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Y. Karin �M. Kili � V. Lapenna � A. Loperte � Y. Manstein �
M. Menichini � A. Mridekh � B. Nisi � G. Persichetti �
B. Raco � E. Rizzo � O. Saeva �M. Schneider � A. Scozzari �
F. Soldovieri � S. Straface � G. Testa � L. Thomas �
E. Tzamos � A. Winkler � N. Yurkevich



Editors
Andrea Scozzari
CNR Institute of Information Science and
Technologies (CNR-ISTI)

Pisa
Italy

Elissavet Dotsika
Institute of Material Science
NCRS “Demokritos”
Aghia Paraskevi
Attiki
Greece

ISSN 1867-979X ISSN 1616-864X (electronic)
The Handbook of Environmental Chemistry
ISBN 978-3-662-48594-1 ISBN 978-3-662-48596-5 (eBook)
DOI 10.1007/978-3-662-48596-5

Library of Congress Control Number: 2015958018

Springer Heidelberg New York Dordrecht London
© Springer-Verlag Berlin Heidelberg 2016
This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.
The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.
The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained
herein or for any errors or omissions that may have been made.

Printed on acid-free paper

Springer-Verlag GmbH Berlin Heidelberg is part of Springer Science+Business Media
(www.springer.com)



Editors-in-Chief

Prof. Dr. Damià Barceló
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Series Preface

With remarkable vision, Prof. Otto Hutzinger initiated The Handbook of Environ-
mental Chemistry in 1980 and became the founding Editor-in-Chief. At that time,

environmental chemistry was an emerging field, aiming at a complete description

of the Earth’s environment, encompassing the physical, chemical, biological, and

geological transformations of chemical substances occurring on a local as well as a

global scale. Environmental chemistry was intended to provide an account of the

impact of man’s activities on the natural environment by describing observed

changes.

While a considerable amount of knowledge has been accumulated over the last

three decades, as reflected in the more than 70 volumes of The Handbook of
Environmental Chemistry, there are still many scientific and policy challenges

ahead due to the complexity and interdisciplinary nature of the field. The series

will therefore continue to provide compilations of current knowledge. Contribu-

tions are written by leading experts with practical experience in their fields. The
Handbook of Environmental Chemistry grows with the increases in our scientific

understanding, and provides a valuable source not only for scientists but also for

environmental managers and decision-makers. Today, the series covers a broad

range of environmental topics from a chemical perspective, including methodolog-

ical advances in environmental analytical chemistry.

In recent years, there has been a growing tendency to include subject matter of

societal relevance in the broad view of environmental chemistry. Topics include

life cycle analysis, environmental management, sustainable development, and

socio-economic, legal and even political problems, among others. While these

topics are of great importance for the development and acceptance of The Hand-
book of Environmental Chemistry, the publisher and Editors-in-Chief have decided
to keep the handbook essentially a source of information on “hard sciences” with a

particular emphasis on chemistry, but also covering biology, geology, hydrology

and engineering as applied to environmental sciences.

The volumes of the series are written at an advanced level, addressing the needs

of both researchers and graduate students, as well as of people outside the field of
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“pure” chemistry, including those in industry, business, government, research

establishments, and public interest groups. It would be very satisfying to see

these volumes used as a basis for graduate courses in environmental chemistry.

With its high standards of scientific quality and clarity, The Handbook of Envi-
ronmental Chemistry provides a solid basis from which scientists can share their

knowledge on the different aspects of environmental problems, presenting a wide

spectrum of viewpoints and approaches.

The Handbook of Environmental Chemistry is available both in print and online

via www.springerlink.com/content/110354/. Articles are published online as soon

as they have been approved for publication. Authors, Volume Editors and Editors-

in-Chief are rewarded by the broad acceptance of The Handbook of Environmental
Chemistry by the scientific community, from whom suggestions for new topics to

the Editors-in-Chief are always very welcome.

Damià Barceló

Andrey G. Kostianoy

Editors-in-Chief
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Introduction

Andrea Scozzari and Elissavet Dotsika

Abstract Groundwater is the only source of water supply for some countries in the

world and the main source for many other countries. Especially in the European

Union and in the United States of America, the role of high-quality groundwater is

fundamental for the drinking water supply, and this is true also for some countries

in Asia, Africa and Australia. Thus, in a growing number of contexts, safeguarding

drinking water supplies is strictly linked with the protection of local groundwater

resources. The usage of groundwater for irrigation has also a relevant share in many

countries, sometimes contributing to stress the resource. The assessment of ground-

water vulnerability and the individuation of potential hazards are thus becoming

common and often compelling issues. Given this particular background, this intro-

ductory chapter illustrates the motivational framework of this book and outlines its

contents.

Keywords Freshwater pollution, Groundwater management, Water quality, Water

resources protection

Content

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

A. Scozzari (*)

CNR Institute of Information Science and Technologies (CNR-ISTI), Via Moruzzi 1, 56124

Pisa, Italy

e-mail: a.scozzari@isti.cnr.it

E. Dotsika

Institute of Material Science, NCSR “Demokritos”, 153 10 Aghia Paraskevi, Attiki, Greece

A. Scozzari and E. Dotsika (eds.), Threats to the Quality of Groundwater Resources:
Prevention and Control, Hdb Env Chem (2016) 40: 1–12, DOI 10.1007/698_2015_416,
© Springer-Verlag Berlin Heidelberg 2015, Published online: 11 September 2015

1

mailto:a.scozzari@isti.cnr.it


There are known scenarios of incrementing attention and general concerns about

worldwide freshwater resources. The trend of global water usage and withdrawal,

the impact of climate change on the availability and on the exploitation possibilities

of water resources and the impact of men activities on freshwater supplies are

among the various aspects that people involved in the water sector have to deal

with, systematically. The many challenges regarding this complicated context

involve a diversified array of communities, which include stakeholders at various

levels, scientists, technologists, industrial companies, water managers and policy-

makers, encouraging the idea that a wide multidisciplinary framework can actively

enhance communication, assist decision-making and mitigate the consequences of

anthropic pressure on water resources, which are often combined with climate

effects. Indeed, decision-makers who understand the scientific aspects of emerging

water risks and the existing countermeasures are in a better position to determine

policy and legal frameworks, in order to promote sound environmental manage-

ment and protection. This is also in accordance with the demand for a global water

governance [1], due to the general acknowledgment that technology and infra-

structures alone are not enough to deal with the complexity of water management

practices.
Despite the increasing general awareness about the arising issues, there are

different degrees of perception towards water problems in the involved communi-

ties, which are also variable on a regional basis. Notwithstanding the wide literature

produced, there’s still some underestimation of the potential environmental security

risks (and their implications) for the near and the middle-term future at regional

levels, while local issues are typically more tangible. Nevertheless, there is an

already well-established literature about a variety of risks, such as the eventuality of

conflicts involving shared water bodies, the increased hazards for the health of

populations, possible migratory movements and more general trans-boundary

issues, which are often discussed in the frame of the prospected climate change

scenarios [2–5]. The interested reader can expand the research much beyond the

cited literature, which is just proposed as a possible starting point, given the wide

availability of books, journal articles, reports and project deliverables focused on

the various aspects of securing water supplies.

According to the “World Water Development Report 4” by UNESCO [6],

“Water quality is inextricably linked with water quantity as both are key determi-

nants of supply. Compared to water quality, water quantity has received far more

investment, scientific support and public attention in recent decades. However,

water quality is just as important as water quantity for satisfying basic human and

environmental needs”. The consciousness of the threats to the quality of water

resources, the assessment of regulatory frameworks and the development of tech-

niques to monitor and mitigate such threats play a key role for the preservation and

the future availability of the resources under exploitation. This aspect is an essential

component in the frame of minimising the environmental stress and its consequent

security issues [7]. The issue of managing and securing water supplies represents a

general challenge involving a large part of the world, and it’s not limited to the

areas which are considered more exposed to problems of scarcity. According to the

2 A. Scozzari and E. Dotsika



data acquired by the Eurobarometer (European Commission) in 2006, “when asked

to list the five main environmental issues that Europeans are worried about,

averaged results for the EU25 show that nearly half of the respondents are worried

about ‘water pollution’ (47%), with figures for individual countries going up as far

as 71%” [8]. Even if Europeans are beginning to perceive the risks concerning the

water supply for human consumption, in most of the developed and industrialised

countries, the majority of people take safe drinking water for granted. As yet, about

800 million people in the world are lacking safe drinking water from improved

sources, according to the latest UN-Water Annual Assessments [9–11] and the

relating Thematic Factsheets. The deficit of improved sources of drinking water is

not necessarily related with scarcity; it’s instead commonly due to the lack of

infrastructures and, in many cases, to various forms of pollution threatening the

existing resources, in a context where the risk posed by climate change represents

an additional threat [10]. The general mismatch between pro capita renewable

freshwater and percentage of population accessing to safe water can be observed

in several maps, which are currently available online [12–14]. Both geogenic and

anthropogenic contamination sources participate in this complex scenario, where

agricultural activities, industrial sites and human settlements represent the major

anthropogenic threats to the quality of water. Also, the major problems of pollution

are not necessarily individuated in the most industrialised countries (e.g. 80% of

sewage in developing countries is discharged untreated into water bodies, according

to the UN-Water Thematic Factsheet “Water Quality” [15]).
It is well known that about 96.5% of the water on the Earth is ocean water, while

the total amount of freshwater storage is about 2.5%, being the remaining classified

as other saline water. According to Shiklomanov [16, 17], 68.7% of the existing

freshwater lies in the icecaps, in the glaciers or permanent snow cover, while about

30.1% of the total freshwater is groundwater. Inland water (including rivers, lakes,

soil moisture, swamps) is representing only about 0.3% of the existing freshwater,

keeping ground ice and permafrost out of the calculated budget. Despite its pro-

portionally small amount, the surface water storage represents a strategic resource,

which historically had a major impact over civilisation and still plays a fundamental

role in many countries, besides being easily in the focus of trans-boundary water

problems. Still, the above figures say that groundwater represents about 99% of the

freshwater available for use, justifying its enormous importance, and it’s
characterised by an uneven global distribution and a very diversified role on a

geographical basis [18]. Despite the heterogeneous patterns in terms of availability,

usage, qualitative and quantitative characteristics, the exploitation of groundwater

aquifers presents common issues regarding their susceptibility to degradation.

Potential vulnerabilities of groundwater reservoirs actually depend on various

factors, e.g. the hydrogeological and geochemical contexts, the abstraction rates,

the policy of usage and the surrounding human activities, which are among the most

influencing variables. In particular, the policy of exploitation and the distribution

among the various categories of users (i.e. agricultural, domestic, industrial) is very

specific to each country [19, 20], and also the environmental stressors potentially

affecting the availability and quality of groundwater are often peculiar to each
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territory. For this reason, all the aspects linked with the exploitation and protection

of the resource should ideally be managed at different scales, from regional to local,

aiming at a truly sustainable use, which takes into account the environmental

factors characterising each analysed scenario and the connected aspects of

vulnerability.
At a global level, surface water is still largely prevailing over groundwater in

terms of withdrawn quantities (source: FAO AQUASTAT [19]), but high figures of

abstracted groundwater (including non-renewable one) are widespread in countries

which are prone to problems of scarcity, especially for what regards the agricultural

use. The balance between exploitation of surface water and groundwater reservoirs

is very variable on a geographical basis, and it is not necessarily driven by the local

abundance of surface water. Various additional factors, including the degree of

economic development in the region and the state of degradation of surface water

bodies, contribute to determine such balance. In the future, this heterogeneity in the

distribution, exploitation and usage of freshwater storage will still be present and

probably exacerbated by the demographic trends, the industrial development and

climate change scenarios [17].

According to UNESCO [21], “groundwater is the only source of water supply for

some countries in the world (e.g., Denmark, Malta, Saudi Arabia). Groundwater in

Tunisia is 95% of the total water resources withdrawn, in Belgium it is 83%, in the

Netherlands, Germany and Morocco it is 75%”. Also, “in most European countries

(Austria, Belgium, Denmark, Hungary, Romania and Switzerland) groundwater use

exceeds 70% of the total water consumption”.

The role of high-quality groundwater is fundamental for the drinking water

supply and for domestic uses in general [22]. According to the Statistical Office

of the European Union (Eurostat), groundwater is the main source of municipal

water supplies in most European countries [20]. Latest cumulated values of water

abstraction by source and by sector of use, referred to EU28 plus Switzerland,

indicate that groundwater abstraction for the public water supply is about 60% of

the total. In particular, the report by UNESCO [21] specifies that “water supply of

such European cities as Budapest, Copenhagen, Hamburg, Munich, Rome and

Vienna is completely or almost completely based on groundwater, and for Amster-

dam, Brussels and other cities it provides for more than half of the total water

demand”.

It is thus clear how crucial is the protection of groundwater against misuse and

degradation and its future role in this framework, being largely the main freshwater

resource for vital needs at a global level. To reinforce this concept, it is important to

note what Shiklomanov [17] says, “all water resources estimates are optimistic

because no account is taken of the qualitative depletion of water resources through

the ever increasing pollution of natural waters. This problem is very acute in the

industrially developed and densely populated regions where no efficient waste

water purification takes place. The major sources of intensive pollution of water-

ways and water bodies are contaminated industrial and municipal waste water as

well as water returning from irrigated areas”. And also, “Every cubic metre of

contaminated waste water discharged into water bodies and water courses spoils up

4 A. Scozzari and E. Dotsika



to 8–10 m3 of pure water”. This means that the reliable availability of water does

not depend only on climate-induced or men-induced scarcity, but it’s also deeply

influenced by the hazards to the quality of water, which potentially reduce the

portion of the safely usable resource. The combination of the factors stated above

stresses the importance of safeguarding water resources as a whole, implying that

the particular role and the peculiarities of groundwater deserve a special attention.
Safeguarding groundwater necessarily includes the analysis and proactive pre-

vention of the threats to the quality and availability of the resource. In fact, the

characterisation of aquifer systems shall comprise the assessment of its quantitative

characteristics, its eventual trends of depletion and the risks of deterioration in its

quality (e.g. salinisation, industrial pollution, chemicals from agricultural activities,

intrusion of urban wastewater, etc.). The assessment of such vulnerabilities is a key

point in the frame of a strategic management of groundwater reservoirs, and it

represents also a highly multidisciplinary exercise.

