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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 specific 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 first 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 defining clear criteria
concerning groundwater chemical status has
led the Furopean 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 specifications. Discussions
were initiated in 2001, involving many
exchanges among policy makers from
the Member States, stakeholder organisa-
tions and the scientific 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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between the ‘natural’ environmental quality
and the quality of groundwater for specific
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 fifth
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 defining 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 reflected 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-
tific 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
reflected 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 scientific 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
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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 definition 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



Preface

The European Water Framework Directive
(WFD) forms the primary legislation for the
protection of the European aquatic envi-
ronment. The Groundwater Directive (GD)
introducedin late 2006 has been incorporated
to supplement the WFD and deal with spe-
cific 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 defining 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 defining 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-defined 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
influencing 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 scientific frame-
work, the project results provide guidelines
for new policy (specifically 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.
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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 flowpath. 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 flow 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 (¥Ar, 1*C, *He), and in particular
in detecting modern inputs (*H, *He/°H, ®°Kr,
CFCs, SF4). Combination of careful studies
of chemical trends along flow 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 flow 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 wvariability 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 define 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 scientific 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)

Jtrgen Stiltenfuss (Germany)
Phillipe Quevauvallier (France)
Frank Wentland (Austria)



Manuel Ramon Llamas (Spain)
Andrés Sahuquillo (Spain)

Ian Cartwright (Australia)
Andrew Love (Australia)
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I Groundwater Baseline Quality

W. M. EDMUNDS AND P. SHAND

Naturally occurring groundwaters are
becoming increasingly impacted by human
influences. It is important to develop criteria
to recognise the extent and baseline charac-
teristics of groundwater bodies as a basis of
management and specifically as a starting
point to recognise pollution. The baseline
concept is reviewed and a definition 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 definition are then reviewed.
Statistical tools are used as a first step, but
cannot explain the variance in the data for
which a resort to the field situation and use
of historical data is required. The median and
97.7 percentile are adopted as the main sta-
tistical parameters for initially defining base-
line and comparing different data sets.

1.1 Introduction

1.1.1 Concepts and baseline definition

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

Natural Groundwater Quality Edited By W. Mike Edmunds and Paul Shand

© 2008 Blackwell Publishing Ltd. ISBN: 978-14051-5675-2

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-
ficial 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, SO,, K and NO; 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
definition 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,
artificial 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 specific geology of an area.

Until recently, no common approach
existed for defining the natural background
quality of groundwaters, which make up
nearly 70% of drinking water across Europe.
Definitions 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 define
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 Significance of baseline studies for
policy in EU and elsewhere

One of the main objectives of the current
study has been to provide background sci-
entific 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 (defined 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 definition of baseline
chemical properties of groundwater is a
necessary step in the implementation of
policy at the river basin level and more spe-
cifically at the scale of individual ground-
water bodies. The WFD seeks common
definitions 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 significant and sustained upward trend
in the concentration of any pollutant should
be identified 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 scientifically 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 scientific 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 defined
and adopted as part of strategies to prevent,
identify and control pollution of groundwater
(Article 17), since the definition of starting
points for the identification of significant 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 stratification
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 specifically address the
question of defining 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 definition of baseline

The baseline concentration of a substance
in groundwater, used throughout this book,
may be defined 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 definitions may be required for
water regulation purposes, for example, when
changes from the present-day status, or an
arbitrarily defined 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
specifically aimed at defining 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 flow paths has been used
as a means of characterising baseline ground-
water quality and recognising recent inputs
influenced 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 flow paths.

A first approach to defining 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 flow lines in aquifers
in response to climate and environmental
change including adjustments in water levels
brought about by sea-level change as water
flowed 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, identified by presence of

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

Disturbances in flow and quality com-
menced with the onset of the Industrial
Revolution and mechanised recovery of
groundwater (Fig. 1.2). Before this time, natu-
ral flow regimes became established, adjust-
ing most recently to the restoration of the
present-day coastline in the early Holocene.
Stratification 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 significant 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.

Continuous or
intermittent

recharge Borehole

Changing
sea/base
levels

= Modern
AMNSEgR) groundwater

Modern
interface A

mixing ~ < Iae°wate,

Late Pleistocene
groundwater

intermittent recharge (10-20 ka BP) in

N. Europe due to effects of glaciation

Pre-industrial
water
Holocene age e.g.
(200-10000 years)

in older for
aquifers iny ger fori

Older (saline?)

formation water

1/

Fig. 1.1 Conceptual model of a
confined groundwater system to
show the definitions of modern
and palaeowaters referred to in
this study.
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Fig. 1.2 Evolution of the natural baseline quality of groundwater and progressive impacts of human

influences.

The natural stratified 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 first 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 §'®0, 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
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common cations contributed by weathering
and reactions taking place along flow lines.
Examples of tracer types are

Inert tracers:

Cl, Br (Br/Cl), NO,, *Cl, §'%0, §°H, °H,
noble gases (isotopes and ratios, e.g.
81Ky).

Reactive tracers:

Major ions and ionic ratios, H", Si, trace
elements (e.g. B, Li, F, Sr), isotope
ratios (¥'Sr/®8Sr, 534S, 81°C, C).

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, flow 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, palacoclimate influences
and the impacts of modern pollution to be
assessed with some degree of confidence. 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
influences.

1.2.3 Controls on baseline groundwater
systems in the hydrochemical cycle

Rainfall modified by evapotranspiration may
be a significant contributor to defining ground-
water compositions. Hydration of carbon
dioxide acquired during passage through the
soil provides the key reactant (H,CO;) 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 significant modification 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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Fig. 1.3 Main processes affecting the evolution of natural (baseline) groundwater quality.

