD in Fig. 3.6(a). A good positive 
correlation can be seen between the two 
parameters (R2 = 0.86) with COD values 
approximately 2.7 times greater than TOC 
values. The value of 2.7 corresponds to the 
ratio of the atomic mass between oxygen 
(O2 = 32) and Carbon (12). As the reduced 
carbon compounds are oxidised to CO2 this 
indicate that organic carbon is quantitatively 
the only important element, which has been 

oxidised in the investigated groundwaters. 
This will probably be the case for many 
natural groundwaters globally, although 
other reducing elements like, for example, 
Fe2+ will be quantitatively important in 
some natural groundwater types. COD 
often requires a considerably larger volume 
of water for determination than a TOC 
measurement so a simple factor difference 
makes for easy conversion between the two 
parameters.

TOC has also been compared with the 
amount of AOC in Fig. 3.6(b). The data are 
from this study and from a study performed 
by the Water Resources Division of 
Copenhagen Energy. No strong correlation 
is observed although generally, higher con-
centrations of TOC are concomitant with 
higher AOC. This is likely to relate to the 
structure of the TOC in the groundwater 
and would take considerably more time to 
characterise although this is a relationship 

99
(a) (b)

98

95

90

80

70

60
50

C
um

ul
at

iv
e 

fr
eq

ue
nc

y

40
30

20

10

5

2
1
0.1 1 10

P-T sandstone (Cheshire)
Chalk (Dorset)
Chalk (Thames)
P-T sandstone (Vale of York)

TOC concentration (mg C L−1)

100

99
98

95

90

80

70

60
50

C
um

ul
at

iv
e 

fr
eq

ue
nc

y

40
30

20

10

5

2
1
0.1 1 10

P-T sandstones
Chalks

TOC concentration (mg C L−1)

100

Fig. 3.5 Cumulative frequency plot for (a) TOC concentration in two Permo-Triassic sandstone and 
two Chalk aquifers from the UK and (b) showing data as split by aquifer type and region.
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that should be investigated further in the 
future.

3.5 Discussion

3.5.1 Contaminated and natural 
environments

By understanding the range of baseline 
organic carbon concentrations in groundwa-
ter it is possible to use this parameter as an 
indicator of groundwater contamination at 
sites with high loads of organic carbon (e.g. 
Christensen et al. 2001; Gooddy et al. 2002) 
simply by comparing concentrations of 
DOC. In a review of landfi ll studies 
Christensen et al. (2001) have shown that 
there is decline in both the volatile and non-
volatile fraction of the organic carbon con-
centration with increasing distance from 
mixed landfi ll sites. The concentrations 
found in a specifi c study conducted by 
Christensen et al. (2001), which are fairly 
typical at mixed landfi lls, are considerably 
above any of the maximum detected natural 
background concentrations found in our 
study for at least the fi rst 50 m downgradi-
ent of the landfi ll, and they remain above 

the overall median groundwater TOC con-
centration for more than 150 m. This indi-
cates a considerable increase in the load of 
microbiological available carbon originating 
in the landfi ll, which can lead to the forma-
tion of distinct redox zones and mobilisation 
of, for example, natural or leachate derived 
heavy metals at the landfi ll.

A number of studies in the UK carried out 
by Gooddy et al. (2002) show the DOC con-
centrations beneath an unlined waste lagoons 
used for storing cattle manure. Concentrations 
up to 200 mg L–1 can be observed, nearly 
100 times greater than a typical groundwater 
value observed in the reference aquifers. 
These lagoons also form distinct redox zones 
beneath them in a similar manner to the 
landfi ll example cited above.

Not all detections of a high concentration 
of DOC are, however, indicative of contami-
nation. Some of the samples found in the ref-
erence aquifer from Denmark have organic 
carbon concentrations up to more than 
100 mg L–1. The high carbon concentration 
manifests itself in the form of a dark brown 
coloured liquid rich in naturally derived 
fulvic and humic acids, which occur in these 
particular aquifer sediments (Hinsby et al. 
2001). Such occurrences are, however, 
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extremely rare, the 95 percentile is below 
10 mg L–1 TOC for all Danish aquifer types. 
Organic carbon rich waters may be found 
both in deep aquifer systems (>100 m below 
surface) like in the Danish cases (Grøn et al. 
1996; Jørgensen et al. 1999; Hinsby et al. 
2001) and in shallow soil, bog and aquifer 
sediments (e.g. Weis et al. 1989; Ernstsen 
et al. 2005). In case of doubts on the origin of 
the organic carbon further characterisation 
of the composition is needed (e.g. Weis et al. 
1989; Grøn et al. 1996).

Where groundwaters contain DOC they are 
also susceptible to forming trihalomethanes, 
known carcinogens, during the chlorination 
processes. Stuart et al. (2001) demonstrated 
a relationship between the potential to 
form trihalomethanes following chlorination 
against the amount of DOC present in the 
water. The relationship was well correlated 
(R2 > 0.9) and showed increasing formation of 
trihalomethanes with increasing concentra-
tions of DOC. This is a concern for water 
managers and water authorities from both 
uncontaminated and contaminated ground-
water with relatively high concentrations of 
organic carbon.

The use of TOC and DOC as an indicator 
of groundwater contamination also has its 
limitations. Johnson et al. (2001) examined 
the changes in concentration that occurred 
over a year of two pesticides in groundwater 
following their application. Peaks in concen-
tration pesticide concentration were found 
to vary by nearly an order of magnitude. 
However, it was not possible to obtain this 
level of sensitivity (roughly 3 orders of mag-
nitude lower) with organic carbon analysis. 
Consequently these concentrations, which 
exceeded the EC MAC, would go undetected 
if trying to observe contamination by DOC 

analysis alone. Similarly, other micropollu-
tants such as chlorinated solvents will gen-
erally not be identifi ed as groundwater 
contaminants by organic carbon analysis.

3.6 Conclusions and 
Recommendations

The results show that the baseline values 
for TOC and DOC are comparable. The 
mean and median concentrations were 
around 2 mg C L–1, while minimum and 
maximum values ranged from < 0.5 mg C L–1 
to > 50 mg C L–1. The AOC seem to correlate 
with TOC although the correlation is not 
clear and needs to be investigated further. 
Generally, there is a linear correlation 
between the TOC, DOC and the COD val-
ues. Very high natural organic carbon values 
were found locally in some pristine aquifers. 
Higher concentrations of DOC can lead to 
greater formation of trihalomethanes fol-
lowing chlorination. Organic contaminants 
derived from anthropogenic activities (e.g. 
pesticides and chlorinated solvents) are gen-
erally not identifi ed in the TOC/DOC analy-
sis as the contaminant concentrations are 
3–4 orders of magnitude lower than the 
natural levels. In many situations organic 
carbon concentrations is not a good tracer or 
indicator of contamination, however it is a 
very important component in the biogeo-
chemical cycling of elements and conse-
quently it is recommended as a component 
to be measured on all groundwater samples. 
The measurement of a fi ltered organic car-
bon fraction (DOC) is to be recommended 
where groundwaters contain signifi cant 
amounts of particulate material, otherwise, 
the more operational simple and cheaper 
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TOC measurement can be made. 
Measurements of the reactive part of the 
organic carbon readily available for micro-
biological processes provide valuable addi-
tional information and should be developed 
further.
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Reactive transport models were developed 
to explore the evolution in groundwater 
chemistry along the fl ow path in three aqui-
fers; the Triassic East Midlands aquifer (UK), 
the Miocene aquifer at Valréas (France) and 
the Cretaceous aquifer near Aveiro (Portugal). 
All three aquifers contain very old ground-
waters and variations in water chemistry 
that are caused by large-scale geochemical 
processes taking place at the timescale of 
thousands of years. The most important geo-
chemical processes are ion exchange (Valréas 
and Aveiro) where freshwater solutes are 
displacing marine ions from the sediment 
surface, and carbonate dissolution (East 
Midlands, Valréas and Aveiro). Reactive 
transport models, employing the modelling 
code PHREEQC (Parkhurst and Appelo 1999; 
Appelo and Postma 2005), which included 
these geochemical processes and one-dimen-
sional solute transport were able to repro-
duce the observed patterns in water quality. 
These models may provide a quantitative 
understanding of the evolution in natural 
baseline properties in groundwater.

4.1 Introduction

Geochemical modelling can be used to help 
predict the baseline concentration levels for 
various dissolved inorganic substances in 
aquifers over space and time. A geochemical 
model quantifi es the main geochemical pro-
cesses that occur in the aquifer and may relate 
these to solute transport processes. A model 
contains assumptions concerning the original 
conditions in the aquifer with respect to water 
and sediment composition and a set of con-
straints defi ning the geochemical processes 
that may occur. If one defi nes the composi-
tion of the water recharging the aquifer and 
the transport parameters, then predictions for 
the development of water composition over 
space and time can be made. The model can 
be tested against observed water and sediment 
composition data. Good agreement between 
model and observations may validate the 
model, although it never proves what has 
actually happened. Once the model is consid-
ered credible it may also become a tool for 
predicting how the groundwater chemistry 
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will develop in the future. Predictions will be 
most reliable in an undisturbed system but, 
with some caution, they can also be used to 
predict the effect on the water quality of 
changing fl ow conditions such as abstraction 
of groundwater from the aquifer. Likewise, 
a geochemical model can also be used in 
attempting to predict baseline concentration 
trends and analysing their susceptibility to 
change.

The modelling code used in this chapter is 
PHREEQC (Parkhurst and Appelo 1999; 
Appelo and Postma 2005). This programme 
combines a geochemical model, handling 
aqueous speciation, mineral equilibria, ion 
exchange, adsorption and reaction kinetics, 
with a one-dimensional transport model, 
specifying fl ow, diffusion and dispersion. 
The application of a reactive transport model 
requires a set of fi eld data showing an evolu-
tion in water composition either in space or 
in time. Given the long residence time of 
groundwater in aquifers, the dataset will 
typically consist of the evolution in water 
chemistry along a fl ow line through the 
aquifer. A meaningful geochemical model 

application requires that the evolution in 
water chemistry is determined by geochemi-
cal processes rather than being merely his-
torical in origin. This chapter presents 
geochemical models for three European 
aquifers: the Triassic East Midlands aquifer 
(UK), the Miocene aquifer at Valréas (F) and 
the Cretaceous aquifer near Aveiro (P) to 
explore processes controlling the natural 
baseline properties of groundwater and their 
evolution.

4.2 Triassic East Midlands 
Sandstone Aquifer,  UK

4.2.1 Geology and hydrogeology

The East Midlands Triassic sandstone 
aquifer is located in Nottinghamshire in the 
east of England. The aquifer is contained in 
the Sherwood Sandstone Group and has a 
thickness ranging between 120 and 300 m. 
It is dipping at about 1° towards the east 
(Fig. 4.1). The Sherwood Sandstone is under-
lain by a sequence of Permian mudstones, 
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marls and limestones with a low permeabil-
ity, which form the base of the aquifer. At 
its western end, the aquifer is unconfi ned 
and the sandstone outcrops in places where 
it is not covered by glacial drift. Towards 
the east, the Sherwood Sandstone is overlain 
fi rst by the gypsum bearing Colwick 
Formation and further eastwards by the 
Mercia Mudstone Group, which forms a 
confi ning unit. The groundwater geochemis-
try of the East Midlands aquifer has previ-
ously been studied by Edmunds et al. (1982), 
Edmunds and Smedley (2000) and Smedley 
and Edmunds (2002).

The Sherwood Sandstone is dominated 
by quartz with minor amounts of feldspars. 
Alteration products of the feldspars such 
as illite and kaolinite are present at the 
top of the sandstone (Moss and Edmunds 
1992). Near the surface, the Sherwood 
Sandstone has been decalcifi ed. However, 
in the deeper parts, 1–4% (w/w) of the car-
bonate minerals calcite and dolomite are 
present (Edmunds et al. 1982). The eastern 
and deeper part of the aquifer also contains 
gypsum, especially towards the confi ning 
unit. The aquifer sediments contain little 
organic carbon or pyrite.

Modelling of the groundwater fl ow prior 
to groundwater abstraction suggests that 
only 10% of the recharged precipitation 
entered the confi ned part of the aquifer. The 
 remaining 90% discharged to springs and 
rivers at the boundary between the uncon-
fi ned and the confi ned part of the aquifer 
(Fig. 4.1). Therefore groundwater fl ow is fast 
in the unconfi ned and slow in the confi ned 
section of the aquifer. Because of the slow 
fl ow velocity, the confi ned part of the aquifer 
contains very old groundwater of more than 
10,000 years in age. In the confi ned part of 
the aquifer, some groundwater discharge is 

considered to occur through faults or through 
the overlying Mercia Mudstone.

4.2.2  Hydrochemistry and modelling

Fig. 4.2 displays the water  chemistry in the 
East Midlands aquifer based on the 1991–92 
data-set reported by Edmunds and Smedley 
(2000). The groundwater residence time is 
based on 14C dating, and the correlation of the 
14C age with the groundwater temperature 
(Edmunds and Smedley 2000). Waters that 
contain nitrate, derived from agriculture, 
must have recharged during the last 50 years. 
These waters also contain  enhanced concen-
trations of sulphate, calcium, magnesium and 
bicarbonate,  resulting from soil treatment and 
industrial activity. Based on the nitrate con-
tent, the groundwaters in the East Midlands 
aquifer are accordingly subdivided into recent 
and old waters. Apparently, some mixing 
between recent and older waters must occur 
around the boreholes, because 14C ages sug-
gest that some of these anthropogenically 
infl uenced water samples are up to 5000 years 
old (Fig. 4.2[a]).

The groundwaters around the town of 
Gainsborough, indicated by triangles in 
Fig. 4.2, are somewhat off the main ground-
waters fl ow path. They are characterised by 
high sulphate, calcium and magnesium con-
centrations and will be discussed separately.

The groundwaters along the main fl ow 
path from Worksop to Lincoln show increases 
in calcium, bicarbonate and P(CO)2 and a 
 decrease in pH along the fl ow lines (Fig. 4.2). 
In addition, these waters are close to satura-
tion with calcite (CaCO3) (Fig. 4.2[g]) and 
dolomite (CaMg[CO3]2) (data not shown). 
This behaviour could correspond to a 
gradual depletion of the small amount of cal-
cite and dolomite, initially present in the 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4.2 The geochemistry of the Triassic East Midlands aquifer, as a function of the groundwater 
residence time expressed in thousands of years (ka). All fi eld data (symbols) are from Edmunds and 
Smedley (2000). Circle symbols indicate data situated approximately along a fl ow path from Worksop 
to Lincoln. The subdivision between recent (open circles) and old water (fi lled circles) is based on the 
presence or absence of nitrate. Triangle symbols are for data from wells around Gainsborough. 
The solid line represents a PHREEQC model with carbonate (calcite and dolomite) dissolution where 
the up-fl ow part of the system becomes depleted in carbonate minerals and where dissolution 
conditions change from being open to closed with respect to CO2. The dotted line is for a model that in 
addition dissolves 1 mM gypsum along the fl ow line.
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Sherwood Sandstone. In support of this, 
Moss and Edmunds (1992) found that near 
the surface in the unconfi ned part of the 
aquifer the Sherwood Sandstone has been 
decalcifi ed. In this scenario, carbonate disso-
lution will begin in the unsaturated zone in 
the presence of soil CO2 (the system is open 
with respect to CO2), resulting in a high 
P(CO)2, high calcium and bicarbonate con-
centrations and a low pH. As the rock above 
the groundwater table becomes depleted in 
carbonate minerals, the system becomes 
closed with respect to CO2. Carbonate min-
eral dissolution below the water table will 
result in a lower P(CO)2, lower calcium and 
bicarbonate concentration and a higher pH. 
The details of such a reaction scheme have 
been outlined by Langmuir (1971) and Appelo 
and Postma (2005).

These processes have been modelled with 
PHREEQC using a model column of 30 km, 
subdivided into 60 cells, and an average 
groundwater fl ow velocity of 0.86 m yr–1. This 
gives a residence time of up to 35,000 years 
in the aquifer. Longitudinal dispersivity was 
taken as 600 m or 2% of the total fl ow path. 
The groundwater temperature increases with 
residence time (depth) (Edmunds and Smedley 
2000). In the model, the temperature increases 
linearly from 10.6°C in the fi rst cell to 19.6°C 
in the last cell. Initially, all cells contain 
trace amounts of calcite and dolomite and 
the water is in equilibrium with these miner-
als. A soil P(CO)2 of 10–2.35 is imposed on the 
fi rst cell and the water is then transported 
through the model column where the car-
bonate minerals will dissolve if present. The 
results of this reactive transport model are 
shown in Fig. 4.2 as the solid lines. Initially 
calcite and dolomite dissolution occurs 
close to the source of CO2 and lead to high 
concentrations of calcium and bicarbonate 

accompanied by a low pH. As the fi rst cells 
become depleted in carbonate minerals, dis-
solved CO2 will be transported downstream 
until it reaches a cell  containing carbonate 
minerals. Since the source of CO2 is now 
limited to the amount dissolved in the water, 
the resulting concentrations of calcium and 
bicarbonate become lower and the pH higher. 
Comparison of model results with fi eld data 
(Fig. 4.2) along the Worksop–Lincoln fl ow 
path (fi lled circle symbols) show good agree-
ment in the overall trends even though the 
fi eld data contains some scatter. The increase 
in temperature along the fl ow path affects 
the solubilities of dolomite and calcite dif-
ferently. The solubility of dolomite decreases 
more rapidly with increasing temperature 
than for calcite and causes some calcite to 
recrystallise into dolomite. The 
result is (from 10 ka onward) a slight decrease 
in pH, magnesium and bicarbonate concen-
tration and an increase in calcium concen-
tration, trends that might be present in the 
fi eld data as well. Overall, the model illus-
trates how carbonate mineral equilibria in 
combination with an advancing mineral dis-
solution front may affect the baseline con-
centrations on a timescale of thousands of 
years.

The groundwaters near Gainsborough 
(Fig. 4.2) have distinctly higher calcium and 
sulphate concentrations which have been 
attributed to the dissolution of gypsum 
(CaSO4 ∙ 2H2O), a mineral that is known to 
be present in the confi ning unit. In an aqui-
fer containing both dolomite and calcite, 
the dissolution of gypsum will cause the dis-
solution of dolomite and the precipitation 
of calcite. The process is termed de-dolo-
mitisation (Plummer et al. 1990; Appelo 
and Postma 2005). By dissolution of gypsum, 
the calcium concentration increases, causing
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calcite to precipitate; this again lowers the 
aqueous carbonate concentration and causes 
dolomite to dissolve. The overall mass 
 transfer (at 17°C and SIcalcite = 0.1) is described 
by the equation:

1.6 CaSO4 + 0.6 CaMg(CO3)2 → 
1.2 CaCO3 + Ca2+ + 0.6 Mg2+ + 1.6SO4

2–

For the East Midlands aquifer,  de-
dolomitisation has already been suggested 

by Edmunds et al. (1982) as an important 
geochemical process in the aquifer. The 
result is an increase in the groundwater 
sulphate concentration which is coupled 
to increases in magnesium and calcium 
concentration.

As shown in Fig. 4.2, there is no simple 
increase in the sulphate content of the 
groundwater near Gainsborough with 
increasing groundwater residence time. 
Probably, the de-dolomitisation process has 

(a) (b)

(c) (d)

(e) (f)

SI=0.1

Fig. 4.3 Groundwater composition of the wells around Gainsborough plotted as a function of their 
sulphate concentration. Lines are for a PHREEQC model simulating de-dolomitisation, where gypsum 
dissolution (CaSO4 ∙ 2H2O) causes dissolution of dolomite [CaMg(CO3)2] and precipitation of calcite 
(CaCO3).
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been affected by groundwater abstraction, 
introducing water from gypsum bearing 
layers into the Sherwood Sandstone. Instead, 
the de-dolomitisation reaction is traced by 
ordering the Gainsborough groundwater 
samples according to their sulphate content 
(Fig. 4.3). De-dolomitisation is then mod-
elled with PHREEQC by successively adding 
gypsum to a groundwater in equilibrium 
with calcite and dolomite. The model pre-
dicted lines are shown in Fig. 4.3, and are 
in good agreement with the fi eld data 
trends, suggesting de-dolomitisation to be 
the main cause for the variations in water 
chemistry.

The increase in the groundwater sulphate 
concentration along the fl ow path going 
from Worksop to Lincoln, is a modest 1 mM 
(Fig. 4.2). De-dolomitisation is included in 
the PHREEQC carbonate dissolution model 
by linearly adding 1 mM of gypsum between 
6.3 and 14.3 km (corresponding to 7.3–
16.6 ka in Fig. 4.2). The model result is 
included in Fig. 4.2 as the dotted line. 
Generally, the effect of de-dolomitisation on 
the model results remains quite small 
although increases in the concentrations of 
calcium, magnesium and sulphate can be 
noted.

4.3 Miocene Valréas aquifer, 
France

4.3.1 Geology and hydrogeology

The Miocene Valréas aquifer is located in 
the southeastern part of France, just east of 
the Rhône Valley. The basin in which the 
aquifer sediments have been deposited is 
surrounded by mountains towards the west, 
north and east, while towards south the 
Valréas basin extends into the Carpentras 
basin. The size of the Valréas basin is appro-
ximately 10 by 20 km.

The aquifer is located in a Miocene 
sandstone formation, deposited as outwash 
material from the surrounding mountains 
(Huneau 2000). At the margins of the Valréas 
basin, the sandstone deposits are approxi-
mately 400 m in thickness, increasing to up 
to 600 m in the central part of the basin 
(Fig. 4.4). The sandstone is cemented by car-
bonate minerals and X-ray diffraction analy-
ses carried out on sediment samples from a 
deep borehole near Richerenches in the 
central part of the basin indicates the pres-
ence of both aragonite and calcite in the 
upper approximately 100 m of the sandstone. 
Deeper in the aquifer, the carbonates mainly 
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Miocene Valréas aquifer (Huneau 
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the cross section is 30 km.

EDMUNDJ_Ch4.indd   77EDMUNDJ_Ch4.indd   77 12/11/2007   3:10:49 PM12/11/2007   3:10:49 PM



D. Postma et al.78

consist of calcite. The sediment samples 
contain up to 30% (w/w) carbonates and have 
a cation-exchange capacity (CEC) between 
40 and 60 meq kg–1. Due to cementation 
with carbonate, the porosity of the sandstone 
is only 5–10%, and the hydraulic  conductivity 
ranges between 1 × 10–7 and 1 × 10–6 m s–1 
(Huneau 2000). The base of the aquifer is 
formed by the Cretaceous bedrock (Fig. 4.4). 
In the southern part of the Valréas basin, the 
Miocene sandstone is covered by a sequence 
of Pliocene clay and marl up to 200 m thick 
(Fig. 4.4). These deposits are presumably of 
marine origin and were deposited during a 
marine transgression into the Rhône Valley 
and its tributaries (Huneau 2000). The hydrau-
lic properties of the Pliocene deposits are not 
well known, but considering their lithology, 
the hydraulic conductivity is probably less 
than 1 × 10–9 m s–1.

The groundwater fl ow direction in the 
Miocene aquifer is from northeast towards 
southwest, and due to the presence of the 
Pliocene cover in the southern part of 
the Valréas basin, recharge to the aquifer 
takes place only in the northern part of the 
basin. The Pliocene cover thus separates the 
aquifer into an unconfi ned part towards 
north and a confi ned part towards the south 
(Fig. 4.4). The palaeo-fl ow conditions in the 
aquifer were presumably controlled by the 
presence of the Pliocene cover, causing a 
more rapid fl ow in the unconfi ned part of 
the aquifer as compared with the confi ned 
part of the aquifer. Previously, several springs 
were present at the boundary between the 
confi ned and unconfi ned parts of the aquifer, 
(Fig. 4.4; Huneau 2000).

Flow velocities calculated from 14C mea-
surements are 0.2 and 2.5 m yr–1 for the con-
fi ned and unconfi ned part of the aquifer, 

respectively (Huneau 2000). This suggests 
that under pristine conditions approximately 
90% of the recharge to the unconfi ned part 
of the aquifer was discharged through these 
springs, leaving about 10% of the recharge to 
fl ow in the confi ned part of the aquifer. Since 
the 1950s, extensive abstraction of ground-
water has been carried out from the confi ned 
part of the aquifer for irrigation purposes. 
Due to this, the springs at the confi ned/
unconfi ned boundary have dried up and now 
groundwater fl ow takes place at a more uni-
form velocity of around 2 m yr–1 throughout 
the entire aquifer. The hydrogeology of the 
Valréas aquifer is discussed in more detail in 
Chapter 13.

4.3.2 Hydrochemistry and modelling

The Valréas aquifer displays a Ca–HCO3 
type of water at its up-fl ow end, changing to 
groundwater enriched in Mg–HCO3 further 
down the fl ow path, which again is replaced 
by a Na–HCO3 type water in the downfl ow 
part of the aquifer (Fig. 4.5). There are also 
increases in pH and alkalinity along the fl ow 
path. The observed pattern is typical for 
freshening of an aquifer that originally has 
been fi lled with saline water (e.g. Chapelle 
and Knobel 1983; Appelo 1994; Walraevens 
and Cardenal 1994; Andersen et al. 2005). 
The salt water had been fl ushed from the 
aquifer a long time ago and present day chlo-
ride concentrations are less than 50 mg L–1. 
However, the sediment ion exchanger still 
contains the saline cations Na+, K+ and Mg2+, 
and these are at present being displaced by 
Ca2+ in the recharging water. The marine 
infl uence probably dates back to the time 
of deposition of the Pliocene cover in the 
southern part of the Valréas basin, and the 
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 4.5 Modelled hydrochemistry along a fl ow path in the Valréas aquifer together with fi eld data 
from Huneau (2000). (a)–(f) show a model where the initial solution was assumed to be the solution 
now present at the end of the fl ow line (full line), and a model with seawater as the initial solution and 
KNa\Mg = 0.6 (dotted line). (h) shows a model where Sr is derived from the seawater (full line) and a 
model where Sr comes from the dissolution of aragonite containing 2 mol% Sr (dotted line).
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observed hydrochemistry along the fl ow line 
in the aquifer is apparently the result of 
 millions of years of geochemical evolution. 
The groundwater is close to equilibrium 
with the mineral aragonite (CaCO3) and the 
downfl ow increases in alkalinity and pH 
suggest ongoing carbonate dissolution along 
the fl ow path (Fig. 4.5).

Reactive transport modelling was under-
taken to identify and quantify the major 
controlling hydrogeological and geochemi-
cal processes that have been responsible for 
the present day hydrochemistry. A 20-km-
long fl ow path was modelled with PHREEQC. 
The groundwater was brought into equilib-
rium with aragonite and the CEC was set to 
45 meq kg–1. The column was initialised 
with a water composition similar to that 
resident at the downstream end of the fl ow 
line. The fl ushing solution was water with a 
chemical composition as observed in the 
area of recharge. The transport of groundwa-
ter in the model was defi ned in accordance 
with the palaeo-fl ow conditions, with a fl ow 
velocity of 0.2 m yr–1 in the confi ned part 
and 2 m yr–1 in the unconfi ned part of the 
aquifer. In PHREEQC this was achieved by 
specifying variable cell lengths, whilst keep-
ing the time step constant, so that the 
upstream 10 km of the fl ow line was repre-
sented by four cells each 2500 m in length, 
while the downstream 10 km of the fl ow line 
was modelled by 40 cells each 250 m in 
length. The dispersivity was 1% of the length 
of the fl ow path. The reactive transport model 
was allowed to run until 10 pore volumes of 
the model column were replaced by the fl ush-
ing solution, corresponding to 0.5–0.6 mil-
lion years.

The model results are given as the full 
lines, together with the fi eld data in Fig. 4.5. 
Generally, the model is able to predict the 

changes in water quality along the fl ow path 
quite well. Approximately 10 km down-
stream the fl ow line, there is an ion-exchange 
front where Ca2+ from the fl ushing solution 
displaces Mg2+ from the  ion-exchange com-
plex. Further downstream, near 16 km, there 
is another ion-exchange front where Mg2+ 
and Ca2+ displace K+ and Na+. This chro-
matographic pattern of different water 
qualities arises from the differences in bind-
ing strength of cations to the sediment 
exchanger in combination with their differ-
ing concentrations (Appelo and Postma 
2005). Each ion-exchange front has its own 
characteristic velocity and, as time passes, 
the fronts become more and more separated. 
At both ion-exchange fronts, the uptake of 
Ca2+ on the ion-exchange complex causes 
aragonite to dissolve and as a result, the pH 
and alkalinity increase while the P(CO)2 
decreases. There is also good agreement 
between model and fi eld data for these 
parameters.

The fi eld data could only be simulated by 
the model when the palaeo-fl ow conditions 
were used, with the fl ow rate in the confi ned 
zone being ten times lower than in the 
unconfi ned zone. When the present day uni-
form fl ow velocity of 2 m yr–1 is used, the 
model fails to reproduce the observed water 
chemistry pattern. The amount of water 
extracted from the confi ned part of the aqui-
fer by pumping during the last 50 years 
remains small compared with the total water 
content so that the water chemistry patterns 
still refl ect the palaeo-fl ow conditions rather 
than the present day fl ow conditions. This is 
supported by 14C dating, which indicates the 
presence of very old waters in the confi ned 
part of the aquifer (Huneau 2000).

The model used the present day water 
composition in the downstream end of the 
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aquifer as the water composition initially 
present in the whole aquifer. However, this 
water is apparently already infl uenced by 
ion exchange as is indicated by its Na–HCO3 
type of composition. If our hypothesis of a 
freshening aquifer is correct, then the water 
originally present in the aquifer must have 
been seawater. To test this, a new model was 
set up with seawater as the initial solution 
in the fl ow tube. The results after modelling 
40 pore volumes of fl ushing, corresponding 
to 2–3 million years, are included in Fig. 
4.5(a)–(f) as the dotted lines and are generally 
also in good agreement with the fi eld data. 
The critical point seems to be the behaviour 
of magnesium. If the default exchange 
coefficient of KNa\Mg = 0.5 is used, the model 
tends to produce a sharper peak than observed 
in the fi eld data (not shown in Fig. 4.5). 
However, exchange coefficients are not 
constants in a strict sense since they depend 
on the sediment characteristics. Appelo 
and Postma (2005) list a range of KNa\Mg = 
0.4–0.6 for the exchange of Na+ for Mg2+. If 
instead of the median value of 0.5 a value of 
0.6 is used, indicating weaker binding of 
Mg2+ to the sediment exchanger, then the 
result shown by the dotted line in Fig. 4.5(b) 
is obtained. An almost similar result could 
have been obtained if the water originally 
in the aquifer was more saline than 35‰ 
seawater. For example, twice concentrated 
seawater would also decrease the binding of 
Mg2+ to the surface. This follows from the 
general relationship between the concentra-
tion of mono- and divalent ions on the ion 
exchanger and in the aqueous phase (e.g. 
Appelo 1996):

[j2+]
1/2

 
=
   Ki\j βj

1/2

   

   
[i+]      βi

where [ ] denotes aqueous concentrations, β 
denotes equivalent fractions on the exchanger 
and Ki\j denotes the selectivity coefficient. In 
this equation, a proportional increase in the 
concentration of both mono- and divalent 
ions in the aqueous phase, corresponding to 
evaporation, causes a decrease in the con-
centration of divalent cations relative to 
monovalent ions on the ion-exchange 
complex.

The modelled distribution shown with 
the dotted line in Fig. 4.5 is the result of 
2–3 million years of geochemical evolution 
of the aquifer. This timescale corresponds 
approximately to the transition between 
Miocene and Pliocene. Perhaps more saline 
water was initially present in the aquifer in 
relation to the ‘evaporite period’ of the 
Late Miocene (Messinian) (e.g. Schreiber 
et al. 1976; Troelstra et al. 1980).

The fi eld data also show a distinct maxi-
mum for strontium at 15 km down the fl ow 
line (Fig. 4.5[h]). Strontium is preferentially 
accumulated in aragonite, as compared with 
calcite, due to the large ionic radius (1.18 Å) 
of Sr2+ (Morse and Mackenzie 1990). The dis-
solution of aragonite, in relation to the ion-
exchange fronts, could therefore be a source 
of Sr2+ to the groundwater (Plummer et al. 
1976). However, strontium is also present in 
trace concentrations in seawater and as such, 
the increase in concentration along a fl ow 
line may also be a result of the freshening of 
a previously saline aquifer. In order to clarify 
the origin of Sr2+ in the Valréas aquifer, two 
geochemical models were set up. One model 
in which Sr2+ was included in the seawater 
composition according to the seawater con-
centration suggested by Goldberg (1963), and 
another model, in which the aragonite present 
in the aquifer sediments contained 2 mol% of 
Sr. This is only slightly higher than the average 
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Sr content of 1 mol% found in modern arago-
nitic organisms (Morse and Mackenzie 1990). 
The results of modelling 2.2 million years of 
infi ltration in the aquifer with these two 
models are also shown in Fig. 4.5. The con-
tribution of Sr2+ from the seawater appears 
to be negligible, thereby suggesting that dis-
solution of aragonite in combination with 
ion exchange are the major processes control-
ling the distribution of Sr2+ in the aquifer.

4.4 Cretaceous Aveiro aquifer, 
Portugal

4.4.1 Geology and hydrogeology

The Cretaceous Aveiro aquifer system cov-
ers over 1800 km2 of the northwest part of 
the Portuguese mainland and adjacent conti-
nental shelf. The aquifer is part of a thick 
sequence of mainly siliclastic sediments 
deposited in the northernmost part of the 
Lusitanian basin. Sedimentation took place 

in fl uvial, deltaic or shallow marine environ-
ments. The Cretaceous sandstone units con-
stitute the main aquifer which is confi ned 
over two thirds of its extent by a low perme-
ability marly clay formation of Upper 
Cretaceous age. The confi ning unit limits 
modern recharge to the aquifer (Fig. 4.6). The 
average thickness of the confi ning unit 
increases towards the coast and may be over 
150 m thick above the deepest parts of the 
aquifer. Uplift and erosion of the confi ning 
marly clay unit in the east allowed the sand-
stone formation to outcrop and  receive direct 
recharge from rainfall infi ltration. Calculated 
apparent fl ow velocities for the aquifer, 
based on 14C dating, indicate a gradual 
decrease of fl ow velocities along the fl ow 
path. Flow velocities decrease from a few 
metres per year in the areas closest to the 
recharge area to less than half a metre per 
year downstream in the confi ned part of the 
aquifer. The hydrogeology of the Aveiro 
Cretaceous aquifer is described in more 
detail in Chapter 11.
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4.4.2 Hydrochemistry and modelling

The hydrochemistry of the aquifer can be 
divided into three main facies (Condesso de 
Melo 2002). In the area of recharge, the infi l-
trating rainwater percolates through the 
unsaturated zone to reach the underlying 
groundwater body, reacting with carbonate 
minerals in a system open to CO2. The 
resulting groundwater is dominated by Ca2+ 
and 3HCO−  with pH values less than 7.0 and 
water temperatures less than 20°C. Down 
the fl ow path, the aquifer gradually becomes 
confi ned and contains very limited modern 
recharge. Holocene to pre-industrial ground-
water occurs in the intermediate, confi ned 
part of the aquifer. Here redox potential and 
dissolved oxygen progressively decrease 
along the fl ow path with groundwaters 
changing from oxidising to reducing condi-
tions. These are groundwaters with either a 
Ca–HCO3 or Na–HCO3 hydrochemical 
facies and pH values greater than 6.2 but less 
than 8.3 and groundwater temperatures 
around 21°C (Fig. 4.7). The P(CO)2 decreases 
in this part of the aquifer from 0.04 to 0.001 
down the fl ow path. Finally, Late Pleistocene-
Early Holocene groundwaters have been 
identifi ed in the deeper and confi ned part of 

the aquifer. They are Na–HCO3 or Na–Cl 
type waters, with pH in the range 7.1–8.9, 
and average groundwater temperatures 
higher than 22°C.

Although the isotopic and chloride data 
show that the aquifer has been fresh for more 
than 18 ka, the freshening chemical pattern 
of the aquifer suggests that the aquifer has 
previously contained seawater. This seawa-
ter has been almost completely fl ushed from 
the aquifer and occurs now only as traces of 
formation water in the low permeability 
parts of the aquifer. A conceptual model was 
derived for the geochemical evolution of the 
water in the Aveiro Cretaceous aquifer 
(Fig. 4.7). The model assumes that calcium 
bicarbonate water, which originated from 
rainwater infi ltration and dissolution of car-
bonates by soil CO2, recharges the aquifer. 
This water moves along the fl ow path and 
because of ion exchange eventually evolves 
to a Na–HCO3 type water in the areas close 
to the coast. In the downstream end of the 
aquifer, cation-exchange reactions occur and 
calcium and magnesium are adsorbed on the 
sediment while sodium is released into solu-
tion. Measurements of the exchanger com-
position on clay samples are consistent with 
this cation-exchange reaction (Oliveira 1997). 

Coastal area (W)
v ≈ 0.2 m yr−1

Na–HCO3

0

P(CO)2 ≈ 0.001 atm; pH > 8.0
SI calcite = −0.5 to −1.0
SI K-feldspar = −1.0
↑ Na ↓ Ca, Mg

P(CO)2 ≈ 0.03–0.04 atm; pH< 6.5–7.0
SI calcite= −1.5
SI K-feldspar= −1.2
↑ Ca, Mg ↓ Na

10 15 25 km

Mg–HCO3
Na–HCO3

Ca–HCO3

Recharge area (E) 
v ≈ 2 myr−1

Fig. 4.7 Conceptual transport 
model along an E–W fl ow line in 
the Cretaceous Aveiro aquifer. SI 
indicates the saturation index for 
calcite and K-feldspar.
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The loss of calcium and magnesium from 
solution, owing to the ion-exchange reaction, 
causes some dissolution of carbonate miner-
als in order to maintain equilibrium.

Based on the palaeohydrology, the aquifer 
was assumed to be initially fi lled with sea-
water. The measured composition of a 
groundwater sample from well #154 in the 
aquifer outcrop area was chosen as the fl ush-
ing water composition. This sample was 
considered to be representative of the local 
recharge and is substantially undersaturated 
with dolomite and calcite. Its chloride con-
tent is about 20 ppm and the sample chemi-
cal composition corresponds approximately 
to fi ve-fold evaporated rainwater. The hydro-
chemical data of the two water samples used 
in the geochemical modelling are sum-
marised in Table 4.1.

The potential reactants and products in 
the model were selected based on petro-
graphic and mineralogical information, the 

measured saturation indices and the previ-
ous results of inverse mass-balance model-
ling for the aquifer (Condesso de Melo et al. 
2001). The phases identifi ed as major reac-
tants include carbon dioxide, calcite, potas-
sium feldspar and an ion-exchange complex. 
The evaluation of petrographic, mineralogi-
cal and saturation indices data also helped to 
determine which of these mineral phases 
were dissolving or precipitating within the 
aquifer system. According to Parkhurst et al. 
(1996), the reaction-path models need to be 
consistent with these determinations, or 
otherwise, they cannot be considered plau-
sible. The phases identifi ed as reactants and 
the dissolution constraints used in the mod-
elling are summarised in Table 4.2.

The exchangeable cations and the CEC of 
the aquifer sediments were determined in 
four samples of the principal aquifer layer by 
ion displacement using both a 1 M NaCl 
solution and a 1 M NH4Cl solution (Appelo 

Table 4.2 Mineral phases, exchange species and constraints used 
in the geochemical modelling.

Phases CO2 (+), calcite (+), K-feldspar (+)

Exchange species CaX2, MgX2, NaX

Balance Na, K, Ca, Mg, Al, Si, SO4, Cl, TIC, Alk

(+) = enters solution/dissolves; TIC = total inorganic carbon; Alk = alkalinity.

Table 4.1 Flushing and initial water compositions used for geochemical modelling of  the Aveiro 
aquifer. 

Well Ref. pH
T

(ºC)
Na

(mM)
K

(mM)
Ca

(mM)
Mg

(mM)
Si

(mM)
Al

(mM)
HCO3

(mM)
Cl

(mM)
SO4

(mM)
δ13C 
(‰)

154 5.34 18.5 0.65 0.05 0.12 0.18 0.15 1.0 10–3 0.12 0.58 0.13 –17.99

Seawater 8.22 16 468.4 10.21 10.29 53.14 0.15 3.7 10-5 2.32 546 28.23 1.5

The hydrochemical composition for the seawater is from Goldberg (1963).
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and Postma 2005). The results ranged from 
2.5 to 5.6 meq kg–1 sediment. The CEC of the 
aquifer sediments was recalculated as CEC 
per litre of contacting groundwater by assum-
ing a total aquifer porosity of 0.20 and a sedi-
ment bulk density of 1.8 kg L–1, yielding 
0.020 and 0.050 mol L–1.

A 25-km-long fl ow tube was modelled 
using two different discretisation approaches: 
(1) dividing the column into 25 cells of 
1000 m length, corresponding to an average 
fl ow velocity of 1 m yr–1; and (2) dividing the 
upstream 10 km of the fl ow path into 10 cells 
of 1000 m in length while the downstream 
15 km were divided into 150 cells of 100 m 
length. This second model simulated the 
varying fl ow conditions within the aquifer 
system, with fl ow velocities in the confi ned 
part of the aquifer about ten times lower 
than the fl ow velocities in the aquifer out-
crop area. A dispersivity of 4% of the total 
fl ow length was used in both models, and 
was determined by the chloride distribution 
in the aquifer. All cells in the column were 
assigned a CEC (either 0.020 or 0.050 mol 
L–1) and an SI of –1.0 for both calcite and 
K-feldspar. The fl ushing solution was allowed 
to equilibrate initially with CO2, calcite 
(SI = –1.5) and K-feldspar (SI = –1.2).

The best model fi t for the fi eld results was 
obtained by trial and error, using different 
combinations of parameters to simulate the 
fi eld data. The model with the variable discre-
tisation completely failed to describe the 
observed hydrogeochemistry, since it could 
neither reproduce the evolution of ion-
exchange fronts nor the pH or the bicarbon-
ate concentration in the aquifer. The best 
model results are shown in Fig. 4.8 and are 
for the uniform cell model using a CEC of 
0.020 mol L–1. The model reproduces the 

ion-exchange fronts with calcium from the 
fl ushing solution initially displacing magne-
sium from the ion-exchange complex, and 
further downstream, both calcium and mag-
nesium displacing sodium. Generally, the 
model describes the observed hydrochemi-
cal evolution satisfactorily confi rming that 
the dominant reactions in the aquifer are 
calcite and K-feldspar dissolution, and cat-
ion exchange. Varying the P(CO)2 in the ini-
tial solution infl uenced the estimated 
calcium, pH and bicarbonate distribution in 
the aquifer. When the saturation index of 
calcite was increased in the initial solution, 
the P(CO)2 decreases in the column since 
more calcite is dissolved in the fi rst cell of 
the column. The pH also increased due to the 
lower P(CO)2.

According to the model, the present day 
hydrogeochemical pattern is the result of 
about 50 ka of geochemical evolution in the 
aquifer, which means that the aquifer has 
been fresh since the Late Pleistocene. This is 
in agreement with 14C and chloride data for 
the aquifer that revealed fresh water for at 
least the last 35 ka, and also with the geologi-
cal data. The correspondence in timescales 
furthermore indicates that the palaeohydrol-
ogy is still dominating the aquifer geochem-
istry, and is not yet affected by the extensive 
groundwater abstraction that has taken place 
since the late 1960s. Thus, the reactive trans-
port modelling of the Cretaceous Aveiro 
aquifer has helped to confi rm the principal 
processes contributing to the hydrogeochem-
ical evolution of the aquifer and has provided 
additional evidence about the timescale for 
aquifer freshening. At the detailed level, how-
ever, this interpretation may be complicated 
by the mixing that is inevitably caused by 
modern pumping in this multilayer aquifer.
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(a) (b)

(c) (d)

(e) (f)

(g) (h)

(i) (j)

(k) (l)

Fig. 4.8 Results of modelling the hydrogeochemical evolution of the Cretaceous Aveiro aquifer using a 
reaction-path geochemical model (time = 50 ka; CEC = 0.020 mol L–1). Field data is indicated by 
symbols and model results by lines.
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4.5 Discussion

From the modelling carried out on the vari-
ous aquifers, several factors emerge that 
dominate the present groundwater composi-
tion and its susceptibility to change. These 
are the hydrogeology and continuity of the 
fl ow system, the progression of mineral dis-
solution fronts and the progression of ion-
exchange fronts.

The discontinuity of the fl ow velocity in 
the aquifers is illustrated very well in the 
Valréas and the East Midlands aquifers, and 
to a certain extent also in the Aveiro aquifer. 
These aquifers are partly confi ned and drain-
age from their distal parts is poor (e.g. Figs. 
4.1, 4.4 and 4.6). As a result, there are two 
fl ow regimes, one close to the area of recharge 
where the rate of groundwater fl ow is fast 
and second a distal confi ned part where the 
fl ow velocity is very low. Under pristine con-
ditions considerable discharge from springs 
and rivers, occurred at the boundary between 
the confi ned and the unconfi ned parts of 
these aquifers. Both in the East Midlands and 
Valréas aquifers shallow groundwater dis-
charge from the mainly unconfi ned sections 
was estimated by modelling to amount to 
90% of the recharge under pristine condi-
tions. In the Valréas aquifer, radiocarbon dat-
ing shows a discontinuity in age distribution 
corresponding to the two fl ow regimes. In 
recent years, groundwater abstraction has 
occurred from the confi ned parts of the aqui-
fers, and as a result the fl ow fi eld has become 
more homogeneous and the shallow ground-
water discharge has ceased. However, since 
the abstracted volume of groundwater is still 
small compared to the total volume present 
in the aquifers, the groundwater in the con-
fi ned parts of the aquifers remains old and 

the water chemistry largely refl ects pristine 
conditions, as does radiocarbon dating. The 
very slow groundwater fl ow rates in the con-
fi ned parts of the aquifers also imply that 
changes in water chemistry may develop 
over extremely long time spans. While the 
residence time of the groundwater in the 
confi ned part of the Valréas aquifer is around 
30,000 years, modelling suggests that, given 
the present day input and fl ow conditions, 
2–3 million years are required to develop the 
present day patterns in groundwater chemis-
try. This time span is approaching the age of 
the aquifer sediments!

Mineral fronts may control the ground-
water chemical composition at almost any 
timescale. Thus at one end of the scale 
CaCO3 dissolution fronts progress at the 
timescale of hundreds of years (Jakobsen and 
Postma 1999). At the other end of the scale, 
the East Midlands aquifer shows the effects 
of CaCO3 dissolution on a time scale of 
thousands of years. When CaCO3 dissolu-
tion by CO2 occurs in an aquifer above the 
groundwater table, then the consumed CO2 
is replenished through the gas phase. The 
system is open for CO2 and the Ca2+ and 
HCO3

– concentrations will be high while the 
pH will be low. When the calcite dissolution 
front progresses to below the groundwater 
table, replenishment of CO2 gas becomes 
impossible and the system is closed for CO2. 
The resulting Ca2+ and HCO3

– concentrations 
are lower and the pH is high. Any aquifer, 
where the original rock contains a limited 
amount of CaCO3, is expected to go through 
a development from open system CaCO3 
dissolution to closed system CaCO3 dissolu-
tion with corresponding changes in water 
chemistry. In the East Midlands aquifer this 
change in dissolution mode must have taken 
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place somewhere between 5,000 and 10,000 
years ago and the resulting variation is still 
moving through the aquifer.

Ion-exchange fronts are typically found in 
freshening aquifers, that is, aquifer systems 
that originally contained seawater, which is 
replaced by freshwater. In addition to fl ushing 
the chloride contained in the initial water, the 
Ca2+ in freshwater must also replace Mg2+ and 
Na+ on the cation-exchange sites on the sedi-
ment grains. Since the amounts of adsorbed 
Mg2+ and Na+ are much larger than the Ca2+ 
concentration in the fl ushing solutions, the 
ion-exchange fronts will move much slower 
through the aquifer than the chloride front. In 
addition, ion-exchange fronts may be coupled 
to mineral dissolution since binding of Ca2+ 
ions can cause calcite dissolution, raising the 
pH and the bicarbonate concentration. The 
Aveiro aquifer seems to be a classical freshen-
ing aquifer, displaying the theoretically 
expected chromatographic patterns along the 
fl ow line. The modelled timescale for chang-
ing the aquifer from the initial seawater condi-
tions to the present day conditions is in the 
order of 50,000–100,000 years and the distal 
part of the aquifer is still not completely 
fl ushed. The Valréas aquifer is also a freshen-
ing type aquifer but with different fl ow condi-
tions and therefore a different ion distribution 
along the fl ow path. As described above, the 
fl ow rates in the confi ned part decrease by a 
factor of 10 and the ion distribution patterns 
therefore become compressed. In this case, the 
model suggests a geochemical evolution cov-
ering more than 2 million years.

4.6 Conclusions

The investigated aquifers are all large hydrau-
lic systems that show distinct variations in 

their pristine chemical composition and 
with groundwater residence times at a time 
scale of thousands of years. The geochemical 
processes occurring in these aquifers are 
strongly retarding some of the solutes as 
compared with groundwater fl ow and 
thereby control the variations in groundwa-
ter composition that operate on timescales 
of up to millions of years. For all three aqui-
fers, the changes in water chemistry are 
well described by relatively simple reactive 
transport models which add confi dence to 
our quantitative understanding of the sys-
tems. Therefore, geochemical models may 
be used to predict the changes in water 
quality over time in the pristine aquifers. 
Likewise, but more cautiously, they can be 
used to predict changes in groundwater com-
position when the fl ow rates are accelerated 
by orders of magnitude due to groundwater 
abstraction.

The overall conclusion is that many large 
aquifers should be considered as dynamic sys-
tems where the baseline concentrations of 
many solutes may vary both in time and 
space. From this perspective it is useful to 
consider and understand the baseline pro-
cesses leading to the baseline concentrations.
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The hydrochemical variations of any 
 substance dissolved in groundwater are a 
consequence of environmental changes to 
the initial composition of the water entering 
the saturated zone and changes due to time-
dependent water–rock interactions within 
the aquifer. Apart from natural processes on 
groundwater quality, in recent years, the 
effects of human impact also infl uence the 
groundwater chemistry. Hence, groundwater 
quality is closely linked to the point in time 
of recharge and the residence time of ground-
water in the subsurface. For the defi nition 
and understanding of baseline water quality, 
some knowledge of residence time is there-
fore required. Environmental tracers provide 
an important tool for the estimation of 
groundwater residence times over a large 
range of timescales. The range of potential 
tracers that can be used to measure residence 
times in modern waters is reviewed in the 
context of defi ning natural groundwaters 
and recognising pollution.

5A.1 Introduction

5A.1.1 Groundwater quality as 
a function of residence time

The chemistry of groundwater varies as a 
result of a wide range of processes and factors. 
The heterogeneity of aquifers with regard to 

mineralogy and hydraulic properties is 
refl ected in a statistical scatter of concentra-
tions. Superimposed on these irregularly dis-
tributed variations, groundwater chemistry 
may also change systematically in space and 
time. The controlling factors of this system-
atic evolution are changing input concentra-
tions in the recharge and modifi cations of 
the groundwater composition within the 
aquifer. Both factors vary as a function of time. 
Climatic and environmental changes affect 
the composition of rainwater, for example, 
due to changing atmospheric circulation pat-
terns. The effects of changing recharge con-
ditions are even more pronounced within 
the unsaturated zone. Increasing evapora-
tion due to higher air temperatures leads to 
an increase in concentrations of solutes 
concentrations in the recharging water. 
Changing vegetation cover is another factor 
affecting quality and quantity of recharge. In 
the saturated zone groundwater naturally 
acquires solutes through interaction with 
the aquifer material. Because the rates of 
geochemical processes such as redox reac-
tions and the dissolution of carbonate and 
other minerals are limited by kinetics, the 
baseline groundwater composition evolves 
in time and space. In general, young ground-
water is found at shallow depth, in an oxidis-
ing environment and in unconfi ned aquifers 
whereas old groundwater is found in deeper 
layers, in a reducing environment and in 

5A Timescales and Tracers
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confi ned parts of aquifers. A subdivision of 
groundwater bodies according to groundwater 
residence time may therefore be sensible in 
order to characterise and describe the base-
line composition of groundwater.

A primary (but not exclusive) criterion 
for baseline conditions is the absence of 
groundwater recharged after the commence-
ment of intensive agricultural and indus-
trial activities about 50 years ago. Most 
aquifers in Europe contain younger ground-
water components and are therefore poten-
tially (but not necessarily) affected by 
human impact. The reliable identifi cation 
and quantifi cation of young groundwater 
components is therefore a key issue in a 
baseline study. Moreover, in many cases, 
knowledge of residence time is the only 
way to distinguish between anthropogeni-
cally and naturally elevated concentrations 
of any parameter.

5A.1.2 Groundwater residence time in 
context with other quality relevant issues

The investigations considered in this chapter 
involved several work packages dealing with 
(1) the description of the chemical status as 
function of groundwater residence time in 
different reference aquifers; (2) an under-
standing of baseline processes including 
chemical modelling and (3) the monitoring 
and analysis of geochemical trends. All these 
issues are mutually linked with groundwater 
residence time:
1. As deduced in this and the following 
chapter, the defi nition of baseline quality is 
related to the age of the groundwater. In 
some cases the chemical evolution itself can 
be used as a dating tool. However, it is impor-
tant to note that each aquifer is unique and 

therefore the chemical clocks have to be cal-
ibrated and adjusted for each groundwater 
body separately.
2. Geochemical modelling, tantamount to 
an understanding of geochemical processes 
in an aquifer, is inseparably linked with 
time. A model includes the identifi cation 
and quantifi cation of geochemical reactions 
and the consideration of the rates at which 
they take place. If a model is used to predict 
future trends, a reliable temporal calibration 
of the time-dependent parameters of the 
model is particularly needed. Once the pro-
cesses and their timescales are understood 
they can be related to timescales of the water 
movement or the evolution of groundwater 
within an aquifer system.
3. The identifi cation of signifi cant and sus-
tained geochemical trends can in principle 
be based on statistical procedures, without 
considering the dynamics of the ground-
water body under investigation (Grath et al. 
2001). However, as derived in Chapter 6 of 
this volume, a direct link exists between the 
fl ow velocity, which can be determined by 
dating techniques, and the temporal evolu-
tion of a chemical trend at a given location. 
For conservative water quality indicators, 
the spatial variation of concentrations will 
be transformed in a corresponding variation 
of concentrations as a function of the obser-
vation time. Or in other words, when ground-
water is  moving the spatial pattern will pass 
through a point fi xed in space and will lead 
to a trend as function of time at that given 
point. For non-conservative parameters, the 
amplitude and frequency of the variations 
will be shifted or attenuated. This is the case 
for ion-exchange reactions. An under-
standing of the geochemical processes (in-
clusive of modelling as discussed above) is 
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therefore crucial for the interpretation of 
trends. For example, the presence of seasonal 
trends indicates that the groundwater must 
contain very young groundwater compo-
nents. Consequently, the age of the water 
also helps to establish a sensible sampling 
frequency in monitoring programmes. If 
modern water components are absent, a 
yearly sampling programme seems appro-
priate. However, care needs to be taken be-
cause changes in mixing ratios can occur 
much faster than the mean groundwater res-
idence time suggests. Last but not least, it is 
also important not only to monitor the con-
centrations of contaminants, but also the 
age or more precisely the age structure of the 
investigated groundwater body.
 Tracers with suitable half-lives, such as 
39Ar with 269 years, are unique tools for rec-
ognising trends before the aquifer is 
contaminated (the keywords being ‘early 
warning’). For example, only with such a 
tracer it is possible to recognise a shift of the 
mean residence time from 200 to 100 years. 
In the unfortunate but common case that a 
groundwater body is already contaminated, 
the replenishment rate (based on the mean 
age) of the water defi nes the reaction time 
for remediation measures. If the mean 
residence time is only a few years, artifi -
cially forced trend reversals can be expected 
within the same time frame. However, for 
contaminated aquifers with groundwater 
residence times of 20–30 years it is not pos-
sible to achieve a good status within, for 
example, 10 years. In any case remediation 
of pollution is extremely difficult, costly 
or may even be technically unfeasible. It is 
therefore essential that old, pristine ground-
waters are identifi ed and given extra 
protection.

5A.1.3 Main objectives

The main objectives of groundwater dating 
in the context of baseline determination 
are to
1. identify, date and quantify the proportion 
of young groundwater components;
2. establish timescales for old groundwater 
components.
The large range in groundwater residence 
times, between years and millions of years, 
requires a corresponding set of dating tools 
in order to derive the age structure in aqui-
fers. Young groundwater, which is most 
vulnerable to contamination, can be dated 
with several tracers. Tritium (3H), CFCs, SF6 

and 85Kr are all applied in an increasing 
number of studies for the investigation of 
modern water. Older waters can be dated 
with naturally produced isotopes with cor-
responding longer half-lives (e.g. 39Ar, 14C). 
All these tracers have been applied and 
tested within the context of the present 
studies. For very old water, for instance in 
large sedimentary basins with residence 
times of hundreds of thousand of years, suit-
able dating methods are available (e.g. 81Kr, 
36Cl or 4He), although not applied within the 
present studies because such old waters were 
not investigated.

A few hydrogeologically well character-
ised reference aquifers have been selected to 
cross check the different tracers, to test their 
limitations for general use and to demon-
strate the dating methodology and the link 
between groundwater quality and age. In 
this chapter, a brief introduction to the 
groundwater dating approach using environ-
mental tracers is presented. Some applica-
tions in the reference aquifers are described 
in the following chapter.
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5A.2 Dating Techniques

5A.2.1 The meaning of groundwater 
residence time

As a starting point we need to defi ne the 
meaning of groundwater age and assess what 
we need to do to ‘date’ groundwater. In the 
context of groundwater hydrology, the age, 
or more correctly, the mean residence time 
of groundwater corresponds to the average 
time during which water remains in the sub-
surface system before it reaches a designated 
point along its fl ow path, such as a catch-
ment outlet or the wellhead of a borehole.

This interpretation of age rests on the 
assumption of minimal mixing of different 
water ages in a water sample. However, this 
is seldom the case. Spatially distributed re-
charge, hydrogeological heterogeneities, 
inter-aquifer mixing and, last but not least, 
mixing during sampling due to extended 
screened borehole intervals leads to age dis-
tributions rather than a single groundwater 
age. The age distribution or age structure of a 
water sample is described by the proportion 
and age of all contributing water components.

Groundwater dating using environmental 
tracers and radiogenic isotopes will provide 
a tracer residence time which may be differ-
ent for different types of tracers (Bethke and 
Johnson 2002). For most gaseous tracers, the 
starting point of the dating clock is deter-
mined by the moment the water parcel is 
isolated from the atmosphere. This usually 
happens at the groundwater table. On the 
other hand, if tracers are part of the water 
molecule the time clock starts at the time of 
origin of precipitation. The time difference, 
or in other words the travel time of water 
through the unsaturated zone, is usually 
negligible compared to the mean travel time 
in the European aquifers considered in these 

studies. However, in areas with extended 
unsaturated zones or semi-confi ned aquifers, 
where the infi ltration through the low per-
meability cover is slow, this delay has to be 
taken into account if the residence time of 
recent water components is estimated.

5A.2.2 Hydraulic ages

The driving force for groundwater fl ow is the 
gradient of hydraulic head. Water fl ows from 
high elevation to low elevation and from 
high pressure to low pressure. The specifi c 
discharge or Darcy velocity q can be calcu-
lated according to Darcy’s law: 

q � �K . grad(h)

where q is Darcy velocity (ms–1), K is hy-
draulic conductivity (ms–1) and h is pressure 
head (m).

The effective water velocity v is related to 
the total porosity ø according to v = q/ø. This 
velocity can in principle be used for the cal-
culation of groundwater fl ow times between 
two points along a fl ow path with known 
head difference. The main uncertainties of 
simulated age distributions in aquifers, using, 
for example, particle tracking methods, arise 
from the lack of information about head 
distributions in the past and the ubiquitous 
heterogeneity inherent in aquifer systems. 
The inability to describe and represent this 
heterogeneity adequately is a fundamental 
problem in groundwater hydrology and will 
continue, even with improved models, to 
place limits on the reliability of model 
predictions.

5A.2.3 Tracer ages

Environmental tracers provide a unique 
possibility for a spatially and temporally 
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integrated view of aquifer dynamics. Thanks 
to their complementary sensitivity, tracer 
methods can reveal the conceptual weak-
nesses of groundwater models and help to 
adapt them accordingly. However, special 
care should be taken in interpretations of 
tracer concentrations, because the concen-
trations may be affected greatly by a number 
of processes including mixing, hydrody-
namic dispersion and diffusion into the rock 
matrix. Diffusive exchange of 14C dissolved 
in the water with aquitards could, for example, 
lead to increased tracer ages compared to 
the hydraulic water ages (Sudicky and Frind 
1981).

As shown later, groundwater residence 
times in the investigated reference aquifers 
range from a few years up to several tens of 
thousands of years. For these timescales, 
tracer dating relies on substances, which 
were already present in the geosphere at the 
time of recharge (in contrast to artifi cially 
released tracers for short-term experiments). 
Environmental tracers for old groundwaters 
are of natural origin. For young groundwa-
ters, which were recharged within the last 
50 years, tracers used are often ‘transient’ 
and a result of human activities. The prin-
ciple of dating groundwater using environ-
mental tracers is based on variable 
concentrations of substances with known 
chronologies. Different processes can be re-
sponsible for such variations: (1) radioactive 
decay; (2) chemical or physical accumula-
tion processes in the subsurface and (3) vari-
able input concentrations during recharge. A 
tracer is suitable for groundwater dating if 
the temporal evolutions of these processes 
are well defi ned and no other, unquantifi -
able, processes cause concentration varia-
tion in the subsurface. Such processes will 
include local tracer contamination, tracer 

degradation and tracer dilution due to pro-
nounced water–rock interaction, which are 
difficult to predict. Neglecting these factors 
may, however, cause misinterpretation of 
tracer concentration in the means of ground-
water residence time (Table 5A.1).

The dating range of a method (Fig. 5A.1) is 
given by the characteristic timescale on 
which the tracer concentration varies over 
time. Half-life, input function and accumu-
lation rate are the main characteristics of a 
tracer that determine the residence times 
on which a tracer is most sensitive. For 
example, the radioactive isotope 39Ar with 
a half-live of 269 years and a constant 
initial activity is an ideal tracer for ground-
water dating in the range between 100 and 
1000 years (0.3–3 half-lives). In order to cover 
a large range of groundwater residence times, 
multiple tracer measurements should be 
applied for the resolution of the age struc-
ture of an aquifer. Some commonly applied 
tracer methods with their corresponding 
dating range are shown in Fig. 5A.1; noble 
gases and inert chemical substances are the 
most appropriate tools used for groundwater 
dating.

The interpretation of measured tracer con-
centrations in the determination of mean 
residence time relies on several assumptions 
about the fl ow regime (advection, disper-
sion, diffusion, mixing) and the physical or 
chemical interaction with the aquifer matrix. 
A thorough knowledge of groundwater 
chemistry and geology is therefore required 
in order to minimise ambiguities. The remain-
ing uncertainties can be further reduced with 
the simultaneous application of two or more 
complementary methods and the combina-
tion of tracer measurements and numerical 
fl ow models. The appropriate combination 
of methods (dating strategy) has to be adapted 
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Table 5A.1 Factors affecting tracer ages.

Factor Tracer Conditions Effects Age infl uence

Recharge 
 temperature

CFCs, SF6 All Temperature at the water table
 -overestimated
 -underestimated
± 2°C, < 1970: < 1 year
± 2°C, 1970–1990: 1–3 years
± 2°C, > 1990: > 3 years

Too young
Too old

Excess air SF6 (CFCs) All Overestimation Too old

Thickness of 
 unsaturated zone

All but in 
 particular
 3H (and 3He) 

Retardation in the unsaturated zone 
0–10 m, < 2 years
30 m, 8–10 years
Depending on the water content of the 
 soil and the recharge rate (3H)

Too old 

Local sources, 
 contamination 
 (e.g. landfills)

CFCs, SF6 

85Kr

3H 

Urban areas, 
 towns, industry 

Reprocessing 
 plants 
3H processing
 industry

Global input functions are distorted. 
Measurements in local precipitation are 
 necessary. If the soil or aquifer is
 contaminated no correction possible

Too young

Too young

Variable

Reducing 
 conditions 

CFCs in 
 particular 
 CFC-11
 (SF6)

Anaerobic 
 conditions

Microbiological degradation Too old

Sorption CFCs Sediments with 
 high content of 
 organics 

Too old

Subsurface production 3,4He, 39Ar, 
 36Cl 

Crystalline and 
 volcanic rocks

Decay and neutron activation of 
 isotopes in the rock matrix

Too old

Mixing of 
 different water 
 components

All Mixing of old (tracer free) and recent 
 water components.
Age of young component
Age of old water component

Too old
Too young

Hydrodynamic 
 dispersion

All but in 
 particular 3H

All Gases
>1975: negligible
<1975: considerable
3H and 3H–3He
>1965: negligible
<1965: considerable

Too old
Too young

Too old
Too young
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to the individual aquifer, objectives, as well 
as available fi nancial resources. It is recom-
mendable to apply during a fi rst phase, sev-
eral methods for selected sampling locations. 
This provides the basis for a better under-
standing of the system and the relevant pro-
cesses involved. After this evaluation or 
‘calibration phase’, simple and relatively 
cheap methods might then be used to achieve 
a larger number of samples, for example, for 
monitoring programmes.

The quantifi cation of modern (and poten-
tially contaminated) water components is 
crucial for the defi nition of the baseline 
quality of a groundwater body. Special focus 
was therefore put on the investigation of 
waters of this age range, all of which are 
based on the identifi cation of substances 
that are a consequence of activities during or 
following the industrial era. The increase of 

Fig. 5A.1 Tracer methods used for groundwater 
dating as a function of their dating ranges. 
Several methods can be used for recent waters 
(white) while the selection is sparse for ancient 
waters (grey) and palaeowaters (black). However, 
for each timescale, at least one tracer is available 
allowing investigation of the age structure of a 
whole aquifer.

the concentrations of these tracers in the 
environment went in parallel with the 
increasing groundwater pollution from in-
tensive farming, which led to high concen-
trations of nitrate and agrichemicals.

5A.2.4 Short description of 
environmental tracers

5A.2.4.1 3H/3He

The application of the heavy radioactive 
hydrogen isotope tritium (3H) (T1/2 = 12.32 yr) 
(Lucas and Unterweger 2000) and its decay 
product helium-3 (3He) as tracers in hydrology 
started in the 1950s and early 1960s when 
large amounts of 3H were released during the 
tests of thermonuclear bombs in the atmo-
sphere. Concentrations of 3H in Northern 
Hemisphere precipitation greater than 2000 
TU were measured during this period of time 
(IAEA 1992) (1 TU [Tritium Unit] corre-
sponds to a 3H/1H ratio of 1/1018 or 0.118 
Bq kg–1 of water). Because almost all nuclear 
tests were conducted in the Northern 
Hemisphere, much lower concentrations 
were recorded in the Southern Hemisphere. 
In comparison, the natural background acti-
vity in precipitation produced by the interac-
tion of cosmic rays with nitrogen and oxygen 
is about 5 TU (Kaufman and Libby 1954; 
Craig 1961; Roether 1967). Hence, a 3H 
concentration above about 0.3 TU in a 
groundwater sample indicates the presence 
of post-bomb water. The International 
Atomic Energy Agency (IAEA) implemented 
a worldwide network of stations to observe 
tritium concentrations in precipitation 
(www-naweb.iaea.org/napc/ih/GNIP/IHS_
GNIP.html). Nowadays, the limiting factors 
for the application of tritium are (1) the 
decreasing concentration of bomb tritium 
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in modern precipitation, which converge 
towards the natural background level with 
small gradients and (2) local sources of tri-
tium in industrial areas which disturb the 
known atmospheric signal. Tritium by itself 
only provides information on the presence of 
young water in a sample with a detection 
limit corresponding to about 0.2% of current 
concentration in precipitation. As a further 
development of the method, 3H has been 
combined with its decay product 3Htrit (tritio-
genic 3He) to determine the so called 3H/3He 
age � (Schlosser et al. 1988; Schlosser 1992; 
Solomon et al. 1993; Beyerle et al. 1999(b)):

3

3

1 He
ln 1

H

⎛ ⎞
τ = ⋅ +⎜ ⎟λ ⎝ ⎠

The 3H/3He age � (Tolstikhin and 
Kamenskiy 1969) corresponds to a piston-
fl ow age and is relatively insensitive to the 
input history of 3H. The concentration of 
dissolved 3He increases as soon as the 
groundwater is isolated from the atmo-
sphere. Therefore τ corresponds to the resi-
dence time of groundwater in the saturated 
zone. The achievable dating resolution by 
technical means is less than 60 days (Beyerle 
et al. 1999a). The uncertainty increases sig-
nifi cantly for waters with elevated concen-
trations of radiogenic helium produced in 
the subsurface because 3Hetrit has to be sepa-
rated from other helium components 
(Schlosser 1992; Solomon et al. 1992).

5A.2.4.2  85Kr
85Kr has been predominantly released from 
nuclear fuel reprocessing plants (e.g. 
Sellafi eld in northwest England and La 
Hague in northern France). The activity in 

the atmosphere has been steadily increasing 
over the last 45 years and in 2006 was about 
90 dpm cc–1 Kr (decays per minute per cm3 
STP krypton) in the Northern Hemisphere 
(Fig. 5A-2). The lack of signifi cant sources in 
the Southern Hemisphere results in about 
15% lower concentrations than in the 
Northern Hemisphere (Weiss et al. 1989).

The half-life of 10.76 years and the input 
function (Fig. 5A.2) defi ne the dating range 
of this isotope which is suitable for residence 
times in the range 5–50 years. Apart from 
the above-mentioned sources no others con-
tribute to the release into the environment. 
Near reprocessing plants, elevated concen-
tration may be observed during time periods 
when the gas is released to the atmosphere 
(Loosli 1983). As a noble gas, no chemical 
reactions or degradation have to be taken 
into account for the conversion into ground-
water residence times. Calculated model 
ages are relatively insensitive to hydrody-
namic dispersion due to the continuously 
increasing input function (Corcho et al. 2005; 
Engesgaard et al. 2004). Another important 
advantage of the method arises from the fact 
that an isotope ratio (85Kr/Kr) is measured; 
therefore degassing or gas stripping do not 
affect 85Kr-tracer ages, in contrast to other 
gas-based methods. For the same reason, 
recharge conditions such as recharge tem-
perature, infi ltration height and excess air do 
not have to be known. The main limitation 
of the 85Kr method is the large sample volume 
required and the relatively high analytical 
demands. Two hundred liters of water has to 
be degassed in the fi eld or in the laboratory. 
The 85Kr activity is measured after Kr separa-
tion by gas chromatography in proportional 
counters ranging in volume from 10 to 
20 cm3 (Loosli and Purtschert 2005).
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5A.2.4.3 CFCs

Chlorofl uorocarbons CFC-11 (CFCl3), CFC-12 
(CF2Cl2) and CFC-113 (C2F3Cl3) are anthro-
pogenic organic compounds that have been 
produced since the 1930s for a number of 
industrial and domestic purposes ranging 
from aerosol propellants to refrigerants. 
Concentrations have been steadily increasing 
over the last 50 years (Fig. 5A.2). In contrast 
to the spatially variable nature of 3H concen-
trations in rainfall, atmospheric concentra-
tions of CFCs show little spatial variation. 
Because of various environmental regula-
tions limiting the use of CFCs the release 
rate was reduced to about half of the peak 
values during the late 1980s. As a result of 
the decreasing gradient of the atmospheric 
input function, the sensitivity to date very 
young ground water has diminished. 
However, because CFCs are detectable in 
very low concentrations they are sensitive 
tools for the detection of recent water com-
ponents where mixtures with older waters 
are present. Similar to every tracer that relies 
on absolute concentrations, the conversion 
into a residence time depends on the recharge 
conditions (Busenberg and Plummer 1992). 
The amount of tracer found in the water is 
not only determined by the atmospheric 
input concentration, but also by the recharge 
temperature and the amount of excess air 
dissolved in the water (Table 5A.1). The main 
limitations of the CFC dating method are 
contamination in industrial areas and degra-
dation under anoxic conditions (Busenberg 
and Plummer 1992; Corcho et al. 2002). 
CFC-12 proved to be the most stable of the 
CFCs. As for all gas tracers any water contact 
or gas exchange with the atmosphere has to be 
avoided during sampling. CFCs are measured 

by gas chromatography with a detection limit 
less than 0.2% of the modern concentration 
in the atmosphere (Hofer and Imboden 1998). 
A comprehensive summary of the use of CFC 
in hydrology is provided by the IAEA (IAEA 
2006).

5A.2.4.4 SF6

Sulphur hexafl uoride (SF6) is primarily of an-
thropogenic origin, but also occurs naturally 
in minerals, rocks and magmatic fl uids 
(Busenberg and Plummer 2000). Sulphur 
hexafl uoride is very stable with an estimated 
life time of over 800 years (Morris et al. 1995). 
Concentrations of SF6 in air have rapidly in-
creased (Fig. 5A.2; Maiss and Levin 1994) 
from a steady-state value of about 
0.02–0.05 to 4 parts per trillion (pptV) during 
the past 35 years and are expected to con-
tinue increasing while atmospheric concen-
trations of CFCs are steady or beginning to 
decrease. Contamination due to point sources 
seems, like CFCs, to be the main factor lim-
iting SF6 as a dating tool for shallow ground-
waters (Ho and Schlosser 2000). Because of 
the low solubility of SF6 in water, tracer ages 
are sensitive to excess air, so this needs to be 
accurately determined (Table 5A.1).

5A.2.4.5  39Ar
39Ar is produced in the atmosphere mainly 
by the interaction of cosmic rays with
argon. The resulting modern atmospheric 
equilibrium activity is constant at 1.67 � 
10–2 Bq m–3

 of air (Loosli 1983). With a 
half-life of 269 years, 39Ar fi lls the dating 
gap between the recent groundwater 
indicators and 14C (Fig. 5A.1). The interpre-
tation of measured activities is in principle 
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straightforward because, as a noble gas, 39

Ar undergoes no geochemical reactions. 
However, in aquifers with very high subsur-
face neutron fl uxes (Loosli et al. 1989) the 
application of 39Ar may have some limita-
tions because of subsurface production. In 
such rarely occurring cases, more care has to 
be put into the interpretation of the data 
(Purtschert et al. 2001).

39Ar/Ar ratios in groundwater are in the 
order 10–15. Although initial recent attempts 
were made to use the AMS technique (Collon 
et al. 2004a), the detection of 39Ar is at the 
moment only possible by the radioactive 
counting technique (Loosli 1983). Because of 
the very low activities, a relatively large 
amount of water (more than 2000 L) has to 
be degassed in the fi eld to obtain a sufficient 
volume of argon. The 39Ar activity of the 
separated argon is measured in high pressure 
proportional counters in an ultra-low back-
ground environment (Collon et al. 2004b; 
Loosli and Purtschert 2005).

5A.2.4.6 Radiocarbon (14C)

Radiocarbon dating of dissolved inorganic 
carbon (DIC) in groundwater started about 
40 years ago and is one of the most widely 
used applications of radiocarbon dating (Clark 
and Fritz 1997; Kalin 2000). However, the in-
terpretation of 14C results from groundwater 
is complex because carbon in groundwater 
may be derived from several sources with 
different 14C concentrations. Atmospheric 
14C is produced in the upper atmosphere by 
the reaction of thermal neutrons, which are 
produced by cosmic rays, with nitrogen:

14N + n → 14C + p

The 14C is oxidised to CO2 and mixes 
within the lower atmosphere where it is 
assimilated in the biosphere and hydro-

sphere. 14CO2 of the soil zone dissolves in 
the infi ltrating water and 14C decays in the 
subsurface with a half-life of 5730 years. 
The problem is that the formation of 
carbonic acid drives the dissolution of car-
bonate minerals in the aquifer. Geochemical 
correction models (Ingerson and Pearson 
1964; Fontes and Garnier 1979; Mook 1980; 
Eichinger 1983) which are either based on 
the chemical composition of the ground-
water, the 13C content of DIC, or both, are 
used to take into account the admixture of 
dead carbon (i.e. zero 14C) from the aquifer 
material. Although much progress has been 
made in the last years to model the reactions 
occurring along groundwater fl ow lines 
(Plummer et al. 1991), it is questionable to 
calculate 14C ages in cases when chemical 
processes dominate the decrease of 14C in 
DIC. A common range of corrected input ac-
tivities is 50–60 pmc and this corresponds 
to a chemical dilution factor of about two. 
Corrected input activities of less than 25 pmc, 
for example, indicated when �13C values are 
above –5‰, indicate that at least 75% of the 
total activity drop is due to chemical or iso-
topic dilution processes and not due to ra-
dioactive decay. In this situation reliable 
groundwater dating using radiocarbon is no 
longer feasible (Loosli et al. 2001).

Thermonuclear testing in the atmosphere 
resulted also in a signifi cant increase of 14C 
in the atmosphere (Levin et al. 1992). The 
presence of such ‘excess’ 14C (Fig. 5A.2) indi-
cates, in a similar way to bomb 3H, the pres-
ence of young groundwater components 
(Kalin and Long 1994; Corcho et al. 2007).

5A.2.4.7 Radiogenic helium

Helium is produced in the subsurface by the 
decay of uranium and thorium in minerals 
(Tolstikhin et al. 1996). In most cases, it can 
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Fig. 5A.2 Input functions of 3H, 85Kr, SF6, 
CFCs, 36Cl and 14C compared to nitrate 
concentrations in Danish groundwaters 
and fertilizer use in Denmark since 1940 
(Danish ground water monitoring 
programme). These groundwaters were 
dated using CFCs and contain at least 
2 mg L–1 oxygen.

be assumed that 100% of the He produced 
escapes from the rock into the water-fi lled 
pore volume (Pearson et al. 1991). Under 
closed-system conditions, this in situ 
 accumulation can be calculated and 4He ages 
can be estimated:

Age =  C · �
 Pin situ · (1– �)

where C is the measured He concentration 
in water, P is the in situ production rate in 
the rock and � denotes the porosity.

However, this ideal case is rarely realised. 
Groundwater residence times estimated by 
this method are often much higher than hy-
draulic ages or ages derived from other tracer 
methods. This discrepancy is caused by ad-
ditional He sources. Fundamentally, two He 
sources can be recognised. The fi rst is He 
produced in situ in the aquifer matrix and 
which is then immediately transferred to 
the groundwater. This ‘real time’ production 
rate can easily be calculated using known U 
and Th concentrations of the aquifer rock. 
The second source, He that was produced 
before the groundwater entered the aquifer, 
or that was produced outside the aquifer, is 
much more difficult to quantify but is in 
many cases the dominant one. This ‘offline’ 

produced He could be stored in mineral 
grains (Solomon et al. 1996) or in less perme-
able zones within the aquifer or in adjacent 
aquitards above or below the aquifer 
(Lehmann et al. 2002). Other authors postu-
late a steady-state helium fl ux from the 
whole upper crust beneath the aquifer 
(Torgersen and Clarke 1985; Torgersen and 
Ivey 1985). This variety of possible sources, 
whose relative contributions may change 
spatially and temporally, limits the use of 
He as a quantitative dating tool. Nevertheless, 
He concentrations in groundwater can be 
used as a qualitative residence time indi-
cator. After calibration with other indepen-
dent and absolute dating methods, He is also 
suitable as a quantitative dating tool over a 
large range of residence times up to millions 
of years.

5A.2.4.8 81Kr
81Kr (T1/2 = 230 kyr) has been proposed as the 
ideal tracer isotope for dating old water and 
ice in the age range of 100–1000 kyr (Oeschger 
1987). 81Kr is mainly produced in the upper 
atmosphere by cosmic-ray induced spallation 
and neutron activation (Lal and Peters 1962). 
Human activities producing nuclear fi ssion 
have a negligible effect on the 81Kr concen-

EDMUNDJ_Ch5A.indd   101EDMUNDJ_Ch5A.indd   101 12/11/2007   7:31:57 PM12/11/2007   7:31:57 PM



R. Purtschert102

tration because the stable 81Br shields 81Kr 
from the decay of fi ssion products (Collon 
et al. 2004b). Subsurface production of 81Kr 
can also be assumed to be negligible based 
on theoretical calculations and on fi rst 
results in groundwater studies (Lehmann et 
al. 2003; Sturchio et al. 2004)

However, the task of analysing 81Kr at or 
below the atmospheric level has always been 
an experimental challenge. In recent studies, 
accelerator mass spectrometry (AMS) has 
been used to analyse 81Kr in old groundwater 
samples (Collon et al. 2000). With the rela-
tively new atom trap trace analysis (ATTA) 
method (Du et al. 2003) the required sample 
size could be reduced from of 15 tons of 
water to less than 2 tons of water, similar to 
that for 39Ar (Loosli and Purtschert 2005). 
The water is degassed in the fi eld and Kr is 
extracted and separated by gas chromato-
graphic methods.

5A.2.4.9 36Cl
36Cl can be used for groundwater dating in 
two ways. High levels of 36Cl in groundwater 
indicate, similarly to 3H and 14C, that re-
charge occurred since the bomb tests. Bomb 
36Cl in young groundwaters overwhelms the 
natural fallout by several orders of magni-
tude (Phillips 1999). However, quantitative 
groundwater dating using thermonuclear 
36Cl is complicated, lacking well constrained 
local input functions (Corcho et al. 2005).

The main application of 36Cl is due to its 
long half-life (T1/2 = 301 kyr), which makes 
this isotope a valuable tool for dating very 
old groundwater on timescales up to 
1.5   million years. Problems arise from the 
fact that the input concentration (or 36Cl/Cl 
ratio) varies spatially and temporally and 
that the Cl and 36Cl concentration may be 

modifi ed after recharge in the subsurface 
(Torgersen et al. 1991; Andrews and Fontes 
1993). However, this problem may be over-
come by using supplementary chemical and 
isotopic data (Love et al. 2000; Lehmann 
et al. 2002). The required sample size is 
about one liter of water and the 36Cl/Cl ratio 
is measured by AMS (Synal et al. 1990).

5A.2.5 Box models and multiple tracer 
measurements

Tracer concentrations representing young 
residence time indicators are interpreted 
with the aid of so-called lumped-parameter 
or box models (Maloszewski and Zuber 
1996). It is assumed that the age distribu-
tion of the water can be approximated by a 
simple mathematical function. Examples 
are the dispersion model (DM) and the ex-
ponential model (EM) which are used in this 
chapter (Fig. 5A.3). The piston-fl ow model 
was neglected because (1) it turned out to be 
unrealistic in most cases; and (2) it can be 
approximated by a dispersion model with a 
small dispersion coefficient. Other age dis-
tributions such as the combination of a 
piston fl ow and an exponential model (EPM) 
can be approximated as a dispersion model 
with an adapted dispersion parameter. To 
take into account the possibility of an ad-
mixture of ancient and tracer-free water 
components, a mixing parameter m is in-
cluded in the modelling. The mixing param-
eter quantifi es the portion of water that is 
described by the above mentioned age dis-
tribution (Fig. 5A.3). This leads to mathe-
matical expressions (Maloszewski and Zuber 
1996) for the age distribution h (t, m, Tm, d) 
with model parameters pj namely the 
proportion of young water (m), the mean 
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Fig. 5A.3 Hypothetical age structure of ground-
water with two main components. The old 
component follows a dispersion model age 
distribution with a mean residence time of 
200 years. This component is therefore free of 
transient tracers. One part of the young compo-
nent, which is described by an exponential model 
age distribution, is younger than 50 years (grey 
area) and contains young residence time indica-
tors (3H, 85Kr, CFC, etc.), while the rest is also 
free of transient tracers. However, it is defi ned 
that the portion of recent water (m) corresponds 
to the total amount of water that follows the 
younger age distribution (shaded area).

residence time (Tm) and a dispersion param-
eter (d) for the DM.

The convolution of tracer input cin to 
tracer output cout for a certain sampling time 
Ts can be calculated according to the 
formula:

Cout (Ts, pj) 

= 
0
∫
∞
 cin (Ts – t) · exp(–λt) · h(t,pj) · dt

The decay constant � is equal to zero for 
stable isotopes. We can consider several trac-
ers being applied at the same time. If each 
tracer, i, behaves like an ideal tracer and the 

assumed age distribution refl ects roughly 
the real natural situation, it should be pos-
sible to fi nd a model and model parameters 
pj which are consistent with all measured 
tracer concentrations. These model parame-
ters can be determined by minimising the 
sum of the weighted squared deviations be-
tween the modelled ( mod

iC ) and measured 
( meas

iC ) concentrations or activities: 

	2 =  
n

Σ
i   

 
(Ci

mod (pj) – Ci
meas)

2

 σ2
i

where
i is the  85Kr, 3H, 3He, SF6 (total n tracers); σi 
the experimental 1σ-errors; and pj the model 
parameters (Tm, d, m).

The weightings σi
2 give preference to the 

most accurate data. If the remaining best fi t 
difference between the model values and 
the measured values is smaller than the 
uncertainties of measurements (small 	2), 
the model seems to be appropriate and no 
additional processes have to be taken into 
account. In other words, within the uncer-
tainty, all tracer concentrations are not con-
tradictory with the assumed age distribution 
and the corresponding model parameters. In 
cases of large disagreements (large 	2), the 
model is incomplete and has to be improved 
in order to explain all tracer concentrations. 
In this case, we can also reject the tracer 
which causes the disagreement. CFCs under 
reducing conditions are an example (as de-
scribed in the case studies in the next 
chapter). Standard methods of least squares 
fi tting can been applied to solve this mini-
misation problem (Corcho et al. 2007).

It is obvious that this procedure is only 
applicable if a sufficient number of tracer 
methods are applied at the same site. The 
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identifi cation of processes that affect the in-
terpretation of mean residence time is only 
possible with the combination and compar-
ison of several methods.

5A.3 Summary and Conclusions

A comprehensive set of tracers and methods 
to derive groundwater residence times has 
been developed and established over the last 
two decades. Although for each time scale at 
least one method is available, it is still an am-
bitious task to determine the age of ground-
water because several processes other than 
ageing may change concentrations of dating 
tracers. Natural systems such as aquifers are 
very complex and therefore difficult to de-
scribe with simple models. We always have 
to deal with mixing of water components 
with different age. The age distribution of a 
water sample is very often the result of a com-

bination of natural mixing processes result-
ing from hydrodynamic dispersion, upwelling 
of deeper water and mixing induced from 
human impacts, for example, extraction of 
water from different depths in a large screen 
interval or changing gradients due to heavy 
pumping. It is not possible to determine 
details about the age structure of a ground-
water body with only one tracer. Only the 
combination of several isotopic and chemical 
tracers at the same time provides a reliable 
basis for an understanding of a fl ow system. 
Furthermore, it is important to emphasise 
that dating is only one objective. The deter-
mined age structure has to be included into 
the general knowledge of the system, which 
may consist of knowing the recharge area, the 
fl ow path and fl ow velocities, the evolution 
of the chemical and isotopic components 
mainly due to water–rock interaction and the 
reservoir size as well as the balances of the 
water masses.

Fig. 5A.4 Short characterisation 
of a subselection of dating 
methods which have been applied 
in the case studies. Criteria of 
assessment are the dating 
accuracy, the limitations due to 
secondary effects such as degrad-
ation and local contamination, 
the simplicity of the sampling 
protocol and the costs per sample 
(high costs result in a low rating).

Routine method;
interpretation 
complicated

Unique dating range 
sampling; analytical 

requirement

Very accurate
sampling, analytical 

requirement

Easy sampling,
accurate;

excess air sensitivity

Simple, cheap;
contamination
degradation

Very accurate
degassing; analytical 

requirement

Simple, cheap;
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local contamination
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Contra
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1–30 yr
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Several methods can be applied for dating 
and identifying modern water components. 
Each method has advantages and disadvan-
tages. The selection of the appropriate trac-
ers has to be adjusted to the individual 
aquifer and aims of the investigation. Factors 
that may lead to misinterpretation of mea-
sured tracer concentrations are summarised 
in Table 5A.1. As a consequence of these 
complications, the following procedure is 
recommended:
1. Start with an easy to handle method 
which can indicate the presence of young 
water components (e.g. tritium or CFCs).
2. If young waters are present select addi-
tional methods in order to identify factors 
which may affect tracer concentrations in 
terms of residence time (e.g. admixture of 
old water, CFCs degradation, local 
contamination).
3. Based on the investigations of step 2, 
select the simplest and cheapest method(s) for 
investigations with larger sample numbers.

This is also valid if only the presence or 
lack of modern water has to be demon-
strated. Contamination and/or degradation 
also have to be excluded in this case.

A very brief assessment of some common 
dating methods is given in Fig. 5A.4. A series 
of applications of these tracers in selected 
reference aquifers are presented in the fol-
lowing chapter.
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In the previous chapter a brief summary of 
dating tracers and methods applied to the 
European reference aquifers were presented. 
In this chapter, fi ve reference aquifers with a 
wide range of groundwater residence times 
and hydrogeological conditions were selected 
as exemplary case studies. It is shown how 
multiple tracer measurements can be used to 
resolve the age structure of a groundwater 
body, how disruptive effects for tracer dating 
can be identifi ed and how groundwater 
quality and residence time are related.

5B.1 Age Classification

Estimated ranges of groundwater residence 
times in the investigated reference aquifers 
are summarised in this chapter. In most cases, 
groundwaters with ages up to many thousand 
of years can be found. In the context of base-
line groundwater quality assessment, three 
classes of residence times are distinguished:

1 modern waters: younger than 50–60 years;
2 ancient waters: older than 60 years but 
infi ltrated in Holocene;
3 palaeowaters: recharged during or prior to 
the last glacial period.

1 These waters are part of the ‘active’ 
groundwater fl ow system of the water cycle 

(Seiler and Lindner 1994; Seiler et al. 1999) 
and provide the main groundwater resource 
in Europe. Young waters are typically found 
at shallow depths and in unconfi ned parts of 
the aquifers. Because of the fast turnover 
time and the lack of confi nement, these 
waters are most vulnerable to contamina-
tion. The investigation of recent waters is a 
crucial task and somehow a contradiction in 
terms. On the one hand the natural quality of 
shallow groundwater is of particular interest, 
and on the other pristine conditions are no 
longer present because of probable contami-
nation. Dating methods with environmental 
tracers provide an instrument to extrapolate 
back from contaminated conditions to pris-
tine conditions. Fortunately, several methods 
are available to date recent groundwaters 
(Figs. 5A.1 and 5A.2, Chapter 5A).

2 Groundwater pollution increased in par-
allel with industrial and agricultural develop-
ment in Europe and elsewhere. Nitrate 
concentrations started to increase since the 
1950s (Fig. 5A.2, Chapter 5A). Water recharged 
prior to this time is more likely to be in a 
pristine condition and free of contaminants. 
The composition of ‘ancient’ groundwater is 
often determined by time-dependent geo-
chemical reactions between the waters and 
the aquifer material. The longer the ground-
water residence time, the longer the contact 
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time between water and aquifer matrix. The 
large age range of European groundwaters pro-
duces a correspondingly large range of solute 
concentrations in pristine waters. However, 
groundwaters with residence times slightly 
above 50 year are very interesting because 
they best represent the pristine condition of 
young waters. Only few tracers are available 
for this important age range. 39Ar was used in 
several reference aquifer investigations.

3 Palaeowaters recharged more than 
10,000 years ago, originated during a time of 
different climatic and under different hydro-
geological conditions than today (Edmunds 
and Milne 2001). Although the quality of 
palaeowaters is often very high, they have 
played a minor role for European drinking 
water supply. However, as a consequence of 
increasing pollution of shallow aquifers, the 
pressure to exploit such high-quality reserves 
increases. Different (drier) recharge regimes 
in the past and increasing abstraction rates 
today lead to a misbalance of renewal and 
abstraction rate. Exploiting palaeowaters in 
many parts of the world corresponds there-
fore to groundwater mining, although in 
wetter countries with adequate recharge the 
older pristine waters may be gradually 
replaced by modern waters. The most im-
portant dating methods for palaeowaters are 
14C in combination with radiogenic helium.

5B.2 Case Studies in Selected 
Aquifers

5B.2.1 UK Triassic Sandstone aquifer

5B.2.1.1 Hydrogeology

The East Midlands (Sherwood) Sandstone is 
situated on the western rim of the North Sea 

Basin. The aquifer consists of coarse- to very 
fi ne-grained sandstone and thickens north-
wards from 120 to 300 m. The formation 
dips eastwards with a gradient of about 1/50. 
The modern hydraulic gradient (1/250) and 
hydraulic conductivity indicate a fl ow ve-
locity of about 0.2 m yr–1. Earlier isotope 
data (Bath et al. 1987) indicate a higher fl ow 
velocity (~ 0.6 m yr–1). The aquifer is con-
fi ned by a thick sequence of mud rocks 
(Mercia Mudstone) (see cross-section in 
Chapter 1 and Fig. 5B.1. From the piezo-
metric gradient, it can be concluded that any 
water fl ow through the Mudstone would be 
upward and vertical infi ltration through the 
confi ning layer is very unlikely. Therefore, 
recharge occurs exclusively in the western 
part, where the Sherwood Sandstone out-
crops (Chapter 4). Prior to development, 
much of the recharge water was probably 
discharged via springs and rivers with a 
lesser portion entering the deep aquifer. This 
resulted in a shallow fast circulating ground-
water system near the outcrop and a much 
slower fl owing movement of groundwater in 
the deep part of the aquifer. Discharge in the 
deep aquifer is believed to occur by leakage 
through faults and also the confi ning Mercia 
Mudstone.

5B.2.1.2 Dating results

The residence time of groundwater in the 
Sherwood Sandstone has been established in 
a number of studies using different isotopic 
and chemical indicators (Bath et al. 1979, 
1987; Andrews et al. 1983; Edmunds and 
Smedley 2000). In the present studies, nine 
wells were re-sampled for an extensive set of 
modern tracers in order to investigate in 
more detail the application of young residence 
time indicators and to increase knowledge 
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in particular in the age range between 
modern water and the dating range of the 
14C method. Samples were taken for 85Kr, 
3H/3He, CFC-12, SF6, 

37Ar, 39Ar, 14C and stable 
noble gases including helium isotopes.

It turned out that all SF6 concentrations 
measured in the sampled groundwaters ex-
ceed the values in modern air-equilibrated 
water samples. This was most probable 
caused by an analytical interference with 
H2S (Hofer personal communication). 
Therefore, in this case, SF6 could not be used 
for dating. Young tracer concentrations 
above the detection limit were found in fi ve 
wells (Figs. 5B.2 and 5B.3). In the diagrams, 
groundwater temperature was used as an 
evolution index because water temperatures 

increase with depth and along the fl ow paths 
(see also Fig. 5B.4). Waters warmer than 
about 12.5°C are free of modern tracer and 
hence are older than 50 years. The estimate 
of age and mixing ratio of modern water 
components, applying the fi tting procedure 
explained in the previous chapter, resulted 
in maximum 50% modern water at Far 
Baulker in the recharge area (Fig. 5B.2). The 
results of the dispersion model and the expo-
nential model do not differ signifi cantly. The 
calculated residence times of recent water 
components range from 12 to 60 years. The 
consistency of all tracers in the means of 
this simple box model approach is quite good 
for those wells with more than 10% modern 
water (low �2). For lower concentrations, the 

Fig. 5B.1 Estimated age spectra of reference aquifers investigated in the reference aquifers. Aquifer 
numbers refer to Table 2.1 in Chapter 2 in this volume. Arrows indicate aquifers which are discussed in 
this chapter. The hydrological situation, aquifer dimensions (V: vertical; H: horizontal), and approxi-
mate locations of sampling wells are indicated in the simplifi ed cross sections. (a) Triassic sandstone 
aquifer, UK; confi ned aquifer sampling locations in the transition unconfi ned–confi ned. (b) Ledo–Pa-
niselian aquifer, Belgium; confi ned aquifer, sampling locations mainly in confi ned part. (c) Fontaineb-
leau sands aquifer, France; unconfi ned aquifer with thick unsaturated zone. (d) Pleistocene sand 
aquifers around Odense, Denmark: semi-confi ned aquifer with separated deeper layers. (e) Turonian 
(unconfi ned) and Cenomanian aquifer (confi ned), Czech Republic.
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different tracer ages and mixing portions do 
not agree (high �2). In particular the gaseous 
tracers 85Kr and CFC-12 indicate a higher 
amount of recent water compared to the tri-
tium results. This disagreement is most 
likely the result of a weak contamination 
with modern air during or shortly before 
sampling. It is concluded that a reliable 

and simultaneous determination of mixing 
ratio and residence time of recent water 
components is only possible when at least 
more than 5% young water is present. 
However, the identifi cation of recent water 
by at least one tracer is already valuable 
information, and is also important for the 
future monitoring of these wells. Pumping in 

Fig. 5B.2 Estimation of residence time and mixing ratio of recent water components in the UK Triassic 
Sandstone aquifer. (a) Dispersion model, (b) exponential model. From top to bottom: Ratios of modelled 
versus measured tracer concentrations. Values close to unity for all tracers indicate consistency between 
the tracers in the frame of the applied model. �2 values: Large numbers indicate inconsistency of tracers; 
Tm : Mean residence time; m: Estimated portion of recent water components (see Fig. 5A.3).
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large-screen boreholes disturbs the fl ow 
system and produces highly mixed waters 
with modern components but also contain-
ing much older components from deeper 
parts of the aquifer.

For a more detailed understanding of the 
age structure of the aquifer 39Ar, 14C and 4He 
were measured. A general increase of resi-
dence time in the direction of groundwater 
fl ow or increasing depth is demonstrated by 
decreasing 39Ar and 14C activities and an in-
crease of the concentration of radiogenic 4He 
(Fig. 5B.3[b]–[d]). Calculated 14C model ages, 
which take into account the dilution of 
atmospheric 14C with dead carbon of the dis-
solving carbonate, increase up to 8000 years, 

whereas for the same waters, 39Ar ages do 
not exceed 1400 years which has to be inter-
preted as a discrepancy of the two methods if 
piston fl ow is assumed. However, the linear 
correlation with temperature, and thus be-
tween the 14C and 39Ar concentrations, is a 
strong indication of mixing. In the long 
screened intervals of the water abstraction 
wells, a mixture of relatively young water 
(ages of a few hundred years) from shallow 
depths and older waters at the bottom 
of the aquifer (ages up to 13,000 years) is 
extracted.

The mean residence time of this mixture 
increases further downgradient. The temporal 
evolution of helium (Fig. 5B.3[d]) dissolved 

Fig. 5B.3 (a) Relative concentrations (reference well � : Far Baulker) of young residence time indicators 
as function of groundwater temperature. (b) 14C and 39Ar activities decrease linearly with ground-
water temperature. (c) Radiogenic helium versus groundwater temperature. (d) Radiogenic helium as 
function of mean residence time. The solid line indicates the in situ accumulation rate. The dotted line 
is based on model calculations assuming an external helium fl ux entering the aquifer from below.
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in groundwater in excess of the atmospheric 
equilibrium concentration depends on the 
subsurface accumulation rate. In most cases, 
it is assumed that accumulation from in situ 
produced helium results in a linear He in-
crease with time. The accumulation rate 
originating from ‘external’ sources is very 
often diffusion controlled and therefore spa-
tially not constant. If we assume an external 
helium fl ux enters the aquifer from below 
and superimposes on helium produced in 
situ at a rate P, then, because the screen, 
intervals of boreholes in deep confi ned aqui-
fers normally do not reach the bottom of the 
aquifer, it takes some time until the external 
helium fl ux ‘can be seen’ in the well 
(Torgersen and Clarke 1985; Torgersen and 
Ivey 1985). The resulting helium evolution 
as a function of the mean groundwater resi-
dence time was calculated and is compared 
with the data on Fig. 5B.3(d). The mean 
groundwater ages of the wells were calcu-
lated using 39Ar and 14C concentrations. The 
model and data show a very similar pattern. 
With such a calibration of the ‘helium clock’ 
it is possible to date groundwaters beyond 
the dating range of 14C. But one has to keep 
in mind that the helium accumulation rate 
may be different for other aquifers and that 
the clock has to be calibrated for each indi-
vidual case.

5B.2.1.3 Summary and implications

The groundwaters in the investigated part 
of the UK Triassic Sandstone aquifer show 
pronounced age stratifi cation with depth. 
Wells that are in or very close to the recharge 
area extract modern water components 
with a mixing portion between 1 and 50%. 
Further along the fl ow path, in the confi ned 
part, water components in the age range of 

50–300 years dominate. Possibly a part of 
this water advanced deeper into the confi ned 
part of the aquifer due to high extraction 
rates over the last 30 years. The portion of 
this intermediate water decreases linearly 
with depth. Near the base of the aquifer, 
water residence times up to 12–13 kyr can be 
found (wells Grove and Hayton). Older 
Pleistocene waters are recorded further 
downstream (Bath et al. 1979; Edmunds and 
Smedley 2000).

For groundwater management and moni-
toring, it is crucial to realise that mean 
residence times calculated, for example, from 
14C activities have to be interpreted as the re-
sult of mixing of younger (less than 300 years) 
and much older waters (even if no 3H or other 
indicators for modern waters are detectable). 
This has consequences for the assessment of 
the future evolution of groundwater quality. 
A shift of mixing ratios between young and 
old water, disturbing the baseline conditions, 
occurs possibly within a relatively short time 
interval, although 14C ages are of the order of 
several thousands of years.

The evolution of a set of chemical parame-
ters as a function of the mean residence time 
is depicted in Fig. 5B.4. A detailed discussion 
of the relevant geochemical processes is given 
in Chapters 1 and 4. It must be borne in mind 
that the trends shown in the Fig. 5B.4 are the 
combined result of time- dependent water–
rock interactions and gradual mixing of 
waters with different ages (from different 
depths). Wells plotted on the left of the dashed 
line extract varying amounts of recent water 
components based on tracer dating. It is con-
sidered that groundwater temperature is in-
deed a good indicator for the age of the water 
(Fig. 5B.4[a]). The decrease in nitrate and sul-
phate concentrations can be attributed to the 
decreasing amount of modern water and less 
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to diminution under reducing conditions; Eh 
values decrease further downdradient indi-
cating the redox boundary (Smedley and 
Edmunds 2002). Concentrations of NO3, SO4 
and Cl at the right side of the modern water 
line (in age range 4000–6000 years) can be 
regarded as best representatives for baseline 
conditions for waters in the shallow part of 
the aquifer (dotted lines in the graphs). The 
progressive dissolution of gypsum and anhy-
drite leads to a notable increase in SO4 further 
downgradient (Edmunds and Smedley 2000).

Lithium concentrations are linearly 
correlated with the mean groundwater 
residence time solely as a result of time-
dependent rock–water interaction. Two con-
clusions can be drawn: (1) the defi nition of a 
 baseline concentration of Li without any 
specifi cation of the age of the groundwater is 

meaningless; and (2) provided that the Li-age 
relationship is identifi ed, Li can in principle 
be used as a (low cost) residence time indi-
cator (Edmunds and Smedley 2000). However, 
the calibration of such a chemical dating 
tool has to be performed for each aquifer by 
using absolute dating tools. Caution has also 
to be placed with extrapolations beyond the 
calibrated dating range.

5B.2.2 Ledo–Paniselian aquifer, Belgium

5B.2.2.1 Hydrogeology

The Ledo–Paniselian aquifer (LPA) in Belgium 
forms part of an alternating sequence of ma-
rine Tertiary clay and sand deposits gently 
dipping towards the north (Walraevens 1990, 
1998). Piezometric levels demonstrate that 

Fig. 5B.4 Downgradient trends for various chemical parameters in the Triassic sandstone aquifer 
plotted as a function of mean groundwater residence time calculated based on mixing ratios and age of 
the different water components. Samples to the right of the dotted vertical lines are free of modern 
water components.
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recharge to the Ledo–Paniselian aquifer 
takes place in topographically higher regions 
where the aquifer is covered by Bartonian 
Clay and therefore is semi- confi ned. Discharge 
occurs to the south – in the unconfi ned area – 
where the Ledo–Paniselian crops out from 
beneath the Quaternary sediments. The 
remaining part of the recharged groundwater 
fl ows to the north, where the depth of the 
aquifer increases (Fig. 5B.1). Here, upward 
leakage through the Bartonian Clay occurs, 
causing fl ow velocities in the Ledo–Paniselian 
to diminish gradually.

5B.2.2.2 Dating results

Extensive geochemical, hydrodynamic and 
modelling studies have allowed a general 
understanding of this freshening ground-
water system of a sandy aquifer in Belgium 
(e.g. Walraevens et al. 1990). From 1996 to 
2001, samples were collected (partly repeat-
edly) from 39 wells for 14C, �13C and noble 

gas isotopes measurements as well as for the 
hydrochemistry. These were collected from 
two infi ltrating areas along two assumed 
fl ow lines about 20 km to the north and from 
greater depths.

The two main objectives for the extensive 
isotope study were
1 to directly determine the timescales of 
the chemical evolution of the groundwaters 
and to compare them with the hydraulic 
calculations;
2 to compare various dating tools for old 
waters (14C, 4He, climatic signals).

14C ages are model ages because for each 
sample an initial 14C-value (as starting 
activity for radioactive decay) has to be de-
termined. In the groundwater fl ow direction 
of the Ledo–Paniselian aquifer, the follow-
ing general trends have been established: the 
14C activity decreases, scattering consider-
ably up to about 10 km from the recharge 
area and showing low values below 5 pmc at 
longer distances and mainly in the eastern 

Fig. 5B.5 (a) Accumulation of radiogenic helium as a function of corrected 14C age in the Ledo–Panise-
lian aquifer. The in situ accumulation rate was calculated based on measured U and Th concentrations 
of the aquifer rock and the porosity. The observed line indicates that helium from an external source 
contributes to the overall helium budget. (b) Noble gas recharge temperatures of the Ledo–Paniselian 
groundwaters plotted against distance from the recharge area. The (hand draw) broken fi tted line 
indicates a transition of Holocene temperatures to colder, Pleistocene climatic conditions.
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fl ow path. The �13C values increase regu-
larly from about –13‰ at 5 km distance, to 
about –4‰ at 20 km; values above –6‰ are 
more frequent along the eastern fl ow path. 
There, also the HCO3 content is higher 
(between 600 and 700 mg L�1) whereas it is 
around 400 mg L�1 in the western path up to 
about 12 km distance. This demonstrates 
that in the eastern (and partly in the northern) 
part, the carbonate chemistry and the ex-
change processes occurred under different 
conditions than in the western fl ow direc-
tion. In general, reliable 14C model ages can 
be calculated if the �13C values are below 
about –6‰. Such ages between modern and 
about 20,000 years could be calculated for 
the Ledo–Paniselian aquifer and are plotted 
in Fig. 5B.5(a). In addition, waters must be 
very old if very low 14C activities (up to a 
few pmc) and ‘normal’ �13C values have been 
measured. However, in this case a quantita-
tive conversion into model ages is question-
able and lower age limits are preferable 
because of a small amount of contamination 
during sampling; a small admixture of young 
water or underground production may have 
introduced the small 14C activity. If �13C val-
ues are more positive (measured values are 
up to +4‰ in the Ledo–Paniselian aquifer) 
calculated 14C model ages are highly ques-
tionable because additional processes should 
be considered.

As in the UK Triassic aquifer, a systematic 
increase of the He content with the age of 
the water was measured in the Ledo–
Paniselian groundwater (Aeschbach-Hertig 
et al. 2003). On Fig. 5B.5(a), this increase of 
radiogenic He is plotted as a function of cal-
culated 14C model ages. Two straight lines 
are added, representing a linear increase with 
time: the lower line corresponds, within about 
a factor of two, to the in situ production rate 

calculated with assumed U and Th concen-
trations of the rocks. Apparently, some 
waters in the Ledo–Paniselian aquifer accu-
mulate He at a rate which is typical for in 
situ production. The line with a slope, which 
is about a factor 20 higher, is a fi t through 
the measured higher concentrations. These 
higher values are explained by additional 
He, for example, transferred from the aqui-
tards above and below into the aquifer. Some 
waters in the Ledo–Paniselian aquifer con-
tain even higher concentrations, but these 
locations are often not along the main fl ow 
paths or are at larger distances from the re-
charge area. The linear increase of the He 
concentration with time supports, in a qual-
itative way, the calculated 14C model ages 
and may even be used for a quantitative ex-
trapolation of 14C ages beyond the dating 
range of this method.

Preliminary estimations of hydraulic 
water ages for the Ledo–Paniselian agree up 
to now only by an observed linear correla-
tion, however, hydraulic ages seem to be 
considerably lower. A relatively large scatter 
in the correlation is also observed. One 
reason may be that the concept of fl ow lines 
is too simplifi ed and that mixing processes 
infl uence the two dating methods differ-
ently. By following the evolution of chem-
ical and isotopic concentrations along the 
assumed fl ow lines, areas of intensive mix-
ing of  different water bodies could be deter-
mined at about 10 km distance from the 
recharge area for the Ledo–Paniselian ground-
water. Such areas may in general be good 
locations to collect monitoring samples and 
to follow time series, because natural and 
man-made induced trends may be detected. 
Within a few years changes of the 14C ac-
tivity were even measured for samples older 
than a few kyr, mainly at and to the north of 
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the mixing zones. Mixing and age structures 
are connected and therefore several parame-
ters have to be determined. Geochemical 
and isotopic information is supplementary 
and has to be combined, especially to allow 
predictions of future water quality by time-
calibrated fl ow models.

In Fig. 5B.5(b), Noble gas recharge tempera-
tures (NGRT) are plotted against distance 
from the recharge area (Aeschbach-Hertig 
et al. 2003). Rarely have so many NGRT been 
determined in an aquifer system. To increase 
the reliability, sampling from the area of 
cooler climatic conditions at about 12 km 
distance from recharge has been repeated giv-
ing consistent results. However, it was found 
that from the whole set of measured concen-
trations of Ne, Ar, Kr and Xe, about 20% 
could not be converted into reliable NGRT or 
showed large errors (Aeschbach-Hertig et al. 
2003). Fig. 5B.5(b) demonstrates that waters 
with ages up to about 10 kyr yield NGRT of 
8–10°C, in agreement with modern air tem-
peratures, increasing confi dence in the applied 
calculation model (Aeschbach-Hertig et al. 
1999). Some samples, however, showed lower 
temperatures (4–6°C), which may be an effect 
of mixing. Samples in the age range 11–25 kyr 
recharged clearly under cooler climatic condi-
tions with a maximal temperature difference 
of about 9°C to the Holocene. Before 25 kyr 
NGRT increase again gradually. The stable 
isotope results, as additional climate indica-
tors, show that the Ledo–Paniselian paleowa-
ters do not have signifi cantly lower values, as 
already shown in the discussion of the conti-
nental dependence of �18O in Europe (Edmunds 
and Milne 2001).