There are known threats of overexploitation and pollution of groundwater

resources, particularly dealing with their very valuable renewable portion, in

addition to the exploitation of non-renewable and even fossil water (as defined in

[23]). As a consequence, there is evidence of the extreme importance to monitor,

protect against pollution and manage the underground water storage in an optimal

way. It is thus clear how effective inputs to decision-making come from the

availability of data, assessment methods, monitoring technologies, models and

the entire scientific and technological framework contributing to mitigate the

exposure of groundwater resources to the known risks, in terms of quality and

quantity. In addition, the assessment of a complete scenario involves the proper

evaluation of the water footprints associated with the involved stakeholders [24], as

it comes to an effective decision-making. Under this point of view, the wide

interdisciplinary approach that is required to deal with the assessment and protec-

tion of the aquifer systems can also contribute to reduce the conflicts within

stakeholders.

Prevention starts by knowing the main threats to the resource and its whole

surrounding ecosystem; in particular, the protection of groundwater resources is

connected with the action of controlling the entire encompassing environment,

including the direct monitoring of the aquifer system, but not limited to it. In fact,

there is a widespread consciousness nowadays that the scope of investigations and

monitoring activities cannot be limited to the mere performing of direct measure-

ments of the quality of water. The potential of new technological possibilities for

investigating and modelling the whole environmental context and its background

conditions is nowadays well perceived. In addition to that, only an overall vision

that goes further merely technological viewpoints can potentially allow scientists,

stakeholders and decision-makers to individuate and address the most relevant risks

in an efficient way and determine effective countermeasures.

Chapters of this book focus on the scientific and technological aspects regarding

the assessment and surveillance of groundwater resources, with the idea of provid-

ing a description of relevant issues and the possibilities to investigate them. Readers

coming from diverse backgrounds can read across the contribution of multiple
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disciplines with the option of going deeper through the suggested specialised

literature. For this reason, the book is organised in order to bring the reader through

various viewpoints, according to the diverse disciplines involved, without certainly

being exhaustive, but with the aim of picking up emblematic topics for the

relevance of their subjects in the context of groundwater protection and control.
The first chapter (by Doveri et al. [25]) introduces the concept of protection area

of a groundwater source for human consumption, focusing on the regulations and

the related scientific-technical approaches. This is a fundamental aspect to be

brought to the readers’ attention, before investigating pollution mechanisms and

analysing possible sources of contamination. The concept of vulnerability, the

assessment of the risks associated with local activities and the study of the

hydrogeological background represent a common framework to all the possible

kinds of contamination. In particular, the definition of protection zones is essential

for safeguarding groundwater withdrawals for human consumption.

The following chapter (by Thomas et al. [26]) investigates the potential impact

on groundwater quality resulting from geologic carbon sequestration, which is a

practice introduced in the last decades in order to reduce the emissions of green-

house gases to the atmosphere. Risks for freshwater resources can arise from low

pH values and the subsequent dissolution of minerals, which may cause high

concentrations in trace elements that are potentially dangerous for the human

health. This aspect makes the threats to the quality of groundwater associated

with the sequestration of geologic carbon clearly compelling. Ascending saline

intrusion into shallower freshwater aquifers is an additional important risk

discussed by the authors, which is also illustrated and discussed in the chapter.

Contamination sources can be either of natural origin or connected with human

activities. The chapter by Biddau and Cidu [27] presents exemplary situations in

which the geogenic degradation and the anthropogenic contamination mechanisms

can be discriminated, in terms of natural water/rock interactions or as a conse-

quence of mining activities. The chapter is focused on the assessment of contam-

ination by heavy metals in the groundwater of Sardinia Island and has a general

applicability in terms of understanding the background processes and the role

played by the natural baseline of contaminants in such discriminations.

In particular, for what regards water pollution by arsenic (As), the variety of

sources and the relevant concentrations found in Greece make this country a

peculiar territory in order to generalise and better understand the methodology for

the assessment of contamination from As. The review work by Gamaletsos et al.

[28] analyses the geological sources of arsenic in the environment of Greece, which

are demonstrated to affect underground, surface, and marine aquatic environments.

Anthropogenic and natural sources are discussed also in this chapter, and the

different degrees of exposure of the populations are considered, as a function of

the geographic location, of the kind of source and of the transport mechanisms

of As.

A complete assessment of groundwater quality implies the quantification of the

total recharge and the identification of the various sources involved, in order to keep

track of the origin and fate of chemical compounds, including eventual pollutants.

6 A. Scozzari and E. Dotsika



Methods based on stable isotope signatures represent a powerful toolset for the

separation of groundwater flow in its components and reveal the association

between specific polluting sources and their respective portion of the total pollut-

ants in the groundwater flow. The review work by Nisi et al. [29] gives a view on

the importance of environmental isotopes in the context of groundwater quality

assessments. The chapter deals with well-established isotopic systematics as well as

nontraditional isotopes, in order to give an overview of the analytical possibilities,

their implications and the potential usage of this class of methods.
In order to build a complete scenario of possible pollution mechanisms, it is

fundamental to include the physical modelling of the groundwater flow and the

connected modelling of the solute transport phenomena. In this framework, a basic

step for a proper representation of the natural conditions is the collection of

information about potential contamination sources, the hydrological context and

the hydrogeological layers of the investigated volumes. Mapping the layers

representing the studied aquifers and aquitards implies to establish the magnitudes

and spatial distributions of the hydrodynamic and hydrodispersive parameters of

the porous media. The chapter by Straface and Rizzo [30] describes the develop-

ment of a completely artificial experimental site, which enables to determine the

scale effect of hydraulic conductivity in a homogeneous porous medium. A fre-

quent practical situation consists in the need to characterise a large site with few

direct borehole data available. According to the experiments discussed in the

chapter, the trend of the hydraulic conductivity appears to behave regardless of

the heterogeneity of the porous medium, as it’s also supported by former literature

[31, 32]. The inherent complexity and heterogeneity of the subsoil and the general

scarcity of data for a precise description of the whole hydrogeological system

suggest the use of stochastic approaches [31] for the estimation of the parameters

pertaining to the involved media, based on the observation of macroscopic proper-

ties. This latter aspect stresses very much the importance of this kind of reduced

scale experiments and the high degree of generalisation that they make possible.

The collection of physical observations and the knowledge of possible chemical

interactions lead to the development of numerical models of flow and transport

phenomena in saturated porous media. Such models represent a primary source of

information for simulating possible scenarios and evaluating potential risks of

pollution. Moreover, the numerical modelling of groundwater flow and solute

transport permits a better understanding of the mechanisms of contamination, in

particular when combined with other available techniques of investigation

(e.g. physico-chemical measurements, isotope methods, geophysical surveys,

etc.). In fact, due to the wide range of techniques that are available nowadays, the

most comprehensive characterisation of an exploited aquifer and its neighbouring

environment involves a large variety of disciplines. It must also be noted, as

remarked in the chapter by Doveri et al. [25], the high importance of the geological

and hydrogeological foundations, which are the basis of the conceptual model of an

aquifer system. The chapter by El Mansouri et al. [33] addresses mathematical

modelling techniques for groundwater studies according to a deterministic

approach. After a brief introduction of the symbolic math for the implementation
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of hydrodynamic and transport laws, the chapter shows some practical impacts of

the numerical models derived from the symbolic formulations. The numerical

modelling of groundwater flow and solute transport, in the wider context that is

today called “hydroinformatics”, covers a fundamental part of the technical support

to the management, protection and exploitation of groundwater resources. In this

broad framework, the chapter by El Mansouri et al. [33] poses the attention on the

assessment of potential groundwater pollution from a landfill for municipal solid

wastes, finalised to the delimitation of the protection zone of catchments destined to

the drinking water network.
In addition to the capability of simulating scenarios by using modelling tech-

niques (e.g. for the evaluation of protection zones), nowadays technologies offer a

wide range of possibilities for the control and surveillance of groundwater pollution

from human activities. One important aspect is the capability to detect and keep

under control eventual contamination processes by using nonintrusive geophysical

methods, which, in combination with the direct measurements of the quality of the

abstracted water, contribute to build a nowadays classical technological platform

for in situ assessments. The chapter by Bavusi et al. [34] gives an overview of

electromagnetic techniques, proposed as a suite of fast, non-invasive and low-cost

monitoring methods for subsoil investigations. The chapter focuses on sensing

techniques able to support pollution surveys in groundwater bodies: electrical

resistivity tomography (ERT), ground-penetrating radar (GPR), time-domain-

induced polarisation (time-domain IP), and self-potential (SP). The chapter also

illustrates the importance of combining the results of different techniques, with the

aim of reducing the intrinsic ambiguities of the electromagnetic methods. Undoubt-

edly, the cooperative use of different measurement approaches, the conceptual

knowledge of the domain under observation and the capability to make models of

the observed processes contribute to the creation of a robust assessment framework.

Following this concept, the synergic usage of ERT and electromagnetic induc-

tion (EMI) is reported in the chapter by Manstein et al. [35], where the capability to

investigate the contamination status and possible threats to the quality of ground-

water is evaluated in three selected case studies. All the analysed situations regard

anthropogenic pollution sources, chosen in order to cover a variety of distinct

environmental problems. The chapter shows results obtained by field surveys

regarding the remediation of an abandoned zinc factory, the monitoring of a

pipeline for oil transportation and the assessment of a disposal of buried expired

pesticides.

A further proof of the highly multidisciplinary context dealing with the threats to

the quality of groundwater is given in the chapter by Bortnikova et al. [36], which

illustrates a combination of electromagnetic measurements and hydro-geochemical

studies for the assessment of groundwater pollution in mining areas. Sulphide-rich

solutions with high concentrations of metals are the resulting wastes of mining

activities in the studied location and contaminate both surface water and ground-

water bodies. The research presented by the authors has the purpose to assess the

penetration of toxicants into the groundwater horizon and estimate the amount of

accumulated tailings, in order to predict future trends of the concentrations of
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contaminants in the groundwater samples. This study represents a classical example

of a threat to the quality and availability of water resources originated by human

activities. In fact, the leaching of metals from the tailings stockpiled in the plant and

the consequent migration of drainage solutions led to a significant pollution of

groundwater, involving the local drinking water supply.

At this stage, the role played by direct measurement techniques of the quality of

water is clear to the reader and deserves some dedicated analysis. Analytical

laboratory techniques are well covered by an abundant literature, which is also

partly mentioned in the chapters of this book dealing with hydro-geochemical

aspects and isotope methods. The two final chapters of this book are intended to

introduce promising technologies for the continuous monitoring of the quality of

water, which are outside the classical toolset of analytical techniques. The review

work by Testa et al. [37] offers a relevant survey of the state-of-the-art microfluidic

optical methods for water monitoring and analysis, which have a big potential in

terms of analytical possibilities and industrial implementation. The development of

the so-called labs-on-chip offers the opportunity to design future highly portable

and low-cost analytical systems, having the intrinsic capability to work with very

small sample quantities and very fast analytical times. This review chapter explores

the various working principles that lie behind these devices, such as absorption,

refractive index variations, fluorescence, Raman scattering and phosphorescence. A

section about biosensors is also included, briefly introducing this wide and rapidly

growing family of sensing devices, with quite a number of literature references

allowing the reader to probe further into the subject.

Last, the chapter by Di Natale et al. [38] illustrates electroanalytical and optical

methods that are alternative to standard laboratory practices and are offering an

interesting perspective for applications requiring a fast characterisation of liquids as

well as for change detection purposes. Electronic tongues (or e-tongues) based on

electrochemical principles are discussed in the chapter, as an example of sensor

techniques capable to provide overall water quality indicators. Such

nonconventional approaches are not meant as an alternative to the standard

methods, but they are seen as methods for extracting some aggregate chemical

information from a signal pattern (often consisting in a large dataset) useful for

continuous monitoring applications. In particular, the surveillance of the quality of

water destined to the human consumption can take benefit from low-cost distributed

devices suitable for change detection applications, which are sensitive to a broad

range of parameters and of possible pollutants. In this context, there is nowadays a

strong pressure towards the development of smart sensors to be displaced in a water

distribution infrastructure, with the perspective to reach such a high degree of

pervasivity to be even installed on single water taps.

In conclusion, the aim of this introductory chapter was to provide motivation for

this editorial work and outline its contents, which want to target a wide and much

diversified audience, covering different sectors of expertise. Also, a broader dis-

cussion of the various topics addressed in this book can be done by accessing the

ample literature cited by our chapters’ authors.
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Protection of Groundwater Resources:
Worldwide Regulations and Scientific
Approaches
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Abstract The increasing role of groundwater in municipal water networks in many

countries of the world makes the protection of groundwater resources an essential

practice for safeguarding drinking water supplies. Several scientific-technical

approaches are adopted worldwide to face this issue. In addition, some countries

mainly depend on groundwater also for non-domestic use, making this topic even

more critical. This chapter provides an overview of the main directives and their

related technical aspects, concerning the protection zones of groundwater sources

for human consumption. The main results of a multidisciplinary study are also

presented, highlighting how the knowledge of physical and chemical aspects of

groundwater bodies is a fundamental tool for protecting this vital resource and

assuring its availability for the future generations.