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 significantly 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 CO,, it can be a sig-
nificant 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
modification 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 fluctuations 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
CO,, 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.
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Organic soils may be mnaturally 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! in porous media, but greater than
this in fractured rocks where dual porosity
may lead to differential rates of percolation
with some fracture flow. The moisture takes
with it the fingerprint of inert atmospheric
inputs plus reactive tracers, solutes derived

(a)

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 profiles (10 m depth
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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). Profiles are shown for a number
of elements in water obtained by immiscible
liquid displacement method. This profile
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 ) 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 profile.
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-modified
atmospheric inputs plus water-rock interac-
tion taking place at the soil-bedrock inter-
face and from longer-term reactions taking
place along flow paths in the saturated zone.
The initial concentrations and ratios bear a
close resemblance to the parent geology 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 CO, 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

CO, + CaCO; + H,0 — 2HCOj3; + Ca**
Calcite

(1b) Incongruent reaction of impure calcite

xCa®" + Cay_,Mg,CO; — CaCO; + xMg**
Impure calcite  Calcite

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

ZCOZ + 2NaA151308 + ].].Hzo —>
Albite
AlSi,05(OH), + 2Na* + 2HCO; + 4H,8i0,
Kaolinite

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

2K(Mg - 2Fe)(AlSi3)O;0(OH)** 10H" +
Biotite
0.50, + 7H,0 — Al,Si,05(OH),
+ 2K* + 4Mg?" + 2Fe(OH), + 4H,SiO,
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(3) Weathering of cation-rich clays to form
cation-poor clays

3Nag 33Al, 53515 5701,(OH), + H + 11.5H,0 —
Na-montmorillonite
3.5A1,Si,05(OH), + Na* + 4H,Si0,
Kaolinite

There are common features to these reac-
tions. All of them are hydrolysis reactions
that consume CO, and therefore change pH.
During the early evolution of the chemi-
cal composition of groundwater, the open
or closed system behaviour with respect to
CO, is important (Fig. 1.3). Up to a certain
depth during recharge, the infiltrating water
remains in contact with the atmospheric and
soil CO, (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 fixed
quantity of atmospheric CO,, although fur-
ther in situ production of CO,, 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 SiO,, 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 (H,COj3). 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 flow
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
reflect 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
HCOjare likely to reflect recharge areas which
may have different P(CO), and hence different
land use and soil types (Langmuir 1971).
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1.2.3.6 Redox controls

Redox reactions are very significant 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) only
slightly below atmospheric values. During
down-gradient flow, 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 Fe** 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 flow 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
O,, nitrate is the next electron acceptor, and
then Mn and Fe oxides are reduced followed
by SO, and then by methane fermentation.
A similar set of oxidation half-reactions

may be recognised in the sequence: organic
matter>HS >Fe?">NH,>Mn?". For most prac-
tical purposes, it is the rate of removal of
oxygen that is the most significant, since,
in the reducing environment, Fe?* becomes
stable and may appear in significant 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

Modifications to the chemistry of ground-
water by cation exchange as it moves along
flow 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* + 14Ca-X, — Na-X + % Ca?

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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forexample, 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 flow 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 Ca?', which is
favoured by the natural exchangers, displaces
sea water dominated by Na* and Mg?*, first
displacing the Na* and then the Mg?* (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-
ficient confidence, though, very often, dif-
ficulties 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
flow and solute transport.

By investigating the evolution of water
quality along flow lines, it is also possible to
establish relative timescales. For instance,
the identification (or absence) of marker spe-
cies related to activities of the industrial era,
such as elevated TOC, tritium (*H), dissolved
anthropogenic gases (chlorofluorocarbons,
SF¢) and certain micro-organic pollutants
may provide evidence of a recent component
in groundwater. Radiocarbon (*C), stable
isotopes of oxygen and hydrogen in water
molecules, accumulated *He 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 fluviatile 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 flow 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 confined 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 flow 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 flow 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
¢.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 §®O
of 1.7%o0 and supports the evidence for
recharge during a colder interstadial climate.
Noble gas recharge temperatures indicate

that conditions during the interglacial period
were some 6°C cooler than at the present day.
Although confined 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
extremely low). Concentrations as low as
6 mg L™ in older waters are likely to reflect
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 reflecting
the greater continentality during the Late
Pleistocene. The high Cl at outcrop then
defines 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. Sulphate (Fig. 1.6), similarly also
indicates the extent of modern contaminant
input, but extremely low SO, concentrations
in water of Holocene age also reflect pristine
atmospheric inputs as shown from studies
of sulphur isotopes (Edmunds et al. 1995).
Unlike Cl, SO, increases in the deeper, older
waters indicating dissolution of remnant
anhydrite. Cross-formational flow 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
reflect water—-rock interaction with both
carbonate and silicate minerals as well as
anhydrite. The Mg/Ca ratio which is low
near outcrop first 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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Fig. 1.5 Summary of groundwater quality in the East Midlands Triassic sandstone. Further

explanation given in the text.

groundwaters the lower Mg/Ca ratios reflect
the influence of Ca added by reaction of
anhydrite. The molar Na/Cl ratio increases
regularly along the flow path indicating reac-
tion of albite. Several trace elements also
increase regularly along the flow path and
the example is shown of lithium (Fig. 1.6)
which increases from 1 pg L? at outcrop to
around 40 ng L™ at depth. Lithium is obvi-
ously not derived from any pollution source
but most probably from progressive feldspar
dissolution. Like CI, 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 profiles, 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,
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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 define 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
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Various approaches used for the determination of baseline chemistry of groundwaters.

Method

Application to baseline studies

Advantages and limitations

Use of historical data

Use of downgradient
profiles

Extrapolation from
adjacent areas

Geochemical modelling

Statistical methods

Important for identifying trends
over lifetime of groundwater
development

Profiles along flow gradients
provide a useful two dimensional
summary of groundwater quality
evolution with time

Useful first approach but no
substitute for examination of each
water body

Provides independent means of
testing hypotheses of groundwater
evolution, based on
thermodynamic approach
Distinguish anomalous from
typical values. Provides important
summary of median and ranges of

Highly valuable records and more effort
needed to preserve these

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

Care needed to distinguish data from
boreholes with different depths and large and
small abstraction sites

Limited use in unconfined groundwaters
Lithofacies changes along strike or dip usually
limit this approach. Each area has unique
geological and hydrogeological properties
Requires a good knowledge of the
hydrodynamic situation, end member
compositions and aquifer mineralogy

Cannot distinguish anomalies resulting from
natural or contaminant sources
Should always be used alongside

data for a water body

hydrogechemical studies

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 define 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
first treated statistically, but then examined
through time series and spatial distributions
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(especially down-gradient profiles) where the
hydrogeology and controllinghydrogeochem-
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 flow paths, depth
and residence times. Anomalies super-
imposed on the baseline due to pollution
may normally be expected in the flow 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 reflecting 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. Unconfined aquifers and confined
aquifersinrecharge areasusually 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 stratification that invariably
develops under undisturbed hydrogeological
conditions. This stratification is a result of
different flow paths and flow 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 flowing 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
reflect 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 specific 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 confined or
unconfined, oxidising or reducing) may be
necessary in order to properly express and
define the baseline.