5B.2.2.3 Summary and implications

With respect to the dating methods, the 
following conclusions can be drawn from 

the measurements in the Ledo–Paniselian 
aquifer: (1) 14C is the main dating method for 
waters older than about 1000 years; (2) 14C 
ages may be supported in a semi-quantitative 
way by 4He results; (3) 14C and hydraulic 
ages agree only qualitatively; (4) the combi-
nation of geochemical with isotopic data 
allows the determination of areas of inten-
sive mixing and the time calibration of fl ow 
models and (5) based on 14C results and on 
NGRT, some waters in the Ledo–Paniselian 
aquifer infi ltrated during the Pleistocene.

Because of water–rock interaction, a large 
range of concentrations of chemical compo-
nents has to be expected. This range can be 
lowered by adding isotope results, which 
allow dividing the waters into subgroups 
along their evolution along fl ow lines. In 
this way, the evolution of baseline chem-
istry can be understood as time-dependent 
processes. In the Ledo–Paniselian ground-
water, for example, the Ca concentration 
decrease and the HCO3 and Na concentra-
tions increase (due to cation exchange) with 
time on both fl ow paths (Fig. 5B.6). The 
change of water types corresponds to age 
scales of 10–30 kyr and longer. This conclu-
sion demonstrates that the combination of 
geochemical and isotopic data improves 
our quantitative understanding of a fl ow 
system.

5B.2.3 Fontainebleau Sands aquifer, 
France

5B.2.3.1 Hydrogeology

The Fontainebleau Sands aquifer forms part 
of the shallow sequence of sediments in 
the Paris Basin (France), which is the largest 
sedimentary basin in Western Europe. The 
Oligocene sandy aquifer is enclosed between 
two clayey layers: above is the Beauce 
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formation which was altered by diagenesis 
from limestone to millstone and clay (Thiry 
1988); and below are Oligocene and Eocene 
marls which separate the Fontainebleau 
Sands from the underlying Eocene multi-
layered aquifer.

The sediments comprise very fi ne, well-
sorted quartz grains with an average diam-
eter of 100 μm. The Fontainebleau Sands 
formation has a thickness of 50–70 m, a hy-
draulic transmissivity of 1∙10–3–5∙10–3 m2 s–1 
and a mean total porosity of about 25%. The 
upper part of the formation comprises up to 
99% pure quartz sands (white facies), while 
the content of organic matter, carbonates, 
sulphides, feldspar and clays (dark facies) 
increases with depth (Bariteau 1996).

The mean precipitation in the area is about 
700 mm yr–1 (measured at Trappes  climatic 
station of Meteo France; observation period 

from 1991 to 2000). The estimated recharge 
rate varies between 80 and 210 mm yr–1 
based on hydrograph data (Mercier 1981; 
Bariteau 1996). Water table depths in the 
Fontainebleau Sandstone range between 20 
and 40 m below ground surface (Fig. 5B.1[c]). 
This relatively thick unsaturated zone plays 
a key role in the transport of  substances into 
the saturated zone; therefore it has to be 
considered in the interpretation of young 
residence time indicators (85Kr, 3H/3He, 
CFC, SF6).

5B.2.3.2 Dating results

As a fi rst step, young groundwater compo-
nents were characterised using the fi tting 
approach presented in the previous chapter 
(Section 5A.2.5). Unconfi ned conditions, 
homogeneous recharge and aquifer properties 

Fig. 5B.6 Hydrochemical evolution along the main fl ow path of the Ledo–Paniselian Aquifer.
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lead to an exponential age distribution if the 
borehole is screened over the whole aquifer 
thickness (Vogel 1967). This situation is fairly 
well justifi ed in this area. The exponential 
model (EM) was therefore applied in this 
study. In addition, the thick unsaturated 
zone will shift the input concentrations of 
3H, 3He and 85Kr at the water table compared 
to atmospheric values. It is known that gas-
eous tracers, and tracers that are part of the 
water molecule such as tritium, are delayed 
by different rates during transport though 
the unsaturated zone (Cook and Solomon 
1995). Furthermore, the volatile 3He is 
completely lost to the atmosphere as long as 
3H is transported through the unsaturated 
zone. In other words, the 3H/3He clock starts 
at the water table. The interpretation of 3H, 
3He and 85Kr with the EM model, using 
 atmospheric input values, reveals large dis-
crepancies for the ‘best-fi t’ calculations (Fig. 
5B.7). The modelled 3H concentrations seem 
to be too low and 85Kr (and 3He) too high 
compared to the measurements. Because 3H 
concentrations in precipitation have de-
creased since the bomb peak, higher resi-
dence times in the saturated or unsaturated 

zone have to be assumed in the modelling 
for tritium in order to diminish the discrep-
ancy. Thus, a one-dimensional model of the 
unsaturated zone was implemented to cal-
culate the different shifts of the input func-
tions for 85Kr and 3H. The resulting travel 
times of 3H and 85Kr through the unsatu-
rated zone are 11–25 years and 1–10 years, 
respectively (Corcho et al. 2007). Using the 
calculated input functions at the water 
table, a much better agreement between the 
modelled and measured values could be 
attained for all of the wells except for SLP 5 
where degassing of 3He within the aquifer or 
during sampling is most likely the reason 
for this deviation (Fig. 5B.7).

The best-fi t model parameters for mean 
residence time (Tm) and mixing portion of 
young water components (m) range between 
1–13 years and 7–40%, respectively. This 
means that a large fraction of older water, 
which cannot be detected using young resi-
dence time indicators, contributes to the 
overall age spectra. In some cases, a strong 
correlation between Tm and m was observed 
(Corcho et al. 2007). In other words, an in-
creased mean residence time Tm (less water 

Fig. 5B.7 Ratios of modelled versus measured tracer concentrations. Values close to unity for all 
tracers indicate consistency between the dating methods and that the applied box-model is adequate. 
Only the results of the most plausible exponential model (EM) are shown: (left) Without considering 
infi ltration through a 35 m thick unsaturated zone; (right) results with corrected input function.
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Fig. 5B.8 Measured 3H versus 85Kr concentra-
tions compared with exponential model calcula-
tions. The lines are labelled with the mean 
residence time Tm. Points of intersection (open 
circles) indicate age of the modern component of 
sample SM. Length of arrows relative to total 
distance to the origin of coordinate axes defi nes 
the mixing proportion of old water.

younger than 50 years) can be compensated 
by a higher mixing portion of this water 
(more water younger than 50 years). This 
problem becomes clearer if only the two 
tracers 85Kr and 3H are considered (Fig. 
5B.8). The lines on Fig. 5B.8 represent the 
EM with input functions at the soil surface 
and at the water table (35 m depth) respec-
tively. With two tracers, it is possible to 
determine two parameters. The mean resi-
dence time of the young component is de-
fi ned by the intercept of the mixing line 
with the model curve. The portion of young 
water is given by the relative distance of 
the data point to the origin of the coordi-
nate axes. This can be done for sample SM. 
It becomes evident that the selection of the 
input function is crucial for dating and mix-
ing estimates. With the atmospheric input, 
a mean residence time Tm of about 12 years 

and a mixing portion m of 70% can be esti-
mated from Fig. 5B.8. With the input at the 
water table, Tm of 4 years and a mixing por-
tion m of 40% results. However, most data 
points lie in the area where the model 
curves have a strong gradient towards the 
origin of the coordinate axes. In this area, 
for high mean EM residence times, it is not 
possible to distinguish between ageing and 
admixture of old water. This ambiguity can 
only be resolved with a tracer which is sen-
sitive to residence times above the 50 years 
limit. 39Ar with a half-life of 269 years is 
such a tracer. Ages calculated with the ex-
ponential model based on 39Ar (Table 5B.1) 
range between 100 and 400 years and con-
fi rm the fi ndings that the main weighting 
of the age distribution is older than 50 years. 
Within uncertainties, most samples can be 
explained consistently with a one compo-
nent EM. However, at least for sample SA, 
clearly a two-component mixing scenario 
with a young component and an old compo-
nent of about 400 years has to be assumed.

5B.2.3.3  Summary and implications

For the interpretation of environmental 
tracer data in terms of groundwater resi-
dence times for this aquifer, it is crucial to 
take into account several observations:
1 A thick unsaturated soil zone overlies the 
aquifer.
2 Samples were taken from large-screened 
borehole intervals intercepting the water 
table in an area with spatially distributed re-
charge. Each water sample is therefore a mix-
ture of waters of different age. This situation 
is not uncommon, because wells for water 
supply are screened over large parts of the 
aquifer in order to maximise well yield. The 
distribution of groundwater ages in this case 
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is approximated by an exponential function 
(Zuber 1986).
3 A large fraction of water is older than 50 
years. The sensitivity of young residence 
time indicators (e.g. 85Kr, 3H/3He, SF6) to 
characterise the overall age distribution is 
limited and a tracer with extended dating 
range is required. For that reason 39Ar was 
applied in this study.

The fact that all wells contain various 
amounts of recent, and probably anthropo-
genically infl uenced water components, 
makes the evaluation of baseline chemistry 
difficult. However, knowing the portion of 
recent water components helps to derive con-
clusions about the natural groundwater 
chemistry. First of all it may be concluded 
that the portion of young water decreases 
with depth (Fig. 5B.9). As a fi rst approxima-
tion, any anthropogenically derived sub-
stances should decrease with decreasing 
proportion of recent water components. The 
intercept with the coordinate on the graph 
represents the composition of water that is 
free of recent water components. A correla-
tion between mixing ratio and concentration 
was found, for example, for Si, Eh and Cl 

(Fig. 5B.9). No clear trend could be observed 
for NO3 and SO4.

In shallow aquifers, elevated chloride con-
centrations are very often attributed to 
anthropogenic infl uence such as road salting 
in winter. In the Fontainebleau aquifer, it 
seems that the chloride concentration 
increases with decreasing amount of young 
water, making it likely that it is most prob-
ably natural, and the increase in silica is 
clearly the result of prolonged water–rock 
interaction with the sandstone.

5B.2.3.4 Pleistocene sand aquifers around 
Odense, Denmark

Hydrogeology
The investigated area is located on the Island 
of Funen, close to the city of Odense, 
Denmark. Geologically, the site is situated 
within a complex setting of Quaternary gla-
cio-fl uvial sand aquifers with confi ning clay 
tills. The semi-confi ned glacio-fl uvial sands, 
which constitute the main aquifer on the 
island, overlie a sequence of mainly Palaeocene 
marls and clays of varying thickness (typically 

Table 5B.1 Radioactive and stable isotope measurements and calculated apparent tracer ages for 
groundwaters from the Fontainebleau aquifer in 2001.

 Data Piston fl ow ages (yr) Exponential ages (yr)

Well

85Kr (dpm/

cm3�1 Kr) 

3H

(TU)

39Ar

(%mod)

14C

(pmC)

13C

(‰) 3H/3He 85Kr 39Ar 85Kr 39Ar 

SM 43.0 ± 5.0 10.0* 79 ± 7 80.2° 6 �16.3 8 ± 1 11 ± 1 91 ± 35 11 ± 2 103 ± 45

CGEB 6.8 ± 0.7 8.5 73 ± 5 75.1 �14 9 ± 1 29 ± 1 122 ± 27 122 ± 3 144 ± 37

SA 16.1 ± 4.1 15.1 69 ± 5 84.2 �14.3 11 ± 1 20 ± 2 144 ± 28 46 ± 4 174 ± 41

LRN10 6.1 ± 4.8 7.8 77 ± 5 73.7 �14.1 15 ± 1 30 ± 5 101 ± 25 137 ± 10 116 ± 33

IMR 2.9 ± 0.4 3.1 55 ± 5 69.8 �13.8 9 ± 2 35 ± 1 232 ± 36 299 ± 2 318 ± 65

SLP4 6.2 ± 2.5 7.8 59 ± 5 75.5 �13.9 2 ± 1 30 ± 3 205 ± 33 335 ± 30 270 ± 56

SLP5 5.6 ± 2.8 4.0 51 ± 5 73.8 �13.7 13 ± 2 31 ± 5 261 ± 38 150 ± 25 373 ± 76

*Error 0.2 TU; ° 0.6 pmC. 
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10–20 m) which form the lower boundary 
of the Quaternary aquifer system. Recharge 
occurs preferentially through sand ‘windows’ 
(Hinsby et al., this volume). The potentio-
metric head is at depths of between 4 and 
10 m below surface level (b.s.l.) Screened 
intervals (5–14 m) within the sands are at 
depths ranging from 18 to 56 m b.s.l. A Chalk 
aquifer underlies the Odense shallow aquifer 
and in some areas deep wells also extract 
water from this aquifer.

Dating results
Three wells (34h, 74e and OdJ) were sampled 
during the fi rst half of 2001 for the analysis 
of 3H/3He, 85Kr, SF6 and CFC-12. Two depths 
were sampled from OdJ, one mixed sample 
from the complete screened section, and one 
sample from the bottom of the screen. 85Kr, 
3H and CFC-12 concentrations above the 

detection limit (DL) were observed in all of 
the samples, in accordance with the hydro-
geological situation which points to modern 
recharge. A CFC-12 concentration in excess 
of air-equilibrated water was measured in 
one sample and attributed to contamination. 
The SF6 concentration in one sample (74e) 
was lower than the DL.

Measured concentrations of gases were 
converted into corresponding atmospheric 
input concentrations based on the in situ 
water temperature, elevation of the recharge 
area and the excess air content (Schlosser 
et al. 1989; Busenberg and Plummer 2000). 
No corrections are necessary for 85Kr because 
the isotope ratio (85Kr/Kr) is unaffected by 
details of the infi ltration process. As a fi rst 
approximation, the tracer data were inter-
preted assuming piston fl ow (PF) and neglect-
ing hydrodynamic dispersion and mixing of 

Fig. 5B.9 Mean screen depth and selected chemical parameters as a function of proportion of modern 
water components.
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Fig. 5B.10 SF6, CFC-12 and 3H/3He piston fl ow 
ages (PF) versus 85Kr PF age at three wells of the 
Odense sands aquifer. Arrows indicate direction 
of age correction if the simple PF model is 
complemented with additional processes.

different water components. Using the local 
input functions, residence times between 14 
and 48 years were  calculated (Corcho et al. 
2002, 2005). Low SF6 concentrations, close 
to the detection limit, allowed only the 
estimation of a minimum age of about 30 
years for wells 74e OdJ. The comparisons of 
tracer ages depict two obvious discrepancies 
(Fig. 5B.10): CFC-12 ages are generally too 
high compared to the other tracers and 
3H/3He ages for well OdJ are too low com-
pared to 85Kr ages. Neither dispersion nor 
mixing can explain the disagreements be-
tween the 85Kr and CFC-12 ages. It is known 
from similar studies that CFCs can be de-
graded under reducing conditions (Busenberg 
and Plummer 1992). Because of the in-
creasing input function this results in an 
overestimation of residence times. Thus, 
degradation stays as the only explanation 

for the deviations. A degradation rate of 0.8–
3.6 × 10–4 day–1 could be estimated in this 
case. 3H/3He ages correspond to the resi-
dence time of the originally tritium bearing 
water component while the other tracers in-
dicate a mean age which is the combined re-
sult of the age of the young water component 
and dilution with an old tracer-free water 
component (Corcho et al. 2002).

3H, 3He and 85Kr were interpreted applying 
the fi tting method described in Chapter 5(a). 
In this case CFC-12 was excluded because an 
additional process (degradation), which is 
not included in the dispersion model, has 
modifi ed the concentration in groundwater. 
The resulting mean residence times of the 
young component (Tm) range from 17 to 
27 years. In the deepest well OdJ, an admix-
ture of between 30% and 40% of old water 
was calculated. This is in perfect agreement 
with the fact that the screen of the well OdJ 
is located in the deepest part of the aquifer 
where hydraulic contact with the underlying 
chalk aquifer is likely. The simulated age 
distribution using a regional numerical fl ow 
model (Troldborg 2004) depicts a similar 
conclusion (Fig. 5B.10, inset).

Summary and implications
The combined application of a set of differ-
ent residence time indicators for young 
groundwater allowed a very reliable dating 
of four samples from three boreholes in the 
Odense aquifer. It was possible to identify 
processes that erroneously affect residence 
times obtained by using only a single method. 
Under reducing conditions, groundwater 
residence times obtained from CFC mea-
surements tend to be too high due to degra-
dation. Considering the admixture of an old, 
and tracer-free, water component and disper-
sive mixing, it was possible to consistently 
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interpret 3H/3He, 85Kr and SF6 concentra-
tions in the means of groundwater residence 
time.

This case study emphasises the impor-
tance of combining several tracer methods if 
detailed information about the age structure 
of a groundwater is needed, and also how the 
intercomparison of different tracers helps to 
identify disagreements.

5B.2.3.5 Turonian and Cenomanian 
aquifer, Czech Republic

Hydrogeology
The Bohemian Cretaceous Basin hosts the 
semi-confi ned Turonian sands aquifer and 
the underlying confi ned Cenomanian sand-
stone aquifer (Paces et al., Chapter 17, this 
volume). Both aquifers are an important 
source of high-quality groundwater in the 
Czech Republic. The sandstone layers are 
made of up to 99% of quartz sands. The two 
aquifers are separated by low-permeability 
marlstone and claystone aquitards (Paces 
et al., Chapter 17, this volume). The thick-
ness of the semi-confi ned Turonian sands 
aquifer varies between less than 10 m in the 
south and east, to about 190 m in the western 
part. The main source of recharge to the 
aquifer is precipitation. The artesian 
Cenomanian sands aquifer is typically 
30–80 m thick in the studied area, with an 
average transmissivity of 48 m2 d–1 (with val-
ues ranging from 0.02 to 148 m2 d–1) and a 
mean porosity of about 0.20 (Herc̆ ík et al. 
2003). The Cenomanian aquifer is recharged 
by infi ltrating rainwater in a 1–2 km wide 
zone along the Luzice fault where the sands 
crop out. Groundwater fl ows from north to 
south. The wells for the present investiga-
tion are located in the western section of the 

Basin, which is most exploited for water sup-
ply and is where earlier intensive uranium 
mining took place. The Stráz tectonic block, 
with an area of 240 km2, is located at the 
north-western margin of the Bohemian Basin 
(Paces et al., Chapter 17, this volume). In this 
block, both aquifers are fully developed and 
contaminated due to uranium mining by un-
derground acid leaching.

Dating results
The results of the tracer measurement in the 
Turonian and Cenomanian aquifer are sum-
marised in Table 5B.2. In two wells sampled 
from the Turonian aquifer, young water 
components could be identifi ed on the basis 
of 85Kr and/or 3H concentrations. 3He/3He 
ages are slightly lower than 85Kr ages, which 
possibly indicates the presence of post-bomb 
water and dilutes absolute concentrations 
(85Kr), but does not affect isotope ratios 
(3H/3He). 39Ar concentrations below 100% 
modern confi rm this fi nding. Waters from 
two wells (VP7523, VP7512) do not have 85Kr 
or 3H concentrations above the detection 
limit and are therefore older than about 
50 years. The lowest 39Ar activity of 60% 
modern corresponds to the mean residence 
times of Turonian aquifer samples of less 
than 200 years. 14C ages calculated with 
the Pearson correction model (Ingerson 
and Pearson 1964) are, within uncertainty, 
consistent with residence times less than 
1000 years for all of the wells. In summary, 
it can be concluded that residence times of 
the groundwater of the Turonian aquifer 
have an age between modern and a few 
hundred years.

Waters of the underlying, mostly confi ned 
Cenomanian aquifer are free of 85Kr and 3H 
and contain consequently no modern water 
components. Potential tools for further 
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constraining the age spectra are 39Ar, 14C and 
radiogenic helium. 14C activities decrease in 
the direction of groundwater fl ow from 54 
to 6 pmc (Table 5B.2) The two samples 
VP7502 and Karany B do not follow this 
general trend (Fig. 5B.11[a]). Well VP7502 is 
situated close to the recharge area and is 
anomalous in regard to several tracer con-
centrations compared to the other samples: 
low 14C, high �13C, 39Ar above 100% modern 
and containing a high concentration of total 
dissolved inorganic carbon (TDIC). These 
features can possibly be attributed to gas 
intrusion (39Ar rich argon, 14C free CO2) 
through the Luzice fault (Paces et al., 
Chapter 17, this volume; Weinlich et al. 
1999). Karany B is the most distant well 
from the recharge area but signifi cantly shal-
lower than the wells further upstream. The 
elevated 14C and 39Ar activities are therefore 
most probably the result of an admixture of 
younger waters in the age range of a few 

hundred years. The residence times of the 
other wells can be  calculated based on 39Ar 
and 14C activities. 14C ages were calculated 
based on geochemical reaction path model-
ling using NETPATH (Plummer et al. 1991). 
The main geochemical reactions controlling 
the 14C evolution are calcite dissolution and 
reprecipitation, ion exchange and sulphate 
and dolomite dissolution. Well VP7506 with 
an 39Ar activity of about 20% modern, cor-
responding to an age of 600 years, was se-
lected as an initial well. The calculated 14C 
ages are plotted as a function of distance 
to the recharge area in Fig. 5B.11(b). 
Groundwater ages increase linearly up to 
about 18 kyr corresponding to a fl ow ve-
locity of 2.3 m yr–1. These ages are in 
agreement with 39Ar concentration less than 
15% modern, which indicates, on one hand, 
a lower limit of residence times of 800 years, 
and on the other hand, that underground 
production (Lehmann et al. 1993) must be 

Table 5B.2 Results of tracer measurements of the Turonian (upper 4 wells) and Cenomanian aquifers 
(sampling year 2003).

Well
Depth
(mbs)

3H
(TU)

85Kr
(dpm/
cm3 Kr)

3Hetrit

(TU)

39Ar
(%mod)

14C
(pmC)

�13C
(‰)

4Herad

(10–8)
(cm3g�1)

Piston fl ow ages (yr)

3H/3He 85K 39Ar 14C

VP7523 200 ≤1.2 TU <0.8 85 ± 5 73.4 �12.7 – >50 63 �1,761

VP7512 201 ≤1.2 TU <1.1 60 ± 5 63.8 �13.0 – >50 198 �1,094

VP7524 29 8.7 39.6 ± 3.2 1.5 82 ± 5 78.8 �12.9 0.04 3 9 77 �2,262

VP7520 131 10.5 12.0 ± 1.3 11 92 ± 5 63.9 �13.5 0.63 13 20 32 �762

VP7502 219 ≤1.2 TU <1 11 196 ± 6 16.3 �8.4 10 >50 >50 – 10,630

VP7506 284 ≤1.2 TU <1 21 ± 4 53.8 �12.0 >50 >50 600 600

VP7500 411 ≤1.2 TU <0.5 469 <8 45.8 �10.6 152 >50 >50 >1200 965

VP7515 410 ≤1.2 TU <2 1383 <15 24.0 �14.1 328 >50 >50 >1200 7,080

VP7517 386 ≤1.2 TU 14.2 �13.0 >40 11,565

VP7519 247 ≤1.2 TU 28305 6.3 �11.9 921 >50 17,725

Karany B < 200 (?) ≤1.2 TU <0.3 4836 38 ± 3 40.8 �12.7 15706 >50 >50 376 25,600
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very low in this part of the  aquifer. The age 
of 18,000 years means that this water 
recharged during the last ice age when the 
climate was cooler than today. Indeed the 
sample VP7519 is depleted in �18O and the 
noble gas recharge temperature is about 5°C 
lower than for the rest of the wells (Fig. 
5B.11[d]). The downgradient ageing is also 
refl ected by the increasing 4He concentra-
tions (Fig. 5B.11). The helium accumulation 
rate based on 14C ages is about 5 × 10–10 cm3 
STP g–1 yr–1, a value which is an order of 

magnitude higher than the in situ accumu-
lation rate calculated from measured U and 
Th concentration in the aquifer.

Summary and implications
Groundwater residence times in the 
Turonian aquifer range up to a few hundred 
years with recent groundwater components 
present in some of the wells. The correspond-
ing vulnerability to pollution is also demon-
strated by elevated nitrate concentrations 
at these locations (Chapter 17, this volume). 

Fig. 5B.11 (a) Relationship between 39Ar and 14C in the Cenomanian aquifer. The composition of 
initial water was estimated based on results from the overlaying Turonian aquifer. Well VP7502 is 
situated close to the recharge area. (b) Increase of 14C age as function of distance from recharge area. 
(c) Accumulation of radiogenic helium as a function of age. The dashed line indicates the expected 
increase if helium originated solely from in situ production. (d) Noble gas temperature versus 14C age. 
Samples younger than 10,000 years refl ect the mean annual soil temperature during the Holocene. 
Sample VP7519 recharged during the last glacial period with 5°C cooler temperatures than today.
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In contrast, groundwater in the investigated 
parts of the confi ned Cenomanian aquifer is 
not yet affected by anthropogenic activities. 
Baseline groundwater quality is infl uenced 
mainly by time-dependent water–rock inter-
actions (Chapter 17, this volume). The prox-
imity of one well to a tectonically active 
fault zone impedes the application of 14C and 
39Ar as dating tools. Gas from external 
sources with elevated 39Ar and CO2 produc-
tion rates interferes with the atmospheric 
39Ar and 14C, respectively. For the other wells, 
39Ar and 14C ages agree well and a remark-
ably good correlation between 14C ages and 
distance and 4He concentrations can be 
observed.
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Baseline trends are recognised and  identifi ed 
by investigating time series of chemical 
analyses of groundwater samples. While sys-
tematic variations in chemical parameters 
can easily be recognised, interpretation of 
time series in terms of hydrochemical 
trends should be based on the under-
standing of chemical processes affecting 
groundwater quality and not just on the 
results of descriptive statistical procedures. 
Interpretation should consider the rela-
tionship between groundwater hydrody-
namics, by which groundwater masses can 
move, and the heterogeneity within the 
groundwater masses themselves. The tim-
escale of the chemical variations is impor-
tant and is coupled to the fl ow velocity in 
the system.

A number of examples from different 
European countries and different geological 
settings have been collected and are 
presented. They illustrate typical trends 
encountered in many aquifer systems. 
Sometimes trends are induced by altered 
hydrodynamics caused by exploitation. This 
results in shifting of groundwater bodies 
with different quality. Salinisation and 
increase of redox sensitive components can 
be explained in this way.

6.1 Significance of baseline trends

The chemical quality of groundwater evolves 
over long timescales during fl ow from source 
to discharge area under natural hydrogeolog-
ical conditions. Under these conditions char-
acteristic geochemical trends or  gradients 
are established along fl ow lines resulting 
from water–rock interaction or changing 
recharge composition in the course of time. 
Exploitation of groundwater by pumping 
over just a few decades disturbs the  natural 
baseline quality and may accelerate the 
 natural processes. For water quality manage-
ment it is important both to recognise the 
original spatial geochemical patterns and to 
fi nd  evidence of how these patterns have 
responded to development of the aquifer.

In Europe, the understanding of natural 
baseline trends is important in view of 
the emphasis in the Water Framework 
Directive (WFD, European Union 2000) of 
the need to identify ‘long term anthropogen-
ically induced upward trends in pollutant 
 concentrations and the reversal of such 
trends’: it is fi rst necessary to identify 
whether anthropogenic or strictly natural 
processes are involved. In order to distin-
guish  anthropogenically induced trends 

6 Identifying and Interpreting 
Baseline Trends

M. VAN CAMP AND K. WALRAEVENS
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from  baseline trends, process interpretation 
is required. If restricted to a purely statisti-
cal approach, an upward baseline trend 
will be considered as pollution.

Baseline has been defi ned in Chapter 1 as 
the range of concentrations of a given 
 element, species or chemical substance pres-
ent in solution, being derived from  natural 
geological, biological or atmospheric sources. 
Baseline trends are here defi ned as a system-
atic and continued change in time in the 
concentration of a chemical  component or 
value of a physico-chemical property in the 
groundwater, which originates from natural 
processes or changes in the hydrodynamics 
of aquifer systems. Not included are changes 
due to input in the groundwater body of 
anthropogenic components, thus eliminat-
ing contaminated waters and groundwater 
bodies.

The objectives of this chapter are to 
 consider how hydrochemical data may be 
used to identify natural groundwater base-
line trends and discriminate their rates. 
Because baseline trends refer to an  evolution 
in time, the occurrence of trends can only be 
recognised when time series data are avail-
able. Most time series show oscillations, but 
only when systematic patterns occur, can 
clear baseline trends be identifi ed. First of 
all some of the classical methods of iden-
tifying spatial and temporal trends are 
reviewed, emphasising the need to consider 
the type and scale of groundwater bodies. 
Second the advantages and limitations of a 
 geostatistical approach are considered and a 
new approach is proposed to couple the 
hydrodynamic and  hydrochemical informa-
tion. Finally, trends obtained from a number 
of European reference aquifers are consid-
ered to illustrate  several features of changing 
baseline chemistry.

6.2 Baseline trends related to 
hydrodynamic and hydrochemical 

system analysis

6.2.1 Relation of hydrodynamics and 
timescales to baseline trends

Spatial variations of concentrations and 
chemo-physical parameters can be trans-
formed into time series by fl ow of the ground-
water. This transformation from the space to 
the time domain is conditioned by the fl ow 
velocity, described by Darcy’s Law, for the 
given hydrodynamic conditions (hydraulic 
gradient and hydraulic conductivity):

�eff = k∗grad (h)
 ne

where �eff = effective groundwater fl ow 
velocity (L/T); k = hydraulic conductivity 
(L/T); grad(h) = hydraulic gradient; ne = effec-
tive porosity.

Groundwater fl ow velocities are usually of 
the scale of a few metres per year up to 
 hundreds of metres per year (around  pumping 
wells). Most of the data series found in 
European aquifers span time lengths of at 
most a few decades. This limits the size of 
spatial concentration gradients (spatial scale) 
that can be converted to observable trends in 
time series, depending on the local groundwa-
ter fl ow velocities. In fractured rock aquifers, 
fl ow velocities can be much higher if ground-
water moves through open fractures or 
fi ssures.

Concentration gradients due to hydro-
chemical processes which act on the scale 
of an aquifer (e.g. the freshening of an 
aquifer) have a spatial size of the order of at 
least few km to tens of km (103–104 m). 
Under natural fl ow conditions, it will require 
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too much time (102–104 years) to convert 
these  gradients into observable changes. In 
most aquifer systems, it can be expected that 
changes of groundwater quality  during a 
period of a few years are unlikely to be caused 
by the lateral shifting of groundwater bodies 
with different composition. The intrinsic 
scale difference between the lateral exten-
sion of an aquifer system (usually 104–105 m) 
and its thickness (usually 10–100 m) indi-
cates that if vertical concentration gradients 
exist, upward or downward fl ow components 
can cause changes in concentration levels on 
a much shorter timescale, for example, years 
to decades. However, under natural hydro-
dynamic  conditions, these vertical fl ow 
components are rather small in most aquifer 
systems and anthropogenically induced 
changes in the fl ow situation  (groundwater 
exploitation) are the main reason for 
 upconing of deeper waters.

The hydrochemistry and the hydrodynam-
ics of an aquifer can be in steady or transient 
state. After changing the boundary condi-
tions, it will require some time before the 
hydrodynamics and the hydrochemistry 
have adapted to the new conditions. There 
exists, however, a difference in timescale to 
reach a steady state for hydrodynamics and 
hydrochemistry, whereby hydrochemistry 
will require a much longer time. As long as a 
hydrochemical steady state is not reached, 
at least in some parts of the  aquifer system, 
concentrations can be expected to change. 
However, this will often be so slow that it 
will not be noticeable within a few years.

6.2.2 Relation of groundwater body 
heterogeneity to baseline trends

Groundwater composition will usually be 
variable in space in an aquifer system. Based 

on major ion concentrations and their rela-
tive occurrence, different water types can be 
distinguished (Stuyfzand 1986), which refl ect 
the genesis and ongoing hydrochemical pro-
cesses. A groundwater body can be divided 
into more homogeneous sub- bodies based on 
these types, but even within a single water 
type or sub-body, variations in concentra-
tions are likely to occur. These variations 
can be related to the  heterogeneity of the 
aquifer sediment characteristics and compo-
sition if water–rock interactions are involved, 
to spatial and temporal variations in recharge 
water composition at the start of the fl ow 
cycle, and probably to many other reasons. 
As an example, we can consider CaHCO3 
type waters, originating from dissolution of 
calcite in equilibrium with CO2, in which 
calcium concentrations can vary because of 
fl uctuations of CO2 partial pressure in the 
unsaturated zone through which the water 
percolates, or due to heterogeneous distribu-
tion of calcite in the soils. Mixing and the 
effects of dispersion can introduce some 
homogenisation but a perfectly uniform 
composition will never be reached. The size 
of these minor variations will depend on 
water types and water bodies, and may need 
to be quantifi ed for each case.

These small-scale spatial variations have 
nothing to do with processes or mechanisms 
which act on a larger scale such as freshening 
of an aquifer or intrusion of salt water. The 
presence and recognition of these variations 
and their size are important because they 
can lead to trends in observed time series 
of the related parameters. When groundwater 
is moving, these lower and higher 
 concentration ‘islands’ will pass through a 
point fi xed in space (an observation well, for 
example) and will lead to a fl uctuating pat-
tern in the observed concentrations around 
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an average value. Over the longer term, no 
trend will occur as periods of increasing and 
decreasing concentrations will alternate. 
How long these periods will last depends on 
two factors: the size of the high and low 
 concentration islands and the fl ow velocity of 
the groundwater. The former can be quanti-
fi ed as the ‘spatial  correlation distance’.

As an example, two fi elds were generated 
using a geostatistical simulation technique 

(Fig. 6.1), both with a log-normal distribution 
of parameter values (with an average of 1.00 
and a standard deviation of 0.25) but with two 
different correlation distances: one for 10 m 
and one for 100 m. Shown are maps of the log-
arithmic values and a cross section in which 
the values are back-transformed to a linear 
scale. As can be seen in the profi les, concentra-
tions can double between low and high peaks 
for the chosen distribution characteristics.

Fig. 6.1 Generated log-normally distributed parameter fi elds with correlation distances of 10 and 
100 m: (a) cross section; (b) unconditional simulation (a and b: spatial correlation = 10 m); (c) uncondi-
tional simulation; (d) cross section (c and d: spatial correlation = 100m).
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6.2.3 Hydrochemical characterisation

In order to characterise natural trends, 
 groundwaters can be presented graphically 
and classifi ed according to their composi-
tion into groups with more or less similar 
 chemical characteristics, often termed 
hydrochemical facies or water types. The 
interpretation of time trends requires the 
aquifer to be subdivided into fairly homoge-
neous hydrochemical facies. Ideally, the 
groundwater classifi cation should be able to 
allow identifi cation and recognition, besides 
the  composition, of the genesis and evolu-
tion of the groundwater in aquifer systems. 
Besides hydrochemical classifi cation  systems, 
legal and regulatory classifi cations exist in 
different countries and regions, which are 
highly dependent on local hydrogeological 
and regulatory situations. A simple differen-
tiation between fresh, brackish, saline and 
possibly hypersaline (brines) waters can be 
made based on salinity or chloride concen-
trations, indicating their potential use as 
potable or consumable water. For industrial 
use, waters are often classifi ed according to 
their  hardness in grades of soft and hard 
water.

Piper (1944) used a graphical  presentation 
to help classify groundwaters according to 
the relative composition of their main ions. 
The presentation consisting of two ternary 
diagrams (one for the cations and one for the 
anions) and one binary diagram is still widely 
used and known as the Piper diagram. The 
lower left ternary triangle, or cation  ternary, 
compares the cation composition as an 
equivalent fraction of calcium,  magnesium 
and the sum of sodium and potassium. 
Waters with similar fractions of cations (and 
anions) may have different absolute amounts 
of total dissolved solids (TDS). Similarly, the 

lower right ternary triangle or anion 
ternary, contrasts the anion composition in 
terms of fraction of equivalents of the sul-
phate ion, chloride ion and the sum of bicar-
bonate and carbonate ions. The central 
diamond subdiagram is a combination of the 
 cation and anion fractions (Freeze and Cherry 
1979). The Piper diagram is considered as 
the fi rst step in chemical classifi cation of 
water facies for the purpose of studying 
the evolution of groundwater (Manharawy 
and Hafez, 2003). Regions within the 
diagrams may be delineated and can corre-
spond with  different hydrochemical facies. 
Classifi cations based on Piper diagrams only 
account for the relative occurrences of the 
main ions and do not refl ect absolute con-
centrations. Ongoing chemical processes 
which affect major ion composition in an 
aquifer are seen as a shifting in the location of 
points on the diagram. Mixing between two 
different water types gives a composition, 
which lies on the  connecting line between 
the two points. Other graphical presentations 
often used in groundwater classifi cation are 
by Stiff (1951) and Schoeller (1955).

A number of variations on the ternary dia-
gram approach have also been suggested. 
Furtak and Langguth (1967) used the Piper 
graphical procedure and classifi ed the waters 
into ten different types (Table 6.1).

The Kansas Geological Survey (1989) 
adopted six types of water chemistry that 
are predominant in groundwaters in 
 sedimentary aquifers:

Class 1: Ca(HCO3)2 to Mg(HCO3)2
Class 2: CaSO4 to MgSO4

Class 3: CaCl2

Class 4: NaHCO3

Class 5: Na2SO4

Class 6: NaCl
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Table 6.1 Water types recognised in the 
classifi cation of Furtak and Langguth (1967).

Group Water type

 1 Earthalcalic carbonate

 2 Earthalcalic carbonate-sulphate
 3 Earthalcalic sulphate

Earthalcalic chloride
Earthalcalic nitrate

 4 Earthalcalic-alcalic carbonate
 5 Earthalcalic-alcalic sulphate

Earthalcalic-alcalic chloride
Earthalcalic-alcalic nitrate

 6 Alcalic-carbonate
 7 Alcalic-sulphate

Alcalic-chloride
Alcalic-nitrate

 8 Calcium carbonate

 9 Calcium magnesium carbonate

10 Magnesium carbonate

Stuyfzand (1986) based his classifi cation 
on a modifi ed version of the cation ternary 
diagram and used a distinct separation of 
groups (Fig. 6.2). Each water type is repre-
sented by a symbolic name consisting of the 
dominant cation and anion (or ‘mix’ if there 
is none) name and supplementary indicators 
for salinity, hardness and cation exchange. 
Therefore, this classifi cation is best suited 
for salinising or freshening aquifers where 
cation exchange is important.

To include the redox status as a criterion 
in groundwater classifi cation, a complemen-
tary classifi cation system was proposed by 
Pannatier et al. (2000) which is based on 
local redox conditions in an aquifer system 
and the advance of oxidation and reduction 
processes. Modifi ed ternary diagrams have 
also been proposed by Derron (1999) for 
non-clastic aquifer environments such as 
crystalline rocks. In this example, the ternary 

diagram has Ca, Mg and Si poles to help 
distinguish waters from mafi c and ultra-
mafi c rocks and granito-gneiss complexes. 
In a study of natural tracers, in recent 
ground waters from different Alpine aquifers 
(Kilchmann et al. 2004) a further subdivision 
of water types was made based on the trace 
element compositions.

6.2.4 Baseline trends related to 
hydrochemical processes

Groundwater quality in an aquifer system 
refl ects the main processes which have 
occurred and have been described in Chapter 1. 
These processes depend on (1) the  lithology 
and initial water composition; (2) the hydro-
dynamic boundary conditions which impose 
the fl ow cycles; and (3) the groundwater 
fl ow velocity and reaction kinetics. Aquifers 
can be subdivided according to the main 
processes which control the groundwater 
 composition. Different processes may occur 
in the same part of the aquifer, but the main 
aquifer type is determined by the dominant 
process. Four main aquifer types may be 
distinguished:

Freshening and salinising aquifers. Here 
both saline and fresh waters are found, 
 mixing and cation exchange will be the main 
processes determining groundwater quality. 
Where evaporites occur, brines can be gener-
ated and salinisation will be induced.

Carbonate aquifers. If the sediments have 
a marine origin, calcite will be present. After 
the old connate seawater has been fl ushed 
out and the cation exchange complex has 
reached a freshwater equilibrium, calcite 
dissolution may become the main process.

Siliceous aquifers. Many sandstones and 
other continental sediments may be entirely 
carbonate free and the weathering of silicates 
becomes the main quality determining process. 
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Carbonate cements may also be removed 
over long time periods so that shallow aqui-
fers formerly with carbonate may also be 
dominated by silicate reactions.

Anoxic aquifers. Along fl ow lines, redox 
conditions will change from oxidising to 
reducing and a sequence of reactions will 
occur. 

6.2.4.1 Salinising and freshening aquifers

When both fresh and saline waters are 
 present in an aquifer, changes in the distri-
bution of these waters can lead to a change 
in the baseline concentrations. Changes in 
the location and extension of the fresh and 
salt groundwater bodies will be caused by 
the hydrodynamics of the aquifer system. 
As long as a hydrochemical steady state is 
not achieved (this will take much longer 
than reaching a hydrodynamic steady state, 
Walraevens and Van Camp 2005), the 
freshwater/ saltwater distribution will be in 
a transient situation, leading to an increase 
or decrease of the fresh- and saltwater com-
ponents with time. Under natural hydrody-
namic conditions, this evolution is usually 
so slow that no signifi cant impact can be 
expected on the timescale of typical moni-
toring series (say a decade). However, if the 
natural fl ow situation is altered, the move-
ment of groundwater bodies may be faster. 
Considering the fact that the lateral extension 

of aquifers is much larger than the thick-
ness, it is more likely that observable changes 
in salinity will be caused by vertical fl ow 
components, provided that a vertical strati-
fi cation of the salinity exists. Local ground-
water extraction is the most common reason 
for the introduction of vertical fl ow compo-
nents, inducing an upconing effect of deeper 
waters to the pumping wells.

The two main processes which occur in 
freshening and salinising aquifers are mixing 
of a saline and freshwater end-member and 
cation exchange (Walraevens and Van Camp 
2005). Diffusion is only important on long 
timescales but can infl uence water quality 
near underlying or overlying aquitards in 
semi-confi ned layers. Fresh water is often of 
the CaHCO3 type and originates from the 
dissolution of calcite in water containing 
atmospheric CO2. Saline water has often a 
comparable composition to sea water and is 
of the NaCl type.

Recognising freshening in time series 
(Table 6.2)

As the freshwater replaces saltwater, chlo-
ride concentrations drop. The calcium of the 
freshwater will be replaced during the 
 ion-exchange process initially by sodium, 
and later by magnesium. These become the 
main cations, resulting in NaHCO3 and 
MgHCO3 type waters. This process can be 
recognised by an increase in the ratio Na/Cl.

Fig. 6.2 Triangular diagrams 
used in the Stuyfzand (1986) 
classifi cation.
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Recognising salinisation in 
time series (Table 6.2)

The most direct indicator of salinisation is 
the increase in chloride concentration as 
the saltwater component increases. Since Cl 
is a conservative constituent, the seawater 
component can be calculated from the 
increasing Cl concentration. For the saline 
 end-member, average seawater composition 
can be assumed.

Sodium will increase initially, but when 
cation exchange occurs, it will partly be 
replaced by calcium, giving a defi cit com-
pared to the chloride concentration. Calcium 
concentrations will increase because of cat-
ion exchange and will be higher than could 
be expected from the HCO3 concentrations 
based on calcite dissolution. The resulting 
water is of the CaCl type, which is a direct 
indicator of salinisation.

6.2.4.2 Carbonate aquifers

In carbonate aquifers, calcite and/or dolo-
mite dissolution is the main process that 

determines groundwater quality. In general, 
the main groundwater type is CaHCO3 or 
CaMgHCO3 water.

In karstic aquifers, fl ow velocities can be 
very high and a fast response of wells and 
springs to rainfall events is possible. In the 
case of springs, a correlation of discharge 
rates with meteorological conditions can 
indicate this. In such cases, changes in spring 
fl ow rates may rapidly be refl ected in the 
groundwater quality.

Related trends in time series
Calcite dissolution will proceed congruently 
provided the groundwater is undersaturated 
with respect to this mineral giving rise to 
stoichiometric ratios of elements in the 
groundwater. The calcite in most carbonate 
aquifers is impure and at saturation, incon-
gruent reaction produces a less soluble but 
purer calcite and releases impurities such as 
Mg and Sr to the groundwater, recognisable 
in time series. This process is observed 
clearly in the European Chalk aquifer 
(Edmunds et al. 1987). Where dolomite is 

Table 6.2 Main hydrochemical processes and related parameter trends in freshening 
and salinising aquifers.

Process(es) Indicators Indicators

Salinisation by salt water 
intrusion + cation exchange

Cl increasing
Na increasing
Na/Cl < 1
Ca increasing
Ca/HCO3 > 1

Freshening by fresh water 
intrusion + cation exchange

Cl decreasing
Na decreasing
Na/Cl > 1
Ca decreasing
Ca/HCO3 < 1

Dissolution of evaporites 
(halite, anhydrite, gypsum)

Na, Cl, Ca, SO4 increasing
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present, Mg will be released in roughly equal 
proportions under conditions of congruent 
reaction but also will increase further by 
incongruent dissolution (Table 6.3):

Ca1�xMgxCO3 → aCa1�yMgyCO3 + (x � ay)
Mg2+ + (1 � x � a + ay)Ca2+ 
+ (1 � a)CO 3

2�

where y < x.

6.2.4.3 Siliceous aquifers

In non-carbonate lithologies or in aquifers 
that have been decalcifi ed, silicate  weathering 
is the main mechanism that determines 
groundwater quality (Appelo and Postma 
2005). Silicate weathering is a relatively 
slow process compared with carbonate dis-
solution that adds silica and cations (Na, K, 
Ca) to the groundwater and results in sec-
ondary mineral formation, mainly clays; 
iron that is released by the weathering can 
form oxides and/or hydroxides. Sodium may 
increase relative to chloride in siliceous 

aquifers following mineral weathering since 
it is not balanced by chloride derived from a 
seawater component.

Related trends in time series
Because the silicate weathering progresses 
very slowly compared to groundwater fl ow, 
no signifi cant impact of these processes on 
the timescales of observation series (at most 
decades) can be expected. (Typical lifetimes 
calculated for 1 mm crystals at 25°C and 
pH 5 are listed in Table 6.6, Lasaga 1984). 
The relative rates of the different weathering 
processes causes a sequential disappearance 
of the different silicate minerals (Goldich 
weathering sequence). Concentration gradi-
ents caused by silicate weathering have to be 
seen on a regional scale, often the scale of 
the whole aquifer. The main dissolution pro-
cesses and their related parameter trends are 
listed in Table 6.4. The most rapid reactions 
such as plagioclase dissolution, will have 
the largest impact on groundwater composi-
tion and reaction rates should be compared 

Table 6.3 Main hydrochemical processes and related parameter trends in carbonate aquifers.

Process(es) Indicators (decreasing) Indicators (increasing)

Calcite congruent dissolution – Ca
Calcite incongruent dissolution Ca Mg
Dolomite congruent dissolution – Ca, Mg
Dolomite incongruent dissolution Ca Mg

Table 6.4 Experimentally determined lifetime of 1 mm crystals of some silicate 
minerals and related parameter trends (Lasaga 1984).

Mineral Mean lifetime (years) Increasing parameters

Quartz 34,000,000 Si
K-feldspar 520,000 K, Si
Na-feldspar (albite) 80,000 Na, Si
Ca-feldspar (anorthite) 112 Ca, Na, Si
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to percolation times of typical fl ow cycles. 
The occurrence of the different processes 
can be checked by calculating the saturation 
indices of the different mineral phases. 
Undersaturation means that dissolution of 
the mineral can continue.

6.2.4.4 Anoxic aquifers

Anoxic groundwaters are common at depth 
in most aquifers once oxygen has been con-
sumed by geochemical processes. A theoreti-
cal redox sequence (Table 6.5) can be defi ned 
and this is commonly observed in many 
anoxic aquifers (Berner 1981). Vertical stratifi -
cation can be expected where the fl ow com-
ponents are mainly downward as in recharge 
areas. A complete series of redox reactions 
will necessarily be found in an aquifer due to 
the relative abundances of solutes and elec-
tron acceptors/donors. In particular, sulphate 
reduction and methanogenesis require 
strongly reducing conditions and the pres-
ence of reactive organic carbon.

Related trends in time series
Changes in the concentrations of a redox 
species in a time series can be triggered by 
different mechanisms. Shifting of the redox 
zone stratifi cation is induced by vertical 
fl ow components, especially by prolonged 
pumping in aquifer exploitation. Changes of 
recharge rates of the aquifer will modify the 
amount of oxidised water that enters the 
system (e.g. the impact of dry and wet years). 
Changes in vegetation and land use can also 
alter the amount of organic matter in the 
soils available for oxidation.

6.3 Recognising baseline trends in 
time series data

First, classic statistical methods will be 
reviewed. In addition a geostatistical 
approach to evaluate time-trend analysis as 
a function of the geostatistical character-
sitics of groundwater sub-bodies will be 
described.

Table 6.5 Main hydrochemical processes and related parameter trends in anoxic aquifers.

Process(es) Redox zone Increasing parameters Decreasing parameters

Oxidation organic matter 
(by oxygen)

Oxic HCO3 OC

Oxidation of pyrite (by oxygen) Oxic SO4, H+

Denitrification Post-oxic NO3

Reduction of Mn+4 to Mn+2 Post-oxic Mn+2

Reduction of Fe+3 to Fe+2 Post-oxic Fe+2

Surface complexation (release 
by dissolution of iron 
hydroxides)

Post-oxic As

Sulphate reduction Sulphidic HS–, HCO3 SO4

Methanogenesis Methanogenic CH4 HCO3

Source: After Berner (1981). 
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6.3.1 Statistical approach

As a fi rst exploration of trends, traditional 
statistical techniques can be used. However, 
applying a purely mathematical approach, 
which is not based on the actual hydrochem-
ical context will never yield an understand-
ing of the occurring trends in terms of the 
hydrogeochemical system that is driving the 
processes involved. Extrapolation of past 
trends into the future on a purely mathemat-
ical basis without a process-based scheme is 
not recommended.

6.3.1.1 Distribution analysis

Histograms can be constructed to help iden-
tify the distribution pattern of the visualised 
parameter. Multimodal distributions will be 
recognised as multiple maxima will occur. It 
is advised to transform concentration levels 
to logarithmic values before processing. If 
the distribution analysis reveals a multi-
modal distribution for one or more parame-
ters (as described in Chapter 2), this will 
probably be refl ected in the occurrence of 
different types of groundwater (e.g. both 
fresh and saline waters in a freshening or 
salinising aquifer).

Cumulative distribution function (CDF) 
curves can be used to check if a parameter 
follows a normal distribution. If that is 
the case the points will fi t on a straight line 
(the CDF-axis has to use a probability scale). 
Log transformation of the parameter (con-
centration) can reveal a log-normal distribu-
tion. If the distribution is multimodal, the 
data will lie on different line segments. For 
the  freshening Ledo–Paniselian aquifer in 
Flanders (Belgium), the aquifer was subdi-
vided into different parts, each showing a 

characteristic water type. On the CDF-curves 
of the Ledo–Paniselian CaHCO3 waters 
(Fig. 6.3[a]) it can be seen that Ca, HCO3 and 
Cl approach a log-normal distribution. The 
curve for Na shows higher values than Cl for 
the upper curve segment, indicating that in 
the waters with the highest Na values ion 
exchange is likely to have increased their 
concentration. These waters are evolving 
towards the NaHCO3 type (but Ca is still the 
main cation). The curve for sulphate follows 
a log-normal distribution in the upper curve 
segment, but a signifi cant deviation for the 
lower concentrations. These have originated 
by sulphate reduction. In the Ledo–Paniselian 
NaCl waters (Fig. 6.3[b]) the old connate sea-
water (upper segments) can be distinguished 
from diluted seawater with lower concentra-
tions (lower segments). The curves here have 
a typical S-shape.

If the distribution analysis shows that a 
parameter follows a multimodal distribu-
tion, likely because different water types 
occur in the groundwater body, it is advised 
to break up the whole dataset into subsets 
according to the different water types, before 
attempting any characterisation. For exam-
ple, in a freshening or salinising aquifer, join-
ing both fresh CaHCO3 with saline NaCl 
waters will give a tremendous range of con-
centrations which is not relevant to the 
recharge area where only freshwater occurs. 
The start of a salinising process will initially 
give chloride concentrations far below the 
average level for the aquifer but clearly above 
the average of the CaHCO3 water subset. 
Applying the descriptive statistics for the 
whole aquifer will only show progressing 
salinisation, when water quality is very close 
to pure seawater, far too late for the start of 
prevention strategies.
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6.3.1.2 Cross plots

Cross plots of parameters can help in under-
standing the hydrochemical system and 
identify the processes which act in the aqui-
fer system. These cross plots should always 
be interpreted taking into account the hydro-
dynamic and hydrochemical system. Not 
only concentrations can be plotted, but also 
ratios of parameters can give meaningful 
graphs.

As an example (Fig. 6.4) a cross-plot of the 
sodium to chloride ratio (on the y-axis) ver-
sus the chloride concentration (on the x-axis) 
is plotted for the waters in the freshening 
Ledo–Paniselian aquifer (Walraevens and 
Van Camp 2005). On this cross-plot, the 
location of the data points is related to the 
groundwater type (as indicated) and the 
points shift according to the impact of cat-
ion exchange and mixing with old saline 
connate waters.

CaHCO3 waters from the recharge area 
have low Cl-levels and a Na/Cl ratio ≤ 1. In 
NaHCO3 waters, which are found downgra-
dient, the Na/Cl ratio increases strongly due 

to cation exchange (calcium being replaced 
by sodium) while chloride concentrations 
remain constant. Further downstream a 
transition zone with old saline waters (NaCl 
type) exists and Cl concentrations are higher.

6.3.1.3 Regression analysis

The classical approach for trend estima-
tion is to fi t a linear or quadratic regression 
model. This approach is not fl exible with 
regard to the shape of the trend. The LOESS 
smoother (Cleveland 1979; Cleveland and 
Devlin 1988) applies the linear regression 
method only locally, and is much more fl ex-
ible with regard to the shape of the trend 
(Grath et al. 2001). Next, a method for test-
ing the trend must be applied. The test of 
Mann-Kendall and the ANOVA (‘analysis of 
variance’) test based on the LOESS (‘local 
regression’) smoother are well-known.

Trend analysis should be performed on the 
arithmetic mean of the concentration data 
in order to obtain data that are representa-
tive for a certain period.

Fig. 6.3 CDF curves for the main elements and species in two groups (CaHCO3 and NaCl) of Ledo–
Paniselian groundwaters: (a) CaHCO3; (b) NaCl.
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6.3.2 Geostatistical approach

A methodology was developed to evaluate 
time-trend analysis as a function of the geo-
statistical characteristics of groundwater 
sub-bodies. The mathematical description of 
trends in time series in itself does not give 
an insight and understanding into the under-
lying processes and possible causes of the 
occurring trends. Yet the geostatistical 
approach presented here allows a clear link 
to be made between time-trend analysis and 
the hydrodynamic and hydrogeochemical 
background of the sampled aquifer systems.

6.3.2.1 Methodology for assessing the 
relationship between time trends and 

small-scale spatial variations

The geostatistical characterisation may be 
viewed here as a quantitative way to express 
the natural variability of groundwater com-
position in time series and its relationship 
with spatial occurrence and distribution. 
The question with every time series of mea-
sured groundwater quality is whether the 
observed variations in an observation well 

can be related to fl uctuations due to the 
small-scale natural variability of the ground-
water sub-body (introduced by heterogene-
ities of the aquifer and/or of occurring 
physico-chemical processes), or if they are 
the result of recently introduced processes 
affecting groundwater composition, such as 
contamination or other anthropogenic infl u-
ences (e.g. caused by lowered water tables 
because of exploitation of the aquifer).

The procedure is defi ned on a step-by-step 
basis for easy application to real world cases. 
It combines traditional statistical trend 
recognition techniques with geostatistical 
analysis in the form of variogram construc-
tion. The variogram is used to check if an 
existing trend can be contributed by the 
small-scale spatial variability of the ground-
water sub-body.

The proposed steps are as follows:

1. Regionalisation of groundwater quality 
using a geochemical process-based 

approach
Since the chemical composition can be het-
erogeneous due to the infl uence of several 
distinct physico-chemical processes many 

Fig. 6.4 Cross plot of Na/Cl ratio 
versus Cl-concentration in the 
Ledo–Paniselian groundwaters.
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parameters are characterised by multimodal 
distribution curves. A separation into differ-
ent fairly homogeneous groundwater sub-
bodies is a useful and necessary step in 
reducing the diversity of the analytical data 
and to simplify the complex chemical rela-
tionships between the observed composi-
tions. The defi nition of homogeneous 
groundwater sub-bodies can be based on 
the groundwater type as described earlier. 
Another approach instead of using water 
types is applying a cluster analysis on the 
sample data, which will divide the set of 
chemical compositions into subsets, by 
minimising the variance within these sub-
sets, and maximising the variance between 
them.

The spatial distribution of the  groundwater 
types can be visualised on a map. This map 
can then be used to derive the geographical 
extension of each one of the hydrochemical 
sub-bodies (e.g. with CaHCO3 or NaCl type 
water). If necessary, more than one water 
type can be grouped together in a single sub-
body. Each defi ned sub-body can be charac-
terised by descriptive statistics on each of 
the parameters (e.g. mean, median, standard 
deviation) and the distribution function 
can be found by constructing probability 
plots to check if the values are normally or 
log-normally distributed. Each sub-body will 
have its own geostatistical characterisation 
which determines the spatial variability of 
the different parameters and their spatial 
correlation.

2. Assessment of the effective groundwater 
fl ow velocity

The average effective groundwater fl ow 
velocity in the vicinity of the observation 
wells should fi rst be retrieved or estimated. 
This can be done by using piezometric level 

measurements in neighbouring wells, or by 
estimation using a regional map of hydraulic 
heads and groundwater fl ow. Applying 
Darcy’s Law with known or estimated val-
ues for hydraulic conductivity and porosity 
(veff = k ∙ i/porosity) will give the effective 
groundwater fl ow velocity (e.g. expressed in 
m yr–1). More specifi cally, the upstream gra-
dient should be used in the formula. When 
fl ow regimes are transient (e.g. due to sea-
sonal fl uctuations or an increase in pumping 
rate over the years) an average value for the 
gradient must be chosen.

3. Assessment of the small-scale spatial 
variability

For each available time series, the hydro-
chemical domain of the observation well 
must be identifi ed (as defi ned in step 1) and, 
for each parameter in the time series, a var-
iogram must be constructed using the data 
points in the corresponding region. In a var-
iogram, the variance of the parameter is plot-
ted as a function of distance. The variance is 
calculated as half of the squared difference 
between all possible pairs of data points 
[� = (zi – zj)

2/2] and is plotted versus the dis-
tance as derived from their spatial position 
(coordinates in a geographical reference sys-
tem). The variogram should be constructed 
for small distances (up to a few hundreds of 
metres) to reveal the small-scale spatial vari-
ability. The use of software is advised when 
there are more than a few data points in the 
close neighbourhood of the observation well 
with the time series.

The next step is to determine a ‘character-
istic length’ for the observation well time 
series. This characteristic length corresponds 
with the distance the groundwater has trav-
elled during the length of the observation 
series. It is found by simply multiplying the 
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length of the time series with the average 
effective groundwater fl ow velocity (obtained 
from step 2). The characteristic length is a 
distance and thus expressed in length units. 
The time series and the groundwater fl ow 
velocity should be expressed using the same 
time units.

On the variogram, the expected variance 
for the characteristic length can be found. 
This value gives half of the squared differ-
ence of the parameter value that can be 
expected over the distance the groundwater 
has moved since the start of the time series. 
The possible spatial variation of the param-
eter (zi – zj) can be calculated by doubling 
the value on the vertical axis of the vario-
gram for the characteristic length and tak-
ing the square root (criterion = [2 ∙ �]1/2). 
This value (criterion) can be compared with 
the observed change of the parameter during 
the observation period. If the observed 
changes are smaller than the calculated 
value, they can possibly be contributed by 
the local spatial variability of the hydro-
chemical sub-body. Normal statistical regres-
sion procedures can also be applied to the 
time series to detect a trend and the change 
in parameter value due to the trend compo-
nent can be compared with the criterion. If 
it is smaller, the trend can probably only 
refl ect the small-scale variability and not 
the existence of external stressing factors or 
processes.

6.3.2.2 Thematic example

As an idealised example to illustrate this 
geostatistical approach, a hypothetical time 
series was generated (Fig. 6.5[a]). It assumes 
pumping in a coastal freshwater body, origi-
nally consisting of CaHCO3 type waters. 
Risk for salinisation is monitored by mea-

surements of Cl concentrations. The gener-
ated observation series is 50 years long and 
has an increasing saline component which 
reaches nearly 0.6% after 50 years. The 
CaHCO3 water has a low Cl concentration 
with log-normally distributed concentra-
tions with an average of 30 ppm and a stan-
dard deviation of 0.10. The 30 ppm 
concentration is consistent with rainwater 
composition (around 10 ppm Cl) and an evap-
oration ratio of 3. The spatial correlation dis-
tance is 100 m, derived from variogram 
analyses of the Cl concentration of the fresh-
water body. Variations in Cl concentration 
may be due to fl uctuations in evapotranspi-
ration rates. The fi rst 25 years of fl uctua-
tions in chloride  concentration are due only 
to the heterogeneity of the freshwater body, 
while in the second half of the series, values 
increase because of salinisation. Because the 
CaHCO3 water, which is formed by calcite 
dissolution CO2 equilibrium, contains 3.62 
mmol bicarbonate (for a pCO2 of 10–2 atm), 
chloride will become the dominant anion 
when its concentration reaches c.128 ppm. 
The water type changes from CaHCO3 to 
CaCl2, which is a typical indicator for the 
salinising process. This water type is found 
at the end of the time series.

If observation series of limited length are 
used to identify trends on a purely mathe-
matical ground (e.g. by linear fi tting), with-
out knowledge of the ongoing hydrochemical 
processes, a 10-year graph of the years 12–22 
(Fig. 6.5[b]) could easily be interpreted as an 
indication of salinisation, although it is 
induced by small-scale variations of the 
Cl level before a seawater component is 
present in the water, as opposed in the 
graph between 30 and 40 years, which is 
related to an increased seawater component 
(Fig. 6.5[c]).
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6.4 Practical procedure for 
identifying and explaining baseline 

trends

Based on the concept of hydrochemical aqui-
fer types with their corresponding domi-
nating hydrochemical processes and typical 
water types, a worksheet was developed to 
help recognise and explain observed baseline 
trends. The worksheet is implemented as a 
list of multiple-choice questions; based on 
the responses a possible explanation of the 

observed trends of parameters in the obser-
vation wells is given.

6.5 Application to European 
reference aquifers

Long-term time series of chemical data, 
extending over decades are uncommon in 
Europe and in many cases records have been 
lost. The European aquifers studied here 
contain some illustrative examples of trends 

Fig. 6.5 Thematic example of a time series: (a) whole time series; (b) extracted 10-year observation 
series between 12 and 22 years; (c) extracted 10-year observation series between 30 and 40 years.
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in baseline conditions. Trends are then fur-
ther explored in some other of the reference 
aquifers.

6.5.1 Belgium: the Ledo–Paniselian 
aquifer

The Ledo–Paniselian aquifer is not well 
characterised in terms of its temporal evolu-
tion; time series data do not exist, but sam-
ples were taken and analysed in many 
observation wells, giving a detailed image of 
the spatial variability of chemical parame-
ters (Walraevens 1987). In this aquifer, both 
fresh- and saltwater are present as the end-
members of a mixing situation, and concen-
tration ranges of the main ions vary widely 
from weakly mineralised CaHCO3 waters in 
the recharge area to compositions approach-
ing seawater in the deepest part of the aqui-
fer. To study the spatial variability in a 
meaningful way, the whole aquifer must be 
divided into smaller subregions of a more 
homogeneous composition. Distribution 
functions of the whole set of analyses 
show for some elements bimodal or even 
trimodal distributions, clearly indicating 
the occurrence of distinct water composi-
tions in the aquifer. Zonation can be defi ned/
characterised using the groundwater classi-
fi cation types and within each group or 
sub-region the spatial correlation can be 
investigated using variogram analyses.

As an example, the variogram for Ca con-
tent in the CaHCO3 group (this is the largest 
sub-region in terms of number of analyses) is 
shown in Fig. 6.6(a). As can be seen on the 
variogram, a sill effect can be recognised, 
meaning that even over short distances (less 
than 500 m) some differences in the Ca con-
centrations occur, due to small-scale variations 

in the composition of the groundwater body. 
The map distribution of the calcium content 
(Fig. 6.6[b]) shows that, over a distance of 
2 km, Ca concentrations can double. Calcite 
dissolution is the main process which deter-
mines the Ca concentrations in the CaHCO3 
waters. The average of the log-normally dis-
tributed calcium concentrations is c.96 ppm, 
with 68 and 135 ppm for one standard devia-
tion (less and more than the average). As the 
groundwater fl ow passes across an observa-
tion well these small-scale variations can be 
converted into time variations.

6.5.2 Belgium: the Neogene aquifer

Very few long time series exist in the 
Neogene aquifer system (see also Chapter 12), 
but an interesting one shows the evolution 
of  arsenic in a production well of an impor-
tant water exploitation over a period of 
nearly 10 years (Fig. 6.7). Although the As 
values show rather noisy, short time fl uctua-
tions, a linear fi t of the series reveals an 
increase of around 20% over 10 years. 
Because arsenic is a redox bound species, 
occurring in natural waters as arsenate (oxi-
dised form) or arsenite (reduced form) with 
different mobility, the shifting of redox zones 
by long-term pumping can slowly increase 
the arsenic level. Also a correlation with SO4 
reduction in the deeper parts of the aquifer 
system and ad/ desorption on hydroxides can 
be a possible cause of the arsenic mobility.

In a neighbouring pumping station in the 
Neogene aquifer three observation wells at 
different depths (30, 50 and 80 m) show a 
vertical stratifi cation of SO4, Fe and As con-
centrations (Figs. 6.8 and 6.9): SO4 decreases 
with depth (as a result of sulphate reduc-
tion), while Fe and As are increasing with 
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depth, indicating hydrochemical processes 
going on as redox conditions change with 
increasing depths. It is here likely that the 
reduction of iron hydroxides has released 
adsorbed arsenic which was before bounded 
by surface complexation. Although system-
atic changes in concentration of these param-
eters with time have not (yet) been observed, 

Fig. 6.6 Spatial distribution of calcium content 
in the CaHCO3 waters in the recharge area of the 
Ledo–Paniselian aquifer: (a) variogram of the 
calcium content; (b) map of calcium concentration 
(in mg L�1).
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it is clear that in aquifers with a strong 
vertical stratifi cation, changes in the hydro-
dynamics (upward vs. downward fl ow com-
ponents) can cause baseline trends for the 
involved elements and species.

6.5.3 Bulgaria: the Razlog karst aquifer

The Razlog mountain karst aquifer (see 
Chapter 2) is situated in the southwest part 
of Bulgaria (Machkova, personal communi-
cation). The basin is made up of metamor-
phic rocks and marbles with thicknesses up 
to 1000 m. Any anthropogenic infl uence can 
be neglected because of the high mountain 
topography and the state environmental pro-
tection measures (a UNESCO recognised 
natural park).

Aquifer discharge takes place via several 
springs, some of them being measured (dis-
charge rate and composition) since 1962 
(Machkova, personal communication). The 
largest spring has a long-term average dis-
charge rate of 1100 L s–1. The aquifer recharge 
area is in the Pirin mountains, close to the 
Greek border. Snow accumulation and 
 melting has a strong infl uence on recharge 
and discharge variations, with cyclic sea-
sonal fl uctuations in karst spring discharge 
rates. The precipitation maximum in late 
autumn is totally transferred to the late 
spring and early summer recharge of the fol-
lowing year due to the permanent snow 
accumulation at the spring recharge zone.

The mountain rainfall water which feeds 
the karst system is quite pure. Spring waters 
are of the CaHCO3 type. Long-term calcium 
and bicarbonate concentrations are around 
35–40 and 150–170 ppm, respectively 
(Fig. 6.10). They have low Cl (c.5 ppm), Na + 
K around 10 ppm and SO4 is 15–20 ppm. 
Nitrate is generally below 1 mg L–1.
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Fig. 6.7 Arsenic evolution in a 
production well in the Neogene 
aquifer in Flanders (Belgium).

Fig. 6.8 Sulphate concentrations 
in the Neogene aquifer in 
Oud-Turnhout.

Fig. 6.9 Arsenic concentrations in 
the Neogene aquifer in 
 Oud-Turnhout.
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The time series includes 109 samples 
taken between 1962 and 2002. Evolution of 
spring discharge over the last 40 years of one 
large source (Fig. 6.10) shows a decreasing 
trend. A linear fi t shows a decrease with 
345 L s–1 over 4 decades. Chloride and sul-
phate concentrations show an increasing 
trend and bicarbonate decreases with time.

The gradual changes in composition can 
probably be related to a change in hydrody-
namics of the aquifer system as suggested by 
the slow decrease in discharge rate. A change 
in aquifer recharge and/or a shift of the dis-
charge area may be correlated with changes 
in climatological and meteorological condi-
tions such as altered precipitation rates or 
shifting in time of the main precipitation 
period, changes in winter snow cover and 
snow accumulation. Percolation times 
through the karst system (relative changes 
in the diffuse and conduit fl ow components) 
can have been changed affecting calcite dis-
solution rates. Changes in temperature and 
precipitation may also have altered vegeta-
tion cover and impacted the composition of 
the infi ltrating rainwater.

6.5.4 Czech Republic: the Turonian 
aquifer

Observation well records in the Turonian 
aquifer in Czech Republic (Paces, personal 
communication) span more than 15 years 
of measurements, starting around 1985 
(Fig. 6.11). In series STPT-33 a sudden 
increase in TDS occurs in the early 1990s 
correlated with higher sulphate and calcium 
levels, shifting the water type from CaHCO3 
to CaSO4 type. Nitrate increases sharply 
over this period. The last years concentra-
tions have decreased to pre-1990 levels, 
indicating a trend reversal. Because the 

hydrogeological and hydrochemical context 
of this observation well is not known, an 
anthropogenic source of the observed evolu-
tion cannot be excluded.

6.5.5 Denmark

Evolution of groundwater quality in the old 
well of the Carlsberg brewery (Hinsby, per-
sonal communication) provides a long time 
series between 1897 and 1945 (Fig. 6.12), 
which shows a sudden rise in Cl, Na, Ca and 
SO4 in 1940, due to increased salinisation by 
upconing of deeper more saline water after at 
least 40 years of pumping. After this change 
in water quality the well was not used any 
more. It demonstrates that in case of  upconing 
of more saline waters, the baseline quality 
deterioration can be quite sudden.

6.5.6 Estonia: the Basement aquifer

Time series from the Cambro–Vendian 
Basement aquifer in Estonia provide a 
20 years record and have been sampled regu-
larly and show an increase in a saline com-
ponent (Karro et al. 2004). In well 613 
(Fig. 6.13), a steady increase in Cl concentra-
tion over the 20-year monitoring period is 
observed, from less than 200 ppm in 1978, 
to over 700 ppm in 1997. The last years’ 
concentrations have decreased. The sodium 
concentrations increase, but they are 
depleted by around 50% compared to the Cl 
values. Together with the sodium and 
chloride changes, calcium is also increasing, 
while bicarbonate shows no systematic 
trend. The increase in Ca concentration is 
not due to increased calcite dissolution, but 
to the replacement of sodium by calcium by 
cation exchange. The exchanged moles of 
Na were calculated based on the chloride 
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concentrations and the seawater sodium to 
chloride ratio. The difference between the 
expected sodium content and measured 
 values is the amount which is exchanged 
with calcium. This exchanged amount 
increases as the saline component becomes 
more prominent.

The relative occurrence of the main ions 
(Fig. 6.14) shows that calcium and magne-
sium form around 60% of the cations, with 
the sodium contribution increasing to the 
end of the series, and a dominance of Cl over 
HCO3. The water is of the CaCl type, typi-
cally found in salinising situations where 
ion exchange (replacement of Na by Ca) 
occurs. Sulphate is virtually absent in the 
initial water, most likely because of sulphate 

Fig. 6.10 Selected parameters of a spring in the Razlog aquifer in Bulgaria.

Fig. 6.11 Observation well STPT-33 in the 
Turonian aquifer in the Czech Republic.
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reduction, but starts to increase as the 
marine component becomes more important. 
So while the reducing conditions were able 
to reduce sulphate in the initial CaCl water, 
the upconing deeper saline waters still have 
a high SO4 level.

On a cross-plot of Na and HCO3 as a func-
tion of Ca it is seen that bicarbonate concen-
trations are quite constant, between 2.5 and 
3 meq L–1, and not proportionally increasing 
with Ca. The excess of Ca above 2.5–3 meq 
L–1 is due to cation exchange, and not to 

intensifi ed calcite dissolution, and is induced 
by an increasing saline component as the 
increase of Na indicates.

It is possible that this is still the result of 
the history of the aquifer during glacial times, 
when less mineralised glacial waters have 
fi lled the reservoir. The cause of the increased 
salinisation is most likely linked to ground-
water exploitation of the aquifer, attracting 
deeper more saline waters. The origin of the 
saline water at depth is described by Karro 
et al. (2004).

Fig 6.12 Evolution of water quality in 
the Carlsberg well in Denmark 
(1897–1945).

Fig. 6.13 Evolution of Na, Cl, Ca, 
HCO3, and calculated exchanged 
cations in well 613 from Estonia.
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6.6  Conclusions

Identifi cation of baseline trends in time 
series should not exclusively be based on 
statistical methods, but should also consider 
the hydrochemical context in which these 
trends are found. Interpretation of trends 
requires a profound understanding of the 
ongoing geochemical processes and should 
take into account the intrinsic heterogene-
ity of groundwater bodies. Trends can be 
caused not only by triggered chemical reac-
tions but also by altered input concentra-
tions into the aquifer system. Changes in 
the hydrodynamics and fl ow cycles of aqui-
fers, due to exploitation or changes in land 
use, hydrography or climate, can move 
groundwater masses and cause changes in 
groundwater quality at a particular place and 
in pumping and  observation wells. 
Salinisation originating from infl ow or 
upconing of saltwater in coastal or salinised 
aquifers are among the most frequently 
found trends deteriorating groundwater 
quality. In systems where high fl ow veloci-
ties occur, like in karst aquifers, a short 
response time between changes in aquifer 

input and groundwater quality can be 
expected. Some hydrochemical processes act 
on timescales which are much longer than 
even the longest observation series. Examples 
of trends have been found in locations, rang-
ing from Scandinavian to Balkan countries.
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The groundwater monitoring requirements 
described are focused on unpolluted, pristine 
waters. These form the basis for defi ning the 
natural properties of groundwater derived 
from atmospheric or geological sources and 
for distinguishing natural phenomena from 
human impacts. Baseline monitoring net-
works imply long-term observation often at 
low frequencies and standardised measure-
ments and data that contribute to an under-
standing of the fl ow system, identifi cation 
of controlling geochemical processes and 
trends. Results provide key information for 
aquifer management and protection of high-
quality resources so as to safeguard the sus-
tainability of groundwater resources. Above 
all, the monitoring should lead to the long-
term stability and sustainability of water 
quality in the groundwater body with the 
preservation of the ‘good chemical status’ 
for present and future generations as defi ned 
in the EU (European Union) Water Framework 
Directive (WFD). The requirements for op-
timum design and sampling of baseline 
groundwater quality are discussed. The cur-
rent practice for monitoring in 13 European 
countries are then considered, showing the 
diversity of conditions that exist prior to the 
implementation of the EU Groundwater 

Directive, and how fast monitoring condi-
tions may change upon policy modifi cations.

7.1 Introduction

Groundwater is a key natural resource for 
present and future generations, and the pres-
ervation of its quality is a crucial step to-
wards the overall sustainability of resources 
(Custodio 2006). Natural groundwater-qual-
ity may evolve due to water–rock interac-
tion over time periods ranging from a few 
months to many thousands of years. 
Monitoring the changes in natural ground-
water quality requires a different approach 
towards the setting up, maintenance and op-
eration of routine groundwater monitoring 
networks, being something more than com-
pliance monitoring to enforce regulations. 
The emphasis is placed on the defi nition of 
the natural background status (baseline con-
ditions) of groundwater bodies and aquifer 
systems and how these may vary with time. 
Accordingly the results may then be used as 
a reference quality for future monitoring 
purposes and remediation actions. This 
groundwater reference quality may be the 
baseline water quality, defi ned in Chapter 1 

7 Monitoring and Characterisation of 
Natural Groundwater Quality
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as ‘the concentration of a given  element, 
species or chemical substance present in so-
lution which is derived from natural geolog-
ical, biological, or atmospheric sources’; or, 
the ‘good groundwater chemical status’ fol-
lowing the EU Groundwater Directive rec-
ommendations (EU 2006). 

Groundwater monitoring forms an essen-
tial part of water-quality assessment in most 
country programmes. For example, the 
United States Geological Survey (USGS) 
implemented the National Water-Quality 
Assessment (NAWQA) programme in 1991 
to develop long-term consistent and compa-
rable information on groundwater, and other 
water bodies in support of national, regional, 
state and local information needs and deci-
sions related to water-quality management 
and policy (NAWQA 2004). The NAWQA 
programme is comprehensive and focuses on 
the overall condition of water, how it changes 
with time and how natural and human ac-
tivities affect quality. As in many other na-
tional monitoring programmes, the NAWQA 
studies are currently focused on pollution 
(fate of agricultural chemicals, urbanisation 
impacts and nutrient impacts, for example). 
Rather than a holistic approach, the present 
study emphasises how the natural, unpol-
luted groundwater background quality may 
be recognised and, through monitoring, 
interprets how natural properties may vary 
with time and how superimposed human 
impacts may be identifi ed.

The setting up of a monitoring network of 
natural groundwater quality requires the 
prior detailed three-dimensional characteri-
sation of the physical framework of the 
groundwater body. Otherwise the ground-
water-quality network maybe unable to 
fulfi l its goal and may be too expensive when 
we compare the results and the importance 

of the information provided. From the refer-
ence aquifer studies in this book it is clear 
that each groundwater body has an indi-
vidual pattern of physical and chemical 
characteristics which are determined by 
climatic, geochemical, hydrological and 
ecological conditions prevailing in the catch-
ment area. A complete characterisation of 
the groundwater body requires an under-
standing of all natural processes that may 
contribute towards water-quality variation 
and change within the groundwater 
system.

A baseline monitoring network should be 
designed on the basis of an understanding of 
the groundwater system. Once established, 
it should also provide appropriate data to 
validate and update the conceptual model of 
the studied groundwater body and to act as 
the basis for interpretation of the main ob-
served spatial and temporal water-quality 
trends, so distinguishing natural phenomena 
from human impacts.

As with all monitoring, baseline moni-
toring requires the interpretation of a spe-
cifi c set of physico-chemical data, collected 
at a preselected geographical location (bore-
hole, spring, piezometer, etc.) and represen-
tative of a certain aquifer depth and area. 
Tracers may be included to calculate the 
residence times, to indicate past recharge 
regimes or mixing processes, and to provide 
early signs of water-quality degradation (not 
necessarily due to anthropogenic contami-
nation). Sampling frequency needs to refl ect 
monitoring objectives and will depend on 
the type of groundwater body; a deep con-
fi ned aquifer, for example, requires lower 
sampling frequencies than an unconfi ned 
aquifer, but often would benefi t from the use 
of a specifi c tracer to indicate the onset of 
any modern recharge.
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The interpretation of the groundwater 
baseline monitoring data should enable the 
identifi cation of natural variations in the 
groundwater body and how robust these are 
during abstraction. Spatial and temporal 
trends may be induced by natural processes 
(baseline changes, for example, increase in 
Cl due to aquitard diffusion, high Fe and Mn 
values induced by redox conditions, high F 
or As resulting from water–rock interaction) 
and those which are exacerbated as a result 
of human impact (e.g. increase in Cl in re-
sponse to saltwater intrusion or depletion in 
water levels, salt recycling by irrigation re-
turn fl ows, high NO3 due to land use change 
and agriculture practices).

The main outputs of groundwater baseline 
monitoring therefore are baseline trends, 
both in space and time, which may be used 
as early warning tools for regulators, for de-
fi ning policy and for end-users’ awareness. 
Baseline quality data may then be used as a 
control for comparison in areas suffering 
from anthropogenic impacts.

In this chapter we consider the basic 
requirements for the monitoring of natural 
groundwater quality and review the current 
practice in the main countries considered in 
this book, with the addition of others 
(Slovakia, Germany, Holland, Austria, 
Lithuania) who have provided up-to-date in-
formation to illustrate the very contrasting 
and complex situation prior to the imple-
mentation of the WFD.

7.2 Purpose of monitoring systems

Groundwater baseline monitoring pro-
grammes start from an understanding of the 
hydrogeological system and of all the related 
biogeochemical factors that may affect the 

groundwater baseline quality. The assess-
ment of groundwater usually involves set-
ting up a programme collecting successive 
groundwater samples at individual sites. 
Prior to this, regional characterisation of 
groundwaters will have established the main 
spatial variations (age, salinity, zonation in 
redox and major ion ratios, for example). The 
combined monitoring programme at many 
sites will therefore contribute to a spatial 
analysis of the regional baseline patterns 
over time.

Monitoring networks for groundwater 
baseline quality imply long-term observa-
tion, often at low frequencies and standardised 
measurement of groundwater-quality data 
that should contribute to: 
1 An understanding of the groundwater fl ow 
system patterns (identifi cation of ground-
water recharge and discharge areas, main 
fl ow paths, residence times, water balance);
2 identifi cation of the principal geochem-
ical processes controlling water quality and 
active within the aquifer;
3 detecting trends in the concentrations of 
key naturally derived constituents that may 
have implications for potability, human 
health or the health of the dependent ecosys-
tems that receive groundwater;
4 an early warning of the superimposed 
human impact and land management prac-
tices on groundwater quality;
5 providing enough geochemical data to 
establish cause–effect relationships;
6 providing advice on aquifer management 
and/or remediation actions in order to safe-
guard the sustainability of groundwater 
resources.

Perhaps the most important objective is to 
guarantee the long-term stability and sus-
tainability of the water quality in the ground-
water body with the preservation of the good 
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chemical status for present and future 
generations.

A further important and often overlooked 
area for monitoring is the unsaturated zone 
(see also Chapter 1). In porous media, the 
main natural properties of recharging ground-
water are determined in the uppermost few 
metres through evaporation of rainfall, soil 
biogeochemical processes and shallow 
water–rock interaction. Vertical movement 
of moisture proceeds slowly, typically of 
rates between 0.5 and 1.0 m yr–1. The atten-
uation of acidity takes place through silicate 
weathering especially the depletion of base 
cations. Chloride which remains inert is 
concentrated by evapotranspiration and may 
be used as the measure recharge rates and 
also in favourable circumstances as a record 
of recharge history (Edmunds and Gaye 
1994). Monitoring the unsaturated zone has 
been used extensively to demonstrate the 
slow movement of contaminants towards 
the water table creating the persistent pollu-
tion problems due especially to agrochemi-
cals (Parker et al. 1991), farmyard slurry 
(Gooddy et al. 2002) and from leachates be-
neath landfi ll sites (Williams et al. 1992). 
However several studies also emphasise the 
natural attenuation of acidity and the extent 
of mobilisation of aluminium and other met-
als (Ohse et al. 1984; Stuyfzand 1984; Moss 
and Edmunds 1992).

7.3 Design of Groundwater Baseline 
Quality Networks

The basic steps in designing a groundwater 
baseline quality monitoring network are to: 
1 conduct a detailed study of the regional 
hydrogeology;
2 build a realistic and appropriate concep-
tual model of the groundwater system;

3 select and/or install the groundwater sam-
pling sites;
4 defi ne the range of variables and tracers to 
monitor;
5 verify the laboratory analytical protocols 
and detection limits;
6 choose the sampling protocol and any 
preservation methods in agreement with the 
laboratories;
7 defi ne the sampling frequency;
8 decide on which type of data analysis and 
interpretative approaches should be used so 
that early warning is provided in time for 
decision making and sustainable aquifer 
management;
9 check periodically the validity of the con-
ceptual model. 

The initial survey of a groundwater body 
may need to involve a wide range of chem-
ical and isotopic tracers to establish the geo-
chemical controls on water quality. However, 
once a conceptual model has been built 
using detailed studies, the main monitoring 
programme may involve only a few key indi-
cator elements, those most sensitive to 
change.

7.3.1 Location and density of the 
monitoring sites

The density of monitoring wells should 
depend on the size and heterogeneity of the 
groundwater body, the geological and hydro-
geological characteristics of the groundwater 
system, the aquifer vulnerability and the 
risk posed to the aquifer from potential con-
taminant sources. A guideline value for nat-
ural baseline monitoring has been suggested 
(Vrba 1989):
O   10–100 km2/sampling point for regional 
monitoring;
O  100–10,000 km2/sampling point for 
national monitoring.
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Each aquifer however is unique and selec-
tion of sites is ideally based on local knowl-
edge and experience, and sampling point 
density may change according to local con-
ditions. Within the available budget, sam-
pling sites should be representative, and 
should be able to monitor geochemical evo-
lution along the same fl ow path. Given the 
long turnover time of most aquifers, water-
quality distribution is the result of former 
fl ow patterns and may not follow current 
ones, especially when aquifer development 
is intense. Then, fl ow paths to be considered 
depend on the new circumstances and the 
pumping regime.

The location of monitoring sites requires 
experience and is not a task for newcomers 
as has been the practice in many 
organisations.

7.3.2 Measurement and sampling 
frequency

The sampling frequency is a function of 
the nature of the groundwater body and also 
a compromise between the logistical and 
fi nancial resources for sample collection and 
laboratory analyses. Optimal frequencies 
have also to be adjusted to hydrogeological 
aspects (residence time, fl ow velocity) and 
seasonal infl uences (climate, atmospheric 
inputs) and statistical considerations. The 
nature and response-time of the aquifer and 
of the target element or substance guide the 
choice of sampling frequency.

Groundwater velocity in porous media is 
usually slow, in the order of a few  centimetres 
to some tens of metres per year and, conse-
quently, the variability of natural groundwater 
quality is also slow. In an unconfi ned aquifer 
the measurement and sampling frequency 
needs to be higher than in a confi ned aquifer, 

due to the different conditions and temporal 
changes in water quality. Operational sam-
pling and analysis frequencies could there-
fore vary from once every 6 years for a 
confi ned, slow-fl ow aquifer and for a param-
eter which is not related to any anthropo-
genic infl uence, to several times a year for 
the outcrop area with rapid groundwater 
fl ow (or fl uctuating water table) and a param-
eter which is a rapidly responding indicator 
of groundwater-quality change. The sam-
pling frequency should therefore be a 
function of the nature of the groundwater 
body and also a compromise between the 
logistical and fi nancial resources for sample 
collection, including enough pumping time 
to get a reproducible sample under compa-
rable conditions, and laboratory analyses.

7.3.3 Parameter selection

Baseline quality changes described elsewhere 
in this text are likely to be recognisable to a 
large extent by major ion ratios (e.g. for solu-
tion phenomena, ion exchange and salinity). 
Increase and decrease in major anions will 
be particularly indicative of salinity (Cl, SO4) 
and of water softening associated with cation 
exchange (HCO3). Redox processes can be 
followed using reduction-oxidation poten-
tial (Eh), dissolved oxygen (DO), nitrate 
(NO3) and total dissolved iron (FeT). A 
number of trace elements may also be indic-
ative of increased residence times, since the 
build up of key trace elements are related to 
time dependent geochemical processes 
(Edmunds and Smedley 2000). Key isotopic 
indicators such as tritium or organics such 
as pesticides should also be included to indi-
cate the presence or absence of modern water 
(Gaye 2001; Loosli and Purtschert 2002). 
In practice, very few situations will be 
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monitored at the minimum requirement and 
the complex pattern of land use of a rela-
tively densely populated country means that 
many sampling sites will require monitoring 
for a wide range of elements or species.

Specifi c parameters for monitoring natural 
properties of groundwater are summarised 
in Table 7.1 and include fi eld measurements 
such as pH, groundwater temperature (T), 
specifi c electrical conductance (SEC), reduc-
tion–oxidation potential (Eh), dissolved ox-
ygen (DO) and alkalinity. For laboratory 
analysis Na, Ca, K, Mg, Cl, SO4, Si, NO3, 
NH4, B, Ba, Sr, F, Br and certain other trace 
metals that may have signifi cant mobility in 
specifi c geological environments such as Fe, 

Mn, As and Cr, should be considered. Thus a 
good knowledge of the aquifer lithology (car-
bonate versus non-carbonate) and geological 
setting (e.g. presence of secondary minerals) 
may be used to guide decisions about which 
specifi c parameters need to be measured and 
in which areas.

Isotope indicators should also be consid-
ered for groundwater baseline monitoring 
purpose in association with other chemical 
tracers. Some isotopic analyses may be rela-
tively expensive but this may be offset by 
the fact that careful studies of representative 
aquifers may allow the overall sampling 
frequency to be reduced for larger areas. 
Isotope tracer methods are useful indicators 

Table 7.1 Principal indicators used in the monitoring of natural (baseline) properties of groundwater.

Parameter Role and characteristics for baseline monitoring

pH Indication of buffer capacity of the system. Should be invariant in most natural systems. Key 
changes are possible near and below pH 5.5. Sudden changes may be a cause for concern

SEC Main parameter for monitoring and proxy for TDS and salinity. Careful temperature calibration 
needed. To detect small perturbations

Eh Main tool for redox characterisation. Rapid changes indicate change from aerobic to anaerobic 
status

DO Indicating natural changes in consumption of oxygen in the natural system due to water-rock 
interaction

TOC Low baseline concentrations in most natural groundwaters
Cl Inert and mobile tracer of salinity and, with SEC, for detecting first indications of perturbations
SO4 Natural concentrations vary due to oxidation of sulphides and gypsum dissolution
HCO3 Indication of inputs from soils and land use and, in deeper groundwater, following cation 

exchange
NH4 Very low natural baseline expected except in reducing groundwaters
Na See Cl and also HCO3 above
K Characterisation of the natural system due to water-rock interaction (silicates)
Al Low in neutral groundwater, but monitoring important in waters with pH ≤ 6.0
As Potential for elevated concentrations in some aerobic and also in reducing sections of clastic 

sediments
Cr Potential for elevated baseline concentrations in some aerobic groundwaters
F Naturally high concentrations in deep, older groundwaters (mostly carbonate aquifers)
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of past and present recharge conditions and 
especially water age. They can help to an-
swer questions relating to the age structure 
and the mixing components of a water body 
and with the validation and calibration of 
fl ow and transport models. The principal 
roles of isotopic tracers in groundwater base-
line-monitoring are considered further in 
Loosli and Purtschert (2002). Further back-
ground to the application of isotopic tracers 
in baseline studies can also be found in 
Chapter 5 in relation to several reference 
aquifers.

7.3.4 Selection of monitoring sites

The installation of purpose-drilled 
 monitoring wells to specifi ed depths, with 
known screened intervals, offers the best 
chance of obtaining samples that are reason-
ably representative of conditions in the 
aquifer, although purpose designed networks 
may not always be feasible. When selecting 
the borehole drilling methods, it must be 
clear that water samples from boreholes 
must be free of drilling fl uids.

When using already available boreholes, it 
is important that they have good  supporting 
geological information and construction 
details. Short-screen lengths or partial pene-
trating in the aquifer are preferable. However, 
it must be taken into account that short-
screened boreholes may have a small yield 
making sampling problematic when perme-
ability is low.

The use of large diameter and/or long-
screened wells for monitoring purposes 
should be avoided, and mild steel cased bore-
holes should be used with caution. Also, the 
use of existing water supply wells for moni-
toring purposes may lead to the collection of 
water samples that may be a mixture of 

water from different aquifer layers, and 
sample quality may be variable with time 
and pumping rates.

A knowledge of the vertical distribution 
of groundwater quality is very important to 
provide a three-dimensional understanding 
of the fl ow system (Buckley 2001); construc-
tion of the borehole itself is very likely to 
have disturbed the local groundwater fl ow 
regime. This is especially likely for bore-
holes open over much of their length and sit-
uated in recharge or discharge areas  giving 
rise to signifi cant vertical components of 
groundwater fl ow. A borehole may also pen-
etrate two or more aquifers separated by im-
permeable strata. Different hydraulic heads 
may produce upward or downward compo-
nents of fl ow, and the borehole itself may in-
duce cross-contamination by permitting 
fl ow from one aquifer to the other. Such 
boreholes are generally very misleading for 
baseline monitoring purposes, and represen-
tative groundwater samples are unlikely to 
be obtained, whatever sampling method is 
used. Vertical sampling of the aquifer under 
unconfi ned conditions may identify a grada-
tion in water quality, with modern, often 
polluted waters overlying older pristine 
groundwater. Understanding this stratifi ca-
tion through logging and monitoring is im-
portant for the overall protection of the 
groundwater resource.

7.3.5 Groundwater sampling 
considerations

Representative water samples need to be 
stored and transported to the laboratory for 
analysis with minimal disturbance. The pro-
cedures used to collect, store and analyse 
groundwater-quality samples, and to eval-
uate analytical results should ensure that 
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the data are of the type and quality neces-
sary to meet the objectives of the monitoring 
programme. Groundwater sampling cam-
paigns should follow international protocols 
but optimised for local conditions.

It is good practice to use a multiport fl ow-
through cell connected in-line to obtain reli-
able geochemical fi eld data without risk of 
aeration. Measurements of the principal 
fi eld parameters – pH, temperature (T), spe-
cifi c electrical conductance (SEC), reduction-
 oxidation potential (Eh) and dissolved oxygen 
(DO) should be made from the discharge 
 during pumping conditions and recorded 
once a stable reading is achieved. Redox 
readings are measured by platinum electrode 
and, are reported relative to the standard hy-
drogen electrode (SHE); however under aer-
obic conditions Eh measurements will be 
meaningless since the Platinum electrode 
(Pt electrode) behaves as a pH electrode 
(Whitfi eld 1974).

Samples for subsequent major, minor, 
trace element analysis should be fi ltered in 
the fi eld through 0.45 μm membrane fi lters 
into two separate acid-washed high-density 
polyethylene bottles. Sample preservation 
for both inorganic and isotopic analysis 
should follow protocols advised by the labo-
ratory where the samples are analysed. It is 
usual to stabilise trace metals to approxi-
mately pH 1.5 by adding high-purity HNO3 
or HCl (1:100), depending on the analytical 
procedure being used.

7.4 Baseline monitoring and policy 
considerations

Demonstrating the purity and wholesome 
properties of groundwater is of interest to 
everyone, especially the general public who 
are often sceptical of the quality of treated 

waters. Water which can be demonstrated to 
be free of contaminants requires recognition 
and special protection. Thus baseline moni-
toring is aimed strategically at conservation 
of pure water bodies and not just at the needs 
of compliance.

The European Parliament and Council 
Directive established a framework for 
Community action (in 2001) in the fi eld of 
water policy: the WFD. This legislation 
includes the Groundwater Directive 80/68/
EEC (EU 1980a) and The Drinking Water 
Directive 98/83/EC (EU 1980b), among oth-
ers. Within the WFD all Member States are 
required to assign groundwater bodies to 
river basin districts and establish competent 
authorities, using existing structures or cre-
ating new ones, and establish administrative 
arrangements to ensure that the Directive is 
implemented effectively within each river 
basin. These competent authorities are then 
required to make institutional arrangements 
to enable the planning, monitoring and enforc-
ing of the requirements of the Directive.

The guidelines of the Directive suggest 
that an initial surveillance monitoring pro-
gramme supplement and validate the impact 
assessment procedure and provide informa-
tion for use in the assessment of long-term 
trends both as a result of changes in natural 
conditions and through anthropogenic ac-
tivity. The results of this programme then 
lead to operational monitoring programme 
in order to establish the chemical status of 
all groundwater bodies determined as being 
at risk and to establish the presence of long-
term anthropogenic induced upward trend 
in the concentration of any pollutant.

The WFD requires the classifi cation of all 
European water according to quality status. 
One of the basic elements for that is the defi -
nition of water types and, limited to surface 
waters, the defi nition of reference conditions 
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as a basis for the assignment of the ecological 
quality class. Therefore, no reference condi-
tions are requested for groundwater, being the 
assignment of the quality classes classifi ed as 
‘good or not good’. Baseline quality moni-
toring should be assigned as the basis to estab-
lish reference conditions and leading to a 
more reliable classifi cation of the groundwa-
ter-quality status.

7.5 Current status of groundwater-quality 
monitoring in Europe

Preservation of good quality groundwater 
resources is one of the main environmental 
concerns in Europe, in part because of the 
particularly high population densities. The 
relative scarcity of natural, pure freshwater, 
associated with the risk of its gradual con-
tamination, makes groundwater one of the 
most important resources for present and 
future generations, and requires an increased 
effort to protect this unique resource from 
further degradation. The assessment of 
groundwater quality may be achieved through 
adequate groundwater monitoring, which is 
crucial for effective groundwater manage-
ment. European countries follow different 
approaches towards groundwater-quality 
monitoring and there is still a long way to-
wards a common implementation strategy.

The groundwater monitoring programmes 
carried out in the European countries con-
sidered in this paper can be divided into 
three categories:
1 Surveillance monitoring

(a) to supplement and validate the impact 
assessment procedure
(b) to provide information for the assess-
ment of long-term trends due to changes 
in natural conditions

(c) to provide information on anthropo-
genic activity and for improving moni-
toring networks;

2 operational monitoring
(a) to be undertaken within two surveil-
lance monitoring periods
(b) to establish the chemical status of 
bodies at risk
(c) to establish the existence of any up-
ward long-term trend in the pollutant 
concentration;

3 investigative monitoring
(a) to be applied when operational 
monitoring has not yet been established 
and water bodies are at risk
(b) to be used to verify the impacts dimen-
sion and to study unknown reasons of 
critical chemical status.

The objectives vary with the monitoring 
type followed but could be summarised as 
follows:
1 To characterise groundwater quality status;
2 to identify changes and trends in ground-
water quality over time;
3 to identify existing groundwater problems 
with recognition of potential contamination 
sources;
4 to determine whether the goals of imple-
mented remediation programmes are being 
met.

In most of the 13 countries in this investi-
gation, the drinking water quality standards 
and related legislation are still used to man-
age groundwater-quality. Some countries are 
still setting up their national groundwater- 
quality monitoring networks following WFD 
recommendations (e.g. Portugal, Belgium, 
France, Spain) but others have already defi ned 
or are currently defi ning baseline values 
(e.g. Malta, Czech Republic, Poland, Estonia, 
UK) as a basis for the interpretation of the 
observed spatial and temporal variations.
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The synthesis of different national moni-
toring groundwater programmes is based on 
national reports and may rapidly change. 
The objective is not to show in detail what is 
done in each country – large variations are 
even possible within a country – but to show 
the diversity of conditions that exist prior to 
the implementation of the EU WFD.

7.5.1 Belgium

In Flanders a regional groundwater-quality 
monitoring network comprising all aquifers 
has been established and has recently been 
extended. But the majority of the monitoring 
wells are still only being used for piezometric 
measurements. However, this may change 
in the near future. Besides, a dense shallow 
groundwater-quality monitoring network 
has been established for  monitoring nitrate 
pollution; but complete chemical analyses 
are being performed on these wells.

Local and private groundwater monitoring 
wells are used to monitor specifi c potential 
contamination sites, with the measurements 
mostly restricted to parameters related to 
contamination.

The water supply companies often have 
efficient monitoring networks in the protec-
tion areas around their pumping wells. These 
networks have limited geographical extent 
and comprise specifi cally drilled monitoring 
wells, production wells and abandoned pro-
duction wells.

7.5.2 Bulgaria

The Ministry of Environment and Water 
(MoEW) of Bulgaria is responsible for the 
setting up and implementation of ground-
water monitoring networks. The country 
is covered by 35 observatory centres that 
supervise over 2000 monitoring stations. 

Systematic hydrological measurements are 
available since 1920, while hydrogeological 
observations started later, in 1958. More 
than 1200 voluntary observers contribute to 
the maintenance of these networks while 
full-time personnel work only in some of the 
most important stations. The groundwater 
monitoring network includes 508 observation 
points: 106 springs, 340 deep and shallow 
wells and 62 pumping stations, used for mea-
suring spring discharge, groundwater table and 
groundwater chemical status, respectively.

The National Groundwater Quality 
Monitoring Network managed by National 
Institute of Meteorology and Hydrology 
(NIMH) and by the Executive Environmental 
Agency (EEA) at the MoEW consists of about 
400 observation points (120 springs and 280 
boreholes). The boreholes belong to pump-
ing stations and in most cases are sampled 
twice or four times a year. A limited number 
of chemical species are monitored:
O Field data: pH, temperature and specifi c 
electrical conductivity (SEC);
O major and trace elements analysed in the 
laboratories: alkalinity as HCO3, NO3, NO2, 
NH4, PO4, Ca, Mg, Na and K, SO4, Cl, Mn, 
Fe, hardness, COD and dissolved oxygen.

Long series of data exist for the major ele-
ments while trace element data are more 
limited.

7.5.3 Czech Republic

The Czech Republic currently has one of the 
most complete groundwater monitoring pro-
grammes in Europe. The programme started 
in 1984 with the monitoring of springs and 
shallow boreholes and was extended in 1991 
by the monitoring of deep boreholes. A total 
of 462 sites are monitored including 137 
springs, 147 shallow boreholes and 178 deep 
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boreholes. Groundwater samples are collected 
twice a year in spring and autumn.

The monitoring programme includes the 
regular analysis of:
1 Physico-chemical parameters (twice per 
year): turbidity, colour, sediment, odour, 
SEC, acid neutralisation capacity, pH, DO, 
oxidation reduction potential (ORP), dis-
solved organic carbon (DOC), total hardness, 
SiO2, COD, CO2, NO2, NO3, NH4, PO4, SO4, 
HCO3, Cl, F, Mn, Fe, Mg, Ca, K, Na, Li, cya-
nide, phenols and humic substances;
2 heavy metal and metalloid analysis (twice 
per year): Al, Cr, Zn, Pb, Cu, Ba, Sr, Cd, Ni, 
As, Mo, Be, B, Co, Se, V, Sb and Hg;
3 organic compounds (twice per year): 
polycyclic aromatic hydrocarbons (PAH), 
volatile organic compounds, chlorinated 
hydrocarbons, pesticides and other dan-
gerous substances;
4 radioactivity (annually).
All the data are stored in a searchable data-
base and client applications include data 
loading, data check, data retrieval and data 
presentation. Technical documentation on 
monitoring sites completes the database. 
The national agency responsible for the 
groundwater monitoring programme is the 
Czech Hydrometeorological Institute.

7.5.4 Denmark

Drinking water in Denmark is obtained al-
most exclusively from groundwater. On a 
national scale, the exploitable resource is 
greater than the present abstraction but cli-
mate change, increasing contamination and 
changes in land use may adversely affect the 
future groundwater resources. Some areas 
close to the greater cities are overexploited. 
Groundwater-quantity monitoring is carried 
out in a national network of approximately 

100 wells (GEUS 2005). Additionally, there 
are a number of regional monitoring wells 
and the water supply companies monitor 
piezometric heads in their abstraction wells 
and around main well fi elds. Currently, an 
important hydrological modelling project is 
carried out in cooperation between GEUS 
and the regional water authorities.

Groundwater-quality monitoring in 
Denmark is based on detailed groundwater 
chemical analysis in 73 monitoring areas, 
5 agriculture catchments and on the results 
of the regular groundwater-quality moni-
toring by the water supply companies. 
Overall, this provides the available informa-
tion on groundwater chemistry and pollu-
tion at the national scale.

The groundwater monitoring is estab-
lished within small catchment areas 
(5–50 km2) with one abstraction well (volume 
 monitoring) to represent fl owing ground-
water and up to 22 monitoring wells (line 
monitoring in the main aquifer and point 
monitoring in secondary aquifers).

Sampling in these areas involves 
 measurement of the following parameters:
1 Sixteen main groundwater  components 
(DO, NO2, NO3, NH4, Ca, Na, Mg, K, HCO3, 
Cl, SO4, Fe, Mn, Non-volatile organic carbon 
(NVOC), total P and aggressive carbon di-
oxide). F, Sr, total nitrogen, orthophosphate/
phosphorous, hydrogen sulphide and methane 
have also been part of the monitoring pro-
gramme until 2006, but will be left out from 
2007 onwards due to fi nancial restrictions 
and because it was considered they provided 
limited information;
2 Eight trace elements (Al, As, Cd, B, Ni, Pb, 
Cu and Zn). Until 2006, also Sb, Ba, Co, Cr, 
I and Se were monitored. Earlier also Br, CN, 
Li, Hg, Tl, Sn, Ag and V were part of the 
monitoring programme;
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3 Eighteen organic micropollutants (aromatic 
hydrocarbons and phenolic compounds);
4 Thirty-fi ve pesticides and metabolites 
have been regularly monitored in the na-
tional monitoring programme.

7.5.5  Estonia

The Estonian national groundwater moni-
toring programme began in the mid-1950s 
and includes observation records of over 20 
yr for most aquifers. It is divided into three 
monitoring subprogrammes with different 
objectives, covering all the country and its 
aquifer systems: 
1 Groundwater basic monitoring programme;
2 groundwater monitoring of agricultural 
areas;
3 groundwater monitoring of industrial 
areas.

The groundwater basic monitoring pro-
gramme includes seven monitoring districts 
each of which has different hydrogeological 
conditions and human impacts (volume of 
abstraction, type of industries, agriculture 
practices). It includes 80 investigation sites 
and 340 monitoring wells for the whole 
country and different aquifer systems. The 
monitoring districts have been divided, 
according to the dominant groundwater 
stress or vulnerability, into three groups: 
1 Aquifers with natural conditions;
2 aquifers with intensive abstraction;
3 aquifers affected by impact of the dewater-
ing of mines and quarries or by industrial 
activities.

The groundwater basic monitoring pro-
gramme includes:
1 The measurement of the groundwater 
level in 306 wells with a frequency of 3 or 
5 times a month in shallow aquifers, and 
once a month in deeper aquifers;

2 the groundwater sampling for chemical 
analysis from 22 wells once a year (for deeper 
aquifers, with a slower groundwater move-
ment and stable chemical compositions) or 
twice a year (for shallow aquifers with high 
rates of recharge, with the samples being 
taken in spring with high water levels and in 
summer, after the dry season);
3 the chemical analysis includes T, Eh, SEC, 
pH, Na, K, NH4, NO3, NO2, Ca, Mg, Fe, Cl, 
SO4, CO3, HCO3, total hardness, SiO2, CO2, 
COD. In some cases, a reduced number of 
analyses are carried out, usually including 
specifi c parameters, such as Cl, NH4, NO3 
or SO4.

7.5.6 France

The groundwater monitoring history in 
France is relatively complex and the situa-
tion is evolving fast, following the recent 
‘Loi sur l’eau’ (2006) and the WFD. Many 
institutions are still nowadays involved in 
monitoring of groundwater quality, in-
cluding public institutions associated with 
different Governmental Ministries (mainly 
Health, Industry and Environment), private 
companies and independent syndicates or 
associations. Until 1999, and with the 
exception of the Departmental Divisions of 
Social and Sanitary Affairs (DDASS), there were 
no precise rules for defi ning groundwater-
quality monitoring practices, nor any pro-
tocol on the parameters to be measured or 
the monitoring frequency.

The DDASS are responsible for moni-
toring the groundwater quality for public 
water supply and the analytical results are 
included in a database called SISE-EAUX. 
However, this database is difficult to use, 
due to the great diversity of sampling points 
(springs, boreholes, taps, pipes, etc.) and to 
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the different levels/types of hydrochemical 
investigations.

The Regional Environmental Authorities 
(DIREN), the Water Authorities (Agences de 
l’Eau), private companies and the territorial 
communities associated with national tech-
nical authorities are all involved in ground-
water monitoring. The French Geological 
Survey (BRGM) and the universities also 
carry out some monitoring during specifi c 
studies and for limited periods of time. 
However, all of them follow their own mon-
itoring methodology, which may also change 
with time and project objectives.

The national groundwater monitoring 
programme (ONQES, Observatoire National 
de la Qualité des Eaux Souterraines) has re-
cently tried to combine all these networks at 
regional, local or river basin scale  covering 
the whole country [Institut Français de 
l’Environnement (IFEN) 1994].

In 1992, a national network including the 
Health and Environment Ministries, the 
French Water Agency, the Fishing Council, 
IFEN, French Research Institute for 
Exploitation of the Sea (IFREMER), Électricité 
de France (EDF), Météo France and Bureau 
de Recherches Géologiques et Minières 
(BRGM) was created. One of the objectives 
was to gather homogeneous and assessable 
data and to create databases at the river basin 
scale. The sampling sites were selected to be 
around drinking water supply boreholes in 
every kind of aquifer. The sampling frequency 
for basic  monitoring programmes varies 
between one and four times a year. The 
parameters observed are listed in an ordi-
nance of the French Health Ministry that 
defi nes the detection limits, analytical refer-
ence methods and the percentage of preci-
sion. More than 200 institutions are involved 
in sampling and analysing the groundwater 

quality data. These activities are not stan-
dardised and there is also a lack of national 
quality control and assurance procedures. 
There are internal obligations for the labora-
tories to use comparable standardised regu-
lation for precision and accuracy.

The Water Department of the Ministry of 
Environment coordinates the programmes 
for groundwater monitoring activities. The 
Ministry is assisted by BRGM, which man-
ages the national groundwater database 
(ADES), and the Ministry of Social Affairs 
and Integration, which is responsible for 
sampling and analysing procedures. The 
monitoring networks show that the prin-
cipal groundwater quality problems in 
France are related to high concentrations of 
arsenic, selenium, nitrate and pesticides in 
groundwater. However, at present, a new 
evaluation protocol for groundwater quality 
(SEQ) is in preparation by Water Authorities 
(Agences de l’Eau).

7.5.7 Groundwater monitoring in 
Germany

In the Federal Republic of Germany, the 
monitoring of groundwater quality is the 
responsibility of the Federal states (Länder). 
To this end, in recent decades, the Länder 
have systematically developed networks of 
groundwater monitoring sites. The aims of 
groundwater monitoring are:
O to ensure the timely detection of adverse 
changes in quality;
O to develop targeted remediation and min-
imisation strategies depending on the causes 
of pollution; and
O to assess the effectiveness of such protec-
tive measures.

In addition to the various measurement 
networks devised for the requirements of 
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specifi c Federal Länder, two national net-
works have now also been created. As a rule, 
these draw on existing monitoring sites in 
the Länder networks.

Both networks supply the data basis for 
reports by the Federal Republic of Germany 
to the European Union and the European 
Environment Agency (EEA). This moni-
toring network supplies the essential data 
for Germany’s reporting to the EEA in 
Copenhagen. The Federal Länder have asked 
the Federal Environmental Agency to pre-
pare these reports on their behalf and submit 
them to the EEA. The monitoring network 
was compiled in collaboration with the 
Federal Länder, based on the following 
criteria:
O it should be a representative network pro-
viding an overview of the quality of ground-
water throughout the whole of Germany;
O the Federal Länder have stipulated that it 
should be comprised of approximately 800 
monitoring sites;
O these monitoring sites should be evenly 
distributed throughout the entire territory 
of the Federal Republic of Germany; and
O should be located primarily in the upper-
most main groundwater aquifers.