Keywords Groundwater protection directives, Multidisciplinary approach,

Protection areas

M. Doveri (*) and M. Menichini

Istituto di Geoscienze e Georisorse-Consiglio Nazionale delle Ricerche (IGG-CNR), Via

Moruzzi 1, 56124 Pisa, Italy

e-mail: doveri@igg.cnr.it

A. Scozzari

Istituto di Scienza e Tecnologie dell’Informazione-Consiglio Nazionale delle Ricerche (ISTI-

CNR), Via Moruzzi 1, 56124 Pisa, Italy

A. Scozzari and E. Dotsika (eds.), Threats to the Quality of Groundwater Resources:
Prevention and Control, Hdb Env Chem (2016) 40: 13–30, DOI 10.1007/698_2015_421,
© Springer-Verlag Berlin Heidelberg 2015, Published online: 11 September 2015

13

mailto:doveri@igg.cnr.it


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2 Protection Areas of Groundwater Sources for Human Consumption . . . . . . . . . . . . . . . . . . . . . . 15

2.1 Directives and Technical Aspects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.2 Scientific-Technical Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.3 Case of Study: A Hydrogeological Approach Tested on Groundwater Sources

of Tuscany (Italy) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

3 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

1 Introduction

Most of the available freshwater on Earth is stored in the underground [1]; conse-

quently groundwater represents the main resource in terms of available quantities

for water supply. Worldwide, more than two billion people depend on groundwater

for their daily water use [2].

In many areas of the world, groundwater bodies represent the most important

and safest source of drinking water [3, 4]. In the European countries, for example,

the groundwater exploitation provides water for human consumption for 70% of the

population on average [5].

According to the World Business Council for Sustainable Development, ground-

water withdrawals supply 40% of industrial water [6] and groundwater use for

irrigation is also significant and increasing. Siebert et al. [7] estimated that, glob-

ally, 38% of the areas with irrigation infrastructures are irrigated by groundwater.

Moreover, the exploitation of groundwater bodies will likely increase in order to

face the climate change and the significant increasing of the global water demand,

which has been predicted as a consequence of the economic expansion, population

growth, and urbanization [8].

The general human pressure on groundwater becomes stronger if we consider

those areas in which urban, industrial, and agricultural settlements are particularly

developed, such as the alluvial and coastal plains. Globally, more than 150 million

of people live below the altitude of 1 m a.s.l. and 250 million live below the altitude

of 5 m a.s.l. [9]. Also, the touristic attitude that often characterizes the coastal areas

causes a significant seasonal increase of the population. As a consequence, these

areas are frequently interested by the deterioration of the environmental system and

in particular of their water resources. Pollution phenomena as well as the

overexploitation of groundwater cause a progressive qualitative and quantitative

worsening of the stored water. One of the most recurring effects is the variation of

the natural equilibrium between fresh and sea waters, with consequent advancing of

the seawater intrusion in the coastal aquifers [10].

In this framework, the protection of groundwater is a must. Looking ahead,

optimal management and preservation of this vital resource are required in order to

assure its availability for the future generations. Taking into account the existent
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water directives, a correct and strategic planning of the groundwater management

should be based on specific studies aimed at characterizing the groundwater bodies

in terms of quality and quantity, defining the thresholds values of pollutants in

water, and delimiting the protection areas for drinkable water sources. These issues

are often faced once a specific critical situation occurs and consequently for aquifer

systems already intensely exploited and sometimes polluted, e.g., plain and coastal

aquifers. Nevertheless, since groundwater is difficult and expensive to restore once

polluted and/or overexploited, such kinds of studies and preventive actions are

strongly recommended also on aquifers moderately exploited hitherto (e.g., frac-

tured and karst aquifers), in order to protect their strategic groundwater resources.

In this chapter we focus on the issue of the protection areas of groundwater

resources for human consumption, firstly performing an overview on the scientific-

technical approaches and the directive tools adopted by different countries world-

wide and then introducing the main results achieved in recent studies.

2 Protection Areas of Groundwater Sources for Human
Consumption

2.1 Directives and Technical Aspects

In the most developed countries, specific directives have been elaborated and

adopted in order to drive actions aimed at protecting water bodies exploited for

drinking water supply. Pioneering actions on this matter were performed by the

USA and Germany, whose guidelines [11–13] are fundamental references to face

the protection of groundwater abstractions. Even though different approaches are

adopted by each country, as a general outline we observe a delineation of zones

surrounding the sources of drinking water, in which several activities are prohibited

or restricted.

Some countries are in an initial stage in terms of protection areas of groundwater

sources or they have not yet started these practices because more stringent prob-

lems, such as the scarcity of water resources, take the priority.

The next sections provide a brief overview of the approaches that have been

introduced worldwide, described on a regional basis.

2.1.1 Europe

With the Directive 2000/60/EC, the European Parliament and the Council [14]

established a framework for a community action in the field of water policy, in

which water protection is a primary objective. According to this directive, protected

areas have to be defined for water bodies having particular interest (Annex IV of the

Directive), including those exploited for drinking water supply (Drinking Water
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Protected Areas – DWPAs). For the latter, member states shall ensure the necessary

protection and may provide to establish safeguard zones (SGZs). Guidance docu-

ments were also produced [15] in order to clarify the relationship between DWPAs

and SGZs.

Member states have approached this issue by domestic legislation, in which,

although with some technical differences, three main zones are mentioned [5, 16],

in order to define the SGZs (or source protection zones – SPZs):

Z1 An inner zone, which is the area immediately surrounding the abstraction

point and is geometrically defined by a specific distance from the exploitation

point

Z2 An intermediate zone, which corresponds to the area surrounding the previous

one and is generally delineated on the base of a reference travel time

Z3 An outer zone, which is the area around a source, within which all

groundwater recharge is presumed to be discharged by such source

(catchment zone)

In some cases a subdivision of these main zones can be provided. In Germany,

the Z3 can be optionally subdivided into two zones if its longitudinal extent exceeds

2 km [3], whereas in Belgium [17] and Italy (D. Lgs. 152/2006; Italian State-

Regions agreement signed on 12th of December 2002), the Z2 can be further

subdivided into two zones, whose boundaries are representative of different travel

times. On the other hand, in some countries, e.g., France and the United Kingdom

[16], a fourth zone can also be added in agreement with specific hydrogeological

features or vulnerability conditions. Figure 1 shows a general scheme of the SGZs

subdivision.

2.1.2 USA

The federal law “Safe DrinkingWater Act” (SDWA) requires many actions in order

to protect drinking water and its sources. Accordingly, each state shall provide to

determine the Wellhead Protection Areas (WHPAs), which is defined as “the

surface and subsurface area surrounding a water well or a field of water wells,

supplying a public water system, through which contaminants are reasonably likely

to move toward and reach such water well or well-field.” After the Amendments of

1986 to the SDWA, the US Environmental Protection Agency faced

hydrogeological aspects of groundwater protection, providing a “Guideline for

Delineation of Wellhead Protection Areas (WHPAs)” [11]. Hypothetical situations

in different hydrogeological settings are described, as well as a basis for several

delineation methods, highlighting subzones (Fig. 2) of WHPA named ZOI (area

overlying the cone of depression), ZOC (the whole catchment), and ZOT (zone of

transport for specific travel times). Criteria on which WPHA delineation may be

based include distance, drawdown, travel time, flow system boundaries, and the

capacity of the aquifer to assimilate contaminants. Such document describes

criteria and methods that can be adopted for WHPAs delineation; however states
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have flexibility in developing their WHPA programs as a function of their specific

hydrogeological and environmental contexts.

2.1.3 Australia

The Australian National Water Quality Management Strategy is a joint national

approach for improving water quality in Australia and New Zealand. In this

framework national documents specifically covering groundwater protection have

been produced, such as the ones by the Agriculture and Resources Management

Fig. 1 General scheme of SGZs subdivision in European countries. In gray, optional subzones
(see text)

Fig. 2 Example of subzones of the WHPA according US EPA (after [11])
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Council of Australia and New Zealand [18, 19], in which wellhead protection plans

are considered as one of the main tools for the protection of groundwater resources.

Before the release of these documents, a small number of protection plans had been

developed. One of these examples is described by ARMCANZ [18], in which a

simplified approach based on concentric protection zones around the wellhead

defines three zones with different prohibitions or restrictions in terms of land use

and human activities. The nearest zone (Zone I) consists of a circular shape of

radius 50 m and encompasses the water authority compound around the wellhead,

including adjacent private areas where necessary. The second zone (Zone II) is

arbitrarily delineated basing on a travel time of 10 years, and the third zone (Zone

III) corresponds with the catchment area where greater than 10 years residence time

is available.

More recently, explicit planning has been developed, by providing actions of

protection within specific catchments, termed Public Drinking Water Source Areas

(PDWSAs). The policy for the protection of PDWSAs includes three priority

classification areas (P1, P2, P3) based on the management of risk and two types

of protection zones distinguished in wellhead protection zones (WHPZs) and

reservoir protection zones (RPZs) [20]. P1 and P2 areas are managed to ensure

that there are no risk and no increased risk of water source pollution, respectively.

Most land uses produce some risk to the quality of water and are therefore defined

as “incompatible” in P1 areas, whereas some activity is allowed within P2 areas for

land uses that are defined as either “compatible with conditions” or “acceptable.”

P3 areas are defined to manage the risk of pollution to the water source from

catchment activities and are declared over areas where water supply sources coexist

with other land uses such as residential, commercial, and light industrial develop-

ment. WHPZs encompass the drinking water sources and are generally circular with

a radius of 500 m or 300 m, for sources that are in P1 or P2 areas. RPZs consist of a

statutory 2 km wide buffer area around the top water level of storage reservoirs.

2.1.4 China

China is the world’s most populous country, with a consequent high request of

water for human consumption. On the other hand, the distribution of water

resources in China is highly diverse, thus negatively affecting social and economic

growth in some regions [21]. Estimations by the Ministry of Water Resources [22]

highlighted as in 2005 about 300 million people in China were unable to access safe

drinking water, both in terms of quality and quantity. In spite of that, and although

the law tools invite to establish a protection system for zones of drinking water

sources [23–25], delineation of protection zones for groundwater sources is still at

the initial stage [4], and in the locations where it has been performed, there is a lack

of practical protective measures [26].

According to legislation [27], drinking water source reserves are classified into

Grade I and Grade II. It is moreover possible to delimit a certain area at the

periphery of a drinking water source reserve as a quasi-reserve. In the Grade-I
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zone, any buildings or activities are not permitted, excluding those linked to water

supply facilities and their management and protection. Within the Grade-II and

quasi-reserve zones, it is prohibited to build, renovate, or enlarge any construction

project discharging pollutants and seriously polluting waters. No technical criteria

are given by the regulation. In fact, different case studies dealing with groundwater

sources for human consumption in China report different ways to define the

boundaries of the three zones. For the Grade-I and Grade-II zones, a benchmark

travel time is generally taken into account. Wenjuan et al. [28] and Baoxiang and

Fanhai [4] refer to 100 days and 60 days for the Grade-I protection and to 1,000

days and 10 years for the Grade-II protection, respectively. The quasi-reserve zone

is chiefly referred to the whole catchment; nevertheless a residence time of ground-

water is sometimes considered (e.g., 25 years in Baoxiang and Fanhai [4]). The

shapes of the protection zones can be circular, elliptical, irregular, and even

polygonal (Fig. 3) as a function of delineation methodologies (e.g., analytical rather

than empirical) and of the source arrangement (e.g., single source rather than

multipoint sources).

2.1.5 Africa

Many African countries have problems both with water scarcity and with pollution.

For what regards the MENA region (Middle-East North Africa), large territories are

characterized by arid and semiarid conditions where groundwater constitutes the

main source of water supply, thus making the protection of this resource indispens-

able [29]. In this context, there is some degree of cooperation between the involved

Fig. 3 Polygonal

partitioning of protection

zones for the well field in

Dawukou District of

Shizuishan City, China

(after Wenjuan et al. [28]).
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countries and foreign states having a significant experience about the protection of

groundwater resources, on the basis of cooperation agreements.

In Sub-Saharan Africa, US EPA promotes the development and implementation

of Water Safety Plans (WSPs) to improve the capacity of urban providers to deliver

safe drinking water in a sustainable way [30]. WSPs consist in a “catchment to

consumer” approach, which uses a health-based risk assessment methodology for

identifying the greatest vulnerabilities to contamination within a drinking water

supply system.

In North Africa, projects have been developed by means of the cooperation

among Arab countries and Germany [31, 32], facing the issue of the management,

protection, and sustainable use of groundwater. A proposal of guideline for the

delineation of groundwater protection zones was also produced [32], in which a

typical scheme with three zones of protection (reflecting different levels of risk)

surrounding the abstraction point is presented. Different criteria for the delimitation

of zones are suggested as a function of two main aquifer system types, based on a

near homogeneous (e.g., unconsolidated aquifer) or heterogeneous (e.g., karst

aquifer) distribution of groundwater flow velocities, respectively. The travel time

is the most prominent factor for the delineation of groundwater protection zones for

the first category of aquifers, whereas an approach based on the vulnerability is

preferred for the second category of aquifers.

2.2 Scientific-Technical Approaches

As previously described, the protection of drinking water sources is generally

approached by means of the delineation of zones surrounding the abstraction points

(hereafter safeguard zones, SGZs) and by defining prohibitions and restrictions

within such areas in term of land use and activities. Within a SGZ three or more

subzones are generally distinguished as a consequence of the different degree of

protection that is needed. Several methods for delineating such zones have been

developed worldwide and are described in guideline documents or proposed in

scientific papers. In general, the choice of the methodology is linked with the

availability and the kind of hydrogeological data available, in addition to the

aquifer typology. In the following subsections, the main approaches that are used

worldwide are listed and briefly described.

2.2.1 Geometric Methods

These methods consist in drawing a shape (Fig. 4), which is either determined by

purely geometric criteria or by considering both geometric aspects and hydrody-

namic features. The geometric approach is generally used where other and more

sophisticated methods cannot be applied. The simplest method consists in drawing

a circle of an arbitrary fixed radius around each abstraction (Fig. 4a). The radius can
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also be defined by taking into account the average distance corresponding to a given

time of travel, averaged as a function of the different hydrogeological contexts

insisting in the studied region. A similar method provides circular or semicircular

protection areas using radii that are calculated by using volumetric equations. These

latter consider hydrogeological parameters (e.g., porosity) and the volume of water

drawn in a specified time interval from the well (Fig. 4b; Eqs. 1 and 2).

r ¼
ffiffiffiffiffiffiffiffiffiffiffi

Q t

π n H

r

; ð1Þ

r ¼
ffiffiffiffiffiffiffiffiffiffiffi

2 Q t

π n H

r

; ð2Þ

where Q is the pumping rate (m3/s), n is the aquifer porosity, H is the length of well

screen (m), and t is the travel time (s).