Once the hydrogeological and geochemi-
cal assessment has been made, a useful
(single) operational definition of the base-
line concentration is the median which
enables intercomparison between data sets
(see Chapter 2). The baseline range can be
defined 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



Groundwater Baseline Quality 19

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 define
the baseline range. In other words, there are
no outliers. However, if the extremely high
value(s) do not fit 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 influence.

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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2 The Baseline Inorganic Chemistry of
European Groundwaters

P. SHAND AND W. M. EDMUNDS

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 specifically by rock type, but by a range
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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
defined 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 specific (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
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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 influ-
ence both by the direct inputs of pollutants
as well as the changes imposed by pumping,
thus a reversal or change in flow 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 confidentiality,
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 flow-through cell where possible, and
specific electrical conductance (SEC), alka-
linity and temperature were measured at
site. In addition, all samples were filtered
through 0.45 pm membrane filters 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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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

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
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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.

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 first-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 unconfined and
confined parts of an aquifer to be compared
and assessed: the different ages and flow
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Fig. 2.2 Cumulative frequency
versus log-concentration diagram
illustrating geochemical processes
that may give rise to a range of
complex distributions of
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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 defined:
the unconfined and confined parts of the aquifer.

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 unconfined and confined parts of
the same aquifer are shown in Fig. 2.3 for the
major element Mg. The figure shows how
Mg forms two distinct populations of data.
The lower concentrations in the unconfined

hydrochemical data.

groundwaters are due to the dominance of
congruent dissolution of low-Mg calcite,
whereas in the older, confined 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 influences 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

Thesimplest way to determine the baseline of
a specific substance (as defined 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 confined or very deep sections.
These groundwaters may also be very old
(palaecowaters) and their quality may derive
from chemical reactions which may not be
representative of the parts of the aquifer
which are actively developed. In confined
aquifers, the conditions may be reducing and
the chemical processes differ significantly
from unconfined aquifers which are often
oxidising. Groundwater dating (Chapter 5) is
an invaluable tool for assessing such changes
in chemistry with time.

Many unconfined 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.

20
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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
flowpaths, 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-
fied 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

Table 2.3 Summary of tools used to help in the
determination of baseline in modified aquifers.

e Exclude known polluted samples

e Historical data

e Up-gradient and cross-gradient sampling
e Compare with pristine areas

e Craphical techniques

e Statistical techniques

e Geochemical modelling

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 influencing 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 specific order: DO, NOj,
Fe, SO, (Stumm and Morgan 1996). A sharp
redox boundary often exists close to the junc-
tion between unconfined and confined parts
of the aquifer and this typically occurs where
there is a change in residence time caused by
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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
B Ledo—Paniselian

Carbonate and silicate dissolution, redox, ion-exchange, saline mixing

B Neogene

F Fontainbleu

F Valreas

F Triassic

DK Miocene

DK Quaternary

DK Limestone

PL Kedzieryn

PL Bogucice

EE Devonian

EE Cambrian-Vendian
CZ Cenomian

CZ Turonian

BG Thracian

BG Razlog

M Sea-level aquifer

Silicate dissolution, redox, ion-exchange

Carbonate and silicate dissolution, redox

Silicate and carbonate dissolution

Carbonate dissolution, ion-exchange, saline mixing
Carbonate and sulphate dissolution

Carbonate dissolution, redox, ion-exchange

Redox, saline mixing

Carbonate dissolution, redox, ion-exchange, saline mixing
Carbonate and gypsum dissolution, redox, saline mixing/diffusion
Carbonate dissolution, redox, ion-exchange, diffusion
Carbonate dissolution, redox, saline mixing

Silicate dissolution, ion-exchange, saline mixing

Calcite dissolution, ion-exchange, saline mixing

Calcite and silicate dissolution, saline mixing

Calcite and silicate dissolution, redox

Carbonate dissolution

Carbonate and phosphate dissolution, saline mixing

the juxtaposition of different flow systems.
This may give rise to very different baseline
chemistries and it may be necessary to define
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
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influenced by mixing with saline water,
which is reflected in the positive skewed
distributions, and modification 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 palaeco-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
fine-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-HCO; 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 decalcified 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 (specific electrical conductivity)
in the European reference aquifer groundwaters. For aquifer key see Table 2.5.
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Table 2.5 Aquifer symbols used for cumulative probability plots, Figs. 2.5 to 2.11.

Symbol Country Aquifer Symbol Country Aquifer
Water table

B1 Belgium Ledo Paniselian Malta Malta aquifer

B2 Neogene PL1 Poland Kedzieryn

BUL1 Bulgaria Razlog PL2 Bogucice
Aveiro

BUL2 Thracian P1 Portugal Cretaceous
Aveiro

CZ1 Czech Cenomian P2 Quaternary

Cz2 Turonian E2 Spain Donana

DK1 Denmark Chalk UK1 UK Vale of York

DK2 Miocene UK2 East Midlands
Lower

DK3 Quaternary UK3 Greensand

Cambrian-

EE1 Estonia Vendian UK4 Wessex

EE2 Devonian

F1 France Lorraine

F2 Fontainbleu

F3 Valreas

2.6.2 Major elements

Major ions define the main characteristics
of natural waters and reflect 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 flattening-off in many of the
distributions at around 70-120 mg L is a
reflection 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-
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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 °C 5.4 30.8 120 13.9 21.6 235 902
pH 3.00 9.76 7.60 7.53 8.25 8.40 3358
Eh mvV 2203 552 144 163 425 455 746
DO mgl? <01 13.0 1.1 2.8 9.5 10.0 715
SEC pScm™ 10 74200 498 1150 2940 7150 1192
3%H %o -75.0 40  -459 427 =208 -19.6 397
5'%0 %o -10.7 -0.8 -7.1 -6.6 -39 3.7 426
813c %o -25.0 42  -135 -133 -6.7 -4.6 368
Ca mg L™ 0.30 2090 57.1 658 121 176 4820
Mg mg L™ 0.00 1213 19.6 24.4 456 57.8 4784
Na mg L™ 0.00 16691 21.1 146 364 859 2214
K mg L™’ <05 479 53 114 35.6 65.8 2047
cl mg L™ 0.15 32000 19.0 160 369 663 5078
S0, mg L™ <0.02 2900 10.0 364 122 239 4820
Field HCO, mg L™ <0.1 1640 168 192 415 471 823
Lab. HCO, mg L™ <0.1 971 299 288 464 577 3823
NO;—-N mg L™ <0.002 108 0.37 498 262 42.7 1137
NO,-N mg L™ <0.001 20.0 0.01 0.07 0.16 0.35 2641
NH,-N mg L™ <0.003 35.4 0.15 0.43 135 243 3421
P mg L™ <0.02 8.3 0.39 0.19 0.6 12 780
TOC mg L™ 0.10 732 1.90 6.02 187 235 396
DOC mg L™ 0.15 130 150 3.02 9.03 14.0 367
F mg L™ <0.05 5.60 0.15 0.30 1.18 2.06 712
Br mg L™ <0.03 17.8 0.09 0.29 0.94 2.02 590
1 mg L™ <0.001 3.31 0.01 0.03 0.06 0.11 531
Si mg L 0.14 443 460 556 129 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 reflects 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 CIl in some aquifers, reflected
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 influ-
ences locally, as described in the subsequent
chapters, but this is masked by the greater
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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.