Each year, the Federal Länder supply 
the Federal Environmental Agency with the 
monitoring results from this network. The 
Federal Environmental Agency records and 
analyses this data. At the end of each year, 
the Federal Environmental Agency compiles 
the data from the Länder in accordance 
with the requirements of the EEA and sub-
mits it to Copenhagen.

The federal states (Länder) are requested 
to provide data on the following parameters 
and substances; in general sampling should 
take twice a year but at least once a year: 
temperature, pH; electrical conductivity, O2; 
NH4; NO2; NO3; O–PO4; Cl; SO4; B; DOC, K; 

Na; Ca; Mg, heavy metals/metals/metal-
loids, Al; As; Pb; Cd; Cr; Fe; Cu; Mn; Ni; Zn, 
aliphatic halogenated hydrocarbons and 
pesticides.

In addition, the federal states provide data 
to characterise the site and its catchments 
area as altitude of site and fi lter position, 
type of sampling site (well, spring, etc.), land 
use, hydrogeology (stratigraphy, petrography) 
and type of aquifer (porous rock, fi ssured 
rock, karst).

A nitrate monitoring network was devised 
by the Federal Länder with the sole purpose 
of fulfi lling the specifi c monitoring require-
ments of the EC Nitrate Directive. Under 
the 1991 Nitrate Directive, Member States 
are obliged to carry out action programmes 
to minimise water pollution caused by 
nitrate from agricultural sources. The moni-
toring data is intended to demonstrate how 
the action programmes have affected ground-
water quality. Reports must be prepared 
every 4 years and submitted to the European 
Commission. The following criteria apply to 
the selection of monitoring sites:
O The sites should be in the groundwater 
aquifer close to the surface. Analysis focuses 
primarily on the uppermost aquifer.
O The monitoring sites should indicate sig-
nifi cantly elevated nitrate levels (greater 
than 50 mg L–1, but at least greater than 
25 mg L–1 NO3).
O The elevated nitrate levels must be clearly 
traceable to agricultural sources.
O The selected monitoring sites should be 
representative of the largest possible catch-
ment area, that is, they should demonstrate 
the impacts of diffuse substance inputs.

The monitoring network comprises around 
180 sites from which samples are generally 
taken two to four times each year. The nitrate 
monitoring network selectively records 
groundwater pollution in contaminated 
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areas (worst case scenario), and unlike 
the EEA monitoring network, is not repre-
sentative of groundwater pollution in 
Germany.

7.5.8 Malta

The monitoring of groundwater quality in 
Malta dates back to 1944 (also with some 
earlier data). The Maltese Regulatory 
Authority (MRA), as the Regulator, is respon-
sible for coordinating groundwater moni-
toring while the Water Services Corporation 
is the implementing agency. The principal 
aquifer systems monitored in Malta are all in 
fractured carbonate rock.

Over 95% of Malta’s aquifers are moni-
tored for groundwater quantity and quality. 
The network density is variable depending 
on the number of wells in operation. 
Monitoring points include boreholes specifi -
cally drilled for gauging purposes and decom-
missioned boreholes that are no longer in 
use for production purposes. Most of the 
monitoring boreholes are located in the 
mean sea-level aquifers (20 in Malta and 6 in 
Gozo) because of their strategic importance 
in terms of water resources. The perched 
aquifers are only monitored for quality and 
quantity at the point of discharge.

Groundwater quality is usually evaluated 
monthly and the parameters measured in-
clude piezometric level, pH, SEC, Cl and 
NO3. A new network is being proposed and 
takes into account new monitoring require-
ments set out by the WFD. It will have a 
minimum network density of one moni-
toring station per 16 km2 of aquifer and a 
minimum of three monitoring points per 
aquifer. Monitoring stations will be fi xed 
and monitoring will not depend on whether 
a source is connected to public supply or 
not,  ensuring a continuous track of data.

Baseline values are currently being defi ned 
but EU maximum admissable concentra-
tions (MAC) values have been adopted as 
standard values. When groundwater does 
not comply with those values, the borehole 
is decommissioned from the public supply 
network or the water treated further before 
being used for drinking purposes. The main 
identifi ed groundwater quality problems are 
related to high nitrate concentrations and 
localised salinisation problems.

7.5.9 Poland

The National Groundwater Monitoring in 
Poland is integrated in the Environmental 
Protection Programmes. The legal basis for 
the national environmental monitoring 
system was established in 1991, after the 
Polish Parliament approved the State 
Inspector of Environmental Protection Act.

Presently in Poland there are three differ-
ent groundwater monitoring networks at na-
tional scale, as well as a number of regional 
and local monitoring networks. The national 
scale groundwater monitoring networks 
include:
1 monitoring of groundwater quantitative 
status;
2 groundwater level monitoring network;
3 monitoring of groundwater chemical 
status;
4 groundwater-quality monitoring.

The groundwater-quality monitoring is 
carried out by the Polish Geological Institute 
(PGI) and works within the framework of the 
environment quality monitoring programme 
of the State Environmental Monitoring 
System.

The PGI set up the Stationary Groundwater 
Observation (SGO) network to monitor 
the primary and secondary usable aquifers 
within the entire country, excluding mineral, 
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therapeutic and thermal waters. The aim of 
the programme is to determine the fresh-
water dynamics, to protect groundwater 
resources from excessive exploitation, to 
prevent groundwater quality degradation 
and also to promote the public access to the 
results. The SGO network has about 600 
monitoring sites, with a number of sites per 
aquifer system proportional to the estimated 
groundwater resources. For each observation 
point there is documentation concerning the 
geology, hydrogeological parameters and 
data regarding the environment (location, 
management method, land use, etc.).

The monitoring is made regularly, obser-
ving the groundwater, assessing and inter-
preting the groundwater-quality changes. 
The aim of groundwater monitoring is to 
support the actions leading to limitation of 
any negative infl uence of human impact on 
the groundwater. The groundwater-quality 
monitoring network has over 700 sites (ex-
ploitation wells, observation wells, dug wells 
and springs), monitoring various hydrolog-
ical units. The proportion of sites monitoring 
shallow unconfi ned groundwater and deep 
groundwater are 54.6% and 45.4%, respec-
tively. The sampling of the monitoring net-
work is carried out by the PGI once a year 
between July and September.

The Central Chemical Laboratory of the 
PGI in Warsaw, holding a quality certifi cate, 
carries out the measurement of the ground-
water parameters. These include the follow-
ing physico-chemical indicators: acidity, 
alkalinity, Al, NH4, As, Ba, CO3, HCO3, B, 
Br, Cd, Ca, carbonate hardness, Cl, Cr, Cu, 
DOC, SEC, F, hydrocarbons, Fe, Pb, Li, Mg, 
Mn, Mo, Ni, NO3, NO2, pH, PO4, K, SiO2, Sr, 
SO4, Ti, TDS, total hardness, V and Zn.

An annual report from the groundwater 
monitoring studies is presented to the Head 

Inspector of Environmental Protection. Each 
report contains the review of: (1) ground-
water quality (as well as changes relative to 
previous years); (2) water quality in terms of 
quality indicators (physical and chemical 
parameters); (3) water quality in terms of 
hydrogeological stages; (4) water quality in 
areas of different land use and (5) water 
quality as a function of depth of occurrence 
in the aquifer.

Results of the processed measurements 
along with short information about the mon-
itoring system are periodically published in 
the series of the Environmental Monitoring.

7.5.10 Portugal

Groundwater resources support about 
60–70% of the water supply in Portugal. 
However, some of the aquifers are highly 
vulnerable to groundwater contamination 
and require good groundwater-quality 
 monitoring programmes. The Water Institute 
[Instituto da Água (INAG)] coordinates all 
activities related to the National Surveillance 
Groundwater Quality Monitoring Program 
of raw water and runs the national database. 
The Commissions of Coordination and 
Regional Development (CCDR) are respon-
sible for carrying out the sampling cam-
paigns and collaborate with INAG for 
database management and fi nal reporting.

The existing National Surveillance 
Groundwater Quality Monitoring Program 
covers all the main aquifer systems in 
Portugal with a total of 657 monitoring sites 
for the whole country. From these sites, 145 
are located in the sedimentary basin of Tagus 
and Sado rivers, 152 in the western sedimen-
tary border, 99 in the southern sedimentary 
border and the remaining 261 are located in-
land in areas of undifferentiated crystalline 
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rocks, with a minimum number of two mon-
itoring sites per aquifer system.

The density and spatial distribution of the 
network was defi ned based on the type of 
aquifer media (porous, karstic or crystalline), 
fl ow direction, sampling points available 
(springs and boreholes preferred to wells) 
and on the aquifer vulnerability to ground-
water contamination. For a better control of 
the water supplied to the end users and also 
for economical and practical reasons, public 
water supply boreholes were included wher-
ever possible as monitoring sites.

The monitored parameters include
O physical parameters: T (measured every 
6 months);
O chemical parameters: pH, SEC, DO, Cl, 
SO4, PO4, NH3, NO3, NO2, TOC Ca, Mg, 
Na, K, HCO3, Al, Mn, total Fe, Cu, Cd, Hg, 
Ba, B, As, Pb, CN, Cr, F, Se, Be, Co, Ni, Mo, 
V, U, trichloroethylene,  tetrachloroethylene, 
toluene, total pesticides and individual pes-
ticides (such as atrazine; simazine; 2,4,5-T; 
2–4-D) and total hydrocarbons (measured 
every 6 months);
O biological parameters: total and fecal coli-
forms, fecal coliforms, fecal streptococus 
(measured every 6 months).

The water temperature is the only param-
eter measured in the fi eld and the rest are 
analysed in a certifi ed laboratory. All the 
data are available on line at the web site 
www.snirh.inag.pt/.

7.5.11 Slovakia

In Slovak Republic (49,000 km2; 5.4  million 
inhabitants) groundwater is used for drink-
ing water supply for about 85% of the popu-
lation. According to the National Water 
Balance Report, Groundwater, in 2003 45% 
of the Slovak population was dependent 

on karst groundwater resources from the 
mountainous regions – up to now showing 
good qualitative status, but also with high 
vulnerability to potential contamination. 
The overall groundwater-quality monitoring 
programme is under the responsibility of the 
Slovak Hydrometeorological Institute 
(SHMI; http://www.shmu.sk/sk/) which 
coordinates all activities related to the 
National Groundwater Quality Monitoring 
Network and runs the national database. 
Water users – mostly large waterworks – are 
running their own monitoring programme 
according to legal requirements for drinking 
water suppliers, and the results of this mon-
itoring are collected and reported by the Slovak 
Water Research Institute (www.vuvh.sk).

Slovak National Groundwater-Quality 
Monitoring Network with a total of 376 
 monitoring sites is designed to cover the 
main aquifer systems. Such a groundwater 
quality monitoring network was designed 
and performed with slight changes since 
1982. The density and spatial distribution of 
the monitoring network was selected accord-
ing to the type of aquifer (porous, karstic, 
crystalline, fl ysh) and resulting basic vulner-
ability to potential contamination.

One hundred and twenty-two monitoring 
sites are located in Quaternary alluvial fans 
of the main rivers. They are sampled twice a 
year, mostly in spring (high-water) and au-
tumn (low-water stage). Extra monitoring 
with 84 sites concentrates on the Zitny 
Ostrov Quaternary sediments along the 
Danube river with high thickness and water-
supply importance. Sampling of these wells 
is performed two or four times a year. In the 
mountainous areas, 38 karstic springs are 
monitored four times a year, while another 
24 springs in other lithologies (mostly from 
crystalline – granitic rocks – or fl ysh type 
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rocks) are monitored only once per year. 
From this basic groundwater-quality moni-
toring network, 81 sampling points are already 
exploited for public water supply (35 wells 
and 46 springs). The monitored parameters 
include:
O in situ measurements: groundwater level, 
oxygen content/saturation, pH, specifi c elec-
tric conductivity, groundwater temperature, 
air temperature, acid neutralisation capacity, 
base neutralisation capacity, colour, odour, 
sediment content;
O basic chemical substances: Na, K, Ca, 
Mg, Mn, Fe-total, Fe2+, NH4

�, NO3
�, NO2

�, 
Cl�, SO4

2�, PO4
3�, SiO2, HCO3

�, COD-Mn, 
H2S;
O trace elements: As, Al, Cd, Cu, Pb, Hg, 
Zn, Cr, Ni;
O common organic compounds: total or-
ganic carbon – TOC;

A supplementary group of determinants 
(not regularly measured for each site) in-
clude: basic physio-chemical substances 
(H2S, CN�), common organic compounds, 
aromatic hydrocarbons, chlorinated solvents 
and polyaromatic hydrocarbons.

Apart from the in situ measurements sam-
ples are analysed in a certifi ed laboratory. 
The data are not currently available on-line 
and at the web site www.shmu.sk the public 
can fi nd only maps and general reports for 
individual years.

7.5.12 Spain

Prior to the 1985 renovated Water Act 
groundwater was mostly a private domain 
and the different River Basin Water Authorities 
(Confederaciones Hidrográfi cas, created in 
1926) were not involved. The Geological 
Survey of Spain (IGME) established a 
national network starting in the 1960s that 

by the late 1990s comprised 1150 groundwater-
quality sampling points in porous formations, 
400 in karst media and almost 1400 in other 
diverse aquifers. Generally the data set con-
tains 16 parameters for water-quality and 
only chloride and specifi c electric conduc-
tivity for a network of points in coastal aqui-
fers selected to monitor saline intrusion. 
Most sampling points are wells and springs. 
Sampling frequency is twice a year (spring 
and autumn). All data are organised in a 
database called AGUAS, that reunites 13 
interconnected regional databases (www.
igme.es). It is easily accessible to the public 
through the SIAS (Groundwater Information 
System). Monitoring in many areas was dis-
continued in the late 1990s.

The 1985 Water Act declared all water – 
including groundwater – a public domain 
and the responsibility for monitoring and 
management was given to the different 
Water Authorities (depending on the General 
Directorate for Water of the Ministry of the 
Environment) in the case of river basins 
extending over more than one region – Spain 
is divided into Autonomous Regions with 
competence on the territory – and on Regional 
Water Authorities when all the river basin is 
inside the region. Often the Water Authorities 
have reacted slowly. In some cases they have 
established their networks and databases in 
the whole territory (Ebre, Xùquer, Internal 
Basins of Catalonia) or in some relevant 
aquifers (the case of Doñana), but in other 
cases they have been slow to replace the 
IGME network or to pass to it the funds to 
continue the monitoring. Some gaps in the 
time series data have resulted. Attention has 
been given to groundwater level – even with 
automatic data acquisition equipment in 
some cases – but groundwater-quality moni-
toring lags well behind and in many aquifers 
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data avaliable are limited to those derived 
from results from studies of the IGME and 
University teams, or occasional surveys 
contracted by the Water Authorities. Data 
acquisition is mainly related to water plan-
ning and more recently to respond to the 
requirements of the European WFD which 
has proved a signifi cant driver for establish-
ing and extending groundwater-quality 
monitoring. Access to the water quality 
data for the public is variable from Water 
Authority to Water Authority and still there 
is no central data centre. Current progress is 
noticeable.

7.5.13 Switzerland

More than 80% of Switzerland’s drinking 
and process water is sourced from ground-
water. Quantitative and qualitative moni-
toring of groundwater is therefore required 
in order to ensure the long-term preservation 
of drinking water resources (FOEN 2006). 
The National Ground Monitoring Network 
(NAQUA) was implemented in 1999 and is 
nowadays used to assess the impact of cer-
tain substances used in human activities on 
the evolution of groundwater quality. NAQUA 
comprises two monitoring networks:
1 National Monitoring Network of Ground-
water Quality Trend (NAQUATrend), which 
is a long time monitoring network with 50 
representative sites across Switzerland. The 
sampling frequency is dependent on the 
hydrogeological and geochemical variability 
of each well;
2 National Monitoring Network of 
Groundwater Quality (NAQUASpez), which 
is a network with 508 sampling sites (260 
springs, 243 groundwater wells, 5 piezome-
ters) operated by the Swiss Federal Authorities 
in collaboration with the agencies responsible 

for groundwater protection in each canton. 
It is designed to permit targeted studies of 
potential groundwater pollutants.

The monitoring sites are selected and dis-
tributed for each specifi c sampling/ testing 
programme according to the following 
 criteria (1) type: groundwater or spring water; 
(2) geographical location and elevation: Alps, 
Midlands, Jura, Border Areas; (3) land use 
in catchment area: all kinds of agriculture 
(vegetables, pastoral farming, vine, forest), 
housing estates, traffic routes; (4) geology/
hydrogeology: gravel or hard rock; (5) 
impacts: pristine or anthropogenic infl u-
enced; (6) casing: metal or synthetic material 
and (7) the purpose for which groundwater is 
used. But for each programme, a certain 
number of monitoring stations are included 
that are unlikely to show any impact of 
human activities. The analyses from these 
sites provide baseline values.

The sampling and analytical methods 
have to meet specifi c requirements. Sampling 
involves direct measurement of the follow-
ing parameters in the fi eld: spring discharges/
groundwater levels, SEC, groundwater tem-
perature and dissolved oxygen/oxygen satu-
ration levels. In a preliminary phase other 
natural and anthropogenic components such 
as tritium, pesticides, zinc, benzene, nitrate, 
carbonate – CO2 equilibrium, CFCs, fl uo-
rine, dissolved inorganic carbon (DOC), pH 
and temperature are also measured, with the 
purpose of defi ning the present situation. In 
a second phase, long-term trends are moni-
tored for specifi c components.

Sampling frequency is adapted to the spe-
cifi c characteristics of each monitoring station 
and takes into account the likelihood of 
anthropogenic infl uences, the hydrogeological 
characteristics of the site and the variability 
of hydrochemical parameters. All physical 
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and chemical data is recorded in a GIS-
supported database, reviewed and assessed.

7.5.14 United Kingdom

In England and Wales, the Environment 
Agency (EA) is the Government appointed 
organisation responsible for monitoring and 
managing groundwater according to the rel-
evant European legislation. In Scotland, the 
Scottish Environmental Protection Agency 
(SEPA) is responsible; Northern Ireland also 
has devolved responsibility. Groundwater 
use and abstraction occurs to some extent in 
all parts of the country, and so cannot be 
neglected anywhere, but is most extensive 
in southern and eastern England. The water 
companies that supply groundwater also 
conduct some monitoring for their own pur-
poses, although often this is focused on sup-
ply monitoring rather than raw resource 
monitoring.

In England and Wales the monitoring pro-
gramme is currently operated by the eight 
regions controlled by the Environment 
Agency. The density and frequency of moni-
toring and the parameter suites vary from 
region to region. The most extensive pro-
grammes, covering major aquifers with high 
population densities, measure suites of up 
to 90–100 chemical parameters, up to four 
times per year. In other areas monitoring is 
much sparser and can be as little as once a 
year for a smaller suite (20–30 parameters) 
and for a network of lower sampling-point 
density.

Since the introduction of the WFD the 
Environment Agency, in conjunction with 
the British Geological Survey (BGS), has been 
actively reviewing its monitoring practice 
nationally and has begun to implement a re-
vised national strategy designed to ensure a 

consistent approach to monitoring across 
all regions, sufficient to ensure compliance 
with the requirements of the WFD. A national 
programme of baseline surveys of all major 
and some minor aquifers has also been con-
ducted by BGS on behalf of the Agency.

When fully implemented it is likely that 
the completed network will comprise approx-
imately 3500 sampling points across England 
and Wales. The complete set of suites will 
include over 200 aqueous species or physico-
chemical parameters, but not all will be 
measured everywhere or everytime. Land-
use data will be used to guide decisions about 
which parameters need to be measured and 
in which areas. The nature and response-
time of the aquifer and of the particular spe-
cies guide the choice of sampling frequency.

7.6 Conclusions

From the above discussion of the monitoring 
situation in the different European countries 
it is clear that no standard procedures yet 
exist in Europe and even within each country 
there are often differing practices and 
approaches region by region. Many countries 
have patchy regional coverage and have 
lost the continuity in monitoring due to 
successive reorganisations and changes in 
responsibilities. Monitoring programmes, 
especially for contaminants, have also been 
compounded by changing priorities, respond-
ing to new classes of contaminants and 
fi nancial limitations. It is rare to fi nd long 
runs of monitored data.

Against this background there is a press-
ing need for harmonisation across Europe to 
match the level of consistency found for 
example in the NAWQA programme in the 
USA. As monitoring programmes develop as 
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part of the implementation of the Ground-
water Directive, there is also the opportu-
nity to pay attention to the baseline quality 
status and to be able to build in a geochem-
ical approach which will ensure that what 
constitutes the truly natural component of 
water quality is recognised so that early 
warning of human impacts can be recognised.

Groundwater baseline monitoring con-
tributes to an understanding of the regional 
groundwater quality. It may be used to de-
termine the background levels for studying 
natural processes and the regional ground-
water-quality variations. These values are 
reference levels for the study of large-scale 
and long-term anthropogenic impacts. For 
aquifers with short residence times the em-
phasis needs to be placed on the infi ltrating 
recharge waters and the changes in its com-
position due to water–rock interactions and 
aquifer hydrodynamics.

The development of an understanding of 
groundwater-quality evolution and ground-

water regime will contribute towards an 
optimal management of groundwater 
resources. This needs a monitoring network 
of suitable boreholes and springs to be sam-
pled peri odically, a few times a year to every 
1 or 2 years.

The main aspects of a baseline monitoring 
programme are summarised conceptually in 
Fig. 7.1 showing how monitoring leads to 
identifi cation of pollution early warning and 
feeds into policy on water quality manage-
ment. In summary therefore a groundwater 
baseline quality monitoring programme 
should:
O establish the natural baseline quality of 
groundwater resources, understand the fl ow 
system (groundwater recharge, fl ow paths, 
timescales, water balances) and identify the 
principal geochemical processes within the 
aquifer; use median and upper baseline (97.7 
percentile for groundwater bodies);
O monitor for future changes in the ground-
water baseline quality over time;

Fig. 7.1 Schematic representation of the groundwater baseline monitoring approach.
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O identify past baseline trends in the con-
centrations of groundwater constituents;
O provide early warning of human impacts 
and land management practices on ground-
water quality especially through mobile 
constituents;
O provide enough geochemical data to estab-
lish cause–effect relationships;
O provide advice on aquifer management 
and/or remediation actions in order to 
guarantee the sustainability of groundwater 
resources.

The minimum requirements of a ground-
water baseline quality monitoring network 
are: (1) detailed knowledge of the local hydro-
geology; (2) the selection and/or construc-
tion of the sampling sites; (3) the range of 
variables and tracers to monitor; (4) the veri-
fi cation of the laboratory analytical proto-
cols and detection limits; (5) the choice of 
the sampling protocol and preservation 
methods; (6) defi nition of sampling 
frequency; (7) the decision of which type of 
data analysis and interpretative approaches 
should be used so that early warning is pro-
vided in time for decision making and sus-
tainable aquifer management.
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The effective application of the EU Water 
Framework Directive (WFD) to groundwater 
in its territory asks for a clear and scientifi c 
understanding of groundwater background 
or baseline quality, in order to be compared 
to a given current situation. This was at the 
heart of the research project ‘BaSeLiNe’ 
which was conducted by scientifi c institu-
tions from a consortium of fi fteen European 
countries. Attitudes to natural baseline qual-
ity were examined using a questionnaire, 
which was distributed to experts on ground-
water issues (groundwater managers, end-us-
ers and regulators, and stakeholders) selected 
from each participating country. Results 
obtained from the 69 questionnaires are pre-
sented together with the ensuing discus-
sions. Most answers refer to municipal water 
supply issues in relatively humid areas, but 
not exclusively. Environmental and agricul-
tural issues are under-represented, but not 
absent. Groundwater is, in many cases, the 
main or the only available water source for 
human survival and activities, and is gener-
ally of good quality, although a progressive 
deterioration, due to an increasing content 
of some components is becoming noticeable. 
Groundwater protection is considered a 
long-term key issue that needs regulation, 
management and planning. This implies the 
joint participation of public institutions, 

private organisations and stakeholders, 
including institutions responsible for the 
environment. Groundwater protection should 
be subject to greater public information and 
involvement. However, at policy-making 
levels little awareness of the characteristics 
and use of groundwater and its protection 
exists. Groundwater-quality protection is 
envisaged from improved, less stressful land 
use and better farming practices. The costs 
involved for implementing protection mea-
sures must be supported directly or indi-
rectly by water users, but there is still a 
reluctance to pay for quality improvements 
and subsidies are still sought. In many 
European countries there is some positive 
participation and co-responsibility of river 
basin districts, groundwater users’ associa-
tions and stakeholders in groundwater man-
agement, although documented experience 
is scarce. Improved governance and institu-
tional capacity is now needed to attain sus-
tainable management involving all sectors.

8.1 Introduction

The WFD (2000), enacted in year 2000, is 
an important and ground-breaking legisla-
tion aimed at preserving and improving 
the water environment as a necessary step 

8 Natural Groundwater Quality: Policy 
Considerations and European Opinion

E. CUSTODIO, P.  NIETO AND M. MANZANO
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to sustainability. Its contents are neither eas-
ily perceived nor understood by citizens, and 
even hydrogeologists react negatively to some 
of its concepts. Implementation will be a 
slow process, during which time many aspects 
will need to be redefi ned and incorporated. A 
scientifi c approach is needed together with a 
suitable means of developing its concepts 
through parallel European research projects. 
The BaSeLiNe project conducted with a group 
of European countries (1999) is one of these.

The BaSeLiNe project has considered among 
its objectives an approach to policy and end-
users, and is comprised of scientists, policy-
makers, regulators, water industry managers 
and stakeholders to reach a consensus and 
state of the art. The aim was to fi nd a common 
approach for the needs of the Community, 
with regard to groundwater baseline quality 
and the ways in which scientifi c and technical 
studies can address issues of protecting pris-
tine waters and minimising their contamina-
tion. This involves defi ning strategies to use 
and disseminate data, and also to provide 
advice on data required to meet problems on 
local and regional scales. It is necessary to take 
account of the environment’s good status, 
as defi ned and required in the European WFD 
(2000), and currently incorporated into 
Member States’ national laws. Groundwater, a 
major freshwater resource that has been devel-
oped relatively recently, poses new and spe-
cifi c problems due to its intrinsic characteristics 
(Custodio 2005) and there is general lack of 
experience in addressing the special nature 
of groundwater at a managerial and policy-
making level. This is the reason for the prepa-
ration of a Groundwater Daughter Directive, 
whose drafting has been slow and difficult 
but brought to completion in early 2007.

To make positive steps and work in the 
right direction, scientists/experts and stake-
holders should work jointly, integrating their 

own particular domains (scientifi c research 
and policy decisions) in a complimentary 
manner. To accomplish this, within the 
BaSeLiNe project, a strategic advisory group 
was set up, comprised of experienced end-
users and policy-makers from each of the 
participating countries, although the water 
supply aspects dominated in this group since 
they were the most organised assemblage in 
the water sector. However agriculture con-
sumes up to 90% of the often-scarce fresh-
water resources in the Mediterranean regions 
and the farmer’s voice is less organised and 
more difficult to integrate into advisory 
teams. In fact, farmers mostly organise to 
defend sectorial strategies rather than tech-
nical issues, which involve direct and covert 
subsidies and a poorly known economic 
framework (Hernández-Mora and Llamas 
2000; AIH-GE 2003). Groundwater is also 
important and a key issue over much of Europe 
in sustaining river basefl ow and wetlands, 
both in humid and dry climates, but there is 
a lack of specialised water representatives. 
Then, there is a bias that was known to the 
authors from the beginning that affects more 
dramatically water quantity aspects than 
the water-quality aspects considered in this 
paper, and emphasises the more humid 
Central and Northern Europe issues over the 
drier and more stressed Mediterranean region.

8.2  Methods adopted to involve 
end-users

In order to involve end-users and policy-
makers in the project a number of consecu-
tive steps were adopted: (1) personal 
approaches and contacts during meetings 
held at a local and national scale within 
each country involved; (2) at a European 
scale, one meeting gathering one or two 
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representatives from each country group 
appointed by the respective national group; (3) 
bringing together national policy representa-
tives from across Europe at a workshop held in 
Funchal, Madeira, Portugal, in October 2002.

In order to obtain comparable information 
and to draft a document for discussion, the 
Spanish team, who was responsible for this 
activity, prepared a questionnaire, which was 
discussed and fi nally agreed upon by the 
national teams. The objectives were to know 
what the selected stakeholders understood as 
groundwater  quality, the baseline concept 
and their current and future application 
within the WFD. This questionnaire was 
sent to about 150 people selected from the 
BaSeLiNe consortium countries. The distri-
bution within each country was made by the 
respective national team, who contacted the 
people and sometimes helped them fi ll in 
the forms. A response of 69 out of 150 ques-
tionnaires was achieved (45%), refl ecting the 
partners’ interest in this matter, the choice 
of targets and follow-up from the BaSeLiNe 
team. Most of the people who replied were 
from water supply companies, regulatory bod-
ies and environment agencies/organisations 
with regional responsibilities. This introduces 
the bias already mentioned, since other users 
(agriculture, in-house use, recreational and 
the environment) are under-represented, but 
do refl ect the two main interests – supply 
and regulation, especially in the more humid 
Central and Northern Europe.

8.3 The questionnaire

8.3.1 Preparation

Since the time and economic resources 
required were not available, carrying out a 

formal inquiry analysis approach was dis-
carded, and the sample was forced to be rela-
tively small and conditioned by the scarce 
number of representative water institutions 
in a given territory, as well as their bias 
towards town supply and regulatory func-
tions. Consequently, the questionnaire was 
drafted informally.

8.3.2 The sample

The respondents to the questionnaires were 
from a background including water suppli-
ers, policy-makers, regulatory agencies, 
water associations’ representatives, hydro-
geologists, groundwater experts and water 
engineers. There was some bias in the 
answers due to social and political con-
straints in some countries and sectors, and 
some respondents were not used to such 
enquiries. Some sectors such as agriculture 
and environmental protection were not ade-
quately represented and they were addressed 
through the answers of regulatory bodies. 
No responses were obtained from those 
organisations more directly concerned such 
as conservation and wildlife interests. 
Stakeholders were poorly represented, but 
for a few groundwater users’ associations 
mostly interested in water quantity aspects. 
The answers are a variable mix of the corpo-
rate point of view with respondent’s own 
thinking.

8.3.3 Contents

The questionnaire was directed both 
towards the specifi c project objectives and 
the wider application of the WFD to ground-
water. The fi eld of answers was restricted in 
order to get comparable responses. For 
instance, this meant avoiding some bias 
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relating to the water resources environment 
of Spain, the country responsible for this 
activity. Spain is infl uenced, to some extent, 
by problems in semi-arid areas where inten-
sive aquifer development for irrigation is a 
prevailing issue (Custodio 2002; Llamas and 
Custodio 2003) when compared with other 
European areas where crop irrigation is less 
important and pollution is often a more seri-
ous threat due to thin unsaturated areas on 
top of shallow aquifers. As well as the larger 
more widespread deep European aquifers, 
smaller aquifers often used for municipal 
supply were taken into consideration. It was 
agreed that technical, economic, social and 
administrative aspects would be considered 
as equally important issues to address cur-
rent problems of development, intensive 
exploitation and sustainability (Burke and 
Moench 2000; Custodio et al. 2005; Rogers 
et al. 2005).

Monitoring in relation to groundwater 
baseline quality characterisation has been 
the subject of a separate activity within the 
project (see Chapter 7), but it was also 
decided, in conjunction with the Portuguese 
team who were responsible to use the ques-
tionnaire to address monitoring aspects, 
which are closely related to end-users.

The questionnaire contained fi ve chapters 
with four to seven sections, each section 
with three to fi ve questions (see Table 8.1). 
Both oriented and non-oriented answers 
were  possible. Oriented answers consisted of 
a closed list of four to six possible choices; 
some were provocative, while others were 
an indefi nite alternative to indicate some 
doubt about the answer. In some cases, 
choices were restricted, but in others more 
than one alternative could be selected. Non-
oriented answers consisted in encouraging 
free-format comments to produce nuances, 

but this was seldom used by respondents. 
The fi nal questionnaire had in all 30 pages 
with 125 questions (BaSeLiNe 1999).

The fi rst chapter of the questionnaire deals 
with introductory aspects, mostly related to 
characteristics of the respondent. The next 
three chapters address groundwater policy, 
groundwater quality and baseline quality 
understanding, as well as the regulations and 
norms affecting the development and use of 
groundwater resources. The last chapter is 
devoted to groundwater baseline quality 
monitoring.

8.3.4 The answers

The respondents selected to fi ll out the ques-
tionnaire and to participate in the meetings 
shared many characteristics, but they also 
presented large differences. Table 8.2 shows 
their distribution by country and activity. 
All respondents were deeply involved in 
groundwater issues and played a relevant 
role in the water sector at their respective 
scale. They were public, private or mixed 
organisations, and their scope was munici-
pal, regional or national. People fi lling out 
the questionnaires included hydrogeologists, 
engineers, chemists, lawyers and managers.

Countries involved in this consultation 
have diverse conditions – in size, climate, 
population, in the importance of agriculture, 
animal husbandry and irrigation, human 
activities and/or economic characteristics – 
creating aquifer management conditions 
unique for each. Sometimes there are strong 
differences, for instance, between a small- 
sized coastal aquifer in semi-arid Southern 
Europe and a large continental aquifer in a 
temperate industrialised area. However, 
some common features can be found. This 
meant facilitating the real application of the 
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WFD within a feasible timeframe and with a 
reasonable effort.

8.3.5 Procedure to recover information

A summary of the procedure is given in 
Fig. 8.1. First, collected data were handled and 
treated at country level. A table was  prepared 
with all the original results listed straight 
from the questionnaires, plus some elemen-
tary rates calculated using these data to single 
out particularities from the whole. The fi rst 
page of the results for Spain (Nieto et al. 2003), 
is shown in Table 8.3. These results were 

presented and discussed with the national 
partners involved at national meetings. The 
fi rst primary conclusions were taken into 
account to prepare the corresponding ‘national 
summary’ draft by each country team.

Later, the same calculations were applied 
with the same purpose to the complete 
 dataset from all other countries and a  sample 
of these summary results is illustrated in 
Table 8.4. Extreme scores may easily single 
out some relevant results, some of which are 
gathered in Table 8.5.

The study of all this information gave 
rise to a partial report which was thoroughly 

Table 8.1 Sections of the Groundwater Baseline Management Questionnaire.

1   Introductory aspects
1.1    Relevance of groundwater quality for human 

supply in your organisation/company [4]*
1.2   Main groundwater quality problems [3]
1.3   Assessment of public attitude [4]
1.4    Influence of groundwater quality 

standards/directives [4]

2    Groundwater quality management issues 
relative to baseline

2.1    Groundwater abstraction works [ well 
construction, operation and maintenance] [4]

2.2   Aquifer protection and land use [4]
2.3    Adequate knowledge/understanding 

of the aquifer system [4] 
2.4    Attitude towards original groundwater quality  

problems [4]

3.3    Elasticity of demand to groundwater 
quality [3]

3.4   Origin of funds [3]

4   Administrative and policy issues
4.1    Groundwater quality regulations 

and laws [4]
4.2   Main legal/administrative problems [4]
4.3   Social appraisal of groundwater quality [4]
4.4   Solution to conflicts [4]
4.5    Role of users’ associations/

citizen groups [5]
4.6    Role of the water/environmental 

 authority [4]
4.7    What is expected needed from the 

EU Water Framework Directive ? [5]

2.5   Environmental issues and public attitude [4]
2.6    Groundwater baseline quality sustainability 

[ short- vs. long-term issues] [4]

3   Economic issues
3.1   Cost of groundwater quality [4]
3.2   Pollution and opportunity cost [4]

5   Groundwater quality monitoring
5.1   Groundwater monitoring [5]
5.2   Groundwater quality monitoring [4]
5.3    Well monitoring for 

groundwater quality [4]
5.4    Study of aquifers, specially coastal 

ones [4]

*Bracketed figures indicate the number of questions included in the item.
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discussed by the participants (39 people) of 
the different countries that attended the dis-
cussion during the project meeting held in 
2002 in Funchal, Madeira (Portugal). Valuable 
suggestions emerged, which gave rise to the 
fi nal report summarised below.

The comments and suggestions forwarded 
and received complemented and improved 
the interpretation and allowed upgradings 
and nuances to the draft reports. This method 
required consecutive feedbacks and a deep 
commitment from all partners throughout 
the project.

Fig. 8.1 Schematic representation of the method-
ology applied, bottom up. Arrows indicate the 
feedback processing. The questionnaire produced 
by the Spanish team and agreed by the BaSeLiNe 
teams goes to the selected persons. The answers 
(Q0) go to the study stage (in the middle) where 
the combination of these questionnaires (Q) and 
the national reports are synthesised in a draft 
report (R0). The fi nal result was the report (R) 
after interaction and discussion in the Funchal 
Workshop. The overall results are presented in 
this chapter.

Q0

BaSeLiNe teams

R0Q

R

Funchal Workshop

8.3.6 Interpretation

The particular characteristics of each respon-
dent were ignored and not taken explicitly 
into account when analysing the results. 
Arithmetic averages were calculated by 
summing all answers to each question to 
give the value T but no detailed statistical 
analysis was conducted.

Since in many cases several of the sug-
gested options have been selected simulta-
neously for each question, T represents how 
many times each one of these options was 
selected. Two simple arithmetic ratios are 
calculated with T to obtain an average result 
for each option: 
1 The particular or internal average: T over 
the total amount of options selected in this 
question, that is, summing up all individual 
Ts. The addition of all these particular aver-
ages gives 100 (%);
2 The general or external average: the same 
number T over the total number of question-
naires; the addition of these ratios for each 
question may give a number  exceeding 100%. 
This ratio gives a more general idea about 
the option preferred for each question.
The greater the number of questionnaires 
containing no answer for a given question, 
and/or the number of different options 
selected at a time on many questionnaires 
(the most frequent case) the greater the dif-
ference between the two ratios. The analysis 
performed focused only on the general or 
external ratio because it was considered to be 
more interesting for project goals. In certain 
cases the internal ratio was also taken into 
account if it helped in the interpretation. 
Examples are shown in Tables 8.3 and 8.4.

Quantitative and qualitative results were 
derived both from what was indicated and 
what was not indicated throughout the 
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consecutive questions. Relevant particulari-
ties may be picked up straight from the cal-
culations, such as items with the highest 
percentage values of their average (Table 8.5). 
This is considered a sort of ‘wide agreement’ 
from the participants on these particular 
issues, be it a defi nite aspect or the general 
lack of interest in it. A similar outcome 
can be obtained from answers with the 
lowest percentages, although in this case the 

meaning is not as direct as before and must 
be considered with care.

8.4 Relevant results

The results are presented in terms of scores 
and then as individual comments. Something 
that was not explicitly included in the ques-
tionnaire, but did appear recurrently in later 

Table 8.5 Questions with the highest scores for all countries (after Nieto et al. 2005).

Number of questionnaires answered: 68 T = Total of answers
 � T = Total of answers in the section

 COUNTRY Main values obtained

Question E P B DK F GB PL CH BU CZ T T/�T T/A

1.1.c 11 2 5 5 0 5 8 5 1 3 45 45/62 73% 45/68 66%
1.3.c 15 8 5 5 3 6 7 4 1 3 57 57/69 83% 57/68 84% 
2.3.d 13 5 4 2 2 7 1 3 1 2 40 40/57 70% 40/68 59%
2.6.a 13 8 6 4 2 8 6 5 0 2 54 54/64 84% 54/68 79%
2.6.c 10 7 4 4 1 4 5 5 1 2 43 43/63 68% 43/68 63%
2.6.d 11 7 4 4 2 8 10 2 1 2 51 51/62 82% 51/68 75%
4.3.c 15 7 4 4 2 8 5 3 2 1 51 51/65 78% 51/68 75%
5.1.a 9 7 5 3 1 7 5 5 2 1 45 45/64 70% 45/68 66%
5.2.b 10 5 6 5 3 7 4 4 0 2 46 46/68 68% 46/68 68%
5.2.c 16 8 6 5 2 8 7 4 2 3 61 61/64 95% 61/68 90%

Question Content Selection
1.1.c Groundwater abstraction use is: Continuous
1.3.c What do you think about providing information on  Beneficial

  groundwater quality to users?
2.3.d Are some of your technical staff capable of dealing themselves  Yes

  with groundwater quality problems that may appear?
2.6.a Does long-term groundwater quality sustainability concern you? It is a key Issue
2.6.c Must groundwater baseline quality sustainability be the 

  subject of strict planning and regulation? Yes
2.6.d Are you in favor of keeping and protecting good quality palaeo- 

  water primarily for drinking purposes? Yes
4.3.c Is groundwater quality a serious matter? Very serious
5.1.a Do you operate a groundwater monitoring network? Yes
5.2.b Early warning of groundwater quality changes is: Essential
5.2.c Investment in monitoring for early warning of water 

  quality changes is: Important
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meetings, is the importance of small and 
shallow aquifers for human supply. Overall 
the European study had mostly focused on 
the natural reference quality of large and 
deep aquifers. While large deep aquifers may 
still contain palaeowater (>10,000-years old), 
or at least pre-industrial water, in small 
aquifers groundwater is essentially young (a 
few to some tens of years) and refl ects recent 
distributed recharge, or surface water 
recharge, including irrigation return fl ows 
and leakages. The baseline concept becomes 
more difficult to establish for aquifers with a 
rapid turnover, although in shallow aquifers 
baseline water may still be retained in some 
areas from pre-industrial times, under close-
to-natural conditions or may originate from 
recent recharge in areas with low human 
pressure or from negligible impacts from 
polluted surface water.

As stated earlier it is important to take 
into account that results are derived mostly 
from organisations, but they rarely represent 
the groundwater fi nal user and other stake-
holders, since it was difficult to have access 
to them and obtain their collective opinion 
within the scope and possible actions of the 
project. This also applies for irrigated agri-
culture using groundwater and the environ-
ment depending on groundwater, such as 
river base fl ow, springs and wetlands. The 
qualitative comments may be summarised 
as follows.

8.4.1 On groundwater issues

Groundwater is used as a continuous water 
supply source for all types of human 
demands. Sometimes it is the only water 
resource available and generally, although 
not always, it is of good quality. The protec-
tion of wells and springs used for supply is a 

paramount regulatory and managerial objec-
tive to address the diverse problems faced by 
human impacts.

In many cases there is a slow but continu-
ous deterioration of groundwater quality and 
hardly any improvement is observed. This 
may be real or just a consequence of paying 
more attention to quality or a better and 
more accurate monitoring, accompanied by 
the improvement of analytical capabilities 
over recent decades. Diffuse contamination 
by agrochemicals, and also from evaporative 
concentration of applied water in southern 
areas of Europe, is probably the most com-
mon cause of negative quality trends.

Occasional high concentrations of some 
natural components in groundwater, such as 
hardness, may give preference to surface 
water for human supply, despite its greater 
vulnerability to pollution and its suscepti-
bility to rapid degradation. This is true for 
large utilities operating relatively large plant 
with trained personnel, but not for small 
facilities that prefer a reliable constant 
source (groundwater) instead of a good but 
variable and vulnerable quality source, such 
as  surface water.

It is apparent that improved information 
concerning groundwater and its natural 
baseline quality is important and is 
acknowledged by users. Nevertheless this 
information regarding origin, quality and 
other intrinsic properties should be ade-
quately presented and prepared in order to 
make easier and less biased their 
interpretation.

When limits/guidelines are exceeded, 
organisations and those most concerned 
refer mostly to fi nancial considerations and 
technical solutions to redress the damaged 
situation, rather than the origin of the prob-
lem. It was recognised that some problems 
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could be prevented if defensive monitoring 
were employed within groundwater catch-
ment areas.

The European Union Directives are gener-
ally welcomed and are considered as both 
adequate and essential to ensure stabilisa-
tion and improvements in aquifers. However 
it is indicated that they would be better 
accepted if they address more real-world 
problems and provide practical solutions to 
local situations. This means that the domi-
nantly environmental objectives of the 
Directives are not always well understood 
by some citizens, who expected a solution to 
their local problems.

Professional hydrogeologists are mostly 
employed in private consultancy and in 
some regulatory agencies rather than in 
water companies, groundwater development 
organisations and environmental institu-
tions. However, many well-qualifi ed gradu-
ates in hydrogeology and groundwater 
hydrology are looking for the opportunity to 
apply their knowledge. At the same time 
organisations with managerial and policy 
responsibility on groundwater are clearly 
understaffed and prefer contracting outside 
studies and services. This means that they 
do not hold their own expertise on impor-
tant issues relating to groundwater. Moreover 
they tend to favour large water schemes – 
even if they are more expensive and less 
effective – instead of simple and less dra-
matic solutions, which may be more numer-
ous and need more administrative work to 
be implemented.

8.4.2 On groundwater management 
issues related to baseline quality

The sustainability of groundwater quality 
is considered a key issue and requires 

long-term commitment. Both public and 
private organisations declare that they are 
concerned by good quality groundwater 
being negatively impacted and by the fact 
that good quality groundwater reserves, and 
even palaeowaters, are too often used for 
purposes that do not require water of high 
quality. This issue should be the subject of 
public information and also improved stud-
ies, as well as planning and regulation, 
clearly advocating for the protection and 
preservation of high-quality water – includ-
ing palaeowater – for drinking purposes. This 
means that abstraction of groundwater for 
different purposes should be managed, and 
this includes adequate water pricing.

Existing knowledge on hydrogeological 
and technical advantages and problems 
related to aquifer management seems ade-
quate, but policy-makers, managers and 
large-scale water producers may not be fully 
aware of the consequences of their actions. 
This explains their preference for surface 
waters. A corporate lobbying for more wide-
spread attention to groundwater resources is 
needed, and this should be supported by pro-
fessional knowledge and through expert 
hydrogeologists.

Threats to groundwater quality and quan-
tity are well known to professionals and, 
therefore, there is a clear awareness of the 
risks. This explains that most water supply 
companies have or are asking for well-head 
protection zones. But, in spite of existing 
regulations, actual accomplishments may be 
poor; also regulations do not have the full 
support from water authorities. Aquifer pro-
tection can and has to be improved by a 
combination of factors that include changes 
in land use as the main solution. This includes 
better farming practices, with improved – or 
restricted – use of agrochemicals and more 
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efficient irrigation practices in areas with 
scarce water resources.

There is a need for water industry person-
nel to better understand how groundwater 
quantity and quality occur, behave and 
evolve. However, employed professionals 
are considered as well qualifi ed on ground-
water issues as on related domains. This is 
less clear for technicians. No compulsory 
hydrogeological training scheme exists for 
technicians, who may work in small drilling 
companies, or in monitoring or surveying. 
Some environmental agencies are currently 
developing guidance in borehole design, con-
struction and abandonment of wells, but 
low cost criteria are always a very strong fac-
tor, at the expense of water quality.

8.4.3 On economic issues

Aquifer pollution is considered a very impor-
tant economic issue, which may involve 
high costs and losses, but opinions differ on 
possible ways to fi nance remediation pro-
grammes, especially for diffuse contamina-
tion cases.

Most drinking water companies are in 
favour of spending more on guaranteeing a 
good enough quality groundwater supply, 
provided this is recognised by the regulator 
and that costs are recoverable from end-
users. However, the public would expect a 
lot from any increase in water prices, which, 
in many cases, are already considered high 
enough. Water companies doubt that the 
public is willing to pay more for a better 
water quality.

Local/regional regulators should probably 
be more proactive in aquifer protection, in 
general, and in the protection of well catch-
ment areas, in particular, to prevent the loss 
of supplies. Water-quality regulations are 

stringent but the actual application often 
depends on real circumstances that point 
differently, or lack support, or suffer from 
insufficient or inadequate institutional frame-
work. It is not rare that other institutions 
make regulations for diverse purposes that go 
directly or indirectly against groundwater-
quality protection. Thus, there is a need for 
integrated land and water management.

It is suggested that preserving good ground-
water quality could be subsidised partly by 
users and partly through general taxation. 
This might be put into practice by the appro-
priate water agency. However, there exist 
large differences among the diverse European 
countries and even regions, and this might 
need further study to fi nd common available 
approaches.

8.4.4 On administration and 
policy issues

Although current regulations already cover 
the main groundwater-quality issues, little 
is known on how effective they are and how 
extensive is their implementation. Improved 
current regulations need a greater weight to 
be given to specifi c conditions, introducing 
technical progress in monitoring and  making 
more explicit the link with health problems 
and the social benefi t obtained.

It is expected that the European WFD, and 
the Groundwater (Daughter) Directive, will 
recommend improvements on protection 
and management of aquifers. They should 
highlight the areas in which rules are cur-
rently lacking, especially where toxicologi-
cal data are sparse and where responsibilities 
are not clear, forcing authorities to assume 
their responsibility according to the subsid-
iarity principle, one of the cornerstones of 
European legislation. Following this principle 
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action should be taken at the level closer to 
the citizen.

Some water authorities/regulators already 
have a strong infl uence on groundwater 
management. These infl uences are perceived 
as helpful by public associations, as domi-
neering by private companies, and even as 
excessive by some irrigation groups. All 
agree however that water authorities/regula-
tors do have an important role in promoting 
groundwater sustainability. Their current 
activity is often seen as primarily reactive 
and disrupted by insufficient human, fi nan-
cial and managerial resources. It is felt that 
water-quality problems are increasing and 
need intermediate-term action, while staff 
are mostly forced to deal with pressing daily 
problems and emerging issues. At the same 
time, increasing bureaucratic complexity 
tends to make decision-making a slow pro-
cess, sometimes separated from real-world 
problems. This situation is common in regu-
latory agencies, which have a complex struc-
ture, but are rather inefficient in carrying 
out their duties and some have poorly trained 
and motivated personnel.

Regulations may assign diverse ground-
water resources to different uses according to 
its baseline quality, but it is not clear whether 
society understands the issues behind 
 adopting a multiple approach to water qual-
ity and how this might be achieved. A neces-
sary step is improved public awareness of 
water environmental issues, including dia-
logue and involvement among the public 
served, the supply companies and the insti-
tutions representing the environment.

It is expected that the European WFD will 
enforce existing and new regulations  leading 
to a better assessment of groundwater 
sources and their quality, maybe through 
the creation of a European Water Authority. 

The creation of river basin districts, with 
effective surface/groundwater integration, is 
also considered to be another important and 
useful approach. A real, transparent and holis-
tic view of costs and their application – who 
pays – is needed. The water price should 
refl ect the true cost, and the EU should be 
more involved in this. However, water com-
panies from countries recently joining the 
EU are asking for substantial fi nancial aid 
from the EU and the same happens with 
farmers. It is pointed out that the public 
should get a higher representation in the 
various institutions and in the decision-
making process.

Improving research – with clear objectives – 
are pointed out as important, together with 
some other technical proposals, such as reg-
ulating laboratory capabilities.

8.4.5 On groundwater-quality monitoring

Monitoring is an essential element in 
groundwater-quality assessment programmes. 
Several different organisations are com-
monly involved in monitoring at national, 
regional and local levels. The multiplicity of 
aims and activities lead to several approaches, 
densities and protocols for network design 
and development, even for the same aquifer. 
This complex situation leads to a certain 
confusion related to what should be moni-
tored and how frequently, which is an issue 
that needs to be addressed within a national 
and/or European strategy.

Professional advice is needed on what 
should be monitored, because this may dif-
fer from aquifer to aquifer and from basin to 
basin, depending on the local situation within 
each country/region. To understand present 
and to foresee future changes in groundwater 
quality, the practice of monitoring with 
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limits and thresholds adjusted to regulated 
values have to be substituted by practices, 
which are wider in scope than those cur-
rently in place. Modern analytical methods 
allow very low detection limits to be reached, 
providing an early warning of impacts on 
quality. It is no longer satisfactory to work 
to threshold values, the ‘less than’ values set 
by drinking water standards. It is possible 
now to monitor subtle changes in water 
quality that give early warning of impacts 
on the aquifer. A series of indicator 
elements/species need to be agreed on and 
prioritised to include major ions, key trace 
elements, microbiological components and 
some trace organics and (radio)isotopes, to 
be monitored across the surveillance net-
work with the same frequency. Particular 
attention should be given to specifi c tech-
niques to determine groundwater residence 
times. This should be suitable to identify 
both, changes in baseline quality, as well as 
existing or coming pollution impacts.

Adequate operational procedures and the 
maintenance of high-quality monitoring pro-
grammes, including early warning of ground-
water changes, will require signifi cant 
fi nancial resources. Their cost effectiveness 
depends more on the actual importance of 
the aquifer’s use than on the aquifer’s size.

Even though a wide range of tools and 
 sampling devices are commonly applied, 
usually the simplest are employed, and most 
are used to obtain water samples for com-
mon laboratory analyses. More elaborate 
devices are used only for special and research 
studies.

Simple technologies are often applied for 
the construction of wells with little regard 
to preservation of water quality and durabil-
ity. Also norms for well and borehole aban-
donment are often poor or non-existent. It is 

important to recognise that actual practices 
depend greatly on the particular conditions 
of each borehole and aquifer, requiring a 
specifi c project.

8.5 Conclusions

The results of the surveys show that there is 
a general agreement on the importance of 
having and maintaining good quality ground-
water, especially for human consumption. 
However this is often not refl ected, in prac-
tice, through effective groundwater manage-
ment, especially for its protection. This 
inconsistency is derived from the rather poor 
common knowledge of aquifer properties, 
their functioning and behaviour. Experts are 
often not involved at the decision-making 
level. This results in poor performance of 
water authorities and regulatory agencies, 
lacking the human and economic resources 
and whose hydrogeological expertise is lim-
ited. Moreover the public often accepts, gen-
erally under strong advertising pressure, that 
the solution to their present and future prob-
lems of water quality is to use bottled water 
for drinking purposes. The reaction of 
groundwater to external infl uences (chang-
ing water levels and rates of quality impacts 
and remediation) is slow. This is a further 
 factor that makes aquifer management 
 difficult for untrained people who are work-
ing under short-term goals. Decision-making 
pays more attention to ‘urgent’ daily prob-
lems and on-the-spot pressure than to aspects 
that develop slowly, even when they are cor-
rectly explained and presented by special-
ists. Hydrogeological studies warn against 
the pervasive risks of groundwater-quality 
degradation, and provide well-documented 
case studies. But there are exceptions, either 
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at local or national levels that show how to 
deal with current situations and risks as well 
as how to face future problems.

A long-term objective for aquifer manage-
ment is a desirable social goal but this con-
trasts with the short- and medium-term 
interests of most traditional water organisa-
tions, government teams and political par-
ties. Institutional aspects represent a main 
weakness of aquifer management, and the 
effective participation of water users is seen 
as a requirement of improving management 
and governance. The idea of participation is 
received positively by respondents but not 
all of them are sure of the benefi ts. Public 
information is also seen as a possible contri-
bution to correct groundwater management.

Aquifer monitoring is considered a key 
tool for groundwater protection. Technical 
improvements are urgently needed, paying 
attention to automatic equipment, making 
it more applicable and economically friendly 
for water companies and institutions, in a 
similar way as the advances that took place 
some years ago for surface water monitor-
ing. Equipment design has to be purpose-
made, however, taking into account the very 
different circumstances of groundwater with 
respect to surface water. The EU has a role 
in integration and standardisation. On tech-
nical grounds this means the need to defi ne 
the minimum requirements for aquifer mon-
itoring by means of adequate guidelines. 
Financially this entails devising some sup-
port to foster prompt application.

As a result of monitoring, citizens should 
receive information explaining the state of 
the groundwater and how it evolves over 
time, by means of objective approaches that 
avoid the bias that may be derived from com-
mercial, corporate, political or other inter-
ests. The importance of recognising water 

with high natural baseline quality is part of 
this process and this will lead to improved 
strategies for groundwater protection. Better 
and sound information from water authori-
ties and water companies will probably, and 
hopefully, lead to increasing users’ involve-
ment in groundwater management affairs.

Future action should improve the balance 
of stakeholder representation by a better rep-
resentation of users other than water supply, 
such as farmers and environmentalists, and 
the groundwater users’ organisations.
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The Dorset Chalk contains some of the high-
est quality chalk groundwater in the UK. 
However, much of the area is given over to 
farming, the long-term impacts of which 
may impact on the natural groundwater 
quality. The main observed effect of agricul-
tural activity is the increase in nitrate over 
several decades from a baseline value of 
around 1 mg L–1 in the early twentieth cen-
tury to concentrations up to the maximum 
acceptable concentrations of 11.3 mg L–1 
NO3–N. In addition, a rise in potassium from 
agricultural sources above the natural back-
ground is demonstrated. Apart from these 
examples of diffuse pollution, there is no 
evidence for widespread contamination from 
urban and rural wastes or other point sources 
of pollution.

The natural baseline is expressed as a 
range of values which are controlled by rain-
fall inputs and by the geology of the area. 
There are only subtle changes in this base-
line in the main body of the groundwater in 
the unconfi ned aquifer, for example, the Cl 
concentrations which vary with distance 
from the coast. The redox change to a reduc-
ing environment as the water moves under 
the confi ning Palaeogene strata produces 
increases in concentrations of Fe and Mn. 
This environment may also lead to natural 
denitrifi cation with possible net benefi ts for 
abstraction zones. Details of the natural 
variations and the overall statistical data for 

91 considered constituents in the groundwa-
ters of the area are presented.

It is concluded that the properties of 
groundwater in the Dorset Chalk are over-
whelmingly determined by natural reactions 
between rainwater reacting with the bed-
rock, especially in the topmost few metres. 
It is generally of high quality but is being 
progressively impacted by agrochemicals in 
unconfi ned areas, the effects of which are 
evident even in some of the deeper ground-
waters. Waters of pristine (pre-industrial) 
quality are rare in the basin and restricted 
essentially to the confi ned aquifer.

9.1 Introduction

The Chalk aquifer is the most important 
single aquifer in Europe and of special sig-
nifi cance in the UK and France where it 
forms basins underlying the cities of London 
and Paris (Edmunds et al. 1992). This paper 
focuses on one of the least impacted areas of 
Chalk in the UK as a type area of the aquifer. 
The Dorset Chalk area lies at the western 
end of the Wessex Basin and is centred on 
the town of Dorchester (Fig. 9.1). The basin 
is geologically a synclinal structure, which 
has its northern limb forming the high 
ground overlooking the Vale of Pewsey and 
its southern limb forming the high ground 
of the Purbeck monocline overlooking the 

9 The Chalk Aquifer of Dorset, UK
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coast near Lulworth. The river catchments 
of the Frome and the Piddle drain the centre 
of the syncline structure. The area comprises  
typical Chalk downland, common to much 
of southern England. In the east, towards 
Poole Harbour, the Chalk is overlain by 
younger Palaeogene sediments (sands, grav-
els and clays), which provide the contrasting 
heathland scenery.

The area of Chalk downland forms the 
core area for evaluating the regional baseline 

groundwater quality. Selected data for 
groundwater (springs and boreholes) from 
this region are used to provide areal coverage 
and to investigate trends in quality over 
 recent decades. The geochemical properties 
of the Chalk are relatively uniform; results 
from the Dorset Chalk may be used for com-
parison with other regions of the Chalk of 
southern Britain.

The Chalk aquifer is a major aquifer, 
containing large volumes of high quality 

Fig. 9.1 The Dorset Chalk of the Wessex Basin showing groundwater fl ow towards Poole Harbour 
beneath confi ned Palaeogene strata. Main sample sites (this study) are shown together with 
representative sites (1–6), which are shown in Table 9.4.
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potable water. It also provides an essential 
source of basefl ow to maintain river quan-
tity and quality. Its principal economic uses 
are its highly important role in providing 
high quality drinking water for both public 
and private water supplies, agricultural use, 
such as watercress and fi sh farming, and for 
industry. Specialised local users also include 
hospitals, breweries and food processing. 
The UK Environment Agency is responsible 
for the licensing of abstractions to supply 
these needs, with special regard for environ-
mental concerns such as maintenance of 
wetlands.

Current issues in the area relate mainly to 
the over-abstraction of groundwater that 
may lead to unacceptably low fl ow in rivers 
and the drying out of wetlands. The Dorset 
Chalk is believed to contain some of the 
highest quality Chalk groundwater in the 
country. However much of the area is given 
over to farming and the impacts on ground-
water quality of long-term farming, espe-
cially since the Second World War, are not 
fully known, although concerns over 
rising nitrate concentrations are being 
addressed. As well as diffuse pollution, there 
is the potential for point source pollution 
from urban and rural wastes, including land-
fi lls, industry and farm sources.

9.2 Geology and hydrogeology

The Chalk of Dorset, notably South Dorset, 
has undergone extensive deformation as part 
of the Alpine earth movements, and the 
structure is dominated by an east–west, 
faulted monocline. The zone of associated 
faults and folds, orientated E–W and NNW–
SSE, is known as the Purbeck disturbance. 
The faults associated with the zone of 

disturbance have an important control on 
the groundwater fl ow regime of the area. 
Flow and subsequent preferential solution 
along the NNW–SSE orientated discontinui-
ties has produced zones of enhanced hydrau-
lic conductivity.

The Upper Chalk (up to 260 m) forms the 
main outcrop over most of the area. Thin 
outcrops of Middle and Lower Chalk (up to 
41 and 57 m respectively) are also present in 
the upper valleys and along scarp edges. To 
the east, the Chalk is progressively confi ned 
by Palaeogene sand and clay deposits which 
may reach a thickness of more than 100 m in 
the east of the area. The thickness of these 
confi ning strata limit the extent that the 
confi ned Chalk is economically developed 
for potable supply.

Until around 8,000 years ago, sea levels 
were much lower than today and the coast-
line of Dorset lay at least 50 km to the south 
of the present-day coastline (Edmunds et al. 
2001). This situation which had lasted for 
over 80,000 years, was the result of a smaller 
ocean volume due to the formation of exten-
sive ice caps. The lowered sea levels would 
have resulted in the development of new 
base levels for surface and groundwater fl ow 
(Velegrakis et al. 1999). The land area was 
affected by a periglacial climate for much 
of the Pleistocene. These cold conditions, 
with permafrost, accelerated mechanical 
weathering of the chalk and enhanced the 
near- surface permeability. Solution features 
(dolines) abound near the junction between 
the Chalk and Palaeogene strata. These 
features are believed to have been exposed 
following erosion of the feather-edge of 
Palaeogene sediments. They resulted in 
locally enhanced aquifer transmissivities.

The hydrogeology of the aquifer can be 
considered in three areas; the southern 
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Chalk outcrop of the Purbeck Hills and 
Lulworth, the northern Chalk outcrop and 
the valleys of the Frome and Piddle and 
fi nally the confi ned Chalk in the Wareham 
and Poole Harbour areas (Fig. 9.1). The Chalk 
is underlain by the Upper Greensand, which 
is in hydraulic continuity with the overlying 
Chalk. Transmissivity of the Chalk ranges 
from 500 to 1,000 m2 d–1 and storage coeffi-
cients are between 5 × 10–4 and 3.5 × 10–2. 
Pumping tests indicate typical transmissivity 
values to be much lower at interfl uve loca-
tions, less than 50 m2 d–1 (Allen et al. 1997).

The confi ning Palaeogene beds comprise 
the Poole Formation, which consists of an 
alternating sequence of sands and clays; 
groundwater within the Poole Formation 
forms an important minor aquifer. Underlying 
the Poole Formation is a variable thickness 
of London Clay. The London Clay has a 
sandy unit, the West Park Farm Member, at 
its base in contact with the Chalk. It is likely 
that this unit is therefore in hydraulic con-
nection with the  underlying Chalk and that 
some leakage could occur between the Chalk 
and the Palaeogene deposits, although there 
is little geochemical evidence to suggest this. 
In the vicinity of Empool, where the Chalk 
is confi ned by the Palaeogene deposits, val-
ues of transmissivity range from 2,000 to 
15,000 m2 d–1, as a consequence of solution 
enhancement.

In southern Dorset, the highly folded 
chalk typically has a lower porosity and 
intergranular permeability than the less-
deformed chalk of the northern outcrop. The 
tectonically hardened chalk of south Dorset, 
has generally lower transmissivity and stor-
ativity, by which it is inferred that fractures 
have been modifi ed by chemical or mechani-
cal diagenetic processes (Allen et al. 1997). 

In contrast, on a localised scale, faulting 
appears to have increased transmissivity 
along dry river valleys, for example, at 
Lulworth.

Groundwater fl ow divides are discordant 
with the surface water drainage pattern in 
the southern part of the aquifer. In the vicin-
ity of Lulworth, this discordance is the prod-
uct of signifi cant groundwater discharges at 
the coast occurring in the form of springs 
located at Lulworth Cove and Arish Mell.

Fluid logging in the confi ned Chalk 
(Buckley 1996) indicates that the main hori-
zons of groundwater fl ow within the Chalk 
are in the uppermost 50 m. Fluid temperature 
logs have been used to demonstrate the depth 
of groundwater circulation. Most of the circu-
lation is restricted to the Upper Chalk (nota-
bly the part classifi ed as Portsdown Chalk 
under the current nomenclature) although 
minor temperature changes may be detected 
at greater depths, up to –300 m OD (Ordnance 
Datum). The groundwater at these greater 
depths is relatively fresh due to fl ow in the 
late Pleistocene (Edmunds et al. 2001) 
although the transmissivities are low.

9.3 Geochemistry of the Chalk

Chalk is a marine sediment which accumu-
lated slowly on the sea bed, principally 
comprising the fossilised coccoliths of plank-
tonic foraminifera. Some silica skeletons 
also contributed and these have undergone 
diagenesis to form fl int bands in the Upper 
and Middle Chalk. The microscopic texture 
of chalk from the region (Fig. 9.2) shows 
that the microfossil remains are well pre-
served. The high intergranular porosity 
(between 20% and 45%) is also apparent, 
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Fig. 9.2 SEM micrographs of the Chalk and Chalk surfaces from Lulworth and Shapwick boreholes: 
(a) Lulworth (93.8 m) Magnetite and pyrite vein fi lling with large crystal of sphalerite (ZnS). Open and 
recrystallised Chalk fabric, slightly different on either side of fracture; (b) Lulworth (47.9 m) Sugary 
fabric with recrystallising Chalk debris –  high porosity retained; (c) Intergrowths of pyrite and 
recrystallised pyrite Lulworth (93.8 m); (d) Lulworth (47.9 m) Foraminifera with late crystal of 
magnetite growing inside recrystallised skeleton; (e) Lulworth (93.8 m) Newly crystallised calcite 
rhombohedra on a matrix of microfossil fragments (some coccoliths still recognisable); (f) Lulworth 
(47.9 m) Overall texture of the Chalk at Lulworth with a phosphatic fragment of fi sh scale 
(g) Shapwick. Texture of Chalk showing high porosity and preserved chambered formainifera; 
(h) Lulworth (47.9 m) Intergrowth of clays (smecite) and gypsum on surface of a fracture; (i) Black-
scattered electron image of Chalk texture – mainly open structure with only slight recrystallisation 
(Shapwick); (j) Shapwick High magnifi cation view of the Chalk matrix at Shapwick; (k) Lulworth 
(93.8 m) Recrystallisation of foraminifera showing the overgrowth of calcites on skeleton. However, 
some coccoliths are still well preserved in this tectonised zone of the Chalk; (l) Detail of slide (k).

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j) (k) (l)
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with the diameter of the pores around 1 μm 
in size. This provides a large surface area for 
chemical reactions and this intimate inter-
action between water and rock largely con-
trols the baseline chemistry.

The Upper and Middle Chalk microfossil 
debris consist of relatively pure calcite (cal-
cium carbonate). However small amounts of 
other elements (Mg, Sr, Mn, Fe) are present 
in the calcite structure, which helped to 
stabilise the carbonate in the marine envi-
ronment. These impurities in the carbonate 
lattice play an important role in the evolu-
tion of the groundwater chemistry, since 
they are slowly released to the groundwater 
as the chalk recrystallises under freshwater 
conditions.

The Upper and Middle Chalk also contain 
1–5% non-carbonate fraction, rising to 5–12% 
in the Lower Chalk. This fraction consists of 
quartz, clay minerals (montmorillonite, 
white mica and in the Lower Chalk kaolin-
ite), as well as phosphate minerals (franco-
lite, fl uorapatite).

Groundwater in the Chalk occurs both in 
the pore spaces of the matrix and also in 
fractures, where most of the fl ow takes place. 
Water in the pore spaces remains relatively 
immobile on account of the low intergranu-
lar permeablilty, several orders of magnitude 
less than the permeability of the fractured 
rock. Water moving along the fractures 
brings in new (reactive) water, which dis-
solves fresh chalk, but may also precipitate 
authigenic minerals on the fracture surfaces. 
There is slow diffusive exchange between 
the porewater in the matrix pore space of the 
Chalk and mobile water in the fractures, 
which has a strong infl uence on the result-
ing groundwater chemistry with time as 
water moves through the aquifer.

9.4 Rainfall  chemistry

Rainfall chemistry can be regarded as the 
primary input and starting point for explain-
ing the baseline quality. For some elements 
it may well be the major source of solutes 
with very little being added during infi ltra-
tion and groundwater fl ow. For this area no 
climatic stations, which routinely measure 
rainfall chemistry, exist and therefore a sta-
tion in Sussex (Barcombe Mills) is used. This 
is in a similar geographic position relative to 
the coastline and with a similar rainfall 
amount to Dorset.

The analyses for this station are given in 
Table 9.1 for the major elements. In addition, 
these have been multiplied by a factor of 3, 
which roughly accounts for the likely con-
centration due to evapotranspiration under 
the prevailing climatic conditions. These val-
ues may be used as a guide for comparison 
with groundwaters below. It is important to 
note that Cl is inert and groundwater concen-
trations of Cl are largely rainfall derived. The 
Mg concentrations in rainfall exceed Ca and 
refl ect the higher ratios in sea water aerosols. 
Ammonium is the main N source being 
mainly derived from agricultural sources. 
The background concentrations (as N) at the 
present day, after allowing for evapotranspi-
ration, may be as high as 4 mg L–1.

9.5 Data for Dorset Chalk groundwaters

Extensive searches failed to locate early anal-
yses carried out on public or private water 
supplies except during the past two decades 
of the twentieth century. Unpublished data 
on interstitial water from core material from 
scientifi c drilling at Lulworth is used to 
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determine input histories. Data are available 
from the UK Environment Agency’s network 
for strategic monitoring of groundwater 
quality. However in the absence of a nation-
ally consistent programme, the data are 
incomplete and generally only comprise par-
tial time series. Data used here are from 26 
selected sites (one analysis from the mid-
1990s) in the Environment Agency’s moni-
toring network. These have been used (1) for 
statistical purposes to supplement new sam-
ple data and (2) to determine trends at the 
decadal scale that aid interpretation of trends 
away from baseline conditions.

A sampling programme for 30 sites was 
undertaken to establish baseline conditions 
for the present study during late autumn 
2000 from representative sites in the Dorset 
area shown in Fig. 9.1. Samples have been 
analysed for a full range of inorganic species 
and, in addition, fi eld measurements (Eh, 
DO, pH, temperature and SEC) are used in 
the interpretation. All samples were fi ltered 
in the fi eld and acidifi ed with nitric acid 
(1%) to stabilise trace elements.

9.6 Principal hydrochemical 
characteristics of groundwater in 

Dorset and baseline definition

9.6.1 Summary statistics

The summary statistics for Dorset ground-
waters are given in Table 9.2 with maxima, 
minima and median values calculated from 
all data (using half detection limit values 
where appropriate). A total of 59 samples 
were available from both British Geological 
Survey and Environment Agency datasets 
and a further 30 analyses using the new sam-
pling sites. Many of the data are discussed 
below but for some elements there is no fur-
ther discussion, especially for trace elements 
below detection limits.

9.6.2 Indicators of anthropogenic 
pollution

Three indicator organics (atrazine, chloro-
form and trichloroethylene) were used to 
indicate the presence of any unequivocal 

Table 9.1 Rainfall chemistry for Barcombe Mills. Average of 3 years 
1996–1998.

 Units Rainfall Rainfall × 3

pH pH scale 4.9

Na mg L–1 7.44 22.3
K mg L–1 0.24 0.73
Ca mg L–1 1.84 5.5
Mg mg L–1 4.21 12.7
CL mg L–1 5.61 16.8
SO4 mg L–1 1.07 3.2
NO3–N mg L–1 0.38 1.15
NH4–N mg L–1 1.34 4.01
Total N mg L–1 1.13 3.85

Rainfall mm 678  
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modern contamination. Atrazine was detected 
at two sites (both springs) at approximately 
twice the detection limit. Chloroform was 
detected in three springs (different to the 
above) at up to eight times the detection 
limit and in one borehole at twice the detec-
tion limit. Trichloroethylene was detected 
at one site (the same site as for chloroform) 
at just above the detection limit. All other 
sites contained no traces of the three artifi -
cial chemicals used as indicators. Nitrate 

median concentrations are high (median of 
6.20 mg L–1) and indicate more widespread 
human infl uence from agriculture, which is 
discussed further below.

9.6.3 Natural concentrations and 
baseline distributions

Using the summary statistics, knowledge 
of the fi rst order extent of modern conta-
mination, and the cumulative frequency 

Table 9.2 Field parameters, isotope data and range of major and minor element concentrations in 
groundwaters of the Dorset Chalk.

Parameter Units Min. Max. Median 97.7%ile n

T oC 9 17.2 11.4 16.4 58

pH 6.94 7.58 7.21 7.52 32

Eh mV 199 552 517 548 13
DO mg L–1 <0.1 11.01 7.61 10.5 56
SEC μS cm–1 343 1177 586 857 31

δ 2H ‰ –45 –36 –39 –36 16

δ 18O ‰ –6.8 –5.82 –6.36 –5.8 16

δ 13C ‰ –15.7 –5.6 –14.4 –7.8 16

Ca mg L–1 50 125 105 120 34
Mg mg L–1 1.7 19.4 2.5 18.1 34
Na mg L–1 6 155 10.6 85.2 34
K mg L–1 0.9 7 2.3 6.6  8
Cl mg L–1 14 223 21 83.3 59
SO4 mg L–1 2.5 43 13 32.8 35
HCO3 mg L–1 107 324 269 313 30
NO3–N mg L–1 0.05 12.00 6.20 11.2 34
NO2–N mg L–1 <0.001 0.0569 <0.001 0.043 58
NH4–N mg L–1 <0.003 0.310 0.011 0.131 58
P mg L–1 10 163 44 118 30
TOC mg L–1 0.49 5.78 1.18 5.3 30
DOC mg L–1 0.25 4.16 0.75 3.8 56
F mg L–1 0.048 4.3 0.08 1.7 31
Br mg L–1 0.057 0.289 0.084 0.222 31
I μg L–1 2 20.1 3 18.7 31
Si mg L–1 3.3 12.2 4.7 11.6 56
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(log-probability) plots (Fig. 9.3), it is possible 
to defi ne baseline characteristics from a 
purely statistical perspective. The cumula-
tive frequency plots show the range and dis-
tribution of concentrations for selected 
elements/species. The median (50%) and 
97.7 percentile are used as reference values 
and these are summarised for all elements in 
Tables 9.2 and 9.3. These individual values 
are useful for comparison between areas but 
it should be stressed that the baseline is rep-
resented by a range of compositions in any 
given aquifer. For the vast majority of ele-
ments, the distribution represents geological 

Fig. 9.3 Cumulative frequency (log-probability) 
plots for selected major and trace elements in 
Dorset Chalk groundwaters.
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and geochemical controls on the ground-
water compositions, discussed below. The 
slope, curvature and overall shape of the 
lines is indicative of different categories of 
control (see Chapter 1).

The statistical summaries (Tables 9.2 
and 9.3) include many of the common ele-
ments, including many of those ranked as 
hazardous by the EU Drinking Water (DW) 
Standards. Individual concentrations of NO3, 
F, Fe, and Mn exceed the DW standards for 
groundwaters in some waters, but for most 
elements the observed values are consis-
tently less than DW limits. This dataset 
comprises natural (raw) waters and includes 
some sources not used for drinking purposes 
and these may contain high values of certain 
elements. Several elements in this summary 
are toxic (e.g. Tl, Be) and fortunately their 
natural abundance and mobility is very low. 
The present defi nition of low baseline con-
centrations can be used to assess contamina-
tion incidents by uncommon elements that 
may occur in the future. Other elements, 
notably F, Se and I are essential elements, 
although their defi ciency or excess above 
certain concentration ranges may lead to 
health problems.

Nitrate distribution indicates that around 
80% of the groundwater samples contain con-
centrations above 5 mg L–1 NO3–N. This indi-
cates an extensive and pervasive penetration 
of agrochemicals and/or organic fertilisers 
into the chalk aquifer above baseline values 
and this issue is discussed further below.

It is difficult to defi ne the extent to which 
the major ions other than nitrate may have 
been infl uenced by human  activity. 
Potassium is one other element that may 
have a signifi cant anthropogenic signal from 
agrochemicals or organic fertilisers. A plot 
of K versus Na (Fig. 9.4) shows that the 
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Table 9.3 Trace element concentrations in groundwaters of the 
Dorset Chalk.

Parameter Units Min. Max. Median 97.7%ile n

Ag μg L–1 <0.05 0.16 <0.05 0.07 30

Al μg L–1 <1.0 2.0 1.0 2.0 30

As μg L–1 <1 1.60 <1 1.24 56

Au μg L–1 <0.05 <0.05 <0.05 <0.05 30

B μg L–1 <20 <21 <22 74.8 31

Ba μg L–1 5.00 99.0 12.0 40.5 57

Be μg L–1 <0.05 0.25 0.03 0.10 30

Bi μg L–1 <0.05 0.07 0.03 0.06 30

Cd μg L–1 <0.05 0.06 <0.05 <0.05 30

Ce μg L–1 <0.01 0.010 <0.01 0.010 30

Co μg L–1 <0.01 14.5 0.02 8.08 30

Cr μg L–1 <0.5 <0.5 <0.5 <0.5 30

Cs μg L–1 <0.01 0.020 <0.01 0.013 30

Cu μg L–1 0.2 13.7 2.20 11.2 30

Dy μg L–1 <0.01 <0.01 <0.01 <0.01 30

Er μg L–1 <0.01 <0.01 <0.01 <0.01 30

Eu μg L–1 <0.01 <0.01 <0.01 <0.01 30

Fe μg L–1 <5 20007 2.50 4901 35

Ga μg L–1 <0.05 <0.05 <0.05 <0.05 30

Gd μg L–1 <0.01 <0.01 <0.01 <0.01 30

Ge μg L–1 <0.05 0.08 <0.05 0.08 30

Hf μg L–1 <0.02 <0.02 <0.02 <0.02 30

Hg μg L–1 <0.1 <0.1 <0.1 <0.1 56

Ho μg L–1 <0.01 <0.01 <0.01 <0.01 30

In μg L–1 <0.01 <0.01 <0.01 <0.01 30

Ir μg L–1 <0.05 <0.05 <0.05 <0.05 30

La μg L–1 <0.01 0.02 <0.01 0.01 30

Li μg L–1 0.20 20.00 0.85 14.0 31

Lu μg L–1 <0.01 <0.01 <0.01 <0.01 30

Mn μg L–1 <0.04 555 <0.04 150 33

Mo μg L–1 <0.1 2.50 <0.1 1.17 30

Nb μg L–1 <0.01 0.01 <0.01 0.01 30

Nd μg L–1 <0.01 0.02 <0.01 0.01 30

Ni μg L–1 <0.2 20.3 0.35 16.2 30

Os μg L–1 <0.05 <0.05 <0.05 <0.05 30

Pb μg L–1 <2.0 <2.0 <2.0 <2.0 30

Pd μg L–1 <0.2 <0.2 <0.2 <0.2 30
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ratio found in pristine porewaters from the 
Lulworth borehole has a lower K/Na ratio 
(0.067) than the upper portion of the bore-
hole (0.10), which contains signifi cant mod-
ern nitrate. A further signifi cant enrichment 
of potassium in the pumped groundwaters is 
also found (0.12). This suggests that, like 
nitrate, K enrichment is widespread, from a 
similar source of diffuse pollution. The 
cumulative frequency curves for both K and 
NO3 (and possibly for DOC) are steeper than 

for Na and Cl. The latter are controlled by 
the rainfall inputs and the steeper slopes 
for K and NO3 are indicative of control by 
pollution.

9.6.4 Regional hydrochemical properties 
of the groundwaters

The trilinear plot (Fig. 9.5) and cumulative 
frequency plots (Fig. 9.3) show that Ca and 
HCO3 are the major constituents of the 

Table 9.3 Continued

Parameter Units Min. Max. Median 97.7% ile n

Pr μg L–1 <0.01 <0.01 <0.01 <0.01 30

Pt μg L–1 <0.01 <0.01 <0.01 <0.01 30

Rb μg L–1 0.71 1.96 1.31 1.84 30

Re μg L–1 <0.01 0.01 <0.01 0.01 30

Rh μg L–1 <0.01 <0.01 <0.01 <0.01 30

Ru μg L–1 <0.05 <0.05 <0.05 <0.05 30

Sb μg L–1 <0.05 0.98 <0.05 0.47 30

Sc μg L–1 1.19 2.99 1.58 2.50 30

Se μg L–1 0.5 2.50 0.65 1.87 56

Sm μg L–1 <0.05 <0.05 <0.05 <0.05 30

Sn μg L–1 <0.05 0.21 0.07 0.18 30

Sr μg L–1 142 2680 233 1407 31

Ta μg L–1 <0.05 <0.05 <0.05 <0.05 30

Tb μg L–1 <0.01 <0.01 <0.01 <0.01 30

Te μg L–1 <0.05 0.10 <0.05 <0.05 30

Th μg L–1 <0.05 <0.05 <0.05 <0.05 30

Ti μg L–1 <10 <10 <10 <10 30

Tl μg L–1 <0.01 0.04 0.01 0.03 30

Tm μg L–1 <0.02 <0.02 <0.02 <0.02 30

U μg L–1 <0.05 0.50 0.24 0.43 30

V μg L–1 <1 <1 <1 <1 30

W μg L–1 <0.1 <0.1 <0.1 <0.1 30

Y μg L–1 <0.01 0.06 <0.01 0.05 30

Yb μg L–1 <0.01 0.01 <0.01 <0.01 30

Zn μg L–1 0.8 145 6.40 80.5 30

Zr μg L–1 <0.5 <0.5 <0.5 <0.5 30
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Dorset Chalk groundwaters. An upper limit 
is apparent for the concentrations of these 
two ions imposed by the maximum solubil-
ity of CaCO3. Na and Cl are next in abun-
dance, the behaviour of both these elements 
being similar, and both derived principally 
from rainwater. Some 10% of the groundwa-
ters contain slightly greater salinity than 
derived from rainfall, being derived from 

Fig. 9.5 Trilinear cation plot 
showing the relative 
proportions of major cations 
in Chalk groundwaters.

Fig. 9.4 Plot of K versus Na showing the trends 
in natural waters (Lulworth) and the likely trends 
as a result of diffuse pollution.
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natural sources as discussed later. 
Most other ions (Fig. 9.3) show lognormal 
distributions. The major exceptions are 
nitrate and Fe and Mn, which exceed 100 
and 1 μg L–1 respectively in the deeper con-
fi ned groundwaters.

9.7 Downgradient evolution in 
water quality

The natural baseline characteristics of the 
Dorset groundwaters can be further explained 
with reference to the trilinear diagram 
(Fig. 9.5) and with reference to the cross sec-
tion through the area, from Powerstock in 
the west to Wareham in the east (Figs. 9.6 
and 9.7). The trilinear diagram plots the 
groundwater data in two ways, fi rst as a 
 simple plot of the Dorset data given above 
and secondly as in relation to other data 
from Dorset and Berkshire (for reference) are 
plotted. These data are taken from additional 
sources including Edmunds et al. (1987). 
Almost all groundwaters are dominated by 
calcium, this being clear evidence that the 

EDMUNDJ_Ch9.indd   206EDMUNDJ_Ch9.indd   206 12/11/2007   5:37:35 PM12/11/2007   5:37:35 PM



The Chalk Aquifer of Dorset, UK 207

main control is the initial (congruent) solu-
tion of the chalk as water enters the ground; 
these groundwaters are only slightly enriched 
in Mg compared with the chalk itself. Some 
slight initial elevated Mg in  dilute ground-
waters compared to Chalk may be due to the 
infl uence of the rainfall (Table 9.1). As the 
groundwaters evolve along fl ow lines and 
with depth (see also Fig. 9.6), an increase in 
Mg is seen due to incongruent solution of 
the chalk. The increase in Mg and Mg/Ca, is 
indicative of increasing residence time as 
observed in Berkshire (Edmunds et al. 1987) 
following continuous reaction between 
groundwater and the rock. On this basis, the 
groundwater beneath Wareham is the oldest 
groundwater in the area.

The downgradient trends show that 
groundwater chemistry evolution within 
the groundwater body, formed of a single 
chalk lithology, is a function of spatial dis-
tribution and also depth and time, as well 
the changes in lithological facies. The lines 
of section (Figs. 9.6 and 9.7) commence in 
unconfi ned Chalk but show the evolution 
towards the deeper confi ned aquifer. Most 
boreholes are in the range of 30–100 m in 
depth and some springs are also included. 
On the diagram the springs (s) are indicated, 
as are the two deepest boreholes at Dorchester 
Hospital (DH) and Eldridge Pope Brewery 
(EP). The latter might be expected to be the 
most ‘evolved’ of the unconfi ned set of 
groundwaters.

Chloride is inert and is likely to have its 
source in rainfall, ancient formation waters 
(old sea water for example) or from contami-
nant sources. There is an increase in this 
area towards the coast from 16 to about 
40 mg L–1 Cl, consistent with evaporation of 
the rainwater. Some of the groundwater 
in the confi ned aquifer also has higher Cl, 

Fig. 9.6 Hydrogeochemical variations in the 
Chalk groundwaters along a line of fl ow from 
Powerstock to Wareham. Line of section in Fig. 9.1

indicating that the older water contains 
traces of original salinity derived probably 
from the chalk formation waters (Edmunds 
et al. 1987). The concentrations of sulphate 
(median 14 mg L–1) are in excess of those 
from rainfall (3.2 mg L–1) and represent a geo-
logical or pollution source. It is apparent 
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that the two deepest groundwaters at 
Dorchester also have high SO4 and so a geo-
logical origin is suggested. The SEM sections 
(image j, Fig. 9.2) indicate that gypsum, 
derived from the oxidation of pyrite, may be 
present in the aquifer at intermediate depths. 
Dissolved oxygen, nitrate and ammonium 
illustrate the redox (oxidation–reduction) 
characteristics of the groundwaters (Fig. 9.7). 
Dissolved oxygen concentrations are uni-
formly high in the unconfi ned  groundwaters 
(overall median value of 7.6 mg L–1). These 
values represent a loss of only 30–40% of 
oxygen from atmospheric values. There is a 
distinct change in the oxygen concentrations 
near the unconfi ned/confi ned contact. To 
the east of this point, termed a ‘redox bound-
ary’, the groundwaters become reducing as 
they are confi ned. Once the oxygen has been 
consumed, the nitrate is then reduced very 
quickly. The nitrate concentrations are uni-
formly high across the unconfi ned aquifer, 
even at two deeper sites near Dorchester. 
This suggests that contamination from agri-
cultural sources has penetrated to depth. It is 
of interest that the lowest NO3 concentration 
is from the upland area of Bulbarrow Down 
where the catchment is mainly unfertilised 
grassland. In the reducing aquifer, an increase 
in NH4 is observed; this is a natural phenom-
enon and unrelated to groundwater pollution, 
with ammonium released from clay minerals. 
Ferrous iron then increases in concentration 
in the reducing environment.

As well as the Mg/Ca ratio, fl uoride and 
lithium concentrations also illustrate the 
hydrogeochemical evolution across the 
aquifer. Low fl uoride concentrations at or 
below 100 μg L–1 characterise the unconfi ned 
groundwaters and refl ect rainfall input con-
centrations. Slightly higher Mg/Ca and also 
F from one site are found for the deeper 

Fig. 9.7 Redox characteristics of the Chalk 
groundwaters (DO, Eh, NO3, NH4, Fe) along a 
line of fl ow from Powerstock to Wareham. Line 
of Section in Fig. 9.1.

Redox boundary

Dorchester boreholes, further supporting the 
idea that the deeper waters are more evolved 
and therefore considerably older. A signifi -
cant increase in Mg/Ca, F, Li and F can be 
detected along the fl ow path, this being a 
sign that slightly older water is being 
entrained as the groundwater evolves. This 
effect is then shown very clearly in the 
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deeper confi ned (although still fresh) ground-
waters beneath Wareham.

9.8 Quality changes with depth 
and time

9.8.1 Depth profi les

The samples obtained from pumping 
 boreholes and springs are typically mixtures 
of water from different fl owpaths and depths 
and represent the average chemical compo-
sition of the groundwater in large volumes 
of the aquifer. It is possible to obtain improved 
resolution of stratifi cation in chemistry or 
age from samples taken either from intersti-
tial waters (waters contained in the rock 
pores) or from depth samples taken from the 
borehole water column. Interstitial waters 
are obtained by high-speed centrifugation 
(Edmunds and Bath 1979) and allow continu-
ous detailed chemical profi les to be built up. 
Examples are available from Dorset of inter-
stitial water profi les taken from both the 
unsaturated and saturated zones as well as 
borehole depth profi les of conductivity and 
temperature, which have provided the basis 
for depth sampling for chemistry.

9.8.2 Unsaturated zone profi les

Interstitial water profi les are available for 
a borehole drilled in 1977 and 1979 beneath 
rough grassland at Gussage (SY 9938 1094) 
at a site previously cored in 1970 to provide 
an indication of the rate of movement of 
water through the unsaturated zone (Geake 
and Foster 1989). The radioactive isotope 
tritium, which was produced during thermo-
nuclear (hydrogen bomb) testing in the 
1960s, acts as a tracer for the water 
molecule, with a maximum concentration 

occurring in 1963. These profi les illustrate at 
what rate water has moved towards the water 
table. The preservation of the tritium peak, 
although attenuated by radioactive decay over 
time, indicates that the bulk of the water 
moves downwards at around 1 m yr–1 through 
the pore spaces and microfractures, although 
undergoing some dispersion. Nevertheless, 
it was shown that at some locations, where 
larger fractures occur, that some bypass fl ow 
takes place allowing a fraction of the water 
to move more rapidly.

9.8.3 Saturated zone profi le 
(unconfi ned aquifer)

Interstitial waters from a research borehole 
at West Lulworth, drilled in the late 1970s to 
a depth of –170 m OD provides a very detailed 
profi le of the changes in the water quality 
with depth (Fig. 9.8). Temperature and elec-
trical conductivity (SEC) logs  subsequently 
carried out in 1997 provide an additional 
control on the groundwater fl ow and chem-
istry at this site. It can be seen that the 
base of the present-day fl ow system is at 
approximately –65 m OD as defi ned by the 
temperature profi les. Below this depth, the 
temperature increases linearly in line with 
the geothermal gradient; above this depth 
the water temperature is disturbed by fl ow. 
A slight decrease in fl uid conductivity is 
recorded at below –65 m OD indicating 
that the Chalk contains freshwater to its 
total depth. This is in line with deeper 
penetration of freshwater found elsewhere 
near the coastline of southern England (see 
below).

Higher nitrate concentrations between 
5 and 15 mg L–1 NO3–N are found above 
–65 m confi rming the penetration depth of 
modern groundwater. Below this depth nitrate 
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concentrations are still detectable and are in 
the range 0–2 mg L–1. No radiocarbon data are 
available for this water but stable isotope 
results indicate a modern signature rather 
than palaeowater (unpublished data). Some 
suggestion of more mature water is indicated 
by higher Sr and Na in the pore water profi le 
at a depth below –140 m. It is probable that 
groundwater below –65 m OD to the total 
depth (–170 m) represents water which was 
moving offshore during the lower sea levels 
some 8,000–10,000 years before present (BP), 
comparable to that found in the South Downs 
of the UK (Edmunds et al. 2001). This water 
remains separate from the main groundwater 
circulation of the present day. This water rep-
resents a good reference for the baseline com-
position for the Chalk of the area.

9.9 The age and quality of water in 
the confined Dorset Chalk

Several indicators are available to help 
 understand the residence time of water in 

the Chalk such as the seasonality of springs, 
records of tritium, the presence of contami-
nants introduced by man since the industrial 
era, as well as radiocarbon dating for the 
older groundwaters; the ratios and absolute 
concentrations of major or trace elements 
also gives an indication of relative age. The 
initial age distribution in the Chalk ground-
waters has inevitably been disturbed by 
pumping with water moving preferentially 
towards abstraction areas, distorting the age 
structure.

Tritium measured in the unsaturated zone 
suggests that groundwater moves towards 
the water table at approximately 1 m yr–1 
and that water at the immediate water table 
will therefore have an age proportional to 
the depth of the unsaturated zone – typically 
measured in decades. In areas of the Chalk 
with strong fracture systems, for example 
along valleys, preferential, more rapid fl ow 
may occur. The presence of high nitrate 
concentrations in most of the Chalk outcrop 
areas (and rising concentrations in springs 
and boreholes) supports these observations 

Fig. 9.8 Interstitial water chemistry, temperature and SEC profi les from the research borehole at West 
Lulworth. Site 3 Figure 9.1.

NO3–N

NO3–N
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and the infl uence of agricultural practices 
over the past 40–50 years, involving high 
rates of agrochemical application.

Confi ned groundwater in the Chalk aqui-
fer beneath Poole Harbour is relatively fresh 
(<1000 μS cm–1 down to a depth of at least 
–240 m OD in the Stoborough borehole). 
Fluid temperature logging in the basin sug-
gests that present-day groundwater circula-
tion in the deeper Chalk aquifer exists down 
to a depth of –170 to –180 m OD (Edmunds 
et al. 2001). This is considerably deeper than 
elsewhere along the South Coast of the UK 
and is believed to be controlled by the local 
geological structure. Interstitial waters from 
terminal cores taken from Stoborough and 

Wareham boreholes indicate that freshwater 
occurs to depths of –250 m OD and with 
only minor residual salinity derived from 
saline formation water. The original saline 
formation water was probably expelled from 
the sediment during the Alpine folding, 
which affected this part of Britain 20–40 mil-
lion years ago. However, detectable radiocar-
bon of 1–2 pmc (per cent modern carbon) in 
these samples implies that the bulk of the 
freshwater is late Pleistocene in age, in 
excess of 10,000 years bp.

Representative analyses of the groundwa-
ter from beneath Wareham are shown in 
Table 9.4 (Stoborough borehole). The evolved 
geochemical characteristics of the water 

Table 9.4 Representative analyses of groundwater from Dorset. The locations are shown in Fig. 9.1 
(Woodsford Farm and Stoborough are in the confi ned aquifer).

Locality Units

Bulbarrow
Farm

Farm borehole

Winterbourne
Abbas

Public supply

Lulworth
Spring
Spring

Eagle Lodge
BH2a

Public supply

Woodsford
Farm

Farm borehole
Stoborough

Deep borehole

T oC 11.6 11.4 11.4 15
pH 7.38 7.23 7.42 7.13 7.02 7.5
DO mg L–1 5.3 9.6 6.5 5.7 0 0
SEC μS cm–1 492 558 584 586 343 683
Ca mg L–1 87.8 110 94 114 23 60
Mg mg L–1 1.73 2.28 3.82 2.57 2.24 17.2
Na mg L–1 8.4 12.1 23 13.3 9.3 63
K mg L–1 0.9 1.8 1.9 2.3 0.25 3.3
Cl mg L–1 15.2 20.3 36.6 22.2 22.7 85
SO4 mg L–1 12.3 13.5 13.3 15.3 32.4 8

HCO3 mg L–1 214 249 271 107 277

NO3–N mg L–1 3.31 7.9 6.31 7.64 <0.1 <0.1
NH4 mg L–1 0.0047 <0.003 0.0045 0.0072 0.0063 0.14

DOC mg L–1 0.5 0.91 1.44 0.94 0.87 1.95
F mg L–1 0.064 0.08 0.087 0.07 0.09
Si mg L–1 6.8 4.22 4.38 4.69 3.3
Ba μg L–1 5.5 7.4 8.2 11.9 11.7
Fe mg L–1 <0.005 <0.005 <0.005 <0.005 20 0.25
Li μg L–1 3.0 0.8 0.7 0.8 11.1
Mn μg L–1 1.94 <0.04 <0.04 <0.04 555 <0.04
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(high F, Sr) confi rm that despite the fresh-
ness, the water is of considerable age.

9.10 Trends in water quality 
parameters

Long-term datasets are not widely available 
from the region in general, and it is feared 
that much of the time series data from pub-
lic supply wells prior to the 1980s has not 
 survived. However, some records have been 
identifi ed from the Sutton Poyntz spring 
(Limbrick 2003) dating back to the late 
 nineteenth century as well as from the brew-
eries in Dorchester and Blandford Forum.

A 17-year record for a limited number 
of parameters is available for a shallow 
borehole at West Houghton fi sh farm 
(Fig. 9.9). The Cl record shows no signifi cant 
increase over the measurement period. 
The initial data seem rather noisy and this 
is  attributed to analytical problems. The 
mean value for this inland site (16 mg L–1 Cl) 
is about 5 mg L–1 lower than for sites 
nearer the coast, refl ecting the decrease in 
maritime infl uence. Nitrate (as NO3–N) 
increases from 2.5 to 5 mg L–1 over the 
 measurement period, with evidence also of 
seasonal changes. For this site there is also a 
record of dissolved oxygen which shows 
some oscillation with time. This has no 
apparent explanation, nevertheless strongly 
aerobic conditions are maintained over the 
whole period.

Miscellaneous records are available in 
BGS fi les dating back to the immediate post-
war period. Of relevance is analysis of nitrate 
(1.5 mg L–1 NO3–N) at Alton Pancras new 
borehole (1946), which just pre-dates the 
introduction of intensive use of fertilisers 
and the ploughing up of Chalk downland. 

Fig. 9.9 Trends in chemistry from 1981–1997 for 
the West Houghton borehole.
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Further data are available back to the early 
twentieth century (Whitaker and Edwards 
1926) and a summary of these is given in 
Table 9.5. It can be seen that pre-First World 
War values ranged from 0.73 to 1.3 mg L–1 
NO3–N and little difference is found between 
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these values and the 1946 data, suggesting 
little change in land use between the two 
World Wars.

9.11 Summary of the baseline quality

Dorset is a type location for demonstrating 
groundwater quality evolution in the UK 

Table 9.5 Summary information from archive 
data taken from BGS records.

Site Date

Nitrate 
NO3–N 

(mg L�1)
Cl

(mg L�1)

Corfe Mullen well 1908 1.0 30

Durweston 1911 1.3 17

Upwey 1910 0.88 23

Sutton Poyntz 1913 0.73 19

Alton Pancras 1946 1.5 –

and European Chalk. It is exposed to the 
 infl uence of the prevailing westerly winds 
which infl uence rainfall and input water 
quality, and it lies in an area free of any major 
urban or industrial infl uences. It is, however, 
an area which contains a high proportion of 
arable farmland. A high proportion of water 
supply is derived from groundwater, although 
compared to other areas of the UK the 
demands on the aquifer are not stressed (i.e. 
abstraction does not exceed recharge).

The main aspects of baseline quality can 
be summarised with reference to the cross 
section Fig. 9.10. Rainfall chemistry infl u-
ences are apparent in generating the chemi-
cal background of inert constituents such as 
Cl; this infl uence is apparent in the ground-
water as a gradual reduction in Cl concentra-
tions away from the coastline. The baseline 
quality for several other elements within 
the unconfi ned aquifer such as F is also 
likely to be infl uenced by rainfall after 
allowing for evapotranspiration. The main 

Fig. 9.10 Conceptual diagram of the Chalk aquifer of Dorset highlighting the main geochemical 
processes controlling water quality.
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control on the baseline quality however is 
the geochemistry of the chalk sediment. 
Water interacting with the chalk produces 
hard water where Ca predominates over all 
other cations, HCO3 being the main anion. 
Variations in the natural chemistry also take 
place with increasing residence time and 
especially due to redox changes as ground-
water moves beneath the Palaeogene cover. 
High natural concentrations of Fe, Mn and F 
may be found in the deeper freshwaters, not 
currently used for water supply purposes. In 
general, the residence time of groundwaters 
in the Dorset Chalk can be measured in 
decades, although it is of the order of several 
months for fl ows to springs. Fresh ground-
water occurring at depth in the Chalk 
beneath the Palaeogene strata, extending 
beneath Poole Harbour, has a residence time 
of the order of 20,000 years.

The natural baseline is represented by a 
range of concentrations for any given ele-
ment, these being controlled by climatic and 
geological factors. Human impacts are 
mainly visible in the presence of indicator 
contaminants such as nitrate and artifi cial 
organic chemicals and it is very difficult to 
discern any effects of human activity in 
other solutes. As far as nitrate is concerned, 
evidence from pore waters at depth (Lulworth 
borehole) and from the inspection of old 
records, indicates that baseline concentra-
tions were below 2 mg L–1 NO3–N and most 
probably around 1 mg L–1, before the onset of 
intensive farming in the latter half of the 
twentieth century. Nitrate is highly mobile  
under oxidising conditions, and its wide-
spread presence at concentrations well above 
the baseline value, increasing progressively 
over the past two decades, indicates the extent 
to which the aquifer is now infl uenced by 
 farming practices. Trace organic compounds 

are only detected locally in spring samples 
and are likely to be less mobile and less sta-
ble than nitrate, having undergone degrada-
tion and/or adsorption. The effect on the 
overall chemical quality is more difficult to 
demonstrate, although the increase in potas-
sium concentrations (K/Na ratios) may be 
shown to relate to agriculture rather than to 
natural geochemistry. Some increase in sul-
phate may also be due to human impacts 
although in Dorset no defi nitive evidence is 
available to support this.

The summary tables and the plots illus-
trated show ranges and individual concentra-
tions for the wide range of chemical elements 
and constituents considered in the study. All 
the common elements including most of 
those ranked as potentially hazardous by 
water quality (EC) guidelines are included in 
the tables. In addition, data are summarised 
for a wide range of potential contaminants, 
which may be of natural or introduced origin. 
The median value may be used as a reference 
value for purposes of comparison, but it is 
emphasised that the baseline range may 
 extend across the 2.3–97.7 percentile range, 
over an order of magnitude for some elements, 
as a result of purely natural geochemical pro-
cesses. It is found that individual values for 
NO3, F, Fe and Mn may exceed the maximum 
permissible concentrations for drinking water 
in some waters. Of these F, Fe and Mn are 
typically of natural origin. The summary 
range of baseline concentrations is of strategic 
importance providing values against which 
potential pollution problems may be assessed. 
Several elements in this category are highly 
toxic (e.g. Tl, Be) but their natural abundance 
and mobility in the Chalk aquifer is very low.

In conclusion, the groundwater quality 
in Dorset is overwhelmingly controlled by 
natural reactions between rainwater and the 
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Chalk, following which further geochemical 
evolution takes place along fl ow pathways. 
It is also clear, however, that the infl uence 
of diffuse pollution from agriculture is wide-
spread, especially in the build up of nitrate 
above a low baseline of around 1 mg L–1. At 
present, this poses no immediate threat to 
public supplies although a reversal of the 
current upward trends must be sought. This 
may take place over coming decades with 
better source control and improved legisla-
tion, but also within the confi ned region suf-
fi cient attenuation may be provided by the 
natural reducing properties of the aquifer.
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The geochemical controls of groundwater 
baseline chemistry of the Doñana aquifer 
system (DAS – SW Spain) have been charac-
terised using major and minor inorganic 
components and environmental isotopes. In 
unconfi ned areas, groundwater baseline is 
controlled mainly by rainwater composi-
tion, which is of Na–Cl type, equilibrium 
with silica and dissolution of soil CO2, Na– 
and K– feldspars, and CaCO3 where present. 
The resulting mineralisation ranges from 
very low to moderate. Groundwater baseline 
changes from the unconfi ned areas to the 
confi ned sector mostly by mixing with old 
marine water, Na/Ca–(Mg) cation exchange, 
sulphate reduction and calcite dissolution/
precipitation. The resulting salinity ranges 
from 1 mS cm–1 up to 80 mS cm–1.

In the shallower layers (<40 m) of the 
unconfi ned areas, groundwater baseline has 
been modifi ed by different human activities, 
as shown by the presence of agrochemicals 
(nutrients, metals, pesticides) and of industry-
derived airborne pollutants (mainly metals 
coming from the nearby Huelva industrial 
site and from open-pit mining sulphide 

exploitation). This is supported by tritium 
based ages, which show residence times 
greater than 40 years for fl ow lines deeper 
than 35–40 m.

Groundwater composition in the confi ned 
areas is mostly naturally derived (baseline), 
as supported by 14C ages ranging from 1 to 
more than 15 kyr. Agriculture-derived pol-
lutants are present in groundwater below 
irrigation areas exploiting groundwater con-
fi ned layers close to the northern boundary 
of the aquifer confi ned under the marshes, as 
well as the unconfi ned aquifer.

10.1 Introduction

The DAS is situated close to the southwest-
ern Atlantic coast of Spain, between the 
Guadalquivir River and the Portuguese bor-
der, and covers an area of about 2700 km2. 
The area belongs to the provinces of Huelva, 
Sevilla and Cádiz. The main towns are Sevilla 
(1.6 × 106 inhabitants), some 100 km to the 
NE; Cádiz (0.2 × 106 inhabitants), some 60 km 
to the SE; and Huelva (0.05 × 106 inhabitants), 

10 Groundwater Baseline Composition 
and Geochemical Controls in the Doñana 

Aquifer System, SW Spain

M. MANZANO, E. CUSTODIO, M. IGLESIAS AND 
E. LOZANO
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situated some 70 km to the West. However, 
most of the Doñana core area is uninhabited, 
except for people in charge of the environ-
mental protection, some researchers, the 
occasional developers of some natural 
resources, and visitors.

Doñana is a Ramsar Convention protected 
area for wildlife and waterfowl. It comprises 
one of the largest valuable environmental 
zones in Spain: some 1100 km2 are protected 
under the legal statutes of a National Park 
(human activities are severely restricted) and 
a Natural Park (some controlled farming and 
light tourism activities are allowed, such as 
pine cone collection, charcoal production 
and walking). (Fig. 10.1).

Outside the protected zones, large areas are 
used for irrigation, established late in the 

1970s when a groundwater-based irrigation 
farming development plan started. It was 
sponsored by the United Nations Food and 
Agriculture Organization and the Spanish 
Government. Tourism is also an important 
economic activity. It is mainly beach-based 
and concentrated both seasonally (spring and 
summer) and spatially (Matalascañas and 
Mazagón coastal resorts with a capacity of 
around 300,000 people). A religious pilgrim-
age concentrates around 1 million people dur-
ing one week at El Rocío village every year, 
close to the marshes and other fragile areas of 
the National Park. This causes a serious 
impact on the environment, mainly from the 
great number of vehicles and waste dumping.

The climate is Mediterranean sub-humid 
with Atlantic infl uence characterised by dry 

Fig. 10.1 Location, geology and 
geometry of the Doñana aquifer 
system. The aquifer limits coincide 
with those of the Plio-Quaternary 
sediments.
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summers and wet winters. Mean rainfall, 
concentrated between October and March, 
is 500–600 mm, but has a very high inter-
annual variability, from 1100 mm to 250 mm. 
Mean yearly temperature is around 17°C 
near the coast and 18°C in the centre of the 
area. Values above 35°C are often reached 
during July–August, while values under 0°C 
are seldom attained during December–
January. Temperature shows very small 
inter-annual variation. The mean number of 
annual sun hours is close to 3000.

Two large rivers, the Tinto River to the 
NW, and the Guadalquivir River to the E, 
surround the aquifer area, but they do not 
contribute water to it. Surface water inside 
the territory is limited to a couple of small 
groundwater fed permanent rivers and some 
seasonal brooks, and to some permanent and 
many small temporal lagoons in small 
depressions in which the water-table crops 
out. Groundwater is the only permanent 
water source both for human and environ-
mental uses.

Intensive groundwater exploitation since 
early in the 1980s, mostly for irrigation and 
to supply touristic areas, but also locally for 
some environmental uses, led to a ground-
water level drawdown and to the develop-
ment of conspicuous localised piezometric 
depression cones. The resulting water–table 
drawdown has reduced the aquifer’s natural 
discharge through springs, streams and phre-
atic evapotranspiration, thus inducing slow 
vegetation changes and modifying the hydro-
logical behaviour of wetlands (Coleto 2004; 
Manzano et al. 2005a).

Groundwater chemistry in most of the 
aquifer has been studied previously in sev-
eral projects focusing on the aquifer behav-
iour characterisation. This information has 
been integrated with new studies carried out 

in the framework of the EU project BaSeLiNe 
(2003), which focused on the natural (base-
line) groundwater composition and its origin.

10.2 Geological and 
hydrogeological setting

The DAS comprises Plio–Quaternary, mostly 
unconsolidated, fi ne sediments deposited in 
fl uvio-marine (alluvial, deltaic, aeolian, 
estuarine and marshy) environments, which 
overlie Pliocene and Miocene silts and marls. 
The Miocene to Quaternary sediments form 
a single multi-layered series between a few 
metres thick inland to more than 200 m 
thick at the coastline.

The aquifer system has a total surface area 
of around 2700 km2, some 1800 km2 of which 
comprises clay-rich marshland. The rest is 
mostly a sandy area, especially the coastal 
fringe, (some 70 km in length and a few to 
30 km wide), going from the Guadalquivir 
river mouth to the Tinto river estuary, near 
the town of Huelva (Fig. 10.1).

The aquifer geometry and structure are 
shown in the cross sections of Fig. 10.1:
 From N to S: the lithology and thickness 

of the Quaternary units are variable. It con-
sists of a thick Deltaic Unit of silts and sands 
(DU in Fig. 10.1), which is replaced near the 
northern border of the marshes by gravelly 
layers of the Alluvial Unit (AU in Fig. 10.1). 
This unit thickens to the south, has inter-
layers of clays and reaches the centre of the 
marshes. Further to the S, the gravels change 
gradually into sands, silts and clays, overlap-
ping similar Miocene and Pliocene sedi-
ments (marls, silts and sandy silts), and 
giving way to a thick (50 to >300 m) sequence 
of very fi ne sediments (Salvany and Custodio 
1995). The alluvial sediments are covered by 
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a sequence (50–70 m thick) of estuarine and 
marshy clays (Marsh Unit, MU in Fig. 10.1), 
nowadays separated from the sea by a recent 
littoral sand spit.
 From NW to SE: on top of the Miocene 

and Pliocene marine marls and silts there is a 
thin (<20 m) deltaic layer with gravels, which 
is covered by a thick (c.80 m) sand unit of 
Pleistocene to Recent age. This unit com-
prises fl uvio-marine sediments overlain by 
alluvial and then aeolian sands. The aeolian 
layers have several interlayered clay bodies 
of lacustrine origin, sometimes with peat. 
Inspite of its diverse origin, the whole sequence 
is named Aeolian Unit (EU in Fig. 10.1).