Equation (2) refers to the half-circle method, which takes into account the flow

direction by replacing the circular shape used for the simplest SGZ with a half circle

having the same area. Such new asymmetrical shape is oriented to the upgradient

direction [33], to encompass the effect of the flow. The travel time used as a

reference is chosen in order to allow the occurrence of processes that adequately

decrease the concentration of contaminants before they reach the well (i.e., dilution,

dispersion, cleanup).

Another approach is the generation of various standardized and representative

shapes (Fig. 4c) by using analytical equations (Sect. 2.2.2). Standardized shapes are

calculated for different sets of hydrogeological conditions (essentially different

values of T and hydraulic gradient) and well-pumping rates; then the more appro-

priate shape is applied to the wellhead zone and oriented according to the flow

patterns. The down-gradient and lateral limits of the standardized shapes are

defined by the uniform flow equation (Fig. 5) [34, 35], whereas the upgradient

extent is estimated by considering a specific time of travel. By applying different

times of travel, it is possible to identify several subzones forming the entire SGZ.

Fig. 4 Geometric methods for delineating SGZs. (a) Arbitrary fixed radius. (b) Calculated radius:
the radius (r) determines a volume of water that is pumped from the well in a specified time period.

(c) Simplified variable shapes: various standardized forms are generated by analytical equations

and provided to calculate the upgradient extent on the base of times of travel (after US [11])
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2.2.2 Analytical Methods

According to this class of methods, the delineation of SGZs is based on a set of

equations, which assume two-dimensional horizontal flow and are applied to each

abstraction or group of abstractions, accordingly to site-specific hydrogeological

parameters. The latter can include hydraulic gradient, hydraulic conductivity,

transmissivity, porosity, and saturated thickness of the aquifer. The assumption of

uniform flow (and its relating equations) is often used for the definition of the

downgradient and of the lateral limits (Fig. 5). The extent of the upgradient can then

be evaluated basing either on specific travel times or on hydrogeological

boundaries.

Analytical approaches were used by several authors for the definition of the

capture zones of wells, considering both aquifers of infinite extent (e.g., [36]) and in

the presence of boundaries (e.g., [37, 38]).

It must finally be noted that there are literature examples and relating software

showing how this type of delineation can be automated by using analytical element

models running on a computer, e.g., WhAEM and GFLOW [33].

2.2.3 Hydrogeological Mapping

This methodology provides the delineation of the protection areas by summarizing

within hydrogeological maps the information derived from geological, geophysical,

hydrogeological, and hydro-geochemical surveys. Starting from geological obser-

vations, changes of lithology corresponding to contrasts of permeability can be

individuated and correlated with the boundaries of the protection areas. Surface

Fig. 5 SGZs delineation using the analytical method for a confined aquifer. Q well pumping rate,

K hydraulic conductivity, b saturated thickness, i hydraulic gradient, π: 3.1416 (modified, after

[34])
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geophysical data coupled with the geological interpretation may provide the spatial

arrangement of buried structures, thus indicating possible groundwater divides

linked to structural conditions. Hydrogeological mapping may also encompass

groundwater-level contour lines, which can contribute to the identification of

groundwater divides. Moreover, results of dye tracing tests can be included, as a

tool to verify the recharge area and the flow systems. Also the vulnerability-based

methodology (e.g., [39–41]) can be classified as a hydrogeological mapping

approach, given the overlapped and integrated elaboration among several thematic

layers (e.g., topography, permeability, fractures’ density, etc.).

2.2.4 Numerical Models

Flow and transport numerical modeling represents a good practice for SGZs

accomplishment (e.g., [17, 42–45]), as it’s also discussed in the chapter by El

Mansouri et al. inside this book. A wide variety of software (calculation modules,

user interfaces, and complete suites for flow and transport models) are available to

perform numerical modeling (e.g., Groundwater Vistas, Visual Modflow, GMS,

Feflow, etc.). The input data consist of hydrodynamic and hydrodispersive para-

meters, aquifer geometries, recharge rates, and the location of some boundaries in

which flow conditions and solute concentrations have to be defined. This approach

is particularly useful for delineating SGZs where the hydrogeological framework is

complex. Nevertheless, a large amount of data is required in order to develop a

proper numerical model.

One critical aspect is that the predictions generated by these models are often

considered as the portrait of exact scenarios by public policy decision-makers.

Hence, and because “more than one model construction can produce the same

output” [46], it is not sufficient to calibrate the models by using experimental data,

but it is also mandatory to perform a background work, which consists in building a

reliable conceptual framework that takes into account the modeling hypothesis and

their associated uncertainties.

2.3 Case of Study: A Hydrogeological Approach Tested
on Groundwater Sources of Tuscany (Italy)

This section refers to a particular case study, in which the hydrogeological approach

was used.

According to the Italian law (D.Lgs. 152/2006; Italian State-Regions agreement

signed on 12 of December 2002), the three subzones of a SGZ are named absolute
safety zone, respect zone and protection zone, respectively. The first zone is simply

defined by geometric criteria (minimum radius 10 m); the second one is delimited

on the base of a travel time (60, 180, or 365 days), when the available data and the
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hydrodynamic context are favorable, otherwise by means of the so-defined

“hydrogeological approach,” which should encompass geological,

hydrogeological, and geochemical data. The assessment of the protection zone

(the third subzone of the SGZ) always follows the hydrogeological approach.

Due to their major importance in terms of safeguard, the respect zones in Italy

have been delimited for several abstractions according to the said guidelines.

Instead, for the delineation of protection zones (PZs), there are no official docu-

ments nor a significant number of case studies.

In the framework of a project funded by the administration of the Tuscany

region, several studies were carried out in the areas surrounding several abstraction

points of drinking water located in different parts of the regional territory. Fifteen

PZs were delimited [47] by means of an integrated multidisciplinary approach

thanks to cooperation between CNR-IGG, the Water Authorities (WAs), and the

Integrated Urban Water Management Companies (IUWM-Cs). In the following of

this section, the general approach adopted for delineating PZs is briefly discussed

and some main results of its application are presented.

After a preliminary examination and elaboration of the existing/available data, a

survey program was developed in collaboration with the WAs and the IUWM-Cs.

The new surveys covered the following activities: (1) hydrogeological measure-

ments (water head, flow rates) and hydraulic tests, (2) on-site measurements of

chemical-physical parameters of the water and collection of water samples for the

laboratory analyses of chemical and isotopic parameters, and (3) geological surveys

and/or drilling of new boreholes to acquire new stratigraphic information.

A general scheme describing the integrated approach and the data used for its

elaboration is reported in Fig. 6. The diagram shows how the geochemical, hydro-

dynamic, structural, and meteorological information converge into the process for

the assessment of a protection zone.

The example discussed in this work regards a well field located next to the

southern border of the Apuan Alps (NW Tuscany-Italy; Fig. 7). The well field is

situated in the “Camaiore Basin” and it is made up by 32 wells; it drains about

300 L/s from an alluvial aquifer (gravel/pebbles, unconfined or semi-confined)

whose substratum consists of permeable carbonate rocks, which widely outcrops

on the nearby reliefs (Fig. 7).

Based on the scheme of Fig. 6, the study aimed at individuating the catchment

basin for the well field and the main results achieved can be summarized as follows:

– The analysis of geological structures pointed out that in the area a general North-

South groundwater flow is favored by a combination of bedding and/or foliation

attitude and fold axis plunges. The main fault system leads to the partitioning of

groundwater flow into different sub-basins. In addition, the study of the hydro-

structures highlighted some possible hydrogeological divides and a presumable

loss of groundwater from the “Camaiore Basin” toward the catchment at SE:

– A piezometric map was achieved for the alluvial aquifer that is exploited by the

well field. The contours of the hydraulic head show a feeding from the carbonate

complexes, which outcrop in the surrounding area. Three major streamlines exist
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Fig. 6 Schematic diagram describing the integrated approach. Data provided as input are shown

in elliptical boxes

Fig. 7 3D representation of the hydrogeological structures (after [47]). The fractured hydrogeological

units with permeability medium to high are made up by carbonate lithologies
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and they converge toward the well field. After dividing the piezometric map into

stream tubes, Darcy and Kamenskij equations were applied using the transmis-

sivity values estimated by means of several pumping tests. In this way major and

minor inputs at the system were identified:

– Chemical and water-isotope analyses have been performed twice, both for the

abstractions under study and for a number of water points (about 15 springs,

wells, and stream waters) in their surroundings. Among these, six springs were

opportunely selected in order to assess the relationship “altitude/δ18O‰,” which

is useful to achieve the average altitudes of the recharge of water abstractions

[48, 49]. By combination of chemical and isotopic data, the presence of some

inputs and of their mixing products was verified. Chemical features suggested

what kind of lithology is involved in the water-rock interaction processes (e.g.,

Calcare Cavernoso for the SO4 values or sandstone for the SiO2 values), whereas

isotopes indicated the average altitudes of infiltration for the different inputs.

Taking into account these aspects and the mixing processes, it’s been possible to
achieve indications both on the areas involved in feeding the abstractions and on

their importance in terms of quantity.

Based on all the above mentioned information, the catchment area was delin-

eated for the well field. This polygon was additionally validated by means of the

water and isotopic budget: for each zone in which the same hydrogeological

complex outcrops, both infiltration rate (http://www.sir.toscana.it/, for meteorolog-

ical data; [50] for the infiltration coefficients) and the average values of δ18O‰
(comparing the average altitudes and the relationship “altitude/δ18O‰”) were

estimated. Furthermore, these isotopic signatures were weighted by using the

infiltration rates, thus obtaining the weighted mean of δ18O‰ concerning the entire

feeding area. The evaluated value (�6.41‰) resulted congruent with analyses’
results for the water samples collected at the well field (�6.48‰).

After this validation, the final PZ was delimited, also allowing the distinction of

two subzones, A and B, which, respectively, correspond to the chief zone and the

secondary zone in terms of feeding (Fig. 8).

3 Conclusions

Groundwater bodies represent the safest source for satisfying water demand.

Moreover, based on the expected scenarios of global climate change and degrada-

tion of surface water bodies, it is predictable that the claim for this resource will

increase in the future. In this framework, the protection of groundwater is unavoid-

able, in order to guarantee safe water supplying for the next generations.

Hence, the appropriate knowledge of physical and chemical aspects of the

aquifer systems becomes more and more a necessary prerequisite in order to face

the several issues involved with the protection of groundwater, implying the

necessity to develop robust conceptual hydrogeological models. Despite the
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relevant investment of resources necessary for the production and interpretation of

multidisciplinary experimental data, a well-grounded conceptual framework should

not be overcome with the direct use of specific and more straightforward tools (e.g.,

numerical modeling without sufficient experimental data, empirical methods based

on few parameters and/or limited datasets, etc.). In particular, a comprehensive

approach, following the guidelines and the examples discussed in this chapter,

gives the perspective of an improved planning of the groundwater management,

with a high chance of long-term benefits.
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Threats to the Quality of Water Resources

by Geological CO2 Storage: Hydrogeochemical

and Other Methods of Investigation: A Review

L. Thomas, M. Schneider, and A. Winkler

Abstract In the last decades, geological storage of CO2 is under discussion, in

order to reduce emissions of greenhouse gases to the atmosphere, as a contribution

to the mitigation of climate change. Deep saline aquifers in sedimentary basins are

being considered as the most prominent locations for CO2 storage and sequestra-

tion. This chapter provides an overview of recent research regarding CO2 storage

with focus on hydrogeochemical methods of investigation, gas–water–rock

interactions and monitoring methods as well as potential risks to freshwater

resources. The main trapping mechanisms for CO2 in deep geological formations

are: (1) hydrodynamic trapping as a supercritical fluid below the caprock, (2)

residual trapping within the pores of reservoir rocks, (3) solution trapping as

aqueous species dissolved in formation water, and (4) mineral trapping by precipi-

tation of carbonate minerals. However, risks for freshwater resources can arise due

to low pH values. As a consequence, the dissolution of minerals is causing high

concentrations in trace elements that are potentially dangerous for human health.

Another aspect is ascendant saline water which could intrude into shallower fresh

water aquifers due to the displacement caused by injection pressure. Hydro-

geochemical monitoring methods are recommended to detect possible CO2 leakage.

Keywords CCS, CO2-sequestration, Gas–water–rock interaction, Geological

carbon dioxide storage, Groundwater monitoring, Hydrogeochemical modeling,

Hydrogeochemistry, Saltwater intrusion

L. Thomas (*), M. Schneider and A. Winkler

Institute of Geological Sciences, Hydrogeology Group, Freie Universität Berlin,

Malteserstr. 74-100, Haus B, 12249 Berlin, Germany

e-mail: L.Thomas@fu-berlin.de

A. Scozzari and E. Dotsika (eds.), Threats to the Quality of Groundwater Resources:
Prevention and Control, Hdb Env Chem (2016) 40: 31–52, DOI 10.1007/698_2013_232,
© Springer-Verlag Berlin Heidelberg 2013, Published online: 1 May 2013

31

mailto:L.Thomas@fu-berlin.de


Contents

1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2 Hydrogeochemical Methods of Investigation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.1 Water Analysis and Plausibility Checks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.2 Hydrochemical Characterization and Statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.3 Stability Field- and Activity- or Phase-Diagrams . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3 CO2-Sequestration and Other Subsurface Activities . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.1 Pressure Distribution and Saltwater Migration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

3.2 Hydrogeochemical Reactions and (Gas)–Water–Rock Interactions . . . . . . . . . . . . . . . . . . 40

3.3 Monitoring Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

3.4 Prevention and Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

4 Concluding Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

Abbreviations

BTEX Benzene, toluene, ethylbenzene, and xylenes

CCS Carbon dioxide capture and storage

DIC, DOC Dissolved inorganic and organic carbon

EC Electrical conductivity

EOR Enhanced oil recovery

GWB The geochemist’s workbench

PFT Perfluorocarbon tracer gases

TDS Total dissolved solids

U.S. EPA U.S. environmental protection agency

WHO World health organization

1 Introduction

Due to climate change and the necessity for reducing greenhouse gases within the

atmosphere the possibility of geological CO2 storage or carbon dioxide capture and

storage (CCS), also known as sequestration, is under worldwide investigation,

especially in the last decade.