P. SHAND AND W. M. EDMUNDS

Parameter Units Min.* Max. Median Mean 95 %ile  97.7 %ile n
Ag ug L <0.05 0.63 <0.05 <0.05 <0.05 0.10 571
Al pg L <1 4707 4.00 239 68.2 132 750
As pg ! <0.05 79.0 0.50 2.97 13.1 20.6 813
Au pg ! <0.05 0.10 <0.05 <0.05 <0.05 <0.05 565
B pg L <20 5971 34.2 129 562 868 758
Ba pg L 0.90 4848 46.9 122 454 787 808
Be pg ! <0.05 17.4 0.05 0.15 0.42 0.98 722
Bi pg L <0.05 0.25 <0.05 <0.05 0.09 0.25 576
Cd pg ! <0.05 8.79 <0.05 0.16 0.59 1.13 784
Ce pg ! <0.01 65.0 <0.01 0.-1 0.27 0.90 579
Co pg ! <0.02 52.5 0.08 0.65 2.61 474 728
Cr pg L <0.5 284 <0.5 1.34 5.99 9.98 783
Cs pg ! <0.01 205 0.02 0.52 0.71 1.90 623
Cu pg L <0.1 134 1.20 3.11 12.3 17.4 786
Dy pg L <0.01 2.46 <0.01 0.02 0.03 0.14 570
Er pg L <0.01 1.18 <0.01 0.02 0.03 0.10 573
Eu pg L <0.01 1.10 <0.01 0.01 0.03 0.07 578
Fe pg ! <0.005 120 0.35 1.35 494 9.70 4423
Ga pg ! <0.05 1.06 <0.05 <0.05 0.06 0.11 576
Gd pg ! <0.01 333 <0.01 0.03 0.04 0.17 578
Ge pg ! <0.05 5.12 <0.05 0.08 0.26 0.35 577
Hf pg L <0.02 1.97 <0.02 <0.02 <0.02 <0.02 578
Hg pg L <0.2 6.00 <0.2 <0.2 1.00 1.60 746
Ho pg L <0.01 0.40 <0.01 <0.01 0.03 0.05 579
In pg L <0.01 0.05 <0.01 <0.01 <0.01 <0.01 579
Ir pg L <0.05 0.72 <0.05 <0.05 <0.05 <0.05 576
La pg L <0.01 906 <0.01 1.77 0.26 0.85 578
Li pg L <0.03 7073 11.3 349 80.0 142 756
Lu pg ! <0.01 0.50 <0.01 0.03 0.17 0.26 573
Mn pg L <0.05 2.55 <0.05 0.11 0.44 0.75 1066
Mo pg L <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 pg L <0.01 0.16 <0.01 <0.01 <0.01 0.02 578
Nd pg L' <0.01 37.0 <0.01 0.22 0.21 1.03 578
Ni pg L' <0.2 114 1.00 3.25 14.8 25.1 786
0s pg L' <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 576
Pb pg L' <0.1 30.0 0.39 0.81 2.00 4.99 785
Pd pg L <0.2 5.10 <0.2 <0.2 <0.2 0.30 578
Pr pg L <0.01 9.74 <0.01 0.04 0.04 0.16 578
Pt pg L <0.01 0.06 <0.01 <0.01 <0.01 0.02 578
Rb pg L' 0.06 445 313 6.83 23.9 36.8 627
Re pg L <0.01 2.47 <0.01 0.02 0.02 0.06 578
Rh pg L™ <0.01 0.12 <0.01 <0.01 0.01 0.01 578
Ru pg L' <0.05 0.07 <0.05 <0.05 <0.05 <0.05 576
Sh pg L' <0.05 6.00 <0.05 0.73 6.00 6.00 681
Sc pg L' 0.34 83.2 3.16 3.77 7.72 9.68 578
Se pg L' <0.015 247 0.50 1.83 5.16 9.64 757
Sm pg L™ <0.05 5.07 <0.05 0.05 0.04 0.22 577
Sn pg L™ <0.05 3.38 0.05 0.10 0.37 0.51 577
Sr pg L' 8.21 33764 240 645 2083 3115 836
Ta pg L <0.05 <0.05 <0.05 <0.05 <0.05 <0.05 576
Tb pg L' <0.01 0.61 <0.01 0.01 0.03 0.03 578
Te pg L™ <0.05 3.11 <0.05 <0.05 <0.05 0.09 576
Th pg L™ <0.05 1.85 <0.05 <0.05 0.07 0.15 580
Ti pg L <10 488 <10 <10 <10 <10 578
Tl pg L' <0.01 0.74 <0.01 0.03 0.20 0.20 613
m pg L' <0.01 0.15 <0.01 <0.01 0.03 0.03 578
u pg L' <0.05 56.3 0.07 1.20 5.70 9.89 626
Y pg L <1 169 <1 1.64 3.00 4.00 578
W pg L <0.1 414 <0.1 0.85 030 0.50 578
Y pg L <0.01 41.6 0.01 0.51 1.67 533 578
Yb pg L' <0.01 2.08 <0.01 0.02 0.03 0.10 578
Zn ug L™ <0.2 2010 11.5 40.5 112 224 773
Zr pg L™ <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-
nificant; hence the need to define 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 influence of saline
water inputs to the groundwater. Initial
inputs from rainfall are unlikely to exceed
10 mg L™ for most aquifers, although con-
centrations may increase on recharge by a
factor of two to five 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 influences have
caused the change, hence the term anthro-
pogenically modified 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 reflect 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 influence of
saline water. In aquifers with SO, concentra-
tions above 100 mg L™ another major influ-
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 influences 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 HCO) displays similar
distributions to Ca (Fig. 2.7), but with a
negative skew related to groundwater from
carbonate-deficient 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-deficient aquifers. This
is exemplified 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-HCOQO; waters has allowed alkalinities to
exceed 900 mg L. Large variations in alka-
linity are apparent in most European aqui-
fers, the lowest concentrations representing
carbonate-deficient systems or shallow clas-
tic aquifers which have been decalcified.