At the regional scale the surface of the 
aquifer system shows two lithologic domains: 
a clayey one in the marsh area, and a sandy  
one to the N and W of the marshes. The 
sandy domain roughly behaves as a water-
table aquifer which in some places has two 
layers, a coarse one at depth and an overly-
ing fi ne sand unit. Under the clayey domain 
a large volume of confi ned aquifer develops. 
Recharge to the aquifer occurs by rain infi l-
tration in the sandy areas to the N and W of 
the marshes. There is also recharge through 
excess irrigation water in the agricultural 
areas, which however are irrigated with local 
groundwater and thus do not imply addi-
tional water.

Also at a regional scale, groundwater fl ows 
mostly to the S and SE – that is, to the area 
confi ned under the marshes–, to a main brook 
called La Rocina, and to the ocean. Under 
natural conditions, discharge takes place as 
seepage to the ocean, to the streams and to 
the many small phreatic wetlands situated on 
top of the aeolian sands, as phreatic evapo-
transpiration, as upward fl ows near the bound-
ary (ecotone) between the sands and the 
clays, and perhaps through the Quaternary 

clays in the confi ned area, although this is 
probably a minor term of the water balance. 
The SE sector of the confi ned aquifer 
(Alluvial Unit and Marsh Unit) contains 
almost immobile, old connate marine water 
which has not been fl ushed out on account 
of the low hydraulic head prevailing since 
the late Holocene sea level stabilisation 
some 6 ka BP (Manzano et al. 2001).

However, intensive groundwater abstrac-
tion has partially depleted natural discharge 
during the last three decades. Agricultural 
wells are concentrated near and along the 
contact between the sands and the clays, so 
that nowadays a large proportion of recharge 
water is pumped out from the unconfi ned 
area, largely in a zone close to the marshes 
(Custodio and Palancar 1995; Trick and 
Custodio 2004). Intensive and localised 
pumping has decreased phreatic evapotrans-
piration and natural seepage to springs and 
wetlands (Manzano et al. 2005a). Also, some 
local fl ow reversals between the Alluvial 
Unit confi ned under the clays and the over-
lying Quaternary clays, have been recogn-
ised to the NE of the marshes. They are 
contributing to the salinisation of formerly 
fresh groundwater irrigation wells.

The aquifer permeability ranges from 
moderate to low, with the most permeable 
materials (alluvial and aeolian sands with 
some thin interlayered gravel layers) cropping 
out to the west and north of the system.

10.3 Materials and methods used

This groundwater baseline study focuses on 
the western sector between La Rocina brook, 
the Atlantic Ocean and the centre of the 
marshes (see Fig. 10.1). Although less inten-
sive, the study was also extended to a regional 
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groundwater fl ow path from the northern 
unconfi ned sector to the centre of the 
marshes.

Both historical and newly obtained chemi-
cal data were used to characterise the base-
line composition of groundwater. Previous 
information on major components and envi-
ronmental isotopes is abundant (Baonza et al. 
1982; Poncela et al. 1992; Iglesias 1999; 
Delgado et al. 2001; Lozano et al. 2001, 2005; 
Manzano et al. 2001; Lozano 2004). For the 
purposes of the present study, about one hun-
dred new samples were collected within the 
BaSeLiNe project during two campaigns 
(November 2000 and July 2001). They were 
analysed for major and some minor compo-
nents, trace elements, and 3H, δ18O, δ2H, δ13C 
and 14C. Most of the samples are from single-
screen boreholes, a few are from multi-
screened boreholes or open wells, and a few 
samples are lagoon waters.

The samples were collected in double-cap 
polyethylene bottles. Samples for trace ele-
ments were fi ltered with fi breglass 0.45 μm 
Millipore fi lters, acidifi ed to pH less than 
2 and kept refrigerated at around 4°C until 
analysis. The analyses were performed at the 
British Geological Survey (BGS, Wallingford, 
UK) and also at the Geological Survey of 
Spain (IGME, Tres Cantos laboratory in 
Madrid, Spain), using ICP-AES in both labo-
ratories. Ten duplicates were used to check 
the coherence between both laboratories. In 
addition, 24 samples (fresh and brackish 
waters) were analysed for Br and Cl in the 
IGME by slow fl ow ion chromatography to 
characterise the origin of water salinity.

Tritium was analysed at the CEDEX (Centro 
de Experimentación de Obras Públicas) 
laboratory in Madrid (Spain); some analyses 

of δ18O and δ 2H were performed at the 
CSIC (Consejo Superior de Investigaciones 
Científi cas) laboratory in Granada (Spain) 
and the rest were analysed at the CEDEX; 
δ13C and 14C were analysed at the University 
of Bern (Switzerland).

Time series data for Ca, Mg, Na, K, SO4, 
HCO3, pH, EC and groundwater levels from 
the water quality monitoring networks of 
the IGME and the IARA (Instituto Andaluz 
de Reforma Agraria, Andalusian Government) 
have also been used for the study of tempo-
ral and spatial chemical trends. The period 
covered is from 1973 to 2000. Measurement 
frequencies are variable: the decades between 
1970 and 1980 are poorly represented, with 
few analyses, while the best-covered period 
(from 1990 to 2000) has monthly or even 
fortnightly measurements. Some 40 wells 
and boreholes have been studied, their data-
sets ranging from 100 to 400 measurements. 
These data are not shown in this paper, only 
the main conclusions from the studies.

Simple statistical treatment, classical 
hydrogeological graphs and hydrogeological 
cross sections have been used to identify and 
illustrate chemical water types, their spatial 
distribution and the existence of time/space 
chemical trends. The code SPSS8.0 (SPSS 
Inc. 1998) has been used for the statistical 
study of the most signifi cant chemical vari-
ables (average, median, mode, standard devi-
ation, variance, rank, maximum, minimum, 
and the 25, 50, 75 and 97.7 percentiles) and 
for principal component analysis (PCA).

The code PHREEQC-Version 2 (Parkhurst 
and Appelo 2002) has been used to check the 
hydrogeochemical conceptual model pro-
posed for groundwater baseline evolution 
along fl ow paths.
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10.4  Sources of chemical baseline 
levels in the Doñana aquifer

The primary sources of the chemical base-
line levels groundwater chemistry are rain-
fall inputs and aquifer mineralogy. Both have 
been characterised in the study. As polluting 
sources and pollution processes are almost 
ubiquitous, potential pollution sources are 
also listed, and the presence of pollution 
indicators has been studied.

10.4.1 Rainfall and atmospheric fallout 
chemistry

Rainfall chemistry can be considered the min-
imum baseline concentrations in ground-
water. The data available for the studied area 
come from three different sources and six 
different sites, randomly placed at different 
distances from the coast. Up to now, no 
attempt has been made to quantify the local 
landward chemical gradient of rainfall chem-
istry, although there is a recent study for chlo-
ride concentrations in the Iberian Peninsula 
rainfall (Alcalá and Custodio 2004).

Existing data were integrated and elabo-
rated by Iglesias et al. (1996). Because of the 
different sampling places and sources, one of 
the most adequate ways of looking at the 
signifi cant values is through simple statisti-
cal treatment. The 25, 50 and 75 percentile 
values of major elements, pH and electrical 
conductivity (EC) are shown in Table 10.1, 
which illustrates the characteristic compo-
sitions of the 34 samples available.

Local rainwater is of Na–Cl type. Most of 
the ionic ratios clearly show that the main 
solute source is of marine origin, both as wet 

Table 10.1 Characteristic composition of 34 
rainwater samples taken at different places and 
periods over the western Doñana recharge area.

Component 
(mg L–1)

Percentiles
25% 50% 75%

HCO3 6.1 8.54 16.46
SO4 1.92 3.37 8.17
CL 4.26 7.8 11.35
NO3 0.06 0.12 0.62
Na 3 4.14 6.21
K 0.39 0.78 1.12
Ca 1.6 2.2 4.8
Mg 0.48 0.73 1.57
NH4 0 0.18 0.54
CE μS cm–1 37 50 69
pH 5.8 6.2 6.7

Note: Values incorporate dissolved dry deposition. 
Source: After Iglesias et al. (1996).

and dry deposition. The SO4/Cl ratio, in 
equivalents, shows a sulphate excess (SO4/
Cl = 0.2–0.9) with respect to seawater (SO4/
Cl = 0.1). Using Cl mass balance between 
rain and phreatic water, only about 30% of S 
in rainwater can be accounted for from a 
marine origin. In areas without agricultural 
infl uence, the rest (70%) may be partly 
attributed to atmospheric supply of sulphide 
particles from the W of the aquifer recharge 
area (the dominant wind direction). The pro-
posed original source for these particles is 
either open-pit mining activities in the 
numerous sulphide mines of the Portuguese–
Spanish Pyrite Fringe, which crops out to 
the N and NW of Doñana, and/or industrial 
emissions from the Huelva industrial site, 
situated some 30 km to the NW. Part of the 
studied sector is under cultivation, so agro-
chemicals are also a local source of sulphur 
to groundwater, although atmospheric 
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input of sulphide particles has also to be 
considered.

10.4.2 Aquifer mineralogy

Aquifer mineralogy is dominated by amor-
phous silica, with some spatial differences 
due to the presence of K- and Na-feldspars 
(microcline and albite); illite, chlorite and 
kaolinite are minor components. Carbonate, 
mostly CaCO3, is present either as detrital 
grains or as shell remains, except in the 
upper sand layers of the western sector, 
where they have already been leached by 
rainfall infi ltration.

10.4.3 Pollution sources

Although less accurately known, urban, 
agricultural and industrial water contamina-
tion sources are abundant in the aquifer 
recharge areas (Manzano et al. 2005b):
 Farming (agriculture and some animal 

farming) is widely developed on the aquifer 
outcrop area causing diffuse soil and both 
surface and groundwater contamination by 
nutrients, pesticides and heavy metals. 
Agrochemically derived SO4, NO3, Co, Cu, 
Br and Zn have been identifi ed in shallow 
and intermediate depth groundwaters, 
according to previous and present studies;
 the highly contaminant agro-industry 

(mostly olive related) is concentrated around 
some villages on the northern outcrop of the 
aquifer. They generate a well-known surface 
water (rivers and streams) pollution problem 
by mostly difficult to degrade organic matter 
from olive oil production and also Na com-
ing from olive treatment with NaOH;
 most of the sewer network has been devel-

oped in the last 15–20 yr, and some small 
villages and factories still dump untreated 

waste water to the local streams and brooks 
and into infi ltration areas;
 petroleum refi ning and pyrite burning, 

among other highly polluting activities, 
have been active since decades ago at the 
Huelva industrial site, some 30 km to the W 
of the recharge area.

Some pollution indicators have been 
studied and reported below. Though being a 
potential polluting source, up to now, 
marine intrusion has not been detected in 
the coastal area.

10.5 Hydrochemical characteristics 
of groundwater

10.5.1 Water types

A fi rst approach to groundwater chemistry 
at a regional scale shows that water salinity 
ranges over three orders of magnitude. When 
plotting all the samples in logarithmic or 
similar plots (Fig. 10.2) it seems as if most of 
the waters were either the result of mixing 
or an evolution between two members:
1 A freshwater member, with EC (electrical 
conductivity) less than 1 mS cm–1 and mostly 
of Na–Cl type (locally Na–Ca–Cl–HCO3);
2 A saline water member, with EC = 1–80 mS 
cm–1 and mostly of Na–Ca–Cl–HCO3 type.

The freshwater member corresponds to 
the most characteristic groundwater found 
in the western water-table area down to 
40–50 m depth. The saline one is character-
istic of the area confi ned under the marshes 
and also of some shallow layers in the 
Aeolian Unit around phreatic lagoons.

Though many samples are really the result 
of vertical mixing between fresh ground-
water, fl owing upward through or close to 
the marshy clays, and saline pore water, 
many others are mostly the result of local 
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Fig. 10.2 Representative fresh and saline 
groundwaters from the Doñana area. Most of 
them have the same Na–Cl chemical facies, 
though locally some Na–Ca–Cl–HCO3 waters 
may exist.

evaporative concentration in shallow 
lagoons, both directly or by dissolving previ-
ously deposited salts. Locally, water-table 
groundwater to the seaward side of the 
coastal dunes gets its moderate salinity 
mostly from marine spray.

Baseline composition ranges of fresh and 
saline waters were obtained through a basic 
statistical study. However the characteristic 
values and ranges are not described here, as 
the most relevant results arise from the 
interpretation of their regional evolution 
and changes with depth, as well as from the 

study of the geochemical processes that con-
trol the calculated ranges.

10.5.2 Temporal and spatial groundwater 
chemistry evolution and causes

10.5.2.1 Evolution along main fl ow paths

Groundwater chemistry evolves along a fl ow 
path as shown in Fig. 10.3. Shallow and inter-
mediate depth groundwater in the western 
water-table area is of Na–Cl type and has low 
mineralisation (EC less than 0.5 mS cm–1). 
After previous and contemporary studies this 
water has been interpreted as the result of 
slightly evaporated rainwater, dissolving soil 
CO2 and Na/K feldspars (Fig. 10.4). At greater 
depths (>50 m) groundwater mineralisation 
increases and water becomes of Ca–HCO3 
type as a result of calcite dissolution.

Flowing to the east, as groundwater 
approaches the marine and estuarine sedi-
ments it becomes brackish and saline mostly 
because of mixing with saline groundwater. 
A saline groundwater body (>40 mS cm–1) is 
found in the coastal area, sometimes more 
concentrated than seawater. Recirculation 
of evaporated seawater when the marshes 
were open to the sea is a possible origin 
(Konikow and Rodríguez-Arévalo 1993).

A broad mixing zone develops from NW to 
SE under the marshes, but its geometry is 
not well known due to the difficulties of 
drilling adequate observation boreholes in 
the marsh area and of obtaining represen-
tative samples in a multi-layer aquifer. 
A number of baseline changes can however 
be identifi ed at a local scale including: 
(1) increasing content of marine related 
water; (2) equilibrium with calcite; (3) sul-
phate reduction; (4) cation exchange between 
Na in solution and Ca/Mg in the solid phase. 
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A chromatographic spatial distribution is 
difficult to observe because of the few avail-
able sampling points southward, multi-
screened boreholes and pumping wells in 
the marshes, which are not adequate to get 
samples following fl ow paths.

This chemical cross section is representa-
tive, in general terms, of groundwater evolu-
tion along fl ow at a wider scale. In the 
water-table area to the N of the marshes, 
where the aquifer is thin (<50 m) and con-
sists of silts and siliceous and carbonate 
silty sands, groundwater is of the Ca–HCO3 
or Na–Ca–HCO3–Cl type, but as it reaches 
the confi ned area groundwater evolves rap-
idly to a Na–Cl type and becomes brackish 
and fi nally salty.

10.5.2.2 Variations in depth and their 
causes

The evolution of major elements with depth 
in the western water-table area has already 
been introduced in Figs. 10.3 and 10.4. The 
combination of major elements with some 
minor and trace elements supports the 
hydrogeochemical model already proposed 
and adds new information.

Figure 10.5 summarises the statistical 
parameters for the elements whose concen-
trations vary signifi cantly with depth. The 
term Upper Unit refers to the upper and cen-
tral parts of the Aeolian Unit in cross sec-
tion 1 of Fig. 10.1, where carbonates are 
absent. Lower Unit refers to the lower part 
of the Aeolian Unit plus the sediments of 
the Deltaic Unit, where carbonates exist. 
Almost all the components have a wider 
range of concentrations in the Upper Unit 
than in the Lower Unit. Very different situa-
tions can be observed for different elements 
when taking into account the median or the 
75 percentile: ⋅Ca, HCO3, Ba, Sr and Mn are 
clearly more abundant in the Lower Unit. 
Except for Mn, all of them can be accounted 
for by the presence and dissolution of bio-
genic carbonate in this unit, while they are 
absent in the Upper Unit; ⋅Na, Cl and Mg 
show very similar concentrations in both 
units, but they are slightly more abundant in 
the Upper Unit. This points to recharge 
water as the single common source. Mg 
evolution shows the apparent absence of 
dolomite in the Lower Unit, although Iglesias 
(1999) mentioned that this mineral is 
present in the northern part (see Fig. 10.4). 

Fig. 10.3 Groundwater chemical 
evolution W–E along main fl ow 
paths. The section goes from El 
Abalario, in the water-table western 
area, to the marshes (see Fig. 10.1).
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⋅SO4, NO3, Co, Cu and Zn are clearly more 
abundant in the Upper Unit. The possible 
lithological sources (silicates) in both units 
are the same, so in the Upper Unit there is at 
least an additional source for these elements, 
which is considered to be recent, since they 
are not found yet in the Lower Unit. In the 
next section, two possible (anthropogenic) 

sources are introduced to support these 
observations.

10.5.2.3 Temporal variations and their 
causes

After the combined study of chemical and 
groundwater level time series, and their 

Fig. 10.4 (a) Mg versus Ca content in groundwater of the western water-table area as a function of 
depth. The aquifer is formed by siliceous sands and carbonate-containing sediments are present only 
in the deepest layers. The evolution of the Mg/Ca ratio suggests that there is only calcite, and 
dolomite is not present. (b) K versus Cl content in groundwater of the same area. The line separates 
the samples where Cl and K have a common origin (rainwater; samples along and below the line) and 
those including an additional source of K (samples above the line). (c) K versus Na content in the same 
groundwaters. The fi gure shows that there is a common source for K and Na in the groundwaters 
above the line, and this points to feldspar dissolution in the shallow and middle layers of the aquifer. 
Those processes have been checked by numerical modelling. (Redrawn after Iglesias 1999.)
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integration into the available knowledge 
about groundwater development and soil-
use changes in different sectors, only a few 
out of the 40 analysed wells show visible 
temporal chemical variations. Changes are, 
however, very subtle, and there is not the 
same degree of certainty about the different 
proposed causes of evolution, so comple-
mentary work has to be done in some cases.

Two main types of evolution and proposed 
causes have been observed in two different 
zones (Fig. 10.6).
a) In the agricultural area to the NE of the 
marshes (the transition zone from the uncon-
fi ned sands to the clays) groundwater deve-
lopment is intensive. A slight groundwater 
salinisation due to pumping-induced dis-
placement of old saline water from the S 
towards the agricultural wells in the N is 
observed. Concentrations of Cl, Na, Mg and 

SO4 increase with time, because the saline 
water infl ow fraction increases.

Most of the wells do not show permanent 
groundwater salinisation, but oscillating dis-
placements of the mixing zone linked to sea-
sonal pumping patterns seems to control 
groundwater chemistry. This cannot be 
observed with standard ‘concentration ver-
sus time’ plots, but it shows up when ion 
concentrations are plotted versus Cl (Fig. 10.6). 
When Cl increases because of saline water 
infl ow to the well, Na increases in a lower 
proportion, Ca increases conspicuously and 
HCO3 decreases signifi cantly. This points to 
Naliquid/Casolid exchange and to CaCO3 pre-
cipitation as Ca activity increases. Numerical 
modelling with PHREEQC has validated the 
proposed geochemical model.
b) In the area to the NW of El Rocío, agricul-
ture was abandoned early in the 1990s 

Fig. 10.5 Box plots of those 
elements with concentrations 
varying signifi cantly with depth 
in the western recharge area. The 
Upper Unit is formed of siliceous 
aeolian sands without 
carbonates; the Lower Unit is 
formed by siliceous littoral sands 
and gravels with carbonates.
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Fig. 10.6 Observed trends of groundwater chemistry temporal evolution: (a) Well in the agricultural 
area to the NE of the marshes: groundwater salinity increases due to pumping-induced displacement of 
old saline water from the south towards the agricultural wells in the north. Cl, Na, Mg and SO4 
increase due to growing saline water content; Ca increases due to Naliquid/Casolid exchange, while HCO3 
decreases because of CaCO3 precipitation as Ca activity increases. (b) Wells in a former agricultural 
area close to El Rocío. A slight groundwater salinisation that seems to follow a climatic pattern is 
observed. It is attributed to the input of salts remaining in the shallower part of the unsaturated zone 
transported by rainwater recharge.
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(although re-established in the last few 
years), the data do not cover this period. A 
slight groundwater salinisation that seems 
to follow a climatic pattern is observed. It is 
primarily attributed to downward displace-
ment by rainwater recharge of the salts 
remaining in the shallower part of the ter-
rain since the times of active irrigated agri-
culture. This could be a very common 
polluting mechanism in the area during the 
coming years.

10.5.2.4 Pollution indicators and sources

In the upper part of the unconfi ned areas 
(less than 40 m depth), groundwater baseline 
composition has already been impacted by 
different human activities:

1 Agricultural pollution. In the agricultural 
areas, the presence of NO3 (up to 65 mg L–1 
in some shallow samples) denotes that base-
line has already been modifi ed by human 
activity. Besides the rain (with NO3 concen-
trations <1 mg L–1), there are two nitrogen 
sources in the area: agrochemicals applied in 
agriculture (the principal one, but localised) 
and livestock farming (secondary but wide-
spread until a few years ago).

In the westernmost, best-studied recharge 
area (El Abalario), SO4 and NO3 ranges and 
median concentrations are higher in the 
upper layers of the aquifers than in the lower 
ones. It is also the case for some trace com-
ponents such as Zn, Co or Br (see Fig. 10.5). 
PCA calculations point to a common origin 
for Zn, Cr, Fe and Ni, which seems to be dif-
ferent to that of Cl, Na, Ca, Ba, Sr, Mn, pH 
and SiO2, assumed to be lithological. This 
suggests that SO4 and NO3, Zn, Cr, Fe and 
nitrogen probably come from agrochemicals, 
and that they are still in transit to the deep 
layers of the aquifer.

In the confi ned areas, 14C groundwater 
ages range from a few to more than 16 ka 
(dissolved inorganic carbon – DIC – content 
not evolves from the recharge areas to 
the confi ned aquifer). All the samples avail-
able are however admixtures of old and 
young components, as indicated by the pres-
ence of measurable tritium (Fig. 10.7) and 
NO3 in most of them (Manzano et al. 2001). 
A few saline samples from the agricultural 
zone to the NE of the marshes contained 
NO3 (between 0.3 and 100 mg L–1), thus 
agriculture can account for this contamina-
tion. However, many others are from bore-
holes placed well inside the marshes and 
far from the farming areas (e.g. borehole 13 
in Fig. 10.7). In these boreholes, NO3 can 
be explained through (1) the existence of 
vertical fl ows along boreholes in the con-
fi ned areas and (2) the presence of remnants 
of almost immobile drilling water in the 
formations surrounding the sampled 
boreholes.

2 Atmospheric pollution. Heavy metals 
have been found down to 25–30 m depth 
(Iglesias 1999; BaSeLiNe 2003). In the farm-
ing areas, they can also be derived from agro-
chemicals, but in the protected areas (free of 
agricultural activity) the increased concen-
trations of some industrially derived ele-
ments in the upper layers of the saturated 
zone refl ect the atmospheric input of pollut-
ants from the nearby Huelva industrial area. 
This is supported by the calculated tritium 
ages for the western water-table area, which 
show residence times (tr) of a few years in 
the top 10 m, tr <35 years for groundwater 
shallower than 35–40 m and tr >40 years for 
groundwater deeper than 40 m. The 14C ages 
indicate that even the oldest groundwaters 
in the water-table areas are less than a few 
centuries old.
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Moreover, the observed SO4 excess in local 
rainwater relative to marine airborne sources 
also points to additional sulphur sources in 
recharge water. Two sources can potentially 
be contributing: dust and gas emissions from 
the nearby Huelva industrial site to the W of 
Doñana, and pyrite-derived dust transported 
from the many open-pit mining activities in 
the Spanish–Portuguese Pyrite Fringe, to the 
N and NW of Doñana.

10.6 The geochemical model of 
groundwater baseline in the DAS

The studies to characterise groundwater 
baseline composition and evolution have 

focused mainly in the western recharge area 
and, less intensively, in the northern one. 
The integration of previous studies and the 
new results have allowed the development 
of a geochemical model to explain ground-
water baseline composition.

The geochemical model of groundwater 
baseline in the siliceous DAS can be esta-
blished as a function of the unconfi ned or 
confi ned character of the aquifer as follows:

1 Groundwater baseline in the unconfi ned 
areas of the aquifer. The following main 
processes control geochemical evolution:
(a) rainwater composition, which is of 
Na–Cl type, but with sulphate and other 
anthropogenically-derived components from 
the nearby Huelva industrial site;

11
0.65 ± 0.69

1
2.2 ± 0.19

11
0.65 ± 0.69

1
2.2 ± 0.19

13

0 10 20 30 40 50 60 70 80 90 100

14C pmc

−25

−20

−15

−10

−5

0

δ13
C

%
 P

D
B

8
0.17 ± 0.28

Well number in location map

Tritium c ontent (TU ± 2�)

Confined aquifer, 1997, 2000

Unconfined aquifer, 1997, 2000

System closed to soil  CO
2

System open to soil  CO
2

8
0.17 ± 0 .28

2
0.15 ± 0 .15

3
0.00 ± 0 .14

6
0.15 ±0.15

0.43 ± 0 .28

4
0.99 ± 0.16

10
0.3 ± 0.24

12
0.15 ± 0.28

14
0.44 ± 0.14

5
0.06 ± 0.15

7
0.39 ± 0.28

9
0.23 ± 0.25

Sevilla

1

2
66

4

5

3

13

7

9
8

1011
12

14

Tin
to

 ri
ve

r

G
ua

da
lq

ui
vi

r r
iv

er

Well identification

1  Alamillo S24 
2  Mogea S16
3  SGOP8 S3
4  P. Doñana S49
5  Vetalengua S56
6  SGOP1 S4

7  I-2-9 
8  M-8-3
9  P. Resina S54

10  AM5
11  AM1
12  Raposo S13
13  C. Bombas S2
14  Mari López

Fig. 10.7 Tritium, 13C and 14C 
contents in groundwater in the 
water-table aquifer and in the 
confi ned sector under the 
marshes.

EDMUNDJ_Ch10.indd   229EDMUNDJ_Ch10.indd   229 12/11/2007   3:20:54 PM12/11/2007   3:20:54 PM



 M. Manzano et al.230

(b) equilibrium with silica;
(c) dissolution of soil CO2;
(d) dissolution of Na/K feldspars;
(e) dissolution of CaCO3 (in the deepest 
layers of the western unconfi ned area and 
throughout the northern unconfi ned area).

The resulting mineralisation ranges from 
low to moderate (<0.2 to 1 mS cm–1). In the 
upper part of the unconfi ned areas (c.<40 m 
deep), groundwater baseline has already been 
impacted by different human activities. In 
the agricultural areas, this is pointed out by 
the presence of agrochemically derived sub-
stances (Br, pesticides, SO4, NO3, heavy met-
als) down to depths of 25–35 m. In the 
protected areas, where agriculture has never 
been active, the higher concentrations of 
some industrially derived elements (mainly 
metals) in the upper layers of the saturated 
zone with respect to the deeper ones refl ects 
the atmospheric input of pollutants from the 
nearby Huelva industrial site. This agrees 
with the calculated tritium-based ages for 
the western water-table area, which have 
residence times less than 35 years for fl ow 
paths shallower than 35–40 m, and more 
than 40 years for deeper fl ow paths. 
Radiocarbon-based ages show that even the 
oldest groundwaters in the water-table areas 
are younger than a few centuries.

2 Groundwater baseline evolution from the 
water-table to the confi ned areas. Following 
the main groundwater fl ow paths from the 
unconfi ned to the confi ned parts of the aqui-
fer (from N to S and from W to SE), the main 
chemical change is that groundwater 
becomes increasingly saline because of mix-
ing with the old marine water trapped both 
in the confi ned permeable layers and in the 
clays. A broad mixing zone develops from 
NW to SE under the marshes, but its geom-
etry is not well known due to the difficulties 

of drilling adequate observation boreholes 
and of obtaining representative samples in a 
multi-layered aquifer.

3 Groundwater baseline in the confi ned sec-
tor of the DAS. Baseline composition changes 
mostly due to the following processes:
(a) mixing with modifi ed old marine water;
(b) equilibrium with calcite;
(c) cation exchange [Na/Ca–(Mg)] in moving 
fresh-saline water fronts;
(d) sulphate reduction (depletion with respect 
to conservative mixing with sea water);
(e) probably C incorporation from sedimen-
tary organic matter evolution, although the 
13C studies did not confi rm this.

The resulting salinities range from 1 mS 
cm–1 up to 80 mS cm–1. Although groundwa-
ter chemistry in the confi ned area is mostly 
naturally derived (baseline), in some agricul-
tural wells exploiting confi ned layers close 
to the northern water-table area, groundwa-
ter baseline is already being modifi ed by 
agricultural pollutants.

10.7 Conclusions

The DAS is a thick, detrital and mostly sili-
ceous young system situated in an area that 
shares intensive groundwater use for agri-
culture and human supply with strictly pro-
tected natural habitats that depend on 
groundwater. Using the methodology pro-
posed in Chapter 1 of this book, the natural 
water quality of the Doñana aquifer has been 
studied. This methodology is based on a 
geochemical approach, so that through the 
integrated use of statistics, chemical trends, 
time tracers and geochemical modelling 
it has been possible to establish the natural 
groundwater quality variations and the 
responsible processes, as well as to identify 
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the areas and potential sources of the 
pollution processes observed.

The groundwater quality of the DAS and 
its natural or altered nature may be sum-
marised as follows: 

 The unconfi ned part of the aquifer con-
tains low mineralised freshwater that is of 
the Na–Cl type, with low hardness, and is 
slightly acidic in the upper part of the west-
ern area. It becomes harder and more alka-
line where the terrain still contains remnants 
of calcite shells, and it is also slightly more 
saline due to decreasing recharge rate. 
Anthropogenic effects from airborne pollut-
ants and agricultural activities are limited to 
the upper part of the aquifer.

 The confi ned part of the aquifer mostly 
contains brackish to connate saline water, 
emplaced in the past. There is a broad mix-
ing zone with the freshwater of the uncon-
fi ned aquifer that is currently altered to 
some extent by the effect of groundwater 
development.

Thus, the early protection of a large part of 
the territory since the 1980s has contributed 
to the preservation of groundwater baseline 
conditions, which still prevail in parts of the 
aquifer. However, and beyond the local dis-
turbance of groundwater baseline by agricul-
tural and/or industrial pollution, the natural 
baseline is currently also being modifi ed in 
the shallower layers of the protected area due 
to atmospheric input of pollutants, incorpo-
rated into rainwater recharge to the aquifers.
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The Aveiro Quaternary and Cretaceous aqui-
fer systems (northwest coast of Portugal) 
have been the subject of detailed hydrogeo-
chemical studies during the present investi-
gation. Geochemical data were collected 
to study the relations between the ground-
water chemistry, aquifer mineralogy and 
patterns of regional fl ow. The approach fol-
lowed included the identifi cation of major 
groundwater geochemical patterns in the 
aquifer, study of the aquifer natural stratifi -
cation, determination of the aquifer natural 
background levels, and defi nition of the 
controlling processes responsible for the 
downgradient changes in water chemistry, 
focusing on mixing processes and water–
rock interactions. This was accomplished 
by studying and comparing the chemical 
composition of rain and groundwater, 
through determination of ionic and molar 
and calculation of saturation indices relative 
to some common minerals. Isotopes were 
used as constraints for baseline defi nition 
helping to justify spatial trends, distinguish-
ing the natural baseline from human impact. 
The results may be used for future ground-
water-quality management in the aquifer 
systems, which are regionally very impor-
tant for sustainable development.

11.1 Introduction

The present research focuses on the Aveiro 
Quaternary and Cretaceous aquifer systems, 
two multilayer coastal aquifers that cover 
over 1300 km2 in the northwest part of the 
Portuguese mainland and the adjacent conti-
nental shelf. The two aquifers are an integral 
part of the same Meso-Cenozoic infi lling 
stratigraphic sequence of the Vouga river 
sedimentary basin but present distinctive 
hydrogeological and geochemical conditions.

The hydrogeochemistry of groundwaters 
in both aquifers was investigated in detail in 
order to establish their natural or baseline 
chemistry. Geochemical data were collected 
to study the relationships between ground-
water chemistry, aquifer mineralogy and 
present and past patterns of regional fl ow.

The approach adopted included the identi-
fi cation of major groundwater geochemical 
characteristics, the study of the natural 
stratifi cation of groundwater quality and 
the defi nition of the controlling processes 
responsible for the downgradient changes 
in water chemistry, focusing on mixing 
processes and water–rock interactions. This 
was accomplished by studying and compar-
ing the chemical and isotopic composition 

11 The Aveiro Quaternary and 
Cretaceous Aquifers, Portugal
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of rain and groundwater, through determina-
tion of chemical and isotopic ratios and 
residence times, calculation of saturation 
indices relative to the most common miner-
als and by quantifying the mass balance of 
solutes along the main fl ow paths.

This study constitutes the fi rst detailed 
hydrogeochemical study in the Aveiro 
Quaternary aquifer at regional scale. Previous 
hydrogeological studies on the aquifer were 
carried out only locally (Ferreira 1995; 
Gonçalves and Vozone 1999) or were related 
to local contamination/rehabilitation prob-
lems (Leitão 1996). Peixinho de Cristo (1985, 
1992) wrote the only two available synthesis 
papers on the hydrogeology of the Quaternary 
formations. In comparison, many studies 
over the last 20 years have produced valu-
able information for the understanding of 
the Aveiro Cretaceous aquifer. The fi rst ref-
erences to the hydrogeology of the Cretaceous 
formations can be found in Zbyszewski 
(1963), Zbyszewski et al. (1972), Teixeira and 
Zbyszewski (1976), Barbosa (1981), Saraiva 
et al. (1983) and Lauverjat et al. (1983). 
Previous hydrochemical investigations on 
the Aveiro Cretaceous aquifer were based on 
major elements and isotopic analysis 
(Peixinho de Cristo 1985; Marques da Silva 
1990; Carreira et al. 1996; Oliveira, 1997; 
Carreira Paquete 1998; Condesso de Melo 
et al. 2001, Condesso de Melo 2002) and 
always revealed a consistent hydrogeochemis-
try for the aquifer and a remarkable constancy 
in the groundwater quality. Noble gas analysis 
and past recharge temperatures were reported 
for the aquifer by Carreira Paquete (1998).

11.2 Regional setting

The area of northwest Portugal (western 
Iberian Peninsula), covered by the present 

Fig. 11.1 Map of the study area showing rainfall 
and groundwater sampling sites and the location 
of the cross sections used for hydrogeological 
description.

research, extends between 40°18´N and 
40°57´N latitude, and is bounded to the west 
by the Atlantic Ocean and to the east by the 
8°26´W longitude meridian (Fig. 11.1). It forms 
a gently sloping coastal plain of about 
1300 km2 on the Portuguese mainland and 
offshore beneath the Atlantic Ocean.

The study region corresponds to the lower 
end of Vouga River Basin (VRB) and is known 
for the ‘Ria de Aveiro’, a shallow coastal lagoon 
with both marine and estuarine waters, 
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separated from the adjacent sea by an elon-
gated barrier of sand. Today, the lagoon sys-
tem and adjacent channels encompass an 
area of approximately 527 km2, with exten-
sive mudfl ats, sandbanks and salt marshes 
developed in its inter-tidal zone. This diverse 
area associated with the Aveiro lagoon is 
regarded as one of the most important wet-
land areas in Portugal. It provides wintering 
retreats for more than 20,000 aquatic birds 
and has been recently classifi ed as Special 
Protection Area (SPA) under the EC Directive 
on the Conservation of Wild Birds.

Several rivers fl ow into the Aveiro lagoon 
but the river Vouga is the longest (148 km), 
forming the main tributary within the 
regional hydrological system. It has a moder-
ate-sized catchment area (3635 km2) with a 
dominant east–west orientation. The fl at, 
low-lying alluvial plain of the river Vouga 
completely dominates the local topography 
and surface geology.

The study region has traditionally been a 
mainly rural area, but in the last decade wide-
spread industrial development has occurred, 
leading to rapid social and economic trans-
formations that place a continually increas-
ing demand on water resources in the basin.

Historically, the local populations and 
industries pumped groundwater from the 
shallow unconsolidated aquifer formations 
(Aveiro Quaternary aquifer) but the growing 
demand for water resources and some con-
tamination problems, led progressively to an 
increased reliance on groundwater resources 
from the deeper confi ned formations (Aveiro 
Cretaceous aquifer).

Since 1996, integrated surface/ground-
water management is being applied to drink-
ing, industrial and agricultural water needs 
in the VRB. Nevertheless, over-abstraction 
and point source plus diffuse contamination 
are increasing pressures on both the Aveiro 

Quaternary and Cretaceous aquifers and 
contributing to a general decline in ground-
water quality in the region.

11.3 Geological and 
hydrogeological background

The lower Vouga basin represents the north-
ernmost part of the Lusitanian basin, one 
of the Atlantic margin rift-basins formed 
along the western border of the Iberian 
Peninsula in response to Mesozoic extension 
and subsequent opening of the North 
Atlantic Ocean. During the Mesozoic, the 
depositional conditions varied within the 
Lusitanian basin. In the southern and west-
ern areas of the basin, there was a gradual 
opening to marine infl uence, while in the 
north and east, there occurred a predominant 
detrital infi lling of continental origin.

The bedrock in the region consists of 
schists of Proterozoic age in most of the 
studied region, with the exception of the 
north part, where Proterozoic gneisses, mig-
matites and Palaeozoic granitoids constitute 
the actual bedrock. The Precambrian–early 
Palaeozoic bedrock units are overlain by the 
Meso-Cenozoic sedimentary cover in most 
of the study area, being exposed along a 
NNW–SSE axis close to the border limit 
with the Iberian Meseta.

The stratigraphic sequence of the basin is 
discontinuous and ranges in age from late 
Triassic to Holocene. Quaternary deposits 
comprise mainly recent alluvial sediments 
and sand dunes (primarily fi ne sands) of 
Holocene age and old beach deposits and fl u-
vial terraces (mainly clays and clayey sands 
in the upper part and coarse sands and peb-
bles at the base) of Pleistocene age.

The Quaternary alluvium and terrace 
deposits unconformably overlie consolidated 
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geological units of Cretaceous age that 
were deposited in fl uvial, deltaic or shallow 
marine environments under predominantly 
transitional or continental depositional 
conditions.

From the hydrogeological point of view, 
both the Quaternary and Cretaceous units 
form important multilayer aquifer systems 
that yield substantial volumes of water. A 
detailed description of the main hydrogeo-
logical units is presented in the following 
sections and summarised in Table 11.1.

11.3.1 Quaternary hydrogeological units

From the hydrogeological point of view, the 
Quaternary deposits form a three-layer aqui-
fer system that occurs regionally as a surfi -
cial layer or as layers of variable thickness. 
Three separate hydrogeological units may be 

defi ned in the Aveiro Quaternary aquifer 
(Fig. 11.2).

11.3.1.1 Surfi cial phreatic aquifer

The surfi cial phreatic aquifer is composed of 
modern unconsolidated alluvium, beach and 
aeolian sands and sand dune deposits, of 
Holocene age, continually being eroded, 
transported and deposited. The average 
thickness ranges between 8 and 10 m, rarely 
exceeding 20 m in total thickness. These 
deposits overlie most of the study region 
covering an area of approximately 500 km2, 
parallel to the coastline from Cortegaça in 
the north to Quiaios in the south. This aqui-
fer layer is highly permeable (20–30 m d–1) 
and receives direct recharge from rainfall 
infi ltration and irrigation returns. The natu-
ral fl ow pattern in the aquifer is from the 

Table 11.1 Correlation between lithostratigraphic units and the corresponding hydrogeologic units 
and aquifer systems in the river Vouga basin.

Period Stage Lithostratigraphic units

Lower Vouga Basin Aquifer System Analysis

Hydrogeologic unit Aquifer system

Quaternary Holocene and 
 Plio–Pleistocene

Alluvium, beach and 
 eolian sands and 
 sand dunes
                          Terrace and 
                            old beach deposits

Unconfined or locally 
 semi-confined aquifer

Aveiro Quaternary 
 aquifer

Cretaceous Campanian–
 Maastrichtian

‘Aveiro clay formation’, C3 Confining unit Aveiro Cretaceous 
 aquifer

Coniacian–Santonian Upper sandstone 
 formation, C3

Top Aquitard

Upper Turonian-Lower 
 Coniacian

Bottom Confined aquifer

Upper Cenomanian–
 Turonian

‘Furadouro sandstone’, C2 Confined aquifer

Cenomanian Carbonate formation, C2 Confined aquifer

Aptian/Albian–
 Lower Cenomanian

Lower sandstone 
 formation, C1A

Top
Middle
Bottom

Confined aquifer

Confined aquifer
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east towards the sea with smooth gradients 
ranging between 0.0012 in the north and 
0.0036 in the south part of the aquifer. The 
aquifer discharges to the sea, to the rivers 
that fl ow in the area and to the underlying 
aquifer by vertical leakage through the 
underlying aquitard.

11.3.1.2 Semi-confi ned aquifer

This occupies an area of 650 km2 and is com-
posed of coarse highly permeable sediments 
(10–20 m d–1) in close association with the 
river basins of the region (Vouga, Águeda, 
Cértima and Boco rivers). This aquifer is 
semi-confi ned by a low permeability organic 
mud and fi ne silt layer which acts as an 
aquitard and limits natural recharge to 

the aquifer. The deposition of this organic 
mud layer is closely linked to the palaeogeo-
graphic evolution of the Aveiro lagoon and 
the river Vouga estuary/delta and is very 
limited close to Estarreja (NE of the study 
area). In this area, the aquifer is unconfi ned, 
receiving direct recharge from rainfall infi l-
tration and irrigation return. Recharge in the 
rest of the semi-confi ned area is by vertical 
leakage from the shallow aquifer and rivers, 
which may be hydraulically connected to 
the aquifer. The aquifer discharges to the 
sea, to the Aveiro lagoon and rivers, and to 
other aquifer layers where the hydraulic 
gradients are favourable. The natural gradi-
ent in the semi-confi ned aquifer layer is 
about 0.0014, fl owing from the east towards 
the sea.

Fig. 11.2 W-E cross-section of the Aveiro Quaternary aquifer with indication of the principal hydro-
chemical facies for the three different hydrogeological units.
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11.3.1.3 Old beaches and terrace deposits 
aquifer

The terrace deposits associated with rivers 
are older alluvial deposits (Plio-Pleistocene), 
visible in areas where erosion processes have 
deepened the river valleys and left the 
terrace deposits topographically above the 
present day alluvium. These deposits are 
predominantly coarse sands, gravel and peb-
bles, which occur mainly along the eastern 
part of region, where they overlie either 
Cretaceous or Triassic formations.

The thickness of the terrace deposits in the 
study area ranges between 10 and 20 m, and 
the average permeability ranges from 5 to 
10 m d–1. This unit receives recharge primar-
ily by direct infi ltration of rainfall, and sec-
ondarily by infi ltration of excess irrigation. 

Unlike the other surfi cial Quaternary depos-
its, the natural gradient in these terrace 
deposits is from west to east (gradient of 
0.004 ‘units’) where they discharge to the 
principal rivers that fl ow in the area.

11.3.2 Cretaceous hydrogeological units

The Aveiro Cretaceous multilayer aquifer 
is part of a thick sequence of Cretaceous 
sediments underlying Quaternary deposits 
(Fig. 11.3). Cretaceous sediments in the 
region are mainly siliciclastic and the aqui-
fer has developed an extensive groundwater 
fl ow system, confi ned over two-thirds of its 
extension by a low permeability marly clay 
formation of Upper Cretaceous age, which 
limits modern recharge to the aquifer. This 
unit is not present in the eastern part of the 

Fig. 11.3 W-E cross-section of the central part of the Lower Vouga River basin (the principal aquifer 
layers are the Quaternary units and the Cretaceous C1A, C2 and the bottom of C3 units).
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study area where the aquifer is unconfi ned. 
The principal hydrogeological units are 
described below, from youngest to oldest 
formations.

11.3.2.1 Marly clay formation (‘Aveiro 
clay formation’), C3

This unit consists of low permeability marly 
clays, occasionally with thin sandy clay 
interlayered beds, and is considered to be an 
aquiclude. It confi nes the western two-thirds 
of the aquifer extension, limiting recharge, 
but protecting the underlying permeable 
Cretaceous formations from contamination 
episodes.

11.3.2.2 Upper sandstone formation 
(‘Verba sandstone formation’), C3

Mainly clays and clayey sandstones form the 
top part of the Upper Sandstone Formation, 
which generally do not yield substantial vol-
umes of water. The high clay content of this 
unit reduces the transmissivity and increases 
the groundwater residence times consider-
ably. This |formation has often been consid-
ered to be an aquitard and very few small-yield 
boreholes around the village of ‘Verba’, for 
domestic use, are completed in this forma-
tion. The productivity of these wells is 
always very limited and the groundwater 
pumped usually has higher salinities than 
the typical baseline values for the other parts 
of the aquifer.

11.3.2.3 Upper sandstone formation (‘Oiã 
sandstone formation’), C3

Stratigraphically below the ‘Verba sandstone 
formation’, the bottom part of the Upper 
Sandstone Formation is signifi cantly more 

permeable than the overlying unit. This unit 
consists of medium-grained sandstone with 
some interbedded clayey layers. The sand is 
predominantly quartz, but because this unit 
was deposited in a fl uvial/deltaic sedimen-
tary environment, the lithological variabil-
ity may be very large even in short distances. 
However, from the hydrogeological point of 
view, this is considered an aquifer unit and 
may yield signifi cant volumes of water to 
wells.

11.3.2.4 Micaceous sandstone formation 
(‘Furadouro sandstone formation’), C2

This sandstone formation is undoubtedly 
the aquifer layer with the highest transmis-
sivities, and boreholes completed along a 
full section of the ‘Furadouro Sandstone 
Formation’ may yield as much as 40 or 60 L 
s–1. The thickness of the unit ranges from 10 
to 30 m with a median thickness of about 
20 m, and the sand is predominantly very 
clean quartz with a wide range in granulom-
etry, with increasing grain size towards the 
top of the unit. Most boreholes drilled in the 
region are completed in this formation, and 
the screens placed within it comprise the 
great majority of the groundwater pumped. 
The high micaceous content of the ‘Furadouro 
Sandstone Formation’ may sometimes cre-
ate some groundwater-quality constraints 
related to the very fi ne mica particles in sus-
pension and requires the correct placement 
of well screens.

11.3.2.5 Carbonate formation (‘Mamarrosa 
limestone formation’), C2

The lithology of the Carbonate Formation var-
ies signifi cantly within the study region but 
usually shows hydrogeological characteristics 
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that permit its exploitation over the major-
ity of the area. However, in the central part 
of the region, the permeability of this unit is 
signifi cantly reduced and does not yield 
much water. The Carbonate Formation out-
cropping in the recharge area is also of low 
permeability.

11.3.2.6 Lower sandstone formation 
(‘Palhaça sandstone formation’), C1A

This Lower Sandstone Formation is uniform 
and exploited by several boreholes in the 
eastern part of the study area, where it yields 
considerable volumes of water. However, in 
the western part of the region it presents sig-
nifi cant lithological variability with depth 
and has been divided into three different 
units from the hydrological point of view. 
The top part, which underlies the Carbonate 
Formation, is usually of high transmissivity 
and has good water quality. Most boreholes 
are completed in this unit. A reddish-brown 
clay layer separates this top part from an 
intermediate unit, where the clay content 
and degree of sandstone cementation 
increase and the well yield is reduced. The 
water quality decreases due to increasing 
mineralisation. Fewer boreholes are com-
pleted in this unit and it usually presents 
higher hydraulic heads than the upper over-
lying layer.

11.4 Background geochemistry

The study of the baseline quality in the two 
Aveiro groundwater bodies requires both 
information on the petrography and miner-
alogy of the aquifer matrix and on the rain-
fall chemistry, as rainfall is the major source 
of groundwater.

11.4.1 Petrography and mineralogy

The equilibrium geochemical reactions as 
well as kinetic properties in an aquifer are in 
great part determined by the petrography 
and mineralogy of the aquifer matrix. Both 
aquifer systems have hydrogeological units 
with distinct grain sizes, mineralogical com-
positions and clay contents, forming multi-
layer aquifer systems with different 
hydrogeological and hydrogeochemical prop-
erties (Table 11.2).

The Aveiro Quaternary aquifer is formed 
predominantly of siliceous material. 
Mineralogical studies by Rocha (1993) using 
x-ray diffraction and transmission electronic 
microscopy analysis show that Quaternary 
units are composed mainly of quartz, plagio-
clase, K-feldspar, calcite and dolomite. 
Gypsum, anhydrite, opal and zeolites 
amongst others may occur as accessory min-
erals. Illite, smectite and kaolinite are the 
most abundant clay minerals.

The principal mineral assemblages of the 
different Cretaceous units are largely identi-
cal although the relative abundance varies 
from layer to layer. They are composed 
mainly of quartz, phyllosilicates, calcite, 
dolomite, K-feldspar and plagioclase. 
Gypsum, anhydrite, jarosite (from the oxida-
tion of pyrite); melanterite, pyrite and 
goethite may occur as accessory minerals. 
Kaolinite, smectite and illite are the most 
abundant secondary clay minerals.

11.4.2 Rainfall chemistry

Rainwater chemistry was monitored monthly 
from rainfall collected in bulk samplers 
at three monitoring sites: Aveiro (AVR), 
Albergaria-A-Velha (ALB) and Oliveira do 
Bairro (OBR) within the study area, over 
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a period of fi ve years from 1997 to 2001 
(Condesso de Melo 2002). The average con-
centrations of major elements in the rainfall 
of the region and some characteristic molar 
ratios are compared to seawater in Table 11.3. 
Rainfall in the studied region is slightly acidic, 
with a solute content that demonstrates the 

marine aerosol infl uence as well as the result 
of the dissolution of atmospheric gases and 
aerosols.

The concentration of major elements in 
local rainfall follows a general pattern 
Cl–>SO2

4
–>Na+>Ca2+>Mg2+>K+>NO3–N. 

Sodium and chloride are the dominant ions 

Table 11.2 Principal mineral assemblages for the different aquifer layers.

Unit Lithology Mineralogy* (< 38 μm) Clay minerals* (< 2 μm)

Q Sands and sand 
dunes

Quartz – Plagioclase – Potassium feldspar – Calcite – 
Dolomite (Gypsum – Anhydrite – Opal – Zeoliths)

Illite – Smectite – Kaolinite

C3 Marly clays Phyllosilicates –Quartz – Potassium Feldspar – 
Plagioclase – Dolomite – (Calcite)

Illite – Kaolinite – (Smectite)

Upper sandstone 
formation

Quartz – Potassium Feldspar – Phyllosilicates – 
Dolomite – (Plagioclase – Calcite)

Kaolinite – Smectite – Illite

Quartz – Plagioclase – Potassium Feldspar – 
Phyllosilicates – (Dolomite – Calcite)

Kaolinite – Illite

C2 Micaceous 
sandstone

Quartz – Phyllosilicates – Potassium Feldspar – 
Plagioclase – Dolomite – Pyrite – (Calcite)

Illite – Kaolinite – Sodium 
Smectite

Carbonate 
formation

Calcite – Phyllosilicates – Potassium Feldspar – 
(Plagioclase – Dolomite – Quartz)

Kaolinite – Illite – Smectite 
and Sodium smectite

C1A Lower sandstone 
formation

Quartz – Potassium Feldspar – Plagioclase – 
Phyllosilicates – (Dolomite – Calcite)

*Minerals are written in descending order of their relative abundance. Minerals written in brackets occur as 
accessories.

Table 11.3 Rainwater annual averaged composition at the three monitoring sites of the study area 
(all data in mg L–1). Also shown are some characteristic chemical molar ratios for the rainwater.

Cl– SO4
2– NO3

––N Br– Na+ K+ Ca2+ Mg2+ Si4+ pH

AVR 5.29 3.86 0.124 0.024 4.28 0.28 1.35 0.48 0.23 5.37
ALB 3.57 3.68 0.104 0.023 3.13 0.34 2.98 0.59 0.19 6.15
OBR 3.36 4.87 0.156 0.023 3.14 0.36 3.09 0.60 0.29 6.00

 Na/Ca K/Na Mg/Na Mg/Ca K/Mg Na/Cl Mg/Cl Si/Na Br/Cl  

Seawater 44.65 0.02 0.12 5.43 0.18 0.85 0.10 0.0002 0.0016
AVR 5.54 0.04 0.11 0.59 0.36 1.25 0.13 0.04 0.0020
ALB 1.83 0.06 0.18 0.33 0.37 1.35 0.24 0.05 0.0029
OBR 1.78 0.07 0.18 0.32 0.37 1.44 0.26 0.08 0.0030  
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in Aveiro rainfall where it is basically a 
Na–Cl solution. These two ions are closely 
correlated in coastal regions due to their 
common origin in sea salt aerosols. In the 
other two sites, 20 km further inland, sodium 
becomes less abundant, calcium doubles in 
concentration, becoming almost as abun-
dant as sodium, whilst chloride contents 
decrease approximately 35%. Thus, rainfall 
composition changes from Na–Cl near the 
coast to Na–Ca–SO4 type inland, showing 
that the infl uence of marine aerosol on local 
rainfall composition decreases signifi cantly 
a short distance from the coast. Rainfall 
samples from the Oliveira do Bairro site 
show an increase in sulphate, exceeding the 
chloride concentrations, probably refl ecting 
an anthropogenic contribution related to 
industrial activities.

The average nitrate concentrations are 
low and vary between a minimum of 
0.10 mg L–1 to a maximum of 0.16 mg L–1 of 
NO3–N. Measured Br/Cl molar ratios at the 
Aveiro site (Br/Cl = 0.0020) are also close to 
marine aerosol composition, while for the 
other two sites, located in agricultural and 
forest areas further away from the sea, this 
ratio increases relative to seawater (Br/Cl = 
0.0030), probably refl ecting the addition from 
the biomass during burning and forest fi res.

11.5 Groundwater chemistry

11.5.1 Groundwater sampling and 
analytical methods

Groundwater samples were collected from 
the two studied aquifer systems during dif-
ferent fi eld campaigns. The Quaternary 
aquifer was sampled during fi eld campaigns 
carried out in January and October 2001, and 

later in April 2002. Groundwater samples 
were collected from 74 public supply and 
private boreholes and analysed for major, 
minor and trace elements, total organic car-
bon (TOC) and stable isotope contents (�2H, 
�18O and �13C). The third campaign included 
the determination of methane and tritium 
(3H) from pre-selected sites.

The Aveiro Cretaceous aquifer was sam-
pled during October 1996, September 1997, 
August 2000 and December 2000, and 
groundwater samples for laboratory analysis 
were collected from 90 deep boreholes. The 
analysis included the determination of 
major, minor and trace elements, radiocar-
bon, TOC and stable isotope contents deter-
mined at pre-selected sites. For the present 
discussion, the isotopic database for the 
Cretaceous aquifer was increased, with 
23 sets of stable isotope and radiocarbon 
groundwater analyses (�2H, �18O, �13C and 
14C) published by Carreira et al. (1996).

All the groundwater sampling points dis-
cussed in this chapter are shown in Fig. 11.1. 
For the groundwater sampling, a multiport 
fl ow-through cell connected in-line to the 
sampling points was used. Water samples 
were taken from the discharge point during 
pumping, once stabilisation of the principal 
fi eld parameters: pH, temperature (T), specifi c 
electrical conductance (SEC), redox potential 
(Eh) and dissolved oxygen (DO) were observed. 
Redox measurements, using a platinum 
electrode and referenced to ZoBell’s solu-
tion, are reported relative to the standard 
hydrogen electrode. On-site measurements 
also included the determination of alkalin-
ity (quoted as HCO3

–) by acid titration.
The inorganic determinations in the sam-

ples were performed either by the Activation 
laboratories in Ontario (Canada) or the 
British Geological Survey (Wallingford, UK), 
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which also carried out the stable isotope, 
TOC and methane analyses. Deuterium, 
oxygen-18 and carbon-13 results are reported 
as parts per thousand (‰) with respect to 
Vienna Standard Mean Ocean Water (VSMOW) 
standard and Vienna Pee Dee Belemnite 
(VPDB), respectively, using the standard 
� (delta) notation (Gonfi antini 1978). The 
analytical precision for stable isotope analy-
sis is ±0.2‰ for �18O, ±2.0‰ for �2H and 
±0.3‰ for �13C.

Electroneutrality was used as a quality 
control for all the determinations, and ionic 
mass balances with errors between –5% and 
+5% were considered to be acceptable. Ionic 
charge imbalances were in all cases less 
than 5%.

The groundwater samples for radiocarbon 
analysis were prepared following transfor-
mation to graphite at the NERC Radiocarbon 
Laboratory in East Kilbride (Scotland) and 
then analysed by 14C AMS at the University 
of Arizona NSF facility (USA). In keeping 
with international practice, the radiocarbon 
activities are expressed as a percentage of 
modern carbon (pMC) and reported ages are 
calculated as conventional radiocarbon years 
BP (before AD 1950), both expressed at the 
±1� level for overall analytical confi dence. 
Groundwater ages have been derived apply-
ing the correction procedure of the 14C value 
using the measured �13C values following 
the IAEA model (Salem et al. 1980).

11.5.2 Groundwater hydrogeochemical 
evolution

A general description of the chemical com-
position of the studied groundwater bodies 
is initially presented as cross-sections down-
gradient, followed by an explanation of the 
possible origin and natural evolution of the 

groundwater in the system, focusing on the 
controlling geochemical processes. Finally, 
the redox environment in the study units is 
discussed and a description on the occurrence 
of trace elements in the aquifer is presented. 
All the data are summarised in Table 11.4.

11.5.2.1 Aveiro Quaternary aquifer

The chemical analyses of groundwater sam-
ples collected in the Aveiro Quaternary aqui-
fer revealed a groundwater body impacted 
by different types of diffuse and point-source 
contamination. The former sources of con-
tamination (mainly agricultural) produce 
high nitrate (>11.3 mg L–1 NO3–N), sulphate 
(>40.0 mg L–1 SO4

2–) and potassium (>5 mg L–1 
K) groundwaters. The latter (including indus-
trial areas, septic tanks, petrol stations) 
impact groundwater with signifi cant concen-
trations of persistent organic compounds 
(MNB, benzene, aniline), some inorganic 
compounds (Na, SO4) and other minor and 
trace elements (Cd, Ni, Pb, Cr, As, Hg). 
However, parts of the aquifer (mainly, for-
ested and dune covered areas) remain where 
the groundwater is pristine, which help to 
defi ne the groundwater baseline.

The range of analytical results obtained 
for the whole groundwater body have been 
plotted in box plot diagrams and compared 
to the composition of diluted seawater nor-
malised to the median chloride of the whole 
dataset (Fig. 11.4[a]) and to the median con-
centrations of each hydrogeological unit 
(Fig. 11.4[b]). Analysis of the results confi rms 
the subdivision of the Aveiro Quaternary 
aquifer into three hydrogeological units with 
different hydrogeochemical characteristics 
and that different geochemical processes are 
contributing to the variations in major ion 
concentrations.

EDMUNDJ_Ch11.indd   243EDMUNDJ_Ch11.indd   243 12/11/2007   6:24:14 PM12/11/2007   6:24:14 PM



M. T. Condesso de Melo and M. A. Marques da Silva244

Table 11.4 Overall summary statistics and baseline values for the Aveiro Quaternary aquifer.

Parameter Units Min. Max. Median Mean 97.7 % ile n

pH 4.6 7.6 6.1 6.2 7.4 144
T °C 13.9 21.2 17.3 17.2 20.2 144
DOC mg L–1 2.0 12.5 4.2 4.8 11.9 144
SEC μS cm–1 110 1474 456 508 1077 144
DO mg L–1 0.0 9.2 0.7 1.9 8 144
Eh mV –38 451 369 300 442 144

Na mg L–1 7.4 193 26.0 34.2 94.6 144
K mg L–1 1.0 40.3 7.8 11.8 38.6 144
Ca mg L–1 1.3 120 42.6 47.0 109 144
Mg mg L–1 1.9 48.3 6.0 8.5 27.4 144
Si mg L–1 1.7 28.0 5.4 6.4 13.5 144
Cl mg L–1 8.7 349 37.4 45.7 118 144
SO4 mg L–1 <0.03 192 41.5 46.6 134 144
HCO3 mg L–1 0 424 84.5 115 310 144
NO3–N mg L–1 <0.05 47.1 4.4 9.3 39.6 144
NO2–N mg L–1 <0.05 5.27 <0.01 0.07 0.20 144
PO4–P mg L–1 <0.04 2.60 <0.02 0.08 0.89 144

Ag μg L–1 <0.2 <0.2 <0.2 <0.2 <0.2 144
Al μg L–1 <2 1110 10.00 49.10 275.1 144
As μg L–1 0.07 43.69 0.48 2.11 14.81 144
Au μg L–1 <0.002 0.005 <0.002 0.0004 0.005 144
B μg L–1 15.27 1300 78.13 158.1 756.4 144
Ba μg L–1 0.94 192.2 31.07 38.41 80.62 144
Be μg L–1 <0.10 2.59 <0.10 0.05 0.68 144
Bi μg L–1 <0.01 0.02 <0.01 <0.009 <0.01 144
Br μg L–1 <0.06 1.13 0.14 0.15 0.42 144
Cd μg L–1 <0.01 3.27 0.02 0.07 0.18 144
Co μg L–1 <0.005 10.10 0.17 0.48 1.56 144
Cr μg L–1 <0.50 1.02 <0.50 <0.41 0.70 144
Cs μg L–1 0.002 4.09 0.11 0.28 1.33 144
Cu μg L–1 <0.20 17.43 3.27 4.84 15.01 144
F μg L–1 <0.02 0.49 0.04 0.06 0.27 144
Fe μg L–1 <5.0 9520 163.5 1013 8760 144
Ga μg L–1 <0.01 0.28 0.01 0.01 0.06 144
Ge μg L–1 <0.01 0.15 0.02 0.02 0.07 144
Hf μg L–1 <0.002 0.17 0.003 0.009 0.074 144
Hg μg L–1 <0.20 <0.20 <0.20 <0.20 <0.20 144
I μg L–1 2.37 265.0 19.30 35.45 140.3 144
In μg L–1 <0.001 0.003 <0.001 <0.0009 0.001 144
Li μg L–1 <1 25.70 2.24 3.38 18.53 144
Mn μg L–1 0.13 418.6 29.71 57.07 209.6 144
Mo μg L–1 <0.1 13.19 0.12 0.45 2.79 144
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The surfi cial phreatic aquifer has domi-
nant sodium chloride facies and lower salin-
ities in areas not impacted by contamination, 
refl ecting the local rainfall composition and 
the short residence times. This type of 
groundwater may be observed in the dune 
area north of the town of Ovar (northern-
most part of the study area) and in alluvial 
areas adjacent to the main rivers. Towards 
the south of Ovar, the groundwater chemi-
cal composition is dominated by calcium 
and bicarbonate ions as a result of calcite 
dissolution and cation-exchange processes. 
The low chloride content for the whole aqui-
fer (39 mg L–1) and the relatively low salinities 

(median values for SEC are about 400 μS cm–1) 
confi rm the general presence of freshwater 
in the aquifer. However, locally there may 
be some boreholes pumping waters with 
chloride contents and salinities, greater than 
100 mg L–1 and 900 μS cm–1 respectively, in 
areas where over-pumping produces saltwa-
ter up-coning.

Calcium-sulphate type waters are the 
dominant type in the old beaches and ter-
race deposits aquifer and refl ect the impact 
of agricultural activities. Increased sulphate 
concentrations coincide with increased 
potassium and in general with the presence 
of nitrate (average value for NO3–N in the 

Table 11.4 Continued.

Parameter Units Min. Max. Median Mean 97.7 % ile n

Nb μg L–1 <0.005 0.02 0.01 0.003 0.02 144
Ni μg L–1 <0.30 6.32 <0.30 0.64 4.84 144
Os μg L–1 <0.002 <0.002 <0.002 <0.002 <0.002 144
Pb μg L–1 <0.10 3.37 0.25 0.50 2.25 144
Pd μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 144
Pt μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 144
Rb μg L–1 1.72 65.95 9.67 15.53 48.20 144
Re μg L–1 <0.001 0.02 0.001 0.001 0.01 144
Ru μg L–1 <0.01 <0.01 <0.01 <0.01 <0.01 144
Sb μg L–1 <0.01 1.39 0.05 0.15 0.88 144
Sc μg L–1 <1 19.90 3.59 4.28 10.07 144
Se μg L–1 <0.2 7.83 0.52 0.74 2.72 144
Sn μg L–1 <0.1 0.48 <0.1 <0.09 <0.1 144
Sr μg L–1 13.40 754.5 171.2 214.6 703.5 144
Ta μg L–1 <0.001 0.017 <0.001 0.0003 0.009 144
Te μg L–1 <0.01 0.05 <0.01 <0.008 0.01 144
Ti μg L–1 0.70 18.58 2.04 3.17 12.36 144
Tl μg L–1 <0.005 0.45 0.04 0.07 0.39 144
U μg L–1 0.003 4.27 0.09 0.35 1.91 144
V μg L–1 <0.05 7.96 0.32 0.94 5.78 144
W μg L–1 <0.02 0.94 <0.02 0.01 0.12 144
Y μg L–1 0.01 41.61 0.59 2.96 29.87 144
Zn μg L–1 <0.5 2010 12.51 48.93 86.16 144
Zr μg L–1 <0.01 0.82 0.03 0.08 0.56 144
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aquifer is 18 mg L–1). Groundwater specifi c 
electrical conductivity is usually greater 
than 400 μS cm–1 with a maximum value 
over 1100 μS cm–1, which is signifi cantly 
higher than background values for the aqui-
fer. The semi-confi ned aquifer has calcium-
bicarbonate type waters. However, in the 
northern part of the study area, close to the 
village of Torreira, there are some boreholes 
that showed a signifi cant increase in chlo-
ride concentration and total hardness higher 
than typical aquifer background. These higher 

Fig. 11.4 Range of concentrations for the major 
elements in the Aveiro Quaternary aquifer; (a) 
box plots summarise the distribution of data set 
for the Aveiro Quaternary aquifer as a whole; 
(b) comparison between the median concentration 
of major elements in each hydrogeological unit.

salinity boreholes are usually located in 
areas close to the sea or to the Aveiro lagoon 
where groundwater discharge is almost insig-
nifi cant, and where saltwater intrusion may 
occur locally.

For a better interpretation of the hydro-
chemical results, several chemical species 
and parameters for each hydrogeological unit 
are plotted downgradient along W–E cross 
sections in Fig. 11.5. Groundwater chemical 
evolution shows an increase in pH, calcium, 
bicarbonate (and strontium, but not shown) 
concentrations on the semi-confi ned aquifer 
when compared to the two shallow aquifers 
due to the prevalence of closed system condi-
tions with respect to CO2. Prevailing closed 
system conditions in the semi-confi ned 
aquifer may lead to calcite equilibrium (sat-
uration indexes for calcite ~ 0) and is the jus-
tifi cation for the higher �13C values observed 
in this hydrogeological unit (Fig. 11.6).

Sodium and chloride concentrations 
remain more or less constant along the three 
fl owpaths and are not in agreement with the 
observed increase in SEC downgradient, 
which is in great part produced by the other 
major ions in solution. Silica also shows an 
incremental increase from the unconfi ned 
units to the semi-confi ned unit which may 
indicate not only an increase in the residence 
time (confi rmed by tritium data) but also 
that silicate weathering is an active geo-
chemical process in the aquifer.

To summarise, it could be said that despite 
its vulnerability and signs of human impact, 
the natural baseline composition of the 
Aveiro Quaternary aquifer system is of fresh 
calcium-bicarbonate type waters, with chlo-
ride concentrations of less than 40 mg L–1 
and total salinities less than 400 μS cm–1. 
The areas with sodium-chloride type waters, 
but low mineralisation, correspond to recent 
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Fig. 11.5 Downgradient evolution of some of the principal chemical species in the three hydrogeological 
units of the Aveiro Quaternary aquifer. The results show a different geochemical behaviour between 
the two shallow unconfi ned units and the deeper semi-confi ned unit due to the system closed 
conditions. 
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Fig. 11.6 Stable isotopic composition of the three hydrogeological units of the Aveiro Quaternary aquifer.
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infi ltrated groundwater, the composition of 
which refl ects the rainfall composition and 
the infl uence of marine aerosol.

Redox patterns and their impact on 
groundwater chemistry

The redox characteristics of an aquifer may 
determine the geochemical and biological 
behaviour of several elements and infl uence 
their speciation, mobility, persistence and 
toxicity in the environment. Oxygen, as the 
principal oxidising agent, and organic mat-
ter, as a major reducing agent, have a signifi -
cant role in controlling the extent of the 
redox processes and infl uence on the ground-
water chemistry.

The three hydrogeological units of the 
Quaternary aquifer have distinct redox envi-
ronments and active redox processes are 
responsible for the some of the most signifi -
cant chemical variations observed in the 
semi-confi ned aquifer (Fig. 11.7). The two 
unconfi ned shallow aquifer units have oxi-
dising waters with average Eh values over 
300 mV and DO concentrations between 2 
and 9 mg L–1.

The semi-confi ned aquifer is distinguished 
from the two others because of the dominant 
anaerobic conditions (oxygen content in 
solution is below detection limit). The 
organic mud semi-confi ning layer acts as a 
reactive barrier enhancing redox processes 
and attenuating several potential contami-
nants. Organic matter decay starts under 
aerobic conditions but because of the lack of 
exchange with atmospheric O2, oxygen is 
rapidly consumed, leading to anaerobic con-
ditions and to the gradual decrease of Eh. 
The Eh values in the semi-confi ned aquifer 
indicate a reducing environment. Average 
Eh values for the aquifer are around 130 mV 
but in some deeper boreholes drilled close to 
the coast, groundwater Eh values may reach 
negative values (–40 mV).

Once groundwater becomes anoxic, avail-
able electron acceptors are consumed 
sequentially in the following order: NO3–N 
> Fe(III) > SO4 > CO2 (methanogenesis). This 
leads initially to nitrate reduction and deni-
trifi cation. Gradually, sulphate becomes the 
principal electron acceptor until concentra-
tions of sulphate decrease below detection 
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limit and methanogenesis becomes an active 
process in the aquifer. Sulphate reduction 
in the semi-confi ned part of the aquifer is 
easily identifi ed, not just by the low concen-
trations of sulphate in solution, often below 
detection limit, but also by the intense 
hydrogen sulphide smell.

Anoxic conditions induce nitrite and 
nitrate reduction and contribute to the pro-
tection of groundwater quality producing 
low nitrate waters. However, as soon as the 
groundwater becomes anoxic the concentra-
tions of ferrous iron [Fe(II)] increase due to 
Fe(III) reduction and often create groundwa-
ter-quality constraints for human and indus-
trial supply. Under reducing conditions, and 
pH values under 7.5, Fe(II) becomes soluble 
reaching concentrations over 6 mg L–1. 
Like Fe(II), other redox sensitive chemical 
species such as Mn2+, that were unstable 

under aerobic conditions, become stable and 
their concentrations increase signifi cantly 
in groundwater.

Groundwater results for the semi-confi ned 
aquifer provide evidence that biodegradation 
reactions have gradually consumed all the 
electron acceptors available in the aquifer 
(oxygen, nitrate and sulphate) and inhibitory 
to methanogenic activity. Evidence of meth-
anogenesis is present in the aquifer and fur-
ther studies confi rmed concentrations of 
methane gas in the aquifer as high as 9 mg 
L–1 in pre-selected samples.

Minor and trace elements 
in the aquifer

An important number of minor and trace 
elements have been investigated in the aqui-
fer to enrich the understanding of water 
chemical evolution. The concentrations of 

Fig. 11.7 Infl uence of redox conditions on the hydrochemistry of the Aveiro Quaternary aquifer. 
Samples collected in the semi-confi ned aquifer show clear redox patterns (lower Eh, sulphate and 
nitrate reduction, increase in total dissolved iron content).
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these elements are controlled in groundwa-
ter under natural conditions by atmospheric 
precipitation and weathering processes, and 
for some, their speciation, reactivity and 
mobility depends mostly on the groundwa-
ter redox conditions (Edmunds and Smedley 
2000) and/or pH.

Most of the trace elements show a range of 
concentrations in each aquifer unit but the 
range of variation under baseline conditions 
does not often exceed one order of magnitude, 
and follows approximately the trend for the 
calculated diluted seawater curve. Due to 
the above described redox conditions, the 
semi-confi ned aquifer shows higher values 
for Fe, Mn, As and some other redox-sensi-
tive chemical species. These higher concen-
trations are natural baseline values and may 
exceed current maximum admissible con-
centration (MAC) for human consumption.

Trace element concentrations in the shal-
low unconfi ned aquifers may also be affected 
by human activities. There is a potentially 
wide range of environmental distribution of 
trace elements in the region due to pesticide 
application, industrial activities, car exhausts, 
decorative materials, protective coatings, etc. 
that could be related to somewhat higher con-
centrations of trace elements such as zinc, 
copper, aluminium, cobalt, cadmium, lead, 
lanthanum and yttrium. However, the lower 
range of values determined should refl ect 
mostly natural sources for these constituents.

11.5.3 Aveiro Cretaceous aquifer

The groundwater chemistry of Aveiro 
Cretaceous aquifer revealed an almost pris-
tine groundwater body protected from con-
tamination episodes by a thick confi ning 
layer of marly clays in two-thirds of its 
extent. The available geochemical data for 

the aquifer contributed for its division in 
three main hydrogeochemical zones with 
gradually different characteristics. The 
boundaries of these zones coincide approxi-
mately with redox boundaries in the aquifer 
system (Fig. 11.8). From the recharge area in 
the eastern part towards the coast we can 
identify:

1 Modern groundwater limited to the out-
crop area of the aquifer under unconfi ned 
conditions (eastern part of the study area, 
17–25 km away from coastline). These are 
recently recharged oxygenated groundwaters 
of predominantly Ca–HCO3 hydrochemical 
facies, with pH values lower than 7.0 and 
water temperatures less than 20°C. Nitrate 
concentrations are generally low (median 
NO3–N concentration is 2.5 mg L–1) but 
some occasionally higher concentrations 
have been detected and refl ect modern 
human impact. However, just two boreholes 
exceeded the limit of potability. Groundwater 
ages vary from recently recharged up to 
7000 years bp waters that may occur in the 
western limit of this part of the aquifer, just 
10 km from the outcrop area. Salinity is low 
with chloride median concentrations around 
30 mg L–1 and SEC less than 650 μS cm–1.

2 Holocene to pre-industrial groundwaters 
occur in the intermediate (5 to 17 km from 
coastline), confi ned parts of the aquifer. 
Redox potential and dissolved oxygen pro-
gressively decrease along the fl ow path with 
groundwater changing from oxidising to 
reducing conditions. These are groundwa-
ters with either Ca–HCO3 or Na–HCO3 
hydrochemical facies, pH values higher than 
6.2 but lower than 8.3 and groundwater tem-
peratures around 21.3°C. PCO2 decreases in 
this part of the aquifer from 0.04 to 0.001 atm 
along the fl ow path. Background chloride 
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concentrations increase to 40 mg L–1, but 
SEC does not exceed 400 μS cm–1. This is 
mainly unpolluted groundwater, enriched in 
18O compositions, and with modelled ages 
lying in the range of 3,500–18,000 years BP.
3 Late Pleistocene–early Holocene ground-
waters have been identifi ed in the deeper 
and confi ned part of the aquifer (0–5 km 
from coastline), well protected by the thick 
overlying aquitard. They are Na–HCO3 or 
Na–Cl type waters, with pH in the range 
from 7.1 to 8.9, and average groundwater 
temperatures higher than 22°C, eventually 

reaching values higher than 30°C in the 
deepest part of the sedimentary basin (west 
of the town of Vagos). The negative Eh val-
ues refl ect anaerobic (reducing) conditions 
and the water is unpolluted. The specifi c 
electrical conductance indicates that the 
confi ned groundwater in the Aveiro aquifer 
is fresh, with background chloride concen-
trations around 115 mg L–1. Fresh ground-
water with SEC less than 500 μS cm–1 and 
Cl– less than 40 mg L–1 is found down to a 
depth over 300 m below OD at less than 
900 m from the present coastline.

Fig. 11.8 Downgradient characterization of the hydrochemical evolution of the Aveiro Cretaceous 
aquifer with identifi cation of major groundwater quality boundaries (dashed lines) due to redox and 
fl ow conditions.
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The studied groundwaters have their ori-
gin, in part, associated with the infi ltration 
of rainwater of Atlantic origin (which is 
essentially diluted seawater) and the gradual 
fl ushing of older formation waters (old sea-
water trapped in the sediments). Infi ltrating 
rainwater percolates through the unsatu-
rated zone to reach the underlying ground-
water body, reacting with silicate and 
carbonate minerals in a system initially open 
to CO2. Because carbonate dissolution kinet-
ics are much faster than the silicate weath-
ering reactions, a fresh groundwater 
dominated by Ca2+ and HCO3

– initially pre-
vails. Average Ca2+ concentrations in this 
part of the aquifer are about 33 mg L–1 while 
Na+ concentration is less than 14 mg L–1 
(Fig. 11.8).

As the water moves downward along the 
fl ow path into the deeper and confi ned part 
of the aquifer, Ca2+ is taken up from ground-
water by cation exchange surfaces that form 
part of the aquifer matrix (mainly clay min-
erals), in return for Na+. In the areas closer to 
the coast, average calcium concentrations 
are quite small, around 4 mg L–1, while Na+ 
becomes the dominant cation with concen-
trations higher than 110 mg L–1. With the 
exception of the areas within the outcrop 
area, where calcium is the most abundant 
cation, sodium is the dominant solute in the 
aquifer. Its concentration varies from a min-
imum of 14 mg L–1 to a maximum of 400 mg 
L–1 with increasing residence time, and the 
same trend is observed for sodium/calcium 
molar ratios.

The natural hydrogeochemical evolution 
refl ects these processes trending from 
Ca–HCO3 type waters near the recharge area 
to Na–HCO3 or Na–Cl type waters in the 
areas close to the coast. The evolution of the 
groundwater towards an evolved Na–HCO3 

water type indicates that ion exchange and 
calcite dissolution are dominant geochemi-
cal processes in the aquifer.

At present, the baseline groundwater in 
the Aveiro Cretaceous aquifer is fresh and of 
remarkably low salinity (below 40 mg L–1 
Cl–), considering that it was, at least in part, 
of marine origin. The low chloride concen-
trations (minimum 16 mg L–1, which is about 
4 times the mean rainfall value) over most of 
the aquifer are consistent with the main 
input to groundwaters being derived from 
atmospheric inputs after allowing for evapo-
transpiration, and the remaining Cl– is little 
more than 1–2% of that probably derived 
from (marine) formation water.

The dilute nature of the Aveiro groundwa-
ters thus indicates previous freshening of 
the coastal aquifer since at least the late 
Pleistocene or even earlier. Higher hydraulic 
gradients (~0.004) during the last glacial 
maximum (LGM) or even before the LGM, 
imposed by a sea level lowered by approxi-
mately 130–140 m compared to present day, 
would have accelerated the complete refresh-
ing of the aquifer, with fresh water fl ushing 
the original formation water.

The analysis of chemical patterns of dis-
solved species along evolutionary ground-
water fl ow paths was also performed using 
elemental molar ratios. For the Aveiro 
Cretaceous aquifer, Br/Cl ratios were useful 
for the reconstruction of groundwater origin 
(Fig. 11.9). Late Pleistocene and early 
Holocene waters show approximately con-
stant values for the Br/Cl ratio and samples 
plot on a mixing line between the rainwater 
and seawater ([Br–]/[Cl–] = 0.0016). Recent 
recharged waters have a Br/Cl ratio slightly 
enriched in bromine over the palaeo waters 
that could refl ect the anthropogenic infl u-
ence. The concentrations of sodium are not 
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totally compensated by chloride, as would 
be expected if seawater and aerosol inputs 
were the only sources of sodium, and Na/Cl 
molar ratio is not consistent with a simple 
fresh-/seawater mixing process. Sodium-
feldspar (albite) dissolution is likely to be 
one of the geochemical processes responsi-
ble for liberating extra Na+ to solution, lead-
ing to Na/Cl ratios higher than one and high 
ratios of Na+ relative to Ca2+.

Fig. 11.10 Relation between Br– and Cl– content 
in the groundwater samples. Also plotted are 
Br/Cl molar ratios in seawater and rainfall as 
well as the seawater mixing line (in black) and 
the rainwater line (dashed).
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It is well known that aquifer silicate min-
erals can be a source of solutes through dis-
solution, and a sink via the processes of 
adsorption and precipitation. Taking into 
account the mineralogy of the aquifer matrix 
and the long residence times, alumino-sili-
cate weathering and carbonate mineral dis-
solution are likely to be the other processes 
responsible for cation variation in the Aveiro 
aquifer. The observed decrease of PCO2 along 
the fl ow path confi rms that mineral reaction 
is taking place (Fig. 11.10).

The increase of Mg/Ca ratios in the initial 
10 km of the aquifer fl ow path is probably 
the result of dolomite dissolution or the 
incongruent dissolution of impure calcite. 
The observed depletion of calcium and mag-
nesium relative to bicarbonate ([Ca + Mg]/
[HCO3] < 0.5) in the last 15 km of the aquifer 
is due to the cation exchange phenomenon.

Fig. 11.9 Groundwater pH, PCO2, Mg/Ca molar 
ratio, HCO3, and calcite saturation index evolu-
tion downgradient the Aveiro Cretaceous aquifer 
system.
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For a mainly silicate aquifer system, ground 
water silica concentrations (~5.5 mg L–1) are 
remarkably uniform for the whole aquifer. 
Silica is being released into solution by alu-
mino-silicate weathering but with a propor-
tion being retained as secondary minerals 
(kaolinite and smectite); any excess of silica 
is likely to be removed initially as colloidal 
silica to maintain the apparent equilibrium 
with chalcedony or quartz.

The molar ratio of Si to Na+ decreases 
along the fl ow path, from values around 0.40 
in the recharge area to values of 0.02 in the 
deeper part of the aquifer. Considering just 
the sodium due to silicate reaction and 
neglecting Na derived from seawater (either 
rain or connate water), a ratio of Si to Na+ 
still lower than two is derived. The weather-
ing of primary minerals to kaolinite or gibb-
site cannot generate that value; therefore a 
2:1 silicate such as smectite must be forming. 
This is consistent with the clay minerals 
observed in the mineral assemblage.

11.5.3.1 Redox reactions in the 
Cretaceous multilayer aquifer

The natural redox conditions in the Aveiro 
Cretaceous multilayer aquifer change along 
the fl ow path, becoming gradually anoxic 
and affecting the solubility and transport of 
some major and minor solutes in groundwa-
ter. Decreasing Eh, NO3 and U groundwater 
concentrations along the main aquifer fl ow 
path were used to indicate the presence of a 
redox boundary, which was observed close 
to the unconfi ned-confi ned boundary (Fig. 
11.8). Oxidising conditions may generally be 
recognised by Eh values ≥300 mV and reduc-
ing groundwaters below 100 mV, with some 
of the most evolved groundwaters in the 
deeper part of the aquifer with negative mea-
sured Eh values.

Concentrations of dissolved oxygen in the 
unconfi ned part are commonly less than 
6 mg L–1, lower than atmospheric values and 
indicating some reaction following infi ltra-
tion. Deeper confi ned groundwaters become 
gradually anaerobic due to the presence of 
traces of organic matter and/or Fe(II) and sul-
phide minerals at depth. Values of DO less 
than 0.2 mg L–1 have been determined 
throughout the aquifer in confi ned sections.

Nitrate concentrations in groundwater are 
only detected in the unconfi ned part of the 
aquifer. To the west of the redox boundary, 
NO3–N concentrations are below detection 
limit, which confi rms the existence of the 
redox boundary. This coincides with the 
drop in Eh to around +100 mV. Uranium, 
another good indicator of redox conditions, 
is also below the detection limit beyond the 
aquifer outcrop area.

Total dissolved Fe concentrations (≤ 0.45 
μm fraction) are low or below detection limit 
(<5 μg L–1) in unconfi ned oxygenated waters, 
but increase in the anaerobic confi ned aqui-
fer to more than 1 mg L–1. The same trend is 
observed for Mn, which reaches concentra-
tions greater than 0.05 mg L–1 under anaero-
bic conditions. These high concentrations of 
Fe and Mn coincide with sulphate concen-
trations in the aquifer less than 50 mg L–1, 
and an increase in As concentrations to 
greater than 0.01 mg L–1.

11.5.3.2 Minor and trace elements in the 
Cretaceous aquifer

A range of minor and trace elements have 
been investigated in the aquifer to establish 
baseline compositions and to further assist 
the understanding of water chemical evolu-
tion. Results are shown in Fig. 11.11 and in 
Table 11.5. High concentrations of fl uoride, 
iron, manganese and barium are evident in 

EDMUNDJ_Ch11.indd   254EDMUNDJ_Ch11.indd   254 12/11/2007   6:24:19 PM12/11/2007   6:24:19 PM



The Aveiro Quaternary and Cretaceous Aquifers, Portugal 255

some parts of the aquifer, exceeding occa-
sionally the MAC values for human con-
sumption. In addition to fl uoride, the other 
halogen elements also increase with resi-
dence time due to the mixing with old for-
mation water trapped in the clay minerals 
present in the aquifer matrix. The combined 
use of isotopic data with inorganic analysis 
was used as an important geochemical con-
straint to clarify the origin of the observed 
concentrations (Fig. 11.12).

In contrast, lithium concentrations which 
may often be used as a residence time indi-
cator (Edmunds and Smedley 2000) do not 
show any increase along the line of section 
and do not follow the geochemical behav-
iour of sodium. Boron is also relatively high 
especially in the most cation-exchanged 
groundwaters (close to the coast) possibly as 
a result of mixing with old formation waters 
and further water–rock interaction. However, 
boron concentrations in the Aveiro 
Cretaceous aquifer are still less than the EC 
maximum permissible concentrations in 
drinking water (300 μg L–1).

Most of the other minor and trace ele-
ments are present in concentrations very 

close to the detection limit, which is indica-
tive of the low reactivity of the Aveiro 
Cretaceous aquifer.

11.5.3.3 Groundwater-quality 
stratifi cation

The use of conventional methods of ground-
water sampling from pumping multi-
screened boreholes in the Aveiro Cretaceous 
multilayer aquifer inevitably leads to water 
mixing between the different aquifer layers, 
making an understanding of the water-qual-
ity patterns more difficult, and potentially 
leading to misinterpretation. To minimise 
this problem, the present study included not 
just the study of groundwater quality spatial 
variability but also the analysis of ground-
water vertical stratifi cation arising from 
geological layering (Buckley 2001; Condesso 
de Melo 2002).

The results of a geophysical logging and 
depth sampling campaign were used to char-
acterise, from the geochemical point of view, 
each aquifer layer and confi rmed that the 
Micaceous Sandstone Formation and the top 
part of the Upper Sandstone Formation are 

Fig. 11.11 Range of minor and trace 
element concentrations in the 
Aveiro Cretaceous aquifer 
groundwaters. The upper and lower 
quartiles of the data defi ne the top 
and bottom of ‘box’, and horizontal 
line segments inside the box portray 
the median and the mean. The lower 
and upper inner fence values are the 
lowest and largest observed values, 
respectively, provided that they are 
less than 1.5 times the interquartile 
range.
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Table 11.5 Overall summary statistics and baseline values for the Aveiro Cretaceous aquifer.

Parameter Units Min. Max. Median Mean, μ 97.7 %tile n

pH 5.0 9.2 7.3 7.3 8.4 90
T °C 16.7 30.8 20.7 20.9 27.1 88
DOC mg L–1 0.1 11.0 1.5 2.3 9.0 29
SEC μS cm–1 141 1850 431 573 1710 88
DO mg L–1 <0.1 15.6 1.1 2.1 11.2 86
Eh mV –140 474 91 116 390 88

Na mg L–1 13.5 538 54.5 91.7 377 90
K mg L–1 2.0 27.4 7.9 8.3 19 90
Ca mg L–1 1.2 125 17.6 26.7 114 90
Mg mg L–1 0.5 45.1 6.1 7.9 28 90
Si mg L–1 2.9 10.4 5.7 5.8 10 90
Cl mg L–1 15.9 941 40.6 88.9 386 90
SO4 mg L–1 0.8 325 46.1 61.1 234 90
HCO3 mg L–1 4 438 131 140 355 90
NO3–N mg L–1 <0.5 17.7 <0.02 0.76 9.78 90
NO2–N mg L–1 <0.4 0.01 <0.003 <0.03 0.01 64
NH4–N mg L–1 <0.02 1.77 <0.01 0.02 0.21 85
PO4–P mg L–1 <3 0.8 <0.2 <0.23 0.40 90

Ag μg L–1 <0.2 0.06 <0.04 <0.09 0.04 90
Al μg L–1 <2 493 5.27 13.84 69.62 90
As μg L–1 <0.76 34.10 1.58 3.70 26.97 90
B μg L–1 <10 1350 111.5 200.8 1200 90
Ba μg L–1 6 305 74.92 91.08 262.5 90
Be μg L–1 <0.1 17.39 0.18 0.55 2.55 90
Bi μg L–1 <0.17 0.24 <0.02 <0.06 0.03 90
Br μg L–1 44 3150 153.5 283.3 1225 90
Cd μg L–1 <0.04 6.23 <0.01 0.08 0.33 90
Ce μg L–1 <0.06 6.84 0.01 0.16 1.97 90
Co μg L–1 <0.02 52.49 0.12 1.42 15.66 90
Cr μg L–1 <0.5 9.98 0.09 0.68 5.96 90
Cs μg L–1 <0.04 2.49 0.20 0.33 1.53 90
Cu μg L–1 <0.28 38.65 0.97 3.34 22.65 90
F μg L–1 20 3700 270.0 563.9 3486 90
Fe μg L–1 <6 7530 135.5 625.4 4526 90
Ga μg L–1 <0.04 0.28 0.02 0.02 0.12 90
Ge μg L–1 <0.05 0.45 0.14 0.16 0.35 90
I μg L–1 1.20 147 5.67 10.36 59.21 90
La μg L–1 <0.01 2.51 0.01 0.07 0.72 90
Li  μg L–1  1.31  274  14.37  24.68  106.9  90
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the best aquifer layers, providing the lowest 
salinities for the aquifer. The Micaceous 
Sandstone Formation is indeed contributing 
most of the water supplied by the aquifer, in 
a ratio for the transmitted fl ow, which could 
be as high as 9 : 1 of the abstracted volume. 
This implies that samples taken from the 
discharge during pumping conditions can be 
assumed to correspond in great part (~90%) 
to that from the Micaceous Sandstone 
Formation. For this reason, and although 
each aquifer layer has a characteristic chem-
ical and isotopic composition, the chemical 
composition of the fl ow samples is domi-
nated by the chemistry of the Micaceous 
Sandstone Formation.

However, the data arising from the study of 
the aquifer vertical stratifi cation also showed 
that the Micaceous Sandstone Formation is 
highly vulnerable to groundwater contamina-
tion because of its high transmissivities and 
depleted hydraulic heads. In the boreholes 
where leaks at joints in the blank casing were 
producing infl ow of high salinity water from 
the base of the Quaternary aquifer, it was 
observed that this water was leaving the bore-
hole through the screens placed in front of the 
Micaceous Sandstone Formation. This prob-
lem was detected in several boreholes used 
for monitoring purposes in the region and 
may have some infl uence on the determined 
groundwater baseline quality of the aquifer.

Table 11.5 (Continued)

Parameter Units Min. Max. Median Mean, μ 97.7 %ile n

Mn μg L–1 0.30 242 17.25 31.19 141.6 90
Mo μg L–1 <0.21 6.2 0.22 0.45 3.10 90
Ni μg L–1 <0.3 78.52 1.67 4.75 44.59 90
Pb μg L–1 <0.1 27.33 0.21 0.81 1.80 90
Rb μg L–1 1.64 51.67 8.22 11.36 44.23 90
Sb μg L–1 <1.22 0.19 <0.05 <0.38 0.15 90
Sc μg L–1 <1 4.39 <0.8 0.19 2.45 90
Se μg L–1 <2.3 24.05 0.82 1.63 10.04 90
Sr μg L–1 8.21 576 104.4 139.1 498.2 90
Th μg L–1 <0.13 0.40 0.004 <0.03 0.04 90
Ti μg L–1 <0.04 14.1 0.08 0.80 3.42 90
U μg L–1 <0.07 42.8 0.05 1.35 15.26 90
V μg L–1 <6 3.6 <6 <3.48 1.72 90
Y μg L–1 <0.01 6.6 0.01 0.19 1.30 90
Zn μg L–1 <1.23 1560 14.98 91.69 1053 90
Zr μg L–1 <6 179 <0.01 0.45 16.77 90
18O ‰ –5.6 –4.1 –4.7 –4.7 –4.2 78
2H ‰ –33.0 –20.5 –25.6 –25.7 –21.7 78
13C ‰ –25.0 –7.3 –12.9 –13.4 –8.9 78
14C  pmc  0.9  73.3  7.1  16.5  62.1  24

EDMUNDJ_Ch11.indd   257EDMUNDJ_Ch11.indd   257 12/11/2007   6:24:20 PM12/11/2007   6:24:20 PM



M. T. Condesso de Melo and M. A. Marques da Silva258

11.6 Summary of the baseline quality

A statistical summary of the chemical char-
acteristics of each aquifer is given in Tables 
11.4 and 11.5, which outline conveniently 
the most important features of experimental 
distribution of data population, providing 
a selection of representative central and 

Fig. 11.12 Use of isotopic data as a geochemical 
constraint for baseline defi nition. The increase 
observed in B and F concentrations are due to 
water-rock interaction in groundwaters with the 
longest residence times.
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extreme values, and a measure of the spread 
of the observations in the data-set.

The baseline quality of the groundwater in 
the Aveiro Quaternary and Cretaceous aqui-
fers is represented by a wide range of concen-
trations as shown plotted on cumulative 
frequency plots (Fig. 11.13). It varies spa-
tially along the main fl ow paths within the 
aquifer systems, and also varies with depth 
in the different aquifer units. Isotopes have 
proven to be a useful tool to distinguish in 
these ranges of concentrations that are due 
to natural geochemical evolution, from what 
is anthropogenic impacted.

The Aveiro Quaternary aquifer is in some 
areas impacted by human and industrial 
activities which infl uence groundwater 
hydrochemistry, requiring the use of a pre-
selection method for the samples to calcu-
late baseline and discard the anthropogenic 
infl uence. In shallow unconfi ned groundwa-
ters with rapid turnover times (<1 yr) and in 
areas where there is very little or no agricul-
tural practices, the natural baseline compo-
sition of the Aveiro Quaternary aquifer may 
be defi ned as predominantly of Na–Cl facies 
with low to moderate salinities (Cl < 40 mg 
L–1; SEC < 300 μS cm–1). This type of ground-
water occurs in the dune areas in the north 
and in the Quaternary outcrops located at 
the very eastern part of the study area. The 
composition refl ects: (1) the local rainfall 
composition; (2) CO2 dissolution during 
rainfall infi ltration; and (3) concentration 
due to evapotranspiration in the upper parts 
of the aquifer (some eight times that of rain-
fall composition). The short groundwater 
residence time limits the possibility of 
important contributions from other geo-
chemical processes. Nitrate concentrations 
are generally low, but some occasional higher 
concentrations have been detected and refl ect 
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modern human impact (>5 mg L–1). Median 
concentrations for minor and trace elements 
are within the range of baseline values.

Groundwaters of Ca–SO4 facies, with 
moderate salinities (SEC median values 
around 450 μS cm–1) also occur in the shal-
low unconfi ned aquifer and are related to 
intensive agricultural activity. The relative 
increase in calcium can be attributed to cal-
cite dissolution and cation exchange, the 
major baseline geochemical processes. High 
sulphate concentrations (>40 mg L–1) are 

usually associated with high nitrate concen-
trations (>5 mg L–1) and cannot be considered 
as baseline. Both are derived from the exten-
sive application of fertilisers and manure 
used in agriculture. The small observed con-
centrations of minor and trace elements 
should refl ect mostly natural sources for the 
constituents but eventually, some higher 
concentrations of trace elements such as 
zinc, copper, aluminium, cobalt, cadmium, 
lead, lanthanum and yttrium may be related 
to human impact (Table 11.5).

Fig. 11.13 Cumulative frequency diagrams for concentrations of major, minor and trace 
elements in the Aveiro Quaternary and Cretaceous aquifers.
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Ca–HCO3 facies with low to moderate 
salinities (Cl < 40 mg L–1; SEC < 500 μS cm–1) 
are observed in the semi-confi ned aquifer, 
where three major geochemical processes 
contribute to groundwater baseline compo-
sition: (1) calcite dissolution; (2) cation 
exchange and (3) nitrate and sulphate reduc-
tion. Prevailing reducing conditions in the 
aquifer are responsible for nitrate, nitrite, 
and sulphate reduction producing baseline 
concentrations below detection limit. 
Sulphate reduction by organic matter con-
tributes also to the high bicarbonate baseline 
concentrations (>200 mg L–1). The aquifer 
reducing capacity produces high Fe2+ (>1 mg 
L–1) and Mn2+ (0.1 mg L–1) in solution which 
also represent baseline, despite posing limi-
tations for human consumption. The pres-
ence of methane results from natural 
geochemical processes and should be consid-
ered as part of the baseline composition. The 
small concentrations observed for trace ele-
ments (Table 11.4) should refl ect mostly 
natural sources for the constituents.

The present day groundwater composition 
in the confi ned part of the Aveiro Cretaceous 
aquifer represents still baseline quality. The 
spatial trends are a consequence of the geol-
ogy, geochemical reactions, rainfall chemis-
try and palaeoclimate.

Identifi cation of hydrochemical facies in 
the Aveiro Cretaceous aquifer system was 
based on the distribution of water types and 
used to divide the Aveiro Cretaceous aquifer 
into three main zones with gradually differ-
ent hydrogeochemical characteristics along 
the fl ow path. A redox boundary was defi ned, 
corresponding approximately with the 
unconfi ned-confi ned boundary in the aqui-
fer. This boundary also separates pristine 
groundwaters observed in the confi ned part 

of the aquifer from the waters with signs of 
human impact in the recharge area.

The studied groundwaters have their 
origin in part associated with the infi ltration 
of rainwater of Atlantic origin (which is 
essentially diluted seawater) and the gradual 
fl ushing of older formation waters.

For an aquifer with residence times in 
excess of 30 ka, the Aveiro Cretaceous aqui-
fer slow overall water–rock interactions, 
resulting from the mainly siliciclastic com-
position of the aquifer sediments and from a 
very low cation exchange capacity. Silicate 
weathering, calcite dissolution and cation 
exchange in the initial phases of seawater 
fl ushing are considered to be the processes 
responsible for the gradual groundwater 
chemical composition and were confi rmed 
by the use of a reaction-path geochemical 
model (see Postma et al. Chapter 4 this 
volume).

The improved understanding of both 
aquifer systems resulting from these hydro-
geological and hydrogeochemical investiga-
tions provides an important basis for present 
day and future water management in the 
region. The results will be of help to the 
Regional Water Authorities and Water 
Supply Companies in making decisions about 
the protection of the groundwater resources. 
This study also provides a consistent descrip-
tion of current water quality and baseline 
concentrations in the aquifers. This infor-
mation may be used to establish the aquifer 
reference values when defi ning a groundwa-
ter-quality monitoring network for the aqui-
fer: the major factors that affect the observed 
water-quality conditions and trends were 
identifi ed, described, and explained and this 
is very important for monitoring purposes. 
Some of the natural baseline concentrations 
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(e.g. Fe, Mn, F) exceed the EC MAC for 
human consumption, but they are related to 
natural geochemical processes and not the 
result of the impact of human activity.

The subdivision of the aquifer systems has 
shown that there are distinct water chemis-
tries and vulnerabilities, calling attention to 
the necessity of recognising the natural het-
erogeneity (spatial and vertical) of the aqui-
fer when defi ning background values and 
defi ning water bodies for management pur-
poses. For management purposes it is pointed 
out that changes in the baseline chemistry 
are slow and monitoring for baseline proper-
ties need only be carried out, for example, on 
an annual basis and would benefi t from the 
integrated use of isotopic methods as con-
straints for baseline characterisation and 
evolution.
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The Neogene deposits in Belgium form a 
Tertiary marine sand aquifer which has 
undergone extensive freshening and is 
strongly exploited for drinking water supply 
and other uses. As a result of the depositional 
conditions the sediments are calcareous in 
the west, but almost without calcite in the 
east. The natural baseline quality of ground-
water is given by a range of values, which 
are controlled by rainfall inputs, the marine 
depositional environment and the litholog-
ical composition. The variations in baseline 
chemistry and the dominant geochemical 
processes operating in the Neogene Aquifer 
have been studied. The natural variations of 
91 constituents in the groundwaters of the 
area are represented. The hydrochemistry of 
the groundwater is variable, but in general 
the water is weakly mineralised. Geological 
differences, like calcareous versus carbonate 
defi cit, are refl ected in the groundwater 
quality. The dominant control on ground-
water chemistry is related to dissolution of 
silicates and carbonates, and to redox reac-
tions. In the calcareous western part calcite 
dissolution causes an increase in Ca and 
HCO3 concentrations and pH. In the east 
silicate dissolution is the main reaction. 
These regional variations must be taken into 
account when defi ning the local baseline for 
the aquifer. Redox reactions cause a zoning 

with depth in the occurrence of dissolved 
species including O2, Fe, Mn, SO4 and As.

12.1 The Neogene Aquifer as a 
major groundwater resource

Tertiary marine sand aquifers are widespread 
in Western Europe. These aquifers have 
undergone continuing freshening on their 
emergence as continental sediments. Some 
are still showing a strong infl uence of their 
marine origin, with appreciable salinities, 
and evidence of freshening cation-exchange 
processes, such as the Ledo–Paniselian 
Aquifer in northern Belgium (Walraevens 
et al. 2007). Preserved salinities may some-
times be so high, that the aquifer’s exploi-
tation is impaired. Others, such as the 
Neogene Aquifer, have been extensively 
freshened, and are being exploited on a wide 
scale. Besides, the marine origin of these 
sand aquifers is often refl ected by original 
calcite content. Those, that have preserved 
their calcite, show groundwater qualities 
that may be comparable to limestone and 
chalk, in the case when calcite dissolution 
is the main process determining ground-
water chemistry. An example is the more 
freshened part of the marine Valréas 
Miocene  sandstone in Provence, France, 

12 The Neogene Aquifer, 
Flanders, Belgium

M. COETSIERS AND K. WALRAEVENS
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with CaHCO3-type groundwater (Huneau 
et al. 2001). In other cases, when the marine 
sands have been decalcifi ed by extensive 
fl ushing, their silicic nature shows up.

The North Sea Basin has been the scene 
of shallow-marine detritic deposition 
throughout the Tertiary era (Ziegler 1982), 
with coastal and deltaic to continental depos-
its at the basin’s edges. The continental 
deposits often exhibit low to absent calcite 
contents. This is found also in the case of 
the Miocene Ribe Formation Aquifer of 
Jylland, Denmark, where the inert quartz 
sand leads to very limited water–rock inter-
action (Hinsby et al. 2001).

The Neogene Aquifer is situated on the 
southern edge of the North Sea Basin, on 
the transition from continental condi-
tions in the southeast, over deltaic and 
coastal to shallow-marine conditions in the 
northwest. It presents a beautiful example 
of an extensively freshened Tertiary ma-
rine sand aquifer, which is calcareous in its 
western part, but almost without calcite in 
the east.

The Neogene Aquifer is located in the 
northeast of Flanders, in the provinces of 
Antwerp and Limburg at the border with the 
Netherlands. The Neogene Aquifer consti-
tutes the most extensive aquifer of Flanders, 
containing important drinking water 
resources. As a consequence, the  aquifer is 
affected by signifi cant water exploitation, es-
pecially in the region of Antwerp. In the prov-
ince of Antwerp the PIDPA water company 
has about 26 pumping stations and produced 
in 2004 about 70 million m3 drinking water 
from groundwater. The VMW drinking water 
company has large groundwater pumping 
stations in the Neogene Aquifer in the prov-
inces of Limburg and Brabant. The VMW 

has a permit to extract more than 18 mil-
lion m3 groundwater per year. Additionally 
large pumping occurs for industrial uses, 
resulting in a total of more than 270 million 
m3 groundwater extraction. Groundwater 
is withdrawn mainly from the Miocene 
layers (Berchem and Diest Sands), while 
Pliocene sands are less pumped to avoid sur-
face effects such as pollution. The Pliocene 
sands also contain relatively more clay lead-
ing to smaller extraction rates. As the thick-
ness of the Miocene sands can be more than 
100 m, large pumping rates are possible. 
Groundwater extraction from these Tertiary 
sands is mainly important in Flanders. In 
the Netherlands, more to the north, these 
sediments occur at greater depth and the 
salinity increases, which make this aquifer 
less suitable for groundwater abstraction. 
Most of the aquifer area is considered as very 
vulnerable (De Coster et al. 1986; Van Dyck 
et al. 1986). Agriculture is the most impor-
tant land use and light industries are locally 
present. In the north of the region coalmines 
and metallurgic industries were operating in 
the past.

In this chapter the variations in baseline 
chemistry and the dominant geochemical 
processes operating in the Neogene Aquifer 
are assessed. The hydrochemistry of the 
groundwater is variable, but in general the 
water is weakly mineralised. Geological dif-
ferences, especially the presence or absence 
of carbonates, are refl ected in the ground-
water quality. Natural reactions between 
infi ltrating water and the sediments mainly 
determine groundwater quality in the 
Neogene Aquifer. The dominant control on 
groundwater chemistry is related to dissolu-
tion of silicates and carbonates and to redox 
reactions. Towards the northwest,  calcite 
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dissolution occurs, in contrast with the 
southeastern zone, where the sediments are 
decalcifi ed.

12.2 Geology and hydrogeology 
of the Neogene Aquifer

The geology of the study area is represented 
on a map in Fig. 12.1(a). The sediments of 
the Campine Basin dip gently towards the 
north-northeast with a slope of about 1–2% 
(Wemaere & Marivoet 1995) and are dis-
turbed by different faults. The Neogene 
deposits rest on the Boom Clay, which 
reaches a thickness of 60 m up to 130 m 
(Laga 1973). The late Oligocene Voort Sands 
and Eigenbilzen Sands are included with 
the Neogene Aquifer system. These depos-
its are composed of dark green glauconitic, 
clayey sands (Laga 1973; Marechal and Laga 
1988; PIH 1995). The lower Miocene is rep-
resented by the Bolderberg and Berchem 
Sands. The Bolderberg Sands consist of a 
lower marine unit, with dark green glauco-
nitic sands containing shells, and an upper 
continental unit, with white limonitic 
and lignitic sands (Laga 1973; PIH 1995). In 
the west the Bolderberg Sands are replaced 
by the marine Berchem Sands. The Berchem 
Sands can reach a thickness of about 75 
m and are characterised by green, strongly 
glauconitic, slightly clayey sands with 
layers enriched with phosphate and shells. 
After the deposition of the lower Miocene 
sands, an erosive stage took place for about 
5 Ma and formed a deep SW–NE orientated 
erosion trench through the Boom Clay (PIH 
1995). In the deep parts of the trench the 
Dessel Sands were deposited. These sands 
consist of fi ne, micaceous, glauconitic and 

calcareous sands (Vandormael 1992; PIH 
1995). Above and outside the trench, the 
strongly glauconitic Diest Sands were de-
posited. Phosphate concretions and limonite 
sandstones, formed by the oxidation of glau-
conite, are present.

The Pliocene sediments were deposited 
in shallow-marine conditions and contain 
fossils and variable amounts of glauconite. 
The lower Pliocene occurs as two chronos-
tratigraphic equivalent deposits, namely 
the Kattendijk and Kasterlee Sands. The 
Kasterlee Sands are characterised by grey-
green, micaceous and glauconitic fi ne sand 
(Laga 1973; Wemaere and Marivoet 1995). To 
the north and northwest the Kasterlee Sands 
pass gradually into the Kattendijk Sands. The 
Kattendijk Sands are dark green to green-grey, 
fi ne, slightly clayey, glauconitic sands (Laga 
1973; Wemaere and Marivoet 1995). In con-
trast to the Kasterlee Sands, the Kattendijk 
Sands do contain shells. The upper Pliocene 
deposits change from fl uviatile depositions 
in the east (Mol Sands), over coastal sands 
(Poederlee Sands), to shallow-marine sands 
(Lillo Sands) in the west. The Mol Sands con-
sist of white quartz sand, sometimes lignitic 
and with layers of micaceous clay (Laga 1973; 
Vandormael 1992; PIH 1995). More towards 
the west the coastal Poederlee Sands occur, 
consisting of slightly glauconitic fi ne sands 
with small lenses of clay. The marine Lillo 
Sands are grey to grey–brown sands, which 
are clayey in the lower part and contain sev-
eral shell layers (Laga 1973; PIH 1995). The 
top of the Lillo Sands contains no fossils and 
is decalcifi ed.

The top of the aquifer system consists 
of Pleistocene deposits of the Brasschaat 
Sands and Merksplas Sands and the hetero-
geneous Campine Complex. The Brasschaat 
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Fig. 12.1 (a) Geology of the area with indication of sampling points and profi le A–A′; (b) calculated 
piezometric map for the Neogene Aquifer.
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Sands are constituted of white–yellow, be-
tween fi ne and quartz sands with phosphate 
minerals vivianite and apatite (PIH 1995; 
Wemaere and Marivoet 1995). In the west 
the Merksplas Sands replace the Brasschaat 
Sands. The Merksplas Sands are constituted of 
coarse sands with shells at the base (PIH 1995) 
and some local clay lenses. The Campine 
Complex consists mainly of fi ne, locally 
coarse sand with clay lenses forming some-
times a clay layer (PIH 1995; Wemaere and 
Marivoet 1995). During the late Pleistocene 
and Holocene loess deposition occurred.

In the northern part of the province of 
Limburg, post-Oligocene faults occur, which 
were formed during the development of the 
Roer graben, the northwestern branch of 
the Rhine graben. The alpine earth move-
ments, during the Upper Oligocene, caused 
a strong fault-connected subsidence of 
the Roer graben. This subsidence became 
stronger during the Mio- and Pliocene and 
is still active at present. The Feldbiss fault 
zone, which is partially located in Belgium, 
defi nes the western boundary of the Roer 
graben and the eastern boundary is defi ned 
by the Peel boundary fault (Demyttenaere 
and Laga 1988; Camelbeeck and Meghraoui 
1996; Demanet et al. 2001).

In Table 12.1 a hydrogeological overview 
is given of the deposits of the Neogene 
Aquifer based on the HCOV code (Meyus 
et al. 2000). The Boom Clay is considered 
as the major aquitard in the region and it 
separates the Neogene Aquifer above from 
the lower-Rupelian aquifer below. Because 
the Neogene sediments contain some 
rather clayey layers, the aquifer can be sub-
divided into several parts. The Miocene 
Aquifer System is situated between the 
Lillo-Kasterlee semi-pervious layer and the 

Boom Clay Aquitard and contains the sandy 
formations of Kattendijk, Kasterlee, Diest, 
Berchem, Voort and Eigenbilzen (Beaufays 
et al. 1990). The Pleistocene and Pliocene 
Aquifer is delimited at the bottom by the 
combined effect of clay layers in the Lillo 
Sands in the western part and clay lenses or 
layers in the Kasterlee Sands in the east. It 
comprises the Brasschaat, Merksplas, Mol 
and Poederlee Sands (Beaufays et al. 1990) 
and the upper sandy layers of the Lillo and 
Kasterlee deposits. The Campine Clay Sand 
Complex forms the upper aquifer unit; it 
is isolated from the underlying formations 
by the Clay of Rijkevorsel (Beaufays et al. 
1990). The Quaternary Aquifer System can 
be defi ned as the Quaternary terrace depos-
its of the Meuse and Rhine rivers and occurs 
only in the east. The combined Pleistocene 
and Pliocene Aquifer together with the 
Miocene Aquifer System are hereafter re-
ferred to as the ‘Neogene Aquifer’. Patyn et 
al. (1989) concluded from hydrogeological 
observations that the Neogene sands, not-
withstanding their lithological differences, 
behave as a single aquifer.