CCS and other subsurface activities like hydro-fracking, unconventional gas

exploitation as well as geothermal energy production or enhanced oil recovery

(EOR) have an impact on the geological underground and the groundwater within

the aquifers. It is therefore essential to prevent negative effects on freshwater

aquifers, which are often used as drinking water resources.

The main concern about CO2 capture and storage is the potential risks due to:

• Displacement of saltwater or high mineralized brines and upcoming of these

waters into freshwater aquifers caused by pressure increase.

• Discharge of saltwater or CO2 at the surface.
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• Leakage due to faults, fractures, or weakness zones within the caprock as well as

abandoned wells and boreholes.

• Solution, mobilization, and transport of contaminants and toxic elements like

heavy metals, trace elements and organic compounds due to gas–water–rock

interactions. Moreover supercritical CO2 acts as a highly efficient solvent for

hydrocarbons.

In recent years numerous publications dealt with the impacts of geological CO2

storage on groundwater resources [1–26].

A review of recently published results regarding the potential impact of under-

ground geological storage of carbon dioxide in deep saline aquifers on shallow

groundwater resources is given by Lemieux [27]. He distinguished the near field

impact due to upward vertical migration of free-phase CO2 to surficial aquifers

within a distance of a few hundreds of meters around the injection zone and the far

field impacts which can possibly occur many kilometers away from the injection

zone and are caused by the large-scale migration of displaced brines or elevated

pressures [27].

According to IPCC [28], three different storage mechanisms for CO2 in geologi-

cal formations can be distinguished:

• Stratigraphic and structural trapping (physical trapping)

Here it means physical trapping of CO2 below low-permeability seals

(caprocks). Sedimentary basins have such closed, physically bound traps or

structures, which are occupied mainly by saline water, oil, and gas. Structural

traps include those formed by folded or fractured rocks.

• Hydrodynamic trapping (physical trapping)

Hydrodynamic trapping can occur in saline formations where fluids migrate very

slowly over long distances. When CO2 is injected into a formation, it displaces

saline formation water and then migrates buoyantly upwards, because it is less

dense than the water. When it reaches the top of the formation, it continues to

migrate as a separate phase until it is trapped as residual CO2 saturation (residual

CO2 trapping) or in local structural or stratigraphic traps within the sealing

formation. In the longer term, significant quantities of CO2 dissolve in the

formation water (solubility trapping) and then migrate with the groundwater [28].

• Geochemical trapping

This means the trapping of CO2 due to geochemical interactions with the rock

and formation water also referred to as mineral trapping.

This chapter gives an overview of hydrogeochemical and other methods of

investigation to assess potential risks arising from the geological storage of CO2.

The focus lies on hydrogeochemical reactions, especially the gas–water–rock

interactions, such as mineral dissolution and precipitation, adsorption/desorption,

and the potential buffering capacities of different mineral phases.
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2 Hydrogeochemical Methods of Investigation

2.1 Water Analysis and Plausibility Checks

Hydrogeochemical characterization of groundwater of different origin and the

evaluation of their mixing ratios require an accurate analysis of their hydrochemical

and physicochemical composition.

Therefore, the sensitive parameters such as temperature, pH, redox potential (Eh

or pe), dissolved O2-content, HCO3
� (alkalinity), and electrical conductivity (EC)

as well as NH4
+, NO2

�, H2S, HS
� and Si-species must be determined on site.

An overview of sampling and analytical techniques with emphasis on geothermal

fluids is given by Arnórsson et al. [29].

Plausibility checks should be carried out to evaluate the quality and reliability

of hydrochemical analyses. For this purpose it is useful to compare the measured

values of electrical conductivity and the analyzed amount of total dissolved solids

(TDS) as a sum of dissolved cations and anions. Furthermore, the ionic balance is

used to assess the quality of hydrochemical analyses. Here, the sum of cations

and anions should be nearly identical, with an allowed analytical error of approxi-

mately �5%, depending on the salinity of the water.

The pH value can be checked up with the dissolved carbonate equilibria and the

measured Eh value with the equilibria of redox sensitive parameters.

2.2 Hydrochemical Characterization and Statistics

To judge the salinity of water samples, the classification by Davis and de Wiest [30]

can be used, which is based on the total concentration of dissolved constituents:

• Fresh water (mg/L) 0–1,000

• Brackish water (mg/L) 1,000–10,000

• Saltwater (mg/L) 10,000–100,000

• Brine (mg/L) >100,000

This classification is especially useful to distinguish waters of different origin

and hydrogeochemical genesis in the aquifers of deep sedimentary basins.

Another classification considers all ions with 20 mmol(eq)% as a minimum of

the sum of the cations and the anions (each with 100% as a total). The ions are

specified in the order cations–anions with decreasing frequency.

Hydrogeological investigations in the southern districts of Berlin, a region

typical for the North-eastern German Basin, showed different types of groundwater

in the Cenozoic aquifers, which could be distinguished by Wurl [31] on the basis of

statistical methods and the classification mentioned above. He described the
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following groundwater types as well as their mixing types from the first aquifer with

anthropogenic influence to the deepest aquifer with geogenic salinization as follows:

Ca-- Nað Þ--SO4-- HCO3ð Þ=Ca--Na--HCO3--Cl--SO4!Ca-- Nað Þ--HCO3--SO4-- Clð Þ!
!Ca-- Nað Þ--HCO3--SO4!Ca--HCO3-- SO4ð Þ!Ca--Na--HCO3--Cl--SO4!
!Na-- Cað Þ--HCO3--Cl!Na--Cl-- HCO3ð Þ!Na--Cl:

This shows the increasing salinization with depth connected with the promi-

nence of sodium and chloride as prevailing ions.

As this is a good example for the hydrogeological situation in the North German

Basin, these investigations can be useful to assess the risks for groundwater

resources due to geological CO2 storage.

With sufficient data, a classification using multivariate statistical analyses

should be carried out. In addition to a correlation analysis, mainly the factor

analysis, the discriminant analysis and the cluster analysis are useful [31, 32].

To visualize the ion ratios of different waters, graphical representations such as

Piper- or Durov-diagrams are helpful [33, 34].

The calculation of the various ion ratios can be used for the evaluation of dilution

or mixing effects and possible water–rock interactions or ion exchange processes.

The representation of ion ratios is well suited to draw conclusions about the

origin and genesis of deep waters in sedimentary basins. Particularly suitable are

the ratios of the ion concentrations versus chloride and bromide, as these are

regarded as conservative, nonreactive ions [35].

Especially the bromide/chloride ratios are valuable to assess the origin and

genesis of deep saline waters in sedimentary basins. This method was developed

by Rittenhouse [36] and is also used for assessing the genesis of oilfield waters.

Isotope studies are another method to investigate the origin and genesis as well as

the movement and distribution processes of groundwater within the aquifer. Espe-

cially the heavy stable isotopes of the water molecule, deuterium and oxygen-18 and

the radioactive isotopes tritium (esp. 3H/3He) and carbon-14 can be used as indicators

of the circulation of groundwater and its residence times. Detailed descriptions of

investigation methods of isotopes in the environment and their interpretation are

given, e.g., by Fritz and Fontes [37, 38]; Hoefs [39] and Pearson et al. [40].

Thermodynamic computer programs like PHREEQC [41], WATEQ [42],

WATEQ4F [43], EQ3/6 [44], SOLMINEQ [45], NETPATH [46], GWB – The

Geochemist’s Workbench et al. [47, 48] are valuable tools to describe a solution

with respect to its saturation state regarding different mineral phases and to determine

the distribution of various aqueous species within the solution. Furthermore, they can

be used to calculate the hydrochemical composition of mixed solutions and the

potential for mineral precipitation and dissolution respectively, the redox equilibria

within a solution, as well as the prediction and quantification of scaling or corrosion

in the sense of a worst case scenario in production processes [35].

However, thermodynamic equilibrium models do not take into account reaction

kinetics and often there are no sufficient thermodynamic data for solid solutions.
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2.3 Stability Field- and Activity- or Phase-Diagrams

Injection of supercritical CO2 causes a sharp drop of the pH value of the fluid in

contact with CO2 phases as reported, e.g., by Kharaka et al. [12] or Pham et al. [49].

Low pH values cause increasing solubility of compounds which are otherwise in

a solid state. The pH dependence of the solubility of potential hazardous

compounds can be represented in activity or stability diagrams.

Potential risks for freshwater resources can arise due to the dissolution of galena

(PbS) or arsenopyrite (FeAsS) and accordingly realgar (As4S4) or orpiment (As2S3)

as a by-product of the decay of arsenic minerals. These minerals are often found in

sedimentary rocks under reducing conditions. Even low levels of arsenic can be

toxic to humans and so it is a highly undesirable impurity of potable water

resources. According to the drinking water standards of the U.S. Environmental

Protection Agency (U.S. EPA) and the WHO guidelines for drinking water, the

upper limit for arsenic has been set to 10 μg/L.
According to Apps et al. [2], CO2 leakage into a shallow aquifer can lead to

long-lasting mobilization of hazardous trace elements, in particular arsenic and

lead, near the intrusion location and farther downstream. Their thermodynamic

equilibrium calculations identified As and Pb as trace elements with the highest

potential for exceeding regulatory water quality limits at elevated CO2

concentrations.

Figure 1 shows the aqueous arsenic species and their phase boundaries according

to the Eh/pH conditions of a solution. In aqueous solutions HAsO4
2� is the

dominant species above a pH of 7.2. Between pH 2.5 and pH 7.2, H2AsO4
2� is

the dominant species. Under reducing conditions, As(OH)3(aq) is the dominant

species up to pH 9.2.

Fig. 1 Eh/pH – diagram of the system As–O–H showing arsenic species in aqueous solutions.

Activity of As ¼ 10�4 (mol/kg), T ¼ 25�C, p ¼ 1.013 bar. Phase boundaries constructed with GWB
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The stability fields of the various arsenic mineral phases together with the

aqueous species are shown in Fig. 2.

As an example for the dissolution of heavy metals under acid conditions, Fig. 3

shows the aqueous lead species and their phase boundaries as well as the stability

field for galena as mineral phase according to the Eh/pH conditions of a solution. In

aqueous solutions PbCO3(aq) is the dominant species above a pH of 3.2. At a lower

0 2 4 6 8 10 12 14
–.75

–.5

–.25

0

.25

.5

.75

1

1.25

pH

E
h 

(v
ol

ts
)

As(OH)4
-

AsO4
---

As(OH)3

AsO2OH--

AsS2
-

H2AsO4
-

H3 AsO4

HAsO4
--HAsS2

Arsenopyrite

Orpiment

Realgar

Scorodite

25°C

Fig. 2 Eh/pH – diagram of the system As–S–Fe–C–O–H showing arsenic species in aqueous

solutions and stability fields of mineral phases. The assumed activities (mol/kg) for dissolved

species are: SO4
2� ¼ 10�4, HCO3

� ¼ 10�3, Fe2+ ¼ 10�3. As ¼ 10�4. T ¼ 25�C, p ¼ 1.013 bar.
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Fig. 3 Eh/pH – diagram of the system Pb–S–C–O–H showing lead species in aqueous solutions

and stability fields of mineral phases. The assumed activities (mol/kg) for dissolved species are:

SO4
2� ¼ 10�3, HCO3
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pH, Pb2+ is the dominant species. Under reducing conditions, PbS (galena) is the

stable mineral phase.

Wang and Jaffe [50] pointed out that the dissolved Pb concentration due to the

dissolution of galena increases as the partial pressure of CO2 in equilibrium with the

solution increases. This is due to decreasing pH values. However, their model

simulations showed that the detrimental effect of CO2 intrusion would significantly

decrease in aquifers with high alkalinity and pH buffering capacity such as calcite

bearing aquifers [50].

3 CO2-Sequestration and Other Subsurface Activities

3.1 Pressure Distribution and Saltwater Migration

In its supercritical state of aggregation the properties of carbon dioxide are between

those of a gas and those of a liquid. Its density is like those of a liquid but its

viscosity is like a gas. Supercritical CO2 occurs at pressure and temperature

conditions above the critical point for carbon dioxide, i.e. at temperatures above

304.13 K (30.98�C) and pressures above 7.375 MPa (73.75 bar). The pressure/

temperature phase diagram of carbon dioxide is shown in Fig. 4.

Supercritical carbon dioxide is also used for the exploitation of oil reservoirs by

means of EOR.

Because of the lower density of supercritical CO2 compared to the density of a

brine in the deep saline aquifer, the injected CO2 will flow along the surface of the

target formation below the caprock due to buoyancy. The flow path as well as

the pressure distribution within the aquifer depends on porosity and permeability of

the target formation.

Fig. 4 Pressure/Temperature phase diagram of CO2. Under normal pressure and temperatures

CO2 is in the gas phase. The triple point is at 5.19 bar and �56.6�C. This is the lowest pressure at
which liquid CO2 exists. Liquid carbon dioxide at 20�C requires a pressure of 30 bar. At 73.8 bar

and 31.0�C is the critical point at which CO2 is in a supercritical fluid phase. The sublimation point

is the point at which under normal pressure (1.013 bar) CO2 goes directly from the solid phase into

the gas phase (at �78.5�C)
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If the injection rates and therefore the pressures are too high, they can cause

fractures in the caprock or damages and failures in the casing of a borehole even in

the wider surrounding of the injection site.

Moreover, injected supercritical CO2 is “dry” relative to groundwater and water

will be dissolved in dry CO2. Experimental determinations of the solubility of water

in supercritical carbon dioxide were carried out by King et al. [51].

As a consequence water might be extracted from the clays within the caprock

at the contact with dry CO2. This might induce shrinkage and increasing

permeabilities within the caprock, as described by Gaus [52].