2.6.3 Silicon

The presence of silicon, up to a few mgL™, in
nearly all natural waters testifies 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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Fig.2.7 Cumulative probability plots for major anions and Si in the reference aquifer groundwaters.

Symbols as in Fig. 2.5.

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 LY. Quartz is rela-
tively insoluble at normal groundwater
temperatures with saturation being around
3 mg L™ 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:

DK AISiyOq + 2H* + 9H,0 —
AleleS(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
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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 NO;-N
and NH,-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 (NO;), ammonium (NH,),
nitrite (NO,) which is metastable, nitrogen
gas (N,) as well as organic nitrogen. Organic
nitrogen wasnotanalysed as part of this study,
since it is only anticipated to be a significant
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 NO; being
stable under oxidising conditions and NH,
under reducing conditions. Under reducing
conditions, denitrification is generally medi-
ated by heterotrophic and autotrophic bac-
teria, which oxidise organic material (e.g.
DOC, SOC) or inorganic material (e.g. Fe?",
pyrite). The reduction of nitrate is dependent
on other nutrients and especially reactive
organic carbon (Ottley et al. 1997). The main
product of denitrification in most aquifers is
N, gas, as demonstrated by measurement of
N,/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 significant increases in

nutrient inputs with time (Fig. 2.4) over large
areas. As well as the extensive but variable
applications of fertiliser, denitrification reac-
tions also make the determination of baseline
nitrate values very difficult. Atmospheric
inputs have also significantly 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
influences, but also since the populations
include many data below detection limits cor-
responding to reducing environments where
nitrate has reacted to N, gas. Some aquifers
have median concentrations greater than the
existing EU maximum admissible concentra-
tion (MAC) of 10.3 mg L™. Evidence from a
number of the reference aquifers (see later
chapters) indicates that baseline concentra-
tions are unlikely to be more than ¢.1-3 mg
L™ NO;—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 NH,-N are also
variable both within and between aquifers
(Fig. 2.8), with an overall global median
value of 0.15 mg L NH,~N. In many cases,
the highest concentrations are considered
to be naturally-derived as they are present
in reducing groundwaters at depth or under
confined conditions. Increasing ammonium
has been found in the anaerobic Chalk aqui-
fer in Berkshire (UK) in older groundwaters
along the flowline attributed to exchange
with minor amounts of marine clays, espe-
cially illite, reaching concentrations in
excess of 0.5 mg L. Organic nitrogen was
not analysed as part of this study, but may
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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.

form a significant 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 fluorapatite, and exchangeable P
on iron oxides (either desorbed or dissolved

duringreductive 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



42, P. SHAND AND W. M. EDMUNDS

the limits of detection used (indicated by
vertical lines on Fig. 2.8). Although it is com-
monly assumed that Pinputs from groundwa-
ter to rivers are low, especially in carbonate
terrains, the data show that groundwater
inputs may often be significant.

2.6.6 Organic carbon (DOC)

Theoccurrence 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 significantly 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) 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 landfill sites. The baseline
must therefore be assessed on a local scale.

2.6.7 Trace elements

Regionalstudiesoftraceelementconcentrations
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 pg L)

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 ng L™):

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 (10J, T1(0.01)
W (0.1), Zr (0.5).

A number of elements are mobile under
specific 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 specific mineral phase (e.g. Ba) or
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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), reflecting
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
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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.
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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 (BaSO,).
Solubility is largely controlled by saturation
with respect to barite and where SO, concen-
trations are high, Ba is held at low concen-
trations. Thus it is uncommon to find Ba in
groundwaters at concentrations higher than
a few hundred pg L™. 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
SO, (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™. Sources include
the mineral fluorite (CaF,) and phosphate
minerals, such as fluorapatite; fluoride is also
released from weathering of primary silicates
such as biotite and hornblende (Edmunds
and Smedley 2005). There are significant
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 LY.

2.6.7.4 Uranium

Uranium occurs as the mineral uraninite
(UO,) and its oxidised or partly oxidised mas-
sive form, pitchblende (U304, 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 ug L) 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 ng L™ in a number of aqui-
fers while maximum concentrations reach a
few tens of pg L. These are natural baseline
concentrations and are derived from primary
or secondary minerals along flow pathways,
being especially enriched in sandstone aqui-
fers with increasing residence time.
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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 Fe** 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 reflected in these elements having
low baseline concentrations in unconfined
parts of the aquifers where oxygen is pres-
ent, but increasing significantly across redox
boundaries (as described in detail in later
chapters). Concentration ranges of these
elements vary over four to five orders of
magnitude (Fig. 2.10) in individual aquifers
reflecting 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 confined, 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 SO, and
organic matter are also important (Driscoll
and Postek 1996). Despite its relative geo
chemical abundance, Al occurs at low
concentrations, in the ng L™ 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 Al**, 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 pm filters used as a stan-
dard to filter samples.

Median concentrations in the European
aquifers are typically less than 10 pg L™
(Fig. 2.11) reflecting the circum-neutral pH
values of most of the groundwaters. Maximum
concentrations in some, mainly siliciclastic
aquifers, reach a few hundred pg L™ 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 significant 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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Fig.2.10 Cumulative probability plots for Fe, Mn, Co and Ni in the reference aquifer groundwaters.

Symbols as in Fig. 2..5.