A regional groundwater fl ow model for 
the Neogene Aquifer was developed using 
the MODFLOW code. Groundwater re-
charge mainly takes place on the topograph-
ically elevated Campine Plateau in the east 
of the area (Fig. 12.1[b]). From the Campine 
Plateau groundwater fl ow is radial towards 
the Meuse Basin in the east and north and 
towards the Demer and Nete Basins, which 
are part of the larger Scheldt Basin, in the 
west and south. In the northwest of the 
study area a cuesta is present in the land-
scape where the clay layers of the Campine 
Complex are outcropping. This topograph-
ical elevation forms a second groundwater 
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divide between the Meuse and Scheldt river 
basins. Water infi ltrating on the northern 
side of this cuesta will fl ow in north-
erly direction to the Meuse Basin and the 
Netherlands, while water recharged on the 
southern slope fl ows to the southern Scheldt 
Basin. In the south of the study area, where 
the Boom Clay is outcropping, a second 
cuesta dominates the topography. This 
older cuesta has several river breakthroughs 
and is more fragmented. Some small rem-
nant hills, formed by the occurrence of iron 
sandstone layers in the Diest Sands, give 
rise to the occurrence of small recharge 
areas in the south. In general groundwater 

infi ltrating in these southern recharge areas 
fl ows towards the north where it joins the 
Scheldt Basin. Between the northern cuesta 
of the Campine Complex and the southern 
cuesta of the Boom Clay a saddle shaped 
basin is present where groundwater outfl ow 
occurs by rivers and brooks.

The piezometric heads are characterised 
by a seasonal variation. In the aquifers of 
the Campine Complex and the Formation 
of Merksplas the amplitude of the fl uctua-
tions is about 2–3 m (Wemaere and Marivoet 
1995). The Miocene Aquifer has similar 
seasonal fl uctuations with amplitudes that 
rarely exceed 1 m.

Table 12.1 Schematisation of the Campine Aquifer System with indication of the reactive 
mineral phases (in italic).

Aquifer/Aquitard  West East

Quaternary aquifer systems Meuse and Rhine deposits

Campine clay sand complex Campine Clay Sand Complex

Campine clay layer Rijkevorsel Clay

Pleistocene and Pliocene 
aquifer

Brasschaat Sands (vivianite, apatite) and/or Merksplas Sands (calcite)

Sandy top of Lillo 
(calcite)

Sands of Poederlee 
and/or Sandy top of 

Kasterlee (calcite)
Sands of Mol

Pliocene aquitard
Lillo Clay and/or top of Kattendijk 

Clay
Clayey layers in Kasterlee Sands

Miocene aquifer

Kattendijk Sands and/or lower layer 
of Lillo Sands (calcite, vivianite)

Kasterlee Sands

Diest Sands (vivianite)

Dessel Sands (calcite)

Berchem Sands 
(calcite, vivianite)

Bolderberg Sands (calcite)

Voort Sands (calcite)

Eigenbilzen Sands

Boom aquitard Boom Clay

EDMUNDJ_Ch12.indd   268EDMUNDJ_Ch12.indd   268 12/11/2007   6:10:35 PM12/11/2007   6:10:35 PM



The Neogene Aquifer, Flanders, Belgium 269

12.3 Sampling and analytical 
methods

During December 2001 and January 2002, 
32 samples were collected from 18 boreholes 
along a profi le shown in Fig. 12.1. Sampling 
was performed after pH and electrical con-
ductivity of the pumped water had stabilised. 
Thirty samples were taken from monitoring 
wells of the primary groundwater-monitor-
ing network of the Flemish Environmental 
Administration (AMINAL). At these sam-
pling points the screen length of the observa-
tion well was often not larger than 2 m, thus 
the pumped sample can be considered as 
representative for the depth at which it was 
taken and no mixing of waters with different 
chemistry occurred. The other two samples 
were taken from pumping wells belonging 
to industrial companies. In the frame of 
the Vlarebo project (Mahauden et al. 2002), 
eight additional samples were taken from 
monitoring wells of AMINAL. The location 
of these 40 sampled screens is indicated on 
Fig. 12.1. At some locations several screens 
on different depths were sampled.

The parameters pH, dissolved oxygen 
(DO) and redox potential (Eh) were measured 
in an anaerobic fl ow-through cell. Other 
 on-site measurements included temperature 
and specifi c electrical conductivity (SEC). 
Where oxygen free measurement was not 
possible (samples taken at industrial com-
panies), these parameters were measured 
immediately after sampling in the fi eld. The 
TA-TAC titration was carried out in the 
fi eld, since disturbance in carbonate equilib-
rium may occur by CO2 contact or escape 
from the sample.

The samples were analysed at the Labora-
tory for Applied Geology and Hydrogeology 
(LTGH) of Ghent University and duplicates 

were sent to the British Geological Survey 
(BGS) laboratory. The samples taken for the 
LTGH were fi ltered in the fi eld to remove 
colloidal or suspended particles. For the de-
termination of total iron the sample was 
acidifi ed with HCl to avoid the precipitation 
of iron in oxidising conditions. The organic 
cycle was fi xated by means of chloroform in 
samples for the measurement of NO3, NO2, 
NH4 and PO4. To avoid the conversion of 
sulphide to sulphate, the sample was treated 
with zinc acetate. Cations were determined 
by atomic fl ame absorption spectrophotom-
etry and trace elements were analysed by 
graphite furnace atomic absorption spec-
trophotometry. Molecular absorption spec-
trophotometry was used to determine the 
anions except for chloride and fl uoride, 
which were respectively measured by chlo-
ridometer and ion-selective electrode. Stable 
isotope analysis was completed by BGS by 
mass spectrometry with results reported rel-
ative to the standards SMOW for δ2H and 
δ18O and PDB for δ13C. Ten samples were 
analysed for 14C at the University of Bern.

12.4 Results

The results of the fi eld measurements and 
the analytical results for the major ions are 
given in Table 12.2. A summary of the data 
for the isotopic measurements and trace 
elements is given in Table 12.3. This table 
shows the range and average of data as well 
as an upper concentration (defi ned as +2σ 
or 97.7 percentile), which is used as a cut off 
for outlying data. The median is preferred 
to the mean as it is more robust and less 
affected by extreme values. Most ground-
water samples from the Neogene Aquifer 
are characterised by low pH values (<6.5). 
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Table 12.2 Field parameters and major and minor element concentrations in the Neogene Aquifer.

 Sample Depth (m)
Geological 
formation Date T (°C) pH Eh (mV)

O2 

(mg L–1)
SEC (μS/
cm 25°C)

Na 
(mg L–1)

01/739 180 Berchem Jul 01 12.7 7.2 –308 –2.9 489 83.8

01/740 68 Diest Jul 01 10.4 7.3 –298 –7.9 329 15.2

01/806 20.13 Bolderberg Dec 01 9.6 4.5 392 10 72 7.9

01/807 64.38 Bolderberg Dec 01 5.4 5.6 377 5.9 12 5.3

01/847 25.52 Diest Dec 01 9.6 5.9 202 0.1 62 9.3

01/848 157 Diest Dec 01 10 6.9 265 0.1 62 5.4

01/849 42.12 Diest Dec 01 8.9 6.2 245 0.1 61 5.2

01/850 10.49 Mol Dec 01 10.7 6.1 375 0.2 161 16.8

01/851 25.49 Diest Dec 01 9.8 4.8 291 0.2 66 4.2

01/852 8.98 Diest Dec 01 9.9 5.6 205 0.3 117 13.8

01/853 48.98 Diest Dec 01 9.6 5.9 285 0.2 127 27.1

01/880 15 Kasterlee Dec 01 11.7 5.9 319 0.4 332 24.0

01/881 50 Kasterlee Dec 01 10.7 5.4 302 0.3 145 16.6

01/882 70 Diest Dec 01 10.5 6 235 0.2 114 13.9

02/102 24.8 Berchem Feb 02 11 7.1 284 0.7 282 12.6

02/103 24.79 Diest Jan 02 11.1 6 331 0.4 631 66.8

02/104 24.87 Berchem Jan 02 10.2 5.7 307 0.4 132.2 7.4

02/106 9.21 Diest Jan 02 9.5 6.7 269 5.8 150 21.0

02/107 34.87 Diest Jan 02 10.4 6.8 272 1.4 133 7.7

02/109 58 Diest Jan 02 9.6 5.8 299 0.8 84 8.1

02/111 10 Diest Jan 02 10.6 5.5 269 0.8 109 13.8

02/112 20 Diest Jan 02 10 5.4 250 0.7 120 15.9

02/27 11.5 Diest Mar 02 10.6 5.2 211 0.1 228 9.3

02/28 117.5 Campine Complex Mar 02 9.6 4.8 324 0.2 340 17.6

02/29 66 Diest Mar 02 8.9 6.8 201 0.2 95 10.0

02/30 19.85 Campine Complex Apr 02 8.9 5.6 311 0.2 77 13.6

02/31 81.76 Diest Apr 02 10 6.5 171 0.2 87 6.9

02/2 209.74 Diest Apr 02 12 6.6 283 0.2 130 27.7

02/33 15.9 Campine Complex Jul 02 9.4 4.8 304 0.2 130 20.8

02/34 53.87 Merksplas Jul 02 9.5 5.1 303 0.1 155 20.3

02/35 82.84 Diest Jul 02 9.7 6.7 269 0.1 104 13.0

02/75 52.84 Brasschaat Sep 02 9.8 5.8 162 0.1 117 9.5

02/76 69.81 Kasterlee Sep 02 10 6.7 129 0.1 122 9.2

02/77 86.81 Diest Sep 02 10.4 6.9 118 0.1 125 9.3

02/78 102.81 Diest Sep 02 10.9 7 81 0.1 11 7.5

02/93 26.86 Campine Complex Oct 02 10.1 5.3 216 0.1 94 10.9

02/94 53.84 Merksplas Oct 02 10.4 5.4 247 0.2 67 9.0

02/95 70.82 Lillo Oct 02 10.9 6.6 182 0.2 130 10.8

02/97 100 Diest Jan 02 9.8 6.9 285 0.2 132 8.5

02/98 84.5 Diest Jan 02 11.2 6.9 309 0.2 447 46.6
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K 
(mg L–1)

Ca 
(mg L–1)

Mg 
(mg L–1)

Fe 
(mg L–1)

Mn 
(mg L–1)

NH4 

(mg L–1)
Cl 

(mg L–1)
SO4 

(mg L–1)
HCO3 

(mg L–1)
NO3 

(mg L–1)
NO2 

(mg L–1)
 PO4 

(mg L–1)
SiO2 

(mg L–1)

11.5 23.1 29.6 29.6 0.01 0.79 12.8 2.8 439.2 0.96 0 0.13 15.5

2.0 100.0 4.0 4.0 0.01 0.01 32.0 79.8 212.9 2.1 0.01 0.06 16.7

2.0 6.5 2.4 2.4 0.04 0 11.4 10.9 12.2 6.81 0 0.1 12.2

1.2 5.3 0.5 0.5 0.02 0 4.0 0.0 26.8 1.1 0.02 0.04 15.3

4.7 18.2 9.4 9.4 0.19 0.31 31.6 36.3 95.2 0.77 0.15 0.21 21.9

1.2 13.9 1.8 1.8 0.25 0.11 8.4 3.1 71.4 0.23 0.03 3.07 24.0

1.1 11.5 1.3 1.3 0.07 0.05 8.4 13.1 45.8 0.63 0.05 0.18 15.3

7.2 11.2 2.7 2.7 0.1 0.19 27.3 73.2 1.8 3.16 0.01 0.04 10.6

1.8 9.8 1.1 1.1 0.07 0.09 2.7 9.3 64.1 1.42 0.06 0.3 20.9

4.3 9.2 4.8 4.8 0.32 2.32 26.1 55.4 131.2 1.52 0.23 0.12 14.3

3.4 23.8 2.2 2.2 0.17 0.11 9.0 82.6 108.6 1.68 0.08 0.33 17.5

51.8 55.6 7.7 7.7 0.03 0.01 33.8 103.8 94.6 84.9 0.02 0.61 7.6

20.6 21.6 2.9 2.9 0.06 0.06 15.9 98.2 12.2 0.89 0.02 0.04 10.3

4.9 11.0 1.1 1.1 0.2 0.05 15.4 81.4 26.2 1.56 0.02 0.02 13.4

14.5 61.4 12.7 12.7 0.44 0.34 33.1 32.6 206.2 0.85 0.01 0.73 27.2

60.9 83.4 15.9 15.9 0.1 0 102.7 104.2 292.8 1.35 0.02 0.16 9.8

5.9 32.6 7.2 7.2 0.38 0.9 16.8 14.5 150.7 0.59 0.17 5.18 56.8

6.8 47.4 4.3 4.3 0.15 0.12 12.6 35.1 164.1 1.84 0.02 0.03 34.6

5.1 49.6 4.7 4.7 0.07 0.03 12.8 47.8 126.9 0.49 0.01 0.54 30.0

3.7 16.9 2.1 2.1 0.23 0.07 9.6 8.3 97.0 0.69 0.02 0.06 25.1

10.0 6.7 2.4 2.4 0.18 0.03 29.2 45.8 48.8 0.07 0.06 0.23 25.8

10.8 6.4 1.2 1.2 0.1 0.07 17.9 63.9 56.1 0.14 0.11 1.59 25.4

8.1 78.9 5.4 5.4 0.04 0.58 9.4 4.0 280.6 1.01 0.02 0.43 23.1

6.3 55.0 21.7 21.7 0.42 0.16 33.2 271.1 14.7 0.79 0 0.23 16.7

1.8 63.1 2.1 2.1 0.14 0.27 7.5 0.0 236.1 1.09 0.1 1.26 27.1

1.6 19.9 3.8 3.8 0.28 1.59 27.3 57.5 48.2 1.16 0.02 1.07 26.8

1.7 66.2 8.6 8.6 0.15 0.77 5.0 0.0 286.7 1.01 0.16 1.01 23.9

7.9 25.2 8.7 8.7 0.19 1.69 8.7 16.6 186.7 0.96 0.14 0.32 18.6

3.9 32.5 25.3 25.3 0.47 0.12 24.6 222.1 18.9 0.75 0.01 0.07 18.7

3.8 59.4 8.8 8.8 0.36 0.21 21.3 219.3 18.9 0.75 0.01 0.07 21.8

2.7 71.5 2.9 2.9 0.39 1.41 13.7 101.3 169.6 1.28 0.09 1.45 19.4

1.7 16.8 4.5 4.5 0.36 0.17 13.5 43.7 56.7 0.58 0.09 1.45 20.9

1.5 33.9 6.8 6.8 0.54 0.21 10.8 45.4 121.4 1.08 0.04 0.67 20.1

1.4 64.7 5.7 5.7 1.14 0.42 8.0 2.9 244.9 1.07 0.03 0.35 26.0

2.1 70.3 6.4 6.4 0.39 0.64 6.1 0.0 262.3 0.57 0.03 1.48 24.1

1.5 13.0 2.1 2.1 0.27 0.32 19.0 25.6 42.7 0.58 0.06 0.32 37.3

1.4 8.7 1.1 1.1 0.15 0.19 9.4 6.5 47.6 0.49 0.03 0.47 32.1

2.1 89.5 2.5 2.5 0.14 0.57 9.0 0.0 311.1 1.26 0.06 1.03 29.7

2.6 62.5 6.1 6.1 0.05 1.09 10.1 6.5 227.5 0.98 0.23 0.77 28.7

18.0 85.7 11.6 11.6 0.04 0.56 22.5 0.0 419.7 0.83 0.02 0.3 24.5
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Table 12.3 Trace concentrations in the Neogene Aquifer. The results are below detection 
limit for the elements In, Pt, Rh (DL: 0.01 μg L–1); Ag, Bi, Ir, Os, Ru, Ta and Te (DL: 0.05 μg L–1); 
Hg (DL: 0.1 μg L–1) and Pd (DL: 0.2 μg L–1).

Parameter Unit Min. Max. Median Mean 97.7‰ n

δ2H ‰ –48.8 –31.6 –44.9 –43.3 –33.9 32
δ18O ‰ –7.76 –4.82 –7.10 –6.91 –5.32 32
δ13C ‰ –23.6 –7.9 –13.9 –14.2 –7.9 32
Al μg L–1 7 4707 17.5 145 669 40
As μg L–1 1 52 6 12.5 49 40
B μg L–1 <20 1104 23.0 71 369 40
Ba μg L–1 9.02 203 53 60 143 40
Be μg L–1 <0.05 2.3 <0.05 0.16 1.3 40
Cd μg L–1 <0.05 8.8 0.51 1.2 7.7 40
Ce μg L–1 <0.01 65 0.13 2.0 11 40
Co μg L–1 <0.02 19 1.5 2.9 9.5 40
Cr μg L–1 <0.5 8.4 1.5 1.7 6.3 40
Cs μg L–1 <0.01 0.24 0.01 0.03 0.16 40
Cu μg L–1 0.5 7.8 1.8 2.4 7.4 40
Dy μg L–1 <0.01 2.5 0.01 0.14 0.86 40
Er μg L–1 <0.01 1.2 0.01 0.10 0.95 40
Eu μg L–1 <0.01 1.1 0.01 0.04 0.30 40
Fe Mg L–1 0.06 66 8.7 13 38 40
Ga μg L–1 <0.05 0.1 <0.05 <0.05 <0.05 40
Gd μg L–1 <0.01 3.3 0.02 0.16 1.2 40
Ge μg L–1 <0.05 0.3 <0.05 0.07 0.26 40
Hf μg L–1 <0.02 0.04 <0.02 <0.02 0.04 40
Ho μg L–1 <0.01 0.4 0.01 0.03 0.18 40
La μg L–1 <0.01 44 0.08 1.76 15 40
Li μg L–1 1.0 77 7.0 10.9 54 40
Lu μg L–1 <0.01 0.4 0.01 0.02 0.10 40
Mn mg L–1 0.0 1.1 0.16 0.21 0.59 40
Mo μg L–1 <0.1 8.3 0.05 0.46 2.5 40
Nb μg L–1 <0.01 0.01 <0.01 <0.01 0.01 40
Nd μg L–1 <0.01 35.3 0.10 1.2 8 40
Ni μg L–1 0.20 25 2.5 4.2 17 40
Pb μg L–1 <1 16 1.7 2.7 8.8 40
Pr μg L–1 <0.01 9.7 0.02 0.31 1.9 40
Rb μg L–1 1.5 52 3.6 7.9 40 40
Re μg L–1 <0.01 0.02 <0.01 <0.01 0.02 40
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All groundwaters are fresh with low min-
eralisation. The electrical conductivity is 
generally low; only three samples have a 
SEC value higher than 400 μS cm–1 at 25°C. 
Many groundwaters have low concentra-
tions of DO which indicates a reducing en-
vironment. The Eh values are rather high for 
a reducing environment but other ions like 
nitrate, iron, manganese and sulphate clearly 
confi rm the reduced  environment. DO and 
Eh show a weak correlation. It is not well 
understood why the measured Eh values are  
high.

There is a clear difference between the 
eastern and western part of the Neogene 
Aquifer. In the eastern zone the sediments 
are completely decalcifi ed, this part of the 

aquifer is further called the siliceous part. 
In the western zone sediments still con-
tain some calcite and therefore this part 
is further called the calcareous part of the 
aquifer. Groundwater types were derived 
by means of the Stuyfzand classifi cation 
system (Stuyfzand 1986). Groundwater in 
the Neogene Aquifer varies from CaSO4, 
MgSO4, FeSO4 and NaSO4 types to CaHCO3, 
NaHCO3 and FeHCO3 types. Sulphate and 
iron water types occur in the upper part of 
the siliceous part of the aquifer and change 
into CaHCO3 water types further along a 
fl ow line (Fig. 12.2). At the base of the aquifer 
NaHCO3 water types occur. Coetsiers and 
Walraevens (2006) found also MgHCO3 water 
types in the deeper parts of the aquifer.

Parameter Unit Min. Max. Median Mean 97.7‰ n

Sb μg L–1 <0.05 0.51 <0.05 <0.05 0.17 40
Sc μg L–1 1.17 12.3 4.9 4.8 9.7 40
Se μg L–1 <0.5 2.5 <0.5 0.61 2.3 40
Sm μg L–1 <0.05 5.1 <0.05 0.20 1.4 40
Sn μg L–1 <0.05 0.48 <0.05 0.09 0.42 40
Sr μg L–1 18 505 137 209 504 40
Tb μg L–1 <0.01 0.61 <0.01 0.03 0.20 40
Th μg L–1 <0.05 0.50 <0.05 <0.05 0.20 40
Ti μg L–1 <10 18 <10 <10 17 40
Tl μg L–1 <0.01 0.21 <0.01 0.02 0.11 40
Tm μg L–1 <0.01 0.15 <0.01 0.02 0.12 40
U μg L–1 <0.05 1.53 <0.05 0.07 0.36 40
V μg L–1 <1 9.00 <1 <1 4.5 40
W μg L–1 <0.1 4601 0.25 125 845 40
Y μg L–1 <0.01 13.7 0.14 1.10 9.4 40
Yb μg L–1 <0.01 2.08 <0.01 0.11 0.74 40
Zn μg L–1 9.7 1580 35 82 326 40
Zr μg L–1 <0.5 1.8 <0.5 <0.5 1 40

Table 12.3 (Continued)
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12.5 Hydrogeochemical processes 
controlling groundwater quality

On Fig. 12.3 the evolution of different  species 
along profi le A–A′ is given. Additional data 
were obtained from drinking water companies 
and the government and are also represented 
in Fig. 12.3. The main hydrogeochemical 
processes occurring in groundwaters are dis-
cussed more fully in Chapter 1.

12.5.1  Mineral dissolution reactions

In the siliceous part of the aquifer, where the 
sediments are almost completely decalcifi ed, 
calcite dissolution has little infl uence on the 
groundwater chemistry. Where the calcar-
eous formations of Lillo (in the northwest) 
and Berchem (in the southwest and in deeper 
parts of the aquifer) are present, calcite dis-
solution infl uences groundwater quality. 

High quantities of dissolved CO2 are pro-
duced in the soil atmosphere, and H2CO3 is 
dissolved in the water. As a consequence of 
calcite dissolution an increase in pH and Ca 
and HCO3 concentration occurs (Fig. 12.3). 
The major part of the aquifer is undersatu-
rated with respect to calcite and dolomite. SI 
for calcite varies between –7.78 and 0.07 and 
has a median value of –2.58. Calcite dissolu-
tion is thus likely taking place. The positive 
correlation between TAC and Ca indicates 
the occurrence of calcite dissolution in the 
aquifer (Fig. 12.4).

In the siliceous part of the aquifer silicate 
dissolution is the main reaction determining 
groundwater quality. Silicate dissolution via 
hydrolysis reactions involving dissolved 
CO2 is a very slow process that adds silica 
and cations (Na, K and Ca) to the ground-
water. The dissolution of amorphous SiO2 
(diatoms and radiolaria abundant in the 

Fig. 12.2 Profi le A–A′ (see Fig. 12.1) with indication of water types.
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Fig. 12.3 Evolution of parameters (Ca, Na, HCO3, Si, As, Cr, Sr, PO4) along profi le A–A’.
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Fig. 12.4 Cross-plots illustrating the relation between Ca and TIC, Ca and Sr, pH and Be and pH and Al 
and concentrations of PO4, As, Mo and Co along the different redox zones in the Neogene Aquifer.
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marine formations), can also lead to ele-
vated Si concentrations. Groundwaters from 
the Neogene have low TDS and Si increases 
along the fl ow line (Fig. 12.3). The silicate 
weathering leads to the formation of new 
secondary minerals, clays (illite, kaolinite 
and montmorillonite) and Fe-oxides (Appelo 
& Postma 2005).

Sodium contributes in all groundwaters 
signifi cantly to the cations and its pres-
ence is not balanced by chloride as would 
be expected when seawater was the source 
of sodium. Sodium is mainly derived from 
weathering of Na-feldspar or any member 
of the plagioclase solid solution series 
between albite and anorthite (Ca-feldspar) 
(Appelo & Postma 2005). Plagioclase weath-
ering releases in addition Ca2+. The increase 
in cation concentration is accompanied 
by an increase in dissolved bicarbonate 
(CO2 + H2O → H+ + HCO3

−).
Quartz is by far the most dominant 

component of the deposits but is strongly 
resistant to weathering and contributions to 
groundwater are the result of silicate weath-
ering. The stability of the silicate minerals 
in a groundwater system can be evaluated by 
calculating the saturation state of the ground-
water for a given mineral. For example, for 
albite, the dissociation reaction is

NaAlSi3O8 + 4H+ + 4H2O 
 → Na+ + Al3+ + 3H4SiO4

The single arrow is used to indicate the 
irreversible character of the reaction. With 
PHREEQC the saturation indices [Log 
(IAP/K)] for anorthite, albite, K-feldspar and 
kaolinite were calculated. Anorthite and 
albite are used as end-members to describe 
the plagioclases (Appelo & Postma 2005). 
Strong undersaturation is observed in the 
upper part of the aquifer, while the degree 

of undersaturation is less in the deeper part 
of the profi le. Dissolution of plagioclase is 
thus, from an equilibrium point of view, 
expected to take place. The groundwater has 
also a slight supersaturation with respect to 
the weathering product kaolinite.

An increase in phosphate occurs along the 
profi le A–A’ (Fig. 12.3) and can be explained 
by the dissolution of phosphate minerals 
and concretions, which are present in the 
Bolderberg, Berchem, Diest, Kattendijk and 
Brasschaat Sands.

12.5.2 Redox reactions

From the measurements of Eh it is difficult 
to defi ne redox boundaries but the O2 con-
tent indicates that most samples are taken 
from a reducing environment. The chemi-
cal elements C, N, O, S, Mn and Fe undergo 
redox reactions in the subsurface and from 
the low DO concentrations and the high dis-
solved Fe concentrations, it is apparent that 
reducing conditions prevail in most of the 
aquifer.

As water percolates beneath the water 
table oxygen is progressively consumed when 
organic matter is oxidised. When all DO in 
groundwater has been consumed, the oxi-
dation of organic matter can still continue, 
but instead of free molecular O2, the agents 
become NO3, MnO2, Fe(OH)3 and SO4. In a 
last stage of the redox sequence methane is 
produced. In the uppermost meters of the 
Neogene Aquifer nitrate is present in the 
groundwater but further downstream nitrate 
reduction has lowered these concentrations. 
As in the East Midlands Triassic Sandstone 
Aquifer in UK (Smedley & Edmunds 2002) 
nitrate is reduced rapidly after oxygen in the 
Neogene Aquifer and the nitrate reduction 
zone is very narrow (Coetsiers & Walraevens 
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2006). Deeper in the aquifer iron and man-
ganese appear in the groundwater caused 
by the reduction of iron and manganese 
oxides and hydroxides. After that, sulphate 
is reduced, which can be coupled to the for-
mation of sulphide minerals. In Fig. 12.4 
the concentration of some trace elements 
is plotted against the redox environment. 
This redox environment was derived using 
the methodology described in Coetsiers 
and Walraevens (2006). The oxidation of 
organic matter causes an increase in PO4 
concentrations in the reduced groundwater 
environment (Fig. 12.4).

The oxidation of pyrite and other sulphide 
minerals has an important environmental 
impact. The oxidation of pyrite can occur by 
means of oxygen, free Fe3+ or nitrate. Raising 
and lowering of the water table, caused by 
pumping activities, provides optimal condi-
tions for the weathering of pyrite. Arsenic 
and other heavy metals incorporated in pyrite 
are released when pyrite weathering occurs. 
The repeated drawdown and recovery pulls 
oxygen into the dewatered area and would in 
time cause oxidation of organic matter and 
the release of CO2, oxidation of arsenic bear-
ing pyrite and the formation of iron hydrox-
ides. The Neogene Aquifer also contains 
large amounts of glauconite [(K,Na,Ca)1.2–2.0

(Fe3+, Al, Fe2+,Mg)4(Si7AlO20)(OH)4∙n(H2O)], 
an iron containing hydroxide silicate, which 
is unstable in slightly aerobic conditions and 
brings Fe in solution when disintegrating to 
clay. The oxidation of glauconite is accom-
panied by release of SiO2 (Nolan 1999).

12.5.3  Mixing with formation water 
and ion-exchange reactions

Although the Neogene Aquifer consists 
mainly of marine deposits, fl ushing of the 

sediments is already in an advanced stage, 
so that the marine infl uence has largely dis-
appeared. The chloride concentrations are 
generally low in the deeper parts of the 
Neogene Aquifer. Only in some shallow 
wells elevated Cl concentrations were en-
countered, possibly indicating anthropogenic 
inputs. In sample 02/103 (25 m deep) the 
highest Cl concentration of 103 mg L–1 was 
measured, which is clearly caused by pollu-
tion. In the neighbourhood of this sampling 
site a well-known industrial pollution with 
chloride is present. In all other groundwater 
samples the Cl concentration is lower than 
40 mg L–1. The Na/Cl ratio is useful to de-
termine whether an increase in Na is due to 
mineral weathering and ion exchange or re-
lated to mixing with older marine formation 
water as Cl behaves conservatively (Appelo 
& Postma 2005). The Na/Cl ratio in seawater 
measures 0.85. In the groundwater samples, 
this ratio varies signifi cantly and reaches 
higher Na/Cl ratios than in seawater (up to 
25; Fig. 12.5) indicating that water–rock in-
teraction is more important than mixing 
with old formation water. Chloride concen-

Fig. 12.5 Na/Cl ratio evolution along profi le 
A–A’.

30

30

20

15

N
a/

C
I (

m
eq

 L
−1

)

10

5

0
0 20 40 60

Distance (km)
80 100 120

EDMUNDJ_Ch12.indd   278EDMUNDJ_Ch12.indd   278 12/11/2007   6:10:41 PM12/11/2007   6:10:41 PM



The Neogene Aquifer, Flanders, Belgium 279

trations are generally low indicating that the 
aquifer has been well fl ushed of the original 
formation waters. The additional Na can be 
resulting from ion exchange due to fresh-
ening or silicate weathering. The samples 
with the highest Na/Cl ratios come from 
deep wells, where evidence of freshening is 
still present. The role of mixing with deeper 
connate water is not considered to be impor-
tant along the fl ow line.

The Br/Cl ratio in the Neogene Aquifer 
is generally higher than that for seawater 
(Richter and Kreitler 1993), although Br 
concentrations are often below detection 
limit. The highest Br concentrations occur 
in the samples 03/35 and 02/103 (polluted). 
Boron concentrations in groundwater are 
generally lower than 0.4 mg L–1 except for
sample 01/739 which has a concentration of 
1.07 mg L–1. This high B content occurs to-
gether with a low Cl concentration, which 
indicates that the B is probably not originating 
from seawater. The highest concentrations 
of Li and Rb are found in the polluted sample 
02/103. Elevated Li concentrations occur in 
samples 01/881, 01/850 and 01/880 while 
elevated Rb concentrations are measured 
in the samples 01/739 and 02/98. These 
elevated Li and Rb concentrations show no 
correlation with Cl.

In the deeper parts of the aquifer cation-
exchange reactions in freshening conditions 
take place and Ca from the groundwater is 
exchanged for Na, Mg and K adsorbed on the 
clay surfaces. The cations Na, K and Mg are 
successively being replaced in order of in-
creasing affinity for the clay. This results in an 
increase of marine cations and a depletion of 
Ca in the groundwater. The chromatographic 
sequence of cation exchange is found in the 
subsequent surplus of Na, followed by K, and 
fi nally Mg, resulting in NaHCO3 water types 

(Walraevens and Cardenal 1999). Coetsiers 
and Walraevens (2006) also found MgHCO3 
water types in the deeper parts of the aquifer.

12.5.4 Trace elements

Strontium concentrations in the siliceous 
part of the aquifer are below 100 μg L–1 
(Fig. 12.3). In the calcareous part of the 
aquifer the Sr concentration increases up to 
500 μg L–1. Possible sources for Sr are ara-
gonite, calcite and/or gypsum (Appelo & 
Postma 2005). There is a good correlation of 
Sr, both with Ca (Fig. 12.4) and HCO3 but 
not with SO4, implying that the source of 
Sr is rather calcite dissolution than gypsum 
dissolution. Stuyfzand (1989) indicated 
shell fragments as a natural source for Sr in 
groundwater in the Netherlands.

High arsenic concentrations, above the 
WHO limit of 0.05 mg L–1, are probably 
released with pyrite oxidation or reduction of 
iron hydroxides. Arsenic may substitute in 
pyrite (FeS2) or can be found as the separate 
mineral arsenopyrite (FeAsS). High arsenic 
concentrations are also associated with 
the occurrence of glauconite in deposits 
(Huisman et al. 1997; Barringer et al. 1998). 
Fe(III) hydroxides have a high capacity and 
strong affinity for adsorbing As. The source 
of the high arsenic concentrations is thus 
natural, that is, derived from sediments 
by natural geochemical processes. The ele-
vated arsenic concentrations are observed in 
the zones where Fe hydroxides are reduced 
and where sulphate is reduced (Fig. 12.4). 
Fe, Mn, As, Mo and Sb have similar chem-
ical redox behaviour (Smedley and Edmunds 
2002; Vissers et al. 2005) and are all found to 
increase at the iron reduction front (Fig. 12.4) 
caused by the dissolution of iron hydrox-
ides. Vissers et al. (2005) also found Co, 
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Ni and U to increase at the iron reduc-
tion front. In the Neogene Aquifer only Co 
shows a similar trend (Fig. 12.4). For U the 
highest concentration occurs in the zone 
where nitrate is reduced in sample 02/103. 
The vanadium concentration is also high-
est in the zone where iron hydroxides are 
reduced. Elevated phosphate concentrations 
also occur in the Fe-reduced and  SO4

2−-reduced 
zone (Fig. 12.4) and are caused by the 
oxidation of organic matter.

High Al concentrations occur in the shal-
low parts of the aquifer, where a low pH is 
measured (Fig. 12.4). Be (Fig. 12.4) and the 
lanthanide elements, (Ce, Pr, Nd, Sm, Eu, 
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), are 
detectable in the shallow parts of the aquifer 
where low pH values are measured. In other 
studies, Edmunds et al. (1992) found Ni, Co, 
Zn and Be to be dependent on the acidifi ca-
tion level; Stuyfzand (1993) found also Li, 
Rb and Cd to be pH dependent and Vissers 
et al. (2005) also noted Tl, Ga, the rare earth 
elements and Y to be mobile under acidic 
conditions. At higher pH these trace ele-
ments become adsorbed. The dissolution of 
Al(OH)3, ion exchange of aluminium or the 
weathering of primary silicates can have a 
buffering effect on pH. Several other trace 
elements are found at higher concentration 
in the calcareous part of the aquifer including 
Ni, Co, Cd, Ba, Sc and Cr. Some of the metal 
species are associated with sorption sites on 
Fe and Mn hydroxides and are most likely 
related to the mobilisation of these oxy-hy-
droxides in the reducing groundwaters.

Heavy metals, mainly Cd, Ni and Zn and 
in some cases also Pb and Cu, are high in the 
soil and shallow groundwater in some regions 
of the provinces of Antwerp and Limburg and 
represent regional pollution. Metallurgical 
industries (since the end of the nineteenth 

century) and mining activities (coal exploi-
tation) are responsible for this pollution 
(Walraevens et al. 2003). The delimitation 
of the region in which the groundwater is 
infl uenced by this industrial pollution is not 
exactly known.

12.5.5 Temporal variations

There is little historical data available and 
no long time series were obtained from 
the Neogene Aquifer. Drinking water com-
panies probably possess long time series 
but these were not made available for this 
study. Knowledge of the baseline conditions 
is therefore very difficult to assess directly. 
Such limited data also makes assessment 
of trends very difficult. Temporal variations 
were studied using data supplied by the 
PIDPA water company. Most boreholes had 
limited data for many solutes but it was clear 
that in most cases no signifi cant trends were 
apparent. In some case however, an increase 
in As content was observed (Mahauden et al. 
2002). In Fig. 12.6(a) the As-concentration 
measured between 1990 and 2000 in a well 
at Ravels is given. However the way in 
which the observed variations are related to 
changing extraction conditions is not known 
(Walraevens et al. 2003).

12.5.6 Depth variations

In the frame of this study some samples were 
taken from different wells (with different 
depth) at the same location for a couple of 
locations. In most cases, however, the screens 
of the different monitoring wells lie at a 
large vertical distance from each other so that 
no detailed information is available about 
depth variations. At some locations there 
is an increase of the HCO3, Ca, Si and Mg 
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Fig. 12.6 (a) Evolution of the As 
content in the period 1990–2000 
at Ravels; (b) vertical variation of 
groundwater composition in 
pumping wells (dashed lines) and 
piezometers at Brasschaat.
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concentrations and pH with depth, while the 
SO4, Cl, Fe concentrations decrease. Calcite 
dissolution, silicate dissolution and sulphate 
reduction accompanied by the precipitation 
of Fe-sulphides are mainly responsible for 
these changes in groundwater chemistry with 
depth; the decrease in Cl may be ascribed to 
decreasing anthropogenic infl uence.

The LTGH has conducted a  policy-
supporting research project, which attempts 
to provide more  information  concerning 
the natural background  concentrations of 
trace elements in groundwater in Flanders 
(Mahauden et al. 2002). In a few cases, in-
formation was available allowing an insight 
to be gained into the variability of concen-
trations of inorganic pollution parameters in 
depth profi les. This was the case for some 
groundwater catchment areas of the PIDPA 
water supply company, where not only 
analyses were available from long-screened 
pumping wells, but additionally from sev-
eral piezometers placed at different depths. 
The data for the Brasschaat catchment 
are shown in Fig. 12.6(b). The pumping 
wells are screened between 40 and 55–70 m 
depth. The eight piezometers have a screen 
length of 1 m, situated in the depth range 
of 20.9–60 m. The piezometers and pumping 
wells are situated in the Diest and Berchem 
Sands, except for the shallowest moni-
toring well (–20.9 m) which lies in the Lillo 
Formation.

The depth stratifi cation of groundwater 
quality is clear: electrical conductivity (EC), 
sulphate, As and Ni abruptly increase at 42 
m depth, reaching a maximum, except for EC 
and Zn, for which the maximum is reached 
at 46 m. At greater depth, all parameters de-
crease again. For Cd, only minor variations are 
found, although the maximum is also reached 
at 42 m. It is not clear whether pumping ac-

tivities are infl uencing the observed depth 
stratifi cation, or if it is refl ecting the natural 
background variation in the aquifer. The el-
evated trace element concentrations occur 
all in the Diest Sands. The natural ground-
water table is only a few meters below ground 
surface. Coetsiers (in preparation by 2007) 
calculated a drawdown caused by pumping 
activities of about 12 m at Brasschaat. The 
possible evidence for oxidation near the top of 
the exploitation screens is not consistent with 
data from other  catchments. It is  however 
clear that the groundwater produced by the 
pumping wells represents a mixture of differ-
ent chemical compositions, originating from 
different depths.

12.5.7 Age of the groundwater

From the 38 samples taken for the purpose of 
this investigation 10 samples were selected 
for 14C analysis. All samples have conven-
tional ages less than 10,000 years and con-
sequently infi ltrated during Holocene times. 
Groundwater infi ltrated during Pleistocene 
times would refl ect the colder climate with 
lighter signatures of the stable isotopes δ2H 
and δ18O. Such signifi cant differences were 

Fig. 12.7 Plot of δD versus δ18O for 
groundwaters in the Neogene Aquifer.

−30
−32

Meteoric water line

−34

δD

−36
−38
−40
−42
−44
−46
−48
−50

−8.0 −7.5 −7.0 −6.5 −6.0 −5.5 −5.0 −4.5

δ18O

EDMUNDJ_Ch12.indd   282EDMUNDJ_Ch12.indd   282 12/11/2007   6:10:43 PM12/11/2007   6:10:43 PM



The Neogene Aquifer, Flanders, Belgium 283

not encountered supporting the hypothesis 
of the Holocene age of water. On a δ2H–δ18O 
plot (Fig. 12.7) the results plot close to the 
meteoric waterline indicating groundwater 
to be resulting from rain with the same com-
position as actual precipitation.

Carbon isotopes provide evidence of the 
degree of reaction with carbonate minerals, 
which may be loosely related to residence 
time. The concentration of δ13C in ground-
water is determined by the input of recharge 
water and by reactions with rocks (Mazor 
1997). The δ13C concentrations lie in be-
tween –23.6‰ and –7.9‰. These values sug-
gest a combination of common plant material 
(−23 ± 3‰) and calcareous rocks (–2 to 0‰). 
In the northwest part of the aquifer, where 
calcite dissolution occurs, the δ13C concen-
trations increase once the groundwater has 
passed the Lillo Formation. In this area sam-
ples with high HCO3 concentrations have 
also high δ13C values refl ecting the greater 
extent of water–rock interaction.

12.6 Regional variations

There is a clear contrast in chemistry be-
tween the southeastern and northwestern 
parts of the aquifer. Lower SEC waters 
are found in the southeastern part of the 
aquifer where the sediments are almost 
completely decalcifi ed or contain naturally 
low calcite concentrations. In the north-
western area the Kattendijk and Lillo Sands 
occur, which contain calcite. Here calcite 
dissolution occurs resulting in higher Ca 
and HCO3 concentrations. This is also sup-
ported by elevated Sr concentrations, which 
are typically enriched in aragonite and cal-
cite. The difference between the two zones 
becomes also clear in the pH values. The 

southeastern zone is characterised by typ-
ically low pH values (<6.5). Because the 
sediments in this zone are completely decal-
cifi ed, the pH is determined by the infi l-
trating acid rain and the infl uence of organic 
CO2 in the soil atmosphere. The Houthalen 
Sands, part of the Bolderberg Formation, 
still contain some remnants of marine 
limestone and at the base of the aquifer 
calcite dissolution can still occur. In the 
western zone the pH values are higher and 
determined by the dissolution of calcite.

In the southeast, where the Diest 
Formation crops out, the pH values are the 
lowest. The Diest Formation is rich in iron 
minerals, like pyrite and glauconite and 
the oxidation of this pyrite has an acidi-
fying effect. The formation contains very 
little calcite so that the buffer capacity is 
almost zero. Glauconite also breaks down 
to clays by which Fe2+ is released into solu-
tion. In combination with acid rain and an 
acidifying atmospheric deposition the pH 
can further decrease in this non-buffered sys-
tem. In the western part the sediments con-
tain calcite and shells and pH is buffered.

High As- concentrations occur together 
with high Fe and Mn and are coupled to 
the oxidation of pyrite minerals and the re-
duction of iron hydroxides. Heavy metals, 
mainly Cd, Ni and Zn and in some cases 
also Pb and Cu, in the soil and groundwater 
can locally be elevated due to pollution from 
former metallurgical industry or mining ac-
tivities. Locally elevated nitrate or chloride 
concentrations can be encountered in shal-
low wells indicating anthropogenic infl u-
ences. In some shallow samples enhanced 
levels of V, U, Tl, Ti, Th, Sb, Rb, Cu, Cs, Cr, 
Co, Cd, Be, Al, F, rare earth elements and 
Br were encountered together with high 
Cd, Ni and Zn. In sites where increased 
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concentrations are unrelated to low pH con-
ditions pollution may be an explanation for 
the enhanced levels.

12.7 Summary and baseline 
chemistry of the Neogene Aquifer

Natural baseline is given by a range of val-
ues, which are controlled by rainfall inputs, 
the marine depositional environment and 
the geology of the area. Details of the nat-
ural variations and the overall statistical 
data for 91 constituents in the groundwaters 
of the area are represented. Mostly these are 
inorganic ions, which form the bulk of the 
interest of this study as far as the natural 
baseline is concerned, since the many pos-
sible micro-organics that are often sought 
in monitoring are by defi nition introduced 
substances.

The Neogene Aquifer can be divided in 
two parts, one decalcifi ed while the other 
still containing calcite. The most important 
infl uences on water chemistry are redox 
reactions and mineral dissolution reactions 
involving silicates and calcite. In the calcar-
eous western part calcite dissolution causes 
an increase in Ca and HCO3 concentrations 
and pH. The aquifer is well fl ushed result-
ing in low amounts of total dissolved solids. 
Silicate reactions, although slower, have 
provided signifi cant amounts of silica and 
cations including Na, K and to a lesser de-
gree Ca. In addition redox reactions are im-
portant for many species.

The data have been presented in 
Tables 12.2 and 12.3 and the median value 
and 97.7 percentile provide a good estimate 
of the average and upper baseline concentra-
tions in the aquifer. However this should 
be used in conjunction with maps, which 

show that regional variations do exist in the 
aquifer. The baseline chemistry changes spa-
tially across the aquifer in relation to the 
extent of water–rock interaction and to geo-
chemical controls imposed by the local geo-
chemical environment. The baseline for the 
groundwater in the southeastern siliceous 
area is clearly different from that in the 
northwestern calcareous part of the aquifer. 
These regional variations must be taken into 
account when defi ning the local baseline for 
the aquifer.

Although most groundwaters are dom-
inated by baseline concentrations, this is 
not the case for all solutes. Enhanced con-
centrations of N-species, pesticides and 
potentially a range of other solutes from 
urban and industrial usage, including 
some heavy metals, indicate the effect of 
anthropogenic inputs. The most obvious 
external inputs over the last few decades 
have been derived from agricultural pol-
lution. Baseline nitrate concentrations are 
most likely to be around a few milligrams 
per litre as indicated by the limited histor-
ical data. Most analysed groundwaters had 
nitrate concentrations below detection 
limit. The presence of Fe2+ in the ground-
water indicates a reducing environment 
in which nitrate reduction has occurred. 
Phosphate concentration can be locally 
elevated due to dissolution of vivianite pre-
sent in the sediments or by the oxidation 
of organic material. Other elements, which 
may have been modifi ed by agriculturally 
derived anthropogenic inputs, include K, Cl 
and P. Some trace elements including As and 
Sr are relatively high in parts of the aquifer 
but they are considered to represent natural 
baseline. A strong vertical variation in sev-
eral parameters occurs due to redox changes 
with depth.
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The Valréas Miocene sandstone forms an 
important aquifer in Provence, France. This 
paper assesses the variations in baseline 
chemistry and the dominant geochemical 
processes operative in the aquifer, from the 
recharge area, close to Valréas, to the con-
fi ned aquifer in the south of the basin. Much 
of the area is dominated by farmland and 
vineyards although local light industries are 
present around Valréas. The aquifer provides 
public and private water supplies to towns, 
farms and industry. The hydrochemistry of 
the groundwater is variable and a strong con-
trast between the recharge area (northern 
part of the basin) and the confi ned aquifer 
(south part of the basin) exists. The uncon-
fi ned aquifer contains recent and sub-mod-
ern Ca–HCO3 type waters, whereas the 
confi ned aquifer contains older Na–K–HCO3 
type waters. This contrast in hydrogeochem-
istry is accompanied by a strong contrast in 
the isotopic content of waters, which clearly 
shows the Pleistocene origin (>20,000 years) 
of confi ned groundwaters.

The geochemical environment of the aqui-
fer is controlled by the presence of a marly 
Pliocene cover, which reaches thicknesses 
of more than 300 m in the south of the area. 
The fl ow of groundwaters, infi ltrated in the 
northern area, beneath the impermeable 
clayrich Pliocene cover, where a redox 

boundary is present, has allowed increasing 
 concentrations of many elements such as 
arsenic and iron. In addition, cation exchange 
reactions are responsible for the evolution of 
the water type, and an increase in Na and K 
along the fl ow line. A clear anthropogenic 
infl uence is detected in the recharge area 
where groundwaters contain high concen-
trations of NO3, Cl and SO4. These concen-
trations are mainly related to agricultural 
inputs to vineyards.

It is concluded that the properties of 
groundwaters in the Valréas Miocene basin 
are mainly determined by natural reactions 
between rainwater reacting with the bedrock 
and the poorly permeable sediments of the 
Pliocene cover. The evolution along fl ow 
paths is closely related to the intensity of 
water–rock interactions, which are also pro-
portional to residence time of waters within 
the aquifer. The natural baseline is expressed 
as a range of concentrations, which can vary 
over several orders of magnitude for some 
elements. However, some elements are 
enhanced over the natural baseline: increases 
in nitrate and chloride, for example, have 
been modifi ed by agricultural and industrial 
practices. The presence of relatively high 
concentrations of some trace elements (and 
more particularly arsenic) is considered to be 
due to entirely natural processes.

13 The Miocene Aquifer 
of Valréas, France

F. HUNEAU AND Y. TRAVI
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13.1 Introduction to the Valréas 
aquifer

The Valréas basin is located in southeastern 
France, near the Rhône Valley, at the north-
ern boundary of Provence. This study area is 
centred on the town of Valréas and is included 
in the Department of Vaucluse. The basin is 
geologically a syncline surrounded by moun-
tains of Cretaceous age such as Mont-
Ventoux, the Lance Mountain, and the 
Tricastin Hills. It comprises an area of typi-
cal Miocene ‘peri-Alpine molassic’ dowland, 
with Quaternary and Pliocene cover. The 
Lez River and its small tributaries drain the 
whole basin and join the Rhône River close 
to Bollène.

The Valréas Miocene aquifer is a major 
groundwater resource in Provence. During 
the twentieth century it has been exten-
sively used, mainly for agricultural purposes 
such as irrigation of vineyards. As a conse-
quence, a dramatic lowering of potentiomet-
ric heads has been recorded and most of the 
wells are now no longer artesian. In recent 
years, the Valréas Miocene aquifer has been 
the object of new investigations. The increas-
ing demand for drinking water supplies 
forces the authorities to fi nd alternative 
resources to the alluvial aquifers, which 
were previously intensively exploited. Due 
to its structure and its nature (mainly 
cemented sandstones), the Valréas Miocene 
aquifer is believed to contain high-quality 
waters suitable for drinking water supply 
purposes and is considered as a strategic 
resource due to the potential for pollution of 
surface waters. The reservoir in its southern 
portion is perfectly confi ned under a marly 
cover of around 100–300 m and is thus pro-
tected from most modern pollutant sources.

However, much of the area is given over to 
wine production and the impact of irrigation 

has been signifi cant, especially since the 
Second World War. Over-abstraction of 
groundwater may lead to unacceptable low-
ering of the water table. In addition, the 
intensive agricultural activity of the region 
has already caused diffuse pollution by nitrate 
in the recharge area of the system. Increasing 
nitrate concentrations in the recharge area 
are worrying and consequently increasing 
nitrate concentrations may reach the deep 
confi ned aquifer. As well as diffuse pollu-
tion, point source pollution from urban and 
rural wastes is occurring.

Knowledge of the groundwater quality and 
the potential infl uence of high abstraction 
rates are limited. The main threat would be 
that these young polluted waters from the 
recharge area and the surface of the system 
would reach the confi ned aquifer, which 
normally provides high-quality water. For 
these reasons, a good defi nition of the struc-
ture of the system and a detailed study of 
hydrogeochemical processes has been neces-
sary to improve knowledge of residence time 
of water and to evaluate the dynamics of 
groundwater fl ow.

13.2 Description of the study area

An essential fi rst step for assessing the natu-
ral baseline groundwater quality is an under-
standing of the system within which the 
groundwater is contained. This requires 
information on the geological and hydrogeo-
logical properties to provide the physical 
framework of the system being studied; defi -
nition of the mineralogy and geochemistry 
of the component minerals to explain the 
characteristic of groundwater chemistries; 
and fi nally the initial inputs to the system, 
principally rainfall chemistry to defi ne the 
source term.
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13.2.1 Geology

13.2.1.1 Structure

The Valréas Basin (Fig. 13.1) has undergone 
extensive deformation as part of the Alpine 
earth movements, which has produced a 
complex geological and hydrological system. 
Many fault systems affect the basin; they are 
mainly oriented SSW–NNE and known as 
post Alpine disturbances. These faults 
strongly affect the Cretaceous basement of 
the basin and can easily be observed on the 
peripheral limits of the basin (Baronnies, 
Tricastin, Massif d’Uchaux). The faulting 
also affects the lower levels of the Miocene 
sediments but observations of surface struc-
tures are most of the time difficult due to 
the presence of Quaternary and Pliocene 
cover over the Miocene deposits. The faults 
are likely to have an important control on 
groundwater fl ow and quality in this area. 
The Cretaceous deposits found in some places 
under the Miocene basin contain strongly 
mineralised waters that can potentially 

 circulate upwards along the faults and infl u-
ence the geochemistry of Miocene waters.

13.2.1.2 Stratigraphy

Miocene sediments are heterogeneous and 
mainly composed by calcareous cemented 
sandstone alternating with marly layers. 
The depth of sediments reaches 600 m (Fig. 
13.2) in the central basin. The outcrop area 
of Miocene sediments occurs in the north-
eastern part of the basin and the sediments 
are covered by Pliocene deposits coverage of 
approximately 150–300 m depth in the 
southwestern part of the basin.

13.2.1.3 Messinian crisis

A major palaeo-ria resulting from the drastic 
lowering of the Mediterranean Sea during 
the Messinian period cut the Miocene sedi-
ments in the southern part of the aquifer 
(Fig. 13.2). This palaeo-ria follows the line of 
the Aigues River. During the Pliocene, this 

Fig. 13.1 Geology of the study area.
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deep canyon was infi lled with poorly perme-
able sediments, mainly marls and clays. This 
Pliocene cover confi nes the Miocene aquifer 
in the south of the basin.

13.2.2 Hydrogeology

Miocene sediments have an average hydrau-
lic conductivity of approximately 10–6 m s–1. 
This is particularly true in the central part of 
the basin were the productivity of the aqui-
fer is very high. Close to the eastern and 

Fig. 13.2 Cross section through the 
Valréas Miocene basin (the Valréas 
aquifer is composed of Helvetian 
and Burdigalian sediments).

Fig. 13.3 Water level contours across the 
Miocene aquifer.

western boundaries and in the northern 
recharge area, hydraulic conductivity is 
slightly lower and is around 10–7 m s–1. 
Groundwater fl ow occurs from the northeast 
to the southwest and reaches the Rhône 
River Valley through the Lez River Valley 
(Fig. 13.3). The main fl ow path is from the 
recharge area (North of Valréas town) to 
Suze; an additional fl ow path may be consid-
ered from Tulette to Suze. The central part 
of the basin, covered by the poorly perme-
able Pliocene sediments, used to be an 
important artesian area at the beginning of 
the century (Gignoux 1929). Artesian fl ow 
has now almost  disappeared due to intensive 
abstraction of groundwater. Only a few deep 
boreholes located around the village of 
Bouchet are still artesian. The existence of 
close relations between surface drainage and 
the upper part of the aquifer is clearly identi-
fi ed along the Lez River valley (Huneau et al. 
2001). Since the beginning of the exploita-
tion of the aquifer, these relations have been 
strongly modifi ed and it is now difficult to 
evaluate the intensity of the exchange 
between the Miocene aquifer and the Lez 
alluvial aquifer.

13.2.3 Lithology and mineralogy 
of the aquifer

The Valréas sandstone is a marine sediment, 
which accumulated slowly on the shore of 
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the Miocene sea. Detrital materials derived 
from erosion of the Alps are mainly sands 
and clay minerals, occurring as interbeded 
multi-layers. In some places, close to the 
Miocene shore, seashells can be found in the 
sandstone. The porosity of such complex 
sediment is difficult to evaluate, but it can 
be roughly estimated around 5–10%. The 
average composition of the sediment is 
shown in Table 13.1 and can be summarised 
as follows: 35% calcite, 35% quartz, 25% 
clay minerals plus additional fractions of 
dolomite, K-feldspar and plagioclase. Clay 
minerals have been identifi ed and mainly 
comprise smectite and illite (Table 13.2).

13.2.4 Rainfall chemistry

Rainfall chemistry can be regarded as the 
primary input for explaining the baseline 
quality. For some elements it may well be 
the major source of solutes with very little 
being added to infi ltration and fl ow. For this 
region, no rainfall stations exist which 
routinely measure rainfall chemistry and 
therefore a station located in Avignon is 
used. Avignon is 50 km south of Valréas in a 
similar position relative to the coastline but 
with a lower rainfall amount than Valréas. 
The average rainfall at the Valréas station is 
760 mm yr–1, and 660 mm yr–1 at the Avignon 
station.

Table 13.1 Composition (%) of some samples of Miocene and Pliocene sediments at different depths.

Boreholes Depth (m) Clays Quartz K-Feldspar Plagioclase Calcite Dolomite

Su26 
(Pliocene)

54–58 26 34 1 2 35 2
95–100 21 35 1 5 34 4

Tu20 
(Pliocene)

18–22 26 32 0 2 26 14
58–62 5 36 2 3 50 4
85–90 27 41 0 2 28 2

Ri5 (Miocene) 91–90 33 27 0 1 36 3
154–159 24 37 5 6 24 4 
219–223 8 56 1 9 18 8

Source: Huneau (2000).

Table 13.2 Composition (%) of the clay minerals contained in Pliocene and Miocene sediments.

Boreholes Depth (m) Kaolinite Illite Chlorite Smectite 10–14 Corrensite

Su26 (Pliocene) 54–58 3 30 4 63 Traces
95–100 2 31 4 63

Tu20 (Pliocene) 18–22 0 39 6 55 Traces
58–62 2 37 6 55
85–90 1 36 5 58 Traces

Ri5 (Miocene) 91–90 2 30 4 64 Traces
154–159 1 22 5 72 Traces
219–223 1 8 2 89  

Source: Huneau (2000).
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Table 13.3 Rainfall chemistry for Avignon 
station.

 Units Rainfall
Rainfall 

× 4.3

pH pH 4.6
Na mg L–1 0.73 3.14
K mg L–1 0.22 0.94
Ca mg L–1 1.04 4.47
Mg mg L–1 0.12 0.51
Cl mg L–1 1.33 5.72
SO4 mg L–1 2.26 9.72
NO3 mg L–1 1.49 6.40
NH4 mg L–1 0.25 1.07

Rainfall mm 900  
Note: Weighted average composition from October 1997 
to April 1999.

Source: Celle (1999).

13.3 Data for the Miocene Aquifer 
of Valréas

13.3.1 Historical data on water quality

Historical data on water quality are very 
sparse for the Valréas area. The most recent 
analyses were carried out by Roudier (1987) 
who was the fi rst to evaluate the potential 
resource of the Miocene sediments as a water 
supply. Extensive searches as part of the 
present programme have failed to locate sig-
nifi cant records of archive material of value 
to the present study, although odd, single 
analyses have been found in the DDASS 
(Sanitary and Social Direction of Vaucluse) 
data bank. This lack of quality data could be 
explained by a great number of private bore-
holes only devoted to agricultural use.

13.3.2 New sampling programme

A total of 110 samples were collected  during 
the summer of 1999 from representative 
sites over the whole Miocene Basin, provid-
ing a good regional coverage of the aquifer 
with an emphasis on boreholes located along 
the main fl ow line from the recharge area 
to the Pliocene cover in the south. These 
form the main data-set used for deriving 
baseline conditions. They have been analy-
sed for a full range of inorganic species, and 
in addition, fi eld measurements (Eh, DO, 
pH, temperature, alkalinity and SEC) are 
used in the interpretation. All samples were 
fi ltered in the fi eld and acidifi ed with nitric 
acid (1% v/v) to stabilise trace elements. 
Additional  samples were collected in glass 
bottles for stable isotopes (δ 2H, δ18O and 
δ13C). Boreholes were all pumped for an 
estimated two well bore volumes prior to 
sampling.

Chemical analyses for the station of 
Avignon are given in Table 13.3 for major 
elements. In addition, these have been mul-
tiplied by a factor of 4.3, which roughly 
accounts for the likely concentration due to 
evaporation under the prevailing climatic 
conditions (ratio corresponding to the rain-
fall amount divided by the amount of effec-
tive infi ltration after evaporation). These 
values may be used as a guide for comparison 
with the groundwater. It is important to note 
that Cl is inert and groundwater concentra-
tions may be largely rainfall derived. The 
high concentrations of NO3 and SO4 observed 
in Avignon most likely relate to the active 
industrial activity of the Rhône Valley. In 
the Valréas region, these concentrations are 
obviously lower and the nitrate content of 
rainfall is close to detection limit. Note that 
K and NO3 can be taken up by vegetation 
and may therefore be found at lower concen-
trations in recharge waters than in rainfall.
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13.4 Hydrogeochemical 
characteristics of the groundwater

13.4.1 Summary statistics

A summary of the data is shown in Table 
13.4 for the study area. This shows the range 
and average concentrations as well as an 
upper concentration (defi ned as mean +2σ or 
97.7 percentile), which is used as a cutoff for 
outlying data. The median is preferred to the 
mean as it is more robust and less affected 
by extreme values.

13.4.2 Water types and physicochemical 
characteristics

Groundwaters of the Valréas Miocene aquifer 
show a wide range of characteristics in terms 

of physicochemical parameters and element 
concentrations (Table 13.4). Although the 
waters are fresh, mineralisation varies from 
weakly to moderately mineralised (SEC from 
310 to 1320 μS cm–1). Temperatures are rela-
tively high around 22–24°C in the confi ned 
aquifer at a depth of 350 m under Pliocene 
marls, but are generally in equilibrium with 
the atmosphere in the outcrop area (around 
12–14°C). The waters are well buffered at cir-
cumneutral pH with a median of 7.4. Many 
groundwaters contain low concentrations of 
dissolved oxygen and have negative Eh val-
ues indicating that the aquifer varies from 
reducing to oxidising. However, it was not 
possible to measure this parameter at all sites 
in a fl ow-through cell and the median Eh of 
218 mV is undoubtedly an overestimate.

Table 13.4 Field parameters, isotope data and range of major and minor element concentration in the 
Valréas Miocene aquifer.

Parameter Units Min. Max. Median Mean 97.7%ile

T °C 12.2 23.9 16.2 16.7 22.8
pH 7.00 8.76 7.41 7.46 8.12
Eh mV –202 372 219 136 349
DO mg L–1 0.47 10.02 4.45 4.37 9.02
SEC μS cm–1 310 1324 519 533 863
δ18O % –9.23 –6.44 –7.28 –7.47 –6.58
δ13C % –14.2 –5.44 –10.7 –10.2 –6.13
Ca mg L–1 12.1 196 92.3 93.9 158
Mg mg L–1 1.12 66.3 14.9 17.0 45.3
Na mg L–1 2.26 318 8.2 17.2 85.9
K mg L–1 0.2 9.5 1.5 1.8 7.3
Cl mg L–1 3.4 260 11.7 17.3 42.3
SO4 mg L–1 4.6 223 42.1 48.2 144
HCO3 mg L–1 203 483 299 310 409
NO3 mg L–1 0.0 428 4.8 17.3 93.2
F mg L–1 0.00 0.84 0.12 0.13 0.39
Br mg L–1 0.00 1.67 0.03 0.06 0.22
Sr mg L–1 0.07 5.87 0.55 0.72 1.74
Fe mg L–1 0.00 4.34 0.23 0.36 1.89
Si mg L–1 8.96 36.8 18.1 19.3 34.1
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The groundwaters in the Valréas Miocene 
aquifer vary from Ca–HCO3 to Na–K–HCO3 
types as shown on the Piper diagram in 
Fig. 13.4. Although Na and Cl concentra-
tions are generally low in most ground-
waters, concentrations can be relatively high 
locally and the waters may tend toward the 
Na–K–Cl type. This is particularly true in 
the area of Suze-la-Rousse where a deep 
borehole samples such waters. The village of 
Suze-la-Rousse is located along a major fault 
and upward groundwater circulation from 
the Cretaceous sediments may occur. This 
special point is not considered in the base-
line box plot.

13.4.3 Major elements

The summary data are shown graphically as 
box plots and cumulative frequency plots 

(Figs. 13.5 and 13.6). The boxplots display 
the range of data and are designed to show 
the distribution of data on a percentile basis. 
Cumulative probability plots are useful in 
visualising the distribution of data and can 
be of use in determining outlying data or dis-
criminating pollution. These single values 
are useful for comparison between areas but 
it should be stressed that a range of 
 compositions in any given aquifer represents 
the baseline. For the vast majority of ele-
ments the distribution represents geological 
and geochemical controls on the groundwa-
ter composition. The slope, curvature and 
overall shape of the lines are indicative of 
different processes.

Most major elements display trends on 
a cumulative frequency plot that tend to 
approach linearity, that is, a log-normal 
distribution. Although the median nitrate 

Fig. 13.4 Piper diagram showing 
groundwaters from the reference 
aquifer of Valréas.
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Fig. 13.5 Boxplots of selected major and minor 
elements.

Fig. 13.6 Cumulative probability 
plots for selected major and minor 
elements.

concentration is close to 5 mg L–1, the distri-
bution of concentrations clearly shows the 
intense anthropogenic contamination of 
many boreholes in the recharge area of the 
aquifer. The median concentration of chlo-
ride (12 mg L–1) indicates a source additional 
to rainfall input. Bicarbonate shows a rela-
tively narrow range of concentration; SO4, 
on the other hand shows a much wider range. 
Silicon shows a limited range of concentra-
tions approaching a normal distribution as 
indicated by the similarity of the median to 

the mean concentration. Iron and strontium 
also show a wide range of concentrations.

13.4.4 Minor and trace elements

Minor and trace elements are displayed on a 
box plot in Fig. 13.7. On the cumulative prob-
ability plot (Fig. 13.8), it can be seen that 
many samples are below the detection limit, 
shown by vertical lines at low concentrations. 
Bromide is close to the seawater dilution line 
determined using median Cl, even if addi-
tional source to rainwater may induce some 
variability. Fluoride is higher than expected 
compared with Br, but concentrations are 
still low (maximum value 0.84 mg L–1), and 
approach a normal  distribution as indicated 
by the similarity of the median (0.12 mg L–1) 
to the mean (0.13 mg L–1) concentrations 
(Table 13.4). Silicon shows a relatively nar-
row range (9–37 mg L–1) with a quite normal 
distribution (median 18.2 mg L–1), mean 
19.3 mg L–1).

The cations Sr and Ba have a wide range 
of concentrations; Sr reaches more than 
5.8 mg L–1, and Ba, although limited in many 
waters by high SO4 (due to barite saturation), 
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may reach 100 μg L–1, nevertheless staying 
under the EU maximum admissible concen-
tration (MAC) of 150 μg L–1. Of the metals, 
Fe shows the highest concentrations varying 
from less than the detection limit up to 

4.34 mg L–1 with a median value of 0.23 mg 
L–1. In contrast, Mn stays relatively low (maxi-
mum 34 μg L–1).

Of some concern is the presence of arsenic. 
Three samples had concentrations greater 

Fig. 13.7 Box plot showing 
selected minor and trace elements.

Fig. 13.8 Cumulative probability plots for selected minor and trace elements.
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than 10 μg L–1 and up to 20 μg L–1. In general, 
the high As is associated with reducing 
groundwaters. These three samples represent 
old confi ned groundwaters. Zinc shows a 
wide range of concentrations and reaches 
more than 1 mg L–1 in the confi ned aquifer. 
Such concentrations may be related to both 
water reducing conditions and the nature of 
the casing of some very old boreholes, which 
may include traces of zinc.

Most other metal species lie below the 
detection limit or have low median values, 
but may be locally of concern. Aluminium, 
mobile under relatively low pH conditions, 
shows relatively high concentrations (up to 
48 μg L–1), however, the median stays below 
2 μg L–1. Copper was found in some samples 
up to 24.7 mg L–1 (Table 13.4).

13.4.5 Indicators of pollution

In order to determine baseline concentra-
tions, it is desirable to study pristine waters 
and, as far as possible, avoid polluted waters 
since these may alter baseline concentra-
tions either directly by adding solutes or 
indirectly by promoting chemical reactions 
in the aquifer. It is generally difficult to 
obtain pristine waters, in part because waters 
may be sampled over a large screened inter-
val where polluted waters are present at 
shallow depth or because diffuse pollution 
(especially agricultural pollution) is present 
in large parts of the unconfi ned aquifer.

Boreholes clearly affected by point source 
pollution have been avoided in the recharge 
area of the aquifer. Within this area, most 
of the sampling points show indicators of 
agricultural pollution such as high nitrate 
concentrations. Most of the time high nitrate 
concentration correlates with high Cl, K 
and SO4 concentrations. The use of fertilis-
ers by farmers in the recharge area can be 

responsible for such concentrations (Cl and 
K are present as traces in agrochemical or 
organic fertilisers). Baseline nitrate concen-
trations are most likely to be around a few 
mg L–1 as indicated by limited historical 
data. Furthermore, on the cumulative prob-
ability plot (Fig. 13.6), the main curvature 
occurs at around 4.8 mg L–1 and this is around 
the concentration expected for nitrate-N 
baseline concentrations. However, many 
waters are relatively reducing and denitrifi -
cation may in certain places have lowered 
concentrations. A good understanding of the 
chemical controls may help to discriminate 
the anthropogenic infl uence.

Concerning the confi ned aquifer, most of 
the boreholes are still likely to be free from 
any anthropogenic infl uence. Waters from 
the confi ned aquifer of Valréas may thus be 
considered as pristine waters.

13.4.6 Geochemical controls and 
regional characteristics

This section deals with the dominant 
geochemical processes which infl uence 
groundwater chemistry including mineral 
dissolution/precipitation, redox reactions, 
ion exchange and residence time. Samples 
have been studied in detail along a potential 
fl ow path in order to understand the geo-
chemical changes that take place with 
distance and time in the aquifer. These geo-
chemical changes are then evaluated and put 
into a regional context.

13.4.7 Chemical evolution along 
fl ow lines

The main fl ow path studied trends approxi-
mately from the north of Valréas city to the 
village of Suze-la-Rousse, that is to say, from 
the northeast to the southwest. This fl ow 
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line covers the recharge area of the aquifer 
and the confi ned aquifer in its southern por-
tion. Selected data, including residence time 
indicators, are plotted against distance in 
Fig. 13.9.

The most obvious hydrochemical evolu-
tion is seen in the cation concentrations. The 
Ca–HCO3 type in the recharge area changes 
to Na–K–HCO3 type along the fl ow path. 
Calcium concentrations strongly decrease 
from 150 mg L–1 to less than 50 mg L–1 
whereas sodium increases from 5 to more 
than 100 mg L–1 and K from 0.5 to 3.5 mg L–1. 
All groundwaters confi ned under the Pliocene 
cover are of Na–K–HCO3 type.

13.4.8 Mineral dissolution reactions

Much of the chemistry is established at the 
start of the fl ow line due to dissolution reac-
tions involving the calcite and dolomite 
cements of the sandstone. The production of 
CO2 in the soil zone initially leads to slightly 
acidic waters due to production of carbonic 
acid, but this acidity will be neutralised 
through reaction with carbonate minerals. 
All groundwater samples along the fl ow path 
are at saturation with respect to calcite, con-
trolled by the reaction:

CaCO3 + H2CO3 → Ca2+ + 2HCO3
–

The fi rst samples at the eastern edge of the 
fl ow line are undersaturated with respect to 
dolomite but reach saturation after approxi-
mately 10 km by dolomite dissolution:

CaMg(CO3)2 + 2H2CO3 → Ca2+ + Mg2+

 + 4HCO3
–

The dissolution of calcite and dolomite 
provides the initial dominant control on 
water chemistry. The above reaction (con-
gruent dissolution) is rapid, taking place in 

the top few metres of the aquifer. Once 
saturation with respect to calcite is reached, 
no further calcite will dissolve rapidly. 
Congruent dissolution yields Ca and Mg 
concentrations, which are identical to those 
in the dissolving calcareous cement of sand-
stone. However, with passage of time in 
waters that are in equilibrium with the 
calcareous matrix, a second process (incon-
gruent dissolution) may occur where the 
impurities (e.g. Mg) in the matrix are slowly 
released and a purer calcite left behind. In 
this process, the Mg/Ca ratio in groundwater 
progressively increases with time.

13.4.9 Major element controls and ion 
exchange reactions

The chemical evolution of major cations, pH, 
and alkalinity along the fl ow path in the aqui-
fer suggest that the aquifer previously con-
tained a more saline component than the 
present day recharge water, and therefore a 
freshening pattern is observed, with Ca–HCO3 
type water at the upstream end of the aquifer 
replacing Na–HCO3 type water in the down-
stream part of the aquifer. The observed 
pattern is typical of freshening aquifers where 
ion exchange is the dominating geochemical 
process. Calcium displaces the original saline-
derived cations, Na, K and Mg, from the ion 
exchange complex in a chromatographic pat-
tern releasing fi rst Na and K and then Mg to 
the aqueous phase. However, Mg fi xation pro-
cesses including dolomite precipitation may 
infl uence the freshening pattern evolution. 
The marine infl uence probably originates from 
the deposition of the marine Pliocene cover in 
the southern part of the Valréas basin, and 
thus the observed hydrochemistry along the 
fl ow line in the aquifer is probably the result 
of millions of years of geochemical evolution.
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Fig. 13.9 Hydrochemical and residence time variations across the Valréas Miocene aquifer.
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Fig. 13.10 Redox parameters and redox sensitive 
species across the fl ow line.

Modelling of the geochemical evolution 
along the fl ow line in the aquifer was carried 
out with the 1D reactive-transport code 
PHREEQC to identify and quantitatively 
describe the major controlling processes 
which have been responsible for the present 
day observed hydrochemistry (Postma et al. 
this volume).

13.4.10 Redox reactions

The parameters, redox potential (Eh) and 
dissolved oxygen (DO) concentrations, pro-
vide the primary indicators of the redox sta-
tus of natural groundwaters. Unfortunately, 
it was not possible to measure these in all 
groundwaters due to sampling from an inter-
mediate storage tank or because the diame-
ter of the out fl ow was too large to connect 
to our fl ow-through cell. Nevertheless, a redox 
boundary can be recognised. This boundary 
coincides with the coverage of the Miocene 
sediments by the Pliocene marls, that is, to 
say approximately 10 km far from the 
recharge area (Fig. 13.10).

Water at recharge is saturated with DO 
at the partial pressure of the atmosphere 
(10–12 mg L–1 depending upon barometric 
conditions). Passing through the soil and the 
saturated zone, some of this O2 will react as 
a result of microbiological processes and oxi-
dation–reduction reactions. In the Miocene 
aquifer, however, almost all water reaching 
the water table still contains several mg L–1 
O2. Geochemical reactions such as the oxi-
dation of Fe2+ in the sandstones progressively 
remove the O2 along the fl ow lines. Once all 
the oxygen has reacted an abrupt change of 
water chemistry takes place (redox bound-
ary). Other changes may occur at and down-
gradient of the redox boundary, especially 
denitrifi cation and the probability that total 

dissolved iron (Fe2+) concentration will 
increase. Sulphate reduction and the produc-
tion of sulphide (H2S as HS- in solution) also 
occur at greater depths.

This boundary is recognisable when con-
sidering redox sensitive species such NO3, 
SO4, Fe and Mn. Nitrate concentrations are 
relatively high northeast of the redox bound-
ary but concentrations rapidly decrease to 
the southwest. The reduced nitrogen species 
NO2 and NH4

+ are present in some samples 
beyond this zone indicating denitrifi cation 
and nitrate reduction is likely to have occurred. 
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Iron and Mn concentrations increase beyond 
the boundary, consistent with the change in 
redox condition. The redox sensitive trace 
elements As and Se are found to be slightly 
higher in the more reducing waters. This is 
particularly true for arsenic where concen-
trations reach more than 20 μg L–1. However, 
the chemistry of these trace elements is rela-
tively poorly understood in terms of mobil-
ity and speciation in the aquifer.

13.4.11 Mixing with older formation 
water

Evidence for the existence of old deep saline 
groundwaters has been found in the area of 
Suze-la-Rousse. Here, a major fault system 
allows mixing between Miocene groundwaters 

and Na–K–Cl type waters ascending from 
the Cretaceous basement of the basin. Only 
one borehole producing such waters has 
been discovered and the mixing seems to be 
extremely localised to this small area. No 
evidence of diffused upward leakage was 
found since the chloride concentration of 
confi ned groundwaters is extremely low 
around 5 mg L–1 and clearly from rainfall 
origin.

13.4.12 The age of the groundwater

Figure 13.9 shows the evolution of the age 
of groundwaters along the main fl ow line. 
Stable isotopes in addition to radiocarbon 
(14C) have also been analysed (Fig. 13.11). 13C 
ratios are enriched, whereas 18O and 2H values 

Fig. 13.11 Distribution of oxygen-18 and carbon-13 in groundwaters of the Miocene aquifer.

N

0 5km

Valréas

Boundaries of the
Pliocene cover

Cretaceous

Tortonian hills

Borehole

N

0 5km

Valréas

Cretaceous

Tortonian hills

δ 18O‰ of GW

Borehole

Boundaries of the
Pliocene cover

δ 13C‰ of GW

EDMUNDJ_Ch13.indd   301EDMUNDJ_Ch13.indd   301 12/11/2007   2:41:07 PM12/11/2007   2:41:07 PM



F. Huneau and Y. Travi302

are depleted in comparison with modern 
recharge groundwaters from the north of the 
basin. The plot of δ13C and δ14C along a 
downgradient direction (Fig. 13.9) suggests 
an evolution of δ13C with groundwater resi-
dence time. This phenomenon is related to 
isotope exchange between groundwater and 
the aquifer matrix. The same processes affect 
14C, which necessitates the correction of 
radiocarbon ages by means of an appropriate 
correction model, in this case the Fontes and 
Garnier model (1979) was used. Groundwater 
ages increase rapidly away from the recharge 
area and reach ages of more than 30,000 years 
in the confi ned aquifer. A strong isotopic 
contrast exists between the unconfi ned 
and the confi ned portions of the aquifer. A 
discontinuity can be observed between 
recent groundwaters from the recharge area 
(18O ≈ –7‰ VSMOW; 2H ≈ –45‰ VSMOW) 
and old ground waters confi ned under 
Pliocene sediments (18O ≈ –9‰ VSMOW; 2H 
≈ –60‰ VSMOW). This indicates that old 
groundwaters have been recharged under 
colder climatic conditions than at present 
time. The depletion in stable isotopes occurs 
around 18,000 years bp and points to the 
transition from the late-Glacial to the 
Holocene. Noble gas measurements were 
used to confi rm and to quantify the climate 
signal recorded in the aquifer, the results 
proving the Pleistocene origin of confi ned 
groundwaters (Huneau 2000).

A confi rmation of the long residence time 
of groundwaters within the aquifer has been 
shown using radiogenic helium concentra-
tions dissolved in groundwaters. Confi ned 
groundwaters from the south of the basin 
show strong accumulation of helium indicat-
ing a residence time of at least 30,000 years 
(Huneau 2000).

13.4.13 Regional variations

The geochemical controls highlighted in 
the main cross-section can be applied to the 
chemical variations present regionally in the 
study area. There is a clear contrast in chem-
istry between the northeastern and the 
southwestern parts of the area, which can be 
separated along a line linking Richerenches 
to Visan. Ca–HCO3 type waters are found in 
the whole north sector where Miocene sedi-
ments are not confi ned, but the groundwa-
ters in the north generally show strong 
anthropogenic infl uences (high NO3, SO4 and 
Cl concentrations). Data from the southern 
part of the aquifer shows Na–K–HCO3 water 
types, which are all confi ned under 100–300 m 
of Pliocene sediments. The low chloride con-
centrations of these waters indicate that no 
upward leakage from the Cretaceous base-
ment occurs. The Mg/Ca ratio increases from 
the recharge area to the confi ned aquifer, 
related to the increasing of residence time of 
waters within the aquifer. The confi ned aqui-
fer produces highly reducing waters (pres-
ence of H2S) in the south of the basin.

13.5 Summary of baseline quality

The chemical data show that the primary 
important infl uences on water chemistry are 
mineral dissolution reactions, involving in 
particular calcite and dolomite. This has 
resulted in relatively high natural concentra-
tions of Ca, Mg and HCO3. Cation exchange 
reactions are also responsible for a signifi -
cant amount of the increase in Na and K, 
these ions indicate a marine origin and show 
the existence of a freshening pattern within 
the aquifer. In addition, redox reactions are 
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important for many species due to the con-
fi ned nature of the aquifer as a consequence 
of the existence of a thick Pliocene cover in 
the south of the study area. Anthropogenic 
inputs over much of the aquifer are mini-
mised by the protection afforded by the thick 
Pliocene deposits and the fl ow conditions. 
Therefore, in the southern part of the study 
area, for most elements the concentrations 
measured and the ranges found can be taken 
as representative of the natural baseline. On 
the contrary, the recharge area of the aquifer, 
which is located north from Valréas, tends 
to show strong pollution indices mainly 
resulting from agricultural activities. This 
conclusion is a major source of concern and 
should be taken into account by regional 
policy-makers.

The data have been presented in Table 13.4 
and the median value and 97.7 percentile 
provide a good estimate of the average and 
upper baseline concentrations in the aquifer. 
However, this should be used in conjunction 
with maps that show that regional variations 
do exist in the aquifer. The baseline chemis-
try changes spatially across the aquifer in 
relation to the extent of water–rock interac-
tion (hence residence time within the  aquifer) 
and to geochemical controls imposed by the 
local geochemical environment (e.g. oxida-
tion–reduction controls). The baseline for 
the groundwater in the recharge area is 
clearly distinct from that in the central part 
of the confi ned aquifer, the limit often being 
close to the median value. In addition, the 
effect of both facies changes in the aquifer 
and increasing residence time means that 
the baseline concentrations increase south-
ward for many parameters. These regional 
variations must be taken into account when 
defi ning the local baseline for the aquifer. 

It is clear that the baseline concentrations 
and ranges are different between unconfi ned 
and confi ned areas.

The effect of anthropogenic inputs is 
indicated by enhanced concentrations of 
N-species (Fig. 13.12), pesticides, and poten-
tially a range of other solutes from urban and 
industrial usage (SO4, Cl, K). The most obvi-
ous inputs over the last few decades are 
derived from agricultural pollution. Baseline 
nitrate concentrations are most likely to be 
around a few mg L–1 as indicated by limited 
historical data. The use of cumulative prob-
ability plots in the study area is difficult 
because much of the original nitrate might 
have been reduced in the confi ning parts of 
the aquifer. A cumulative probability plot 
has been drawn for nitrate on Fig. 13.6. The 
main curvature occurs at around 4.8 mg L–1 
and this is around the concentration expected 
for nitrate-N baseline concentrations. Other 
elements which may have been modifi ed by 
agriculturally derived anthropogenic inputs 
include K, Cl and SO4. Some boreholes 
show evidence of increasing chloride in the 
recharge areas (Fig. 13.12). High chloride 
concentrations are always accompanied by 
high SO4 and K concentrations and are 
directly related to agricultural inputs in 
vineyards. Potassium is not very mobile in 
the surface environment and most anthro-
pogenic inputs will be consumed by biomass 
or through reactions involving clay miner-
als. Chloride, on the other hand, is very 
mobile and likely to modify the baseline sig-
nifi cantly where evaporites are not present. 
Chloride concentrations may be enhanced 
locally in general around urban areas such as 
Valréas, Grignan or Taulignan. Although 
individual water samples may have been 
affected by such inputs, these are generally 
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within the range of baseline concentrations 
produced through natural processes.

Some trace and minor elements including 
As and Fe are relatively high in parts of the 
aquifer, but they are considered to represent 
natural baseline. High concentrations of dis-
solved As are known from other sandstone 
groundwaters in Europe (Heinrichs and 
Udluft 1999; Shand et al. 2002). The range of 
variation in these elements is related to vari-
ations in source as well as geochemical envi-
ronment, particularly changes in redox 
conditions within the aquifer.
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The deeper part of the Miocene quartz sand 
aquifers of Jutland, Denmark, contain pris-
tine freshwater of very high quality. 
Hydrochemistry, environmental tracers and 
groundwater modelling from previous stud-
ies show that the deepest of three major 
Miocene sand aquifers, the Ribe Formation, 
contain high-quality groundwater recharged 
during a few thousand years in the Holocene. 
There is no evidence of contamination from 
agriculture, point sources, urban environ-
ments or any other human impact. The 
trace elements As, Al, Ni and Zn that repre-
sent the trace elements most frequently 
found above guideline values in the Danish 
Groundwater Monitoring Program (in up to 
16% of the wells) and all other solutes, are 
generally well within drinking water stan-
dards. The content of total dissolved solids 
are below 400 mg L–1 in most wells although 
natural chemical processes in adjacent 
aquitards lead to an increase in chloride, dis-
solved organic carbon (DOC), trace metals 
and rare earth elements such as, for example, 
As, Al, B, Cr, Se, U, Th, La and Yb in some 
downgradient wells. The content of total 
dissolved solids in these approach 1000 mg 
L–1 or more and may be brackish in some 
hydraulically isolated areas. In areas with 
elevated DOC values the drinking water 
standards may be breached for some of the 

trace elements, which probably form metal-
lo-organic complexes with the humic 
substances.

The deep Miocene quartz sand aquifers are 
composed of fl uvio-deltaic sands dominated 
by pure and inert quartz sands and water–rock 
interaction is limited. The redox conditions 
are anaerobic and sulphate concentrations are 
low (<10 mg L–1), and although sulphate reduc-
tion may occur it is slow and insignifi cant due 
to the relatively low and recalcitrant organic 
carbon content in the sediment.

The hydrochemistry of major constituents 
is quite similar to the hydrochemistry of 
uncontaminated anaerobic carbonaceous 
Quaternary aquifers and evaporated precipi-
tation in the area. The most signifi cant geo-
chemical processes that the groundwaters 
have undergone during recharge – either before 
recharge to the Ribe Formation or close to 
the recharge area in the aquifer itself – are 
dissolution of carbonates and reduction of 
dissolved oxygen possibly mainly by oxida-
tion of both pyrite and organic carbon. These 
processes primarily increase the contents of 
Ca and HCO3 (calcite dissolution) and Fe 
and SO4 (pyrite oxidation). Hence, the hydro-
chemistry of the Miocene sand aquifers also 
approximate the natural baseline hydro-
chemistry of the anaerobic calcareous part 
of the Pleistocene sand aquifers above.

14 The Miocene Sand Aquifers, 
Jutland, Denmark

K. HINSBY AND E. SKOVBJERG RASMUSSEN
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The study provides baseline information for 
a large number of mainly inorganic constitu-
ents, as an aid to future water-quality man-
agement of the aquifer and identifi cation of 
temporal and spatial hydrochemical trends.

14.1 Introduction

The Miocene aquifers in Denmark consist of 
three major sand units deposited during the 
early Miocene. All three units constitute 
important aquifers with valuable water 
resources. In this chapter we compare 
groundwater hydrochemistry from wells 
screened in the lowermost pristine forma-
tion, the Ribe Formation quartz sand aqui-
fer, with hydrochemistry from monitoring 
wells in Miocene sands in general as 
extracted by a query from the National 
Groundwater Monitoring Database. The 
investigated wells and data are used to esti-
mate the natural baseline quality of Miocene 
sand aquifers in Denmark. To a certain 
extent the data can also provide information 
about the natural background level of some 
of the anaerobic Quaternary aquifers above. 
Data on natural background levels are cru-
cial for the sustainable management of the 
subsurface water resource and the dependent 
ecosystems (Hinsby et al. 2008).

14.2 Geology and hydrogeology

14.2.1 Depositional environment and 
palaeogeography of the Miocene 

sand aquifers

The development of the Miocene depositional 
system, which developed the Miocene sand 
aquifers in Denmark, was controlled by 

reactivation of older Late Carboniferous-Early 
Permian fault systems (Michelsen and Nielsen 
1993), tectonic uplift in the hinterland and by 
relative sea-level changes (Hansen and 
Rasmussen 2007; Rasmussen 2004a, b).

The main structural elements in the 
area were the WNW–ESE striking Sorgenfrei-
Tornquist Zone which separated the 
Fennoscandian Shield from the main deposi-
tional basin of the North Sea area. This basin 
was subdivided into three minor parts: the 
Norwegian-Danish basin, the Ringkøbing-
Fyn High and the North German Basin. The 
Ringkøbing-Fyn High was further segmen-
tated by the NNE-SW trending Rødding 
Graben and the N-S striking Brande Trough 
(Fig. 14.1).

Uplift of the Fennoscandian Shield in the 
late Eocene resulted in high infl ux of clastic 
quartz-rich sediments into the northeastern 
North Sea Basin during the Oligocene. 
Resumed uplift in the Oligocene and Early 
Miocene times provides a continually 
high supply of sediments into the basin 
(Rasmussen and Dybkjær 2005). The most 
basinal distribution of the clastic deltaic sys-
tem occurred in the Early Miocene associ-
ated with a distinct eustatic sea-level fall 
(Rasmussen 2004b).

The Miocene of the Danish area is com-
posed of three stacked deltaic successions 
from below named the Ribe Formation, the 
Bastrup sands and the Odderup Formation 
(Figs. 14.2 and 14.3). Each deltaic complex 
shows a coarsening upward succession from 
fi ne-, medium- to coarse-grained sand with 
few intercalations of gravel layers. The 
gravel layers are found both in the lower 
part and in the upper part of the deltaic suc-
cession deposited by gravity fl ows and 
shoreface/beach sedimentation, respectively. 
The coarsening upward succession is from 
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20 to 40 m thick. This is commonly capped 
by a coarse-grained sand or gravel layer depos-
ited as a transgressive lag deposit. This 
deposit is generally a few metres thick. 

Channel fi ll deposits are also common and 
sometimes shows well developed point bar 
succession. Lignite-rich deposits are concen-
trated to the northernmost part. Here it is 

Fig. 14.1 Structural map of Denmark and adjacent areas with location of the investigated area.

Fig. 14.2 Cross section showing the 
extent of the Miocene sand aquifers 
in southern Jutland, and the location 
of selected wells and two Pleistocene 
buried valleys. The buried valleys are 
located in the recharge and discharge 
areas in eastern and western Jutland, 
respectively. The valleys and the 
location of wells on the cross section 
are not to scale.
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associated with stacked fl uvial deposits. 
More widespread formations of lignite depos-
its are concentrated to the uppermost deltaic 
succession, especially adjacent to former gra-
ben structures. The sand-rich deltaic succes-
sions are separated by marine organic-rich, 
clayey silt deposits. The thicknesses of these 
deposits are from a few metres to tenths of 
metres. During the Middle and Late Miocene 
the accelerated subsidence of the North Sea 
Basin resulted in a fl ooding of the area and 
deposition of marine clayey deposits was 
widespread, and probably covering the whole 
Danish area (Koch 1989; Rasmussen 2004b).

During the Miocene the shoreline moved 
back and forth across Denmark four times. 
The trend of the shoreline was NW–SE dur-
ing the early and early middle Miocene (Fig. 
14.1), but turned to a dominating N–S trend 
in the Middle Miocene. The climate was 
warm temperate to subtropical with sum-
mer rain (Koch 1989; Utescher et al. 2000). 
However, a cooler period occurred in the 
Early Miocene (Mai 1967; Utescher et al. 
2000; Larsson et al. 2006) and a warm cli-
mate dominated in the early Middle Miocene 
(the so called Middle Miocene climatical 
optimum – Zachos et al. 2001).

Fig. 14.3 Litho- and 
chronostratigraphy of the 
Oligocene and Miocene in 
Denmark.
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14.2.2 Geology of the three major sand 
aquifers

14.2.2.1 Ribe Formation

The Ribe Formation consists of sand and 
gravel intercalated with mud deposited in a 
fl uvio-deltaic depositional environment and 
massive sand deposited during falling sea 
level. The net thickness of the formation is 
around 40 m, but is locally up to 80 m in 
delta forsets within the central part of a delta 
complex.

14.2.2.2 Bastrup sand

The Bastrup sand consists of sand and gravel 
deposited in a delta environment and within 
incised valleys. The sand is often interca-
lated with marine – or fl ood plain mud. The 
net thickness rarely exceeded 30 m in the 
southern part, but up to 55 m of massive 
sand has been penetrated at some sites.

14.2.2.3 Odderup Formation

The Odderup Formation is dominated by 
sand and gravel deposited in fl uvio-deltaic, 
shoreface and beach environments. In cen-
tral and western Jutland up to three brown 
coal layers are interbedded in the Odderup 
Formation. The net thickness of the sand of 
the Odderup Formation is up to 40 m.

14.2.3 Hydrogeology

The main recharge to the Miocene sand 
aquifers occurs through Pleistocene sedi-
ments just outside the Main Stationary Line 
(MSL) of the last glaciation, that is, primar-
ily in the areas with elevations of the water 
table above 30 m (see equipotential lines 

in Fig. 14.4). The advance of the Weichselian 
ice sheet stopped at the MSL in the eastern 
part of the investigated area at around 18,000 
years BP. The fl ow direction in the Miocene 
sands is from the recharge area towards the 
west coast of Jutland, where it discharges to 
the North Sea partly through deep Pleistocene 
buried valleys located along the coast (Figs. 
14.2 and 14.4).

Two types of fl ow systems exist within the 
study area: (1) shallow aquifers consisting of 
Pleistocene glacio-fl uvial and interglacial 
sediments; and (2) a deep regional confi ned 
or semi-confi ned aquifer system consisting 
of Miocene fl uvio-deltaic and marine sedi-
ments located at varying depths between less 
than 50 and up to more than 300 m below 
surface. The areal extent of the shallow aqui-
fer systems is of the order of tens to thou-
sands of km2 and aquifer boundaries often 
coincide with those of surface water catch-
ments. The areal extent of the deep aquifer 
systems is larger than 1000 km2. The esti-
mated recharge to the shallow aquifer sys-
tem ranges from about 200 mm yr–1 to more 
than 400 mm yr–1 in the investigated area. 
Discharge from the shallow aquifers is to 
streams, wetlands, lakes, wells and to the 
deeper regional Miocene sand aquifer sys-
tem. Discharge to surface water bodies 
accounts for 70–90% of the total recharge. 
The transmissivity of the Miocene sediments 
controls the fl ow paths and the depth of cir-
culation in the shallow aquifer system. The 
hydraulic conductivity of the confi ning lay-
ers is low and estimated to be in the order of 
10–8 m s–1 or less. The hydraulic conductivity 
of the Ribe Formation is quite high with an 
average or geometric mean of 7.7 × 10–4 m s–1 
in the central parts of the investigated area 
according to both pumping tests and grain 
size analyses, respectively. The results of the 
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grain analyses show that the Ribe Formation 
sands are generally medium to very coarse 
grained and well sorted, although unsorted 
gravel does appear. The geometric mean 
mentioned above was obtained based on 20 
grain size analyses at different levels in wells 
no. 149.433, 150.745 and 150.899. It is esti-
mated that 10–20% of the recharge to the 
shallow aquifer system in the recharge area 
ultimately discharges to the Ribe Formation.

The Ribe Formation quartz sand aquifer 
is generally a confi ned aquifer at depths 
between 100 and 200 m below sea level (150–
250 m below surface), with increasing depths 
from east to west, where it is faulted down to 
300 mbsl (Fig. 14.2). The Miocene sands and 
clay sediments in the investigated area are 

typically covered by 40–50 m of Pleistocene 
deposits. However, several Quaternary bur-
ied valleys cut through the area and have 
locally left valleys with an infi ll of up to a 
couple of hundred metres of Pleistocene sedi-
ments. Two such incised valleys have been 
identifi ed in the investigated area, one in the 
western and one in the eastern part. The 
locations of the buried valleys are indicated 
schematically (not to scale) by the white 
incised areas on the cross section in Fig. 14.2. 
The buried valleys are believed to create 
hydraulic windows to the Ribe Formation 
both in recharge and discharge areas.

A thick succession of Eocene and Oligocene 
clays, of which some are swelling, forms 
the lower boundary of the Ribe Formation 

Fig. 14.4 Quaternary geology map with the location of the evaluated wells in southern Jutland and 
equipotential lines. Triangles are wells sampled in baseline, white circles were sampled in the Palaeaux 
project (Hinsby et al. 2001a), grey circles were sampled in a PhD project (Jakobsen 1995). Squares are 
wells investigated in the ‘BurVal’ project on Buried Quaternary Valleys (BurVal 2006; Hinsby 2006).
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aquifer and an efficient seal to deeper saline 
waters (Dinesen 1961; Hinsby et al. 2001a). 
The Ribe Formation quartz sand aquifer 
is in the recharge area covered by the 
other Miocene units or directly by sandy 
Pleistocene sediments deposited during sev-
eral glaciations, for example, in buried val-
leys. Downgradient towards the west coast 
of Jutland the Ribe Formation is confi ned 
mainly by Miocene marine clay aquitards 
except where the incised buried valley with 
infi lls of outwash sands and sandy and clayey 
tills cut down into the Ribe Formation close 
to the west coast of Jutland (Fig. 14.2; Hinsby 
et al. 2001a). Hence the topography of the 
pre-Quaternary surface and the depths to the 
Miocene sediments vary considerably in the 
investigated area. The depths to the high-
quality groundwaters in the Miocene sands 
are generally greater than 50–80 m, and 
recently drilled wells show that in some 
areas these can be found to depths of more 
than 400 m (Rud Friborg, personal commu-
nication). The discharge from modern inten-
sively cultivated lands, which cover most of 
the investigated area, and which clearly 
infl uence the shallow aquifers in the recharge 
area has not yet reached these deep aquifers 
as demonstrated in the following sections.

14.2.4 The water balance and 
groundwater/surface water interaction

The investigated area is located in the humid 
temperate zone and annual precipitation 
and evaporation is about 950 and 450 mm, 
respectively (Sonnenborg et al. 2003). A 
national hydrological model (integrated 
groundwater/surface water model) was 
completed in 2003 covering 43,000 km2 
(Henriksen et al. 2003). Denmark is divided 
into 11 areas in this model, each covered by 

a regional hydrological model based on a 
1 km2 computational grid. The model cover-
ing the area investigated in this study shows 
that there are presently no signifi cant 
impacts on surface water quantity and qual-
ity or other dependent ecosystems directly 
by the Ribe Formation groundwaters.

14.2.5 Pollution, climate and exploitable 
freshwater resources

The shallow groundwater resources in the 
investigated area, and in Denmark in gen-
eral, are threatened by pollution from the 
surface (especially nitrate and pesticides). A 
new assessment by the national water 
resource model is estimating that the sus-
tainable exploitable freshwater resource for 
Denmark is in the order of just 1 Mm3 yr–1 
or 200 m3 capita–1 yr–1, when the polluted 
resources and effects on dependent ecoystems 
are taken into account (Henriksen et al. 
2003). This amount is similar to what is cur-
rently abstracted when permissions for irri-
gation are fully utilised (Henriksen and 
Sonnenborg 2003). The new estimate for 
Denmark is a serious reduction, compared 
to an earlier estimate of 1.8 Mm3 yr–1 made 
11 years ago, and it places Denmark among 
the 10–15% of UN countries with the low-
est renewable water resources per capita 
when compared to a recent estimate of the 
global water resources (UNESCO 2003). The 
new lower estimate is an effect of a more 
detailed approach and a more thorough eval-
uation of the sustainability, which includes 
the consideration of pollution, climate vari-
ation (change) and effects on dependent 
ecoystems. In the new assessment the sus-
tained exploitable groundwater resource is 
estimated to be only 6% of the actual 
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recharge, when the state of the aquatic and 
terrestrial ecosystems (e.g. the ecology of 
surface waters in rivers and wetlands) and 
pollution of groundwater is taken into 
account. This emphasises the need for care-
ful management and protection of the water 
resources.

The sandy soils in the western, less popu-
lated part of the country, which we investi-
gate in this study, require considerable 
increased abstraction during the spring and 
summer due to irrigation of the cultivated 
areas; this results in critical low fl ow condi-
tions primarily during summer time.

Climate models and scenarios indicate 
that Denmark will receive higher precipita-
tion in this century, but that the dry season 
probably will be longer. Integrated hydrolog-
ical modelling based on such scenarios indi-
cate that the area investigated in this study 
may have to more than double the irrigation 
if the land use is not changed (Sonnenborg 
et al. 2006). Increased irrigation will also 
increase the recharge to the Ribe Formation, 
and hence the risk of contamination of the 
high-quality groundwaters, since much of 
the irrigation water is expected to be 
abstracted from the Ribe Formation. A sound 
knowledge of the natural baseline chemistry 
is therefore important in order to be able to 
recognise quality trends and human impact 
in time.

14.3 Background geochemistry and 
data for the Miocene sand aquifers

14.3.1 Rainfall chemistry

The rainfall chemistry often constitutes the 
major part of the dissolved components in 
shallow groundwater in uncontaminated 

areas. In such areas, chloride from seawater 
dissolved in rainwater is often the only 
source for this conservative/inert element in 
the hydrological cycle, and the ratio between 
chloride and sodium in precipitation is gen-
erally close to the ratio in seawater (e.g. 
Appelo and Postma 2005). Some other atmo-
spherically derived elements have signifi -
cant additional anthropogenic and/or natural 
contributions to the solutes in groundwater. 
For example, sulphate originates to some 
extent from global atmospheric pollution, as 
both wet (rainfall and snow) and dry (parti-
cles or gases deposited directly on vegetation 
or land surfaces) deposition, and contributes 
signifi cantly to the total mineralisation. The 
atmospheric sulphur pollution and deposi-
tion contribute signifi cantly to the acidifi ca-
tion of groundwater in certain lithologies 
(Paces 1985). Such acidifi cation processes 
are also described in western Denmark, 
where they create high dissolved aluminium 
concentrations in groundwater in some 
sandy non-calcareous parts of western 
Jutland (Hansen and Postma 1995). Other 
compounds such as the nitrogen species also 
have additional signifi cant local and regional 
input by contamination from agriculture 
and combustion engines.

Table 14.1 compares the precipitation 
weighted rainfall chemistry of monthly mea-
surements during a 5-year period (1970–74), 
based on data from a station about 40 km 
north of the recharge area (Goffeng 1973, 
1977), to the groundwater chemistry below 
natural and agricultural areas (Postma et al. 
1991), as well as data from a well in the Ribe 
Formation located in the recharge area, and 
50 and 97.7 percentiles of data from the 17 
groundwater wells in anaerobic Miocene 
sand aquifers investigated in research projects. 
Assuming that chloride inputs from dry 
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deposition are insignifi cant in the recharge 
area, which seems reasonable since the area 
is 50 km from the sea and has no large forests 
(which increase dry deposition), and that 
chloride in precipitation is the only signifi -
cant source for chloride in groundwater in 
the deeper parts of the Miocene sand aquifers 
(here no human impact), the rainfall has 
to be evaporated by a factor of 2.1 (17/8.2 – 
Table 14.1). This factor compares extremely 
well to the present day ratio between precipi-
tation (950 mm) and the actual groundwater 
recharge (450 mm) in the area as estimated 
by the national water resources model 
(Sonnenborg et al. 2003). This may indicate 
that both the chloride content in precipitation 

and the water balance (precipitation and 
evapotranspiration) have not changed signifi -
cantly during the past few thousand years in 
the investigated area. This conclusion is sup-
ported by the fact that the measured chloride 
content at the Askov station is very similar 
to the chloride concentration in precipita-
tion of remote unpolluted areas of the world 
(Galloway and Gaudry 1984).

14.3.2 Geochemistry of the 
Miocene sands

The Miocene sands are mature sediments 
originating by weathering from the 
Fennoscandian basement rocks. The sands 

Table 14.1 Comparison of rainfall chemistry with groundwater chemistry in natural heath and 
agricultural areas at Rabis Creek, and in the Ribe Formation. Concentrations are in mg L–1. The 
precipitation station at Askov is located about 40 km north of the recharge area with about the same 
distance to the North Sea.

Rainfall
Askova

1970–
1974

(n = 60)

Rabis (Pleistocene sands)b Rabis (Pleistocene sands)c

Ribe 
“recharge” 

well 
150.813 

(anaerobic)

Miocene 
sandd

Median
(anaerobic)

(n = 17)

Miocene 
sandd

97.7%
(anaerobic)

(n = 17)

Natural 
(aerobic)
(n = 14)

Natural (an-
aerobic)
(n = 7)

Fertilised 
fi elds 

(aerobic)
(n = 50)

Fertilised 
fi elds (an-
aerobic)
(n = 35)

pH 5.00 5.7 7.7 5.58 5.56 7.36 7.47 7.94
DO 11 7.7 0.39 8.3 0.23 0.0 0.03 0.04
Ca 1.2 4.5 34 20 18 48 48 80
Mg 0.52 2.6 2.3 11 8.8 4.6 7.9 12
Na 4.7 12 10 11 12 11 27 168
K 0.72 0.89 0.74 1.7 1.6 1.2 3.2 4.9
Cl 8.2 20 15 25 23 17 25 187
SO4 2.4 13 16 32 57 6.8 7.5 17
HCO3 – 5.5 97 6.0 6.0 215 188 226
NO3–N 0.7 0.39 0.023 14 0.023 0.02 0.05 0.10
NH4–N 1.2 0.0077 0.019 0.0093 0.019 0.17 0,22 0.42
P-total – 0.011 0.23 0.012 0.024 – 0.18 0.94

a Precipitation weighted average of monthly analyses for the period 1970–1974 (Goffeng, 1973, 1977); b,c Medians 
for non-fertilised and fertilised fields from Postma et al. (1991) and the National Groundwater Monitoring Database. 
dMiocene sand groundwater > 120 m (of wells investigated in research projects), n is number of screens.
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of the Ribe Formation are generally quite 
pure quartz sands and gravel with a very 
high content of silica (an average in 16 sam-
ples of 97%) and a relatively low content or 
absence of carbonate and organic carbon as 
indicated by the LOI (loss on ignition) value 
(Table 14.2). Unfortunately, the LOI is only 
measured at 1000°C, and the measurement 
therefore includes the loss of CO2 from car-
bonates, organic carbon and water. It is not 
possible to estimate the relative importance 
of these without new measurements.

14.3.3 Hydrochemistry of groundwater 
recharging the Ribe Formation

The hydrochemistry of the Ribe Formation 
aquifer refl ects the inert character of the 
Miocene quartz sands, and by far the major 
part of the dissolved ions are inherited 
from the overlying Miocene and Quaternary 
sediments. The hydrochemistry of the Ribe 
Formation groundwaters therefore also 
approximates to the baseline hydrochemis-
try of the overlying anaerobic parts of the 
Miocene and Pleistocene sand aquifers in 
the area (compare Table 14.1 and 14.3a). 
Hence, the 50 and 97.7 percentiles of the 
Ribe Formation and Miocene sand ground-
waters also describe the natural baseline 
quality range for many major components in 
the overlying Pleistocene sand aquifers in 
the area. The major differences between 
shallow uncontaminated Pleistocene sands 
and the deeper Miocene sands are ascribed to 
carbonate dissolution and pyrite and organic 
carbon oxidation by oxygen and small 
amounts (<5 mg L–1) of nitrate. Calcium, 
magnesium and pH, therefore, increase, 
while concentrations of redox sensitive 
elements such as iron and manganese vary 
according to the redox environment, when 

groundwater fl ows from the shallow aerobic 
Pleistocene sands to the deeper lying anaero-
bic Miocene sands. This is seen in Fig. 14.5(b) 
where Fe and Mn concentrations are very 
low in the oxic waters in the recharge area 
and increase rapidly when the groundwater 
is reduced downgradient.

14.4 Hydrochemistry and quality 
of groundwater in the Ribe 

Formation

14.4.1 Historical data on water quality

The Ribe Formation has only been exploited 
for a few decades and historical data and pos-
sibilities of observing geochemical trends 
are very limited. Well number 149.488, 
which is a water supply well, has the most 
extensive dataset of the investigated wells 
with complete analyses of major ions, 
selected minor and trace elements, and a 
wide range of pesticides, but only from 1990, 
1995, 1999 and 2003. No trends are observed 
in the major components or parameters such 
as Cl, SO4, HCO3, electrical conductivity 
and neither are any human impacts found. 
Since the groundwater in the Ribe Formation 
is of pre-industrial age the geochemical 
environment has a relatively homogeneous 
regional extent, no strong spatial or tempo-
ral trends are to be expected. An exception to 
this is where chloride, DOC and other ele-
ments and compounds from marine aqui-
tards close to the aquifer, or from lignite 
layers in the aquifer itself, affect the ground-
water chemistry.

However, since well number 149.488 is 
located at the edge of the buried valley in 
western Jutland (compare Figs. 14.2 and 14.4) 
careful monitoring is important, since such 
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Table 14.2 Geochemistry of Ribe Formation sands at different levels in three different wells. The two 
last columns show the maximum and median values of all samples analysed (up to 16).

Well depth 
(m)  

149.433
145–152

149.433
161–164

150.745
191–194

150.745
203–204

150.899
152–155

150.899
171–174

Max.
n = 16a

Median
n = 16a

Al2O3 % 1.34 0.82 1.35 1.04 1.18 0.53 1.4 0.94
CaO % 0.12 <0.1 0.11 0.093 0.35 <0.1 0.35 0.11
Fe2O3 % 0.40 0.28 1.61 1.55 0.77 0.95 1.6 0.31
K2O % 0.79 0.49 0.76 0.57 0.65 0.28 0.79 0.54
LOI % 0.4 0.5 1.3 0.1 0.4 0 1.3 0.30
MgO % 0.051 0.029 0.047 0.039 0.042 <0.03 0.053 0.039
MnO2 % 0.011 0.0064 0.019 0.020 0.012 0.009 0.020 0.008
Na2O % 0.14 0.083 0.14 0.096 0.01 <0.05 0.14 0.092
P2O5 % 0.025 0.032 0.015 0.011 0.006 0.013 0.036 0.023
SiO2 % 95 96 96 98 98 100 99.5 97
Sum % 98 98 100 101 101 101 101 99
TiO2 % 0.17 0.047 0.16 0.16 0.12 0.026 0.18 0.12
As ppm – – 1 1.3 0.65 1.5 1.5 1.1
Ba ppm 128 72 141 108 121 56 141 88
Be ppm <0.6 <0.6 <0.6 <0.6 <0.6 <0.6 n.d. n.d.
Cd ppm – – 0.075 0.082 0.041 0.080 0.082 0.077
Co ppm <6 <6 <6 <6 <6 <6 n.d. n.d.
Cr ppm 38 36 65 38 53 67 76 48
Cu ppm 28 14 47 29 18 26 47 16
Ga ppm – – <10 <10 <10 <10 n.d. n.d.
Hf ppm – – 1.77 1.12 0.74 0.74 1.77 0.93
La ppm <6 <6 – – – – 9.4 8.2
Mo ppm <6 <6 0.715 <0.6 <0.6 0.61 0.72 0.66
Nb ppm <6 <6 1.55 1.48 1.01 0.48 1.6 1.2
Ni ppm 13.9 13.2 29 24 25 35 35 22
Rb ppm – – 7.41 10 4.46 <2 10 7.4
Sc ppm <1.2 <1.2 <1.2 <1.2 <1.2 <1.2 1.5 1.4
Sn ppm – – 1.6 11 0.75 1.6 11 1.6
Sr ppm 19 49 20 18 22 32 56 22
Ta ppm – – <0.05 <0.05 <0.05 <0.05 n.d. n.d.
Th ppm – – 0.75 0.48 0.65 0.5 0.75 0.56
U ppm – – 0.090 <0.028 <0.028 0.272 0.27 0.18
V ppm 5.2 2.84 5.37 5.71 3.88 3.41 6.9 4.0
W ppm – – 0.62 1.64 0.85 2.53 2.5 1.2
Y ppm 4.08 <3 3.61 3.34 3.11 <3 4.1 3.3
Zn ppm <12 <12 31.4 <12 <12 <12 31 31
Zr ppm 78 39 108 89 76 39 147 70

a Elements with no results in columns 3 and 4 have only the 4 results, which are shown in columns 5–8. Elements with 
no values in columns 5–8 have only 12 results. LOI = loss on ignition.
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Fig. 14.5 (a) Hydrochemical evolution of selected ions, isotopes and saturation indices in the Ribe 
Formation and its recharge and discharge zones in southeastern and western Jutland, respectively. Flow 
is from right to left (east to west). SI-FeCO3 and SI-CaCO3 are saturation indices of siderite and calcite, 
respectively, computed by PhreeqC (Appelo and Postma, 2005). 
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valleys in some cases create shortcuts for 
pollution from the surface (Kirsch and 
Hinsby 2006; Seifert et al. 2007). If abstrac-
tion from the Ribe Formation is strongly 

increased in this region the risk of pollution 
from the surface will increase considerably.