On the other hand, “dry” supercritical CO2 could cause an “evaporation effect”

on the formation water, leading to a precipitation of supersaturated mineral phases.

Here, due to their fast reaction kinetics the most important minerals are the

carbonates, the sulfates and other evaporites. All of these reaction processes in

the context of CO2 storage are poorly understood and so far no substantial research

has been carried out to assess their relevance with respect to carbon capture and

sequestration. Further laboratory work on core samples regarding clay dehydration

and desiccation is necessary to evaluate these important issues.

Continued injection can displace the formation water and increase its flow

velocity which could lead to a discharge along different flow paths. Hydraulic

modeling of the target formation and their surrounding as well as pressure moni-

toring of the injection site is therefore essential to avoid leakages due to excessive

pressure conditions. Modeling of the geological and structural conditions should

also consider reactive transport modeling.

Birkholzer et al. [53] developed a numerical model to investigate the multiphase

flow and multicomponent transport of CO2 and brine in response to CO2 injection

into an idealized multilayer formation. They used the TOUGH2/ECO2N simulator

[54, 55] to simulate the transient pressure buildup, spatial CO2 plume evolution as

well as brine flow and transport. Their results show that the permeability of the

sealing layers has a strong effect on the vertical and the lateral pressure propagation

as well as brine displacement behavior within the storage formation. Considerable

pressure buildup in the storage formation is predicted more than 100 km away from

the injection zone, while the lateral brine transport velocity and migration distance

are less significant [53]. However, these simulations were carried out assuming an

ideal aquifer/aquitard system with homogeneous layers without any leakage along

faults and fractures or abandoned wells.

The environmental impact of large-scale pressure buildup and related brine

displacement depends mainly on the hydraulic connectivity between deep saline

aquifers and the overlying freshwater aquifers. A hydraulic communication between

the deep storage formation and freshwater aquifers enables an upward migration of

brine due to pressure buildup at depth. Possible impacts are a change of the discharge

and recharge areas, a rising water table and changes in water quality [53].

So far, hydrogeochemical reactions in most of the simulations were not suffi-

ciently taken into account. Furthermore, no studies of the mineral reactions exist

with respect to changes in the porosities and permeabilities within the aquifer.

The following section describes the main gas–water–rock interactions, which

must be considered regarding underground CO2 storage.
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3.2 Hydrogeochemical Reactions and (Gas)–Water–Rock
Interactions

In the course of underground storage of CO2 in the Frio-I Brine Pilot test, Texas,

USA, Kharaka et al. [12] reported a sharp drop of pH values in the Frio

Formation water from 6.3 at subsurface conditions (modeled) prior to injection

to a pH value of about 3 at subsurface conditions of the water in contact with

supercritical CO2. Thus, the brine becomes highly undersaturated with respect

to various minerals in the host rock. Because of high mineral dissolution rates at

such low pH values, the fluid will be enriched in its ion content. On the longer

term, the pH value of the fluid increases due to mineral dissolution. The brine

should gradually evolve towards its pre-injection composition, but this could

take thousands of years [12].

Carbonates are ubiquitous minerals within the aquifer and because of their

relatively fast reaction kinetics the first ones which will dissolve due to solutions

that are highly enriched in carbonic acid.

The chemical reactions of CO2(g)-intrusion into an aquifer, the formation and

dissociation of carbonic acid and the subsequent dissolution of carbonates, notably

calcite, magnesite, dolomite, siderite, can be described as follows:

CO2ðgÞ þ H2O $ CO2ðdiss:Þ þ H2O $ H2CO3ðaqÞ $ Hþ þ HCO3
� (1)

HCO3
� $ Hþ þ CO3

2� (2)

Ca=Mg=Feð ÞCO3ðsÞ þ CO2ðgÞ þ H2O ! Ca2þ=Mg2þ=Fe2þ
� �þ 2 HCO3

�: (3)

Another effect causing high alkalinity in a solution is the increasing solubility of

carbonates with the increasing salinity of a solution [35].

Due to reaction kinetics, aluminosilicate minerals dissolve much slower and

their dissolution is generally not congruent but follows incongruent reactions as

described for feldspars in reactions 4–8.

The dissolution of feldspars leads to an enrichment of silica, potassium, sodium,

calcium, magnesium, iron (ferric or ferrous), and aluminum in the fluid. These

dissolved substances are available for the formation of authigenic mineral phases.

Some important authigenic mineral formations after previous feldspar dissolution

are kaolinite, chlorite, and quartz.

The solution reactions of feldspars can be described as follows:

• Dissolution of orthoclase and formation of kaolinite and silica:

2 KAlSi3O8 þ 2H2CO3 þ 9H2O ! 2Kþ þ Al2Si2O5 OHð Þ4 þ H4SiO4

þ 2HCO3
�: (4)
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• Dissolution of albite and formation of kaolinite and silica:

2NaAlSi3O8 þ 2H2CO3 þ 9H2O ! 2Naþ þ Al2Si2O5 OHð Þ4 þ H4SiO4

þ 2HCO3
�: (5)

• Dissolution of anorthite and formation of kaolinite:

CaAl2Si2O8 þ 2H2CO3 þ H2O ! Ca2þ þ Al2Si2O5 OHð Þ4 þ 2 HCO3
�: (6)

Similar hydrogeochemical processes were described by Thomas [35] regarding

formation waters within deep aquifers in the North German basin.

If there is sufficient supply of dissolved CO2 within the fluid, albite can be

altered into dawsonite:

NaAlSi3O8 þ CO2ðaqÞ þ H2O ! NaAlCO3 OHð Þ2 þ 3SiO2: (7)

In deep saline waters with high ambient Na+ concentrations and acid-induced

K-feldspar dissolution, the formation of dawsonite and associated mineral trapping

of CO2 can be described as follows [56]:

KAlSi3O8 þ Naþ þ CO2ðaqÞ þ H2O ! NaAlCO3 OHð Þ2 þ 3 SiO2 þ Kþ: (8)

Another possibility of CO2 mineral trapping is the conversion of kaolinite, an

alteration product of feldspar dissolution (reactions 4–6), in dawsonite (reaction 9):

Al2Si2O5 OHð Þ4 þ 2 CO2ðaqÞ þ 2 Naþ þ 5 H2O !
! 2 NaAlCO3 OHð Þ2 þ 2 H4SiO4 þ 2 Hþ: (9)

Figure 5 shows an example of the equilibrium activity fields of the aluminum

silicates under hypothetical reservoir conditions.

In the course of CO2 injection, aluminum silicates will be transformed to

dawsonite as a stable mineral phase (Fig. 6).

Finally, other clay minerals like chlorite can induce mineral trapping of CO2 by

precipitation of siderite and dolomite as secondary carbonates [52]:

Fe2:5Mg2:5Al2Si3O10 OHð Þ8 þ 2:5 CaCO3 þ 5 CO2ðaqÞ !
! 2:5 FeCO3 þ 2:5 MgCa CO3ð Þ2 þ Al2Si2O5 OHð Þ4 þ SiO2 þ 2 H2O: (10)

Another important CO2 trapping mineral is ankerite with the chemical formula

Ca(Fe,Mg,Mn)(CO3)2. Precipitation of siderite and ankerite requires Fe2+ supplied
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mainly by chlorite and by some hematite dissolution [57]. The precipitation of

secondary carbonates results in decreased porosities.

Clearly, the CO2 mineral-trapping capacities depend on the primary mineral

composition of the host rocks and therefore they are very site specific.

The acid-induced reactions due to the injection of large quantities of CO2 could

buffer the pH significantly on the longer term, depending on reaction kinetics.

If CO2 injection rates are faster than the fluid-rock reaction kinetics, lower pH

values will persist for some time after injection but will ultimately return to some

equilibrium leading to an increase in pH [56].
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Another aspect of a low pH-value of a fluid in contact with the injected

supercritical CO2 as described above is its corrosion potential with respect to well

pipes, casings, and cements. This could create pathways in former impermeable

sealings and allow leakage of CO2 and possibly contaminated fluids and therefore

could have a severe environmental impact on freshwater resources. The main

concern is the enrichment of heavy metals or arsenic due to mineral dissolution

as well as organic compounds due to supercritical CO2 as an effective solvent for

organic substances.

Zheng et al. [25] carried out reactive transport simulations focused on the mobili-

zation of lead and arsenic as a result of the dissolution of galena (PbS) and arsenopyrite

(FeAsS). They concluded that adsorption/desorption is the most important process

controlling the fate of hazardous constituents mobilized by CO2 leakage.

Adsorption via surface complexation is an important process with respect to

transport and mobilization of heavy metals or arsenic. The most common

adsorbents in sedimentary rocks are goethite, kaolinite, illite, and smectite with

high adsorption capacities. However, desorption/adsorption and dissolution/precip-

itation of heavy metals interact with each other. These processes depend on mineral

surfaces and their complexation capacities as well as reaction kinetics and so they

are extremely site specific. Desorption of trace metals due to decreasing pH values

may be of more importance on water quality than dissolution of minerals.

3.3 Monitoring Methods

Monitoring methods of dissolved CO2 including reactive transport modeling has

been tested in various pilot sites of CO2 injection [12, 13, 26, 58–73].

The simplest method to monitor the effects of CO2 injection is the measurement

of the pressure distribution within the aquifers. Pressure monitoring should be

carried out downhole in situ because measurements at the surface can be inaccurate

due to wellbore storage effects. Pressure monitoring methods at the CO2 storage site

at Ketzin (Germany) are described by Henninges et al. [74]. CO2 plumes can also be

monitored using temperature signals [75] or geoelectrical methods [76].

White et al. [77] described methods of geophysical monitoring. Amplitude and

travel times of reflected seismic waves change in an aquifer containing injected CO2

due to the alteration of the bulk density. 3-D seismic surveys before, during, and after

CO2-injection can deliver a time-lapse picture of the movement of fluids in the

subsurface, known as 4-D seismic with the time as 4th dimension. This technique is

used to map the movement of CO2 in the formation and to locate the moving CO2

front [77]. Another geophysical monitoring method is the electrical resistance tomog-

raphy, because CO2 alters the electrical resistivity in a geological formation [78].

However, Kharaka et al. [12] pointed out that geophysical investigations are not

able to detect dissolved CO2 as this is possible only if CO2 is present in significant

amounts, of ~5% of pore space, as a separate phase.

Therefore, hydrogeochemical monitoring methods are a valuable tool to detect

increased CO2 concentrations in the fluid or as a gas phase.
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As described in Sect. 3.2, CO2–water–rock interactions lead to increasing

concentrations especially not only of Ca2+, Mg2+, HCO3
�, Fe2+, and Mn2+ but

also of K+ and Na+, connected with a decrease of the pH value in the solution. These

reactions are the reason of an increased electrical conductivity of the fluid.

Furthermore, increased bromide contents can be an indicator of an ascendancy of

deep saline waters as bromide is enriched in most brines in deep sedimentary basins.

Temperature measurements of the fluids can give a hint to an influx of deep

saline waters or changed discharge conditions.

For the on-site monitoring it is therefore useful to measure electrical conductiv-

ity, pH, temperature, and pressure directly in the observation wells as well as the

bicarbonate content on site. These analyses should be supplemented by laboratory

measurements of major cations, especially dissolved Fe2+, Ca2+, Mg2+, Mn2+, Na+,

and anions (Cl�, SO4
2�) as well as bromide, dissolved inorganic and organic

carbon (DIC, DOC), gas composition and the isotopes 18O of the fluids and the

CO2. Further investigations should include the isotopes 13C of DIC and CO2, trace

metals, arsenic and the total amount of BTEX (benzene, toluene, ethylbenzene, and

xylenes) because supercritical CO2 is an excellent solvent for organic compounds.

Stable carbon isotopes are used as tracers to monitor the fate and migration of

injected CO2(g) in the subsurface at the Ketzin pilot site, Germany [79].

To detect a leakage of the injected CO2, it is possible to add perfluorocarbon

tracer gases (PFT) to the injected CO2 because they migrate with a potential CO2

breakthrough and so they can be used to monitor migration of supercritical CO2 as

described by Kharaka et al. [12].

Groundwater monitoring wells in the near field should be installed above the

confining layer to identify potential CO2 leakage at the injection site.

Deep monitoring wells should be used for pressure monitoring of the injection

zone for detecting changes within the injection reservoir. Pressure monitoring

should be carried out in the injection zone, in the confining layer and above the

confining layer to recognize any possible anomalies immediately.

Observation wells must be installed at various distances from the injection well

for monitoring of pressure and water properties as well as the gas content.

A pressure increase can possibly be detected over 100 km away from the injection

site in the so-called far-field and could have an effect on the saltwater/freshwater

interface, causing a rise of the groundwater table. This is to be considered when

planning a monitoring network around an injection site.

3.4 Prevention and Control

The most promising geologic reservoirs for carbon dioxide storage seem to be the

exploited gas reservoirs, because it is assumed that they are impermeable to any

possible escape of gases.

Assuming a geothermal gradient of 3�C/100 m and a hydrostatic pressure

increase of 10 bar/100 m, the depth of an injection well must be at least 800 m,

to keep the supercritical state of injected CO2 (see Fig. 4).
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However, the effects of injection pressures can extend for kilometers, depending

on porosities and permeabilities of the host rock and the confining layer and the

salinities of the fluids.

Therefore, a comprehensive knowledge of the hydrogeologic and particularly

hydraulic conditions within the aquifers, the hydrogeochemical composition of the

deep groundwater and themineralogical constituents of the reservoir rocks as well as

the confining layers is essential. This includes aquifer properties such as thickness,

areal extent and structure, mineral composition, porosity and permeability as well as

hydrophysical parameters such as pressure, temperature, elasticity, compressibility,

fluid saturation, and storage coefficient. Furthermore, hydrochemical and physico-

chemical parameters of the formation water as described above must be known.

Hydraulic and hydrogeochemical modeling including reactive transport

modeling are valuable tools to simulate the impacts of CO2 injection, considering

that hydrogeological conditions as mentioned above are extremely site-specific.