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 profile of As concentrations

relative to Eh along a flow 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 flow
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.
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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 pug L™ and
natural arsenic presents a problem in sections
of some Furopean aquifers. Concentrations
in the reference aquifers typically vary by
one to two orders of magnitude and median
concentrations range from <0.1 to 6 ng L™

2.6.7.8 Cadmium and zinc

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

47

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 significant 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

99.99 T . . 99.99 -
Al (mg L™ As (mgL
990 | AMILD 90.0} ASMILD) -
99 | 4 99} -
.
90 | 1 90} -
2 70}t 4 £ 7o} 3
e} Qo
g sor g 5o .
& 80 & 30 =
10f 1 10} £
L
1} a 4 1] 2
01t 4 01} £
0.01 i L i i 0.01
0.1 1 10 100 1000 10,000 100
99.99 99.99
-1
999 CdglL™) 999} :
99 1 PR 99} -
. )
90 90} 3
Z 70 £ 70t 3
g 50 § 50| -
& 30 4 & 30+ -
10 | 10} -
14¢ 1}h L
0.1 01} 3
0.01 : : : 0.01 i i i i
0.01 0.1 1 10 0.1 1 10 100 1000
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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Fig. 2.12 Arsenic distribution in the East
Midlands aquifer (UK) showing dissolved oxygen
and Eh redox controls (modified from Smedley
and Edmunds 2002). Scale is expressed as
temperature as proxy for distance down-gradient.

sewage sludge applications (McBride 1994).
Cadmium concentrations in Europe are
generally low (below the detection limit
of 0.2 ng L™ 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 ng L™

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

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 ug L™ (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 flowpaths
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
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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 flow 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 quantification 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, significant 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 influence 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 modified in
many of Europe’s aquifers by groundwater
abstraction. This has been most evident in
the unconfined 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  BI B2 BUL1 BUL2 CZ1 €Z2 DK1 DK2 DK3 EE1 EE2
T °C 100 124 146 140 103 98 9.8 104 108 9.1 8.5
pH 670 748 731 7.00 729 720 711 770 695 7.80 7.70
Eh mv 271 148 320 -77  -80  -47

DO mgLl! 0.2 1.9 6.5 5.3 1 6 001 002 0015 0. 6.8
SEC pScm™ 158 799 637 37 56 633 421 1157 695 458
&%H %o -50

380 %o -7.3 -7.7

B¢ %o -133 -104 -12.9

Ca mgl™' 24 62 87 64 43 100 114 37 257 43 64
Mg mgl"' 43 12 14 25 5.8 6.1 19 7.0 20 15 27

Na mgL™!' 9.1 52 17 8.4 5.9 20 28 41 60 5.0

K mgL"' 3.8 18 2.0 3.1 2.1 3.7 29 7.1 8.0 38

cl mgl” 13 43 12 18 5.2 13 47 32 64 160 8.2
SO, mgl" 10 54 64 55 16 47 82 7.9 282 715 9.0
HCO, mg L™ 252 159 260 320 137 439 156 357
NO;-N mgLl™" 0.150 0282 422 1.56 0.500 11 0.100 0057 0.029

NO,-N mgL™" 0005 0020 0003 <0001 0003 0003 0002 0799 0.006 0.010
NH,-N mgL™" 0160 0.680 0039 0094 0070 0025 0.104 0226 0188 0200 0.158
P mgl" 0324 0145 <002 <002 <002 <002 0021 0166 0070 <002 <0.02
TOC mgl™" 219 0.1 1.9 5.7 26

DOC mgl? 2.7 1.1 1.7 2.9 3.7 2.8

F mgl" 0205 0235 0205 0.150 0.120 0425 0060 0.140 0.660 0.186
Br mgl” 0030 0.090 0060 0.165 0.170 1770 <0.03
| mgLl” 0003 0014 0.009 0.004 0004 0052 0.003
Si mgL" 9.9 21 1.8 20 13 8.3 17 3.5 42
Ag pgl"' <005 <0.05 <0.05 <0.05 <005 <005 <005 <0.05
Al pglt 14 10 <1 5 5 1 9 4 3 <1

As pgl!’ 5 1 1 1 <1 1 1 1 6 1 1

Au pgl™" 0025 0.025 0.025 <0.05 <0.05 <005 <005 <0.05
B pgl! 22 514 <20 <20 <20 45 198 63 167 41

Ba pglt 42 15 54 25 25 46 35 105 325 488
Be pgl”' <005 <0.05 <0.05 005 005 <005 <005 <005 <005 <0.05
Bi gl <005 <005 <0.05 <005 <005 <005 <005 <0.05
Cd pgl™" 032 <005 <005 1.50 005 005 <005 <005 <005 <005 <0.05
Ce pgl" 013 004 <007 <001 0150 <001 <001 <001
Co pgl”" 145 008  <0.02 005 050 <002 <002 084 <002 <002
Cr pgl" 08 <05 66 05 1.0 1.0 0.8 <05 <05 <05 <0.5
Cs pgl" 001 <001 <001 <001 <0.01 <001 0.02 <0.01
Cu pgl" 175 395 090 1500 100 1.00 060 1.10 060 570 1.40
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Aquifer*

EE 2 F1 F2 F3 P1 P2 PL1 PL2 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 7.48 734 6.10 7.24 7.43 7.26 7.84 7.18 7.22

140 54 91 369 54 94 202 240 124 517
421 6.44 0.96 0.715  0.02 0.07 0.75 0.5 03 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 -100 -99 -7.9 -8.3 -7.1 -6.4
-12.6 -8.0 -129 -168 -135 -133 -146 -128 -142 -144
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 79 7.8 34 2.6 4.0 43 2.5 1.7
45 31 13 41 37 34 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 22150 20 0.010 443 0.150 0.100 0.053 0570 0196 6.60
<0.001 0.005 0.003 0010 0.002 0002 0003 0.005 0002 0.002
0.025 0.030  0.005 0.010 0.136 0.011 0.005 0.030 0.011
0.033 <002 <002 0034 0100 0020 0.178 0.044 0.027 0150 0.032 0.044
0.8 0.4 15 4.2 1.7 09 3.1 09 1.0 1.2
14 0.9 3.0 0.7 2.7 0.7
0412 0270 0.040 0182 0.180 0.170 0080 0.133 0.080
0500 0.154 0.135 <003 <003 0.113 0072 0.078 0.084
0.006 0019 0.007 0.004 0014 0.004 0.004 0.003
9.6 6.3 9.8 12 5.7 5.4 9.3 8.6 6.7 37 6.7 4.7
<0.05 <005 <005 <005 <005 0100 <005 <005 <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 <005 <005 <0.05 <0.05 <0.05 <005 <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 <005 <005 <0.05 005 <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 <005 <005 <005 <005 <005 <005 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 <002 005 <0.02 0.12 0.17 <0.02 <002 0.15 0.29 <0.02 002
33 <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 BULT BUL2 CZ1 Cz2 DK1 DK2 DK3 EE1 EE2
Dy pgl™!  0.02 <0.01 <0.01 <0.01 <001 <001 <0.01 <0.01
Er pgl™  0.01 <001 <0.01 <0.01 <001 <001 <0.01 <0.01
Eu pgl' <001 <001 <0.01 <0.01 <001 <001 0.01 <0.01
Fe pgl™"' 7598 500 8 110 30 30 663 890 2650 300 500
Ga pgl™" <005 <0.05 <0.05 <005 <005 <005 <0.05 <0.05
Gd pgl" 002 <0.01 <0.01 <001 <001 <001 <0.01 <001
Ge pgl™" <005 <0.05 <0.05 0.07 <005 <005 027 <0.05
Hf pgl”" <002 <0.02 <0.02 <0.02 <002 <002 <0.02 <002
Hg gl <02 <0.2 <0.2 <02 <02 <02 0.95 <0.2 <0.2 <0.2
Ho gl <001 <001 <0.01 <0.01 <001 <001 <0.01 <0.01
In pugl' <001 <001 <0.01 <001 <001 <001 <0.01 <001
Ir pgl" <005 <0.05 <0.05 <005 <005 <005 <0.05 <0.05
La pgl™" 0090 0.07 <0.01 <0.01 004 <001 001 <0.01
Li pgl™" 6500 48 35 25 25 10 8.0 30 10 14