Besides the required monitoring by the 
water works, the Danish National 

Fig. 14.5 (b) hydrochemical evolution of trace elements in the Ribe Formation and its recharge and 
discarge zones in southeastern and western Jutland, respectively. Flow is from right to left (east to west).
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Groundwater Monitoring Network has been 
operating and collecting data from a total of 
more than 1000 groundwater monitoring 
wells since 1989 (e.g. Czakó 1994; Henriksen 
and Stockmarr 2000). The data are evaluated 
and presented every year at a national level 
by the Geological Survey of Denmark and 
Greenland (e.g. GEUS 2003) and in more 
local detail at the regional level (e.g. SA 
2002). Data from the monitoring database 
for Miocene sand aquifers have been evalu-
ated and compared to the results obtained 
from research projects in a later section of 
this chapter.

14.4.2 Downgradient hydrochemical 
evolution in the Ribe Formation

The downgradient evolution of the ground-
water chemistry can be evaluated by com-
paring Figs. 14.4, 14.5(a) and (b) and Tables 
14.3(a), (b) and 14.4. The geochemical envi-
ronment in the Miocene sands is quite inert 
and reactions signifi cantly infl uencing the 
distribution of the major elements are very 
limited, except where the chloride and total 
organic carbon from adjacent aquitards or 
coastal aquifers are mixed with the advanc-
ing freshwater. Hence the content of sub-
stances and elements is primarily inherited 
from the Quaternary and Miocene layers 
above the Ribe Formation in the recharge 
area (easternmost 10 km in Fig. 14.5[a] and 
[b]). The main reason for this is that equilib-
rium with the carbonates, calcite (CaCO3) 
and siderite (FeCO3), is established in the 
recharge area by dissolution of calcite and 
weathering of iron minerals, and subse-
quently possible precipitation of siderite as 
demonstrated by the saturation index (SI) of 
these two minerals (shown in HCO3 diagram 
in Fig. 14.5[a]) calculated by PHREEQC 
(Parkhurst and Appelo 1999). Siderite probably 

controls the Fe(II) concentrations in most 
wells in the Ribe Formation since the geo-
chemical calculations by PHREEQC show a 
strong undersaturation of all iron sulphides.

Downgradient towards the coastline a small 
increase is observed in, for example, dissolved 
sodium, chloride, ammonia and boron as rem-
nants of former more saline conditions and/or 
diffusive loss from surrounding marine clays. 
Small but signifi cant effects on the hydro-
chemical evolution due to exchange with Ca 
on exchange sites in the Ribe Formation itself 
are indicated for NH4 and Na. However, they 
do not generally change the water type (except 
for wells 148.52 and 158.698). Hence, for the 
majority of the major elements the composi-
tion of the Ribe Formation groundwaters is 
inherited from rainwater percolating through 
the Quaternary sands above undergoing car-
bonate dissolution and oxygen and nitrate 
reduction. No indicators of human impact 
(Hinsby et al. 2001b) have been found in the 
Ribe Formation groundwater.

The attenuation potential of the Ribe 
Formation may be limited due to the possible 
inert character of the quartz sands. If for 
instance, nitrate were to reach the deeper 
Miocene layers the attenuation of this con-
taminant may be limited due to a low reduc-
tion capacity of the sediment. However, the 
content of iron sulphides and organic carbon 
in the sediment is not known, and should be 
measured in order to be able to estimate the 
reduction and attenuation capacity of the 
Ribe Formation sands. The marine transgres-
sion during the Burdigalian-Langhian age 
in early-middle Miocene (Fig. 14.3) may 
have resulted in diffusion of reduced iron 
and sulphide from the marine Arnum clays 
to the Ribe Formation resulting in precipita-
tion of pyrite also in the Ribe Formation. 
During this period the Ribe Formation sand 
aquifer must have been salinised, when the 
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sea transgressed and covered the area 
with marine sediments. However, the Ribe 
Formation was generally completely fresh-
ened again during the Pleistocene possibly 
partly through fl ushing with glacial meltwa-
ters at high hydrostatic pressure at lower sea 
levels (up to 130 m at the glacial maximum) 
and later during the Holocene (Hinsby et al. 
2001a).

14.4.3 Vertical hydrochemical profi les

The groundwater age generally increases 
with depth, while the risk of pollution and 
the contents of environmental tracers origi-
nating from the atmosphere decrease. Table 
14.5 shows the contents of selected ions at 
different depths in the recharge and discharge 
zone of the Ribe Formation. No signifi cant 

Table 14.3(a) Selected major and minor elements and parameters measured on groundwater samples 
collected in the Ribe Formation.

 Units 148.52 149.479 149.488 150.745 150.642 150.813 160.1512 50%b 97.7%b

na 1 5 4 3 1 2 1 17 17

Elevation m 0.7 25 28 38 42 75 37 – –

Screen mbs 296–304 192–232 200–224 180–202 168–186 180–209 154–162 >120 >120

WT mbs ~ –3 15 13 19 19 45 3.2 – –

T °C 14.2 10.9 11.2 10.4 10.4 9.2 10.2 – –

pH 7.8 7.92 7.70 7.50 7.47 7.34 7.64 7.00 7.81

DO mg L–1 0.0 0.02 0.45 0.01 – 0.14 0.0 0.8 1.6

H2S mg L–1 – 0.01 0.03 0.03 0.006 <0.002 <0.002 0.02 0.23

CH4 mg L–1 7.1 0.02 0.012 0.013 – 0.009 <0.001 0.05 0.1

EC μS cm–1 11800 731 475 420 – 450 – 240 450

Ca mg L–1 28 42 33 43 65 55 85 (43) 29 69

Mg mg L–1 38 8.2 6.15 13 11 6.1 5.1 2.9 14

Na mg L–1 2958 75 55 27 18 11 56 10 26

K mg L–1 25 4.3 3.6 4.3 3.7 1.42 2.8 1.3 3.5

Cl mg L–1 4275 84 55 24 22 17 59 14 26

SO4 mg L–1 19 3.2 7.1 4.5 6.1 6.1 5.1 6 20

HCO3 mg L–1 – 221 184 220 218 – 350 (200) 120 240

NO3–N mg L–1 0.0 <1 <0.1 <0.1 – 0.02 <0.1 0.13 0.23

NH4–N mg L–1 5.06 0.40 0.40 0.32 0.13 0.17 0.17 0.086 0.21

P mg L–1 1.5 0.19 0.20 0.13 – 0.15 <0.05 0.12 0.18

TOC mg L–1 59 – 1.80 1.80 – – – – –

DOC mg L–1 59 – 0.85 3.89 – 1.6 2.8 0.77 1.40

F mg L–1 <0.01 0.04 0.14 0.13 – – 0.1 0.12 0.13

Si mg L–1 4.7 7.77 7.95 8.23 7.8 10.9 – 8.9 11

Fe mg L–1 4.0 0.47 0.41 0.46 0.61 0.97 0.45 2.1 4.2

Mn mg L–1 0.055 0.08 0.06 0.08 0.09 0.15 0.13 0.15 0.5

a n is number of samples. Where n >1 the median is shown; bstatistical data from all wells investigated in research 
projects.
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Table 14.3(b)  Trace elements measured on groundwater samples collected in the Ribe Formation 
(columns 1, 3–7) and in recharge (columns 7) and discharge areas (column 2).

1 2 3 4 5 6 7 8 9

 Unit 148.52a 149.479 158.698a 149.488 150.745 150.772 150.813 50%b 97.7%b

Elevation m 0.7 25 8 28 38 35 75 17 17

W.Table mbs ~ –3 15 ~ –1? 13 19 14 45 – –

Screen mbs 292–304 192–232 192–224 200–224 180–202 174–195 180–209 >120 >120

T °C 12.3 11.2 11.5a 11.0 10.4 11.6 9.2 – –

pH 7.79 7.79 8.91 7.95 7.75 7.50 7.36 7.47 8.60

Eh mV –150 –140 – –141 –122 –124 –111 –117 0.7

Ag μg L–1 – – – – – – – 0.05 0.095

Al μg L–1 133 – 240 3 9 2 3 5.4 213

As μg L–1 14 1.6 1 <1 <1 <1 <1 1.0 1.5

B μg L–1 5971 – 1006 210 185 102 27 185 933

Ba μg L–1 344 44 10 29 39 28 17 29 44

Be μg L–1 – – – – – – – 0.05 0.39

Cd μg L–1 <0.05 0.013 0.32 0.11 0.11 <0.05 <0.05 0.08 0.30

Cu μg L–1 31 3.1 7.8 1.1 1.1 0.6 0.8 1.1 7.3

Hg μg L–1 <0.1 0.0049 0.3 0.9 3 1 1.2 0.75 2.8

Li μg L–1 342 9.7 19 16 9 11 8 10 19

Mo μg L–1 0.6 0.33 1 0.3 0.3 0.3 0.2 0.30 0.92

Ni μg L–1 1.8 0.26 2 0.9 1 0.7 0.8 0.80 1.9

Pb μg L–1 <2 0.39 <2 <2 <2 <2 1.1 <2 <2

Rb μg L–1 8.8 1.5 1.3 1.3 1.4 0.93 0.7 1.3 1.4

Sc μg L–1 4.2 – 2.7 3.7 4.0 4.1 4.1 4.0 4.1

Se μg L–1 26 – 1.6 0.5 <0.5 <0.5 <0.5 0.5 1.5

Sn μg L–1 0.49 – 0.48 0.11 0.13 0.11 0.08 0.11 0.45

Sr μg L–1 1872 435 240 397 796 449 235 416 755

Th μg L–1 0.11 0.016 0.59 <0.05 <0.05 <0.05 <0.05 0.05 0.53

Ti μg L–1 314 – 488 <10 <10 <10 <10 10 444

U μg L–1 0.27 0.0088 0.9 <0.05 <0.05 <0.05 <0.05 0.05 0.80

V μg L–1 169 – 108 1 1 <1 <1 1 98

Zn μg L–1 3.4 50 16 1.5 3 31 0.8 9.4 47

Zr μg L–1 58 – 90 0.6 <0.5 <0.5 <0.5 0.5 82

a Artesian (‘flowing’) well; b statistical data from all wells investigated in research projects.
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pollution is observed in the wells below a 
depth of 47 m in the analysed wells. This is 
confi rmed by the very low tritium activities 
(0.02 and 0.04 TU) in these wells (not shown). 
In contrast, sulphate concentrations in the 
two screens above this depth show a clear 
agricultural impact. The source of the sul-
phate is not known. It could be applied with 
the fertilisers or produced by the oxidation 
of pyrite in the sediments by oxygen and 
nitrate. However, the latter would result in 
increased carbonate dissolution, which is 
not indicated by the relatively low alkalinity 
compared to the Ribe Formation. The three 
wells at approximately the same depth 47–56 
m below surface show comparable unpol-
luted geochemical composition. The well 
160.1512 is screened in Miocene sands, while 
well 160.1526 and 160.1561 both are screened 
in Pleistocene sands. This supports the con-
clusion that the natural baseline quality of 
Pleistocene and Miocene sands in the area is 
quite similar as argued in an earlier section. 
Downgradient in the discharge zone the 
three samples collected in the top, centre 
and bottom of the 40 m long screen of well 
149.479 in the Ribe Formation show no sig-
nifi cant differences either in major ions (as 
shown) or in 14C contents (not shown).

14.4.4 Groundwater ages, spatial and 
temporal hydrochemical trends

The groundwater chemistry and ages in the 
Ribe Formation were investigated and dis-
cussed by Hinsby et al. (2006). Based on 14C 
dating results corrected for both geochemi-
cal reactions and diffusion, and groundwater 
fl ow modelling, it was concluded that the 
groundwaters in the Ribe Formation gener-
ally are a few thousand years old. Locally, 
groundwater of Pleistocene age (>10,000 years) 

may occur in the discharge areas around the 
west coast of Jutland and in hydraulically 
isolated areas (Table 14.4).

As mentioned earlier, the geochemical 
results from analyses of groundwater sam-
ples from the Ribe Formation show no evi-
dence of human infl uence as indicated by 
the very low nitrate and sulphate concentra-
tions (Table 14.3(a), Figs. 14.5[a] and [b]). 
This is in accordance with the low activities 
of the environmental tracers tritium and 14C 
(Table 14.4, Fig. 14.5[a]). Groundwater becomes 
progressively older towards the discharge 
area along the west coast of Jutland with 
14C values gradually decreasing from about 
47 pmc (per cent modern carbon) in the 
recharge zone to around 1 pmc in several 
wells in the coastal area. The δ13C values are 
quite constant around 12.5‰ except for a 
few wells with high organic contents (Figs. 
14.5[a] and [b]), indicating that the ground-
water chemistry has developed an equilib-
rium with calcite under closed conditions 
(e.g. Appelo 1994; Appelo and Postma 2005).

The very low 14C contents of the wells 
148.52 and 149.377 indicate that these 
groundwaters may be of Pleistocene age. This 
is corroborated by the relatively low 18O con-
tent in well 148.52 and by noble gas mea-
surements in well 149.377, which indicate a 
recharge temperature 5–6°C lower than the 
present annual average temperature (Hinsby 
et al. 2001a). However, the high DOC and/or 
sodium concentrations in well 148.52 infl u-
ences the inorganic carbon pool either 
directly through production of CO2 from 
fermentation processes and/or indirectly 
through the triggering of carbonate dissolu-
tion/precipitation processes (Appelo 1994). 
Evaluation of the groundwater chemistry at 
well 148.52 shows that these processes sig-
nifi cantly affect the dissolved carbon pool in 
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the groundwater at the well. This is demon-
strated by the high DIC and CH4 concentra-
tions, and the relatively enriched (‘heavy’) 
δ13C values. These processes will lower the 
measured percentage of modern carbon (14C) 
and increase the uncertainty on the ground-
water age estimate, although the effect is 
partly taken into account by the δ13C correc-
tion (Hinsby et al. 2001a).

Severe saltwater problems are relatively 
uncommon in the Ribe Formation within 
the study area although they do exist, and 
chloride concentrations increase slightly 
towards the coast. Locally, elevated chloride 
concentrations and even brackish waters 
associated with high dissolved organic 
matter content are encountered in western 
Jutland, and these occasionally result in 
problems for water supplies (Villumsen 
1985). The sources of the chloride and DOC 
seem primarily to be from Tertiary marine 
and lagoonal sediments adjacent to the Ribe 
Formation (Jørgensen and Holm 1995; 
Rasmussen 2004a, b). Organic matter from 
the aquifer itself, although possibly present 
in signifi cant quantities (up to ~0.3 wt%), 
does probably not contribute signifi cantly to 
the occasionally observed high DOC values 
in the investigated area due to a low reactiv-
ity of the organic carbon. At other sites north 
of the investigated area the dissolved organic 
matter in the Ribe Formation groundwaters 
was found to be of terrestrial origin from 
adjacent lacustrine sediments (Grøn et al. 
1996). Groundwater with elevated chloride 
and DOC contents also have elevated con-
centrations of many major and minor com-
ponents (e.g. Na, NH4, Fe), trace metals (e.g. 
Al, Ga, V) and rare earth elements (e.g. La, 
Yb, Th, U) originating from the marine 
sediments and for many of the minor and 
trace elements with a strong affinity to 
form metallo-organic complexes with humic 

substances in both freshwater (Dupre et al. 
1999) and saline waters (Moran et al. 2003; 
Weinstein and Moran 2005). This can be 
seen, for example, for U and Th in Fig. 14.5(b), 
and is also refl ected in the concentrations of 
many of the trace metals and elements when 
comparing the medians and 90 percentiles in 
Table 14.5(b).

The main conclusions are that the Ribe 
Formation generally contains a Ca-bicarbonate 
type groundwater saturated or slightly 
undersaturated with calcite and siderite 
(Fig. 14.5[a]), and that the aquifer was fl ushed 
during the Quaternary and at present is more 
or less completely freshened. There is, how-
ever, a decrease in Ca and an increase in Na 
towards the west coast of Jutland, indicating 
that Ca is still replacing a small amount of 
Na on exchange sites in the aquifer sedi-
ments. Such processes are well known from 
freshening aquifers and may occur over long 
timescales of thousands of years (e.g. Appelo 
1994) as in the Ribe Formation, and over 
short timescales of a few years at present 
day coastlines (e.g. Andersen et al. 2005).

The redox environment is mainly anaero-
bic because oxygen is reduced to low con-
centrations in the recharge zone in the layers 
above the Ribe Formation. The ‘inert’ (mature) 
character of the Ribe Formation sands, that 
on average contain 97% SiO2 primarily as 
quartz, and less than 0.3 wt% recalcitrant 
organic carbon, generally prevent the devel-
opment of methanogenic environments. 
Slow sulphate reduction, however, is indi-
cated by the relatively low sulphate concen-
trations and redox potentials in the Ribe 
Formation as well as the decrease in Fe typi-
cally seen when sulphide is produced, as has 
been suggested in an earlier study based on, 
for example, H2 measurements (Jakobsen 1995). 
On the other hand, no clear trend is observed 
and the low concentrations could, at least 
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partly, be a result of much lower sulphur 
deposition in pre-industrial times (Graedel 
and Crutzen 1993). Assuming that sulphate 
contents in precipitation during the time of 
precipitation of Ribe Formation groundwater 
is similar to the present day contents in 
uncontaminated precipitation (Galloway and 
Gaudry 1984), and that dry deposition of sul-
phate is comparable to the wet deposition as 
has been found for recent conditions in 
Denmark (Jørgensen 1979), the recharge to 
shallow groundwater should contain about 6 
mg L–1 sulphate. This amount compares quite 
well with the amount measured in the Ribe 
Formation groundwater. Note, however, that 
reduction of oxygen by pyrite may produce 
more than twice this amount in the aquifers 
above the Ribe Formation. However, sulphate 
reduction probably occurs before recharge to 
the Ribe Formation. Once the groundwaters 
have recharged the Ribe Formation the sul-
phate reduction rate is generally too slow to 
affect the dissolved inorganic carbon pool in 
the groundwater signifi cantly. Only in the 
case of fresh- and saltwater (with very high 
DOC values) mixing as in well 148.52 does 
carbonate dissolution/precipitation, oxida-
tion of organic carbon by sulphate and metha-
nogenesis seem to affect the inorganic carbon 
pool in the Ribe Formation. In this well data 
indicate that there is plenty of reactive organic 
carbon in the surrounding aquitards affecting 
the geochemical processes and the groundwa-
ter composition in the aquifer, which is only 
6–12 m thick at this location.

14.5 The natural baseline quality 
of Miocene sand groundwaters

Data has been abstracted from monitoring 
wells located in Miocene Quartz sands from 

the national groundwater monitoring data-
base, based on different selection criteria, in 
order to evaluate and compare the data col-
lected in the Ribe Formation in research 
projects to the general hydrochemistry of 
the Miocene sands. Fig. 14.6 show a cumula-
tive frequency plot of data from water sam-
ples from the Miocene sands with nitrate 
concentrations below 10 mg L–1 NO3 as a 
fi rst approximation of natural unpolluted 
groundwater. However, the high sulphate 
concentrations of more than 40 mg L–1 and 
up to more than 100 mg L–1 clearly show a 
signifi cant human impact in more than 30% 
of the samples in this subgroup. Current 
‘natural’ baseline values for sulphate (with-
out agricultural but with atmospheric pollu-
tion) should not exceed about 40 mg L–1, 
which corresponds approximately to equal 
amounts from precipitation (including dry 
deposition) and maximum additional sul-
phate from oxidation of pyrite by oxygen in 
the sediment. The high sulphate concentra-
tions above 40 mg L–1 must result from 
nitrate reduction by pyrite or by lowering of 
the water table (Postma et al. 1991; Thorling 
1994; Larsen and Postma 1997). Even higher 
sulphate concentrations (>200 mg L–1) can be 
obtained where the increased sulphate is a 
result of lowering of the water table below 
pyrite-containing layers. In this case, oxygen 
may be renewed by gas diffusion and/or 
barometric ventilation and be a continuous 
oxidant (Larsen and Postma 1997). In Table 
14.6 we compare statistical data for the wells 
investigated in the research projects to a 
subset of data from the Miocene sands, 
which has both nitrate below 10 mg L–1 and 
sulphate below 40 mg L–1 as an approxima-
tion to true natural baseline quality ground-
water. The composition of the groundwaters 
described by the statistical parameters for 
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Fig. 14.6 Cumulative frequency plots of selected substances and elements. Data represent a subgroup 
of analyses from the groundwater monitoring database at the Geological Survey of Denmark and 
Greenland for Miocene sand aquifers with [NO3

–] < 10 mg L–1.
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Table 14.6(a) Selected statistics on major ions, etc. in groundwater of the Miocene sand aquifers in 
Denmark. 

Wells investigated in research projects Groundwater monitoring wells

 Unit EU/DK WHOa n 50% 90% 97.7% n 50% 90% 97.7%

pH 7–8.5b 17 7.47 7.94 8.60 66 7.28 7.60 7.71
Eh mV 9 –117 –17 0.66

DO mg L–1 9 0.02 0.03 0.038 60 0.29 0.76 0.98

SEC μS cm–1 250c,d 9 383 501 678 65 280 550 610

δ18O ‰ 7 –7.58 –7.47 –7.45
14C pmc 8 33 41 45

Ca mg L–1 17 48 74 80 68 53 95 122

Mg mg L–1 50b 17 7.9 10 12 68 4.8 9.2 14

Na mg L–1 175b 17 27 75 168 68 14 22 40

K mg L–1 10b 17 3.2 4.6 4.9 80 1.6 2.6 4.5

Fe mg L–1 0.1b 17 0.84 1.5 1.8 81 3.1 7.2 15

Mn mg L–1 0.02b 17 0.09 0.16 0.22 81 0.26 0.52 0.87

Cl mg L–1 250 17 25 79 187 82 22 33 43

SO4 mg L–1 250b,c 17 7.5 11 17 82 21 36 39

HCO3 mg L–1 17 188 219 226 69 171 320 363

NO3–N mg L–1 ~11a 8.0 0.05 0.09 0.10 82 0.18 0.23 0.88

NH4–N mg L–1 ~0.039d 17 0.22 0.38 0.42 81 0.14 0.28 0.41

P mg L–1 0.15b 7 0.18 0.56 0.94 69 0.11 0.2 0.24

Si mg L–1 17 8.7 9.7 11 67 8.9 11 12

DOC mg L–1 4b 8 2.9 30 74 68 1.3 2 4.3

H2S mg L–1 0.05b 17 0.02 0.03 0.04 57 0.082 0.2 0.2

CH4 mg L–1 0.01b 7 0.01 0.07 0.11 78 0.035 0.05 0.16

F mg L–1 1.5 5 0.050 0.402 0.44 68 0.14 0.24 0.27

Br mg L–1 5 0.13 0.41 0.52 64 0.06 0.1 0.185

I mg L–1 5 0.003 0.009 0.011 29 0.0028 0.0084 0.011

Ag μg L–1 10b 5 0.050 0.080 0.095 39 0.05 0.1 0.1

Al μg L–1 100b 6 5.43 125 213 65 1.5 5.7 110

As μg L–1 5b 6 1.0 1.3 1.5 65 0.67 3.6 10

B μg L–1 500d 5 185 688 933 52 24 110 190

Ba μg L–1 700d 6 29 42 44 65 50 160 205

Be μg L–1 5 0.05 0.27 0.39

Cd μg L–1 2b 6 0.08 0.22 0.30 65 0.005 0.01 0.015

Ce μg L–1 5 0.01 3.1 4.7

Co μg L–1 6 0.02 0.07 0.11

Cr μg L–1 20b 6 0.5 13 23 65 0.0575 0.65 3.2
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Table 14.6(a) Continued

Wells investigated in research projects Groundwater monitoring wells

 Unit EU/DK WHOa n 50% 90% 97.7% n 50% 90% 97.7%

Cs μg L–1 5 0.01 0.01 0.01

Cu μg L–1 100b 6 1.1 5.5 7.3 65 0.16 0.4 1.4

Dy μg L–1 5 0.01 0.21 0.32

Er μg L–1 5 0.01 0.15 0.22

Eu μg L–1  5 0.01 0.07 0.10     

a Guideline values – the lowest is listed. b, c and d indicate that the EU, DK or WHO guideline value, respectively, is indi-
cated. The DK value is for water supplied to consumer’s house.

Note: Comparison of data from research projects and the groundwater monitoring database at the Geological Survey of 
Denmark and Greenland.

Table 14.6(b) Selected statistics on trace elements in groundwater of the Miocene sand aquifers in 
Denmark. 

Wells investigated in research projects Groundwater monitoring wells

 Unit
EU/DK
WHOa n 50% 90% 97.7% n 50% 90% 97.7%

Ga μg L–1 5 <0.05 0.66 0.97

Gd μg L–1 5 <0.01 0.23 0.35

Ge μg L–1 5 <0.05 0.16 0.21

Hf μg L–1 5 <0.02 1.2 1.8

Hg μg L–1 1b 6 0.75 2.0 2.8 64 0.001 0.003 0.005

Ho μg L–1 5 <0.01 0.05 0.07

In μg L–1 5 <0.01 <0.01 <0.01

Ir μg L–1 5 <0.05 <0.05 <0.05

La μg L–1 5 0.01 1.3 2.0

Li μg L–1 6 10 18 19 64 5.1 9.8 11

Lu μg L–1 5 0.01 0.03 0.037

Mo μg L–1 70d 6 0.3 0.66 0.92 64 0.2 1.2 2

Nb μg L–1 5 0.01 0.04 0.055

Nd μg L–1 5 0.01 1.7 2.5

Ni μg L–1 20b 6 0.8 1.5 1.9 66 0.2 1.1 1.7

Os μg L–1 5 <0.05 <0.05 <0.05

Pb μg L–1 5b 6 <2 <2 <2 65 0.05 0.1 0.23

(Continued)
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Table 14.6(b) Continued

Wells investigated in research projects Groundwater monitoring wells

 Unit
EU/DK
WHOa n 50% 90% 97.7% n 50% 90% 97.7%

Pd μg L–1 5 0.2 0.68 0.93

Pr μg L–1  5 <0.01 0.39 0.58     

Pt μg L–1 5 <0.01 <0.01 <0.01

Rb μg L–1 6 1.3 1.4 1.4

Re μg L–1 5 <0.01 <0.01 <0.01

Ru μg L–1 5 <0.05 <0.05 <0.05

Sb μg L–1 2b 5 <0.05 <0.05 <0.05 53 0.02 0.13 0.13

Sc μg L–1 5 4.01 4.06 4.06

Se μg L–1 10b 5 0.5 1.2 1.5 65 0.1 0.15 0.34

Sm μg L–1 5 0.05 0.33 0.48

Sn μg L–1 10b 5 0.11 0.34 0.45 39 0.05 0.1 0.11

Sr μg L–1 6 416 622 756 64 253 610 1100

Tb μg L–1 5 0.01 0.052 0.074

Te μg L–1 5 <0.05 <0.05 <0.05

Th μg L–1 6 <0.05 0.32 0.53

Ti μg L–1 5 10 297 444

Tl μg L–1 5 <0.01 <0.01 <0.01 43 0.0485 0.23 0.23

Tm μg L–1 5 0.01 0.022 0.028

U μg L–1 2d 6 <0.05 0.48 0.80

V μg L–1 5 <1 65 98 64 0.44 0.58 2.80

Yb μg L–1 5 <0.01 0.14 0.21

Zn μg L–1 100b 6 9.4 40 48 65 2.2 9.3 73

Zr μg L–1  5 <0.5 54 82     

a Guideline values – the lowest is listed; b, c and d indicate that the EU, DK, or WHO guideline value, respectively, is indi-
cated. The DK value is for water supplied to consumer’s house.

Note: Comparison of data from research projects and the groundwater monitoring database at the Geological Survey of 
Denmark and Greenland.

the different ions and so forth for the two 
data groups compare fairly well except for 
a few elements in the research wells with 
elevated concentrations. The differences 
are primarily ascribed to the wells with 
high contents of dissolved organic matter 
originating from marine aquitards, which 
have been investigated in the research proj-

ect, but which are not part of the monitoring 
dataset. Hence, we conclude that both 
datasets describe the natural baseline qual-
ity of the Danish Miocene sand aquifers 
quite well, and that these may be used as 
the natural baseline concentrations (natural 
background levels) for similar aquifers in 
other parts of Denmark where detailed 
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information on groundwater chemistry is 
missing.

14.6 Conclusion

The Miocene sands in Denmark found at 
depths greater than 60–100 m (e.g. The Ribe 
Formation) generally contain high-quality 
natural baseline groundwater. The main com-
position of this valuable freshwater resource 
is determined by natural reactions between 
rainwater and aquifer sediments. There is 
low total mineralisation controlled by calcite 
dissolution partly in the overlying Quaternary 
aquifers and aquitards. The conditions are 
anaerobic and sulphate reduction may occur, 
but it is generally slow and insignifi cant.

Elevated concentrations of trace metals 
and rare earth elements (e.g. As, Al, B, Cr, 
Se, U, Th, La and Yb) are found in a few 
saline high DOC groundwaters. Such water 
types are used for irrigation in the area, 
which may result in enhanced uptake of 
trace elements in the crops.

Carbon, oxygen and hydrogen isotope sig-
natures as well as noble gas data indicate 
that groundwater in the Ribe Formation 
aquifer and in discharge areas around the 
coast, in some cases dates back to the last 
glaciation (older than 10,000 years). The 
Ribe Formation must have been salinised at 
least partly during the Middle to Late 
Miocene, when the North Sea covered most 
of the investigated area, about 10–20 million 
years ago. However, it was freshened again 
during the Pliocene and Pleistocene epochs 
over the past approximately 5 million years.

It is concluded that the deeper parts of the 
Miocene sand aquifers (especially The Ribe 
Formation) contain a valuable resource of 
pristine groundwater without any human 

impact. In some areas, where buried 
Quaternary valleys are incised into or close 
to the Miocene sands, the pristine baseline 
groundwaters may be threatened by contam-
ination if exploitation is not properly devel-
oped, for example, the hydraulic gradients 
are reversed by over-abstraction. Proper 
monitoring and management is therefore 
important in order to avoid the advance of 
young polluted groundwater into the sys-
tem. Data indicate that the potential for 
natural attenuation may be limited in the 
Ribe Formation. However, data on the con-
tents and reactivity of electron donors such 
as organic carbon and iron sulphides are not 
available for the Ribe Formation and need to 
be measured before concluding on this issue.

The groundwater chemistry of the Ribe 
Formation describes the baseline of the 
Miocene sand aquifers and can to a large 
extent also be used as the baseline for the 
anaerobic and carbonate containing parts of 
the overlying Quaternary sands or those 
occurring in deeper parts of Pleistocene bur-
ied valleys. The Ribe Formation hydrochem-
istry for some major ions is furthermore 
quite similar to the hydrochemistry of shal-
low Quaternary aquifers and streams in nat-
ural heath areas in Jutland.
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A hydrochemical study of a typical sandy 
aquifer in relation to fl ow and transport mod-
elling supported by environmental tracer 
data is presented. The study was directed 
towards determining the natural background 
levels (baseline) for the implementation of 
the EU Groundwater Directive (GWD). 
Typical hydrochemical zones within the 
aquifer are shown to be related to timescales 
(ages of water) determined with the aid of 
numerical transport modelling and the inter-
pretation of tritium by lumped-parameter 
models (box models). Both approaches 
yielded very wide distributions of groundwa-
ter ages in abstraction wells, which means 
that mixing of waters characterised by greatly 
different fl ow paths and possibly different 
hydrochemistry takes place. Such mixing 
pattern has a bearing on actually observed 
concentrations of important water constitu-
ents and may also signifi cantly smooth the 
changes in concentrations expected as a 
result of either potential pollutant sources or 
changes in fl ow pattern caused by intensive 
abstraction. Though the investigated ground-
water system is relatively small, the natural 
distributions of water constituents are very 
wide. Some modern waters present in the 
outcrop areas contain signifi cantly elevated 
concentrations of Cl–, SO4

2– and NO3
– due to 

anthropogenic infl uences. In the confi ned 
area, the ages of water range from about 
0.2 ka to several ka, while the concentrations 
of Fe, Mn and NH4 exceed the maximum 
permissible levels (MPLs) due to anaerobic 
conditions. In the deepest part of the aquifer, 
waters are of glacial age and of poor chemical 
status, with Na, NH4, As and B exceeding 
the MPL values, though Fe and Mn contents 
are reduced due to favorable pH and Eh con-
ditions. In general, the baseline concentra-
tions of dissolved constituents in groundwater 
bodies (GWB) can be adequately character-
ised by 2.3 and 97.7 percentiles of the cumu-
lative distributions, although more detailed 
information on different hydrochemical 
zones should be taken into account for the 
most effective management of groundwater 
systems.

15.1 Introduction

A number of sandy aquifers of different ages 
are exploited in Poland. In most cases they 
contain fresh waters of different ages: from 
modern (recent) in the unconfi ned recharge 
areas to older Holocene (ancient) and even 
Late Glacial (palaeowaters) in the confi ned 
parts. The Miocene aquifer (Bogucice Sands) 

15 Tracer Based Study of the Badenian 
Bogucice Sands Aquifer, Poland

S. WITCZAK, A. ZUBER, E.  KMIECIK, J .  KANIA, 
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chosen for the present study is also charac-
terised by such range of ages, and can be 
regarded as a typical sandy aquifer slightly 
infl uenced by anthropogenic pollutants in 
the recharge area, and therefore suitable for 
determining the natural background levels 
(baseline) needed for the implementation of 
the EU Ground Water Directive (GWD 2006). 
Thirty-fi ve wells, with 32 of them abstract-
ing water for municipal and private use, 
were sampled for analyses of major, minor 
and trace water constituents in order to 
determine the natural background levels 
(baseline). Aquifer material was sampled at 
selected sites in the outcrop area for deter-
mining the mineralogy needed for hydrogeo-
chemical modelling. Numerical fl ow and 
transport modelling served for determining 
the fl ow pattern within the aquifer and 
aquitards. Environmental isotope tracers as 
well as man made atmospheric trace gases 
were used to recalibrate the numerical fl ow 
and transport model and to determine 

independently the ages of water (timescales) 
and age distributions in individual wells.

15.2 Geology and hydrogeology

The Bogucice Sands aquifer is situated in the 
Cracow area, southern Poland (Fig. 15.1). 
The sediments of the aquifer and its confi n-
ing cover were deposited in the Carpathian 
Foredeep Basin during the Upper Badenian 
when paleorivers from the mountains in the 
south discharged at the deltaic shoreline. 
Their lithofacies are irregular, due to vari-
able gravitational segregation of the material 
transported in the delta and secondary 
changes caused by submarine landslides 
(Porebski and Oszczypko 1999). The present 
southern boundary of the outcrop area is 
about 4 km to the north of the Carpathian 
overthrust. Only thin and discontinuous 
Quaternary layers of sand, loess and locally 
boulder clay cover the outcrops. Permeable 

Fig. 15.1 Hydrogeological map of 
the Bogucice Sands aquifer with the 
positions of sampled wells.
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sands and sandstones, which represent 
20–80% of the aquifer with thicknesses of 
100–310 m, deepen to the north, becoming 
confi ned by Badenian marine mudstones and 
claystones. The aquifer is underlain by 
impermeable clays and claystones of the 
Tertiary Chodenice beds (Fig. 15.2). The 
mineralogy of the aquifer material is highly 
heterogeneous as indicated by the following 
percentage concentration ranges of the main 
minerals: quartz 42.5–77.5%, calcite 2.0–
24.0%, dolomite 0.0–2.4%, K-feldspar 0.0–
7.0%, plagioclase 0.0–8.0%, muscovite 
0.0–1.4%, biotite 0.0–2.2%, glauconite 0.0–
1.9%, organic matter 0.0–2.0%, Fe-hydroxide 
0.0–3.0% and carbonate cement 3.0–30.0%. 
Typical carbonate contents are 3–10% in 
sands and 25–30% in sandstones. They are 
represented by cements and calcareous 
debris of marine fauna. Minor components 
are represented by Al2O3 (0.7–9.7%), Fe2O3 
(0.7–4.6%), CaO (3.2–6.7%), MgO (0.1–1.4%), 
MnO (0.03–0.09%), Na2O (0.5–0.9%), K2O 
(1.1–2.1%), P2O5 (0.03–0.09%) and SO4 (0.04–
0.07%), whereas the main trace components 
comprise Sr (34–100 ppm), Ba (20–340 ppm), 
Zn (30–70 ppm), Mo (12–27 ppm), Co (5–29 
ppm), Ni (10–40 ppm), V (10–70 ppm) and Rb 
(7–28 ppm).

Presumably, during the Pliocene, the 
Badenian sediments still contained connate 
marine formation water. During the 
Pleistocene, the Vistula River valley was 
formed and infi lled with fl uvial and glacio-
fl uvial sands and gravels up to 10–15 m 
thick, and also with the loess up to 20 m 
thick in the south of the valley. During that 
period, the marine sediments of the delta 
were gradually fl ushed by freshwater.

Outcrops defi ne the southern boundary of 
the Bogucice Sands aquifer, whereas other 
boundaries are arbitrarily chosen as those 
corresponding to the minimal transmissiv-
ity of 10 m2 h–1. The mean hydraulic conduc-
tivity obtained from pump tests decreases in 
the direction of fl ow from 4.5 × 10–5 to 8.0 × 
10–6 ms–1 with a total geometric mean of 
1.5 × 10–5 m s–1. Recharge occurs in the areas 
of outcrop and by downward leakage from 
the Quaternary sands near the outcrop areas, 
and in the areas of intensive withdrawal. 
The general fl ow direction is to the Vistula 
valley, with discharge by upward leakage 
through the confi ning layers. Mean precipi-
tation, potential evapotranspiration and 
infi ltration rates are 760, 500 and 140 mm a–1, 
respectively (Kleczkowski et al. 1990). With 
the area of 176 km2, estimated safe yield of 

Fig. 15.2 Simplifi ed geological 
cross section of the Bogucice Sands 
aquifer.
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40,000 m3 d–1 and typical well capacities of 
96–4800 m3 d–1, the aquifer is classifi ed as 
belonging to the medium-size main aquifers 
in Poland, and supplies water for public and 
private use.

There is a distinct preference among indi-
vidual users towards the use of surface water 
supplied by pipelines from a reservoir situ-
ated on the Raba River, about 30 km south of 
Cracow. This preference mainly results from 
the high hardness of the groundwater, which 
is inconvenient to individual users causing 
problems in central heating systems and 
washing machines. In spite of this preference, 
the yield of the aquifer is insufficient to meet 
local demands and, as a consequence, licens-
ing confl icts arise between water supply com-
panies and food industry on the amount of 
water available for safe exploitation. The 
positions of abstraction wells investigated 
within the project are shown in Fig. 15.1, 
with water contours clearly indicating three 
areas of intensive abstraction. Wells 18, 32 
and 33 are unexploited due to unstable (18) or 
low output (32 and 33), whereas well 34 is 
exploited only sporadically.

15.3 Methods

The entire fi eld procedures of hydrochemi-
cal sampling were similar to those described 
by Salminen et al. (2005). Unfi ltered water 
was taken to 500 ml polyethylene bottles for 
major anion analysis by ion chromatogra-
phy, fi ltered water was acidifi ed by HNO3 to 
pH < 2 and taken to new hardened polyethyl-
ene 100 mL bottles for ICP-MS and ICP-AES 
for analysis of the major cations, minor and 
trace components. Filtered water was taken 
in 100 mL umber glass bottles for DOC anal-
ysis. For pH and Eh fi eld determinations, 

two laboratory calibrated instruments were 
used immerged in pumped water until equi-
librium and minimal difference were 
reached. If the readings still differed, the 
mean value was taken. Alkalinity was mea-
sured in the fi eld by titration. Polyethylene 
bottles of 25 mL, 1.5 and 3×20 L were used to 
sample water for d18O and d2H, 3H, and 14C 
and d13C analyses, respectively. Special 2.5 L 
glass bottles were used to sample for N2, Ne, 
Ar, SF6 and freons. Sampled water was not 
allowed to have any contact with the atmo-
sphere or to be degassed. The sampling bot-
tles were also used as measuring vessels by 
the head-space method.

Environmental isotopes (3H, 14C, d18O, 
d2H and d13C) were measured only in selected 
wells. Tritium and 14C were determined by 
liquid scintillation spectrometry, with elec-
trolytic enrichment for tritium, and typical 
uncertainties in the order of 0.5 TU and 1.0 
pmc, respectively. Stable isotope ratios of O, 
H and C were determined by mass spectrom-
etry and expressed relative to V-SMOW and 
V-PDB standards with uncertainties of 0.1, 
1.0 and 0.1‰, respectively. For some sites, 
SF6, freons (F-11, F-12 and F-113), N2, Ne and 
Ar were extracted from water in sample bot-
tles and measured by gas chromatography 
methods as described by Zuber et al. (2005). 
The numerical hydrodynamic MODFLOW 
code (Guiger and Franz 2003) as well as 
transport MODPATH (Pollock 1988) and 
MT3D codes (Zengh and Wang 1999) with 
cells of 250 × 250 m were used to construct 
a model of fl ow pattern and to obtain tracer 
distributions and travel times within the 
fl ow system. As abstraction has been more 
or less constant for several decades, the mod-
elling was performed for assumed hydrody-
namic steady state, although the tracer data 
indicate that in areas of intensive withdrawal 
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this assumption is not valid. The dispersion 
and the piston fl ow models combined in line 
with the exponential model (Maloszewski 
and Zuber 1996) were additionally used to 
obtain information on fl ow times to individ-
ual wells with available tritium records of 
several years, if the assumption of steady 
state was acceptable.

15.4 Environmental tracers and 
modelling of timescales

Environmental isotope data are shown in 
Table 15.1 together with the estimates of 
tritium ages obtained from simple box mod-
els and corrected 14C ages obtained from 
the piston fl ow model. The δ18O and δ2H val-
ues of nearly all samples were scattered 
around typical values of modern infi ltration 
in the Cracow area confi rming recharge 
under moderate Holocene climate, whereas 
for sites 32–34 they were distinctly lower 
suggesting recharge under cooler pre-Holo-
cene climate as confi rmed by noble gas tem-
peratures (NGT) of about 2°C determined for 
wells 32 and 33, in contrast to about 8°C in 
other wells, the latter corresponding to the 
mean long-term air temperature in the area 
(Zuber et al. 2005).

Spatial distributions of 3H, shown in 
Fig. 15.3, indicate the presence of modern 
waters in the recharge areas and in some 
intensively exploited wells in the confi ned 
parts. In most cases, measurable tritium was 
accompanied by elevated concentrations of 
SF6 and freons. The numerical fl ow and trans-
port models were corrected with the aid of 
SF6 data to obtain better fi ts for the areas 
with modern waters. The corrected trans-
port model was confi rmed by comparison 
with observed space and time distributions 

of tritium for the period 2000–2002 (Zuber 
et al. 2005). For a number of sites, fairly good 
agreements were obtained, especially for 
wells 5–8 characterised by tritium in the 
range of 7–17 TU with decreasing values 
over time at individual sites, and for wells 
11 and 19 characterised by tritium contents 
around 5 TU with increasing values. For 
some wells, no agreement was obtainable 
between the numerical transport model and 
tracer data, which means that the concep-
tual (hydrogeological) model is not ade-
quately constructed for some areas. For 
instance, in well 25 situated in the uncon-
fi ned recharge area, no tritium was found, 
which was in contradiction with numerical 
models. Most probably, this well is within a 
deep erosion structure undiscovered so far 
by geological and geophysical methods, 
which still contains pre-bomb era water. 
Similarly, for well 13, in spite of a very wide 
age distribution (residence time distribution) 
calculated with the aid of the MT3D code, 
the existence of very short travel times seen 
in Fig. 15.4, should result in measurable tri-
tium contents, which is not the case. In addi-
tion, the mean modelled age of 502 years is 
too low in comparison with the estimated 
14C ages given in Table 15.1. In well 12, the 
tritium content was 24 TU in 1987 and about 
1 TU in 2001 suggesting a change from mod-
ern to pre-bomb era water, whereas in the 
adjacent well 11, tritium contents of 6–7 TU 
were observed, with a slight tendency to 
increase. These examples show that, for 
some wells, it is difficult to obtain good fi ts 
of the box models to the tracer data due to 
unsteady fl ow conditions, and of numerical 
models due to insufficient knowledge on the 
aquifer structure.

The tritium data interpreted with the aid 
of box models yielded mean ages of about 
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Table 15.1 Tracer data of and tracer ages estimated with the aid of lumped-parameter models.

Well no. Date δ18O (‰) δ2H (‰) 14C (pmc) δ13C (‰)

14C Agea 
(103 years)

Tritium 
(TU) Modelb

3H Age 
(years)

Modern waters
17 01.08.00

18.05.01
–10.0
–10.1

–69
–70

nm
66.4

nm
–14.5

–
Modern

31.3 ± 1.4

41.3 ± 1.8

Modern,
unsteady flow

18 17.05.88
01.08.00

–10.5
–10.3

–74
–72

60.5
nm

–14.5
nm

Modern
–

85.5 ± 4.0

40.3 ± 1.8

DM 33

6 24.07.00
07.05.01
21.09.02
14.07.03

–9.8
–10.0
–9.7
–9.8

–69
–70
–70
–71

45.9
nm

45.8
nm

–13.5
nm

–13.4
nm

Modern
–

Modern
–

17.2 ± 0.8

16.9 ± 0.8

14.7 ± 0.7

14.6 ± 0.7

EPM
DM

58
16.5

4 21.07.00
11.07.01

–10.1
–10.2

–71
–72

37.1
nm

–11.8
nm

0–1.2
–

19.0 ± 0.9

19.1 ± 1.0

EPM
DM

79
57

5 24.07.00
07.05.01
21.07.03

–10.0
–9.8

–10.0

–70
–69
–72

55.0
nm
nm

–10.5
nm
nm

Modern
–
–

15.7 ± 0.8

15.4 ± 0.7

12.5 ± 0.7

EPM 70

7 24.07.00
08.05.01
17.07.03

–9.8
–9.9
–9.8

–69
–70
–70

44.0
nm
nm

–12.8
nm
nm

Modern
–

11.2 ± 0.6

12.1 ± 0.6

10.1 ± 0.6

EPM
DM

124
128–175

8 24.07.00
08.05.01
21.09.02

–9.8
–9.9
–9.8

–70
–69
–71

43.4
nm

44.1

–13.5
nm

–13.4

Modern
–

Modern

8.7 ± 0.6

8.3 ± 0.5

7.8 ± 0.5

EPM
DM

156
158

11 25.07.00
10.05.01
23.07.03

–9.8
–9.8
–9.6

–70
–70
–69

nm
64.6
nm

nm
–14.1

nm

–
Modern

6.4 ± 0.5

6.5 ± 0.5

7.4 ± 0.6

DM 86

19 30.09.01
23.09.02
25.07.03

–9.7
–9.6
–9.7

–68
–69
–69

nm
35.9
nm

nm
–12.7

nm

–
Modern

4.5 ± 0.7

6.6 ± 0.5

5.6 ± 0.4

EPM
DM

163
55

Holocene waters of pre-bomb era occasionally mixed with modern waters
12 06.07.87

25.07.00
10.05.01

–10.0
–9.9
–9.9

–67
–69
–70

63.8
nm

63.5

–11.0
nm

–14.6

Modern
–

Modern

24.0 ± 1.5

3.8 ± 0.5

1.1 ± 0.5

3H indicates water of 
increasing age

15 28.07.00
24.05.01

–9.8
–9.8

–68
–68

nm
55.0

nm
–13.8

–
0–0.2

0.2 ± 0.5

5.9 ± 0.5

Older without 3H
Younger with 3H

14 28.07.00
22.05.01
23.09.02

–9.7
–9.7
–9.6

–68
–67
–68

41.9
nm

43.0

–14.1
nm

–14.2

0–1.1
–

0–1.2

4.7 ± 1.5

0.0 ± 0.5

0.1 ± 0.5

Younger with 3H
Older without 3H 

13 06.07.87
25.07.00
22.05.01

–10.6
–10.7
–10.7

–71
–75
–75

26.7
19.7
18.4

–12.1
–12.3
–12.2

0.5–2.0
1.2–2.7
1.5–3.0

2.2 ± 1.5
0.0 ± 0.5
0.0 ± 0.5

14C indicates water of 
increasing age 
initially with 3H
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Table 15.1 (Continued)

Well no. Date δ18O (‰) δ2H (‰) 14C (pmc) δ13C (‰)

14C Agea 
(103 years)

Tritium 
(TU) Modelb

3H Age 
(years)

Holocene waters of pre-bomb era 
25 13.09.00

18.05.01
31.07.03

–10.0
–10.1
–9.7

–71
–71
–70

58.9
nm
nm

–13.8
nm
nm

0–0.1
–

0.0 ± 0.5

0.1 ± 0.5

0.0 ± 0.3

No tritium

9 27.05.87
25.07.00
16.05.01
27.09.02

–9.9
–9.6
–9.7
–9.6

–68
–68
–68
–69

51.2
48.8
nm

50.7

–12.9
–13.1

nm
–13.3

0–0.5
0–0.4

–
0–0.5

0.6 ± 1.0

0.9 ± 0.5

0.4 ± 0.5

1.4 ± 0.5

Traces of tritium due to 
small admixtures of 
modern water

28 24.05.01 –9.7 –69 39.2 –13.2 0–1.0 0.1 ± 0.5 No tritium
2 27.05.87

19.07.00
–9.5
–9.4

–69
–66

40.1
41.0

–14.5
–14.8

0–1.1
0–1.0

0.0 ± 1.0

0.0 ± 0.5

No tritium

27 24.05.01
26.09.02

–10.2
–10.0

–72
–71

32.3
34.0

–12.9
–12.8

0–1.3
0–1.2

0.0 ± 0.5

0.1 ± 0.5

No tritium

16 28.07.00
22.05.01
23.09.02

–10.0
–10.1
–10.0

–70
–70
–69

31.8
nm

32.5

–13.3
nm

–13.3

0–1.5
–

0–1.4

0.0 ± 0.5

0.4 ± 0.5

0.4 ± 0.5

Occasionally traces of 
tritium

3 25.07.87
21.07.00
21.09.02

–10.2
–9.9

–10.0

–69
–70
–72

30.5
30.3
nm

–12.7
–13.3

nm

0–1.8
0–1.9

–

0.6 ± 0.5

0.0 ± 0.5

0.0 ± 0.5

Occasionally traces of 
tritium

1 13.04.88
19.07.00

–10.1
–10.0

–71
–71

22.5
23.6

–12.6
–12.3

1.0–2.6
0.9–2.5

0.0 ± 1.0

0.0 ± 0.5

No tritium

35 30.07.03 –9.8 –70 18.2 –13.6 1.5–3.0 0.0 ± 0.5 No tritium
10 01.08.00 –9.9 –71 14.0 –12.3 2.0–3.5 0.0 ± 0.5 No tritium
16 28.07.00

22.05.01
23.09.02

–10.0
–10.1
–10.0

–70
–70
–69

31.8
nm

32.5

–13.3
nm

–13.3

0–1.5
–

0–1.4

0.0 ± 0.5

0.4 ± 0.5

0.4 ± 0.5

Occasionally traces of 
tritium

3 25.07.87
21.07.00
21.09.02

–10.2
–9.9

–10.0

–69
–70
–72

30.5
30.3
nm

–12.7
–13.3

nm

0–1.8
0–1.9

–

0.6 ± 0.5

0.0 ± 0.5

0.0 ± 0.5

Occasionally traces of 
tritium

1 13.04.88
19.07.00

–10.1
–10.0

–71
–71

22.5
23.6

–12.6
–12.3

1.0–2.6
0.9–2.5

0.0 ± 1.0

0.0 ± 0.5

No tritium

35 30.07.03 –9.8 –70 18.2 –13.6 1.5–3.0 0.0 ± 0.5 No tritium
10 01.08.00 –9.9 –71 14.0 –12.3 2.0–3.5 0.0 ± 0.5 No tritium

Waters of glacial age
32 08.11.02 –10.8 –76 0.1 –10.6 about 12c 0.0 ± 0.5 No tritium
33 13.04.88

15.07.02
–11.2
–11.1

–79
–78

0.8
0.2

–8.8
–8.3

about 12c

about 12c
0.5 ± 1.0

0.0 ± 0.5

No tritium

34 21.07.03 –10.8 –79 0.3 –8.9 about 12c 0.0 ± 0.5 No tritium

a 14C Piston-flow ages corrected for isotopic exchange with carbonate minerals (see text); b EPM stays for the piston flow 
model in line with expenential model, DM stays for the dispersion model; c assumed 14C age of late glacial water (see 
text; nm: not measured.
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Fig. 15.4 Examples of age distributions in wells 
7 and 13 calculated with the aid of numerical 
modelling (MT3D) in comparison with the 
distributions obtained from the dispersion 
box-model equally well fi tted for two different 
pairs of parameters, that is, mean age and 
dispersion parameter (PD), to the tritium data of 
well 7. No tritium was observed in well 13.

20–175 years with wide distributions result-
ing from the abstraction of water from differ-
ent depths and different directions. Wide age 
distributions were also confi rmed by model-
ling with the aid of the MT3D code, which 

means that all abstracted recent waters rep-
resent mixtures of waters from nuclear and 
pre-nuclear bomb eras, that is, those 
recharged before and after 1952. Two exam-
ples of typical age distributions are shown in 
Fig. 15.4. For well 7, the dispersion box 
model yielded similar distributions of ages 
for two different pairs of fi tting parameters 
(dispersion parameter and mean age) indicat-
ing the lack of a unique solution, which is 
typical, especially in the cases of short 
tritium records and high dispersivity 
(Maloszewski and Zuber 1996; Zuber et al. 
2005). Similar difficulties in obtaining 
unique solutions can be expected in numeri-
cal modelling, though not necessarily appre-
hended by modelers. For well 13, the age 
distribution calculated with the aid of the 
MT3D code is even wider, more irregular than 
that in well 7. Very wide residence time dis-
tributions obtained from the interpretation 
of tritium data and the numerical transport 
modelling show that any trends in hydro-
chemistry expected due to changes in recharge 
areas (e.g. appearance or disappearance of 

Fig. 15.3 Spatial distribution of 
(a) tritium and (b) 14C observed in 
2000–2001.
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Fig. 15.5 Dependence of 14C on age due to the 
radioactive decay for the initial 14C contents 
observed in recent waters in the recharge areas 
(lines 1 and 2) and in the case of assumed addi-
tional decrease of concentration in the Bogucice 
Sands aquifer caused by exchange with abundant 
solid carbonates (lines 3 and 4).

pollution sources) will be considerably 
smoothed, and, therefore, difficult to 
observe in a reasonably prolonged period of 
observations.

The 14C contents in waters containing tri-
tium range from 37 to 66 pmc. Such low 14C 
contents in modern waters may result from 
a number of reasons, among them from dilu-
tion by dead carbon due to reaction with pri-
mary or secondary carbonate minerals, 
mixing of bomb era water with distinctly 
older water, and from 14C losses caused by 
isotope exchange with carbonates. The fi rst 
process is usually accounted for by one of 
the methods leading to determining the 
so-called initial carbon content (e.g. Clark 
and Fritz 1997). The second process is 
very unlikely for the known geology of 
the recharge area of the Bogucice Sands. The 
third process can be signifi cant if the 
exchange takes place with fi lms on the sur-
faces of grains with δ13C values modifi ed by 
earlier exchange. The exchange does not 
then infl uence the δ13C values of the dis-
solved inorganic carbon and, therefore, 
remains unaccounted for in the correction 
for the initial carbon content. As a conse-
quence, the 14C ages can be greatly overesti-
mated as described for fi ssured carbonate 
aquifers by Maloszewski and Zuber (1991) 
and for a sandy aquifer with appreciable 
amounts of carbonate minerals by Aeschbach-
Hertig et al. (2002). Some delay of all tracers, 
and especially of 14C, is also possible in thin 
confi ned aquifers due to diffusional exchange 
between the aquifer and adjacent imperme-
able or semi-permeable sediments (Sudicky 
and Frind 1981; Sandford 1997). However, 
this process is considered to be of secondary 
importance for the Bogucice Sands.

Pre-bomb era Holocene waters dominate 
the confi ned part of the aquifer as indicated 
by the lack of tritium and 14C contents in the 

range of 10–43 pmc. In the discharge area 
(wells 32–34), pre-Holocene waters charac-
terised by the most negative δ 18O and δ 2H 
values, low NGTs and 14C contents of 0.1–
0.3 pmc were identifi ed. Assuming the conti-
nuity of recharge since the climate became 
distinctly warmer at the end of the last gla-
cial period the recharge of glacial waters 
probably took place not earlier than in the 
time span of 14–11 ka BP. These values would 
then constrain the upper age in the aquifer. If 
the 14C contents in the aquifer were governed 
only by radioactive decay with the half-life 
of 5.73 ka, they should follow lines 1 and 2 
shown in Fig. 15.5 for 14C contents measured 
in the recharge area. As a consequence of the 
constraint put on the upper age values, lines 
3 and 4 in Fig. 15.5 bracket possible changes 
in 14C contents caused both by radioactive 
decay and the exchange losses discussed 
above, with the effective half-life of about 
2 ka. The uncertainty of the 14C dating is 
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admittedly very high in this case, mainly due 
to large heterogeneity of the solid carbonate 
contents (3–30%). Nevertheless, Fig. 15.5 
provides a rough idea of possible timescales 
of groundwater within the confi ned part of 
the aquifer. Glacial age waters in wells 32 
and 33 are unexploited; therefore, they are 
undoubtedly characterised by narrow distri-
butions of travel times, which can reason-
ably well be estimated with the aid of 
MODPATH. The initial estimations yielded 
ages of the order of 2 ka which were in sharp 
confl ict with the tracer data. However, sub-
sequent recalibration of the numerical fl ow 
model for the drainage area yielded values in 
accordance with the tracer data.

15.5 Hydrochemistry and its 
relations to timescales

Geochemical modelling performed with the 
PHREEQC2 code (Parkhust and Appelo 
1999) confi rmed that rainfall chemistry and 
dry deposition contribute some major and 
minor groundwater components, but water–
rock interaction is the main control of the 
hydrogeochemistry (Karlikowska et al. 
2003), with additional infl uences of diffuse 
and local anthropogenic sources of pollution 
and external geogenic sources. Environmental 
tracers relate water-quality data to times-
cales. Recent waters with measurable 3H 
and SF6 contents are in most cases aerobic 
and of Ca–HCO3 or Ca–HCO3–SO4 ground-
water types. Bicarbonate results from the 
dissolution of carbonate cement and calcare-
ous debris, whereas sulphate results from 
airborne contributions. Anaerobic condi-
tions prevail in the confi ned aquifer contain-
ing pre-bomb era Holocene waters where the 
tendency to Ca–Na–HCO3 type is observed 

due to continued cation exchange. The old-
est waters of glacial age are of Na–HCO3 and 
Na–HCO3–Cl types due to prolonged cation 
exchange. They have distinctly elevated 
TDS contents, possibly due to diffusional 
exchange with pore water from adjacent 
impermeable sediments.

The distributions of hydrochemical param-
eters and constituents of groundwaters are 
known to be usually wide. For the Bogucice 
Sands, the number of sampled sites (35) was 
rather large considering the aquifer dimen-
sions, but still too low to consider separately 
the statistical distributions for different 
aquifer zones and layers. As the anthropo-
genic infl uences are moderate and observed 
only in parts of the outcrop area, the pre-se-
lection was applied only for Cl– in one well 
where the presence of a downward seepage 
from the polluted Serafa River was evident. 
In Figs. 15.6 and 15.7, the total cumulative 
distributions of major, minor and selected 
trace components are shown, and the sum-
mary statistics of selected constituents are 
given in Table 15.2. Some toxic trace ele-
ments of natural origin are present but their 
concentrations are below MPLs.

It is evident from the inspection of 
Figs. 15.6 and 15.7 that too few sampled 
wells would undoubtedly yield less repre-
sentative distributions. Therefore, in spite of 
some suggestions from law makers, a low 
number of sampling sites and/or a single 
value resulting from a large number of hydro-
chemical analyses (e.g. 97.7 percentile) 
should not be regarded as sufficient for 
describing adequately the natural baseline 
values (NBLs) and the chemical status of 
GWB. However, both the percentiles 2.3 and 
97.7 can be regarded as a representative way 
for reporting the baseline values (NBLs) and 
supplying, in a simple way, information on 
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Table 15.2 Summary statistics of selected water constituents in the Bogucice Sands.

Parameter
Number of 

samples Mean Median Mode MPL

Percentiles

2.3 16 84 97.7

T 33 11.6 11.2 11.0 11.0 11.0 12.5 13.0
pH 35 7.56 7.44 7.08 6.5–9.5 7.00 7.08 8.18 9.04
Eh (mV) 35 118 94 76 -39 39 188 419
DO (mg L–1) 32 0.77 0.07 0.03a 0.02 0.03 0.98 7.91
SEC (μS cm–1) 35 774 671 250a 2500 250 452 1110 1696
Hardness (meq L–1) 35 5.19 5.58 0.07a 0.07 2.00 8.21 11.20
TDS (mg L–1) 35 611 578 615 218 384 850 1308
Ca (mg L–1) 35 84 95 105 0.63 32 139 185
Mg (mg L–1) 35 12 13 0.3a 0.30 5 20 24
Na (mg L–1) 35 68 21 3.1a 200 3.1 6.5 139 420
K (mg L–1) 35 3.1 1.9 1.5 0.57 1.26 6.2 8.2
Cl (mg L–1) 35 54 26 1.1a 250 1.1 6.3 130 246
SO4 (mg L–1) 35 45 27 0.6a 250 0.6 10 88 196
HCO3 (mg L–1) 35 339 330 413 130 221 455 750
NO3 (mg L–1) 34 3 0.02 0.02 50 0.02 0.025 1.9 53
NH4 (mg L–1) 33 0.84 0.30 0.10 0.5 0.05 0.05 2.1 4.5
TOC (mg L–1) 33 1.13 0.91 0.30a 0.3 0.6 1.4 4.6

DOC (mg L–1) 33 1.05 0.85 1.2 0.28 0.56 1.3 3.9

Si (mg L–1) 35 6.42 6.62 3.74a 3.7 5.3 7.4 8.2
Fe (mg L) 35 0.59 0.50 0.015a 0.2 0.015 0.12 0.99 1.99
Mn (mg L–1) 35 0.078 0.050 0.032 0.05 0.001 0.008 0.16 0.25
Sr (mg L–1) 35 0.31 0.27 0.19 0.015 0.16 0.54 0.86
F (mg L–1) 33 0.12 0.02 0.02 1.5 0.02 0.02 0.2 1.5
Br (μg L–1) 35 22 19 18a 1 8 29 81
I (μg L) 35 8.9 6.8 0.35 0.35 3.8 15 37
Se (μg L–1) 35 0.23 0.18 0.18 0.10 0.18 0.22 1.00
B (μg L–1) 33 222 48 35 1000 5.8 16 362 3130
Ba (μg L–1) 35 64 46 7.3a 7.3 21.6 115 245
As (μg L–1) 35 0.91 0.40 0.18 10 0.018 0.072 0.98 13.0
Li (μg L–1) 35 26.5 13.3 13.3 0.4 8.0 60 79
Pb (μg L–1) 35 0.165 0.061 0.020 10 0.014 0.020 0.19 1.40
Rb (μg L–1) 33 1.41 1.08 1.08 0.37 0.65 2.49 3.15
Sc (μg L–1) 30 4.71 4.54 4.50 2.81 4.07 5.55 6.54
Zn (μg L–1) 35 18.2 1.70 0.009 0.009 0.009 33.2 150
U (μg L–1) 33 0.131 0.012 0.012  0.002 0.004 0.364 0.827

a The lowest mode shown if number of modes exceeds 1.

Values exceeding MPL according to Council Directive 98/83/EC are in bold.
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the uncertainty related to both the natural 
spread of values and possible anthropogenic 
infl uences (that range of percentiles corre-
sponds in a good approximation to ±2 stan-
dard deviations).

The curves in Fig. 15.6 better represent the 
differences in modalities of particular con-
stituents whereas boxes in Fig. 15.7 are bet-
ter for a comprehensive presentation of all 
components. Wide ranges of natural distribu-
tions are in some cases broadened by anthro-
pogenic and geogenic infl uences, which are 
clearly visible in Fig. 15.8, where horizontal 
space distributions of selected constituents 
are shown. However, the spatial variations 
shown in Fig. 15.8 are of approximate charac-
ter due to a low number of wells available for 
sampling and their irregular distribution. No 
adequate data-sets are available to derive reli-
able time trends in the hydrogeochemistry of 
the aquifer caused by either variable input in 

Fig. 15.6 Cumulative frequency 
diagrams of chemical constituents in 
the Bogucice Sands aquifer: (a) major 
and minor components; (b) selected 
trace components.

Fig. 15.7 Box-plots of chemical constituents in 
the Bogucice Sands aquifer: (a) major and minor 
components; (b) selected trace components.
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the recharge area or intensive abstraction in 
some other areas.

The chemical status of the aquifer as a 
whole is good though several constituents 
exceed their MPLs in some wells, as indi-
cated in Table 15.2 by bold numbers. Sulphate 
concentrations are below the MPL over the 
whole aquifer although they are elevated in 
and close to the recharge areas (Fig. 15.8[a]) 
mainly due to atmospheric deposition result-
ing from the nearby foundry and some con-
tribution from the oxidation of pyrite. The 
anthropogenic impact was especially strong 
during the second half of the previous cen-
tury. This is apparent from the following 
data related to percolating waters near the 
metallurgy plant in the Cracow area: the 
concentration of SO4

2– in 1973 to 1975 
changed from 200 to 400 mg L–1, dropped to 

200 around 1982, reached 400 mg L–1 in 
1988–1991, and subsequently dropped rap-
idly to ca. 50 mg L–1 in 1994 (Witczak et al. 
1998). Similar changes, probably with slightly 
decreased concentrations, due to a larger dis-
tance from the plant, existed in the recharge 
area of the Bogucice aquifer. Elevated SO4

2– 
concentrations are observed in modern 
waters under aerobic conditions. However, 
no reduction of SO4

2– to H2S is observed 
within the aquifer, therefore, the differences 
in the SO4

2– distribution most probably result 
mainly from differences in atmospheric con-
centrations. The distribution of Ca2+ is simi-
lar to that of SO4

2−, although governed by 
different factors because reduced contents of 
Ca in the confi ned area, especially in wells 
with pre-Holocene water, result from 
exchange with sodium.

Fig. 15.8 Horizontal distributions of selected constituents in the Bogucice Sands aquifer with isolines 
in mg L–1: (a) SO4; (b) Cl; (c) NO3

–; (d) NH4; (e) Fe; (f) Mn.
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Chloride concentrations (median 26 mg L–1) 
are generally in excess of those observed in 
local rainfall (c. 6.5 mg L–1 when corrected 
for enrichment by evapotranspiration). In the 
recharge areas, the excess concentrations are 
likely to be of anthropogenic origin resulting 
from different point sources of pollution, 
whereas far from these areas they are of 
geogenic origin (Fig. 15.8[b]). Distinctly ele-
vated concentration occurs in well 5 (about 
250 mg L–1; omitted in the construction of 
the fi gures as a result of pre-selection) due to 
infi ltration from Serafa River which is pol-
luted by leakage from abandoned chambers 
where salt was exploited by the dissolution 
method. The solution chambers, which are 
situated south of the western part of the 
aquifer, undergo squeezing by the weight of 
municipal wastes being disposed in this area 
and release brines at the ground surface.

Distinctly elevated Cl concentrations 
(46–200 mg L–1) in wells 13, 16, 21, 27 and 28 
are probably related to the presence of faults 
in the bedrock, suggesting a source from 
ascending older waters of higher salinity. In 
all these wells, the values of the molar ratio 
of Na to Cl are distinctly below 1, but weight 
ratio of Cl/Br ranges from more than 300 to 
about 850, rather excluding the origin related 
to the remnants of formation water. The 
sodium concentration may be reduced in the 
case of upfl ow of older water induced by 
intensive abstraction due the exchange of 
2Na+ for Ca2+. However, elevated Ca2+ con-
centrations in the waters of these wells are 
not observed. A different situation exists in 
wells 32, 33 and 34, which are also charac-
terised by elevated Cl concentrations, with 
MPL values of Na exceeded in wells 33 and 
34. The molar Na/Cl ratios in these wells 
are 1.6, 4.6 and 2.9, respectively, confi rming 
the Na excess of another origin to that of Cl. 

The enrichment in Na results mainly from 
cation exchange of Ca with minerals of 
marine origin, which have not been com-
pletely washed out by freshwaters during 
the replenishment of the aquifer over a geo-
logical timescale. The possibility of exchange 
is confi rmed by very low Ca concentrations 
in waters of these three wells (0.6–5.6 mg L–1). 
The contribution from hypothetical rem-
nants of formation water can be excluded 
by weight ratio of Cl/Br in the range 
3300–5250.

Nitrate concentrations in some wells with 
recent waters (Fig. 15.8[c]) are distinctly ele-
vated due to agricultural pollution; however, 
the MPL value is slightly exceeded only in 
well 18. In the confi ned areas, the concentra-
tions of NO3 decrease due to changes in the 
redox conditions and the N2 contents 
increase, with the denitrifi cation excess up 
to 6.7 mg L–1 as calculated from Ne and N2 
contents (Zuber et al. 2005). Ammonium 
concentrations in a number of wells of the 
confi ned area (Fig. 15.8[d]) exceed the MPL 
value due to purely geogenic infl uences. 
Similarly, the concentrations of Na, As and 
B exceed the MPL values in wells 33 and 34 
in the deepest part of the aquifer. Well 33 is 
also characterised by an anomalous content 
of P (1.2 mg L–1) in the form of PO4

3−, which 
exceeds 7–60 times the concentrations in 
other wells.

Iron concentrations below the MPL value 
(0.2 mg L–1) are observed only in wells con-
taining the youngest waters under aerobic 
conditions (17, 18 and 23) and in some wells 
in the confi ned area containing modern 
water mixed with pre-bomb Holocene water 
as indicated for well 4 by the tracer data (see 
Table 15.1). Glacial age water in the deepest 
part of the aquifer (wells 33, 34 and 35) 
is also characterised by low Fe and Mn 
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Fig. 15.9 The dependence of iron content on the 
Eh and pH values, adapted from Hem (1960) by 
Ratajczak and Witczak (1983) for HCO3

– = 5.46 
mmol L–1, SO4

2– = 0.6 mmol L–1, ionic strength of 
0.015, temperature of 10°C, and Eh and pH ranges 
typical for waters of active replenishment. Points 
represent data of the Bogucice Sands aquifer.

concentrations whereas the highest concen-
trations are observed between these two 
zones under anaerobic conditions; in most 
cases exceeding the MPL value (Fig. 15.8[e]). 
The Mn distribution within the aquifer is 
similar to that of Fe (Fig. 15.8[f]) although 
the MPL value of Mn (0.05) is exceeded in 
only a few wells. A similar distribution is 
also observed for strontium.

The existence of two groups of wells 
with low iron concentration is explained in 
Fig. 15.9. The fi rst group of low Fe concen-
trations is related to the presence of aerobic 
conditions (high Eh) along the initial parts of 
fl owpaths in the recharge area, whereas the 
second group results from low Eh values 
accompanied by high pH values in the deep-
est parts of the aquifer. A similar distribu-
tion also exists for Mn (Garrels and Christ 
1965; Stumm and Morgan 1996), though the 
spatial distribution of Mn somewhat differs 
from that of Fe because in waters with active 
circulation its concentration does not depend 
to the same degree on Eh.

15.6 Conclusions

The Bogucice Sands, which can be regarded 
as a typical confi ned sandy aquifer, which is 
recharged at outcrop by downward seepage, 
and discharged by upward seepage in the far-
thest part. The aquifer is characterised by 
distinct hydrogeochemical zones related to 
timescales (ages) of water as shown in a sim-
plifi ed form in Fig. 15.10. In spite of anthro-
pogenic infl uences observed in the recharge 
areas, the aquifer generally contains waters 
of acceptable quality, though some of them 
require treatment to reduce Fe and Mn con-
centrations. Waters characterised by young-
est ages (c. <20 years) are infl uenced by 

anthropogenic pollution. The deepest parts 
of the aquifer contain waters of glacial age, 
where the MPLs of Na, As, B and NH4 are 
exceeded through natural anomalies.

Characterisation of chemical status of 
groundwater by single NBL (baseline) values 
(e.g. 90 or 97.7 percentiles of the cumulative 
distributions) is considered un-representa-
tive due to wide distributions of natural con-
centrations. The NBLs can be adequately 
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characterised as a range between 2.3 and 97.7 
percentiles of the cumulative distributions.

If the number of sampled wells is low, or 
spatial distribution of wells is non-uniform, 
the NBL values may not be representative 
for whole aquifer or groundwater body. The 
problem becomes more acute if some anthro-
pogenic infl uences are present, which are 
difficult to separate in a quantitative way 
from the natural background.

In aquifers containing water of greatly dif-
ferent ages different hydrochemical zones 
are usually observed. The management of 

waters in particular zones should be related 
to timescale. The description of the chemi-
cal status of such aquifers should account 
for differences in hydrochemical characteris-
tics. Similarly, the pre-selection of indicator 
elements and the frequency of monitoring 
should be related to timescales.

Flow pattern and age distributions within 
the aquifer were obtained with the aid of 
numerical fl ow and transport modelling, 
which were additionally recalibrated with 
the aid of environmental tracers. However, 
for some wells, it was difficult to obtain a 

Fig. 15.10 Cross section of the conceptual model of the Bogucice Sands aquifer with fl ow paths and 
main characteristics of particular hydrogeochemical zones.
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reasonable agreement between modelled and 
measured environmental tracer data. This 
discrepancy shows the importance of envi-
ronmental tracer methods for obtaining a 
more detailed knowledge on the fl ow pat-
tern and timescales of the investigated 
groundwater bodies.

Very wide residence time distributions 
obtained for the Bogucice aquifer from the 
interpretation of tritium data and the numer-
ical transport modelling show that any 
trends in hydrochemistry expected due to 
changes in recharge areas (e.g. appearance or 
disappearance of pollution sources) will be 
considerably smoothed, and, therefore, diffi-
cult to detect.
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In southern and central Estonia, the 
Cambrian–Vendian aquifer system contains 
relict saline groundwater of marine origin 
with total dissolved solids (TDS) up to 22 
g L–1. Cl– and Na+ predominate over all other 
ions in this zone. In northern Estonia the 
Cambrian–Vendian aquifer system contains 
palaeo-groundwater, which recharged dur-
ing the last glaciation. This is freshwater 
with TDS mainly below 1.0 g L–1. The base-
line chemical composition of the water is 
formed through the water–rock interaction 
during the last more than 10 ka. Generally, 
the groundwater is of good quality, but in 
some areas problems are associated with 
elevated Fe and Mn contents. Groundwater 
does not always fulfi l the requirements of 
drinking water standards in respect of Cl– 
and Na+ content. The most characteristic 
feature of the baseline quality of groundwa-
ter of the Cambrian–Vendian aquifer system 
in Northern Estonia is its lightest known 
oxygen isotopic composition (δ18O values of 
c.–22‰) in Europe. This gives the possibility 
to use the isotopic composition of ground-
water as an ideal tracer of possible changes 
in groundwater baseline quality.

In northern Estonia the groundwater of the 
Cambrian–Vendian aquifer system provides 
high-quality drinking water for communities 
and towns (including the capital city of 
Tallinn) but its industrial use is also impor-
tant. The supply is very signifi cant, amount-
ing to 10–13% of the Estonian groundwater 
consumption. Overexploitation of freshwa-
ter groundwater resources in Tallinn and 
mine dewatering in northeast Estonia has 
resulted in the development of two basin-
wide cones of depression. In turn, it has 
caused the changes in the direction and 
velocity of groundwater fl ow, which has 
led to 1.5- to 3.0-fold rise in the TDS con-
tent and concentration of major ions in 
groundwater. The main sources of dissolved 
load in the Cambrian–Vendian groundwa-
ter are the leaching of host rock and vari-
ous geochemical processes that occur in 
the saturated zone. Leakage of saline water 
from underlying crystalline basement, is the 
second most important source of mineralisa-
tion. Intrusion of seawater with consequent 
implications for groundwater quality is at 
present time still not evident but should be 
considered in coming decades.

16 The Cambrian–Vendian Aquifer, 
Estonia

R. VAIKMÄE, E.  KAUP, A. MARANDI, T. MARTMA
V. RAIDLA AND L. VALLNER
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16.1 Background to understanding 
of baseline groundwater Quality in 

Estonia

16.1.1  Introduction

Estonia is a fl at country with an area of 
45,000 km2, where plateau-like areas and 
regions of small hills alternate with low-
lands. The average altitude is 50 m and 
only 10% of the territory has an elevation 
between 100 and 250 m above sea level. The 
Baltic Sea with the Gulf of Finland forms 
the main drainage basin. The climate is 
moderately cool and humid. Average annual 
precipitation ranges from 500 to 700 mm. 
The mean surface runoff from Estonia is 
270 mm yr–1 (Perens and Vallner 1997).

An essential fi rst step for assessing the 
natural (baseline) groundwater quality is 
an understanding of the hydrogeology. To 
defi ne the source terms the input to the sys-
tem must be known, that is, the chemistry 
of infi ltrating water, derived mainly from 
rainfall. To explain the characteristics of 

groundwater chemistry within the aquifer, 
information on the geology, mineralogy, 
geochemistry, fl ow patterns and timescales 
are required.

16.1.2 Geological setting

16.1.2.1 Structure

Estonia is situated in the northwestern part 
of the East European Platform. Structu-
rally, the main sedimentary basins, situ-
ated on the southern slope of the Baltic 
Shield, plunge southwards, sloping about 
3–4 m km–1 (Fig. 16.1[c]). The crystal-
line Lower Protero zoic basement is over-
lain by Upper Proterozoic (Vendian) and 
Paleozoic (Cambrian, Ordovician, Silurian 
and Devonian) sedimentary rocks which 
are covered by Quaternary deposits (Perens 
and Vallner 1997).

In northern Estonia, the Vendian, 
Cambrian and Ordovician rocks are the only 
sedimentary rocks covering the crystalline 
basement, which lies approximately 150 m 

(c)

(b)(a)

Fig. 16.1 (a) Schematic map 
showing the location of Estonia; 
(b) hydrogeological map of Estonia 
with the position of the line of cross 
section; arrows indicate the 
direction of groundwater fl ow and 
(c) the North–South cross section of 
major hydrogeological units of 
Estonia (1 – Lontova and 2 – Kotlin 
clays; 3 – Voronka (upper) and Gdov 
(lower) aquifers, confi ning the 
Cambrian–Vendian aquifer system).
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below the surface (Fig. 16.1[c]). The crystal-
line basement comprises mainly gneisses 
and biotite gneisses (Koistinen et al. 1996) 
and its upper part (10–150 m thick) is frac-
tured and weathered. Weathering profi les 
are predominantly composed of kaolinite, 
illite, chlorite and montmorillonite, depend-
ing on the original bedrock composition and 
the intensity of weathering.

16.1.2.2 Stratigraphy

Weathered basement rocks are overlain by 
water-bearing Vendian and Cambrian silt- 
and sandstones (with interlayers of clay), 
which form the Cambrian–Vendian aquifer 
system. In the east of Estonia, the Vendian 
sedimentary rocks are divided by a clay layer, 
the Kotlin Formation, into the Voronka and 
Gdov aquifers (Fig. 16.1[b] and [c]).

The terrigeneous rocks of the Cambrian–
Vendian aquifer system occur all over 
Estonia, except in the Mõniste–Lokno uplift 
area in southern Estonia. The aquifer sys-
tem is overlain by clays and siltstones of the 
Lükati–Lontova aquitard (Fig.16.1[c]), which 
has a strong isolation capacity, due to its 
low conductivity of 10–7–10–5 m d–1 (Perens 
and Vallner 1997). However, in some places 
the aquitard and water-bearing bedrock for-
mation have been penetrated by a relatively 
dense set of ancient buried valleys fi lled 
with loamy till and, in other places, glacio-
fl uvial gravel in the lower parts of the valleys 
(Tavast 1997). These valleys are orientated 
northwest to southeast, approximately per-
pendicular to the north Estonian coastline.

16.1.3 Hydrogeology

There is an obvious difference between the 
cross sections of the Cambrian–Vendian 

aquifer system in western Estonia com-
pared to those in the east. In the east, up to 
53 m thick clays of the Kotlin Formation 
divide the aquifer system into two aqui-
fers (Fig. 16.1[c]). The upper, Voronka aqui-
fer, consists of quartzose sandstone and 
siltstone with a thickness of up to 45 m in 
northeastern Estonia. The hydraulic conduc-
tivity of the rocks ranges from 0.6 to 12.5 
m d–1 with an average 2.6 m d–1. The trans-
missivity decreases from 100 to 150 m2 d–1 
in northern Estonia to 50 m2 d–1 (or less) in 
the south. Under natural conditions, the 
potentiometric levels along the coast of the 
Gulf of Finland are about 1.5–5.5 m a.s.l. The 
lower Gdov aquifer is formed by a complex 
of mixed sandstone and siltstone up to 68 m 
thick. It directly overlies the Pre-Cambrian 
basement and is confi ned by the overlying 
clay of the Kotlin Formation. In northern 
Estonia, the hydraulic conductivity of the 
water-bearing rocks is 0.5–9.2 m d–1 with 
an average of 5–6 m d–1. Transmissivities in 
northeastern Estonia are in the range of 300–
350 m2 d–1 and decrease in a southerly and 
westerly direction to 100 m2 d–1 or less. The 
potentiometric surface in the coastal area is 
about 3–5 m a.s.l. under natural conditions. 
West of the line where the Kotlin clays pinch 
out, the Cambrian and Vendian water-bear-
ing rocks form the Lontova–Gdov aquifer. 
The Cambrian–Vendian aquifer system thins 
out towards the south and west. In north-
ern Estonia, however, its thickness amounts 
to 90 m outcropping along the northern coast 
in the south of the Gulf of Finland. In north-
ern Estonia, the aquifer system is mostly con-
fi ned by 60–90 m thick clays of the Lontova 
Formation. However, in places the aquitard 
is penetrated by ancient buried valleys.

The Cambrian–Vendian aquifer system is 
underlain by Lower Proterozoic crystalline 
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basement, whose fractures contain a small 
amount of water but is not exploited. The 
lower portion of basement serves as an 
impermeable base layer for all the overlying 
aquifer systems.

The Cambrian–Vendian aquifer system 
forms part of the regional fl ow system that 
recharges in southern Estonia, in the Haanja 
and Otepää heights, where groundwater lev-
els are 180–280 m a.s.l. In these locations, 
the head declines with depth, indicating 
the existence of downward groundwater 
fl ow. On reaching the impermeable por-
tion of the crystalline basement, this fl ow 
is directed towards the discharge areas in 
the depressions of the Baltic Sea and the 
Gulf of Finland. The length of deeper 
branches of the regional fl ow system can 
reach 250 km.

The Cambrian–Vendian aquifer system 
north of the recharge area belongs to a slow 
fl ow subzone (Vallner 1997). The calculated 
velocities of deep groundwater movement 
lie between 5 × 10–4 and 5 × 10–3 m d–1. This 
indicates that during the last ~10 ka the deep 
groundwater could only have progressed 
several tens of kilometres, and complete 
water exchange along fl ow branches would 
not have been possible. Therefore it appears 
that, under natural conditions, groundwa-
ter recharged during the last glaciation has 
been preserved in the aquifer. This has been 
confi rmed using isotopic tracers (Vaikmäe 
et al. 2001).

16.1.4 Palaeohydrological conditions 
during the Late Pleistocene

During the last glacial maximum (LGM) 
around 18 ka BP (21 calendar ka), the whole 
Baltic Sea area and northern Poland were 
covered by the Fennoscandian ice sheet. 

Different reconstructions of the ice sheet 
have yielded different results. According 
to the ice model proposed by Denton and 
Hughes (1981), the ice thickness over the 
Baltic States area at that time was about 
800–2500 m. A modifi ed ice sheet model 
by Lambeck (1999) shows that the ice sheet 
thickness over the area at 18 ka BP was 
only about 600–800 m. The deglaciation of 
Estonia from the Haanja ice-marginal zone 
to the recession of ice from the Palivere zone 
took place in the 2000 years between ca 14.7 
and 12.7 years BP (Kalm 2006; Rinterknecht 
et al. 2006). The rapid deglaciation produced 
huge volumes of meltwater as well as ice-
bergs. Therefore, practically the whole area 
in front of the ice margin was covered with 
vast ice-dammed lakes during the last stages 
of ice sheet retreat. Starting around the 
Palivere stage, these lakes formed the east-
ern part of the Baltic Ice Lake.

Due to the stadial-oscillatory character 
of deglaciation, the level of the Baltic Ice 
Lake changed rapidly several times. At the 
end of the Younger Dryas cold stage the 
amelioration of the climate caused rapid 
retreat of the ice margin, and the Baltic 
Ice Lake drained catastrophically into the 
North Sea via the Öresund Strait. Its surface 
was lowered by 26–28 m within only a few 
years (Björck 1995). An open sound north 
of Billingen provided direct connection 
between the Baltic basin and the North Sea. 
According to Björck (1995) the fi nal drainage 
is dated at c.10.3 ka BP.

In the context of groundwater formation, 
it is important to note that the main dis-
charge area of the Cambrian–Vendian aqui-
fers into the Gulf of Finland was submerged 
during all stages of the Baltic Sea in spite of 
both the several drastic changes in the Baltic 
Sea level and the high glacio-isostatic uplift 
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rate in northern Estonia during and after the 
last deglaciation.

In contrast to the coastal areas of north-
west Europe and the Mediterranean, where 
groundwater circulation during the LGM 
was in many cases activated by evolving 
shorelines due to sea-level lowering, the 
groundwater recharge and circulation in 
the Baltic region ceased or was strongly 
inhibited at this time due to ice cover and/or 
permafrost.

The results of isotope and geochemical 
investigations as well as noble gas analyses 
(Vaikmäe et al. 2001) showed that the water 
in the Cambrian–Vendian aquifer system in 
northern Estonia was recharged during the 
last glaciation. It has further been shown that 
for about 11 ka during the Late Pleistocene, 
the Scandinavian ice sheet in the outcrop 
area was underlain by meltwater (Jõeleht 
1998). During this time the hydraulic head 
was controlled by the thickness of the ice. 
Although the aquifer has relatively high 
hydraulic conductivity, areas of low hydrau-
lic conductivity surround it and therefore the 
hydraulic head in the outcrop area of aquifer 
system was probably close to fl oating point, 
for example, about 90% of ice thickness 
(Piotrowski 1997). Taking into account also 
the postglacial uplift and the present depth 
of the Cambrian–Vendian aquifer system 
(about –100 m below sea level), the hydraulic 
gradient was around 0.0031 (Jõeleht 1998). 
Thus, recharge probably occurred during 
the glaciation, most likely by subglacial 
drainage through the tunnel valleys (Vaikmäe 
et al. 2001).

16.1.5 Hydrochemistry

Earlier studies showed that Na–Ca–Cl–HCO3 
and Ca–Na–Cl–HCO3 type waters with total 

dissolved solids (TDS) contents between
0.4 and 1 g L–1 dominate the Cambrian–
Vendian aquifer system in northern Estonia. 
In northeastern, southwestern and south-
eastern Estonia, as well as on the islands 
of Saaremaa and Ruhnu, Na–Cl, Na–Ca–
Cl and Ca–Na–Cl type waters with TDS 
contents from 2 to 22 g L–1 are widespread 
(Karise 1997). The aquifer has predomi-
nantly reducing conditions (Vallner 1997), 
and is usually rich in trace elements with 
concentrations increasing towards the east. 
East of Tallinn, for example, concentrations 
of iodide reach values between 120 and 
280 μg L–1. In some wells in northeastern 
Estonia, the concentrations of cadmium 
(Cd), lead (Pb) and lithium (Li) are slightly in 
excess of the EU drinking water standards. 
However, the concentrations of trace ele-
ments are highest at Värska in southeastern 
Estonia, where cadmium (Cd), lithium (Li), 
manganese (Mn) and lead (Pb) concentra-
tions exceed the EU regulations for drink-
ing water. In several regions of Estonia, high 
concentrations of bromide (Br) have been 
detected in the Cambrian–Vendian aquifer 
system, for example, values of 13 mg L–1 
Br were observed in Kuressaare at depths 
between 540 and 555 m whilst concentrations 
in Värska ranged between 16 and 17 mg L–1 at 
520–535 m and 51–56 mg L–1 at 540–600 m 
(Karise 1997).

The oxygen isotope compositions in the 
groundwater of most aquifer systems in 
Estonia range from –11.0 to –12.2‰ (Vaikmäe 
and Vallner 1989). However, groundwater in 
the Cambrian–Vendian aquifer system shows 
a heavily depleted oxygen isotope composi-
tion, with δ18O values varying mainly from 
–18% to –22% (Vaikmäe et al. 2001).

In contrast, long-term mean annual δ18O 
value in contemporary precipitation in 
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Estonia is –10.4‰ (Punning et al. 1987). 
Low (highly negative) δ18O values in the 
Cambrian–Vendian aquifer are indicative 
of recharge in cold conditions, whilst low 
14C concentrations are indicative of long 
residence time of groundwater (Fig. 16.2). 
Low 3H concentrations (<2 TU) in most of the 
studied well waters confi rm that no detect-
able intrusion of modern water (including 
seawater) into the Cambrian–Vendian aqui-
fer has occurred during the past approxi-
mately 45 years (Vaikmäe et al. 2001).

16.2 Data for the 
Cambrian–Vendian aquifer and 

interpretation

16.2.1 Historical and recent data 
on water quality

Extensive data collected during the last 
55 yr exists in the Geological Survey of 
Estonia (GSE) and contains more than 1500 
analyses from 967 wells for the Cambrian–
Vendian aquifer system. The database con-
tains information on the main components: 
TDS, Na+, K+, Na + K, NH4

+, Ca2+, Mg2+, 
Fe2+, Fe3+, Fetot, Cl–, SO4

2–, NO2
–, NO3

–, CO3
2–, 

HCO3
–, pH, SiO2, hardness (Perens et al. 

2001). Data are also available from a number 
of published and unpublished (mainly vari-
ous reports of the GSE) investigations. The 
aquifer has been studied at various times 
over the past decades (Mokrik and Vaikmäe 
1988; Mokrik 1997; Perens and Vallner 1997; 
Groundwater State 1998; Vaikmäe et al. 
2001). The results of these studies provide 
extensive information on the hydrogeology, 
geochemistry and lithology of the aquifer 
system. All these results were critically ana-
lysed for this study.

During 2001–2003 new samples were 
collected from representative sites of the 
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Fig. 16.2 Distribution of δ18O values of ground-
water from different aquifers in Estonia accord-
ing to their 14C concentrations. δ18O values from 
two wells (PK 705 and PK 897) indicate the 
mixing with infi ltrated modern water.

Cambrian–Vendian aquifer system in order 
to assess the major groundwater chemistry 
as well as the trace elements. The samples 
were analysed for a wide range of inorganic 
species, and fi eld measurements including 
Eh, DO, pH, temperature and SEC, which 
are used to assist interpretation. All samples 
were fi ltered in the fi eld and acidifi ed with 
nitric acid (1% v/v) in order to stabilise the 
trace elements in solution.

16.2.2 Data handling

The two databases containing the histori-
cal and the new data were compared in 
order to evaluate the suitability of the his-
torical database in the context of a baseline 
study. Where concentrations were below 

EDMUNDJ_Ch16.indd   358EDMUNDJ_Ch16.indd   358 12/11/2007   6:15:04 PM12/11/2007   6:15:04 PM



The Cambrian–Vendian Aquifer, Estonia 359

the detection limit of the method, half the 
value of the detection limit was used for 
the statistical data analysis and interpreta-
tion. Since the historical database goes back 
to the 1950s, the quality of the database 
had to be proved, using one of the follow-
ing approaches: (1) check and evaluate the 
extreme values of different species by com-
paring the dry solid residue contents meas-
ured in the laboratory; (2) where the TDS 
were calculated (rather than measured), the 
cation–anion balance was used to assess 
the quality of sample. Where samples con-
tained only a few measured major ions with 
extreme values, it was decided that, without 
knowledge of the background concentra-
tions, it was better to omit these values from 
further calculations.

For data processing, interpretation and 
hydrogeochemical assessment of the results, 
MapInfo Professional 6.0 and AquaChem 3.7 
were used. The summary statistics (maxima, 
minima, median and standard deviation 
values) showed that the ranges of major ion 
concentrations in the Cambrian–Vendian 
aquifer system for the samples from the 
historical GSE database and the new sam-
ples compare relatively well. The cumu-
lative frequency plots were derived from 
those data showing the concentration ranges 
for selected elements/species (Fig. 16.3). 

The median (50%) values and the 97.7 per-
centiles are used as reference values. These 
values are useful for comparison between 
different areas as well as for regulatory pur-
poses. For the majority of elements, the 
range of distributions represents the geologi-
cal and geochemical controls on the ground-
water compositions whereby the slope and 
the shape of the plots are indicative of the 
different hydrogeochemical processes.

The cumulative frequency plots (Fig. 16.3) 
show that HCO3, Ca and Mg concentra-
tions vary within a small range and only 
about 10% of the data have values greater or 
smaller than the median. In the case of Na 
and Cl, about 20% of the samples have val-
ues greater or smaller than the median, but 
there are only a few samples with extremely 
high values. This is probably due to the small 
number of wells in the Cambrian–Vendian 
aquifer in South Estonia.

16.3 Geochemical controls and 
regional characteristics

16.3.1 Major element controls

The chemical type of groundwater in 
the Cambrian–Vendian aquifer system is 
determined by Na, Ca, Cl and HCO3, with 
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Na and Cl the most abundant ions in the 
water. Magnesium is present at relatively 
low concentrations (3.2–36.0 mg L–1) and 
the SO4 concentration is mostly below the 
detection limit. The highest SO4 concentra-
tions are usually detected in wells located 
close to buried valleys, where groundwater 
freshening has contributed to the develop-
ment of oxidising conditions.

The main source of dissolved solutes is 
leaching of the host rock as well as geochemi-
cal processes in the saturated zone. The 
underlying crystalline basement comprises 
saline groundwater in its upper weathered 
and fi ssured part and is hydraulically con-
nected with the overlying Cambrian–Vendian 
aquifer system, forming a second important 
source of ions. The fractured basement and 
its clayey weathering crust contain Ca–Cl 
type groundwater, which is characterised 
by high TDS values (2–20 g L–1). Intensive 
water abstraction in northern Estonia accel-
erates the groundwater exchange and also 
increases the area infl uenced by pumping. 
Chemical and isotopic groundwater studies 
indicate an increasing contribution of the 
leakage from the crystalline basement to the 
groundwater chemistry (Karro et al. 2004).

16.3.2 Downgradient evolution

The chemical evolution of groundwater in 
aquifers along fl ow paths depends on the 
age distribution with depth and distance, 
on geological conditions and the lithologi-
cal composition of the water-bearing rocks 
and sediments. However, considering the 
very low velocity of groundwater in the 
Cambrian–Vendian aquifer system and 
taking into account both the palaeohydro-
logical situation during the Late Pleistocene 
as well as the contemporary situation in 

northern Estonia, where the groundwater 
geochemistry is infl uenced by intensive 
abstraction, the overall picture of the aqui-
fer system is rather complicated and not yet 
well understood.

It is practically impossible to follow the 
evolution of the groundwater chemistry 
all the way back to the recharge area in 
Southern Estonia, because there are only 
three wells drilled in the aquifer in southern 
and central Estonia. Groundwater with high 
TDS values is pumped and used as a mineral 
water at two to three localities. In north-
ern Estonia, however, the fresh-water of the 
Cambrian–Vendian aquifer system provides 
the main source of public water supply and 
the evolution of ground-water chemistry 
can be followed through many wells drilled 
within a distance of about 50 km south of 
the coastline. As a result of intensive ground-
water abstraction, two extensive depression 
cones have formed in this area with centres 
around the capital city Tallinn and around 
the Kohtla–Järve mining industry region in 
northeast Estonia (Vallner 2003). The natu-
ral baseline characteristics of the aquifer can 
be further explained using a Piper diagram 
(Fig. 16.4).

Four major groundwater types can be dis-
tinguished in the diagram based on their 
chemical composition: 

1 Na–Cl type, can be interpreted as a 
‘saline baseline’ or relict formation ground-
water of the Cambrian–Vendian aquifer 
system. It may be very old and probably 
formed long before the last ice age. TDS con-
centrations in waters of this type are higher 
that 2 g L–1, and they are considered as min-
eral waters. In Värska (southeast Estonia), 
TDS concentrations in the groundwater of 
the deeper part of the aquifer system reach 
concentrations up to 18 g L–1. The δ18O values 
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of this groundwater type are around –14%. 
Relict groundwater of Na–Cl type is widely 
distributed in the Cambrian–Vendian aqui-
fer system in southern and central Estonia 
but also in the Voronka aquifer in northeast 
Estonia at Narva–Jõesuu. It is also character-
ised by a very high Cl– content, ranging from 
1083 mg L–1 in wells at Narva–Jõesuu up to 
10,919 mg L–1 at Värska. The Na+ concentra-
tions in these wells are 684 and 5222 mg L–1, 
respectively. These characteristic features of 
the Na–Cl type groundwater are also well 
refl ected in the cumulative probability plots 
(Fig. 16.3).

2 Ca–Na–HCO3–Cl or Ca–Na–Cl–HCO3 

water. This is the ‘fresh baseline’ water of 
glacial origin, recharged during the last gla-
ciation (Vaikmäe et al. 2001). The chemi-
cal composition has been formed through 
water–rock interaction during the last 10 
ka or more. This water type has the largest 
spatial distribution, spreading from the north 

coast to central Estonia, and also shows mix-
ing with other water types (except with type 
1) on the Piper diagram. The TDS concen-
trations vary from 300 mg L–1 to several 
g L–1. Because of the lack of sampling wells 
in central Estonia, the exact border between 
the ‘saline baseline’ waters and ‘fresh base-
line’ waters cannot be defi ned. The relative 
proportions of HCO3

– and Cl– defi ne the dif-
ferent chemical water types. Thus, some 
waters are classifi ed as different water types 
even though the actual differences in their 
chemical concentrations are small. In the 
probability plots, this group is represented 
by low variations in HCO3

–, Ca2+ and Mg2+ 
concentrations and continuously increasing 
Cl– and Na+ concentrations (Fig. 16.3).

However, the most characteristic feature 
of this groundwater type is its strongly 
depleted stable isotope composition. The 
δ18O values range between –19% and –22%, 
indicating the formation of the water under 
cold climatic conditions (Fig. 16.5).
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3 Na–Cl–HCO3 groundwater type is inter-
preted as a mixture of glacial meltwater 
with some relict saline groundwater. This 
groundwater type is distributed predomi-
nately in northeastern Estonia, where the 
Kotlin clays divide the Cambrian–Vendian 
aquifer system into two aquifers and where 
the overlying clays reach their maximum 
thickness (Fig. 16.1). Therefore, intrusion of 
fresh meltwater into the aquifer during the 
last glaciation was probably lower in this 
area compared to the western part of north 
Estonia. However, freshening of the origi-
nal, relict groundwater, by glacial meltwater 
is still evident from the δ18O values of this 
water type, which range between –19‰ and 
–22‰. Moreover, the TDS values are lower 
(~1 g L–1) compared to those of the relict 
saline water (Fig. 16.5).

4 Ca–HCO3 type groundwater is found 
in northern Estonia, in areas around the 
ancient buried valleys, where intrusion of 
fresh groundwater from overlying aquifers 
and/or rainwater occurs. The intensity of 
such freshwater intrusion varies spatially 
and temporally, depending on the extent of 
groundwater exploitation near the valleys. 
The intensive groundwater abstraction in 
the late 1970s, for example, caused extensive 

cones of depression to develop around 
Tallinn and Kohtla–Järve (Vallner 2003). In 
these areas, the groundwater drawdown of 
25 and 35 m, respectively, resulted in inten-
sive freshwater intrusion into the aquifer 
through the buried valleys and caused the 
groundwater chemistry and its isotopic 
composition to change (Fig. 16.5). In the 
cumulative probability plots, this water type 
is represented by Ca2+, Mg2+ and HCO3

– val-
ues above average and by Na+ and Cl– values 
lower than average (Fig. 16.3). Due to the 
freshwater intrusion, the δ18O values of this 
water type have been changed from values 
around –20‰ in early 1980s towards more 
positive values and today are around –15‰ 
(Fig. 16.5). In parallel the TDS concentra-
tions have also diminished and today are 
between 200 and 500 mg L–1.

16.3.3 The age of water in the 
Cambrian–Vendian aquifer

The aquifer system in southern and central 
Estonia contains relict groundwater with 
TDS concentrations up to 22 g L–1. There 
are problems in determining the age of this 
groundwater, and age estimations have to 
rely on the data obtained from a groundwater 
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fl ow model. The model shows that the lat-
eral water movement in this area is directed 
predominantly towards the north at a veloc-
ity of 0.5–1 m a–1 (Vallner 2003). This indi-
cates that the groundwater in this part of the 
aquifer may be very old, probably in excess 
of 100 ka.

The situation is much different in the 
northern part of the Cambrian–Vendian 
aquifer. Consideration of the data collected 
during the present study together with 
results from earlier studies lead to the con-
vincing conclusion that the isotopically 
depleted groundwater in northern Estonia is 
of glacial origin (Vaikmäe et al. 2001). Results 
from radiocarbon dating and from noble gas 
analyses point toward the Fennoscandian 
ice sheet as a probable source for the ground-
water in Estonia. This water is heavily 
depleted in 18O. This ties in well with the 
palaeo-climatic and palaeo-environmental 
situation in the study area during the late 
Weichselian glaciation. However, so far there 
is no convincing answer to the question of 
how and when the meltwater of the ice sheet 
reached the aquifer system. Earlier studies 
have indicated that meltwater recharge 
into the Cambrian–Vendian aquifer system 
occurred at about 11–12 ka BP, after the 
retreat of the continental ice from Estonia 
and during the formation of the Baltic Ice 
Lake (Yezhova et al. 1996). However, the low 
14C concentrations (<5 pmC) suggests an age 
of the water of about 15–30 ka BP, which in 
turn implies that the meltwater intrusion 
took place much earlier, whilst Estonia was 
still covered by ice.

In contrast, Mokrik (1997) suggests that 
the freshwater in the Cambrian–Vendian 
aquifer complex in the north of Estonia 
was formed by cryogenic metamorphism. 
He proposes that during the Pleistocene 

glaciation the aquifers went through several 
freezing–refreezing cycles down to depths of 
50–200 m, which led to the freshening of the 
originally highly mineralised groundwater 
in the Cambrian–Vendian aquifer complex. 
This would imply that a permafrost zone 
had developed on the surface of the Baltic 
Shield about 50–100 km from the outcrop 
of the aquifer (Mokrik 1997). However, the 
existence of a thick permafrost layer under 
the Fennoscandian ice sheet in the region 
around Estonia seems unrealistic.According 
to Kleman and Borgström (1994), frozen 
conditions only existed in the central area 
of the Fennoscandian ice sheet, whilst most 
of subglacial areas reached melting temper-
atures due to frictional strain and geother-
mal heating. Thus, recharge of the aquifers 
by subglacial meltwater seems to be a more 
realistic explanation for the formation of 
isotopically light freshwater in the Estonian 
aquifers and this interpretation also agrees 
with the recent work of Boulton et al. (1995, 
1996) and Piotrowski (1994, 1997). During 
the Late Weichselian, the base of the ice 
sheet in the Cambrian–Vendian outcrop area 
in Estonia was probably in a liquid state for 
about 11 ka (Jõeleht 1998) and the hydrau-
lic head was controlled by the thickness 
of ice. Whilst the aquifer system has high 
hydraulic conductivity, areas of low hydrau-
lic conductivity surround it and, therefore, 
the hydraulic head in the outcrop area of the 
aquifer system was probably close to fl oating 
point, for example, about 90% of ice thick-
ness (Piotrowski 1997). Taking into account 
the postglacial uplift as well as the present 
depth of the Cambrian–Vendian aquifer sys-
tem of about 100 m b.s.l., it appears that 
the hydraulic gradient was around 0.0031 
(Jõeleht 1998). Thus, groundwater recharge 
to the aquifer probably occurred during 
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the glaciation, presumably by subglacial 
recharge through the tunnel valleys.

16.3.4 Trends in water quality and 
changes with depth

Water quality parameters were investigated 
in northern Estonia (Karro and Marandi 2003; 
Karro et al. 2004; Marandi et al. 2004) where 
the Cambrian–Vendian aquifer system is 
major source of public water supply. In gen-
eral, lateral changes in chemical composition 
and groundwater type are signifi cantly larger 
than those in the vertical direction. In the 
Gdov aquifer (the deeper part of the aquifer 
system), the concentrations of Ca and HCO3 
in the groundwater decrease eastwards 
where Na and Cl ions dominate (Marandi 
et al. 2004). A similar trend was observed 
in the overlying Voronka aquifer (the upper 
part of the aquifer system). The content of 
Na and Cl varies from 26 to 405 mg L–1 and 
46 to 700 mg L–1, respectively, exhibiting 
the highest values in the eastern part of the 
country. The concentrations of Ca (6–188 mg 
L–1) and HCO3 (103–264 mg L–1) show high-
est concentrations in the western part of the 
study area. The highest SO4 concentrations 
were measured along the western margin of 
the area with concentrations between 19 and 
22 mg L–1 .The TDS content in the analysed 
groundwater samples ranged from 0.1 to 
1.5 g L–1 (Marandi et al. 2004).

Generally, the groundwater is of good 
quality in accordance with the limits set 
by the Estonian Drinking Water Standards 
(2001). However, in some areas, problems 
associated with elevated Fe and Mn con-
centrations occur. Highest Fe concentra-
tions reach concentrations up to 6–7 mg L–1, 
exceeding the drinking water limits by factor 
of 5–30 Groundwater does not always fulfi l 

the requirements of drinking water stand-
ards also in respect of Cl and Na contents 
(Marandi et al. 2004).

Barium is the only toxic element that 
occurs in concentrations much higher than 
those permitted in water abstracted for 
drinking purposes. The modelling results of 
Marandi et al. (2004) showed that SO4 and 
HCO3 are the main anions that may control 
Ba precipitation, although HCO3 has practi-
cally no infl uence when Ba concentrations 
are low (<10 mg L–1). Increasing concentra-
tions of Cl, in contrast, contribute to an 
increased solubility of Ba. The results also 
show that in the case of low SO4 concen-
trations (<3 mg L–1), the Ba content in the 
Cambrian–Vendian aquifer system can be 
higher than limit value of 2 mg L–1 set for 
drinking water.

The most serious consequence of inten-
sive groundwater use in north Estonia is the 
formation of regional cones of depression 
around the capital Tallinn and Kohtla–Järve 
(northeast Estonian industrial area). A basin-
wide model simulation showed that over-
exploitation has caused the changes in the 
direction and velocity of groundwater fl ow 
(Vallner 2003). As a result, lateral and verti-
cally rising groundwater fl ows support the 
transport of connate brackish water from the 
deeper parts of the aquifer system and from 
the underlying crystalline basement to the 
groundwater intakes and also promotes sea-
water intrusion (Yezhova et al. 1996; Mokrik 
1997; Vallner 1999; Savitski 2001).

A case study was conducted on the Kopli 
peninsula in Tallinn in order to assess the 
possible causes for the increase in TDS 
(Karro et al. 2004). Groundwater production 
wells trapping the Cambrian–Vendian aqui-
fer system on the Kopli Peninsula are situ-
ated close to the sea. The production wells in 
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the pumping stations have depths between 
40 and 107 m and drilled, more or less, 
through the full thickness of the aquifer sys-
tem. For comparison, a groundwater moni-
toring well penetrating into the fractured 
basement, and two wells opening Lontova 
aquitard were included in the study.

Groundwater abstraction varied between 
years, ranging from 10 to 1300 m3 d–1 dur-
ing 1978–2002 and in 1992 resulted in a drop 
of the potentiometric surface by 17 m. At 
about the same time, groundwater extrac-
tion decreased due to declining industrial 
and agricultural production on the one hand 
and more sustainable groundwater use on the 
other. As a direct result, the potentiometric 
surface level of the aquifer system has stead-
ily risen during the last 10 years and is now 
at –4.0 m a.s.l. (Savitski 2001).

Fresh groundwaters of Na–Ca–HCO3–Cl 
type are characteristic of the upper part 
of the Cambrian–Vendian aquifer complex 
in the Tallinn region (Perens et al. 2001). 
In the deeper part of the aquifer and in the 
crust of the weathered crystalline basement, 

groundwaters of Na–Ca–Cl–HCO3 and Ca–
Na–Cl type and with TDS content of 1.4–5.0 g 
L–1 are common. In the upper part (–50 m asl) 
of the aquifer system, the groundwater has 
chloride concentrations of 100 mg L–1, which 
increase with depth to 350 and 2500 mg L–1 
at 100 and 130 m, respectively (Savitski 
2001; Boldõreva and Perens 2002).