Another aspect is the assessment of the existence of abandoned or other wells or

boreholes in the affected region, which can extend to over 10,000 km2 depending on

the geological conditions and the injection rate and pressure. It is therefore impor-

tant to inspect the plugging of those wells, whether they provide a sufficient seal

and do not communicate between different aquifers. Hydraulic modeling, carried

out by Birkholzer et al. [53], showed that a pressure buildup of 0.7 bar (�7 m

hydrostatic head of freshwater) in the storage formation could be predicted 100 km

away from the injection zone.

Evaluation of appropriate injection pressures is also essential to prevent fracturing

of the confining layer due to excessive pressures.

Long-term monitoring as described in Sect. 3.3 is necessary to prevent or to

detect environmental impacts due to geological CO2 storage.

4 Concluding Remarks

Due to climate change and the necessity to reduce greenhouse gases in the atmo-

sphere, geological CO2 storage and sequestration is considered to be one option for

mitigating the negative environmental impacts of these gases.

Sandstone aquifers containing saline waters in deep sedimentary basins are

considered as potential locations for CO2 injection provided that they are sealed

with thick impermeable layers.

However, the main concern over geological CO2 storage is a possible release of

CO2 due to leakage and adjacent leaching of trace metal bearing minerals or the

displacement of saltwater, respectively, brines, into freshwater aquifers. Further risks

could arise from dissolved organic compounds because supercritical carbon dioxide is

an excellent solvent for those constituents. Increased BTEX concentrations therefore

can occur, especially in the vicinity of petroleum, natural gas, or coal deposits.

To maintain CO2 in a dense, supercritical fluid phase, under normal geological

conditions with a geothermal gradient of 3�C/100 m and normal hydrostatic

pressure, the minimum depth for CO2 storage is 800 m below surface.
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Trapping mechanisms for CO2 in deep geological formations are:

• Hydrodynamic trapping as a supercritical fluid below the caprock

• Residual trapping within the pores of reservoir rocks

• Solution trapping as aqueous species dissolved in formation water

• Mineral trapping by precipitation of carbonate minerals

Mineral trapping occurs on the longer term due to the slower reaction kinetics of

the involved aluminum silicates, but as a result CO2 is trapped for a long time,

incorporated in carbonate minerals. In sandstone aquifers, major CO2 trapping

minerals are dawsonite and ankerite. The precipitation of siderite and ankerite

requires aqueous Fe2+ -species, mainly supplied by chlorite and/or hematite disso-

lution and reduction. Dissolved Na+-species, provided by the dissolution of Na-

feldspars, convey the precipitation of dawsonite.

These (gas)–water–rock interactions change the porosities and permeabilities of

the aquifers. Thus, mineral dissolution and precipitation can modify the fluid flow.

Precipitation of mineral phases can cause a plugging (clogging) of pore spaces.

This leads to a reduction of both the storativity of the target formation and the

injection capacity.

Monitoring methods should include the physicochemical parameters pressure,

temperature, electrical conductivity, pH and redox potential of the fluids as well as

TDS, alkalinity, major cations and anions, trace elements, and BTEX.

Hydrochemical monitoring can detect dissolved CO2 in smaller amounts

whereas geophysical methods can be used to trace the plume of supercritical CO2.

To monitor possible effects of dissolved CO2 on groundwater resources,

hydrochemical monitoring should be favored.

Long-term monitoring is essential to detect impacts of CO2 injection on ground-

water both in the near field and in the far field of the injection site.

Until now, there are only a few laboratory investigations [15, 20, 80–82] carried

out on core material regarding the rock composition, the mineral content of the host

rock and the caprock as well as their porosities and permeabilities and their changes

due to gas–water–rock interactions. Therefore, further studies are necessary regarding

gas–water–rock interactions and their influence upon porosities and permeabilities of

the aquifers. They should also include the reaction kinetics and the thermodynamic

properties of the relevant mineral phases under high temperatures and pressures. The

determination of reliable reaction rates of minerals regarding dissolution and precipita-

tion is necessary to calculate the long-term trapping capacities of minerals. Also,

investigations regarding sorption and ion exchange are important for the evaluation

of possible impacts of CO2 leakage on shallow groundwater. Moreover, the role of

organic compounds in gas–water–rock interactions needs further study [83].

However, laboratory experiments have the disadvantage that reaction kinetics

are often too slow to be determined within the appropriate time periods. Never-

theless, long-term reactions can be predicted by equilibrium modeling using

thermodynamic computer programs such as PhreeqC, GWB, or others.

Hydrogeochemical modeling and reactive transport modeling are therefore

valuable tools to assess gas–water–rock interactions and to predict hydrogeo-

chemical reactions in the course of carbon dioxide storage.
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Seepage of CO2 can occur due to faulty well casing or cementing or poorly

sealed abandoned wells. Investigation of all the wells and boreholes within the area

influenced by CO2 storage activities is therefore essential.

Intrusion of the injected CO2 into groundwater causes a sharp drop of pH and

enhanced mineral dissolution, leading to increasing contents of trace metals. Aquifers

with a considerable amount of carbonates and high alkalinity are able to diminish this

detrimental effect of CO2 injection because of their high pH buffering capacities.

Therefore, the selection of a potential storage site for CO2 sequestration requires

detailed investigations of the mineralogical composition, porosities, and

permeabilities of the storage formation, the caprock and the overlying aquifers as

well as the hydrochemical conditions of the fluids within the aquifers. All these

parameters are also needed for reactive transport modeling and the evaluation of

storage capacities, pressure distribution, and risk assessment.

However, the hydrogeological, hydrogeochemical, and hydraulic conditions are

very site-specific and quantitative predictions, required for an integrated risk

assessment, should be supported by site-specific modeling as well as laboratory

experiments and field tests.

Moreover, a detailed long-term monitoring program must be established to avoid

possible negative impacts on freshwater resources due to geological CO2 storage.
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60. Bergmann P, Yang C, Lüth S, Juhlin C, Cosma C (2011) Time-lapse processing of 2D seismic

profiles with testing of static correction methods at the CO2 injection site Ketzin (Germany).

J Appl Geophys 75:124–139

61. Cantucci B, Montegrossi G, Vaselli O, Tassi F, Quattrocchi F, Perkins EH (2009) Geochemical

modeling of CO2 storage in deep reservoirs: the Weyburn project (Canada) case study. Chem

Geol 265:181–197

62. Carroll S, Hao Y, Aines R (2009) Transport and detection of carbon dioxide in dilute aquifers.

Energy Procedia 1:2111–2118

63. Dong Y, Li G, Li M, Wu R (2009) Impact of large-scale CO2 geologic storage in deep saline

aquifers: an example from the Songliao Basin, China. In: Proceeding of the TOUGH sympo-

sium 2009. Lawrence Berkeley National Laboratory, Berkeley, p 6

64. Gasda SE, Bachu S, Celia MA (2004) Spatial characterization of the location of potentially

leaky wells penetrating a deep saline aquifer in a mature sedimentary basin. Environ Geol

46:707–720
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on the first European on-shore CO2 storage site at Ketzin (Germany). Energy Procedia

1:2029–2035

71. Spangler LH, Dobeck LM, Repasky KS, Nehrir AR, Humphries SD, Barr JL, Keith CJ,

Shaw JA, Rouse JH, Cunningham AB, Benson SM, Oldenburg CM, Lewicki JL, Wells AW,

Diehl JR, Strazisar BR, Fessenden JE, Rahn TA, Amonette JE, Barr JL, Pickles WL,

Jacobson JD, Silver EA, Male EJ, Rauch HW, Gullickson KS, Trautz R, Kharaka Y,

Birkholzer J, Wielopolski L (2009) A shallow subsurface controlled release facility in

Bozeman, Montana, USA, for testing near surface CO2 detection techniques and transport

models. Environ Earth Sci 60:227–239

72. Vong CQ, Jacquemet N, Picot-Colbeaux G, Lions J, Rohmer J, Bouc O (2011) Reactive

transport modeling for impact assessment of a CO2 intrusion on trace elements mobility within

fresh groundwater and its natural attenuation for potential remediation. Energy Procedia

4:3171–3178

73. Xu T, Kharaka YK, Doughty C, Freifeld BM, Daley TM (2010) Reactive transport modeling to

study changes in water chemistry induced by CO2 injection at the Frio-I brine pilot. Chem Geol

271:153–164

74. Henninges J, Liebscher A, Bannach A, Brandt W, Hurter S, Köhler S, Möller F, CO2SINK
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Groundwater Contamination:

Environmental Issues and Case Studies

in Sardinia (Italy)

Riccardo Biddau and Rosa Cidu

Abstract In this study, the arsenic (As), cadmium (Cd), lead (Pb), and zinc

(Zn) contamination has been evaluated in the groundwater of Sardinia (Italy).

Contamination by such chemical species is among the most relevant risks for

many populations, thus giving general interest to the case studies presented in

this chapter. A brief introduction about the European legislative framework is

given, followed by a description of the analytical methods used and a discussion

of the results. Two areas were selected as case studies: the Osilo area, devoted to

geogenic degradation, and the Iglesiente–Fluminese mining district mainly affected

by anthropogenic contamination. The geochemical controls on the natural baselines

of As, Cd, Pb, and Zn are generally related to natural sources, mostly derived from

water–rock interaction processes in areas of known mineral occurrences. In fact,

median concentrations of the investigated elements in the mineralized areas are

much higher than those of the corresponding median regional values and sometimes

exceed the Italian limits for drinking water. In the Iglesiente–Fluminese mining

district very high concentrations of Cd, Pb, and Zn were measured in groundwater

that circulates in areas affected by past mining activities.

The results of this study clearly show that the understanding of the trace metal

pollution trends, and the distinction of the anthropogenic impacts on the aquifer

systems, is essential for evaluating the natural baseline of contaminants as well as for

distinguishing the relevant processes that influence their chemical characteristics.

Such information, together with the geological features of a region and/or subregion,

should be taken into account prior to defining regulatory limits of contaminants in

groundwater.
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1 Introduction

The chemistry of groundwater widely depends on complex geological, geochemical,

hydrogeological, and climatic factors, which control the chemical evolution and give

rise to large spatial variations at a range of scales. Temporal variations in ground-

water chemistry are also to be expected in response to varying atmospheric inputs,

changes in aquifer mineralogy, and solubility and kinetic controls related to varying

residence times [1]. In addition, human activities may have an important effect on the

chemistry of groundwater due to pollution from agricultural, industrial, and mining

activities. The knowledge of physical and chemical processes that control the

quantity and quality of groundwater is therefore essential for the effective manage-

ment of this valuable resource and its sustainable use.

The knowledge of the groundwater quality becomes mandatory for achieving

the purposes of the European Community (EC) Water Framework Directive

[2]. This Directive aims at maintaining and improving the aquatic environment in

the Community and establishes a framework for Community action in the field of

water policy. In particular, Member States shall protect, enhance, and restore all

bodies of groundwater, ensuring a balance between abstraction and recharge of

groundwater, with the aim of achieving good groundwater status at the latest

15 years after the date of entry into force of the Directive (i.e., in the year of

2015). For groundwater the need for better understanding of their intrinsic quality,

and how their characteristics are acquired, is strongly required. Any significant and

sustained upward trend in the concentration of any pollutant should be identified and
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reversed. In order to establish effective actions for reversing pollution trends, it is

fundamental to define the natural (baseline) levels for each pollutant. This will allow

distinguishing high concentrations derived by natural sources (i.e., water–rock

interaction processes) from those related to anthropogenic activities.

Some chemical constituents have been shown to cause widespread health effects

in humans as a consequence of exposure through drinking water (e.g., [3]). On this

basis, the World Health Organization (WHO) established guideline values for

several elements [4]. According to the International Agency for Research on

Cancer, arsenic (As) and cadmium (Cd) belong to Group 1 that includes

constituents with sufficient evidence of carcinogenicity in humans [5]. In the EC,

Cd, Cd compounds, Pb and Pb compounds have been identified as priority

hazardous substances [2]. In contrast with As, Cd, and Pb, zinc (Zn) is an essential

element for plant and animal metabolism and is not considered of health concern

at levels normally observed in drinking water [4]. However, it should be noted that

Zn is a regulated element in groundwater in the Italian legislation [6].

Metals and metalloids occur as natural constituents usually dispersed in the earth

crust. In areas hosting ore deposits, several toxic or harmful elements may occur in

groundwater at natural concentrations that exceed the standards established by

national and international authorities for drinking water and the protection of

aquatic life (e.g., [7, 8]). The potential for contamination is increased when mining

operations expose metal-bearing deposits to erosion as well as when mining-related

wastes are dumped on the earth surface thus enhancing weathering processes.

In some cases, the contamination continues persisting in the environment many

years after the cessation of mining operations (e.g., [9] and reference therein).

Statistical methods are widely used to assess baseline concentrations of solutes

in aquifers [10]. Statistics should not be used in isolation, but in association with a

basic understanding and investigation of the underlying processes controlling

groundwater chemistry [1]. Such approach has been used in this study focused on

the investigation of groundwater contamination by As, Cd, Pb, and Zn. Two case

studies were selected: the Osilo one is an example of geogenic degradation of

the water quality, while in the Iglesiente–Fluminese one both geogenic and anthro-

pogenic contamination of water occur.

The study areas are located in Sardinia (Italy), an island of the western Mediter-

ranean Sea (Fig. 1). Sardinia represents an ideal site to investigate the influence of

natural (geological) and mining activities on the quality of groundwater because, in

spite of its relatively small surface (24,000 km2 approximately), Sardinia was a

prominent mining region for base metals in Italy and a relevant one in Europe.

In addition, with a population of approximately 1.6 million people mostly

concentrated in large towns, and industrial activities mainly located nearby the

cost (Fig. 1), many areas are unaffected by diffuse anthropogenic pollution, so that

pristine conditions of water quality can be evaluated.