Lu pgl” <001 <001 <0.01 <001 <001 <001 <0.01 <001
Mn pgl™" 53 60 <2 <2 99 12 18 92 407 76 25
Mo pgl! <01 0.15 0.75 1.0 1.0 14 0.45 1.6 2.5 0.70
Nb pugl? <001 <001 <0.01 <0.01 <0.01 0.01 <0.01  <0.01
Nd pgl! oM 0.03 <0.01 <0.01 0.02 <0.01 <001 <0.01
Ni pgl" 110 <0.2 <0.2 5.0 1.0 1.0 2.0 0.85 385 <02 <0.2
Os pgl™" <005 <0.05 <0.05 <005 <005 <005 <0.05 <0.05
Pb pgl™" 130 0.55 <0.1 15.5 1.0 1.0 <0.1 1.0 3.0 <0.1 <0.1
Pd gl <02 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2
Pr pgl" 002 <0.01 <0.01 <0.01 <001 <001 <0.01 <0.01
Pt gl <001 <001 <0.01 <001 <001 <0.01 <0.01 <0.01
Rb gl 34 7.2 0.30 1.6 1.1 1.7 43 1.8
Re pugl" <001 <0.01 0.04 0.010 <0.01 0.02 <0.01 <001
Rh gl <001 <001 <0.01 <0.01 <001 <001 <0.01 <001
Ru pgl™' <005 <0.05 <0.05 <005 <005 <005 <0.05 <0.05
Sh pgl™" <005 <0.05 0.06 025 025 <005 <0.05 <0.05 <005 <0.05
Sc pgl! 47 9.0 2.4 6.4 4.1 5.5 1.8 26
Se pgl”" <05 <0.5 1.0 <05 050 1.1 <0.5 1.0 12 <0.5
Sm pugl™? <005 <005 <0.05 <0.05 <005 <005 <0.05 <0.05
Sn pugl? <005 0.10 <0.05 <0.05 0.11 0.14 <005 <0.05
Sr pgl' 67 477 331 200 240 906 279 994 742 241
Ta pgl" <005 <0.05 <0.05 <005 <005 <005 <0.05 <0.05
Tb pgl"' <001 <001 <0.01 <001 <001 <001 <0.01 <001
Te pugl? <005 <005 <0.05 <005 <005 <005 <0.05 <0.05
Th pgl? <0.05 <005 <0.05 <0.05 <005 <005 <0.05 <0.05
Ti gLt <10 <10 <10 <10 <10 <10 <10 <10
Tl gl <001 <0.01 <0.01 <001 <0.01 <0.01 <0.01 <0.01
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Aquifer*

EE 2 F1 F2 F3 P1 P2 PL1 PL2 UK 1 UK 2 UK3 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
<005 <005 <005 <005 <005 <005 <005 <005 <005 <005 <005 <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 <002 <0.02 <0.02 <002 <002 <002 <002 <002 <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
<005 <005 <0.05 <0.05 <005 <005 <005 <005 <005 <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 35 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 0.30 030 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 <005 <0.05 <0.05 <005 <005 <005 <005 <005 <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
34 13 1.7 1.2 8.2 9.7 1.8 1.4 25 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 <005 <0.05 <0.05 <005 <005 <005 <005 <005 <0.05 <0.05
0.68 <0.05 <005 <005 60 0.05 <005 <005 <005 <005 <005 <0.05
4.3 4.6 3.1 4.1 0.50 3.6 5.8 45 2.1 1.0 3.3 1.6
0.60 0.50 3250 050 1.1 0.52 <0.5 <0.5 0.90 0.15 <0.5 0.65
<0.05 <005 <0.05 <005 <005 <005 <005 <005 <005 <005 <005 <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
<005 <005 <0.05 <0.05 <005 <005 <005 <005 <005 <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 <005 <005 <0.05 <0.05 <005 <005 <005 <005 <005 <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 <001 <0.01 0.20 <0.01 001
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Table 2.8 (Continued)

Parameter Units B1 B2 BUL 1 BUL 2 Cz1 CzZ2 DK 1 DK 2 DK 3 EE1T EE2
Tm pugl™! <001 <001 <0.01 <001 <0.01 <0.01 <0.01 <0.01
U gl <005 <005 5.26 <0.05 <0.05 3.01 <0.05 0.56
% pg Lt <« <1 <1 <1 1.0 <1 1.0 <1
w pgL' 020 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Y gl 0.16 0.04 <0.01 <0.01 0.02 0.02 0.02 <0.01
Yb gl <001 <001 <001 <001 <0.01 <0.01 <0.01 <0.01
n pgl 20 24 33 60 50 50 20 7.7 1 29 18
Zr pgl! <05 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <05

* see Table 2.5 for aquifer nomenclature.

affect the confined aquifer where decreases
in piezometric level have led to loss of arte-
sian conditions. Such abstraction may cause
the mixing of different stratified 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 modified. 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 flow systems
with time often make it difficult to interpret
hydrochemical data within the present day
modified flow regime. However, since the
natural flow rates in most aquifers are low
(of the order of m yr?, except for example
in karstic areas) the kinetic dependence
of many chemical reactions means that
groundwaters often retain a memory of pre-
vious flow 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 modified pore water
is released very slowly to the more active part
of the flow 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
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Aquifer*

EE 2 F1 F2 F3 P1 P2 PL1 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
<005 041 0.90 0.34 0.05 0.09 <005 <005 14 0.73 <005 024
<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 35 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

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
SO, 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 defined
units (e.g. reducing groundwaters) may limit
the range. For many elements, pristine areas
or time periods must be identified. 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 definition 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
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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).