The large-scale variations in TDS 
(0.49–4.6 g L–1) and major element concen-
trations in the water of production wells 
are evident from data collected during 
1978–2002 (Table 16.1). The maximum con-
centrations presented in Table 16.1 describe 
the water chemistry during 1994–1996, 
which clearly exceeded the permissible 
concentrations in major components as set 
by the Estonian Drinking Water Standard 
(2001) and by the Drinking Water Directive of 
the EU (Directive 1998). During subsequent 
years the TDS content of the groundwater 
decreased slightly. The most distinct tempo-
ral changes in water chemistry occurred in 
well 613 (Fig. 16.6), where the TDS reached 
concentrations of up to 1.5 g L–1 increasing 

Table 16.1 Statistical summary (range and mean values) of concentrations (mg L–1) of major chemical 
compounds and TDS in studied wells, Kopli Peninsula. Analyses from 1978 to 2002.

Well no TDS Na+ K+ Ca2+ Mg2+ Cl– SO4
2– HCO3

–

598  707–1120 91.0–142.9 8.9–15.0 94.6–117.8 22.6–28.1 302.8–413.0 2.0–17.7 146.4–176.9

 804 114.0 10.7 110.4 25.6 364.1 3.7 158.6

613  624–1545 96.8–241.7 5.4–13.3 99.0–184.4 21.7–47.6 259.9–707.6 2.0–55.6 146.4–238.0

1010 160.6 10.0 138.5 31.7 481.6 21.8 170.8

614  724–1100 89.6–172.2 7.0–20.0 102.8–149.2 23.7–33.0 330.1–546.7 0.0–19.4 121.9–189.2

 832 115.2 10.8 119.6 27.8 387.6 0.0 152.5

615  488–1170 68.6–222.2 7.8–15.0 71.9–127.3 19.2–40.1 196.1–546.7 0.0–56.4 61.0–189.2

 820 122.5 9.8 101.2 28.6 358.4 24.7 167.8

798 3616–4587 400.0–525.0 16.0–22.5 676.8–836.7 80.4–114.4 2109.5–2552.6 0.0–3.7 6.1–18.3

4347 469.6 20.5 805.1 104.2 2439.7 2.0 12.2

Source: Karro et al. (2004).
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by a rate of 50 mg L–1 yr–1. In the other 
wells of the Kopli peninsula, a less dramatic 
increase in TDS was observed.

Since major ions constitute the bulk of 
the mineral matter contributing to the TDS, 
most major elements (Na, K, Ca, Mg, SO4, Cl) 
display the same trends as TDS (Table 16.1) 
with the exception of HCO3. In comparison 
to other major ions, HCO3 shows the small-
est concentration range, and these relatively 
stable HCO3 concentrations explain why, at 
high TDS values, bicarbonate remains insig-
nifi cant in determining the groundwater 
chemical type. When TDS exceeds 0.9 g L–1, 
Cl type waters dominate.

The Cambrian–Vendian aquifer system at 
Kopli peninsula is confi ned by the Lontova 
aquitard (k = 10–7–10–5 m d–1), which protects 
the aquifer from infi ltrating modern water. 
Thus, human impacts are unlikely to have 
any effect on the groundwater chemistry.

Considering the hydrogeological situa-
tion in the study area, there are three major 

processes which can be responsible for the 
increase in TDS values: (1) intrusion of 
present-day seawater; (2) pumping-induced 
upwards migration of deeper saline water 
from areas below the freshwater; and (3) a 
combination of these two processes.

Characteristic ion ratios and scatter dia-
grams for the most signifi cant chemical 
components (Fig. 16.7) were used to explore 
the importance of individual components.

One of the main indicators of seawater 
intrusion into drilled wells is usually the 
increase in the conservative elements, espe-
cially Cl in the groundwater. However, 
within the Cambrian–Vendian aquifer sys-
tem, the use of the Na/Cl ratio to identify 
modern seawater intrusion is somewhat 
limited as the original relict groundwater at 
least in southern and central Estonia has a 
marine origin with a corresponding Na/Cl 
ratio. Therefore, even in the fresh ground-
water of glacial origin northern Estonia the 
Na/Cl ratio is very close to that of seawater.

The concomitant increase of Na and Cl 
in wells in the Kopli peninsula is quite clear 
(Table 16.1). However, the Na/Cl plot shows 
that the groundwater in the Kopli penin-
sula waterworks is depleted in Na relative 
to seawater (Fig. 16.7[a]) and that the values 
fall below the seawater dilution line (SDL). 
In well 615, the depletion of Na relative to 
seawater becomes more evident at higher 
Cl concentrations. The distribution of data 
below the SDL suggest mixing more saline 
water with dilute water.

Magnesium concentrations in Kopli lie 
approximately on the SDL when plotted 
against Cl, with small deviations to either 
side (Fig. 16.7[b]). This indicates that Mg 
may have a marine component, modifi ed to 
some extent (mainly at lower Cl values) by 
dissolution/weathering reactions. Ca and K 
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Fig. 16.6 Temporal changes of TDS in ground-
water in the Cambrian–Vendian aquifer on Kopli 
peninsula, Tallinn (abstraction well no 613).
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are enriched in the groundwater relative to 
seawater. K concentrations are fairly inde-
pendent of Cl concentrations as shown in 
Fig. 16.7(c), while Ca exhibits a clear increase 
at high Cl values (Fig. 16.7[d]).

Karro et al. (2004) showed that leach-
ing from the host rock and element release 
resulting from geochemical processes in the 
saturated zone provide the major sources 
of dissolved load in the Cambrian–Vendian 
groundwater of the Kopli peninsula. A sec-

ond important source of elements is the 
underlying crystalline basement, which is 
hydraulically connected with the overlying 
Cambrian–Vendian aquifer system and its 
upper weathered and fractured zone, contains 
saline groundwater. The fractured basement 
and its clayey weathering crust also host 
the Ca–Cl type groundwater, which is char-
acterised by high TDS value (2–20 g L–1). 
Intensive water abstraction in northern 
Estonia has accelerated the leakage from 
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the crystalline basement as is seen in the 
results from chemical and isotopic ground-
water studies (Vaikmäe et al. 2001; Karro 
et al. 2003).

Due to its glacial origin, the groundwater 
in the Cambrian–Vendian aquifer system 
in northern Estonia has a unique isotopic 
composition. Thus, the δ18O values of the 
groundwater, as well as the 14C and 3H sig-
nature, provide the most sensitive indicators 
of modern seawater intrusion into aquifer 
system. The, δ18O values in the palaeo-
groundwaters vary between –19‰ and –22‰, 
while 14C concentrations are lower than 
5 pmC and 3H concentrations lie typically 
below the detection limit (<1 TU) (Vaikmäe 
et al. 2001). According to Punning et al. 
(1991) the annual mean δ18O value of water 
in the Gulf of Finland is about –7‰, the 14C 
concentrations in the Baltic Sea are close 
to 100 pmC and 3H concentrations range 
between 5 and 10 TU.

In 2001, groundwater samples from six 
wells of the Kopli peninsula were analysed 
for their isotopic composition, and a set of 
selected δ18O and 14C values as well as Br/
Cl ratios are presented in Table 16.2 and in 
Fig. 16.2.

The δ18O and 14C values are typical for 
Cambrian–Vendian groundwater in northern 
Estonia, indicating the glacial origin of the 
water. Based on these results, it appears that 
intrusion of modern water (including sea-
water) into the aquifer as a consequence of 
heavy pumping has not occurred. This con-
clusion is also confi rmed by the absence of 
3H in sampled wells in the costal areas of 
northern Estonia (Vaikmäe et al. 2001). The 
Br/Cl ratios (Table 16.2) are almost double 
those in seawater (0.0035) and suggest that 
older formation water (without traces of Cl 
from modern seawater) is present.

Table 16.2 Selected isotopic and chemical 
parameters in studied wells at Kopli peninsula, 
Tallinn.

Well 
no

δ18O 
(‰)

14C 
(pmc)

Br– 
(mg L–1)

Cl– 
(mg L–1) Br–/Cl–

599 –20.4 2.5 0.63  99 0.0064
600 –19.8 5.7 2.15 494 0.0044
598 –21.5 3.4 3.62 403 0.0090
613 –21.5 3.0 3.84 481 0.0080
615 –21.6 2.8 3.18 521 0.0061
614 –21.5 5.4 3.96 409 0.0097

16.4  Summary

The groundwater in the Cambrian–Vendian 
aquifer system is generally not affected by 
present-day infi ltration and the main controls 
on the baseline chemistry are the geochem-
istry of the bedrock sediment and processes 
of water–rock interaction. However, in 
places, the Lontova aquitard and water-bear-
ing bedrock formation have been eroded 
forming a set of ancient buried valleys, fi lled 
mostly with loamy tills, although glacio-
fl uvial gravels also occur in the lower parts 
of the valleys. Where groundwater is inten-
sively abstracted, these erosional valleys can 
provide the Cambrian–Vendian aquifer sys-
tem with recharge of fresh meteoric water.

The aquifer can be divided in two main 
zones, which contain groundwater of totally 
different origin and contrasting baseline 
chemical composition. In southern and cen-
tral Estonia, the aquifer system contains rel-
ict saline groundwater of marine origin with 
TDS values up to 22 g L–1. The dominating 
solutes in this zone are Cl and Na and the 
age of the groundwater probably exceeds 
100 ka.
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In northern Estonia, the aquifer system 
contains palaeo-groundwater, which was 
recharged during the last glaciation, more 
than 10 ka ago, by subglacial drainage 
through the aquifers. The groundwater in 
this area is fresh with TDS mainly below 
1.0 g L–1 with baseline chemical composi-
tion resulting from water–rock interaction 
during about the last 10 ka. Generally, the 
groundwater quality is good, although prob-
lems associated with elevated Fe and Mn 
concentrations are reported in some areas. 
However, the most characteristic feature of 
the baseline chemistry in northern Estonia 
is the oxygen isotopic composition of the 
groundwater, with the δ18O values around 
c.–22% being the lightest signature reported 
anywhere in Europe. For comparison the 
long-term mean annual δ18O values in con-
temporary meteoric water in Estonia are 
–10.4‰. Thus, the isotopic composition of 
the groundwater provides an ideal tracer for 
possible changes in the groundwater base-
line quality.

The principal economic role of the 
Cambrian–Vendian groundwater in north-
ern Estonia is the provision of high-quality 
drinking water for communities and towns 
(including the capital city of Tallinn) as 
well as to supply water for industrial use. 
The supply is very signifi cant, amounting 
to 10–13% of Estonian groundwater con-
sumption. Anthropogenic impacts on the 
aquifer are mainly related to overexploita-
tion of freshwater resources in northern 
Estonia and mine dewatering in northeast 
Estonia and have resulted in the develop-
ment of two basin-wide cones of depression, 
around Tallinn and Kohtla–Järve areas. This, 
in turn, has caused changes in the direc-
tion and velocity of groundwater fl ow and 
resulted in an increase in TDS and major 

ion concentrations in the groundwater. 
Where production wells are situated near 
the sea, lateral seawater intrusion into the 
groundwater intakes may occur. The long-
term monitoring of the Cambrian–Vendian 
aquifer system, utilised for industrial water 
supply at the Kopli Peninsula in Tallinn, 
showed remarkable changes in the chemi-
cal composition of groundwater. The 1.5- to 
3-fold increase in TDS and major element 
concentrations in the abstracted ground-
water is probably a consequence of heavy 
pumping. The main sources of TDS in the 
Cambrian–Vendian groundwater are leach-
ing from the host rock and release by differ-
ent geochemical processes in the saturated 
zone. The second important source of ions 
is the underlying crystalline basement, 
which comprises saline groundwater in its 
upper weathered and fractured zone and is 
hydraulically connected with the overlying 
Cambrian–Vendian aquifer system. The frac-
tured basement and its clayey weathering 
crust host Ca–Cl type groundwater, which is 
characterised by high TDS values (2–20 g L–1). 
Intensive water abstraction accelerated the 
groundwater exchange and also increased 
the area infl uenced by pumping, resulting in 
an increasing contribution from up-coning 
from the underlying crystalline basement, 
observed by chemical and isotopic studies 
of the groundwater. At present, there is no 
evidence for seawater intrusion into the 
aquifer system but it may occur in coming 
decades.
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The Bohemian Cretaceous Basin covers an 
area of 14,600 km2, of which 12,490 km2 lie 
within the territory of the Czech Republic. 
The most important aquifers are the deepest 
artesian aquifer in Cenomanian sandstones 
and the unconfi ned aquifer in Middle 
Turonian sandstones. The two aquifers are 
separated by a Lower Turonian aquitard of 
claystones and marlstones. The hydrogeo-
logical characteristics of the basin differ in 
its western, central and eastern parts. The 
presented results characterise the western 
part with the best-developed aquifers. It is 
located on the west bank of Jizera River.

Two regions in the western part were 
selected for the study: (1) the section along 
the west bank of the Jizera River to the con-
fl uence with the Labe (Elbe) River; and (2) 
the Straz Tectonic Block in the northern sec-
tion of the western part of the basin. The 
Straz Tectonic Block contains large deposits 
of uranium.

The median chemical composition and 
maximum concentrations of major compo-
nents in groundwater in the Cenomanian 

aquifer are in mg L–1: Ca 43/290, Na 8/200, 
Mg 6/76, K 3/20, HCO3 159/360, SO4 16/800, 
Cl 5/54, NO3 0.8/67. The maxima of major 
ions may indicate an admixture of fossil 
brine and an agricultural pollution. The 
hydrochemical water type changes from the 
recharge to discharge area. The most impor-
tant processes causing the change are disso-
lution of calcium carbonate cement and 
Na–Ca ion exchange on clay minerals in 
matrix of the sandstone. The median chemi-
cal composition and maximum concentra-
tions of major components in groundwater 
in uncontaminated Cenomanian aquifer in 
the Straz Tectonic Block not affected by 
mining of uranium are in mg L–1: Ca 31/65, 
Mg 7/14, Na 3/30, K 1/4 HCO3 91/278, SO4 
30/118, Cl 5/16, NO3 0.5/23. The median 
baseline chemical composition and maxi-
mum concentrations of major components 
in groundwater in the Turonian aquifer are 
in mg L–1: Ca 100/407, Na 6/211, Mg 6/175, 
K 2/23, HCO3 260/530, SO4 47/1590, Cl 
13/120, NO3 11/108. The Turonian aquifer 
in the Sraz Tectonic Block contains water 
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with lower TDS between 100 and 200 mg L–1. 
The hydrochemical water type is Ca–SO4–
HCO3. Water is often slightly acidic with 
increased concentrations of Al and Fe. The 
concentrations of trace components in 
uncontaminated groundwater in all four 
locations are close to or below the detection 
limits of analytical methods. The uranium 
deposit in the Cenomanian aquifer of the 
Straz Tectonic Block has been exploited by 
underground mining and by underground 
leaching with sulphuric acid. The mining 
and leaching ended in the mid-1990s; how-
ever, the contaminant mining waste solu-
tions remain in the Cenomanian sandstones. 
There is a potential danger of spreading the 
contamination in a southwest direction 
through the Cenomanian sandstones and 
across the semi-permeable Lower Turonian 
aquitard to the superjacent Middle Turonian 
aquifer. The factors that infl uence the 
groundwater quality in the Cenomanian 
aquifer are (1) water–rock geochemical inter-
action; (2) mixing with fossil brine present in 
the subjacent Permo-Carboniferous sedimen-
tary and older crystalline basement; (3) fl ux 
of CO2 of magmatic origin and (4) mining 
of uranium deposits by acid leaching in 
the Cenomanian aquifer. The dominant 
control of chemistry in the part of the 
Cenomanian aquifer is water–rock interac-
tion. Contamination of groundwater due to 
uranium mining is limited to the Straz 
Tectonic Block. The fl ux of magmatic CO2 
occur along several deep faults in the base-
ment of the Cretaceous sediments. Such 
areas were avoided when the statistical 
parameters of the representative quality of 
groundwater were calculated. The factors 
that infl uence the groundwater quality in 
the Turonian aquifer are (1) water–rock geo-
chemical interaction; (2) mixing with 

groundwater from the Cenomanian aquifer; 
(3) infi ltration of surface water and irrigation 
water and (4) dispersion of contaminants 
from the uranium leaching in the 
Cenomanian aquifer across the Lower 
Turonian aquitard.

Activities of 39Ar in the northern part of 
the aquifer close to the recharge area indi-
cate the age of groundwater to be 600 years. 
Water downstream of the recharge area of 
the Cenomanian aquifer has 39Ar activities 
below the detection limit. This indicates 
that the residence time is older than 1000 
years. The 14C activities indicate residence 
times between a few hundreds up to about 
17,000 years. The 85Kr results for groundwa-
ter in the Turonian show that the groundwa-
ter from the Turonian aquifer contains a 
large proportion of modern water. The cal-
culated 14C model ages indicate a mean resi-
dence time of less than 1000 years. The 
groundwater is probably an admixture of 
25–45% of old groundwater in recent ground-
water. The mean residence times of the 
younger groundwater component vary 
between 4 and 11 years. The age of the old 
component was determined with the tracer 
39Ar, resulting in ages up to 200 years.

17.1 Introduction

The Bohemian Cretaceous Basin is the most 
extensive, continuous sedimentary basin of 
the platform cover of the Hercynian 
Bohemian Massif of Central Europe. It cov-
ers an area of 14,600 km2, of which 12,490 
km2 lie within the territory of the Czech 
Republic (Fig. 17.1). There are four sandstone 
aquifers in the basin: aquifer A in the Peruc–
Korycany Formation (Cenomanian), aquifer 
B in parts of the Bila Hora Formation (Lower 
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Turonian and basal part of Middle Turonian), 
aquifer C in the Jizera Formation (Middle 
Turonian and basal layer of the Upper 
Turonian), and aquifer D in the Teplice to 
Merboltice Formations (Upper Turonian, 
Coniacian and basal layers of Santonian).

The most important aquifers are the deep-
est artesian A aquifer in Cenomanian sand-
stones and the unconfi ned C aquifer in 
Middle Turonian sandstones. The two aqui-
fers are separated by a Lower Turonian 
aquitard of claystones and marlstones over 
most of the territory of the Bohemian 
Cretaceous Basin. The best development of 
the Cenomanian and Turonian aquifers is in 
the eastern part of the western region on the 
west bank of the Jizera River (Fig. 17.2) and 
in the northern part of the western region 

GERMANY
POLAND

CZ

AUSTRIA

500 km

Fig. 17.1 The location of the Bohemian 
Cretaceous Basin in Europe.
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Western part with both middle Turonian aquifer and Cenomanian aquifer
separated by the lower Turonian aquitard.

Almost impervious central part.

Eastern part where lower Turonian sediments have the character of an aquifer
and join with the middle Turonian aquifer and western part  with well developed
Cenomanian aquifer.

Southern marginal part with Cenomanian aquifer.

PRAGUE

Key

Fig. 17.2 Extent of the aquifers in 
the Bohemian Cretaceous Basin in 
the territory of the Czech Republic. 
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Cenomanian and Turonian Aquifers of Bohemian Cretaceous Basin 375

formed by the Straz Tectonic Block (Fig. 17.3). 
Both parts of the Bohemian Cretaceous Basin 
have been extensively used for water supply 
since the 1930s. However, the hydrogeology 
and hydrochemistry of the Straz Tectonic 
Block is adversely affected by extensive min-
ing and leaching of uranium deposits in the 
Cenomanian sandstones. Details of the 
geology and hydrology of the Bohemian 
Cretaceous Basin were described by Hercik 
et al. (1999, 2003). Over 4000 wells were 
drilled and investigated in the Bohemian 
Cretaceous Basin. New chemical data on 
groundwater quality were obtained from 
selected wells and modelling of the possible 
future deterioration of water was performed 
during the present studies.

17.2 Geology and hydrogeological 
characteristics

The Bohemian Cretaceous Basin is elon-
gated, with its axis trending NW–SE and 
trending to the NNW–SSE near its eastern 
end. The basin is 290 km long in its axial 

direction and up to 100 km across. Basin 
limits are generally erosional, less com-
monly tectonic. The areas beyond the basin 
margin are composed of Hercynian, crystal-
line rocks, which also continue beneath the 
basin fi ll. The surface of the Cretaceous 
Basin is mostly covered by a thin, discontin-
uous cover of Quaternary sediments, partic-
ularly colluvium, loess and sands and gravels 
of river terraces. Only the northwestern 
marginal part of the basin is covered by 
Tertiary basalts, andesites and tuffs of the 
Ceske Stredohori Mountains and Tertiary 
sedimentary rocks of the North Bohemian 
Basin.

The preserved thickness of the fi ll of the 
Bohemian Cretaceous Basin usually varies 
between 200 and 400 m with the greatest 
thickness of 1100 m in the western part of 
the basin. Sedimentary fi ll accumulated 
from the late Albian to the Santonian. It is 
composed of detrital sediments of variable 
grain size, with subordinate carbonate rocks. 
The basal Cenomanian sequence of the 
Peruc–Korycany Formation, up to 100–120 m 
thick but locally missing, is dominated 

Straz Tectonic Block

POLAND

Bohemian Cretaceous Basin

GERMANY

CZECH REPUBLIC

AUSTRIA

100 km

SLOVAKIA

PRAGUE

Fig. 17.3 Location of the Straz 
Tectonic Block within the 
Bohemian Cretaceous Basin.

EDMUNDJ_Ch17.indd   375EDMUNDJ_Ch17.indd   375 12/11/2007   6:25:53 PM12/11/2007   6:25:53 PM



T. Paces ET AL.376

by psammites. The rest of the fi ll is charac-
terised by the presence of two facies: basinal 
facies and proximal facies. The basinal facies 
is represented by calcareous claystones to 
marlstones. The proximal facies comprises 
psammites of variable grain size, with varia-
ble contents of cement.

An important tectonic unit of the basin is 
the Straz Tectonic Block, located at the 
northwest margin of the basin (Fig. 17.3). The 
basal Cenomanian sandstones in the Block 
contain large bodies of concentrated and dis-
seminated uranium deposits. The concen-
trated bodies were mined by underground 
operation (Hamr mine), while the dissemi-
nated mineralisation was leached using con-
centrated sulphuric acid. The underground 
mining was closed in 1993 and the acid leach-
ing of the ore ended in 1996. The Bohemian 
Cretaceous Basin is subdivided into four con-
trasting parts (western, central, eastern and 
southern marginal part) shown in Fig. 17.2 in 
relation to the occurrence of groundwater. 
The groundwater bodies in the individual 
parts are associated with different geological 
settings and lithological character of the 
basin fi ll. The central part of the basin func-
tions as an impermeable block between the 
western and eastern parts. Surface morphol-
ogy affects the recharge and direction of 
groundwater circulation. The erosional base 
of the whole basin is the Labe River, how-
ever, smaller rivers drain some parts of the 
aquifers before water reaches the Labe River. 
The Jizera River is important in draining the 
central part of the basin and the Ploucnice 
River drains the northern part, namely the 
Straz Tectonic Block.

Four essential groups of aquifers may be 
recognised. The A aquifer is a basal aquifer, 
largely associated with the Peruc–Korycany 
Cenomanian sandstones, locally also called 

the Bílá Hora Formation (called AB aquifer); 
the B aquifer in the Bílá Hora Formation; the 
C aquifer in the Jizera Formation; and the D 
aquifer in the Teplice and Br̆ezno Formations. 
A detailed description of the geological and 
hydrogeological characteristics is given in 
Hercik et al. (2003). The most signifi cant 
for water-supply purposes is the C aquifer, 
which contains 52% of the groundwater 
resources of the basin. Less signifi cant aqui-
fers are aquifer A (20%), B (14%) and D (14%).

The western part of the basin is character-
ised by extensive sandstone strata. The sand-
stones form thick aquifers with continuous 
groundwater bodies over the whole area. The 
structural setting plays a subordinate role in 
groundwater circulation. The aquifers lie 
mostly subhorizontally. The structural con-
trol if any is dominated by the tectonics of 
the SW–NE (Erzgebirge) strike. The basal 
aquifer A is present in the whole of the west-
ern part of the basin with the exception of 
several areas of high basement elevation and 
areas from which it was eroded. The ground-
water body in the aquifer – except for periph-
eral zones – is confi ned. The permeability of 
aquifer A is mostly intergranular with the 
highest transmissivity of 160 m2 day–1 (aver-
age of 64 m2 day–1). Aquifer A is asymmetri-
cally divided into two parts by the course of 
the Labe River. Each part has its own fl ow 
regime with the discharge to the Labe River. 
The effect of faults on groundwater fl ow 
directions is insignifi cant.

Aquifer C in the western part of the basin 
is developed mostly on the northeastern bank 
of the Labe River, where it hosts the largest 
resources of groundwater in the whole 
Cretaceous Basin. Groundwater of aquifer C 
is mostly unconfi ned, being confi ned only in 
those areas where the overlying aquitard of 
the marlstones and claystones of the Teplice 
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and Brezno Formations is present. The aver-
age thickness of the saturated zone of the 
aquifer is 150 m. Aquifer C has dual porosity 
and generally decreases towards the SE due to 
the lithofacies development of the Cretaceous 
complex. The highest average transmissivity 
coefficient is 762 m2 day–1. The lowest values 
of 48 m2 day–1 were measured at the southern 
margin. The ground-water fl ow regime in 
aquifer C differs markedly from that in aqui-
fer A, especially in the Jizera River basin, 
where its piezomeztric head is controlled by 
the drainage effect of the river.

Aquifer D is formed in the sandstones that 
extend under the volcanic rocks of the Ceske 
Stredohori Mountains and in the Luzicke 
Hory Mountains and also has dual porosity. 
The average transmissivity coefficient of 
this aquifer is 128 m2 day–1 and it has an 
average thickness of 150 m in the block of 
the Ceske Stredohori Mountains and in the 
Luzicke Hory Mountains.

The central part of the basin differs from 
the western and eastern parts of the basin in 
having negligible recharge areas, and small 
thicknesses of aquifer A. The fl at relief is 
dominated by impermeable calcareous clay-
stones and marlstones of the Teplice and 
Brezno Formations. Groundwater in aquifer 
A is confi ned with an average transmissivity 
coefficient of 17 m2 day–1. Aquifer A is 
recharged by fl ow across the faults in the 
north, and drainage occurs along the course of 
the Labe River in the south. Groundwater per-
colation is very slow and is almost stagnant. 
The groundwater is enriched in magmatic 
CO2 from faults in subjacent rocks. This gives 
rise to sparkling mineral water. The mineral 
water is used for balneological purposes in the 
spas of Podebrady and Bohdanec.

The hydrology of the eastern part of the 
basin is controlled by the structural setting. 

Cretaceous strata were shaped by Saxonian 
folding into a system of fl at, asymmetrical 
faulted folds of mostly NW–SE (Sudetic) 
trend. Structural elevations and faults are 
responsible for segmentation of this part of 
the basin into lower-order hydrogeological 
structures with independent groundwater 
circulation. The basal aquifer A has inter-
granular and fracture permeability and the 
thickness and facies development of the 
aquifer is variable. Therefore, the hydraulic 
parameters of the aquifer vary over a wide 
range. Aquifers B and C are associated with 
sandstones in their upper portions with 
upward-coarsening cycles and to silty–sandy 
silicifi ed spiculitic marlstones to spongo-
lites. These brittle rocks had very low per-
meability coefficients and have undergone 
deformation, giving rise to a system of open 
fractures, which makes the aquifers very 
permeable. The groundwater basins are 
small and are located in synclines separated 
by unsaturated anticlines. As a result, no 
unifi ed groundwater fl ow direction is 
observed over the eastern part of the 
Bohemian Cretaceous Basin.

17.3 Groundwater chemistry

The baseline quality of groundwater has 
been determined in Cenomanian aquifer A 
and in the Turonian aquifer C of the western 
part of the Bohemian Cretaceous Basin. Two 
regions were selected for the study: (1) the 
eastern region of the western part drained at 
the confl uence of the Jizera River and the 
Labe River and (2) the Straz Tectonic Block. 
Both regions are used for the exploitation of 
groundwater and there are many drilled 
wells to be sampled and monitored for 
groundwater quality.
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The factors that infl uence the groundwa-
ter quality in the Cenomanian aquifer A are 
(1) water–rock geochemical interaction; (2) 
mixing with fossil brine present in the subja-
cent Permo–Carboniferous sedimentary and 
older crystalline basement; (3) fl ux of CO2 of 
magmatic origin and (4) mining of uranium 
deposits by acid leaching in the Cenomanian 
aquifer. The dominant control in the part of 
the Cenomanian aquifer on the west bank of 
the Jizera River is water–rock interaction. 
Contamination of groundwater due to ura-
nium mining is an important feature in the 
Straz Tectonic Block of the Cretaceous struc-
ture at the northern margin of the Bohemian 
Cretaceous Basin (Fig. 17.3).

The factors that infl uence the groundwa-
ter quality in the Turonian aquifer C are (1) 
water–rock geochemical interaction; (2) mix-
ing with groundwater from the Cenomanian 
aquifer; (3) infi ltration of surface water and 
irrigation water; (4) fl ux of CO2 of magmatic 
origin and (5) dispersion of contaminants 
from the uranium leaching in the Cenomanian 
aquifer across the Lower Turonian aquitard.

The dominant controls in the part of the 
Turonian aquifer along the Jizera River are 
water–rock interaction and infi ltration of 
surface water. Mixing with water from the 
Cenomanian aquifer and pollution from the 
uranium mining are important processes in 
the Straz Tectonic Block. The fl ux of mag-
matic CO2 occurs along several deep faults 
in the basement of the Cretaceous sedi-
ments. Such areas are avoided when the sta-
tistical parameters of the representative 
quality of groundwater are calculated.

The source of groundwater in the 
Cenomanian (A) and Turonian (C) aquifers is 
meteoric water, as evidenced by the isotopic 
composition of oxygen and hydrogen. Only 

locally, in aquifer A, is the water enriched in 
sulphate and chloride components of fossil 
origin and its total dissolved solids (TDS) are 
higher due to an infl ux of magmatic CO2.

Three sets of data are used to represent the 
baseline quality of groundwater in the 
Cenomanian aquifer and its spatial and tem-
poral variations. They are (1) regional set of 
43 wells, which were monitored and sam-
pled for the quality of water in 2001 and 
2002 in the area on the west bank of the 
Jizera River; (2) a temporal sequence of data 
from three drill holes monitored from 1987 
till 2002 in the Straz Tectonic Block (wells 
STPC99, STPC143 and STPC158); and (3) a 
set consisting of seven wells (VP7502, 7506, 
7500, 7515, 7517, 7519 and the artesian 
well B at Karany Water-Supply plant) along 
the fl ow trajectory of the groundwater in 
the Cenomanian aquifer sampled during the 
present study in the area of the west bank of 
the Jizera River.

Similar sets of chemical data represent the 
baseline quality of groundwater in the 
Turonian (C) aquifer and its temporal and 
spatial variations. They are (1) a regional set 
of 61 wells sampled in 2001 and 2002; (2) a 
temporal sequence of data from three drill 
holes (STPT10, STPT31 and STPT33) moni-
tored from 1987 till 2002 in the Straz Tectonic 
Block and (3) a set of four wells (VP7523, 
7512, 7524 and 7520) along the fl ow trajec-
tory of the groundwater in the Turonian 
aquifer sampled during the present study.

The baseline chemical composition of 
groundwater in the two aquifers in the region 
west of Jizera River has been calculated 
using data from selected wells that have 
been sampled twice a year by the Czech 
Hydrometeorological Institute. The sampled 
wells yield unpolluted water. Wells suspected 
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Table 17.1 The statistical characteristics of the composition of the unpolluted groundwater from 
Cenomanian (A) and Turonian (C) aquifers in the region west of the Jizera River: (a) physico-chemical 
characteristics; (b) major components; (c) trace metals and other minor elements and (d) dissolved 
organic carbon and hazardous organic components.

Cenomanian aquifer (no. of sampled wells 43) Turonian aquifer (no. of sampled wells 61)

Parameter Units Average St. Div. Maximum Minimum Median Average St. Div. Maximum Minimum Median

(a) Physico–chemical characteristics 
T °C 11.9 4.4 26.8 6.1 10.3 10.4 2.4 23.5 7.2 9.8
pH lab 7.3 0.67 9.5 5.4 7.35 7.1 0.66 8.8 4.75 7.26
pH field 7.28 0.61 9.4 6.18 7.29 7.09 0.61 8.21 4.9 7.2
Dissolved O2 mg L–1 3 3.2 12 0.6 1.7 5.4 3.4 10.4 0.5 6
SEC μS cm–1 43.2 27.9 160 9.6 37 61.6 45.8 308 15 56

(b) Major components
Ca mg L–1 53.9 50.7 290 3.7 43 100.7 71.9 407 2.2 100
Mg mg L–1 8.3 11.2 76 0.29 5.8 13.7 25.0 175 0.64 6.1
Na mg L–1 25.1 41.9 200 1.1 8.4 13.4 31.0 211 1.2 5.9
K mg L–1 4.3 4.3 20 0.5 3.1 3.7 4.5 22.8 0.88 2.1
Cl mg L–1 12.7 13.0 54 1.2 5.2 17.8 19.5 120 1.2 13
SO4 mg L–1 50.6 127.5 800 0.7 15.9 93.2 212.6 1590 <1 47
HCO3 mg L–1 174 92 360 6.1 159 231.9 138.9 530 4.3 260
NO3 mg L–1 5.05 15.3 67.2 <1 <1 18.8 24.6 108 <1 11
NO2 mg L–1 0.01 0.03 0.21 <0.005 <0.002 0.01 0.03 0.15 <0.005 <0.002
NH4 mg L–1 0.09 0.18 0.72 <0.05 0.07 0.12 0.44 2.84 <0.05 <0.05
PO4 mg L–1 0.03 0.11 0.66 <0.04 0.04 0.041 0.10 0.5 <0.05 0.04
F mg L–1 0.39 0.87 5.6 <0.05 0.15 0.31 0.53 2.3 <0.05 0.12
SiO2 mg L–1 4.6 3.6 18.8 0.3 3.8 5.2 2.9 12.8 0.64 4.2
CO2 mg L–1 20.1 27.3 180 <2.2 12 21.1 13.9 88 <2.2 20

(c) Trace elements
Al μg L–1 41.8 160 810 <10 <10 1.1 40 240 <10 <10
As μg L–1 0.2 2.7 10 <1 <1 <0.7 4.2 <1 <1
B μg L–1 26.2 95.7 510 <25 <20 65 260 1800 <25 <20
Ba μg L–1 7.2 60 160 <50 13 2.2 70 268 <50 <50
Be μg L–1 0.2 0.4 2.3 <0.1 <0.1 0.06 7.2 <0.1 <0.1
Cd μg L–1 <0.06 0.2 0.8 <0.1 <0.1 <0.02 0.85 <0.1 <0.1
Co μg L–1 <0.2 2.3 8 <1 <1 <0.8 4.7 <1 <1
Cu μg L–1 <1 1.7 4 <2 <2 <0.55 10 37 <2 <2
Cr μg L–1 <1 1.7 6 <2 <2 <0.13 8 <2 <2
Fe μg L–1 2700 6700 31200 <60 <60 330 1190 8500 <60 <0.60
Hg μg L–1 <0.1 <0.1 <0.1 <0.1 <0.09 0.5 <0.1 <0.1
Li μg L–1 <6 73 33 <50 <50 18 60 0.263 <0.05 <0.05
Mn μg L–1 180 280 1430 <10 99 40 80 411 10 12
Mo μg L–1 <0.8 2.5 6.2 <2 <2 <2 3.5 <2 <2
Ni μg L–1 2 7.4 41 <2 <1 0.71 17 <2 <2
Pb μg L–1 <1.5 1.0 2 <2 <2 <2 7 <2 <2
Sb μg L–1 <0.5  <0.5 <0.5 <0.5 <0.47  0.6 <0.5 <0.5
Se μg L–1 <1 <1 <1 <1 <1 <1 <1 <1
Sr μg L–1 345.6 370 1600 10 200 630 970 5950 30 240
Zn μg L–1 <3 14 52 <10 <10 3.1 30 239 <10 <10
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to be contaminated as well as wells that 
yield water of extreme chemical composi-
tions due to the input of CO2 and fossil 
brines are not included in this study. The 
statistical parameters of the baseline quality 
are given in Table 17.1 to characterise the 
groundwater in the Cenomanian (A) and 
Turonian (C) aquifers of the Bohemian 
Cretaceous Basin.

Temporal variations in groundwater from 
the Cenomanian aquifer are shown for three 
wells in the Straz Tectonic Block (Figs. 17.4 
and 17.5). The medians and 97.9 percentiles 
of chemical components of groundwater from 
the three wells are summarised in Table 17.2.

The monitoring of groundwater quality 
since 1985 indicates that the chemical com-
position of groundwater in the Cenomanian 
aquifer does not exhibit any systematic trend; 
however it is not constant. This is exempli-
fi ed by the fl uctuation in TDS for the whole 
period of observation in groundwater from 
wells VP7517 and VP7515 (Fig. 17.4). The 
only exception is water sampled from the 
drill hole VP7502. Groundwater from this 
drill hole exhibits an increasing trend in TDS 

Table 17.1 (Continued)

Cenomanian aquifer (no. of sampled wells 43) Turonian aquifer (no. of sampled wells 61)

Parameter Units Average St. Div. Maximum Minimum Median Average St. Div. Maximum Minimum Median

(d) Organics
DOC mg L–1 1.19 0.55 2.6 0.15 1.1 1.74 0.76 4 0.43 1.7
CHCl3 μg L–1 <0.1 <0.1 <0.1 <0.1 <0.062 0.14 0.8 <0.1 <0.1
CCl4 μg.L–1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Atrazine μg.L–1 <0.0014 0.0058 0.014 <0.005 <0.005 0.05 0.30 2.3 <0.005 <0.005
1,1,2-trichloro-

ethylene
μg L–1 <0.1 <0.1 <0.1 <0.1 <0.097 0.03 0.1 <0.1 <0.1

1,1,2,2-tetrachloro-
ethylene

μg L–1 <0.095 0.0301 0.1 <0.1 <0.1 <0.097 0.03 0.1 <0.1 <0.1

Phenol μg L–1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Simazine μg L–1 <0.005 0.0000 <0.005 <0.005 <0.005 <0.0041 0.00 0.012 <0.005 <0.005
Isoproturon μg L–1 <0.02 0.0000 <0.02 <0.02 <0.02 <0.02 0.00 <0.02 <0.02 <0.02

since the winter of 1998. This corresponds to 
the location of the drill hole in the recharge 
area of the aquifer A, which is vulnerable to 
surface contamination. The steady-state TDS 
in the Cenomanian aquifer in the Straz 
Tectonic Block is a signifi cant feature of the 
baseline properties of the groundwater, indi-
cating that this water is not infl uenced by 
the mining activities in the Straz uranium 
deposit. Hence, the selected drill holes can 
serve as the baseline data.

The monitoring of groundwater quality 
since 1985 in the Turonian aquifer indicates 
that the temporal trends in chemical compo-
sition are not uniform and the observed vari-
ations are not easy to explain. There are 
basically three types of temporal changes. In 
the fi rst case, exemplifi ed by drill hole STPT 
10, there is a gradual increase in TDS from 
60 mg L–1 in 1985 to present level of 210 mg 
L–1. There are, however, periodic changes 
during this time period as shown on in Fig. 
17.5. The second type is a steady-state chem-
ical composition without a systematic trend 
but with periodic variations. The periods are 
regular or irregular with time. Such trend is 
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exemplifi ed by water from well STPT 31. 
The third type is the steady-state chemical 
composition with an introduced anthropo-
genic pulses of pollution followed by some 
type of recovery either natural or manmade. 
This behaviour is demonstrated by the 
chemical changes in groundwater from the 
well STPT 33.

The third set of analyses of waters from 
aquifers A and C include samples from wells 
in the area located on the west bank of the 
Jizera River. The wells were selected in such 
a way, that they represent the north–south 
trajectory of groundwater fl ow in both the 
aquifers. The trajectory follows the piezomet-
ric gradient from the area of recharge to the 
area of discharge. The chemical data for water 

from the Cenomanian aquifer and the distance 
from the recharge area to discharge area are 
given in Table 17.3. The trends in the concen-
trations of major cations and anions in ground-
water along the fl ow trajectory in the 
Cenomanian aquifer are shown in Fig. 17.6.

Figure 17.6 illustrates the exchange of Ca 
for Na along the trajectory towards the dis-
charge area at the confl uence of the Jizera 
River with the Labe River. Bicarbonate 
decreases while sulphate and chloride both 
increase. The last artesian well Karany B dis-
charges water which differs from the general 
chemical evolution. The mixing of old and 
young water probably affects its chemical 
composition. This is documented by a dat-
ing analysis discussed below.

The downgradient evolution in the 
Turonian aquifer was studied using four wells 
located from north to south along Jizera 
River. The position of the wells follows 
approximately the piezometric gradient from 
the area of recharge to the area of discharge. 
The chemical composition of groundwater 
and the distance from the recharge area to 
the discharge area are summarised in the 
Table 17.4. The chemical evolution is illus-
trated using major ions in Fig. 17.7. Contrary 
to the evolution of groundwater in the con-
fi ned Cenomanian aquifer, groundwater in 
the unconfi ned Turonian aquifer is steadily 
enriched in all major cations and anions. The 
ion exchange between Ca and Na is not an 
obvious process. Instead, a continuous disso-
lution of carbonate and enrichment in sul-
phate and chloride ions take place.

17.4 The age of the groundwater in 
Cenomanian and Turonian aquifer

The non-detection of bomb 3H and 85Kr in 
the investigated wells of the Cenomanian 
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Fig. 17.4 Temporal trends and variations in wells 
tapping groundwater in the Cenomanian aquifer.
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aquifer indicates that groundwater recharge 
occurred more than 50 years ago. 39Ar activi-
ties were measured only in the northern 
recharge area of this aquifer, and are equiva-
lent to a mean groundwater age of 600 years. 
Groundwater in the Cenomanian aquifer 

has 39Ar activities below the detection limit. 
This indicates that groundwater from the 
wells located farther downstream of the 
recharge area should have residence times 
older than 1000 years. 85Kr measurements 
indicate no admixture of modern water. 

Table 17.2 Median values and 97.9 percentile of the chemical composition groundwater from three 
drill holes in the Cenomanian aquifer sampled in the period 1985–2002 in the Straz Tectonic Block 
outside the zone of contamination by acid leaching of uranium deposit in the Cenomanian sandstones.

Drill hole no.
X
Y
n – number of samples

STPC 99
 50°39’34’’
14°46’47’’

51

STPC 143
50°39’12’’
14°48’00’’

34

STPC 158
 50°39’18”
14°47’53”

40

Median
Percentile

97.9 Median
Percentile

97.9 Median
Percentile

97.9

pH 7.57 8.06 7.05 8.00 7.20 7.90
Conductivity μS cm–1 15.0 173 16.6 27.4 16.0 27.0
TDS mg L–1 129 228 148 179 139.5 218
Ca mg.L–1 25 49 34 46 32 37
Mg mg L–1 8.2 13.3 4.3 4.76 7.20 9.00
Na mg L–1 3.7 16.6 3.50 5.06 2.35 4.20
K mg L–1 1.1 2.27 1.25 3.34 1.00 1.40
CL mg L–1 3.7 12.0 6.45 13.9 5.15 9.45
SO4 mg L–1 28.0 71.2 42.0 76.5 30.0 58.7
HCO3 mg L–1 90.9 156 77.0 136 96.0 120
NO3 mg L–1 0.50 5.3 0.5 18 0.50 9.9
NH4 mg L–1 0.025 1.20 0.010 0.90 0.010 5.3
PO4 mg L–1 0.025 0.025
HPO4 mg L–1 0.025 1.57 0.025 0.124 0.025 0.133
F mg L–1 0.50 0.60 0.50 0.52 0.50 0.74

Trace elements
Al mg L–1 0.25 2.3 0.25 1.37 0.25 1.00
Cr mg L–1 0.00 0.025 0.00 0.00 0.00 0.00
Fe mg L–1 0.88 2.99 0.48 7.72 0.82 3.5
Mn mg L–1 0.090 0.22 0.033 0.056 0.069 0.53
Ni mg L–1 0.033 0.072 0.095 0.16 0.025 0.10
Ra Bq m–3 2080 3401 5800 6983 3850 17917
U mg L–1 0.0040 0.024 0.088 0.14 0.0030 0.037
Zn mg L–1 0.020 0.040 0.050 0.109 0.020 1.30
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An increasing mean residence time of water 
in the Cenomanian aquifer in the direction 
of groundwater fl ow from north to south is 
confi rmed by decreasing 14C activities rang-
ing from 54 to 6 pmC (Corcho Alvarado et al. 
2004). The 14C activities were converted into 
groundwater residence times using the 
model NETPATH (Plummer et al. 1991), 
which corrects for geochemical reactions 
occurring along the fl ow path. Calculations 
using this correction scheme indicate resi-
dence times from a few hundred years to 
about 17,000 years (Corcho Alvarado et al. 

2004; Purtschert et al. Chapter 5B, this 
volume). Considering the uncertainties in 
the age determinations, it is reasonable to 
assume that the age of groundwater in the 
Cenomanian aquifer varies from 600 years 
in the recharge area to more than 20,000 
years at the end of the fl ow path near the 
confl uence of the Labe River and Jizera River. 
The well Karany B as a fi nal point on the 
trajectory path of water fl ow has a screened 
interval several hundred metres shallower 
than the rest of the wells. An increased por-
tion of younger water is thus very probable 
in this well. This is supported by the ele-
vated 39Ar and 14C concentrations compared 
to the wells located further upstream. An 
admixture of between 40% and 60% of a 
younger water component in a very old 
groundwater is estimated based on the 39Ar 
activity.

The 85Kr results for groundwater in the 
Turonian aquifer (38.6 and 5.7 dpm cc–1 Kr 
for VP7524 and VP7512 respectively) show 
that the groundwater from the Turonian 
aquifer contains a large proportion of mod-
ern water. The calculated 14C model ages 
(according to Ingerson and Pearson 1964) 
indicate a mean residence time of less than 
1000 years for all investigated waters in the 
Turonian sandstones. This corresponds to 
the occurrence of high nitrate that is related 
to a recharge from agricultural fi elds around 
the sampled wells. Admixtures of between 
25% and 45% of old groundwater in recent 
groundwater were calculated with the dis-
persion model (Zuber and Maloszewski 
2001) for these two wells (Corcho Alvarado 
et al. 2004). The mean residence times of 
the younger groundwater component vary 
between 4 and 11 years. The age of the 
old component was determined with the 
tracer 39Ar, resulting in ages up to 200 years. 
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Fig. 17.5 Temporal trends and variations 
determined in wells tapping groundwater in the 
Turonian aquifer.
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Table 17.3 Chemical composition of groundwater from the Cenomanian aquifer along a trajectory 
from the recharge area to the discharge area on the west-bank of the Jizera River. Sampled during 
April 25–30, 2003.

Well No.  VP7502 VP7506 VP7500 VP7515 VP7517 VP7519 Karany B

Distance on trajectory Kilometre 0 6.4 11.2 25.4 33.7 48.3 64.3

Physico-chemical characteristics
pH lab units 7.12 7.43 7.71 6.98 6.73 6.48 7
pH field units 7.7 7.9 7.8 7.4 7.6 7.7 7.6
El. conductivity μS cm–1 400 318 327 301 258 321 489

Major components
Ca mg L–1 64.5 59.3 48.1 35.0 23.0 22.1 34.6
Mg mg L–1 12.9 5.0 10.2 5.9 5.1 8.0 13.2
Na mg L–1 3.6 1.8 6.1 14.4 19.9 29.9 41.0
K mg L–1 4.4 1.0 4.6 2.4 3.0 5.2 9.3
Cl mg L–1 3.0 1.1 1.9 14.8 15.9 22.9 26.9
SO4 mg L–1 3.1 0.3  0.3 20.6 21.5 25.7 54.6

mg L–1 253 201 210 125 100 119 177
NO3 mg L–1 0.9 <0.30 <0.30 <0.30 <0.30 <0.30 0.9
NH4 mg L–1 0.3 <0.02 0.1 <0.02 0.1 0.2 <0.02 
F mg L–1 0.2 0.1 0.3 0.1 0.1 0.1 0.4
SiO2 mg L–1 11.6 <2.0 2.5 8.0 8.0 7.5 6.9

Trace elements
Al μg L–1 14 <10 25 90 95 43 <10 
As μg L–1 0.6 0.6 0.6 0.5 1.6 <0.5 3.4
Be μg L–1 <0.02 <0.02 <0.02 0.2 0.0 0.0 0.1
Cd μg L–1 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 <0.04 
Co μg L–1 <0.5 <0.5 <0.5 <0.5 0.7 <0.5 <0.5 
Cr μg L–1 <0.5 <0.5 <0.5 0.5 19.7 1.4 <0.5 
Cu μg L–1 1.1 3.4 0.3 0.4 17.4 0.7 1.1
Fe μg L–1 <0.05 <0.05 <0.05 <0.05 0.2 <0.05 0.4
Li μg L–1 36 5 15 16 23 43 84
Mn μg L–1 468 90 74 104 94 54 33
Mo μg L–1 2.7 3.4 2.1 <0.5 1.4 <0.5 <0.5 
Ni μg L–1 1.2 <0.5 <0.5 <0.5 9.7 2.0 <0.5 
Pb μg L–1 <0.4 0.4 <0.4 1.2 0.5 <0.4 <0.4 
Rn Bq L–1 6.4 9.8 2.2 3.9 2.8 3.6 5.1
V μg L–1 <10 <10 <10 <10 <10 <10 <10
Zn μg L–1 <10 11 10 11 <10 <10 58

Organics
DOC mg L–1 1.9 0.6 0.6 0.5 0.4 0.4 1.6
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These ages have a tendency to increase with 
the depth of the screens in the wells. Older 
ages are found in the wells with deeper 
screens: VP7523 and VP7512, indicating 
probable age stratifi cation in this aquifer. 
The 14C activities in bicarbonate vary 
between 63 and 79 pmC indicating a very 
recent origin for the groundwater in the 
Turonian aquifer, which may still contain an 
input of 14C from thermonuclear weapon 
tests. The age and the degree of insulation 
from mixing with surface water are impor-
tant differences between the groundwater in 
the Cenomanian and in the Turonian aquifer.

17.5  Major element controls

Groundwater in the Cenomanian aquifer of 
the western part of the basin obtains its 
chemical composition in the northern 
recharge area along the tectonic northern 
boundary of the Cretaceous sediments. 
The only important process is water–rock 
geochemical interaction. The absence of 
nitrate indicates that modern surface water 
does not enter the Cenomanian aquifer. 
Groundwater is much older even in the 
recharge area than water in the Turonian 
aquifer. In spite of the greater age, ground-
water in the Cenomanian sandstones has 
low TDS concentrations varying from 100 to 
200 mg L–1 in the recharge area. It is charac-
terised by Ca–HCO3 water type in the area 
on the west bank of the Jizera River. This 
type changes to Ca–HCO3–SO4 type in the 
Straz Tectonic Block. The concentrations of 
sodium increase in the direction of ground-
water fl ow to the south along the Jizera 
River. No such trend is observed in the Straz 
Tectonic Block drained by the Ploucnice 
River. The chemical type Ca–HCO3 passes 
to type Ca–Na–HCO3 and the TDS concen-
tration reaches 400 mg L–1 at the confl uence 
of the Jizera River with the Labe River. A 
gradual substitution of Na for Ca ions occurs 
along the fl ow trajectory. This exchange 
takes place on clay minerals of the matrix of 
sandstones. The source of calcium and bicar-
bonate is from calcite in the cement. The 
groundwater in the Cenomanian aquifer 
changes its chemical composition to Na–
Ca–HCO3 or Na–Ca–HCO3–Cl–SO4 type, 
with TDS concentrations approaching 
500 mg L–1. It is possible that a small quantity 
of fossil chloride and sulphate brines in the 
basement Permo–Carboniferous sediments 

Evolution of cations in groundwater
of the Cenomanian aquifer

Evolution of anions in groundwater
of the Cenomanian aquifer

Na+ (mg L–1)
Mg2+ (mg L–1)
Ca2+ (mg L–1)

HCO3
– (mg L−1)

(SO4)–2 (mg L−1)
Cl– (mg L−1)

(a)

(b)

Kilometres from recharge to discharge area (from N to S)

Kilometres from recharge to discharge area (from N to S)

Fig. 17.6 The trend of cations and anions in 
groundwater along the fl ow trajectory in the 
Cenomanian aquifer.
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Table 17.4 Chemical composition of groundwater from the Turonian aquifer on the west-
bank of the Jizera River along the trajectory from recharge to discharge area. Sampled during 
April 25–30, 2003.

Well no.  VP7523 VP7512 VP7524 VP7520

Distanceon trajectory Kilometre 0 8.4 14.2 25.2

Physico-chemical characteristics
pH lab units 7.76 8.05 8.09 7.75
pH field units 7.14 7.41 7.09 7.18
Conductivity S cm–1 509 428 693 862
Ca mg L–1 108.3 82.2 130.9 165.7
Mg mg L–1 2.18 6.81 16.04 17.76
Na mg L–1 1.66 2.92 4.99 5.38
K mg L–1 1.04 1.13 1.61 2.56
Cl mg L–1 5.82 5.57 18.8 44.3
SO4 mg L–1 26.9 15.1 77.4 151
HCO3 mg L–1 286.79 247.13 311.2 311.2
NO3 mg L–1 <0.30 5.71 22.2 6.36
NH4 mg L–1 <0.02 0.04 <0.02 0.13
F mg L–1 0.07 0.09 0.11 0.23
SiO2 mg L–1 7 6.5 9.2 6.9

Trace elements
Al μg L–1 50 29 24 77
As μg L–1 <0.5 0.5 1.1 <0.5
Be μg L–1 <0.02 <0.02 <0.02 <0.02
Cd μg L–1 <0.04 <0.04 <0.04 <0.04
Co μg L–1 <0.5 <0.5 <0.5 <0.5
Cr μg L–1 <0.5 <0.5 <0.5 3.3
Cu μg L–1 0.4 0.9 0.7 1
Fe μg L–1 <0.05 <0.05 <0.05 <0.05
Li μg L–1 2 2 4 23
Mn μg L–1 5 10 <5.0 15
Mo μg L–1 <0.5 <0.5 <0.5 <0.5
Ni μg L–1 <0.5 <0.5 <0.5 6.1
Pb μg L–1 <0.4 0.7 <0.4 <0.4
Rn Bq L–1 3.2 3.1 23 14
V μg L–1 <10 <10 <10 <10
Zn μg L–1 12 13 <10.0 10

Organics
DOC mg L–1 1.6 1.1 1.7 1.9
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under the Cenomanian aquifer (Jetel 1970) 
contributes to the increase.

The major element control on the baseline 
quality of groundwater in the Turonian aqui-
fer is also water–rock interaction. The 
sources of solutes are from the Turonian 
sandstones with calcareous cement. The 
occurrence of a small quantity of feldspar is 
sufficient to supply small amounts of sodium 
and potassium. Bicarbonate is derived from 
calcite together with calcium. The other 
major anions, Cl–, NO3

– and SO4
2– are usually 

found in very small concentrations. Increased 
concentrations of the anions occur in agri-
cultural areas with intensive fertilisation. 
Groundwater of Ca–HCO3 type with TDS 
of 150 mg L–1 is present in the divide area on 
the western bank of the Jizera River. Towards 
the south and southeast, in the direction 
of groundwater fl ow, TDS increases to 

500–600 mg L–1. The chemical type usually 
remains unchanged or passes into Ca–Mg–
HCO3–SO4 type. Sulphate is supplied from 
dissolution of sulphate minerals in clay-
stones and marlstones covering the sand-
stone aquifer.

The determination of the baseline quality 
of groundwater has avoided areas with 
obvious infl uence of admixtures of exotic 
components such as fossil brines or indus-
trial contaminants derived from uranium 
leaching.

17.6 Summary of the baseline 
quality

The Bohemian Cretaceous Basin contains 
four aquifers in sandstone strata. The aqui-
fers are denoted by letters A, B (locally joint 

Evolution of cations in groundwater

of the Turonian aquifer

Evolution of anions in groundwater

of the Turonian aquifer

Na+ (mg L−1)

Mg2+ (mg L−1)
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HCO3
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Kilometres from recharge to discharge area from (N to S)

Kilometres from recharge to discharge area from (N to S)

Fig. 17.7 The trend of cations 
and anions in groundwater along 
the fl ow trajectory in the 
Turonian aquifer.
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aquifer AB), C and D. Their geological and 
hydrogeological properties are described in 
detail by Hercik et al. (2003). Two of the 
aquifers A and C are the most extensive 
water-bearing strata and the most important 
for the groundwater supply in the Czech 
Republic. These are the Cenomanian aquifer 
(A) developed in the Peruc–Korycany 
Formation and the Turonian aquifer (C) 
developed in the Jizera Formation. They are 
separated by a Lower Turonian aquitard of 
claystones. The origin of groundwater in 
both of the aquifers is meteoric. Two areas 
were selected to represent the baseline qual-
ity of groundwater. The fi rst area is located 
in the eastern part of the western region of 
the Bohemian Cretaceous Basin on the west 
bank of the Jizera River (left bank tributary 
to the Labe River). The second area is located 
within the Straz Tectonic Block where the 
Turonian aquifer serves as a source of drink-
ing water while the Cenomanian aquifer 
contains a uranium deposit. The deposit was 
mined by underground mining (Hamr mine) 
and by leaching of disseminated ore with 
concentrated sulphuric acid.

Water in the Cenomanian aquifer is 
recharged in the outcropping sandstones 
forming the northern rim of the Cretaceous 
Basin. The recharge to the Turonian aquifer 
is at the northern outcrops of sandstones and 
from the surface along the fl ow trajectory. 
Groundwater in the Cenomanian aquifer 
is old and obtains its chemical composition 
in the northern recharge area along the 
Luzice Fault. The only important process 
controlling groundwater chemical composi-
tion is water–sandstone geochemical inter-
action. Dominant processes are dissolution 
of matrix residual and cement minerals and 
ion exchange on clay minerals in matrix. 
The Cenomanian aquifer on the west bank 

of the Jizera River contains high-quality 
groundwater. The water body is confi ned by 
the Lower Turonian aquitard. This aquifer is 
not vulnerable to agricultural pollution. 
This is manifested by an absence of nitrate. 
Many of the monitored drill holes in the 
Cenomanian aquifer are artesian. The chem-
ical composition of groundwater does not 
exhibit any temporal trends, however, small 
variations in total dissolved solids displayed 
fl uctuation over the monitoring period. The 
median baseline chemical composition and 
maximum concentrations of major compo-
nents in groundwater in the Cenomanian 
aquifer in the west bank of the Jizera River 
are in mg L–1: (median/maximum): Ca 
43/290, Na 8/200, Mg 6/76, K 3/20, HCO3 
159/360, SO4 16/800, Cl 5/54, NO3 0.8/67. 
The concentrations of trace components are 
close to or below the detection limits of the 
analytical methods. The maxima of major 
ions may indicate a small admixture of fossil 
brine and a minor agricultural pollution. 
The hydrochemical water type changes from 
the recharge to discharge area. The most 
important processes are dissolution of cal-
cium carbonate cement and Na–Ca ion 
exchange on clay minerals in the matrix of 
the sandstone.

The median baseline chemical composi-
tion and maximum concentrations of major 
components in groundwater in uncontami-
nated Cenomanian aquifer in the Straz 
Tectonic Block which are not affected by 
mining of uranium are in mg L–1 (median/
maximum): Ca 31/65, Mg 7/14, Na 3/30, K 
1/4, HCO3 91/278, SO4 30/118, Cl 5/16, NO3 
0.5/23. The trace components are close to or 
below the detection limits of the analytical 
methods. The determination of the baseline 
quality is important in the Straz Tectonic 
Block since it serves as a reference state 
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in the evaluation of the impact of the ura-
nium mining on groundwater quality and 
consequent restoration measures on local 
groundwater body.

The Turonian aquifer is unconfi ned and 
the quality of groundwater is often vulnera-
ble from surface, namely agricultural, con-
tamination. Groundwater in the recharge 
area has low TDS concentrations ranging 
from 100 to 200 mg L–1. It is characterised by 
Ca–HCO3 water type in the area on the west 
bank of the Jizera River. TDS increases with 
the distance of percolation to concentrations 
above 600 mg L–1. The median baseline 
chemical composition and maximum con-
centrations of major components in ground-
water in the Turonian aquifer in the west 
bank of the Jizera River are in mg L–1 (median/
maximum): Ca 100/407, Na 6/211, Mg 6/175, 
K 2/23, HCO3 260/530, SO4 47/1590, Cl 
13/120, NO3 11/108. The concentrations 
of trace components are close to or below 
the detection limits of the analytical meth-
ods. The medians and maxima of all the 
components are higher than in the older and 
deeper groundwater in the Cenomanian 
aquifer. This not only refl ects the more vari-
able Turonian sedimentary sequence with 
claystones and marlstones substituting 
partly for sandstones but also refl ects the 
infi ltration of contaminated water from the 
surface. The chemical composition of 
groundwater is not as stable as in the 
Cenomanian aquifer. Some wells exhibit an 
increasing trend in TDS. Single anomalies 
with an increase in TDS followed by a 
decrease to the original level were deter-
mined by monitoring in other wells. Most 
monitored wells, however, produce ground-
water with a fairly uniform chemical com-
position with only small fl uctuations of 
their chemical components.

The Turonian aquifer in the Straz tectonic 
Block contains water with low TDS between 
100 and 200 mg L–1. The hydrochemical 
water type is Ca–SO4–HCO3. Water is often 
slightly acidic with increased concentrations 
of Al and Fe. Analyses selected for the defi -
nition of local baseline quality are probably 
close to the pristine composition of local 
groundwater. The uranium deposit in the 
Cenomanian aquifer of the Straz Tectonic 
Block has been exploited by underground 
mining and by underground leaching with 
sulphuric acid since 1968. The mining and 
leaching ended in the mid 1990s; however, 
the contaminant mining waste solutions 
remain in the Cenomanian sandstones. The 
major components of the contaminant solu-
tions are free sulphuric acid, nitric acid, 
ammonium and aluminium. Very low pH 
(often 1–2) in the solutions increases con-
centrations of other trace elements. Pumping 
of the contaminant solutions with dissolved 
uranium from the Cenomanian aquifer pre-
vents their dispersion outside the leaching 
fi elds. The pumping maintains the piezo-
metric head in Cenomanian aquifer under 
the unconfi ned water table in the Turonian 
aquifer. In spite of this, there is a potential 
danger of spreading the contamination in a 
southwest direction through the Cenomanian 
sandstones and across the semi-permeable 
Lower Turonian aquitard to the superjacent 
Middle Turonian aquifer. This process has 
been modelled mathematically. The results 
show that pollution outside the mining area 
will probably occur after 200–500 years 
(Novak et al. 1998). The determination of 
the baseline quality in the Straz Tectonic 
Block is important because it will serve as a 
reference state in the evaluation of the 
impact of the uranium mining on local qual-
ity of groundwater.
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The quality of groundwaters in the Upper 
Thracian Plio-Quaternary aquifer (South 
Bulgaria) was studied in order to determine 
the baseline concentrations and main fac-
tors infl uencing them. Detailed sampling 
of groundwaters was implemented and an 
extensive set of major and trace elements 
and other hydrochemical characteristics 
were determined to elucidate the present 
hydrochemical conditions of water bodies. 
Standard statistical methods and software 
were used to analyse modern and historical 
data. Despite the fact that the area is quite 
densely populated and industry and agricul-
ture are well established, most of the stud-
ied waters were of good quality with respect 
to many elements. The observed trends 
for different hydrochemical parameters are 
due to the infl uence of both natural and 
anthropogenic factors. Baseline values cannot 
be clearly distinguished, as they are often 
masked by the infl uence of the anthropo-
genic factors.

Along with general decreasing trend of 
groundwater levels, decreasing trends for pH 
and Ca and increasing trends in Na and Cl are 
recognised. An analysis of spatial variability 
of hydrochemical components indicates the 
role of the main river channel as a dividing 
line in the aquifer. The lack of exchange of 

waters between the northern and southern 
parts of the aquifer highlights two different 
spatial distributions of the hydrochemical 
parameters on either side of the river.

18.1 Introduction

The Plio-Quaternary aquifer is situated 
in the Upper Thracian lowlands of south-
ern Bulgaria (Fig. 18.1). The lowlands form 
part of the Maritza River basin with eleva-
tion ranging from 50 to 400 m, gradually 
decreasing to the east and southeast. The 
predominant part (more than 70%) is situ-
ated between 50 and 300 m. The Maritza 
River basin is the largest on the Balkan 
Peninsula, having an area of 53,000 km2 to 
the river mouth and 21,084 km2 (and length 
321 km.) to the Bulgarian state border. The 
highest Bulgarian mountains surround the 
basin. The river is sourced from a spring 
below the highest peak in the Balkans: 
Musala at 2925 m asl. The Plio–Quaternary 
aquifer is the most important groundwater 
formation with a surface area of about 
2000 km2. The groundwater in the aquifer 
is the major water source for public water 
supply and industries. About 95% of water 
supply comes from this aquifer, with only 

18 Quality Status of the Upper Thracian 
Plio-Quaternary Aquifer, South Bulgaria

M. MACHKOVA, B. VELIKOV, D. DIMITROV,
N. NEYKOV AND P. NEYTCHEV
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5% being derived from surface water. Major 
water sources for the irrigation system are 
surface reservoirs, river intakes and ground-
water (Japan International Cooperation 
Agency 1999; Ministry of Environment and 
Waters of Bulgaria 2000). The area is rela-
tively densely populated with well-estab-
lished industry and agriculture.

The present chapter summarises some 
results of an EC 5th Framework project 
‘BaSeLiNe’ (Baseline 2003). The chapter con-
siders the methodology and presents results 
for evaluating the baseline hydrochemistry 
of the Upper Thracian Plio–Quaternary aqui-
fer in southern Bulgaria where signifi cant 

anthropogenic infl uences exist, but where 
the water overall is still in a state of good 
quality. The baseline chemistry is here 
defi ned as ‘the range in concentration (within 
a specifi ed system) of a given element, spe-
cies or chemical substance present in solu-
tion which is derived from natural geological, 
biological or atmospheric sources’ (Shand et 
al. 2002; Edmunds and Shand 2004).

18.2 Geology

The region forms part of the northern edge 
of the Alpine orogenic belt, the latest major 

Fig. 18.1 Geological map of the study area (Upper Thracian Plio-Quaternary aquifer). Numbers refer 
to sample sites discussed in the text.

Quaternary–Alluvial, drift and
talus sediments

Oligocene volcanic rocks

Eocene–limestones

Lower triassic–calcite and
dolomite marbles

Neogene terrigenous
sediments
Neogene Maritca formation-
clays, sands, coals

Precambrian-marbles
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tectonic event of the Tertiary. It is bordered 
to the west and east by the Ihtiman horst-
anticline and the Chirpan horst, respec-
tively, and is bounded to the north and south 
by longitudinal sets of faults (Geological 
Map of Bulgaria 1990). The region is a com-
plex shallow graben, fi lled with sediments of 
Tertiary to Quaternary age (Fig. 18.1).

Precambrian and Palaeozoic plutonic 
and metamorphic rocks crop out mainly 
in the mountain areas. These consolidated 
rocks form the basement to the area and 
through weathering and erosion provided 
sediments for the younger formations. 
Mesozoic formations are exposed in small 
areas in the southeastern parts of the region 
forming narrow strips along the major faults. 
Tertiary sedimentary rocks cover most of 
the topographically fl at area. Oligocene 
volcanic rocks include acid and intermedi-
ate volcanics and acid pyroclastics., and are 
present in some southern zones. The Upper 
Eocene is present in two formations: a lower 
continental coal-bearing molasse and an 
upper sequence of sandstone, calcareous 
marl and limestone of marine origin. 
Pliocene terrigenous sediments belonging 
to Ahmatovo and Elhovo formations are 
composed of conglomerate, sand, clayey sand 
and clay. The thickness of the sequence 
ranges from 10 to 500 m depending on the 
depth to the dislocated basement blocks. 
Its average thickness is about 150 m. 
Quaternary unconsolidated deposits are dis-
tributed along the mountain foot and along 
the Maritza River and its tributaries. Results 
of previous exploration boreholes showed 
that the depth to the basement rocks ranges 
from 5 to 10 m in small tributaries to more 
than 100 m downstream in the Maritza 
River basin.

18.3  Hydrogeology

Quaternary deposits distributed in the plains 
and hilly parts of the region form an uncon-
fi ned aquifer. The Pliocene unconfi ned aqui-
fer in places is hydraulically connected to 
the Quaternary sediments, mostly in the 
western and southeastern parts, forming a 
common Quaternary-Pliocene aquifer with 
an average thickness locally reaching up 
to 200 m (Hydrogeological Map of Bulgaria 
1967). The alluvial sediments in some places 
are partially isolated due to clay layers form-
ing locally confi ned conditions. The Plio-
Quaternary aquifer has high productivity. 
Permeability coefficients range from 50 to 
400 m d–1 and transmissivity varies between 
200–500 and 2000 m2 d–1, locally reaching 
4000 m2 d–1 (Antonov and Danchev 1980). 
Lower transmissivities ranging from 100 to 
400 m2 d–1 were found in the Pliocene. Values 
less than 100 m2 d–1 were found in the areas 
of Pliocene outcrop to the north and north-
east. The groundwater hydraulic gradient is 
0.003 for the northern part of the aquifer, 
while it is 0.005 in the south. The annual 
average groundwater discharge to the rivers 
is about 13 m3 s–1 (Ministry of Environment 
and Waters of Bulgaria 2000). Groundwater 
is recharged from several sources including 
the Maritza River and its tributaries during 
high fl ow periods, precipitation and irrigated 
water. Groundwater tables range from the 
surface up to 15 m depth. Most frequently 
the depth of water table is 2.0–4.0 m. The 
highest groundwater levels often occur dur-
ing the spring, mainly in March–May. This 
period coincides with the time of snowmelt, 
as well as the rainy period and high fl ows 
in the rivers. The minimum water levels 
occur during the summer–autumn period, 
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mostly in August–October, corresponding to 
the driest period of the year (Machkova and 
Dimitrov 1999).

18.4 Sampling programme

A total of 22 samples were collected from 
boreholes during the period 4–10 November 
2002. All boreholes sampled were pumping 
stations, providing relatively good spatial 
coverage over the Plio-Quaternary aquifer 
in the studied region (Fig. 18.1). The pump-
ing stations are exploited continuously and 
water is used for different purposes, mainly 
for drinking and industrial water supply. 
The same pumping stations are used as obser-
vation points in the National Groundwater 
Monitoring Network (NGWMN). With few 
exceptions the samples collected represent 
a mixture of groundwater from several aqui-
fers, since the boreholes sample water from 
different stratigraphic horizons (Machkova 
et al. 1994). When interpreting the water-qual-
ity data it should be taken into account that 
the regional variations might be caused by
 Intercalation of the Plio–Quaternary aqui-

fer with clayey layers and the existence of 
different stratigraphic horizons.
 Boreholes which were designed and con-

structed 30–40 years ago. They have different 
depths and different casing confi gurations.

As a consequence, the variations in hydro-
chemical composition may not necessarily 
be related to the hydrogeochemical reactions 
along the groundwater fl ow path. These prob-
lems should therefore be borne in mind when 
interpreting regional variations in the hydro-
chemical data. Physical and hydrochemical 
characteristics of the samples measured on 
site included water temperature (T°C), pH, 
dissolved oxygen (DO), redox potential (Eh), 

specifi c electrical conductance (SEC), alka-
linity (as HCO3), dissolved CO2, NO3–N, 
NO2–N, NH4–N and PO4–P. Major and 
trace elements as well total organic car-
bon (TOC) were analysed in the chemical 
laboratory of the University of Mining and 
Geology in Sofi a. The British Geological 
Survey analysed a representative set of 
18 samples for trace elements. The chemical 
determinations from these two sources were 
combined and used for interpretation in this 
study.

18.5 Historical chemical data

The set of historical chemical data includes 
information on water samples from 22 bore-
holes. These form part of the NGWMN. 
Chemical data from NGWMN cover the 
period 1980 to the present, however sampling 
frequency was quite variable, being mostly 
seasonal. They are the same wells as used 
for the sampling programme in November 
2002. There are limited historical data avail-
able for some of the chemical species (such 
as PO4, DO, As, Cu, Ni, Pb), although good 
information exists for major and trace com-
ponents (Tzankov et al. 1993; Pencheva and 
Fouillac 2004).

18.6 Interpretation of the
 new sampled data

All plots and tables are based on the newly 
obtained chemical data. Statistical proce-
dures were applied using the ‘Basic Statistics’ 
procedures (STATISTICA 2000). Trilinear 
plots were made based on the new data and 
on the historical chemical information. 
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Where concentrations were less than the 
detection limit, a value equal to the detec-
tion limit was applied.

18.6.1  Hydrochemical characteristics

The hydrochemical characteristics are 
summarised in Table 18.1(a) and (b) for the 
samples collected in 2002. The annual aver-
ages for the historical data are shown graphi-
cally in a tri-linear plot (Fig. 18.2). The 
box plots (Fig. 18.3[a] and [b]) and cumula-
tive frequency plots (Fig. 18.4[a] and [b]) are 
based on the new data. The relative pro-
portions of major cations are very variable, 
but the anions are dominated by HCO3 and 
SO4 refl ecting the low concentrations of Cl 
(Fig. 18.2).

The waters have low concentrations of 
dissolved solids. SEC varies from 325 to 
1116 μS cm–1, the median value being 644 μS 
cm–1. The temperature is slightly high with 
a median value of 14.7°C. The pH is around 
neutral (7.29) and DO concentration is vari-
able from 2 to 10 mg L–1 with a median of 
6.3 mg L–1. The groundwater in the Upper 
Thracian aquifer is thus mainly of Ca–HCO3 

Fig. 18.2 Tri-linear plots showing 
the relative proportions of major 
cations (left) and anions (right) 
(Upper Thracian aquifer, annual 
averages).

Fig. 18.3 (a) Box plot showing the range of major 
elements in the Upper Thracian groundwaters 
(2002); (b) range of minor ions and trace elements 
in the Upper Thracian groundwaters (2002).
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to Ca–HCO3–SO4 types and in some places 
of Ca–Na–HCO3 type.

18.6.2 Major components
and characteristics

Table 18.1(a) and the box plots (Fig. 18.3[a]) 
highlight the concentrations and ranges of 
major element concentrations. The median 
concentrations of Ca (91.2 mg L–1), Mg 
(15.2 mg L–1) as well as HCO3 (278 mg L–1), 
for the 2002 data are relatively high, and 
typically approach log-normal distributions 
(Fig. 18.4[a]). Such distributions are consid-
ered to result from water–rock interactions. 

The cumulative frequency plots for Na, SO4 
and Cl show a more complex distribution, 
which could signify additional sources of 
these components from pollution.

18.6.3 Minor and trace elements

The concentrations of the minor and trace 
elements are given in Table 18.1(b) and pre-
sented on box plots (Fig. 18.3[b]) and cumu-
lative frequency plots (Fig. 18.4[b]). The 
trace cations Sr (169–1821 μg L–1; median 
416 μg L–1) and Ba (12.9–268 μg L–1; median 
57.9 μg L–1), are derived from various 

Fig. 18.4 (a) Cumulative probabil-
ity plots of major ions in the Upper 
Thracian groundwaters (2002); (b) 
cumulative probability plots of 
minor ions and trace elements in 
the Upper Thracian groundwaters 
(2002).
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mineral sources, especially carbonates and 
gypsum, responsible for the high concen-
trations and complex distribution. Similar 
complex distributions were found for Fe, Zn 
and Mn which have median concentrations 
of 8.6, 8.3 and 1.55 μg L–1, respectively. The 
variation is very high for Mn with concen-
trations up to 1.09 mg L–1 in ‘Septemvri’ 
(Fig. 18.1, point 8) and 2.51 mg L–1 in 
‘Dimitrovgrad’ (Fig. 18.1, point 21), both in 
the alluvial terrace of the Maritza River.

A number of trace elements were present 
including (brackets show median concentra-
tions) As (up to 2.5 μg L–1, but with a low 
median concentration of 0.1 μg L–1), B (20 μg 
L–1), Cr (7.65 μg L–1), Cu (1.45 μg L–1), Li (4.0 
μg L–1), Mo (0.8 μg L–1), Pb (0.25 μg L–1), Rb 
(0.22 μg L–1), Re (0.05 μg L–1), Sb (0.06 μg L–1), 
Sc (2.49 μg L–1), Se (1.05 μg L–1), V (1.0 μg L–1). 
Uranium had a relatively high median 
concentration (5.68 μg L–1) with a maximum 
of 56.3 μg L–1 in the borehole ‘Parvomai’ 
(Fig. 18.1, point 17).

18.6.4 Pollution indicators

In general, the aquifer is free from organic 
pollutants. The presence of NH4–N (median 
concentration of 0.044 mg L–1; maximum 
in sample 6 ‘Katunitza’ 0.73 mg L–1) and 
NO2–N (0.005 mg L–1), as well as the high 
local concentrations of Mn and occasionally, 
Fe indicate locally reducing conditions with 
derivation of these elements from natural 
origin in some points in the alluvial ter-
races of the rivers. In most cases, however, 
the redox potential is high enough so that 
aerobic conditions prevail and resulting low 
metal concentrations.

This aquifer is strongly affected by human 
inputs and in many places some element 
concentrations are far above the baseline. 

For instance high nitrate is an indicator of 
pollution derived mainly from the applica-
tion of fertilisers (e.g. point 3: 107 mg L–1; 
point 15: 70 mg L–1; point 16: 65 mg L–1; point 
20: 62 mg L–1 as NO3) and in some regions 
they exceed the maximum permissible lev-
els for drinking water. TOC is quite low, 
often below the detection limit. At the same 
time, the median value of chemical oxygen 
demand, another indicator of organic pollu-
tion, is 0.5 with concentrations increasing 
over time, as discussed below.

18.6.5 Main correlations and 
hydrogeochemical process

Only positive correlations are above the 
signifi cance level in the dataset studied, for 
example, between HCO3

– and pH, DO, SEC, 
Ca, Mg and Na. In this case, the predomi-
nant hydrogeochemical processes include 
carbonate and silicate dissolution reactions:

AECO3 + H2O + CO2  AE 2+ + 2HCO3
–

(here AE = alkaline earth element), and

2CO2 + 2NaAlSi3O8 + 11H2O ∙ AlSi2O5(OH)4 
 + 2Na+ + 2HCO3

– + 4H4SiO4

that is, hydrolysis with incongruent dis-
solution and with formation of residual 
kaolinite.

The degree of saturation (Paces 1983; 
Velikov 1985; Velikov and Panayotova 2001) 
was less than 1 with respect to calcite and 
dolomite. Only in one sample (point 9, 
Plovdiv) was the saturation for calcite slightly 
over 1 (1.09) showing minor oversaturation. 
The role of the alumosilicate rock–water 
interactions can be illustrated by the trans-
formation index anorthite–kaolinite (Paces 
1983; Velikov and Panayotova 2001), which 
has values ranging from –7.22 to –5.05.
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The relatively high Na/Cl ratio (being 
mostly 2–5, but higher for some points as, 
for example, 7.42 for point 12) indicates 
that some cation exchange on clay miner-
als in the aquifer has occurred. For Rb, ion 
exchange in the clay zones could be also of 
importance taking into account the correla-
tions of Rb with Na and K, and also of Mo 
and Mn. The good correlations of Sr with Ca, 
Mg, SO4, HCO3 and Ba, show that the source 
of Sr is likely to be not only from carbonate 
minerals, but also from gypsum and possibly 
celestite or barite.

The reducing conditions in some parts of 
the aquifer near the Maritza River are due to 
degradation of organic materials with insuf-
fi cient DO. Approximate illustrations of the 
decreasing DO and increasing SEC levels, 
when approaching the river are shown on 
Fig. 18.5. It can be seen that getting closer 
to the main river channel and down to the 
lower part of the basin, the waters become 
more mineralised.

18.6.6  Temporal and spatial variations

Some typical temporal variations over the 
last 20 years are shown in Fig. 18.6. The black 

straight line is the linear trend regression 
line estimated by the least squares method. 
However, the least squares estimate (LSE) 
is not robust against outlying observations 
in the data. A single outlier not obeying the 
trend of the rest of the data can give a totally 
misleading summary of the relationship. 
Because of this vulnerability to outlying 
observations, many robust regression esti-
mators have been introduced (Rousseeuw 
and Leroy 1987). The three-groups Tukey’s 
regression line avoids these difficulties by 
using medians within the groups to achieve 
resistance (Hoaglin et al. 1983). The dashed 
line presented in the plots is the Tukey’s 
resistant regression line. The simple regres-
sion lines based on the least median of 
squares, trimmed least squares and S esti-
mators, which are other positive breakdown 
point regression estimators (Rousseeuw and 
Leroy 1987), are not shown on these plots 
because of similar behaviour to the Tukey’s 
line.

As a general trend, decreasing groundwa-
ter levels occur in the aquifer (Machkova and 
Dimitrov 1999; Ministry of Environment 
and Waters of Bulgaria, MoEW 2000). The 
hydrochemical characteristics have different 

Fig. 18.5 Changes in DO and SEC 
along the profi le I–I' shown in 
Figure 18.1
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trends at different points in the aquifer, more 
commonly showing a decrease in pH and Ca, 
a weaker decrease in SO4 and a predominant 
increase in Na and Cl concentrations. Slight 
increasing trends in COD, NO3

– and HCO3
– 

were also found. Trend lines for NO3 and Cl 
evaluated through classical LSE and robust 
Tukey methods are given as an example in 
Fig. 18.6(a) and (b). Although in most cases 
remaining far below the maximum permissi-
ble concentrations, the increasing trends are 
of concern and need to be investigated fur-
ther in order to avoid unfavourable human 
impacts on the groundwater quality.

Fig. 18.6 (a) Trend line of Cl concentrations
at sample point 3; (b) trend line of NO3

concentrations at sample point 8.

Fig. 18.7 Spatial distribution of some trace 
element concentrations (μg L–1) in the Upper 
Thracian groundwaters.

Another approach to visualise spatial 
variations of the hydrochemical variables 
is to plot and contour the concentrations. 
The kriging method (Golden Software 2000) 
was used to produce a grid and plot the 
contours. The maps, drawn using the 2002 
data (Fig. 18.7), highlight the role of the 
main river channel as a dividing line in 
the aquifer. The lack of exchange of waters 
between the northern and southern parts of 
the aquifer highlights two different spatial dis-
tributions of the hydrochemical parameters. 
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Some elements (such as Cu, Cr, U) show 
higher concentrations set against a back-
ground of low values. This clearly shows 
the infl uence of anthropogenic factors on 
groundwaters status.

Increased concentrations of some metals 
are observed. These are observed over dif-
ferent parts of the region, which means that 
the factors causing those concentrations 
exist in many places of the aquifer. One of 
the factors is the location of poly-metallic 
ore deposits in the southern mountainous 
part of the region. There is a similar situa-
tion with some trace elements, especially 
uranium; Pliocene deposits of uranium exist 
in the aquifer. They were exploited for about 
20 years until 1993, leaching uranium using 
sulphuric acid. Although also related to the 
natural background, these metals and trace 
elements can also be mobilised by industrial 
and agricultural activities.

18.7 Conclusions

The study of the groundwater in the Upper 
Thracian aquifer shows that the dominant 
control on water chemistry in the aquifer is 
water–rock interaction, especially carbon-
ate and aluminosilicate dissolution, and 
also ion exchange. For some parameters, 
increased concentrations are due to a mixed 
infl uence of natural and anthropogenic fac-
tors. Although some of the waters are infl u-
enced by anthropogenic activities, for many 
elements it is still of good quality. Baseline 
trends could not be clearly distinguished, as 
they are in most cases masked by the infl u-
ence of the anthropogenic factors.

The chemical types of water indicate that 
the samples are probably mixtures of waters, 
derived from different stratigraphic horizons. 

In addition, the infi ltration of fresh river 
waters close to the main river channel and 
major tributaries is important. The role of 
the main river channel as a hydraulic boundary 
between groundwater bodies located along 
its both sides is quite visible, especially with 
respect to some components (such as Cu, Cr, 
U, Sr), whose variations are caused by anthro-
pogenic factors. Interesting in this respect are 
the distributions of pH and uranium, the lat-
ter having been leached in situ by sulphuric 
acid in the past.
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19.1 Introduction

The Maltese archipelago consists of three 
inhabited islands: Malta, Gozo and Comino, 
and a number of uninhabited islets scattered 
around the shoreline of the major islands. Its 
location is approximately 96 km south of 
Sicily and 290 km north of Tunisia and is 
located at latitudes 35°48’ and 36°05’ north 
and longitudes 14°11’ and 14°35’ east. The 
total surface area of the archipelago is 
approximately 316 km2; with Malta and 
Gozo, the two largest islands, occupying 246 
and 67 km2, respectively.

The islands are typical examples of coastal 
carbonate aquifers, and thus representative 
of the coastal limestone areas of Southern 
Europe, where limestones, often deeply 
karstic, form the main and possibly only 
aquifers. In these coastal regions, the mainte-
nance of high-quality waters as far as possi-
ble is also important, in view of both seasonal 
and perennial anthropogenic pressures. 

19.2 Regional setting

The islands lie on the eastern edge of the 
North African continental shelf, geologi-
cally known as the Pelagian Block. This cor-
responds to an oceanic area in the central 

Mediterranean spanning from the shores of 
Tunisia in the southwest, to the shores of 
Sicily in the north and ending in an abrupt 
escarpment at the edge of the Ionian Sea. 
Late Cretaceous and Tertiary movements 
gave rise to a series of horst and graben struc-
tures running in a NE–SW direction and hav-
ing a predominant regional dip to the 
northeast.

19.2.1 Local setting

The geology of the Maltese islands com-
prises a succession of Tertiary limestones 
and marls with scarce Quaternary deposits. 
Essentially, the islands are geologically made 
up of a core of clays and marls, the Blue Clay 
and the Globigerina Limestone formations 
stacked between two limestone formations 
known as the Upper and the Lower Coralline 
Limestones. The oldest formation, the Lower 
Coralline Limestone is of Oligocene Age 
whilst the Maltese succession ends in the 
Miocene, with the top of the Upper Coralline 
Limestone being chronologically dated to 
the Upper Messinian age possibly extending 
into the early Pliocene.

From a structural point of view, the 
Maltese islands can be subdivided into three 
regions, primarily consisting of two elevated 
blocks separated by the two major NE–SW 

19 The Mean Sea Level 
Aquifer, Malta and Gozo

J .  MANGION AND M. SAPIANO
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fault lines present in the islands, namely the 
Ghajnsielem–Qala fault in the north and the 
Victoria fault in the south. Between these 
two faults a structural graben stretching 
between southern Gozo, Comino and north-
ern Malta separates the two upthrown 
blocks.

In a signifi cant part of the island of Malta, 
south of the Victoria faultline, the Upper 
Coralline Limestone and the Globigerina/
Lower Coralline Limestone formations are 
stacked vertically. The Lower Coralline 
Limestone in this region occurs mainly at 
sea level and is thus in lateral and vertical 
contact with seawater. The Upper Coralline 

Limestone formation outcrops mainly on 
the western side of the island, perched over 
the Blue Clay formation (Fig. 19.1).

The downthrown region of the archipel-
ago, north of the Victoria fault, is divided by 
a NE–SW fault system into a succession of 
horst and graben like structures. This struc-
ture with parallel compartments separated 
by faults leads to the formation of relatively 
small aquifer blocks, which are independent 
from one another from a hydrogeological 
point of view.

In the island of Gozo, north of the 
Ghajnsielem–Qala Fault, the Lower Coralline 
Limestone occurs at sea level and is overlain 

Fig. 19.1 Lithologic column of the Maltese rock formations showing the occurrence of the main 
conglomerate beds (after Scerri 2002).

Mgi – Gebel Imbark Member: Hard pale grey carbonates with sparse faunas
4–25 m

Mp – Tal-Pitkal Member: Fossiliferous pale grey, brown and brownish-grey
coarse grained wackestones and packstones 0–30 m

Mm – Mtarfa Member: Yellow to cream or chalky, massive to thickly bedded
mudstones and packstones 12–16 m

Mgm – Ghajn Melel Member: Massive bedded dark to pale brown
packstones 0–13 m

Mg – Greensand Formation: Grey to dark grey glauconitic sand 0 –11m best
developed in Gozo

Mbc – Blue Clay: Pale to grey soft pelagic marls 15–75 m

Mug – Upper Globigerina Limestone Member: Yellow planktonic
foraminiferal limestone with grey marl interbed 8–25 m

Mmg – Middle Globigerina Limestone Member: White or grey fine foram-co
colith mudstones and marls 15–35 m

MIg – Lower Globigerina Limestone Member: Yellow or grey marly
limestones at the base (locally known as soll) passing upward to cream
limestone (locally known as franka stone) 0–80 m thick

Om – II-Mara Member: Bedded pale cream to pale grey carbonate
mudstones, wacke stones and packstones best developed in eastern Malta
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by the Globigerina Limestone formation 
over much of the whole of the island. The 
Upper Coralline Limestone outcrops over 
the peaks and on high ground, perched over 
the impervious Blue Clay formation in the 
northern and central regions of the island.

The lithological different natures of these 
formations together with their geological 
position give occurrence to two broad aqui-
fer types: the upper (perched) aquifers in the 
Upper Coralline Limestone and the lower 
(mean sea level) aquifers in the lower lime-
stone units (the Lower Coralline Limestone, 
and where fractured in the Globigerina 
Limestone). Due to the depressed structure 
of the central region of the archipelago, the 
Upper Coralline Limestone also hosts small 
sea level aquifers in the Northern region of 
Malta.

The Upper and Lower Coralline Limestones 
are thus considered to function as the main 
aquifer formations in the islands. The 
Globigerina limestone functions only locally 
as an aquifer formation, only where it is 
fractured and/or is located at sea level, and is 
commonly expected to allow groundwater 
fl ow exclusively through fractures and fi s-
sures. The Blue Clay formation is normally 
impermeable and underlies the perched 
aquifers.

19.2.2 Factors which may infl uence the 
groundwater quality

On the basis of historical data, it can be 
noted that the quality of groundwater in 
Malta is highly variable, with the main infl u-
ences arising from seawater salinity and 
from nitrate, mainly of agricultural origin. 
Groundwater sustained in the sea level aqui-
fer formations in Malta has generally high 
levels of chloride and other seawater-related 

parameters, typical of a groundwater body 
which occurs in direct lateral and vertical 
contact with seawater. In such a scenario 
any alteration to the fl ow of groundwater 
caused by both natural and anthropogenic 
factors will result in the intrusion of saline 
waters.

Furthermore, in an island with a high pop-
ulation density and a rapidly developing 
economy, the aquifers are subject to intense 
pressures and impacts that have led to a grad-
ual depletion in qualitative status over the 
years. Nitrate contamination is a source of 
particular concern since concentrations in 
the aquifers currently exceed accepted limit-
ing values and worse, exhibit upward trends.

As is typical for carbonate aquifers, ground-
water in Malta has a relatively high degree of 
hardness whereas fl uoride levels are close to 
limiting values for drinking water in places 
where groundwater fl ow occurs through the 
phosphorite conglomerate beds.

19.3 Background

19.3.1 Geology

19.3.1.1 Lower Coralline Limestone

Outcrops of the Lower Coralline Limestone 
are limited to deep valley incisions and to 
the cliff faces where 140 m of the formation 
is exposed in southern Malta and Gozo. It 
consists of thickly bedded detrital limestone 
that can be distinguished into four members 
(Pedley, 1978) namely the Maghlaq member 
(lowest), the Attard member, the Xlendi 
member and the Il-Mara member.

Maghlaq member (Chattian). The lowest 
member of the Lower Coralline Limestone 
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consists of pale yellow beds of foraminiferal 
biomicrites composed of tests of benthonic 
forams that constitute 40% of the rock. 
Typical microfossils recorded by Felix (1973), 
are the Miliolid foraminifera, Austrotrillima 
paucialveolata, Praerhapydionina delicata, 
Borelis haueri and Peneroplis Thomasi. 
The Maghlaq member passes transitionally 
upwards into the Attard member and extends 
uniformly beneath the whole territory.

Attard member (Chattian). The Attard 
member consists of pale grey biosparites 
(wackestone and packstone) associated with 
large Archaeolithothamnium algal rhodolits 
and Archeolitothamnium intermedium 
ranier.  Rhodolite colonies consisting of 
Archeolitothamnium intermedium Ranier 
and Lithotamnium make up between 15% and 
80% of the rock while bethonic foraminifera 
may form up to 11% of the rock. These assem-
blages are locally associated with bryozoa and 
strombid gastropods, indicating a depositional 
environment typical of open shoal-conditions 
with depths of less than 25 m.

Xlendi member (Chattian). The Xlendi 
member consists of cross-stratifi ed coarse-
grained limestone (packstone) with abundant 
aminiferal fragments, and giant foraminifera 
including Amphistegina, Spiroclypeus and 
Heterostegina. At Ghar il-Qamh in Gozo it 
reaches a maximum thickness of 22 m expos-
ing low-dipping foreset bedding and predomi-
nantly west-facing cross- stratifi cation.

Mara member (Chattian). This is the high-
est member of the Lower Coralline Limestone 
and consists of pale yellow massive bedded 
biosparites and biomicrites. The basal con-
tact is transitional and overlies the Xlendi 
member. Towards the upper levels, the 

member becomes richer in Lepidocyclina, 
bryozoan fragments and the echinoids 
Echinolampas.

The Lower Coralline Limestone is consid-
ered chemically as an almost pure limestone 
deposited in a shallow water patch-reef pal-
aeoenvironment of deposition. The principal 
geochemical components of these limestone 
and their respective fractions were identifi ed 
by x-ray fl uorescence spectrometry (XRF) 
and are shown in Table 19.1. While the main 
components, expressed as oxides, are CaO, 
SiO2 and Al2O3; phosphate content, on aver-
age is about 0.6%.

19.3.1.2 Globigerina Limestone formation

The Globigerina Limestone is the most 
widespread formation in Malta and Gozo. It 
consists of yellow to pale grey, fi ne-grained 
limestones composed entirely of tests of glo-
bigerinid foraminifera. There are several 
phosphorite horizons and hard grounds, two 
of which are ubiquitous and can be traced 
throughout the islands. These horizons, 
often less than 0.5 m thick and consisting of 
dark brown to black collophanite pebbles, 

Table 19.1 Geochemistry of the Lower 
Coralline Limestone formation.

Component
% Composition 

sample 1
% Composition 

sample 2

MgO 0.45 0
Al2O3 0.83 0.83
SiO2 2.34 2.17
P2O5 0.56 0.54
K2O 0.36 0.38
CaO 94.4 93.4
TiO2 0.08 0.09
Fe2O3 0.78 0.74
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have enabled the subdivision of this forma-
tion into three distinct members (House 
et al. 1961) namely, the Lower, Middle and 
Upper Globigerina members.

Lower Globigerina Limestone (Aquitanian). 
This member consists of yellow to pale 
cream indurated, globigerinid packstones 
becoming wackestone one metre away from 
the basal contact with the Blue Clay. At out-
crop it exposes a characteristic honeycomb 
weathering and a reddish-yellow colour. 
Fossils, where present, include the molluscs 
Chlamys and Flabellipecten, the echinoids 
Schizaster and Eupatagus, pteropods such as 
Cavolina, and thallasinoidean burrows.

At the base, the member is transitional 
with the Lower Coralline Limestone whilst 
it ends at the top in a phosphorite conglom-
erate layer less than 1 m thick. This phos-
phorite bed, referred to by Pedley as the 
lower phosphorite horizon Mc1, is planar at 
the top and irregular at the base. It consists 
of rounded phosphatic pebbles that have 
been cemented by chemical and concretion-
ary action of phosphates. Phosphatised clasts 
of molluscs and corals are locally common 
together with shark teeth Carcharodon meg-
alodon, Odontaspis, Isurus and Hemeprestes, 
and tusks of marine mammals.

The basal boundary of the Globigerina 
Limestone formation is taken to be that 
fi rst bed above the Scutella bed that does 
not contain Scutella echinoids. The Lower 
Globigerina is thus considered to be transi-
tional with the Mara member.

Geochemical analysis of the Lower 
Globigerina Limestone member undertaken 
by Cassar (2002) is shown in Table 19.2. It is 
noted that P2O5 content of the samples 
ranges from 0.1 to 0.71. Although no data on 
fl uoride content is available it is estimated 
to be of the order of 0.03%.

Middle Globigerina Limestone (Aquitanian – 
Burdigalian). The Middle Globigerina 
Limestone member lies unconformably over 
the fi rst phosphorite horizon in distinct beds 
of white to pale grey fi nely laminated marly 
limestones. At the base it is more whitish in 
colour and fi nely laminated with occasional 
seams of brown chert nodules. Towards the 
top, it becomes grey in colour and marly 
with sparse clay lenses.

The Middle Globigerina Limestone ends 
with a phosphorite horizon referred to as 
Mc2 consisting of 0.5 m of reworked phos-
phorite pebbles, mollusc casts, corals, echi-
noids, shark teeth and casts of the nautiloid 
Aturia aturi. Below this bed, thallassinoi-
dean burrows extend up to 0.75 m and are 
commonly fi lled with reworked phosphorite 
pebbles.

The Middle Globigerina Limestone is really 
a marl. Geochemical analysis (Table 19.3) 
indicate that phosphate and presumably fl u-
oride are present though at subdued levels.

Upper Globigerina Limestone member 
(Langhian). The Upper Globigerina Lime-
stone consists of a tripartite sequence com-
prising a lower division of pale yellow 

Table 19.2 Geochemistry of the Lower Globigerina Limestone member. 

 Na2O MgO Al2O3 SiO2 K2O P2O5 CaO TiO2 Fe2O

Mean % 0.04 0.71 1.18 4.0 0.19 0.21 49.71 0.08 0.66
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biomicrites, an intermediate pale grey marl 
and an upper cream coloured limestone. It 
lies conformable over the Upper Phosphorite 
Conglomerate bed Mc2 in eastern Gozo 
while it lies locally over an erosion surface 
west of Gharb. Schizaster euryonotus, the 
gastropod Epitonium, the Pteropod Maginella 
and thallasinoidean burrows are frequently 
found in the upper division.

Although no geochemical analyses of the 
Upper Globigerina Limestone member are 
available, geochemical data on the matrix of 
the Upper Main phosphate conglomerate 
bed are considered to be representative of 
this member. Geochemical data (average 
percentage composition) from Pedley and 
Bennet (1985) are shown in Table 19.4.

19.3.1.3 Phosphorite conglomerate beds

Hardgrounds result from cementation of 
pelagic sediments by high-Mg calcite, arago-
nite and in some instances, glauconite and 
calcium phosphate. They constitute pene-
contemporaneous lithifi cation and represent 
the earliest stage of diagenesis for some 
pelagic carbonates. A prolonged contact 
between sediments and seawater is neces-
sary for hardground generation, and are 
therefore favoured by very low primary rates 
of sedimentation, and sediment bypass under 
the action of submarine currents, which 
remove the fi ner sediments. Areas of phos-
phorite generation are characterised by 
upwelling of seawater rich in nutrients and 
organic activity is therefore high. Phosphorite 
precipitation occurs by direct replacement 
of skeletal carbonate allochems and carbon-
ate mud or indirectly as a result of biochemi-
cal concentration within living faunal tests. 
The fi rst to be lithifi ed are the existing bur-
rows, which are fi lled with relatively more 
permeable coarser material. Partial or com-
plete coalescence of the lithifi ed burrows 
accompanied by winnowing produces a dis-
crete nodular fabric or a continuous lithifi ed 
surface. Periodic overturning by seabed 
dwelling invertebrates promotes nodule 
development (Scerri 2002).

The oldest phosphorite conglomerate peb-
ble beds recorded in the Maltese islands 
occur at different levels within the Il-Mara 
Member of the Lower Coralline Limestone 
formation in east Malta. In this region this 

Table 19.4 Indicative geochemistry of the Upper Globigerina Limestone member. 

 Na2O MgO Al2O3 SiO2 K2O P2O5 CaO F Fe2O3

Matrix 1.2 1.34 0.38 7.14 0.3 6.43 41.14 0.85 2.25

Table 19.3 Geochemistry of the Middle 
Globigerina Limestone member.

Component
% Composition 

sample 1
% Composition 

sample 2

SiO2 8.2 9.6
Al2O3 2.8 2.2
TiO2 0.15 0.12
Fe2O3 1.2 1.0
MnO3 0.02 0.01
CaO 44.7 44.5
MgO 1.9 2.3
K2O 0.43 0.42
Na2O 0.14 0.27
P2O5 0.33 0.45
SO3 1.3 0.5
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member is thickly developed. In central and 
western Malta this member is usually thin 
and frequently occurs as a condensed 
sequence with no phosphorites.

19.3.1.4 Blue Clay (Serravallian – 
Tortonian)

The Blue Clay is a bluish grey formation 
composed of plastic colour-banded kaolinitic 
marls and clays or olive green marls and 
clays with no apparent banding. The darker 
bands are almost pure clay while the lighter 
bands have a lower clay content and can be 
described as clayey marls. Commonly found 
are rich assemblages of fossil macro-fauna 
Flabellipecten and Amusium with goethite 
casts of bivalves, gastropods, fi sh-teeth, soli-
tary corals and echinoids. Being highly imper-
meable the Blue Clay forms an aquiclude at 
the base of the Upper Coralline Limestone 
where it supports the perched aquifers.

19.3.1.5 Greensand (Tortonian)

This consists of greyish-green, friable, sandy 
marls becoming dark coloured greenish-
brown, and richer in glauconite near the top. 
Fossil content is abundant and predomi-
nantly consists of the giant foraminifera 
Heterostegina depressa, casts of the bivalves 
Glycemeris, Cardium, Chlamys, Ostrea and 
Throcia and the echinoids Clypeaster altus, 
and Schizaster eurynotus.

The formation is 11 m thick in Gozo 
(Gelmus) and ends with a sharp contact at 
the base of the Upper Coralline Limestone. 
West of a N–S line running from Marsalforn 
to Mgarr ix-Xieni (Pedley et al. 1976) this 
contact is ubiquitous marking an extensive 
hiatus between the Upper Coralline Limestone 
and the Greensand.

19.3.1.6 Upper Coralline Limestone 
(Messinian)

The Upper Coralline Limestone displays sev-
eral lateral variations and has been studied 
by several authors. Pedley et al. (1976) subdi-
vided the formation into four lithostrati-
graphical units with 12 distinct beds following 
the identifi cation of a basal Upper Coralline 
erosional surface and a widespread brachio-
pod marker bed–the Terebratula-Aphelesia 
bed – that allowed accurate interpretation of 
the lower members.

19.3.1.7 Quaternary

This is very restricted and appears only as 
valley infi lls, raised beach deposits and mod-
ern beach sands.

19.3.2 Hydrogeology

The Lower Coralline Limestone formation 
represents the most important aquifer forma-
tion of the Maltese islands, sustaining the 
major sea level groundwater bodies, which by 
far are the primary sources of freshwater for 
the islands. As the formation is predomi-
nantly composed of algal-fossiliferous lime-
stone with sparse corals, it has a moderate, 
irregular and channel-like permeability. In 
fact, the high permeabilities of coral reefs are 
absent and are replaced instead by an irregular 
permeability more characteristic of algal reefs. 
This heterogeneity is further accentuated by 
the presence of scattered patch-reefs in lateral 
contact with lagoonal and fore-reef facies.

The primary porosity of the formation is 
highly variable and varies from 7% to 20%. 
The different density indicates that a large 
part of the primary pore space is not intercon-
nected, a fact which is also stressed by the 
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fact that the primary permeability is rather 
low. The effective porosity of the formation 
is mainly connected with fracture permeabil-
ity, since otherwise the pores are very poorly 
interconnected. Flow and dewatering of pore 
spaces rely on secondary permeability by 
tectonic fracturing and dissolution. The frac-
tures range from micro-fi ssures to karst solu-
tion cavities, frequently aligned in one 
direction. Secondary permeability is thus 
fi ssure dependent and is estimated to range 
between 10% and 15% whilst the average 
hydraulic conductivity as measured from 
pumping tests is 400 × 10–6m s–1. The trans-
missivity of the formation is estimated to 
vary between 10–4 and 10–3 m2 s–1.

The largest and by far the most important 
of these sea level bodies of groundwater is the 
mean sea level aquifer system occurring in 
the island of Malta. This aquifer stretches 
across an area of 216 km2, primarily south of 
the Victoria fault. However, intense fracturing 
along the fault plane allows horizontal 

communication of groundwater; and thus the 
effective boundary of this aquifer system is 
considered as the ‘sealing’ Pwales fault, which 
is located further to the north. The body of 
groundwater sustained by the Malta mean 
sea level aquifer yields an estimated 66% of 
the total groundwater abstracted in the 
country and under optimum conditions the 
aquifer system is estimated to be capable of 
storing up to 1.5 billion m3 of groundwater 
(Fig. 19.2).

The second largest mean sea level aquifer 
system is found in the island of Gozo, north 
of the Ghajnsielem–Qala fault, stretching 
over an area of 50 km2. The groundwater 
body sustained in this aquifer system is the 
major source of groundwater on the island of 
Gozo and an exclusive source of drinking 
water. Other sea level aquifer systems occur 
in the northern region of Malta, north of the 
Pwales fault, but being very limited in 
extent, these aquifers are considered as hav-
ing only a relatively ‘local’ importance.

Fig. 19.2 Extent of the Lower Coralline Limestone aquifer systems in the Maltese islands.

Gozo Lower Coralline Limestone/Globigerina Limestone
Mean sea level aquifer

Malta Lower Coralline Limestone/Globigerina Limestone
Mean sea level aquifer
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The groundwater body occurring in these 
sea level aquifer systems is in lateral and 
vertical contact with seawater. Due to the 
density contrast of freshwater and saltwater 
a Ghyben–Herzberg system is developed. The 
outcome is a lens shaped body of freshwater 
that is dynamically fl oating on more saline 
water, having a convex piezometric surface 
and conversely a concave interface, both 
tapering towards the coast where there is vir-
tually no distinct defi nition between the two 
surfaces. Maximum hydraulic heads of 4–5 m 
amsl were measured for the groundwater body 
sustained in the Malta mean sea level aquifer 
in the 1940s when the system was still largely 
unexploited. The lens sinks to a depth below 
sea level roughly 40 times its piezometric head 
at any point, fading into more saline water 
across a transition zone, the thickness of 
which depends on the hydrodynamic charac-
teristics of the aquifer formation, and the 
dynamic effects of pumping. The limits of this 
transition zone are commonly defi ned by the 
surface of the 1% and 95% seawater content 
(Fetter, 1988), based on the total dissolved sol-
ids or chloride content (Fig. 19.3).

In practice, these mean sea level aquifer 
systems are very sensitive to point-form 
saline upconing due to their hydrogeological 
characteristics and the relatively small 

piezometric head. Wells drilled to some depth 
below sea level are prone to localised upcon-
ing of saline water in response to the draw-
down in the piezometric head caused by 
abstraction, with the direct result being an 
increase in the salinity of the abstracted 
water.

19.3.3 Groundwater age

The age of the groundwater body in the mean 
sea level aquifer was investigated using 
isotopic techniques. Groundwater samples 
from the mean sea level aquifer revealed a 
low 3H content, averaging around 1.15 TU. 
This indicates that this groundwater body is 
characterized by a relatively long residence 
time (in excess of 20 years on average).

Further investigations on the 3H content 
in these groundwater samples were carried 
out, in which the results obtained were 
correlated with the thickness of the unsatu-
rated zone at the sampling site and the 
nitrate content of the respective sample, 
nitrate being considered as a tracer of recently 
infi ltrated water (Fig. 19.7). Invariably, the 
correlation showed that the thicker the 
unsaturated zone the lower the 3H content 
thus confi rming a slower and longer travel 
time from the surface. Moreover, a signifi cant 

Fig. 19.3 Schematic representa-
tion of the mean sea level aquifer 
system.
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correlation between 3H and nitrate was 
registered. This correlation is due to a mix-
ing between long- and short-residence time 
groundwater, respectively rich in 3H and 
nitrate respectively. Lower nitrate values 
generally matched low 3H content, although 
evidence of localised nitrate enrichment was 
also encountered. (Fig. 19.4).

The results obtained thus indicate that 
groundwater in the mean sea level aquifer is 
characterised by the mixing of waters with 
two different infi ltration processes: (1) a very 
slow infi ltration, through the matrix porosity, 
which is the dominant recharge process of 
the aquifers and (2) a fast infi ltration, through 
cracks and fractures, which is a local and 
discrete fl ow occurring probably only during 
the main rain events and which most proba-
bly is responsible for the direct leaching of 
pollutants from the surface into the satu-
rated zone.

The aquifer is thus primarily recharged 
through the slow percolation of groundwater 
in the unsaturated zone. However, bedding 
planes, erosional surfaces and hiata in the 
sedimentary facies are also important fea-
tures in the circulation of groundwater. 
Mineralisation and groundwater chemistry 

will thus be infl uenced by the spatial occur-
rence of these discontinuities.

19.3.3.1  Data availability

Generally, it is not always easy to identify 
waters where there are no traces of human 
impact, and this is particularly so in the 
aquifer system under consideration. 
Potentially, the only possible way to correct 
this would be to establish water quality lev-
els prior to the start of the groundwater 
abstraction in the early 1900s – accepting 
the limitation of the probably poorer analyt-
ical techniques used at the time.

19.3.4 Historical data

The fi rst available data on the quality of 
groundwater in the mean sea level aquifer 
dates back to analysis carried out in 1865, at 
the British War Department in Woolwich, 
UK (Table 19.6). These analyses were under-
taken on samples collected from the fi rst 
shaft drilled in the mean sea level aquifer 
when this was still in an undisturbed condi-
tion and thus refl ect its natural background 
concentration. Of particular relevance is the 

Fig. 19.4 Correlation of 3H versus 
NO3 content in groundwater 
samples (after Bakalowicz 2002).
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fact that although this analysis was per-
formed at a time when the groundwater 
body was still practically unexploited, its 
salinity expressed as TDS is already rela-
tively high (761 mg L–1). and the chloride of 
soda value corresponds to a Cl concentration 
of 207 mg L–1.

19.3.5 Current datasets

Regular monthly chemical analysis on 
groundwater abstraction sources, operated 
by the Water Works Department (now Water 

Services Corporation), date back to the early 
1960s. However these analyses concern only 
a limited number of core parameters, such 
as chloride, nitrate, pH, TDS, hardness and 
turbidity.

More detailed groundwater analyses are 
also performed from time to time, particu-
larly on samples collected from pumping 
stations in the sea level aquifers. The range 
of parameters monitored include colour, 
odour, pH, free chlorine, TDS, TSS, CO2, 
total alkalinity, total hardness, Ca, Mg, Na, 
K, Fe, Pb, Cl, NO3, NH3, NO2, P2O5, SO4, 
F, Cu, O2, Zn as well as microbiological 
content.

The results from these analyses immedi-
ately indicate that the major problem to be 
faced when dealing with groundwater qual-
ity of this aquifer system, is the chemical 
disturbance arising from the almost gener-
alised infl uence from the bounding saltwater. 
In fact, a high number of monitoring stations 
exhibit a relatively high chloride content. 
The nitrate content of the groundwater is 
also high, exceeding the 50 mg L–1 threshold 
in a number of monitoring stations. On the 
other hand, the concentrations of heavy met-
als in the groundwater are far below the 
admissible drinking water standards; and all 
analysis for pesticides have resulted below 
the established EC threshold limits.