Anthropogenic (non-baseline)

Aquifer Natural (baseline) components components identified
UK Wessex F, Fe, Mn NOs, K

UK Greensand Fe, As NO3, K, Cl, SO,

UK Vale of York SO,4, As, Ba, Fe, Mn, U NOs, K, Cl, SO,4

UK E Midlands Mn, As NOs, K, Na, Cl, SO,

ES Donana Mg, K, Na, Cl, SOy, As, Ni, Se NO3, SO,, Br, Co, Cu, Zn

ES Madrid As NO;, organic C

P Quaternary Fe, Mn, CH, NO3, SO,4, K

P Cretaceous Fe, Mn, F, As, Ba NO;

B Ledo—Paniselian Na, K, Mg, Ca, Fe, Mn, NHy,, CI, SO,4, F NOs;, NO,, K, Cl

B Neogene As, Ba NOs, K, Cl, P, Cu, Cr, Pb, Zn
F Fontainbleu Fe, Mn NOs, SO4, Cl, Na, K

F Valreas Fe, Mn, As NO3, SO,, Cl, K, Zn

F Triassic SOy, Fe, Mn, As, Ba, U NO;

DK Miocene Cl, DOC, As, Al, Se -

DK Quaternary Al, As, Fe, Ni, DOC -

DK Limestone SO,, Cl, F, As, Ni, Zn -

PL Kedzieryn SO,, NH,, Fe, Mn S0,, Cl

PL Bogucice Fe, Mn, NH, S0,, Cl

EE Devonian Fe, Cd, Li, Pb NO;

EE C-Vendian Na, Cl, F, Fe, Mn, Ba, Cd, Li, Pb -

CZ Cenomian Fe, Mn, F NO3, SO,, Cl

CZ Turonian NH,, Fe, Mn, F, Al NO;, NH,

BG Thracian SO,, Mn, Ba NO;,50,4,P0,,Na,Cl, heavy metals
BG Razlog Cl, S04, Na, K, NH, -

M Sea-level aquifer Na, Cl, F, P, Ba NO;

data from aquifers require data manipulation
(removal of outliers and anthropogenic influ-
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, quantifica-
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 find, 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
confidential 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, T1, U). The definition 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 specifically 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 definition 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 modified by
groundwater abstraction without the intro-
duction of pollutants.
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3 Organic Quality of Groundwaters

D. C. GOODDY AND K. HINSBY

Summary

Organic carbon is present in all natural
waters and plays an important role in many
geochemical processes. Total organic carbon
(TOC), measured on unfiltered samples, has
been analysed on more than 400 groundwa-
ter samples from eight European Union
countries, and the operationally defined dis-
solved organic carbon (DOC), measured on
filtered samples, was analysed on roughly
250 groundwater samples from four of these
countries. TOC was found at a median
concentration of 2.69 mg L' with a range
from 0.12 to 59.4 mg L' and DOC had a
median concentration of 2.16 mg L™ with
a range from 0.18 to 58.9 mg L', 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 identified 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 landfills and similar settings with high
loads of organic carbon, but in many other
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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 filtered organic carbon
fraction is recommended where groundwa-
ters contain significant 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 find 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
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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 classified 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. Gron 1989; Gron 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 filtered samples
(conventionally 0.45 pm silver filters
although polycarbonate filters are increas-
ingly being used), that is, most suspended/
'particulate’ carbon is removed, but some
viruses and small bacteria may still pass
through the filter.

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
(Gron 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-
linesifthewaterisnotdesinfected/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 significant 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 (Jorgensen 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
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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 um filter 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

100
°
BN °
So10F
(@] r )
()]
g 7
S .
g 7
b= [ ]
g
c 1F
O
- Z
. T
°
0.1 I a e 2 (\I
6@\9‘“ g\g\a‘gs\o“\g’a‘\cgo\a(\o(\\ﬂ 699‘\

Fig. 3.2 Box-Whisker plot of TOC concentra-
tions in all European aquifers sampled.

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
finegrained 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-confined 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.
Age (million Depositional
Country  Aquifer name Type Geological period years)*  environment
Belgium  Ledo—Paniselian Sand Neogene (Miocene) >5 Marine
Denmark Ribe Formationen Sand Neogene (Miocene) >5 (Fluvio)-deltaic
Bryozokalk Bryozoan limestone ~ Paleogene >55 Marine
England  Cheshire Sandstone Permo-Triassic >200 Aeolian/fluvial
Dorset Chalk Cretaceous >65 Marine
Thames Chalk Cretaceous >65 Marine
Vale of York Sandstone Permo-Triassic >200 Aeolian/fluvial
Estonia Middle Devonian (D2)  Sandstone Devonian >350 Marine/Deltaic
France Valréas Sandstone Neogene (Miocene) >5 Marine
Poland Bogucice Sandstone Neogene (Miocene) >5 Marine
Kedzierzyn-Glubczyce  Sand Neogene (Miocene) >5 Barrier/shallow
Marine
Portugal  Aveiro Quaternary Sand Neogene >0.01 Fluvial/Aeolian
Aveiro Cretaceous Sandstone/ (Pleistocene) >65 Transitional
limestone Cretaceous Fluvial/Deltaic/
Marine
Spain Dofiana aquifer system  Sand Neogene >1 Eolian, fluvial,
(Plio-Pleistocene) 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.
Standard
Country n Minimum  Maximum Median Mean deviation
Belgium 18 1.22 10.5 2.72 3.26 2.05
Denmark 46 0.70 594 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 0.60 333 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 25

All measurements are in mg C L™'. 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
reflects 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
significant 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 reflection of a few very high
organic carbon concentration waters from
Denmark. These samples bias the statistical
evaluation since they were specifically

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