Table 19.5 Geochemical data on the Lower Main Phosphorite conglomerate bed.

Na2O MgO Al2O3 SiO2 K2O P2O5 CaO F TiO2 Fe2O3

Pebbles
(outer rim)

0.34 1.09 0.23 5.37 0.28 13.3 47.0 1.09 0.01 2.33

Whole pebbles 0.75 1.29 0.25 4.56 0.2 16.8 42.4 1.35 <0.01 2.31
Matrix 0.11 1.31 0.41 7.86 0.25 3.72 50.3 0.41 0.01 1.14

Source: Scerri (2002).

Table 19.6 Water quality analyses – Malta 1865. 

“The well at the Marsa, in the 
farm of Armier, from which water 
was raised by a steam pump” mg L–1

Total solids 761
Carbonate of lime 301
Nitrate of lime 14
Sulphate of lime –
Carbonate of magnesia 53
Sulphate of soda 50
Chloride of soda 341
Ammonia –
Organic and other volatile matters 1

Source: Sutherland (1867).
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19.4 Hydrochemical 
characteristics

19.4.1 Groundwater typology

As water fl ows through an aquifer it inter-
acts with the chemistry of the geological 
strata and builds up a typical chemical com-
position. In coastal and island aquifer sys-
tems, which are in direct contact with 
seawater, variations in the chemical compo-
sition of the groundwater due to the intru-
sion should also be taken into consideration. 
In fact, through this study, in order to fully 
evaluate the chemical composition of the 
groundwater and attribute the variations of 
certain parameters to the sea-water intru-
sion and possibly also to other forms of 
anthropogenic pollution, it has proved nec-
essary to investigate the interdependence 
between the various chemical species, par-
ticularly those characteristic of saline 
conditions.

The Na and Cl content of the groundwater, 
showed an excellent correlation and their 
ratio can be used as an indicator of direct or 
indirect seawater entry. The same conclu-
sion could also be reached with regards Mg 
and Cl. Moreover, plotting the conductivity 
versus the chloride content, results in the 
expected direct correlation between these 
parameters; effectively demonstrating that 
the intruding saline water has by far the 
major responsibility for the high conductiv-
ity observed in the groundwater.

The correlation between SO4 and Cl is 
also good. However, when analysing this 
correlation in more detail, a number of devi-
ations have been identifi ed with groundwa-
ter from certain sources exhibiting an 
anomalously high SO4/Cl ratio. These results 
suggest that the sulphate contained in the 

groundwater is not derived exclusively from 
the intruding seawater, but in certain places 
(particularly regions of the aquifer with a 
relatively low depth to groundwater) the 
infl uence exerted by other anthropogenic 
sources such as fertilisers used in agricul-
tural activities, could be signifi cant. 
Moreover, most of the monitoring stations 
in which a high SO4/Cl ratio was identifi ed, 
also registered high values for other chemi-
cal elements or parameters.

The typology of the groundwater in the 
mean sea level aquifer systems was further 
analysed through ternary (Piper) plots 
(Fig. 19.4) where, as expected, samples from 
these aquifer systems exhibited a general 
shift towards the apex characteristic of NaCl 
waters. Thus the Piper plot indicates that 
as a general rule, groundwater in the mean 
sea level aquifer is shifting from the fresh 
recharging carbonate waters position towards 
the saline water position primarily as a result 

Fig. 19.5 Piper plot for the quality parameters of 
groundwater samples.
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of the mixing processes with intruding sea-
water in the aquifer (Fig. 19.5).

19.4.2 Major physico-chemical 
characteristics

The groundwater in the mean sea level 
aquifer is also characterised by a high, 
anthropogenically derived, nitrate content 
which reaches levels ranging between 25 and 
100 mg L–1. The nitrate-containing recharge 
should be diluted by the intruding seawater, 
which has a very low nitrate content. In 
order to estimate the importance of any such 
dilution phenomena, the NO3/Cl relationship 
was investigated on a source-by-source basis. 
No clear relationship could be established, 
with different monitoring points exhibiting 
totally different relationships. The following 
examples have been chosen to demonstrate 
the observed variations in the relationship 
between these parameters.
1 In a number of monitoring stations, an 
increase in the chloride content with time, 
was complemented by a decrease in the 
nitrate content. In such cases, the dilution 
of the freshwater by intruding saltwater can 
explain the decrease in the nitrate content.
2 In other monitoring stations, the chloride 
and nitrate concentrations have a similar 
behavior over time. This effect could be due 
to a variation in the area of infl uence of the 
pumping well in response to pumping rate 
variations. It is suggested that a smaller 
area of infl uence resulting from a decreased 
pumping rate would result in a smaller sus-
ceptibility for pollutants from the surface to 
reach the well.
3 In certain monitoring points, the evolution 
of the nitrate concentration was observed 
to be independent of the changes registered 
in the chloride concentration. One possible 

explanation for this is a dilution by intruding 
highly saline water; the dilution ratio how-
ever, is too low to infl uence the nitrate con-
tent. The salinity of the intruding water could 
also be variable, depending on the pumping 
rate and the thickness of the mixing zone.

The various scenarios illustrated above, 
indicate that the dilution, and consequently 
the intrusion of seawater appears to occur 
through different pathways. Thus depending 
on the abstraction rate, the thickness of the 
transition zone (located between freshwater 
and seawater) and the prevailing hydrogeo-
logical conditions such as fracturing and 
lithology in the vicinity of the particular 
abstraction point, the salinity of the invading 
water could be variable, making the evaluation 
of the real nitrate pollution very complex.

These results reveal the complexity of the 
aquifer system. However, dilution should be 
considered as a key parameter, since any 
planned improvement in the water quality 
from a salinity point of view could in certain 
zones be accompanied by a drastic increase 
in nitrate concentrations.

The chloride and nitrate content of pump-
ing stations in the mean sea level aquifer 
system was further analysed. Box plots were 
prepared in accordance with the baseline 
defi nition, with the central tendency being 
identifi ed by the median, the boxes indicat-
ing the range 16–84% and the whiskers indi-
cating the range 2.3–97%. Outliers were not 
presented in the plots.

In Fig. 19.6 it is shown how the ranges in 
chloride vary over the years for all pumping 
stations grouped together. These box plots 
show that the chloride levels in the aquifer 
are in excess of the 250 mg L–1 chloride 
indicative value for drinking water outlined 
in the EU Drinking Water Directive (98/83/
EC). The 2.3 percentile whisker does not fall 
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below 400 mg L–1 in any source, or for any 
year.

Analogous analysis performed on the 
nitrate data show similarities to the results 
obtained in the analysis of the chloride data. 
Nitrate in the mean sea level aquifer sys-
tems show high levels with the 2.3 percen-
tile whiskers exceeding 50 mg L–1 (as NO3) 
nitrate for all sources except the Wied il-
Ghasel pumping station. The variability in 
nitrate is also high, with the 97.7 percentile 
exceeding 125 mg L–1 in one case.

It is thus clear that abstraction points are 
not representative of this particular type of 
aquifer system, but only representative of the 
localised situation of seawater intrusion as far 
as chloride concentrations are concerned. The 
abstraction of water from such sites, in itself, 
modifi es the quality of the water in the aqui-
fer, and is therefore directly confl icting with 
the defi nition of baseline as far as ‘excluding 
anthropogenic activity’ is concerned.

The pumping sources, as used in this 
study, may be compared to control systems 

with feedback, where conclusions are expected 
to be drawn on the level of the input based 
on the measurement of the controlled (out-
put) variable, as if the control mechanism 
did not exist (Fig. 19.6).

19.5 Geochemical controls

Further considerations on the chemical qual-
ity of groundwater in the sea level aquifer 
concerned an analysis of the results from a 
series of full chemical analysis which were 
performed on groundwater samples from the 
major pumping sources in the sea level aqui-
fer system (WSC 2000).

These analyses indicated relatively higher 
fl uoride values in groundwater samples from 
abstraction sources in the Gozo sea level 
aquifer, as opposed to samples from the east-
ern and southeastern regions of the Malta sea 
level aquifer, where fl uoride concentration is 
very low. Owing to the fact that the Gozo sea 
level aquifers are the principal sources of 
potable water in this island, this fact was 
contributing to non-compliance with the 
standards set in the EU Drinking Water 
Directive.

It appears that the only minerals that 
could possibly contribute to the presence of 
fl uoride in groundwater are carbonate min-
eral impurities, fl uorapatite or francolite 
(and to a minor extent dahlite). Fluorapatite, 
apart from CaCO3, is the most common 
mineral present in the phosphorite beds and 
the only mineral present in the Maltese rock 
succession that contains fl uorine in substan-
tial proportions. Table 19.5 Besides CaCO3, 
which is the most common mineral present 
in Maltese limestones, other common min-
erals present in varying proportions are: the 
clay minerals: kaolinte, illite, smectite, and 

Fig. 19.6 Box plots of the Lower Coralline 
Limestone aquifer systems: Chloride.
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palygorskite; and glauconite. None of these 
minerals contains fl uorine (Fig. 19.7).

The maximum concentration of francolite 
occurs in the phosphate conglomerate beds 
where analysis by XRF yielded maximum val-
ues of 19.3% P2O5 and 1.5% of fl uoride in the 
outer surface of the pebbles coming from the 
Lower Main phosphorite conglomerate bed 
and 16.8% P2O5 and 1.4% of fl uoride in the 
outer surface of the pebbles coming from the 
Upper Main phosphorite conglomerate bed.

Correspondingly, the higher levels in con-
centration of fl uoride in the mean sea level 
aquifer systems lie in the area of distribution 
of the Upper and Lower Main Phosphorite 
conglomerate beds where fl uoride levels mea-
sured range from 500 to 1600 μg L–1; with these 
levels falling off to below 400 μg L–1 content 
where both conglomerate beds are absent.

Owing to the fact that the phosphorite 
conglomerate beds are more developed in 
Gozo, fl uoride levels measured in the mean 
sea level aquifer in Gozo, are consistently 
high, mostly above 1000 μg L–1 up to a maxi-
mum of 1600 μg L–1.

19.6 Conclusions

The natural baseline quality of groundwater 
in the Oligocene mean sea level aquifers is 
controlled predominantly by the lithology of 
the aquifer and its physical characteristics. 
Being underlain and surrounded by seawa-
ter, it is heavily infl uenced by the direct 
physical contact with the sea and by the pro-
cesses of molecular diffusion that vary 
according to the hydrostatic head of the 

Fig. 19.7 Gozo: map showing spatial distribution of the phosphate conglomerate beds C1 and C2 
and fl uoride levels overlay. The dark shaded area represents the aerial distribution of the Ghajn 
Melel Member and the Greensand Formation extension (after Scerri 2002).
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water table at a given point, whether in its 
natural state or as subjected to the effects of 
pumping. Consequently these groundwaters 
are highly mineralised in chloride and 
sodium, and other seawater related ions 
especially where the aquifer is exposed to 
dynamic conditions.

As many rock units in the Maltese litho-
logic column contain phosphate, albeit in 
smaller quantities than those found in the 
conglomerate beds, it was also concluded 
that the fl uoride found in the mean sea level 
aquifers is a result of solution processes dur-
ing slow percolation especially in the Upper 
and Lower Main Phosphorite conglomerate 
beds and hence are directly related to the 
vertical thickness of these interlying beds 
and groundwater residence times in the 
unsaturated zone.

It is doubtful whether the Lower Coralline 
Limestone of Malta can be strictly defi ned as 
a reference aquifer for purposes of baseline 
characterisation, given that it was impossi-
ble to correct for all anthropogenic activity. 
At the same time, it is true that this island 
aquifer constitutes a specifi c and relatively 
common type of European aquifer especially 
in the Mediterranean region. The study 
therefore indicates that intrusion of seawater 
related compounds is the major concern as 
regards water quality monetoring in this 
aquifer typology.
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One thousand, six hundred and four ground-
water samples from crystalline bedrock 
aquifers in Norway have been analysed for 
pH, alkalinity, radon, major ions, and met-
als. A subset of 476 samples was further 
analysed for a range of trace elements by 
ICP-MS. For most major ion parameters, 
including pH, the median values display 
modest dependence on lithology, while 
there is a large variation in hydrochemistry 
within each lithological subset. Three main 
water types can be distinguished: Na–Cl 
waters, Ca–HCO3

– waters and Na–HCO3
– 

waters, of which the latter group comprises 
25% of the samples. Many trace elements 
show a clear dependence on lithology with 
enrichments in aquifers of Precambrian 
granites relative to Precambrian anortho-
sites. Concentrations of fl uoride, radon and 
uranium are above given drinking water lim-
its for a signifi cant part of the samples, while 
elevated concentrations of, for example, 
arsenic and nitrate seem to be rare. A com-
parison of two granitic aquifers in southern 
Britain and Norway, respectively, illustrates 
the importance of glacial and postglacial 
weathering history for the hydrochemistry. 

PHREEQC modelling reveals that a 
common hydrochemical evolutionary path-
way exists for most silicate crystalline rock 
aquifers, independent of lithology. The 
main controlling factors are the initial PCO2 
of groundwater recharge, the plagioclase 
composition of the host rock, the extent 
to which initial CO2 has been converted 
to HCO3

– by hydrolysis, whether the 
system is ‘open’ with regards to CO2, and 
to which extent plagioclase hydrolysis has 
progressed after calcite saturation has been 
reached.

20.1 Geological and hydrogeological 
setting of Norway

Norway, with an area of 324,000 km2, 
extends 1800 km from Skagerrak to the 
Russian border on the coast of the Barents 
Sea (latitudes 58°–71°N) and occupies 
the western margin of the Precambrian 
Fennoscandian shield. It straddles the 
NE–SW trending Caledonian orogenic 
belt, while the region around Oslofjord 
(in the southeast) has been impacted by 

20 The Natural Inorganic Chemical
Quality of Crystalline Bedrock

Groundwaters of Norway
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Permo-Carboniferous extensional rifting 
and volcanism. The entire country is thus 
underlain by ‘hard rock’ or ‘crystalline rock’ 
aquifers, which are igneous, metasedimen-
tary or metamorphic in nature. These may 
be overlain by relatively thin Drift deposits, 
which can be of several types:
• In upland areas: thin deposits of moraine 
(often till) and peat.
• In valley bottoms and lower-lying areas: 
glacio-fl uvial  sands and gravels and alluvial 
sediments.
• In coastal areas: marine silts and clays, 
deposited prior to the postglacial emergence 
of the landscape from the ocean as a result of 
isostatic rebound.

Topography is generally steep and var-
ied, with mountain plains of elevation 
around 1000  m  asl (maximum elevation 
Galdhøpiggen 2469 m  asl). Most of Norway’s 
population (4.5 million) live in low-lying 
areas, usually in the vicinity of the coast, 
on delta surfaces where watercourses meet 
lakes/fjords, or in steep valleys incised into 
the mountain massifs.

Precipitation varies considerably, with 
Kirkenes, in the far northeast, experienc-
ing 450  mm  a–1, with an annual average 
temperature of –0.2°C. Oslo, in the south-
east, experiences 763  mm  a–1 (annual aver-
age temperature 5.7°C), while Bergen, on 
the west coast, is drenched by 2250 mm a–1 
(average temperature 7.6°C) at the Florida 
weather station (www.dnmi.no; all statistics 
for period 1961–1990).

Due to geologically recent glaciation (ter-
minating c.8000–10,000  years  bp), the bed-
rock typically presents a glacially scoured, 
relatively unweathered surface to the atmo-
sphere, with native mineral assemblages 
largely intact.

Arable land is sparse in rural areas 
and farms are widely spaced. Individual 
drilled wells in crystalline bedrock are 
a popular water-supply solution in such 
settings. It is estimated that around 4000 
such wells are drilled every year, with a 
total of at least 140,000 in existence, 
supplying around 300,000 people. Such bore-
holes typically yield less than 1000  L  h–1 
(median yield = 600 L h–1 and median 
depth 56 m, based on a database of 12,757 
boreholes: Morland 1997; Banks et al. 
2005).

In many respects, the hydrogeology and 
hydrogeochemistry of Norwegian hard 
rock aquifers is similar to neighbouring 
Finland and Sweden. Groundwater quality 
problems with Rn, F– and U are common 
(Lahermo et al. 1990; Aastrup et al. 1995) 
and, intriguingly, the Swedish hard rock 
well database also calculates a median yield 
of 600  L  h–1 (Gustafson 2002). Some differ-
ences exist between Norway and its neigh-
bours, however:
• Norway has generally steeper topography 
and hence generally lower groundwater 
residence times.
• Finland and Sweden are dominated to a 
greater extent by Precambrian Fenno-scandian 
shield rocks.
• Drift deposits are generally thicker and 
more important for water supply in Finland 
and Sweden.
• Specifi c geochemical anomalies may result 
in slightly different groundwater chemical 
distributions than in Norway. For example, 
a greater prevalence of arsenic in Finnish/
Swedish hard rock groundwater (Valve 
et al. 2005) is related to regional geochemical 
anomalies (Reimann et al. 2003; Backman 
et al. 2006).
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20.2 Part I :  Investigation 
of groundwater chemistry in 

Norwegian crystalline bedrock 
aquifers

During 1996 and 1997 the groundwater 
chemistry in Norwegian crystalline bedrock 
aquifers was investigated in a joint project 
between the Norwegian Radiation Protection 
Authority (NRPA) and the Geological Survey 
of Norway (NGU) and published by Banks 
et al. (1998a–c), Frengstad et al. (2000, 2001) 
and Frengstad (2002). Based on an open invi-
tation to well owners to have their drinking 
water analysed, almost 2000 water samples 
were collected by local health authority rep-
resentatives. In the fi eld, two sample fl asks 
were typically fi lled at the wellhead or from 
a kitchen tap via a closed pressure tank. 
First, a 10 mL water sample was injected (in 
the fi eld) into a 20 mL glass vial, pre-fi lled 
with 10 mL Lumagel scintillation liquid. 
This was returned to the laboratory of NRPA 
after minimal delay and analysed for radon 
by scintillation counting.

Second, a 500 mL polyethene fl ask was 
fi lled with groundwater and returned to 
NGU’s laboratory. Although fi ltration at 
a mesh size of 0.45 μm is typically recom-
mended for analysis of groundwater samples 
(especially metals/cations for research pur-
poses), in this case, a conscious decision was 
made not to fi lter the water samples. This 
was decided in order to simplify sampling 
procedures for the local health authorities 
and also because previous studies had indi-
cated that most hard rock groundwaters are 
naturally relatively particle-free, with fi ltra-
tion having little impact on analysis results 
(Reimann et al. 1999; Frengstad 2002). On 
arrival of the fl asks at NGU, small subsam-
ples of water were decanted for analysis at 

NGU for seven anions by ion chromatogra-
phy (IC), pH, and alkalinity by titration to a 
bicarbonate end-point. The remaining sam-
ple was then acidifi ed in-fl ask with concen-
trated ultrapure nitric acid to remobilise any 
precipitated or sorbed heavy metals and ana-
lysed for around 30 elements by inductively 
coupled plasma atomic emission spectrom-
etry (ICP-AES).

Following analysis of all samples, the 
analytical dataset was quality controlled 
to remove (1) all samples which were not 
bona fide crystalline bedrock groundwa-
ters, (2) all samples that may have been 
subject to water treatment, and (3) all sam-
ples with an unacceptably high particulate 
content. This resulted in a final dataset of 
1604 analyses, henceforth referred to as 
‘rock_corr’.

Thereafter, the locations of all sam-
ples with valid UTM grid references were 
imported to a GIS environment and com-
pared with the 1:3,000,000 scale digital 
bedrock map of Norway (Sigmond 1992). 
A predominant bedrock lithology code was 
assigned to each sample.

Finally, in order to ensure a more geo-
graphically and lithologically representa-
tive dataset, 476 samples were selected from 
‘rock_corr’, as evenly distributed according 
to spatial location and lithological code as 
possible. This subset of data is referred to 
as ‘rock_rep’ (n = 476). The (acidifi ed) fl asks 
corresponding to these samples were sent 
to the Federal Institute of Geosciences and 
Natural Resources in Hannover (BGR) for 
analysis of 70 elements by inductively cou-
pled plasma mass spectrometry (ICP-MS). 
Materials, methods and data quality control 
are documented by Banks et al. (1998a, c), 
Frengstad et al. (2000) and Frengstad 
(2002).
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20.2.1 The distribution of hydrochemical 
parameters in crystalline bedrock

Banks et al. (2005) have argued that the dis-
tribution of groundwater within crystalline 
bedrock aquifers is so complex and hetero-
geneous, that any deterministic attempt to 
predict or spatially characterise hydraulic or 
hydrochemical parameters is doomed to fail-
ure. Rather, NGU has chosen to characterise 

both hydraulic parameters (Morland 1997) 
and hydrogeochemistry through the use 
of non-parametric statistics. Tables 20.1 
and 20.2 document the distribution of a 
large variety of hydrochemical parameters in 
terms of median and other selected percen-
tile values for the ‘rock_corr’ and ‘rock_rep’ 
datasets.

For many hydrogeochemical parameters, 
including most major ion parameters (such 

Table 20.1 Characteristic percentile values for hydrochemical parameters determined on dataset 
‘rock_corr’ (N = 1601-4) for crystalline bedrock groundwaters in Norway.

Parameter 25% 50% 75% 97.7%
Subset 92 

50%
Subset 93 

50%

pH (lab) 7.81 8.07 8.21 8.88 7.90 8.07
Alkalinity (meq L–1) 1.26 2.04 2.81 4.81 1.87 1.26
Bromide (mg L–1) <0.1 <0.1 <0.1 0.63 <0.1 <0.1
Chloride (mg L–1) 5.06 9.78 18.8 124 21.8 21.6
Fluoride (mg L–1) 0.08 0.28 0.96 3.38 1.69 <0.05
Nitrate (mg L–1) <0.05 0.46 2.52 27.4 0.23 4.65
Sulphate (mg L–1) 8.12 13.1 22.6 107 15.9 10.1
Radon (Bq L–1) 25 86 260 2634 698 <10

ICP-AES
Aluminium (mg L–1) <0.02 <0.02 0.039 0.303 0.029 <0.02
Barium (mg L–1) 0.004 0.013 0.035 0.17 0.012 0.003
Boron (mg L–1) <0.010 0.014 0.038 0.25 0.032 0.018
Calcium (mg L–1) 14.2 27.2 38.8 72.2 15.6 17.3
Copper (mg L–1) <0.005 0.015 0.045 0.23 0.014 0.011
Iron (mg L–1) 0.010 0.031 0.10 1.56 0.14 0.011
Magnesium (mg L–1) 1.84 3.36 5.69 16.1 2.61 3.79
Potassium (mg L–1) 1.33 2.36 3.87 9.12 2.59 0.91
Sodium (mg L–1) 6.12 12.5 34.9 175 31.1 23.1
Lithogenic  sodium (mg L–1) 1.87 6.00 23.2 103 15.1 8.73
Silicon (mg L–1) 3.81 4.77 6.05 9.96 6.09 5.81
Strontium (mg L–1) 0.064 0.13 0.27 1.95 0.075 0.095
Zinc (mg L–1) 0.004 0.012 0.043 0.39 0.031 0.012

The last two columns show median concentrations for two specific lithological subsets: subset 92 = autochthonous Pre-
cambrian granite to tonalite (N = 76); subset 93 = autochthonous Precambrian charnockite to anorthosite (N = 34). 
Lithogenic sodium [Na*] is calculated on the basis of chloride [Cl–] concentration using the formula [Na*] = [Na] – 
10.6[Cl–]/19.
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as pH, alkalinity, calcium, magnesium, 
non-marine sodium) there was surprisingly 
little dependence of the median concen-
tration on lithology (Frengstad and Banks 
2007). Indeed, for almost all lithological 
subsets, the median pH was around 8.0–8.2 
(Fig. 20.1). Within each lithological subset, 
however, there was considerable variation 
in water chemistry. It is considered that this 
refl ects the evolution of water chemistry 
along common evolutionary pathways (e.g. 

plagioclase hydrolysis) in most lithologies. 
The variation within lithological subsets 
merely refl ects different stages of evolution, 
ultimately depending on residence times, 
kinetic factors, fracture geometry, and so on.

A number of parameters did display a clear 
lithological dependence, however. In par-
ticular, many parameters displayed elevated 
concentrations in Precambrian granites 
(lithology code 92) and low concentrations in 
Precambrian anorthosites (lithology code 93); 

Table 20.2 Characteristic percentile values for hydrochemical parameters determined by ICP-MS on 
dataset ‘rock_rep’ (N = 476) for crystalline bedrock groundwaters in Norway.

Parameter 25% 50% 75% 97.7%
Subset 92

50%
Subset 93 

50%

Antimony (μg L–1) 0.015 0.033 0.081 0.45 0.032 0.019
Arsenic (μg L–1) 0.08 0.18 0.52 5.9 0.09 0.08
Beryllium (μg L–1) <0.005 0.012 0.038 0.39 0.096 <0.005
Cadmium (μg L–1) 0.009 0.017 0.033 0.53 0.028 0.010
Cerium (μg L–1) 0.028 0.11 0.46 7.2 0.36 0.012
Cobalt (μg L–1) 0.027 0.065 0.140 1.4 0.067 0.072
Chromium (μg L–1) 0.08 0.14 0.27 1.2 0.23 0.16
Copper (μg L–1) 6.8 16 47 213 26 14
Mercury (μg L–1) 0.006 0.018 0.029 0.066 0.023 0.007
Iodine (μg L–1) 0.29 0.60 1.2 6.6 0.85 0.63
Lanthanum (μg L–1) 0.027 0.10 0.43 5.7 0.45 0.010
Lead (μg L–1) 0.17 0.36 0.76 5.4 0.54 0.34
Lithium (μg L–1) 1.1 2.9 4.7 18 5.0 0.44
Molybdenum (μg L–1) 0.39 1.4 4.7 33 2.9 0.076
Nickel (μg L–1) 0.32 0.53 0.99 12 0.52 0.67
Selenium (μg L–1) 0.11 0.20 0.36 1.7 0.14 0.31
Tin (μg L–1) 0.002 0.008 0.019 0.18 0.012 0.014
Thorium (μg L–1) 0.002 0.006 0.023 0.40 0.025 <0.001
Titanium (μg L–1) 0.29 0.59 1.6 25 0.95 0.36
Thallium (μg L–1) 0.004 0.007 0.013 0.051 0.005 0.001
Tungsten (μg L–1) 0.017 0.071 0.41 14 0.054 0.005
Uranium (μg L–1) 0.42 2.5 11 105 8.0 0.037
Vanadium (μg L–1) 0.086 0.24 0.57 2.7 0.20 0.37

The last two columns show median concentrations for two specific lithological subsets: subset 92 = autochthonous 
Precambrian granite to tonalite (N = 29); subset 93 = autochthonous Precambrian charnockite to anorthosite (N = 30).
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for example, Be, Cd, Ce, F–, Hf, La, Nb, Pb, Rn, 
Ta, Th, Tl, U, Y, Zr and rare earth elements. 
Clearly, several of these (Be, F–, Rn, Th, Tl, U) 
have a potential human health impact.

Radon is an odourless, colourless, radioac-
tive (half-life 3.9 days), rather soluble, noble 
gas. It occurs in excess of the NRPA guide-
line value (500 Bq L–1) in 13.9% of sampled 
Norwegian crystalline rock groundwaters 
(and >50% of all groundwaters from lithol-
ogy 92: Precambrian granites) (Table 20.1 
and Fig. 20.2). It has the potential to enter 
household domestic water systems, via the 
closed pressure tanks typical in Norway, and 
de-gas to indoor air during the use of show-
ers, dishwashers and washing machines. The 
highly insulated nature of Norwegian homes 
means that ventilation is often poor and the 
gas disperses only slowly. Exposure to radon 
via inhalation is known to correlate with lung 
cancer. A risk pathway via ingestion in pota-
ble water has also been postulated. Radon is 
particularly prevalent in groundwater from 
granites and gneisses and concentrations as 
high as 31,900 Bq  L–1 have been recorded in 
the Precambrian Iddefjord Granite of south-
east Norway (Banks et al. 2005).

Radon is ultimately derived from the radio-
active decay of uranium (and then radium) in 
the host aquifer matrix (or fracture mineral 
coating). It exhibits some degree of correla-
tion with dissolved uranium in crystalline 
rock groundwater (Fig. 20.2). Uranium can 
be very soluble and mobile under oxidis-
ing conditions. It is regarded as being more 
chemotoxic than radiotoxic, affecting a vari-
ety of organs in the human body. There is 
no current EU limit for U in drinking water 
although WHO (2004) suggests a guide-
line of 15 μg L–1. Canada operates a limit 
of 20 μg L–1 for U, and the USA 30 μg L–1. 
Some 21% of groundwaters from ‘rock_rep’ 

exceed the WHO guideline and around 12% 
exceed the US 30 μg  L–1 threshold. As with 
Rn, granite aquifers are particularly prone 
to excessive uranium concentrations in 
groundwater. Uranium concentrations range 
over six orders of magnitude in Norwegian 
crystalline rock groundwaters (Fig. 20.2), 
approaching the mg  L–1 level. Intriguingly, 
the frequency distribution is almost per-
fectly log-normal (Fig. 20.2).

Fluoride, in small amounts, is important 
to humans in promoting resistance to tooth 
decay. In excess it can, however, cause mottling 
or malformation of teeth in children, or even 
malformation of the skeleton in extreme cases 
(dental and skeletal fl uorosis). Concentrations 
in excess of 1.5 mg L–1 are typically deemed 
undesirable in most European drinking 
water schedules. Of the sampled Norwegian 
hard rock groundwaters, 16.1% exceeded 
1.5 mg L–1, with the most problematic lithol-
ogies being granites and gneisses. Fluoride 
may be derived from dissolution of fl uorite 
fracture mineralisation, but a correlation 
with pH suggests it may be related to anion 
exchange on amphiboles, micas or trace apa-
tite. Cases of dental fl uorosis in children 
have been documented in southern and west-
ern Norway, related to consumption of fl uo-
ride-rich groundwater (Bjorvatn et al. 1992; 
Bårdsen et al. 1999).

Arsenic concentrations of several tens 
or hundreds of μg  L–1 have been recorded 
in crystalline bedrock groundwaters in 
certain localities in Finland (Valve et al. 
2005; Backman et al. 2006) and in Sweden 
(Berglund et al. 2005). In Norway, the 1997–
1998 survey failed to reveal a substantial 
arsenic problem, with only 1.5% of wells in 
crystalline bedrock exceeding the drinking 
water limit of 10 μg  L–1. No sample exceeded 
20 μg  L–1 in the investigation (Fig. 20.3). 
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The elevated As values are not clearly associ-
ated with any particular lithology, nor is there 
any clear correlation with iron concentrations. 
There is some correlation with pH, however, 
median arsenic concentration increases with 
increasing pH (Frengstad et al. 2001).

It is suspected that the chemical quality 
of the sampled groundwaters largely refl ects 
natural hydrochemical processes. One might 
query whether there is any anthropogenic 
infl uence on the analysed quality; for exam-
ple, nitrate from agricultural practice, copper 
and zinc from wellhead plumbing. Nitrate 
concentrations are generally very low in 
Norwegian crystalline bedrock groundwaters, 
with less than 0.7% of the sampled waters 

exceeding 50 mg L–1 as NO3
– (11 mg L–1 as 

N). The median value is 0.5 mg L–1as NO3
–, 

which is lower than both Sweden and Finland 
(Frengstad 2002). The low nitrate concentra-
tions are probably related to both a paucity of 
agriculture in Norway and the fact that fer-
tilisers and manure are typically applied to 
land after the main spring snowmelt recharge 
episode, but well before the recharge event 
related to autumn rainfall. As regards the 
possible impact of wellhead ‘plumbing’, this 
cannot be excluded completely (although 
plastic pipework is increasingly prevalent in 
Norway), but the modest median concentra-
tions of copper (15 μg L–1) and zinc (12 μg L–1) 
suggest that any infl uence is low.
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Fig. 20.1 The distribution of laboratory-determined pH in 1604 samples of Norwegian crystalline 
bedrock groundwater; (a) cumulative frequency curves for the entire data set ‘rock_corr’ (N = 1604) and 
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subsets 74 (Cambro-Silurian meta-sediments of the Caledonian belt and Oslo rift), 76 (Cambro-Silurian 
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at the median value (and horizontal parentheses showing the 95% uncertainty level in the median). 
The whiskers show the extra-quartile data, with outlying data shown as individual crosses.
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Fig. 20.3 The distribution of arsenic concentrations (by ICP-MS) in 476 samples of Norwegian 
crystalline bedrock groundwater: (a) box plots showing As distributions for ‘rock_rep’ and selected 
lithological subsets (see Fig. 20.1 for explanation); (b) cumulative frequency curves for the entire 
dataset ‘rock_rep’ (N = 476) and for lithological subsets 92 and 93; (c) box plots each representing 20% 
of the ‘rock_rep’ data-set, ranked according to increasing pH, illustrating the dependence of concen-
trations of arsenic on pH. The cohort pH 0–20% spans pH 6.17–7.73; pH 20–40% spans 7.74–8.01; 
pH 40–60% spans 8.01–8.13; pH 60–80% spans 8.14–8.22; pH 80–100% spans 8.22–9.58.

20.2.2 Groundwater types

The relative distribution of major ions (Ca, Na, 
Mg, SO4

2–, Cl– and HCO3
–) in the 1604 water 

samples is presented as a Durov plot in 

Fig. 20.4, after conversion from mg L–1 to 
meq L–1. The groundwater samples basically 
fall into three main categories (Banks et al. 
1998a):
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1 Na–Cl– waters (4% of the samples, median 
pH 8.03). These are either immature ground-
waters infl uenced by the sea salt content of 
precipitation or coastal groundwaters infl u-
enced by seawater intrusion or pore waters from 
overlying marine clays.
2 Ca–HCO3

– waters (65% of the samples, 
median pH 8.03). These water samples are 
presumed to be dominated by weathering 
of calcite from the rock matrix or fracture 
mineralisation, or by weathering of calcic 
silicate rocks.
3 Na–HCO3

– waters (25% of the samples, 
median pH 8.26). These waters are charac-
terised by weathering of silicate minerals 
with a high sodium content, or by a high 
degree of chemical maturity where satura-
tion with respect to calcite has limited the 
accumulation of calcium (or even removed 
calcium, via calcite precipitation). Note the 
higher median pH of these waters.

The remaining 6% of the water samples had 
various compositions including 12 samples 
of Mg–HCO3

– composition and 12 samples 
where NO3

– was the dominant anion. A full 
breakdown of water types is given in Banks 
et al. (1998a, c).

20.2.3 The dependence of solute 
concentrations on borehole depth

Information on borehole depth existed for 
1487 of the 1604 samples in ‘rock_corr’. 
The sampled wells and boreholes exhibited 
a median depth of exactly 80 m. Only fi ve 
boreholes fell within the 180–230 m interval 
while the shallowest well recorded was only 
2 m deep. Norwegian boreholes are typi-
cally unlined in crystalline bedrock, with 
only shallow near-surface casing. In order 
to evaluate any relationship between bore-
hole depth and borehole water chemistry, 
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Fig. 20.4 Durov plot illustrating 
the major ion composition of the 
1604 crystalline bedrock 
groundwaters comprising 
‘rock_corr’. Concentrations are 
converted to meq L–1 prior to 
plotting.
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boreholes were ranked according to increas-
ing depth and grouped into subsets of 20 m 
intervals. Ranked box plots were then used 
to exhibit the distribution of solute concen-
trations for the different depth subgroups 
(Frengstad and Banks 2003, Fig. 20.5).

There was a signifi cant positive correla-
tion between median groundwater pH and 
borehole depth. Similar correlations were 
also observed for Na and F–. It is noteworthy 
that pH, Na and F– are generally parameters 
that progressively increase with increasing 
degree of water–rock interaction. In the 
case of alkalinity, an initial increase in 
median values with borehole depth stopped 
at 60 m.

Ca, Mg and Si displayed generally lower 
median values in the 0–19 m subset, indi-
cating immature groundwaters with short 
residence time in the shallowest boreholes. 
Median NO3

– concentrations decrease with 
increasing borehole depth, due to better pro-
tection against contamination and a proba-
ble tendency towards older groundwater and 
more reducing conditions in deeper bore-
holes. Cl– and SO4

2– concentrations appeared 
uncorrelated with borehole depth.

Correlations of solute concentrations 
with borehole depth do not, of course, nec-
essarily indicate a correlation with depth 
of occurrence of groundwater, as the water 
abstracted from deep unlined boreholes 
will be a mixture of water from a limited 
number of transmissive fractures at vary-
ing depths. Water from a very deep borehole 
may be derived from near-surface fractures, 
but the water from a shallow borehole must 
be derived from shallow fractures. On aver-
age, therefore, there is likely to be a larger 
component of deeper groundwater in deeper 
boreholes. Thus a signifi cant correlation of a 
solute’s concentration with borehole depth 

is strongly suggestive of a correlation with 
depth of occurrence (and hence residence 
time and degree of water–rock interaction) 
of the groundwater.

It is noted that rock fractures have a ten-
dency to become less permeable with depth 
as the stress due to the rock overburden 
increases (Carlsson and Olsson 1978). If the 
amount of water required by a small house 
or farm is modest, borehole drilling may 
thus have a tendency to be terminated at 
shallower depths once the required water 
‘strike’ has been achieved. On the contrary, 
one might expect to fi nd deeper boreholes 
in poorly permeable locations where ample 
water ‘strikes’ were not achieved early in 
the drilling process. Indeed, Rönkä (1993) 
showed that the mean yield of Finnish bed-
rock boreholes of depth 81–100 m was less 
than half the mean yield of boreholes less 
than 40 m deep. Thus one might expect to 
fi nd hydrochemically ‘immature’ ground-
waters, with short residence times, in 
shallow wells fed by high-transmissivity 
fractures.

20.2.4 The importance of glacial and 
postglacial weathering history

In contrast to the Norwegian dataset, granites 
elsewhere may not exhibit the same charac-
teristics. For example, the hydrochemistry 
of granite aquifers in southwestern Britain 
was radically different from that in Norway. 
As an example, Banks et al. (1998d) com-
pared 10 groundwater samples derived from 
the Permo-Carboniferous granites of the 
Scilly Isles (off southwestern England) with 
11 samples from the Precambrian Iddefjord 
granite of the Hvaler Islands in outer Oslo 
Fjord of Norway. Both lithologies are per-
aluminous S-type granites, which have been 
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enriched in U and Th, but the Quaternary 
history is diverging. The maximum extent 
of glaciation in the UK did not reach the 
Scilly Isles and the islands have thus been 
subject to prolonged subaerial weathering 
(Banks et al. 1998d). The Hvaler Islands, on 
the other hand, have experienced repeated 

glaciations and erosion during the Pleistocene 
and have emerged from the sea during the 
past 10,000 years due to isostatic rebound of 
the landmasses. The Scilly Isles thus present 
a signifi cantly weathered geochemical profi le 
to the atmosphere today; one that is likely 
to have been depleted in basic minerals such 

5.0
5.5
6.0
6.5
7.0
7.5
8.0
8.5
9.0
9.5

10.0

#9
1

0–
19

#8
3

20
–3

9

#2
50

40
–5

9

#3
60

60
–7

9

#3
63

80
–9

9

#1
88

10
0–

11
9

#1
67

12
0–

13
9

#3
6

14
0–

17
9

#5
18

0–
23

0

0.01

0.1

1

10

100

1000

#9
1

0–
19

#8
3

20
–3

9

#2
50

40
–5

9

#3
60

60
–7

9

#3
63

80
–9

9

#1
88

10
0–

11
9

#1
67

12
0–

13
9

#3
6

14
0–

17
9

#5
18

0–
23

0

1

10

100

1000 

10000

100000

#9
1

0–
19

#8
3

20
–3

9

#2
50

40
–5

9

#3
59

60
–7

9

#3
63

80
–9

9

#1
87

10
0–

11
9

#1
67

12
0–

13
9

#3
6

14
0–

17
9

#5
18

0–
23

0

0.01

0.1

1

10

100

1000

#9
1

0–
19

#8
3

20
–3

9

#2
50

40
–5

9

#3
60

60
–7

9

#3
63

80
-9

9

#1
88

10
0–

11
9

#1
67

12
0–

13
9

#3
6

14
0–

17
9

#5
18

0–
23

0

C
a 

(m
g 

L−1
)

R
n 

(B
q 

L−1
)

N
O

3−  (m
g 

L−1
)

pH

Depth (m) Depth (m)

Depth (m) Depth (m)

Fig. 20.5 Box plots showing the relationship of concentrations of selected hydrochemical variables 
(laboratory pH, calcium, nitrate [as NO3

–] and Rn) against depth. The boxes represent cohorts of the 
dataset, sorted according to increasing depth.

EDMUNDJ_Ch20.indd   432EDMUNDJ_Ch20.indd   432 12/11/2007   2:55:26 PM12/11/2007   2:55:26 PM



Inorganic Chemical Quality of Crystalline Bedrock Groundwaters 433

as calcite (White et al. 1999, 2005) and mafi c 
silicates and where plagioclase may already 
have been substantially hydrolysed along 
pathways of groundwater circulation. Hvaler 
presents a  glacially scoured, geochemically 
‘intact’ rock  surface to the atmosphere and 
minerals such as fl uorite and calcite can be 
observed at surface exposures of fracture 
planes. As a consequence, groundwaters 
from boreholes on the Scilly Isles exhibit low 
pH values and alkalinities, and low concen-
trations of most lithogenic solutes, including 

F–, Rn and U, as shown in Fig. 20.6. Hvaler 
exhibits high-pH values and high concentra-
tions of these solutes (in fact, the Iddefjord 
Granite is a member of lithology 92 in 
Figs. 20.1–20.3). It should be noted that typi-
cally slightly shallower borehole depths, 
higher hydraulic conductivities and steeper 
hydraulic gradients on Scilly may also 
provide a partial explanation for the hydro-
chemical differences, but these factors, too, 
are probably related to the recent weather-
ing history.

Fig. 20.6 Box plots comparing the distributions of pH, alkalinity, nitrate, fl uoride, radon and uranium 
in groundwater from granite aquifers on the Isles of Scilly (UK) and the Hvaler Islands (Norway). 
Modifi ed after Banks et al. (1998d).
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One should also note the elevated concen-
trations of nitrate and potassium in Scilly, 
compared with Hvaler. Scilly enjoys a long 
history of fl oriculture, and prides itself on 
delivering early cut fl owers to the British mar-
ket. It thus has a winter agricultural activity 
and fertilisers are presumably applied dur-
ing the main autumn–winter recharge sea-
son. Moreover, the weathered granite soils 
are often granular and sandy, with a strong 
potential for leaching of nitrate.

20.3 Part II :  Groundwater chemical 
evolution in silicate crystalline

rock aquifers

Over three decades ago, pioneering hydro-
geochemists such as Garrels (1967) and 
Garrels and Mackenzie (1967) studied the 
chemistry of spring waters from crystal-
line rocks of the Sierra Nevada of USA, and 
elsewhere, and drew some surprisingly bold 
and simple conclusions. These conclusions 
(slightly modifi ed by the fi ndings of more 
recent researchers) can be summarised by 
the following statements:
1 If calcite is present in overburden or as a 
trace mineral in the crystalline rock aqui-
fer, it will react rapidly to initially domi-
nate groundwater chemistry, providing a 
Ca–HCO3

– chemical facies (White et al. 
1999, 2005). However, its modal abundance 
is usually small and it is depleted quickly (in 
a geological perspective):

CaCO3 + CO2 + H2O = Ca2+ + 2HCO3
– (20.1)

2 Plagioclase and mafi c silicates are the 
next most rapidly reacting hydrolysable 
basic minerals in most crystalline rocks, 
reacting signifi cantly faster than, say, 

K-feldspar (White et al. 1998). As plagioclase 
dominates mafi c silicates in many com-
mon metamorphic and igneous lithologies, 
groundwater chemistry is often dominated 
by plagioclase hydrolysis:

2NaCaAl3Si5O16 + 6CO2 + 9H2O = 
2Ca2+ + 2Na+ + 6HCO3

– + 4SiO2 +
 3Al2Si2O5(OH)4 ↓ (20.2)

Sodium, calcium and bicarbonate alkalinity 
are released and pH is elevated;
3 In temperate climates, the typical initial 
alteration product of plagioclase weather-
ing is kaolinite (as shown in equation 20.2). 
Garrels (1967) argued that Ca-smectite 
becomes more important as a secondary 
aluminosilicate with increasing hydrogeo-
chemical maturity of the water;
4 In groundwater systems of 
low-to-moderate hydrogeochemical matu-
rity, plagioclase hydrolysis is at the expense 
of CO2. Thus, the chemical composition of 
a given groundwater in a crystalline rock 
aquifer is largely determined by
• the initial PCO2 of groundwater 
recharge;
• the composition of the hydrolysed 
plagioclase (Ca- or Na-dominated);
• the extent to which the initial CO2 
content has been consumed and converted 
to HCO3

– by hydrolysis.
In other words, the above statements pre-

dict that groundwater chemical evolution 
in silicate crystalline bedrock will follow a 
similar pathway, irrespective of lithology (in 
most cases). Variations in chemistry within 
lithologies will refl ect differences in ground-
water ‘maturity’ (i.e. residence time, frac-
ture geometry, etc.). These statements thus 
coincide exactly with the empirical fi ndings 
of the 1996–1997 Norwegian study (see 
above). Moreover, Banks and Frengstad (2006) 
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quantitatively examined the Norwegian data 
and found it to be compatible with the con-
ceptual model of Garrels and co-workers.

The groundwaters examined by Garrels 
and his colleagues were typically of a low 
degree of hydrogeochemical ‘maturity’ and 
had not reached a point of calcite saturation. 
The groundwaters of the Norwegian study con-
tained a large subset of waters of high pH (pH 8–
10), typically of sodium bicarbonate-dominated 
composition, and apparently depleted in cal-
cium. These waters were not only found in 
granitic rocks, but also in Ca-dominated lithol-
ogies, such as the anorthosites of subset 93. 
In fact, a transition from the Ca–Na–HCO3

–-
dominated waters (predicted by Garrels and col-
leagues on the basis of plagioclase hydrolysis, 
equation 20.2) to alkaline, sodium-dominated 

waters typically occurred around pH 8.0–8.2 
(Fig. 20.7). Banks and Frengstad (2006) deter-
mined, via speciation modelling, that this tran-
sition also corresponded to a point where the 
water achieved saturation with respect to 
calcite (equation 20.3).

4NaCaAl3Si5O16 + 8CO2 + 14H2O = 
4CaCO3 + 4Na+ + 4HCO3

– + 8SiO2 +
 6Al2Si2O5(OH)4 ↓  (20.3)

Calcite precipitation provides a pH-buffer-
ing mechanism (equation 20.4), which prob-
ably explains the ‘kink’ in the cumulative 
frequency curve for pH (Fig. 20.1) and the 
apparent high frequency of pH values in the 
interval pH 8.0–8.3.

 Ca++ + HCO3
– = CaCO3 ↓ + H+ (20.4)

Fig. 20.7 (a) X–Y plot illustrating the dependence of the meq L–1 ratio of lithological sodium to calcium 
(Na/Ca) on pH for the entire dataset ‘rock_corr’ and for lithological subsets 92 and 93; (b) box plots each 
representing 20% of the ‘rock_corr’ data-set, ranked according to increasing pH, illustrating the 
dependence of concentrations of fl uoride on pH. The cohort pH 0–20% spans pH 5.43–7.68; pH 20–40% 
spans 7.68–7.99; pH 40–60% spans 7.99–8.14; pH 60–80% spans 8.14–8.24; pH 80–100% spans 8.24–9.83.
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Saturation and precipitation of calcite 
results not only in a pH-buffering effect, but 
also in the effective removal of Ca from the 
dissolved phase (equation 20.3), and thus in 
a progressively sodium-dominated water (if 
plagioclase is the predominant hydrolysable 
mineral).

Modelling by PHREEQC (Parkhurst 1995; 
Parkhurst and Appelo 1999) by Banks and 
Frengstad (2006) has demonstrated that pla-
gioclase hydrolysis, coupled with: saturation 
and precipitation, in a system that is ‘open’ 
with respect to CO2, will result in a circum-
neutral or slightly alkaline groundwater, 
where calcite precipitation may eventually 
result in a sodium-bicarbonate hydrochem-
istry (Fig. 20.8).

The empirical dataset for Norwegian crys-
talline bedrock aquifers reveals, however, 
that there are a number of sodium-domi-
nated groundwaters whose pH is too high to 
be explained by the ‘open CO2’ model illus-
trated in Fig. 20.8. In order to achieve the 
highest observed pH values, it is necessary 
to invoke some degree of system closure 
relative to CO2. Banks and Frengstad (2006) 
also modelled this scenario, for differing pla-
gioclase and initial CO2 compositions, and 
found that, once available CO2 had been 
effectively consumed, plagioclase hydroly-
sis could be envisaged as occurring through 
the de-protonation of water. This would 
drive the pH to very high values and result 
in the highly alkaline, Na-rich groundwaters 
observed in the dataset (Fig. 20.9). The simu-
lation even predicts a buffering effect around 
pH 8.0–8.2 during the evolutionary pathway. 
In order to achieve the observed solute con-
centrations (Na, Ca and alkalinity) in real 
groundwaters, it was found necessary to 
invoke high initial PCO2 values of around 
10–1.5 atm. This is not atypical of continental 
European soil PCO2 concentrations, but was 

initially believed to be unrealistic for poorly 
vegetated, postglacial Norwegian catch-
ments. Nevertheless, literature studies and 
empirical fi eld measurements (Banks and 
Frengstad 2006) did confi rm that soil PCO2 
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Fig. 20.8 The simulated evolution of water 
reacting with 1.5 × 10–3 moles of labradorite 
plagioclase feldspar (defi ned as NaCaAl3Si5O16) 
at 7°C, in an open CO2 system, with PCO2 = 
10–2.5 atm, using the code PHREEQC, in 30 steps. 
Precipitation of kaolinite, gibbsite, calcite, 
chalcedony are permitted when saturated. 
Diagram (a) shows the concentrations of solutes, 
(b) the evolution of mineral saturation indices 
and pH. Alkalinity is calculated as the meq L–1 
sum of bicarbonate, carbonate and hydroxide. 
Modifi ed after Banks and Frengstad (2006).
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values in the range 10–2–10–1.5 atm can pre-
vail in Norwegian terrain.

The Norwegian investigations and the 
modelling studies of Banks and Frengstad 
(2006) thus allow us to extend Garrels and 
colleagues’ conceptual model to a higher 

degree of hydrochemical maturity. We can 
now revise Statement 4 (above) to read:
4 The chemical composition of a given 
groundwater in a crystalline rock aquifer is 
largely determined by
• the initial PCO2 of groundwater 
recharge;
• the composition of the hydrolysed 
plagioclase (Ca- or Na-dominated);
• the extent to which the system is ‘open’ 
or ‘closed’ with respect to CO2;
• the extent to which the initial CO2 

content has been consumed and converted 
to HCO3

– by hydrolysis;
• the extent to which plagioclase hydrolysis 
has progressed beyond the attainment of 
calcite saturation and beyond the effective 
consumption of available CO2 (in a closed 
system).

The last two points can be used to describe 
the hydrochemical maturity of the ground-
water. The above discussion may appear to 
be academic, but it has far-reaching implica-
tions for the acceptable inorganic chemical 
quality of groundwater in silicate crystalline 
rocks. Many potentially toxic inorganic spe-
cies have a solubility, which is determined 
by the solubility of a carbonate or calcium 
phase, or by the pH of the water. For exam-
ple, many heavy metals are soluble only in 
low pH waters. Other amphoteric metals 
and metalloids (Al, W, As) have a solubil-
ity, which increases with increasing pH in 
alkaline conditions (Frengstad et al. 2001). 
As an example, fl uoride concentrations 
clearly seem to be related to the degree of 
hydrochemical maturity in crystalline bed-
rock groundwaters (Fig. 20.7). The increas-
ing median fl uoride concentrations with 
increasing pH may be related to (1) anion 
exchange of F– for OH– on apatite, sheet 
silicates or amphiboles, or (2) the depletion 
of Ca in high-pH waters, permitting the 
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Fig. 20.9 The simulated evolution of water 
reacting with 1.5 × 10–3 moles of labradorite 
plagioclase feldspar (defi ned as NaCaAl3Si5O16) at 
7°C, in a closed CO2 system, with an initial 
PCO2 = 10–1.5 atm, using the code PHREEQC, in 
30 steps. Precipitation of kaolinite, gibbsite, 
calcite, chalcedony are permitted when satu-
rated. The diagram (a) shows the concentrations 
of solutes, (b) the evolution of mineral saturation 
indices and pH. Alkalinity is calculated as the 
meq L–1 sum of bicarbonate, carbonate and 
hydroxide. Modifi ed after Banks and Frengstad 
(2006).
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dissolution of CaF2, without the fl uorite 
saturation ceiling being reached.

20.4 Conclusion

Empirical ‘baseline’ investigations of ground-
water quality in Norwegian crystalline 
bedrock aquifers have confi rmed that a sig-
nifi cant proportion of groundwaters breach 
Norwegian (and/or international) drinking 
water guidelines for a range of parameters, 
especially Rn (13.9% over 500 Bq L–1), U 
(21% over 15 μg  L–1) and F– (16.1% over 1.5 
mg L–1).

While these three parameters (Rn, U, F–) 
are especially associated with granite and 
gneissic lithologies, there was found to be 
surprisingly little dependence of major ion 
chemistry on aquifer lithology. Rather than 
lithology being a major controlling factor for 
most aspects of groundwater chemistry in 
crystalline bedrock, the most important fac-
tors would appear to be:
• the Quaternary weathering history of the 
aquifer. Glacially scoured, newly emergent, 
mineralogically ‘intact’ Norwegian granite 
aquifers exhibit, for example, rather high 
pH, alkalinity, base cation, F–, U and Rn 
concentrations. This contrasts strongly with 
their counterparts further south in Europe, 
which may have undergone a more prolonged 
subaerial weathering history,
• the initial PCO2 of groundwater recharge 
and the degree of openness or closure of the 
system relative to CO2,
• the extent to which plagioclase has been 
hydrolysed, and CO2 converted to HCO3

–, 
within the system. This will ultimately 
depend on residence time, kinetic factors 
and fracture geometry,
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21 Natural Groundwater Quality –
Summary and Significance for Water

Resources Management

W. M. EDMUNDS AND P. SHAND

The main scientifi c conclusions of the the-
matic studies and reference aquifers in the 
book’s chapters are summarised together 
with their signifi cance in terms of defi ning 
natural water quality. Themes covered 
include inorganic and organic groundwater 
quality, estimation of groundwater residence 
times, recognition of baseline trends as well 
as monitoring changes in past, present and 
future natural quality of groundwater. The 
results from 14 European reference aquifers 
are used as illustration and to show the 
importance of conducting detailed studies of 
the baseline groundwater quality from which 
characterisation and monitoring may be 
conducted using a few simple indicators. 
The socio-economic relevance of access to 
pure natural water is considered and a prac-
tical set of guidelines for determining base-
line properties is proposed.

21.1 Introduction

The chapters in this book present a cross 
section of thematic studies and examination 
of the baseline water quality in European 
reference aquifers. The overall objective has 
been to establish criteria for defi ning natural 

groundwater quality and to develop the basis 
for a standardised approach, which may be 
used in the European Water Framework 
Directive (WFD: Directive 2000/60/EC) and 
Groundwater Directive (GWD: Directive 
2006/118/EC). A standardised approach, 
based on hydrogeological and geochemical 
principles has been adopted to assess the 
natural variations and spatial heterogeneity 
in groundwater quality.

Entirely natural processes may breach 
existing water quality limits in addition to 
human impacts. Baseline criteria are needed 
as a reference to be able to assess quantita-
tively and qualitatively whether or not 
anomalous concentrations are natural or 
whether anthropogenic pollution is taking 
place. The timescales infl uencing natural 
processes and the rates at which changes are 
occurring are recognised as important con-
trols on natural water quality. The distri-
bution of pristine natural waters in 
representative European aquifers has been 
established, together with the extent to 
which they are being depleted or modifi ed 
by contaminated waters moving into the 
aquifer. As well as developing the necessary 
scientifi c tools and approaches to the 
characterisation of natural water quality, 
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discussion with policy-makers and end-users 
has helped formulate how an improved 
understanding of baseline conditions can be 
used in water quality management and 
policy.

Results from 12 European countries 
(Estonia, Poland, Denmark, Belgium, 
United Kingdom, France, Switzerland, 
Spain, Portugal, Czech Republic, Bulgaria 
and Malta) are used in the investigations. 
Norway also has developed an approach to 
the study of natural water quality and was 
invited to contribute to this book, not least 
in view of the application to crystalline 
bedrock aquifers. The book addresses the 
following themes:
1 Defi ning criteria for establishing the 
baseline concentrations of a wide range of 
substances that occur naturally in ground-
water, as well as their controls, as a basis 
for defi ning water quality status and stan-
dards in Europe;
2 Characterisation of reference aquifers 
across Europe that can be used to illustrate 
the ranges in natural groundwater quality 
as a basis for understanding natural ground-
water quality evolution and the interfaces 
with modern, probably contaminated water. 
The baseline conditions are investigated 
as far as possible by cross sections along 
the groundwater fl ow gradient, in aquifers 
with well-understood hydrogeology, where 
sequential changes in the water–rock inter-
action (redox, dissolution–precipitation, 
surface reactions) as well as mixing, may 
be readily investigated. The interface with 
surface waters is also addressed;
3 Assessing long-term trends in water 
quality at representative localities in 
selected reference aquifers and to inter-
pret these in relation to past changes 
in hydrochemistry (quality of water) in 

order to predict future changes caused by 
natural geochemical and anthropogenic 
effects;
4 Setting a scientifi c foundation which 
may be used to underpin EU water quality 
guideline policy, notably the GWD, with 
an emphasis on the protection of high-
quality groundwater and contribute to 
its sustainable development.

Precise determination of natural concen-
trations is needed to distinguish the anthro-
pogenic changes in water quality caused by 
both pollutants and natural geological 
sources induced by intensive withdrawal of 
water. The results of the present investiga-
tions have shown how difficult it can be to 
establish the baseline concentrations using 
single samples or from statistical treatment. 
A conceptual geochemical understanding of 
the groundwater quality in its hydrogeologi-
cal context is needed to determine to what 
extent any water is free of pollution. This 
often requires some knowledge of the resi-
dence time of the groundwater.

21.2 Main scientific conclusions

The chemical properties of groundwater 
vary as a function of complex geological, 
geochemical, hydrogeological and climatic 
factors. This gives rise to large spatial 
and depth variations at a range of scales 
(Fig. 21.1). The baseline approach is illus-
trated using thematic studies dealing with 
inorganic and organic quality, tracer appli-
cations and investigation of trends. A series 
of reference aquifers, representative of 
major groundwater systems are then used 
to illustrate specifi c geochemical (baseline) 
conditions.
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21.2.1 The signifi cance of the 
reference aquifers

The reference aquifers demonstrate scien-
tifi c approaches and best practice that may 
be used for the characterisation of natural 
quality of groundwater bodies using exam-
ples from EU countries and Norway. The 
reference aquifers were selected as being 
typical of the major aquifers in each country. 
Results from these reference aquifers may, 
however, not always be directly extrapolated 
to other similar or adjacent aquifers in view 
of the intrinsic geological heterogeneity and 
different boundary conditions. The times-
cales involved for geochemical reactions 
vary from seconds to millions of years, there-
fore, the groundwater chemistry may be 

variable even where the bedrock geology and 
mineralogy are uniform. This emphasises 
the need for a sound understanding 
of the geological setting, which to a large 
extent controls the baseline geochemical 
environments.

In many of the reference aquifers, down-
gradient profi les have been used to demon-
strate sequential changes with distance and 
time. The reference aquifer studies show 
that within any groundwater body there are 
likely to be geochemical gradients (sequen-
tial changes in chemical properties with 
time and distance from recharge areas) and 
also geochemical boundaries, which may give 
rise to abrupt changes in water quality (solu-
tion limits such as decalcifi cation; mineral 
saturation boundaries; redox boundaries; 

Spatial
heterogeneity Temporal evolution

along flow paths

0 5 10 15 20 25 30 35 40 45 50 55
0.5

1

10

40

70

95

99.5

Concentration

Concentration

C
um

ul
at

iv
e 

fr
eq

ue
nc

y

Fig. 21.1 Baseline quality is likely to vary both in space and time as a result of the variations in the 
landscape, climate, inputs from rainfall, and human activities and residence time, in addition to 
(hydro)geological and geochemical processes. Units of concentration are relative. Overall bimodal 
distribution refl ects mixture of local lognomally distributed compositions.
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exchangeable cation boundaries). These 
important characteristics need to be defi ned 
within larger management units forming the 
groundwater bodies (Figure 21.1). It is recom-
mended that baseline conditions and their 
spatial variability be taken into account in 
defi ning the status of groundwater bodies.

Most of the aquifers display a range of geo-
chemical processes working at different 
scales, occurring at different rates and in dif-
ferent environments, giving rise to large spa-
tial and temporal variations in groundwater 
quality. Mineral dissolution rates vary con-
siderably – phases such as carbonates and 
sulphates dissolving rapidly whilst silicate 
minerals dissolve much more slowly. One 
consequence of this is that minor reactive 
mineral phases may dominate groundwater 
chemistry. However, it is commonly found 
that the easily dissolved minerals have been 
removed from the shallow parts of the aqui-
fer where recharge is occurring leading to 
the development of reaction fronts.

There is commonly a zonation in redox 
processes as groundwaters evolve within an 
aquifer. A redox boundary often exists close 
to the junction between unconfi ned and 
confi ned parts of the aquifer and this typi-
cally occurs where there is a change in resi-
dence time caused by the juxtaposition of 
different fl ow systems. Redox changes are 
found to give rise to very different baseline 
chemistries either side of the boundary and 
it has sometimes been found necessary to 
defi ne these as different systems.

Ion-exchange reactions are important in 
aquifers where the adsorbed ‘exchangeable 
cations’ were previously at or close to equi-
librium with a different type of water, but 
this water has now changed in terms of its 
baseline chemistry. This may lead to com-
plex spatial variations, which continue to 
evolve over the scale of thousands of years.

Mixing with more saline water is also a 
dominant process in most of the reference 
aquifers, saline waters being present in less 
permeable parts of the aquifer (e.g. trapped 
in pore waters or clay aquitards), deeper 
parts of the aquifer or where seawater intru-
sion occurs. This is an important process, 
which may derogate the water in terms of 
drinking water or ecosystem balance. The 
salinity is usually natural in origin and there-
fore is classed as baseline.

There is a considerable range in water 
quality within all of the reference aquifers, 
with concentrations typically varying over 
several orders of magnitude. The ranges can 
be described statistically using the median 
(more robust than the mean) and an upper 
limit (97.7 percentile) imposed to remove 
outlying data. However, the ranges in con-
centration are of limited use in themselves 
except to highlight the order-of-magnitude 
variations in the aquifer or groundwater 
body. These must be placed in the context 
of spatial variability to be of use for 
management.

Knowledge of the spatial and depth varia-
tions is essential for the protection as well as 
management of groundwater resources. 
Stratifi cation in water quality is common 
due to changes in lithological facies and resi-
dence times. The causes of stratifi cation 
need to be established, for example, with the 
aid of hydrogeophysical logging and depth 
sampling to help defi ne the conceptual 
model of the aquifer.

The reference aquifer studies illustrate 
that spatial variability varies from aquifer to 
aquifer, for example the presence of variable 
superfi cial deposits (such as the glacial drift 
in UK, Denmark and Estonia) gives rise to 
sometimes complex patterns of groundwater 
chemistry. Characterisation of such heteroge-
neity is a pre-requisite for establishing an 
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effective and efficient monitoring network. 
It is also commonly found that for certain 
elements, pollution inputs are within the 
overall large range of baseline, therefore, 
quantifi cation of pollution needs to be done 
at a local scale, that is, within a smaller 
system.

Groundwater residence time plays an 
important role in determining the baseline 
quality and, furthermore, provides informa-
tion on the potential timing and impacts of 
pollution. The timescales of groundwater 
movement are typically of the order of 
metres per year and the infl uence of pollu-
tion from the past few decades can be recog-
nised in most aquifers. Even in pristine 
groundwaters, the unavoidable risk from 
pollution still exists upgradient in the 
groundwater body or from waters now pres-
ent in the unsaturated zone.

The natural age distribution has been 
modifi ed in many of Europe’s aquifers by 
groundwater abstraction, most evident in 
the unconfi ned parts of aquifers but may 
also be found in the confi ned aquifer, where 
decreases in piezometric level have occurred. 
Abstraction may cause mixing of different 
stratifi ed layers, for example by pulling down 
younger, often polluted groundwater, in the 
cone of depression around boreholes or caus-
ing upwelling of older, deeper groundwater. 
In these cases it is likely that the local base-
line will be modifi ed. In some cases, this can 
lead to derogation of the groundwater for 
example up-coning of deeper, older, more 
saline water or seawater intrusion, or changes 
in redox status.

Diffusional exchange between groundwa-
ters in an aquifer and adjacent poorly perme-
able layers has been discussed for several 
reference aquifers. This may also cause dero-
gation of the aquifer’s baseline chemistry and 
this process may be enhanced by abstraction. 

The slow movement of groundwater in these 
formations also means that, if they contain 
pollutants, they will retain these for much 
longer than the groundwater residence time. 
Diffusional exchange may not only modify 
the aquifers geochemistry, but may also make 
it difficult to apply individual dating tech-
niques (Chapter 5). Hence, it is concluded 
that the properties of aquicludes also be char-
acterised as part of any baseline assessment.

21.2.2 Inorganic quality

There is a considerable range in the inorganic 
chemistry within all of the reference aqui-
fers, with concentrations typically varying 
over several orders of magnitude. This is par-
ticularly the case for many trace elements 
refl ecting both the long timescales involved 
and the heterogeneous sources, for example, 
of trace metals. The ranges have been 
described statistically using the median and 
an upper limit (97.7 percentile) to remove 
outlying data.

For many aquifers, baseline is unlikely to 
be the modern-day status since most have 
been affected to some degree by diffuse pollu-
tion: the data from aquifers require data 
manipulation (removal of outliers and anthro-
pogenic infl uences) making determination of 
the baseline difficult. It is commonly the 
case that pollution inputs are masked within 
the overall large range of baseline, therefore, 
quantifi cation of pollution needs to be done 
at a local scale.

Historical records provide the most impor-
tant approach for determining the baseline 
for a number of key elements (major ions 
and nitrate for example). However, old 
records are often difficult to fi nd, and many 
long-term data may have been lost as a result 
of organisational changes and the shift to 
digital records. In some countries, the data 
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are confi dential and not available for public 
use. Direct extrapolation using linear regres-
sion is not recommended since pollutant 
inputs are likely to have varied non-linearly 
over time.

The statistical data and plots given in this 
book are useful for comparison between 
areas, and are of strategic value. More than 
80 components have been measured repre-
senting a comprehensive and strategic over-
view of baseline concentrations for most 
inorganic substances, and a reference to 
quantify pollution. The range of measure-
ments also includes data for elements for 
which there are no existing guidelines, but 
which may still be harmful (e.g. Be, Se, Sb, 
Tl, U). The defi nition of these baseline 
ranges can be used for example to recognise 
contamination incidents by uncommon 
elements for which no guidelines exist.

Subtle differences in geological structure, 
facies changes and mineralogy cause the 
main baseline changes and care must be 
taken when extrapolating the results 
between and within aquifers. This is partic-
ularly the case for most trace elements 
where sources tend to be much more het-
erogeneous. It is recommended that data be 
sought from the groundwater body of inter-
est rather than relying on the applicability of 
data from remote areas. There is also consid-
erable overlap in concentration ranges for 
most solutes between the different aquifers 
regardless of lithology, due to time-depen-
dent hydrogeochemical processes, notably 
mineral dissolution, redox reactions, ion-
exchange reactions, mixing, adsorption–
desorption and rainfall inputs. A protocol for 
baseline defi nition is given below.

The upper limits of baseline concentra-
tions can exceed environmental-quality or 
drinking water standards as the latter are 

usually imposed on ecotoxicological or 
human health grounds and are divorced from 
observed groundwater concentration distri-
butions. A number of solutes such as As, Ba, 
F and Fe often have concentrations above 
such standards, but the source of these is 
natural. Trend reversal or remediation may 
be either impossible or prohibitively expen-
sive in areas where this occurs and special 
regulations may therefore be required. Many 
of these solutes, in addition, are also pollut-
ants and a careful assessment of the baseline 
(natural component) needs to be undertaken 
to distinguish natural baseline from anthro-
pogenic origin.

The ranges in solute concentration high-
light the order-of-magnitude variations in 
the aquifer or groundwater body. These must 
be placed in the context of spatial variability 
to be of practical use for groundwater man-
agement. The characterisation of chemical 
heterogeneity is also a pre-requisite for estab-
lishing an effective and efficient monitoring 
network. Knowledge of the spatial and depth 
variations is then also essential for the pro-
tection as well as management of water 
resources. The baseline may be modifi ed by 
disturbing groundwater stratifi cation with-
out the introduction of pollutants.

21.2.3 Natural organic quality

Organic carbon has been investigated in 
several of the reference aquifers as the most 
important indicator of natural organic qual-
ity, since it was beyond the scope of this 
book to characterise individual organic com-
pounds. Natural organic carbon in shallow 
groundwaters is derived mostly from the 
overlying soils and consists of a mixture of 
macro-molecules classifi ed as humic and 
fulvic substances. The remainder is a complex 
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mixture of lower molecular weight com-
pounds. Deeper and older waters may con-
tain organic material, which has been 
mobilised from the matrix, such as lower 
molecular weight compounds resulting from 
kerogen degradation or bitumen dissolution.

Increased understanding regarding the 
evolution and variation of natural organic 
and inorganic groundwater quality is required 
as a basis for the recognition of human 
impacts on aquifers and for aquifer manage-
ment. Baseline values are presented for the 
non-volatile organic carbon (NVOC) fraction, 
expressed as total organic carbon (TOC) and 
dissolved (0.45 μm fi ltered) organic carbon 
(DOC). Total organic carbon was measured 
in more than 400 groundwater samples from 
eight European Union countries, and DOC 
in fi ltered samples was analysed for approxi-
mately 250 groundwater samples from four 
of these countries. The results of the ground-
water sampling show that the baseline 
concentrations for TOC and DOC were 
comparable.

TOC was present with a median concen-
tration of 2.7 mg C L–1 and a range from 0.1 to 
59.4 mg C L–1, and DOC had a median con-
centration of 2.2 mg C L–1 with a range from 
0.2 to 58.9 mg C L–1, demonstrating that very 
high natural organic carbon values can occa-
sionally be found locally in some pristine 
aquifers. A relationship between the assimi-
lable organic carbon (AOC) utilised by bacte-
ria and TOC was observed although the 
correlation is not clear. Generally, there is a 
linear correlation between the TOC, DOC 
and the chemical oxygen demand (COD) 
values.

TOC/DOC analysis can be an important 
indicator of pollution from landfi lls, effluent 
ponds and similar pollution settings with 
high loads of organic carbon, but in many 

other situations the total or dissolved organic 
carbon concentration may be less reliable as 
an indicator of contamination. Organic car-
bon is generally important for the evolution 
of different redox environments in aqueous 
environments, and the amount and reactiv-
ity of the organic carbon in the aquifers is 
therefore an important parameter when 
evaluating the state and trends of groundwa-
ter quality. TOC and DOC, which are stan-
dard analytes used globally for measuring 
the amount of organic carbon in water sam-
ples, were the focus of this study. However, 
the amount of TOC or DOC itself does not 
provide information on how reactive or 
reducing the environment is. Groundwater 
with a small but very reactive amount of 
young organic carbon may be much more 
reactive than groundwater with a much 
higher but old non-degradable amount of 
organic carbon.

Measurements of TOC and DOC on the 
same samples showed comparable concentra-
tions, however, the TOC/DOC ratio varied 
and TOC was not always found to be signifi -
cantly greater than DOC, as may have been 
expected. Further investigations are needed 
to fi nd the reasons for this. Further research 
is also needed to evaluate what part of the 
TOC is readily available for biogeochemical 
processes. Increased knowledge on this issue 
would help to understand better the develop-
ment of the different redox environments.

21.2.4 Modelling of natural 
groundwater systems

Uncontaminated aquifers frequently show 
large spatial variations in the baseline con-
centrations of various solutes. These are due 
to historical variations in the input concen-
trations, for example, due to variable climatic 
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and environmental conditions, superim-
posed by water–rock interactions which are 
governed by distinctive mineralogical prop-
erties of the aquifer, in turn refl ecting the 
nature of the local geology. As a result, min-
eral dissolution or ion-exchange fronts may 
be recognised which progress through the 
aquifer during the freshwater diagenesis 
reactions and the resulting solutes can be 
identifi ed in sampled groundwaters.

Geochemical modelling provides a means 
of obtaining a quantitative understanding 
of the geochemical processes and their 
coupling to water transport, and may predict 
how the baseline concentrations may change 
over space and time. Within the present 
series of investigations, the code PHREEQC-
2 was used for reactive transport modelling 
along fl ow paths in three main types of 
European aquifers: rocks containing carbon-
ate minerals, aquifers with freshwater 
displacing seawater and poorly buffered sili-
ceous aquifers.

Modelling of the East Midlands aquifer 
shows the effects of CaCO3 dissolution on a 
timescale of thousands of years, de-dolomi-
tisation as well as gypsum/anhydrite disso-
lution (Chapter 4). The change in carbonate 
dissolution mode from open to closed sys-
tem evolution, as described by modelling, 
must have taken place somewhere between 
5000 and 10,000 years ago and the resulting 
variation is still moving through the aquifer. 
De-dolomitisation correlates with in an 
increase in the groundwater sulphate con-
centration, which is coupled to increases in 
the magnesium and calcium concentration. 
De-dolomitisation is then modelled with 
PHREEQC by successively adding gypsum to 
a groundwater in equilibrium with calcite 
and dolomite (Fig. 4.2, Chapter 4); de-dolo-
mitisation is found to be a main control for 

the variations in water chemistry in the 
confi ned aquifer.

The example of the Valréas aquifer in 
France (Fig. 4.5, Chapter 4) shows an 
upstream fast-fl ow regime close to the 
recharge area and a downstream low-fl ow 
regime below a semi-confi ning Pliocene clay 
cover. The water chemistry along the fl ow 
path shows distinct variations in both pH 
and cation concentration. The model is 
based on freshwater replacing relict saltwa-
ter in the aquifer, the geochemical processes 
being ion exchange and carbonate mineral 
dissolution. The model trend is in good 
agreement with fi eld data and suggests a 
quantitative understanding of the system. 
The timescale over which reactions have 
taken place is predicted by the model to be 
in the order of 1–2 million years!

Abstraction of groundwater in the Valréas 
aquifer at the present day disturbs the natu-
ral gradients. Geochemical models may be 
used to predict the changes in solute concen-
trations in time and space. The increasing 
water demand from local wineries has been 
met by installing boreholes in the slow fl ow 
part of the aquifer, accelerating the ground-
water fl ow. The expected changes in water 
composition can, with some confi dence be 
predicted from the geochemical reactive 
transport model. In this way predictions can 
be made of the future geochemical evolution 
of aquifers, thereby facilitating trend analy-
sis and the set up of cost-effective monitor-
ing programmes.

Modelling of the Aveiro aquifer in Portugal 
has enabled the processes of freshening 
(from an originally seawater-fi lled aquifer) 
to be observed and to study quantitatively 
the cation exchange processes. According 
to the model, the present-day hydrogeo-
chemical pattern is the result of about 50 ka 
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of geochemical evolution in the aquifer. 
This is in agreement with 14C and chloride 
data for the aquifer that indicated ages of 
at least 35 ka, and also with the geological 
data. The correspondence in timescales fur-
thermore indicates that the palaeohydrology 
is still dominating the aquifer geochemistry, 
and is not yet affected by the extensive 
groundwater abstraction that has taken place 
since the late 1960s. Thus, the reactive 
transport modelling of the Cretaceous Aveiro 
aquifer has helped to confi rm the principal 
processes contributing to the hydrogeo-
chemical evolution of the aquifer and has 
provided additional evidence about the tim-
escale for aquifer freshening.

21.2.5 Groundwater residence times

Natural groundwater concentrations are the 
combined result of the composition of the 
water that enters the aquifer and reactions 
between the water and rocks in the aquifer. 
Variations due to natural geochemical reac-
tions usually take place over a large range of 
timescales depending on the dynamics of 
the reactions involved. Conceptually two 
types of natural variations of water quality 
of a groundwater body can be distinguished 
(Fig. 21.1):
• Spatial variations of the geological envi-
ronment that cause corresponding changes 
in the water chemistry due to water–rock 
interactions. The resulting concentrations 
of chemical and isotopic parameters are 
statistically distributed in a complex 
manner.
• Superimposed on these variations, 
groundwater chemistry also changes system-
atically in time. These changes occur along 
fl ow paths and can be very distinctive.

It is both scientifi cally as well as practi-
cally important to understand the chemical 
reactions in the aquifer and the rates at 
which they take place.

21.2.5.1 Range of tracers

Groundwater residence times in the investi-
gated reference aquifers range from a few 
years up to many thousands of years. 
Therefore, a series of mainly isotope tracers 
(Chapter 5A, Table 5A.1) have been used to 
establish timescales of hydrogeochemical 
evolution and in detecting any modern 
inputs. Different processes act as ‘clocks’ 
and can be used to estimate groundwater 
residence times; accumulation processes 
(e.g. 4He and chemical parameters), radioac-
tive decay (e.g. 39Ar, 14C, 3H, 85Kr), variable 
inputs with known chronology (e.g. 3H, 85Kr, 
CFCs, SF6, �2H, �18O), or combinations of 
these processes (e.g. 85Kr, 3H). As an exam-
ple, palaeowaters (waters recharged under 
other climatic conditions than those prevail-
ing in the Holocene–Recent) can be identi-
fi ed using the isotopic composition of water 
molecules and the concentrations of stable 
noble gases in water. Furthermore, argon-39 
has been used successfully to date waters of 
intermediate age (<1000 years), which are 
between the age ranges obtainable by more 
routinely used tracer methods.

21.2.5.2 Ranges of residence times
in European aquifers

Three classes of residence times and appro-
priate tracers are distinguished:

Recent water (younger than 50 years). 
Several methods are available to date recent 
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groundwaters in shallow and/or rapidly 
circulating aquifers. Such shallow systems 
are a particularly important part of the 
hydrogeological environment forming part 
of active recharge–discharge zones where 
most abstraction sites are located, and pro-
vide the main source of drinking water. 
Thus tracer methods that help to character-
ise transport in shallow aquifers are likely 
to play an important role in resolving base-
line issues. Yet this is a difficult and some-
times contradictory task. On the one hand 
it is the intrinsic natural quality of shallow 
aquifers that is of interest, but on the other 
hand, such waters are often already con-
taminated, masking the natural properties. 
Dating tools provide one possibility to deal 
with this problem.

Ancient waters (infi ltrated during pre-
industrial times). The main objective in 
this book has been to defi ne the quality of 
groundwaters that are not infl uenced or 
polluted due to human impacts. Most sub-
stances that derogate groundwater quality 
today were intoduced over the past 200 years 
since industrialisation. It can be assumed 
that water which infi ltrated prior to this 
time is in pristine condition and free of 
pollutants. The quality of ancient ground-
waters is mainly determined through time-
dependent geochemical reactions between 
the solvent (water) and the aquifer mate-
rial. The longer the groundwater residence 
time, the longer the duration of the contact 
between water and rock and the wider the 
range in water quality.

Palaeowaters (recharged during or prior to 
the last glaciation). Groundwaters that 
infi ltrated more than 10,000 years ago are 
termed palaeowaters, originating from a time 
with different climatic and hydrogeological 

conditions. Although the quality of palae-
owaters is sometimes very high, they form a 
minor role in European drinking water sup-
ply. However, as a consequence of increasing 
pollution of shallow aquifers, the pressure to 
exploit such high-quality reserves will 
increase. The identifi cation of these waters, 
which have only very low renewal rates, is 
therefore an important task for groundwater 
management.

It is worth reiterating that the term ‘unpol-
luted’ is not synonymous with ‘free of 
anthropogenic infl uence’. High groundwater 
exploitation may induce changes in the base-
line groundwater quality due to changes in 
water–rock interaction. Examples include 
the shift of the redox boundary or the fresh-
water–saltwater interface in coastal areas. 
On the other hand, recent water components 
may not necessarily be contaminated. In 
recent groundwaters a careful separation of 
natural quality and superimposed artifi cial 
infl uences is required; in this book ‘polluted’ 
is defi ned by the presence of substances 
introduced by human activities.

21.2.5.3 Reference aquifers as examples

A subselection of reference aquifers serve as 
clear type models of the European aquifers for 
demonstrating age relationships, in order to 
clarify the relationships between waters of 
the modern era and older waters, including 
palaeowaters. Intercomparisons of different 
tracer methods performed for representative 
European aquifers have enabled confi dence to 
be placed in the use of (relatively) low-cost 
indicators of groundwater, especially for 
young groundwaters potentially vulnerable 
to anthropogenic pollution. In addition, it 
may be possible to use chemical ratios or 
trends with, or in lieu of, isotopic tracers as 
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qualitative residence time indicators. 
Environmental tracer methods combined 
with hydrodynamic modelling have also 
appeared to be very useful in the identifi ca-
tion of modern and geologically derived chem-
ical components and their relations to ages of 
water in different aquifer zones. In the study 
of two Palaeogene (Tertiary) sand aquifers in 
France (one completely confi ned and the other 
confi ned over most of the area), numerical 
hydrodynamic and transport modelling have 
been shown to yield ambiguous results.

The East Midlands aquifer has been the 
subject several intercomparison studies 
and the refi ned age structure helps to 
explain the observed chemistry especially 
the complex patterns shown by sulphate, 
where modern water, Holocene and late 
Pleistocene water all have different origins 
of SO4. The combination of careful study of 
chemical trends along fl ow lines coupled 
with age determination and followed by 
modelling presents a powerful approach for 
understanding the baseline conditions. The 
reference aquifers thus serve as powerful 
examples for illustrating how similar 
hydrogeological systems in Europe and 
elsewhere might behave.

21.2.5.4 General conclusions regarding 
residence times

Dating methods exist for all timescales, 
and for some age ranges several methods 
can even be combined. The selection of the 
appropriate methods is determined by the 
age structure of the water system. The suc-
cessful application of isotope methods in 
selected reference aquifers is described 
in Chapter 5. Most important for such 
applications is the question as to whether 

‘young’ water components are present or 
not. The presence of suitable young resi-
dence time indicators, namely 3H/3He, SF6, 
CFCs and 85Kr, answers this question. 
These may be used in combination with 
synthetic pollutants to defi ne modern com-
ponents and to resolve whether some sub-
stances (e.g. nitrate) are of recent origin.

Aquifer systems are complex and therefore 
difficult to describe with simple models, 
since it is necessary to deal with mixing of 
water components with different age within 
a complex geological framework. The age 
distribution of a water body is very often the 
result of a combination of natural mixing 
processes (hydrodynamic dispersion, up-
welling of water from deeper parts, diffusion, 
etc.) and mixing induced by human impact 
(extraction of water from different depths in 
a large screen interval, changing gradients 
due to heavy pumping). It is not possible to 
determine details about the age structure of a 
groundwater body with only one tracer. Only 
the combination of several isotopic and 
chemical tracers at the same time provides a 
reliable basis for the understanding of a fl ow 
system. Furthermore, it is important to 
emphasise that dating is only one objective. 
The determined age structure has to be 
included as part of the general knowledge of 
the system, which may consist of knowing 
the recharge area, the fl ow path and fl ow 
velocities, the evolution of the chemical and 
isotopic components due to water–rock inter-
action and the reservoir size, as well as the 
balances of the water masses. A strong con-
nection exists between natural baseline con-
centrations of chemical components and the 
age information obtained from isotope stud-
ies: the quality of waters older than about 
100 years almost always represents baseline 
conditions.
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21.3 Monitoring baseline 
quality – past,  present and 

future

21.3.1 Identifying and interpreting 
baseline trends

In the preceding chapters, many examples of 
time series have been identifi ed and anal-
ysed, although mainly for short timescales. 
An understanding of natural baseline trends 
is important in view of pollutant concentra-
tions and the reversal of such trends, as 
required by the WFD (Directive 2000/60/
EC), and it is important to establish whether 
anthropogenic or strictly natural processes 
are involved.

Baseline trends can be related to natural 
and induced hydrodynamic and hydrochem-
ical changes in groundwater systems. These 
trends have been assessed in relation to 
both spatial and temporal scales and ground-
water fl ow velocity as well as heterogene-
ities in groundwater bodies (including the 
presence of original formation and 
palaeowaters).

21.3.2 Recognising baseline trends
in time series data

In Chapter 6, a methodology for recognition 
of baseline trends in time series data is pro-
posed, based on a geostatistical approach, 
since a purely mathematical approach is not 
appropriate for understanding hydrogeo-
chemical trends and their extrapolation. 
Distribution analysis, cross plots of parame-
ters and regression analysis, nevertheless, 
are helpful tools. A statistically derived 
trend needs to be interpreted in the frame-
work of an understanding of the hydrody-
namic and geochemical controls.

The relationship between time trends of 
hydrogeochemical parameters and the geo-
statistical characteristics of groundwater 
sub-bodies, expressing the spatial occurrence 
and distribution of groundwater composi-
tion, is emphasised. A methodology has 
therefore been developed to evaluate time 
trend analysis as a function of the geostatis-
tical characteristics of groundwater sub-
bodies, by assessing the relationship between 
time trends and small-scale spatial varia-
tions based on the variogram.

Two main types of baseline trends can be 
distinguished.

Natural baseline trends. Trends in water 
quality may be found which are related to 
the intrinsic geochemical characteristics of 
the aquifer and which are the result, of time-
dependent reactions with the host rock. 
Such trends may also be observed spatially 
along fl ow paths. They may therefore (1) be 
linked to processes causing variability at the 
aquifer scale. Depending on mass-transport 
velocities, they may occur extremely slowly 
(e.g. freshening of aquifers; changes across 
redox boundaries); and (2) be linked to small-
scale spatial variability (due to small-scale 
heterogeneities in aquifer properties), caus-
ing fl uctuations around an average level.

Baseline trends caused by exploitation. 
Such trends are anthropogenically induced, 
but solute concentrations have a natural ori-
gin, and are not due to anthropogenic input. 
Pumping increases mass–transport veloci-
ties, and will thus accelerate the appear-
ance of natural trends. In addition, pumping 
may also change groundwater fl ow direction 
(e.g. up-coning from deeper layers) and also 
may induce chemical reactions in the aqui-
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fer resulting, for example, from oxidation or 
reduction. It is necessary to understand the 
origin of the observed trend in order to dis-
tinguish a baseline trend from pollution and 
therefore process interpretation is required.

21.3.3 Long-term evidence 
of changing quality

Two examples, from others dealt with in 
more detail in Chapter 6 summarise the 
types of trends that might be expected in 
historical changes in baseline quality.

The evolution of groundwater quality in 
the old well of the Carlsberg brewery 
(Copenhagen, Denmark) is illustrated using 
a long time series between 1897 and 1945 
(Fig. 21.2). A sudden rise in Cl, Na, Ca and 
SO4 in 1940 is due to increased salinisation 
by up-coning of deeper more saline water 
after at least 40 years of pumping. After this 
change in water quality, the well was not 
used any more. It illustrates a case of rapid 
natural quality deterioration induced by 
exploitation causing up-coning of more 
saline waters. This represents a common 
phenomenon of changes in the baseline qual-

ity due to human activity where the natural 
stratifi cation is disturbed. In addition to up-
coning, such phenomena might also be 
caused by the drawdown from former lakes 
or oases in semi-arid areas, as well as later-
ally induced seawater salinity increases in 
coastal areas.

Pumping may induce movement both from 
downgradient areas as well as from the out-
crop area. Grove is a large abstraction site in 
the UK East Midlands Triassic Sherwood 
Sandstone aquifer. It is situated in the con-
fi ned aquifer and groundwater is at least 
30,000 years old. The available records from 
the mid-1950s to the present day (Fig. 21.3) 
show that nitrate is at or around detection 
limit (and is not shown here) and pollution 
is absent. Chloride decreases over the period 
from 15 to around 6 mg L–1; sulphate con-
centrations are more or less constant around 
25 mg L–1. The distinctive high Mg/Ca ratio 
of a geochemically evolved water (having 
undergone some reaction with dolomite and 
calcite) is also near-constant over the period. 
The trends therefore indicate that a younger 
very pure Holocene water is progressively 
replacing older but still high-quality water 
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in the Carlsberg well in Denmark 
(1897–1945).

EDMUNDJ_Ch21.indd   453EDMUNDJ_Ch21.indd   453 12/11/2007   2:56:23 PM12/11/2007   2:56:23 PM



W. M. Edmunds and P. Shand454

with very slightly higher Cl, suggesting 
younger water progressively moving towards 
the site. Clearly there is no infl uence of 
modern (high Cl, high NO3) water and this 
highlights how very small changes in Cl can 
be used to monitor baseline changes.

In the second UK example (Everton) in 
the same aquifer, closer to the outcrop, 
trends are seen since the 1930s. Initial nitrate 
concentrations are in the range 0–1 mg L–1 
NO3–N and represent the pre-development 
baseline, together with chloride, which ini-
tially lay in the range 10–15 mg L–1 Cl, con-
sistent with values found in the pristine 
(Holocene) section of the aquifer (see Grove). 
The Mg/Ca ratios are lower than Grove, 
indicating less evolved and therefore younger 
waters, but this ratio remains more or less 
constant throughout the period. Clear and 
roughly parallel trends in both Cl and NO3 
however indicate the advance of water of the 
modern era. At Everton for example this 

trend was marked fi rst by an increase in Cl 
in the late 1950s and around two decades 
later by an increase in nitrate.

21.3.3.1 Improvements needed in 
observation and monitoring

Existing practice in many countries or 
regions is focused on yield, with water qual-
ity considerations often being of secondary 
importance. This has been the traditional 
case for the licensing system in European 
countries.

It is instructive that only few records with 
quality trends up to or in excess of 70 years 
duration are available, and in several coun-
tries it has proved difficult to fi nd any long-
term records. More archive data need to be 
assembled to demonstrate long-term trends 
and more effort is needed to conserve and 
interpret suitable archive data. Where such 
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data are available, the trends with time both 
from natural and pollutant sources may be 
interpreted, the initial chemistry may be 
defi ned. The measurement of initial chemi-
cal conditions should be instigated as ‘good 
practice’ in new boreholes as a basis for 
assessing future change. This will probably 
be representative of the natural baseline 
quality of the water especially in confi ned 
aquifers.

Drilling penetrates stratifi cation in age 
and quality, and an initial characterisation 
of these layers by geophysical logging and 
depth sampling should be adopted as a pre-
requisite in defi ning quality properties of the 
aquifer whenever possible (Chapter 7). It is 
as important to defi ne aquitards as well as 
the target aquifers. This assessment of qual-
ity characterisation, although initially 
costly, will ultimately be cost-effective since 
data on water quality for fi rst strick data are 
essential data for subsequent aquifer model-
ling and management.

Where signifi cant baseline concentration 
gradients exist, changes in the hydrody-
namic situation due to pumping or over-
exploitation of the aquifer system can lead 
to the displacement of groundwater bodies 
and to the shifting of water composition 
fronts. This can induce changes of ground-
water quality with time in observation and 
production wells. Changes in the baseline 
quality at pumping wells can result in the 
loss of production sites or increase the cost 
of water treatment. Thus, whilst monitor-
ing groundwater quality with time, special 
care needs to be taken to distinguish com-
positional trends (systematic increase or 
decrease of parameters) from fl uctuations 
due to the natural spatial variation in the 
groundwater bodies.

21.3.4 Shallow groundwaters and 
groundwater – surface water interaction

In most areas of Europe with moderate rain-
fall, river base fl ow maintains the quality of 
streams and these rivers, effectively acting 
as an ‘outcrop’ of groundwater. During sum-
mer, river fl ow and quality may be controlled 
almost entirely by groundwater discharge. 
The purity of the groundwater and thus its 
baseline chemistry, derived from springs and 
seepages, are of importance for maintaining 
river quality and the biodiversity of ecosys-
tems. Riparian zones and groundwater 
derived wetlands are often complex in terms 
not only of fl ux, but also in terms of geo-
chemical processes (e.g. CO2-cycling, N-spe-
cies transformations and redox processes).

The shallow groundwater systems can 
also be polluted, especially during high water 
levels of polluted rivers and, as a conse-
quence, high-quality groundwater normally 
discharging as basefl ow may be rapidly 
degraded. Once contaminated, the shallow 
groundwater may represent a prolonged 
source of contamination to rivers (c.f. leak-
age of high nitrate), especially in the case of 
dual porosity aquifers.

Many waters recognisable as being mod-
ern and with short turnover times (for exam-
ple from the presence of detectable 
concentrations of CFCs or tritium), may not 
in fact show other clear signs of pollution. 
Their composition may still overwhelm-
ingly refl ect a mineralisation derived from 
water–rock interaction and will be fully 
acceptable in terms of potability, providing 
that biological constituents do not pose a 
health risk. The most common indicator of 
incipient pollution in most groundwaters is 
elevated nitrate above recognisable baseline 
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concentrations and, in order to examine this, 
trend data in the groundwater quality are 
required.

21.4 Socio-economic relevance, 
strategic aspects and policy

21.4.1 Public awareness of natural 
water quality related issues

From the dramatic growth in the mineral 
water and bottling water industry over the 
past decade, the provision of high purity 
water, at least for drinking, has to be viewed 
as a matter of high public concern, and at 
the same time as a lack of confi dence in the 
water supplied by utilities. Pure and pristine 
groundwater is sought as the number one 
target for the public water supply industry. 
The focus of this book on natural waters 
attempts to raise the profi le of groundwater, 
which in most locations has intrinsically 
high quality under its baseline condition. 
Such groundwater, being a natural mineral 
water, if handled properly often requires lit-
tle treatment.

Promotion of baseline concepts is of con-
siderable importance in raising awareness 
among the public that groundwater from 
naturally protected groundwater bodies is 
quite fi t to drink. Thus, large sections of 
groundwater bodies need to be promoted and 
protected as sources of high-quality drinking 
water. Bottled waters are produced commer-
cially, especially in regions where surface or 
shallow groundwaters are of poor quality, 
but not enough is being done in some 
European countries to safeguard the deeper 
pure resources available as public supplies.

From the survey of European opinion con-
ducted for this study (see Chapter 7) ground-
water is widely used and viewed as a reliable 

and continuous water supply, sometimes as 
the only water resource. Its generally good 
quality is, however, acknowledged and the 
protection of supplies is a paramount regula-
tory and managerial objective. It is recog-
nised that there is a slow but continuous 
general deterioration of groundwater quality 
(mainly by agrochemicals), seldom are 
improvements reported. This is partly a con-
sequence of improved observation and mon-
itoring. Excess levels of natural components 
in groundwater (Fe, F, salinity for example) 
occasionally make surface water preferable 
for human supply, despite a greater vulnera-
bility to pollution. Improved information 
about groundwater and its (baseline) quality 
is sought and would be welcomed by end-
users. Defensive monitoring (early warning) 
within the catchment of the boreholes is 
strongly supported.

21.4.2 Groundwater management issues

New legislation such as the EU Directives 
are generally welcomed by those interviewed 
and seen as both adequate and essential to 
ensure stabilisation and improvements in 
groundwater quality. They should however 
relate more to real aquifer conditions and in 
providing practical solutions.

Groundwater quality sustainability is a 
key issue for all parties consulted and is 
recognised as a long-term issue. There is also 
concern that good quality groundwater 
(including palaeowater) is being impacted 
and used too often for purposes that do not 
need this high quality. Support exists for 
greater public information, more investiga-
tion, planning and regulation, with wide-
spread support for protecting high-quality 
water. There is an awareness of threats to 
groundwater, and well-head protection zones, 
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for example, are generally in place. Protection 
and improvements in groundwater quality, 
it is agreed, can be attained mainly by 
changes in land use and better farming 
practices.

Knowledge of hydrogeological and techni-
cal issues related to aquifer management 
issues is agreed to be adequate, but greater 
groundwater education is needed among pol-
icy-makers and producers who seem intui-
tively to prefer surface waters. It is noted that 
additional professional hydrogeologists are 
required to meet requirements; they are 
found mostly in the consultancies and some 
regulator communities rather than in com-
panies. The level of professional qualifi ca-
tion is high but no compulsory scheme 
currently exists for technicians to gain know-
how on groundwater issues, as for instance 
in small drilling companies. There is an 
underlying requirement for better under-
standing by water industry personnel of how 
groundwater behaves and evolves, taking 
account of the natural processes within sys-
tems, as well as contaminant behaviour.

21.4.3 Economic issues

Aquifer pollution is considered a very impor-
tant issue, but opinions differ on possible 
ways of fi nancing remediation programmes, 
especially for cases of diffuse pollutants. 
Most drinking water companies are in favour 
of spending more on guaranteeing a good 
enough quality groundwater supply, pro-
vided this is recognised by the regulator and 
that costs are recoverable from the end-users. 
However, the public would expect a lot from 
any increase in water costs, often considered 
too high.

It is felt that local/regional regulators should 
be more proactive in catchment protection to 

prevent the loss of high-quality natural 
groundwater supplies. Quality regulation is 
stringent but the application often depends 
on the local circumstances.

It is considered that maintenance of 
groundwater quality should be subsidised in 
a mixed way from users and through general 
taxation, and this put into practice by water 
agencies. The existing differences among the 
diverse countries/regions might need spe-
cifi c in-depth studies to defi ne a common 
approach on this topic.

A real, transparent and holistic view of 
costs and their application (who pays) is 
needed. There was also a request to promote 
a water price refl ecting the true cost, with 
greater involvement from the EU and water 
companies. Substantial EU fi nancial aid is 
anticipated for new Member States.

21.4.4 Administration and policy issues

From the surveys, it was agreed that current 
regulations already cover the main ground-
water quality issues, although little evidence 
is available to measure how effective their 
implementation has been. They need to be 
improved, however, in areas such as moni-
toring and links to health problems, giving a 
greater weight to the specifi c regional condi-
tions and technical progress. In this sense, it 
is widely foreseen that the new WFD and 
GWD will lead to improved protection and 
management of the groundwater environ-
ment and highlight where rules are currently 
lacking, especially where toxicological data 
are sparse and where responsibilities are not 
clear.

The strong infl uence that the main water 
authorities/regulators already have on the 
management of groundwater is sometimes 
perceived as helpful by public associations 
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and as dominant by private companies, and 
even excessive for some irrigation activities. 
They play a relevant role in promoting 
groundwater sustainability, although this is 
often seen as a reactive process. Proper 
involvement is hindered by insufficient 
commitment and fi nancial resources because 
problems of water quality are on the increase 
and staff are stretched dealing with emer-
gency issues. At the same time, growing 
bureaucratic complexity tends to make deci-
sion-making a slow process – bureaucratic 
streamlining is essential.

It is not clear whether society is ready for 
regulations that assign groundwater 
resources to different uses according to its 
baseline quality and overall purity. Public 
awareness and debate on water quality and 
associated environmental issues should be 
improved in this regard. This factor is impor-
tant in view of the rapidity with which 
reserves of pristine water are being reduced.

The new GWD promises to lead to many 
improvements, notably through formation 
of river basin districts, with effective sur-
face/groundwater integration. Enforcing the 
existing and new regulations is seen as a pri-
ority, leading to a better assessment of 
groundwater resources and their quality. 
Greater public participation in decisions 
affecting water quality is also needed.

21.4.5 Monitoring requirements

Sound groundwater monitoring networks 
are an essential element of groundwater 
quality assessment programmes, yet cur-
rently many different organisations are 
involved in this process, at the national, 
regional and local levels. A multiplicity of 
aims and activities has led to overlapping 
approaches, densities and protocols for 

network design and development, some-
times for the same aquifer. The current situ-
ation is confused, and this is an issue that 
needs to be addressed urgently and strategi-
cally at national and European levels.

Professional advice is needed within each 
country/region/river basin on what should be 
monitored. As far as understanding changes 
in the groundwater quality is concerned, it is 
vital that the current practice of monitoring, 
limited to threshold values,  be changed. 
Modern analytical methods allow very low 
detection limits to be reached, providing early 
warning of changes, not just the threshold val-
ues set by drinking water standards. The health 
of the aquifer needs to be monitored and this 
requires careful monitoring of selected baseline 
indicators (discussed below).

The maintenance of high-quality monitor-
ing programmes including early warning of 
groundwater changes requires substantial 
fi nancial resources, and cost-effective appli-
cation. At present, among the range of tools 
and sampling devices commonly used, the 
simplest of them clearly prevail, most impor-
tant being the regular sampling for routine 
laboratory analysis. Remote sensors for con-
ductivity monitoring and some other mea-
surements may also be appropriate. However, 
the introduction of residence time indica-
tors as proposed above requires a different 
strategic thinking and budgeting.

21.5 A practical approach to 
baseline determination

21.5.1 Indicators and baseline

A range of common groundwater indicators 
may be defi ned, which characterise the 
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baseline conditions, in addition to those 
parameters which clearly indicate human 
impacts. This is in line with the approach 
adopted in the GWD, which rejects the defi -
nition of Standards in favour of water qual-
ity indicators. The recommended indicators 
are
• T, SEC;
• Eh, pH, DO, (Fe);
• Cl, SO4, HCO3, Ca, Mg, Na, K;
• Al, As, Cr, Cu, Fe, Ni, Zn;
• NO3, NH4, TOC.

Each indicator or group of indicators has a 
specifi c objective. Well-head temperature is 
included as a mandatory parameter since 
often used as a proxy for depth, whilst SEC 
provides initial indication of water quality; 
both these parameters may also be used for 
continuous monitoring if required. Field 
measurements of Eh and O2 (DO), are used 
separately or together to defi ne the redox 
status of the groundwater. Redox status pro-
vides a fi rst-order subdivision of aquifer con-
ditions controlling mobility of trace metals. 
Total dissolved iron (Fe), which is commonly 
measured, may also be used to construct the 
groundwater redox status. Measured in the 
fi eld, pH also constitutes a master variable 
for all water quality studies; for geochemical 
interpretation, data of high precision and 
accuracy are required.

The primary indicators that denote change 
within the natural system are the major 
ions – Cl, SO4, HCO3, Ca, Mg, K, Na – which 
are required to assess analytical integrity as 
well as baseline properties and geochemical 
evolution. It is also stressed that Cl as a con-
servative element may be used as a primary 
indicator in natural quality assessment and 
the use of Br/Cl ratios generally provides a 
convenient way to distinguish natural from 
contaminant sources. Nitrogen species are 

of primary importance since natural concen-
trations may be signifi cant (especially NO3 in 
aerobic groundwater and NH4 in reducing 
waters).

Other elements (As, Cr, Cu, Fe, Mn, Ni, 
Zn, F) should normally be included in moni-
toring schemes, since at high concentrations 
they may be the result of natural processes. 
Cadmium and Hg, which currently are prior-
ity target elements in monitoring schemes 
and are very unlikely to be present naturally 
in groundwaters at high concentrations, are 
excluded from this list, although would 
be included in any list for contaminant 
monitoring.

Aluminium (Al) is only likely to be mobile 
in waters below pH 5 where it may give rise 
to naturally high concentrations (together 
with other naturally available metals) and is 
otherwise likely to  remain below 10 μg L–1.

21.5.2 A practical approach 
to baseline defi nition

From the reference aquifer studies and the-
matic papers conducted and presented in 
this book, an outline procedure for establish-
ing the thresholds above natural baseline 
groundwater quality is suggested: 
1 Initial data acquisition and processing: 
Selection of sampling density, based on 
• nature of aquifer system and geology;
• size of system;
• spatial heterogeneity;
• geochemical properties;
2 Selection of indicators for baseline assess-
ment: For each groundwater body the fol-
lowing minimum set of indicators (see also 
previous section) should be selected:
• a core list of parameters that should be 
examined for all groundwater bodies: DO, 
pH, Eh, SEC, NO3, DOC, K, NH4. Note that 
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this group (except K, Eh and DOC) is com-
pulsory at present for surveillance monitor-
ing in Europe;
• major ions, so that the overall geochemi-
cal profi le and conceptual understanding 
of the groundwater body of the groundwa-
ter may be established (HCO3, SO4, Na, Cl, 
K, Ca, Mg);
• a key set of minor and trace elements that 
are sensitive to change under natural condi-
tions and which are important in relation to 
drinking water standards: Al, As, F, Fe.
3 Initial assessment of data to determine 
baseline:
• review data quality (determine ionic bal-
ance using the major ions);
• establish if there are historical data for 
any of above indicators (Cl, NO3 usually 
available) showing trends;
• review data in relation to geochemical 
criteria (changes such as redox and chemical 
ratios down fl ow gradients);
• spatial assessment of pristine section of 
the aquifer and initial assessment of the 
extent of natural variations and likely pol-
lutant inputs;
• discard samples that are obviously show-
ing pollution based, for example, on high 
concentrations of TOC, NO3;
• estimate baseline for parameters using 
historical records or studies from well-stud-
ied reference aquifers nearby, or in similar 
lithologies;
• establish groundwater residence time dis-
tribution; use CFCs, 3H to defi ne extent of 
infl ux of modern water as well as indirect 
information from chemical parameters, syn-
thetic substances;
4 Statistical treatment of data:
• defi ne the median (50%) and upper base-
line (97.7 percentiles) of the above (mini-
mum) parameter distributions as working 

values using the selected samples from the 
groundwater body;
• assessment of the data. Concentrations at 
individual sampling sites should be exam-
ined to determine whether they exceed one 
or more of the 97.7% threshold values. If 
so, this should trigger further investigation, 
conceptualisation and, if necessary, priori-
tised trend assessment;
5 Overall geochemical characterisation of 
the groundwater body:
• reporting of the groundwater body, guided 
by reference aquifer studies with emphasis 
on mineralogy, fl ow regime, climate, vegeta-
tion infl uence, land use and other controls;
• review of pristine, mixed and polluted 
sections of the body;
• inverse modelling of the aquifer geochem-
ical trends where appropriate;
• consideration of three-dimensional water 
quality distribution;
6 Monitoring for baseline change:
• once the natural baseline quality is 
defi ned (median and upper baseline);
• monitor for future changes in the ground-
water baseline quality over time using suit-
able frequency of measurement;
• identify past baseline trends in the con-
centrations of groundwater constituents;
• provide early warning of human impacts 
and land management practices on ground-
water quality especially through mobile 
constituents such as nitrate and chloride;
• provide enough hydrochemical data to 
establish cause–effect relationships;
• provide advice on aquifer management 
and/or remediation actions in order to guar-
antee the sustainability of groundwater 
resources;
• use forward modelling to predict future 
changes if realistic groundwater model and 
modelling parameters are well established.

EDMUNDJ_Ch21.indd   460EDMUNDJ_Ch21.indd   460 12/11/2007   2:56:25 PM12/11/2007   2:56:25 PM



Natural Groundwater Quality 461

The minimum requirements of a ground-
water baseline quality monitoring network 
are thus: (1) detailed study of the local hydro-
geology; (2) the selection and/or construc-
tion of representative sampling sites; (3) 
choice of the range of indicators to be moni-
tored; (4) verifi cation of the laboratory ana-
lytical protocols and detection limits; (5) the 
choice of the sampling protocol and preser-
vation methods; (6) defi nition of sampling 
frequency and (7) the decision of which type 
of data analysis and interpretative approaches 
should be used so that early warning is pro-
vided in time for decision-making and sus-
tainable aquifer management.

The density of monitoring wells should 
depend on the size of the groundwater 
body, the geological and hydrogeological 
characteristics of the aquifer, aquifer hetero-
geneity, proximity to potential contamina-
tion sources and aquifer vulnerability. 
Suggested densities are 10–100 km2 per sam-
pling point for regional monitoring and 100–
10,000 km2 per sampling point for national 
monitoring.

The sampling frequency should be a func-
tion of the nature of the groundwater body 
and also a compromise between the logisti-
cal and fi nancial resources available for sam-
ple collection and laboratory analyses. 
Optimal frequencies have also to be adjusted 
according to hydrogeology (residence time, 
fl ow velocity), seasonal infl uences (climate, 
atmospheric inputs) and statistical consider-
ations. The nature and response-time of the 
aquifer, and of the particular indicator, guide 
the choice of sampling frequency.

In porous unconsolidated sediments, the 
groundwater velocity is slow, in the order 
of a few centimetres to some tens of metres 
per year and, consequently, the variability 
of groundwater quality is also slow. In an 

unconfi ned aquifer the measurement and 
sampling frequency will be higher than in a 
confi ned aquifer, due to the different condi-
tions and temporal changes in water quality.

Operational sampling and analysis fre-
quencies could therefore vary from once 
every 6 years for a confi ned, slow-fl ow aqui-
fer, to four times a year near outcrop of a 
fast-fl owing aquifer incorporating a parame-
ter, which is a rapidly responding indicator 
of groundwater quality change. For small, 
shallow aquifers where fl ow systems are in 
the order of months, or where suspected 
migration of known pollutants are of con-
cern, more intensive monitoring may be 
required.

21.5.3 Future directions

In Europe, the GWD is now published and 
was approved by the European Parliament in 
December 2006. Taken together with the 
WFD, these two documents will guide water 
policy and management to 2015 and beyond. 
All countries, including new accession 
states, are required to formulate manage-
ment policies on the basis of the Directives. 
It is clear that the integrated approach that 
has been formulated in Europe over almost a 
decade will be under scrutiny by other coun-
tries and is likely to be adopted as a basis for 
water management outside Europe. Such an 
approach has been conducted in England and 
Wales detailing baseline conditions in all the 
main aquifers (Shand et al. 2007).

The studies and guidelines set out in this 
book provide a blueprint for determining 
natural groundwater quality either as a defi -
nition of the status within a groundwater 
body, or as a target to which trend reversals 
may be directed. Following the EU BaSeLiNe 
studies on which this book is based, a further 
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European programme BRIDGE was launched 
involving a range of stakeholders, and link-
ing the scientifi c and policy-making com-
munities in all Member States. This 
programme has gathered scientifi c outputs 
which could be used: to set out criteria for 
the assessment of the chemical status of 
groundwater; to derive a plausible general 
approach, how to structure relevant criteria 
appropriately with the aim to set representa-
tive groundwater threshold values, scientifi -
cally sound and defi ned, at national river 
basin district or groundwater body level; to 
check the applicability and validity by means 
of case studies at European scale; to under-
take additional research studies to complete 
the available data; and to carry out an envi-
ronmental impact assessment taking into 
account the economic and social impacts. 
These studies are published synchronously 
in the book Groundwater Science and Policy 

(Quevauvallier 2007) and includes elements 
of the baseline studies. It is foreseen that 
Natural Groundwater Quality will form a 
sister volume, where the baseline properties 
of groundwaters and how they may be 
defi ned and evaluated, can be studied in 
detail.
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