River waters collected in artificial basins constitute about 70% of the water

supplied for domestic, agricultural, and industrial uses in Sardinia. However, due to

the climatic peculiarity of the region, characterized by long periods of heat and

drought interrupted by relatively short rainy periods with occasional heavy rain
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events, the flow of rivers and streams strongly depends on rainfall and may vary by

few orders of magnitude in a year as well as from one year to another. Consecutive

years of drought have been common in the past, resulting in restrictions in water

supply for domestic use in several town and villages of the island. Accordingly,

groundwater is an important resource when droughts occur, as well as in areas

where the reservoirs lack [11, 12].

Fig. 1 Geological sketch map of Sardinian island ([51], modified) showing the locations of the

most important mines and the mineralized areas ([27], modified), and the industrial sites
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2 Sampling and Analytical Methods

The dataset used for assessing the groundwater quality in Sardinia includes

454 water analyses. Data on 211 groundwater samples derive from several surveys

carried out at the University of Cagliari between 2001 and 2012 [13–23], including

data on 50 water samples that are yet unpublished. The samples comprise spring

waters mostly located away from major towns, villages, and industrial areas; they

were selected for the purpose of minimizing potential anthropogenic impacts on the

water quality. Waters affected by mining activities were not considered in the

calculation of baseline values for the considered elements. Additional data on

193 groundwater samples derived from the groundwater-monitoring program

established by the Sardinian Regional Government [24] were considered in the

calculation of the regional baseline values for the considered elements.

In the study area of Osilo, 43 spring and borehole samples were collected from

2000 to 2003, with surveys repeated under different seasonal conditions. The

complete dataset and analytical details are reported elsewhere [18].

In the study area of Iglesiente–Fluminese, hydrogeochemical surveys have been

carried out from 1996 to 2008, with the aim of investigating the impact of past

mining on the quality of groundwater. Data considered in this study refer to

sampling campaigns undertaken in 2005 and 2006 ([20] and references therein)

and in 2008 [9]. The selected data include high-flow springs used as drinking-water

supplies as well as low-flow springs and a few shallow wells, in which water is

considered not to be directly affected by the local mining activities, though located

in mineralized areas. The samples indicated as mine waters include water collected

at shafts and flooded adits following rebound.

The analytical procedure used at the University of Cagliari can be summarized

as follows. At the sampling site, the physical–chemical parameters and alkalinity

(titration with HCl 0.01 N and methyl orange indicator) were measured; the water

was filtered (0.4 μm pore size, Nuclepore polycarbonate) into pre-cleaned high-

density PE bottles and acidified with supra-pure HNO3 (1%, v/v) for element

analyses by either quadrupole ICP-MS using Rh as internal standard or ICP-OES

[25]. In order to check potential contamination during sampling and analysis,

blanks were prepared in the field with ultrapure water (MILLI-Q, 0.06 μS/cm)

and processed using the same procedures used for the water samples. Detection

limits were determined as follows: the mean value and standard deviation of

a significant number of blanks analyzed within an analytical sequence were

calculated; the value corresponding to 5σ was taken as the detection limit.

The value equal to the detection limit was assumed in the case of undetected

concentration. Both precision and accuracy were evaluated using standard

reference solutions. Estimated analytical errors were less than 10%.
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3 Geology and Groundwater Quality in Sardinia

A simplified geological map of Sardinia with the location of relevant mines,

mineralized areas, and industrial sites is presented in Fig. 1. Widespread Paleozoic

formations, mainly consisting of granitic and metamorphic rocks, extend nearly

continuously from north to south in the eastern part of the island. Second in

abundance are Tertiary and Quaternary volcanic and sedimentary rocks. Mesozoic

carbonate rocks occur less frequently and lay on the Paleozoic basement.

Stratabound deposits are the more economic ores in Sardinia. They are mainly

hosted in the Lower Paleozoic rocks. In southwest Sardinia sphalerite–galena–barite

deposits mostly occur as massive sulfides and partly as Mississippi Valley type.

In central and southeast Sardinia, stratabound mineralization consists of scheelite,

arsenopyrite, antimonite, and chalcopyrite–sphalerite–galena massive sulfides. Some

skarn deposits are connected to the granite intrusion [26, 27]. Exploitation was

carried out intensively from 1880 to 1980.

The abandoned mines are nowadays a remarkable heritage included in the

Environmental and Historical Geomining Park of Sardinia, sponsored by the

UNESCO. However, these sites also represent potential environmental risks,

particularly due to the weathering of mining-related wastes still left nearby the

mines and the occurrence of highly contaminated water flowing out of adits.

Following the assessment of contamination status with respect to baseline

conditions at abandoned mines, remediation actions will be planned by the

Sardinian Regional Government.

More recently, auriferous epithermal deposits have been discovered in Tertiary

volcanic rocks [28]. An epithermal, high-sulfidation gold deposit was exploited at

Furtei in central Sardinia, from 1997 to 2003 [29, 30].

The natural baselines of several elements in groundwater of Sardinia were recently

evaluated [31]. Figures 2a–d show the geographical distributions of As, Cd, Pb, and

Zn concentrations, basic statistics (Fig. 2e), and the cumulative frequency plot

(Fig. 2f). The Italian limits (dashed lines in Fig. 2f) of As (10 μg/L), Cd (5 μg/L),
and Pb (10 μg/L) in drinking water and the Zn limit (3,000 μg/L) in groundwater are
also reported [32].

Taking into account that groundwater samples circulating in contaminated sites

were excluded in the selection of the database, the distribution ranges of

contaminants shown in Fig. 2e are likely to be close to the baseline values. The

median concentrations of As, Cd, and Pb were below 1 μg/L, whereas the median

concentration of Zn was less than 10 μg/L in the Sardinian groundwater. However,

up to 4% of the samples considered contain As, Cd, and Pb in excess of the

respective limit in drinking water. Also, the maps in Fig. 2a–d pinpoint the areas

of relatively high values due to the widespread presence of mineralization in the

island. High As concentrations in groundwater samples are related to arsenopyrite

and enargite in Tertiary volcanic rocks, respectively, in the north and central

Sardinia and to arsenopyrite in metamorphic rocks in southeast Sardinia (Fig. 2a).

Elevated Cd concentrations in groundwater samples occur in south Sardinia
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(Fig. 2b) and are mostly related to sphalerite. Geochemical maps for Pb (Fig. 2c)

and Zn (Fig. 2d) also show relatively high concentrations in groundwater of

southwest Sardinia, an area with prominent Pb–Zn sulfide mineralization

(Sulcis–Iglesiente–Fluminese mining districts); in this area, relatively high

values (>10 μg/L, i.e., above drinking-water standards) of Pb occur, whereas

Zn concentration is less than 3,000 μg/L.

Fig. 2 Maps showing the occurrence of As (a), Cd (b), Pb (c), and Zn (d) concentrations in

Sardinian groundwater samples; (e) basic statistical data; (f) cumulative-frequency diagrams
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Following the Sardinian context described above, two study areas will be

investigated in more detail: the Osilo area in north Sardinia and the Iglesiente–

Fluminese in southwest Sardinia.

4 Groundwater Quality in the Osilo Area

It is useful to recall that the Osilo area was selected for representing a case study

where water contamination was unrelated to anthropogenic activities, but was

associated with the occurrence of an epithermal Au–Ag deposit.

A geological sketch map of the Osilo area is reported in Fig. 3. It is characterized

by Tertiary volcanic rocks, mainly composed of andesite that underwent wide-

spread alteration (potassic, propylitic, or argillic) and subordinate ignimbrite.

Marine and lacustrine sediments (Lower to Middle Miocene) and Quaternary

basalts outcrop above the Tertiary volcanic rocks in the southern part of the area

[33]. Metal mineralization at Osilo occurs in a number of low-sulfidation,

epithermal quartz veins related to fracture systems trending about E–W. The

veins are hosted in the andesitic rocks, are generally 1–10 m wide and up to 3 km

long, crop out discontinuously along their length, and are usually brecciated and

re-cemented by saccharoidal quartz. The silicified materials underwent a

pyritization process, resulting in a fine dissemination of iron sulfide. The mineral

assemblage consists of abundant pyrite (FeS2), arsenopyrite (FeAsS, with traces of

Ni, Co, Cu, and Sb), Ag-tetrahedrite ((Cu,Fe)12Sb4S13)–freibergite ((Ag,Cu,

Fe)12(Sb,As)4S13) (with traces of Zn, Cu, Ag, Pb, Bi, and Hg) and tennantite

(Cu12As4S13), and subordinate stibnite (Sb2S3), marcasite (FeS2), galena (PbS,

Ag-rich with trace of Bi), and sphalerite (ZnS). Electrum (AuAg, 20–50 wt% Ag)

and argentite (Ag2S) are hosted in pyrite and are the main Au- and Ag-bearing

minerals. Economic mineralization was known to occur over a 250–300 m vertical

range, and the resources were estimated at 12 tons of Au and 50 tons of Ag, with

average grade of 7.1 g/t Au and 30 g/t Ag [28, 34]. The gold deposit was expected to

be exploited, but it remained unmined up to the present (i.e., 2013).

In the Osilo area the rolling topography ranges from 766 m above sea level

(a.s.l.), in the northern part of the area, to 200 m a.s.l. in the southern part.

Vegetation cover is irregularly distributed, and soils are poorly developed in most

parts of the area. The mean rainfall is 760 mm/year, with 72 rainy days/year, and

dry periods usually extending from May to October [11]. Mean annual temperature

is 16.5�C with high evapotranspiration (>60%). Surface drainage consists of

intermittent streams following lines of structural weakness. The hydrogeology is

dominated by the presence of aquifers in volcanic rocks. Piezometric surfaces

generally follow the surface morphology with preferential discharges to thalweg,

where the topographic surface cuts through the water table. The local groundwater

flow is roughly from north to south, except in the northernmost catchments where

east to west trending flow prevails. In the Osilo area there are a number of springs

characterized by low average flow rates (<0.1 L/s); most of the springs originate
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from andesitic aquifers, having shallow circulation and relatively short residence

times with recharge to the aquifers directly from rainfall. In the southern part of

the area there are some warm springs (San Martino) showing nearly constant

temperature (19–21�C) at different seasons, high pCO2 values, and a flow rate of

about 1 L/s. These waters are considered to be representative of a regional and

prolonged circulation in the andesitic rocks with tritium unit values close to zero

(TU ¼ 0.6 in 1982; [35]), thus suggesting relative long residence times. An inflow

of CO2 gas from deep origin is supposed to occur in their aquifer [36]. At the

emergence of the San Martino springs as well as at emergence of other springs

Fig. 3 Geological sketch map of the Osilo area ([51], modified) with locations of groundwater

samples. (a) The landscape of the Osilo area: foreground a silicified body south of the Bunnari

Lake, background the Osilo village
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related to mineralized veins, abundant precipitation of brownish deposits of Fe-oxy-

hydroxides occurs. These ferruginous waters are sometimes found in the immediate

vicinity of non-ferruginous springs unrelated to mineralized veins.

Hydrogeochemical surveys were aimed to evaluate the baseline conditions for

assessing the potential impact of eventual mining on the quality of waters. In this

paper a summary of chemical characteristics will be reported while focusing on the

arsenic occurrence in groundwater at Osilo.

The pH values range from acidic to alkaline (4.0–8.0). The lowest pH values were

measured in groundwater samples interacting with the mineralized bodies. Values of

the redox potential are usually in the range of 0.3–0.5 V, although some boreholes

and the San Martino waters show slightly reducing conditions. The shallow ground-

water samples exhibit considerable variation in salinity (total dissolved solids, TDS,

in the range of 0.3–2.8 g/L), whereas the SanMartino waters have the highest salinity

(TDS up to 4.6 g/L). The San Martino springs were the only samples clearly

distinguished from the others as a marked NaHCO3 composition (Fig. 4), owning

to the high pCO2. These waters reach oversaturation with respect to calcite, and

travertine deposits occur close to their emergence; historical data on the San Martino

waters show a nearly constant temperature, pH, TDS, and chemical composition

[37]. At sites other than SanMartino, groundwater samples show a general trend with

Fig. 4 Piper diagram showing major components in the Osilo waters (sampling date,

October 2001)
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increasing TDS values, from Ca(Mg)–HCO3 to Na(Ca)–C1–SO4 composition; the

dissolved sulfate increases in correspondence of mineralized areas, likely due to

pyrite oxidation. Seasonal variability in TDS and concentrations of chemical

components occur, with dilution processes observed in correspondence of rainy

periods.

Figure 5 shows the map of As concentration in groundwater samples at Osilo.

The concentration of dissolved As varies from <1 up to 290 μg/L. Speciation
calculations indicate that As occurs mostly in its (V) valence state, with the

H2AsO4
� species dominant at pH < 6.5 and HAsO4

2� prevalent at pH > 6.5

(Fig. 5a). The effect of water–rock interaction is well marked at sites where the

groundwater comes into contact with the mineralized bodies. Here, As

concentrations in the range of 10–290 μg/L are observed as result of the weathering

of pyrite and arsenopyrite [18]. Arsenic concentrations are not correlated with pH,

Eh, and TDS values, but the high-Fe waters contain the highest As concentrations.

Shallow groundwater located close to the ore veins and the San Martino waters

showed Fe concentrations in the range of 1–80 mg/L. At the Eh–pH conditions

observed, iron in the waters was probably present in particles <0.4 μm (the pore

size through which the water was filtered) or in colloidal forms. Given the high Fe

content, these waters deposit reddish-orange precipitates upon discharge; according

to XRD analyses, the precipitated material is mainly composed of two-line

ferrihydrite. Transmission electron microscope observations showed that the

ferrihydrite is mainly amorphous, although areas of nanocrystals were also

identified. On the basis of the electronic patterns, the nanocrystals are composed

of goethite [18], likely derived from the transformation of two-line ferrihydrite

[38]. Analytical results of some elements contained in the ferrihydrite show small

variations in composition, with As being the most abundant element among minor

components (Table 1), confirming the strong ability of Fe-oxy-hydroxides to trap

this element (see, e.g., [39]).

The high-As concentrations measured in the Fe-rich groundwater samples at

Osilo are likely associated with small ferrihydrite particles, which are not retained

by filtering through 0.4 μm in size. Relatively high concentrations of As in the

S. Martino waters may be related either to weathering of the ore deposit or to the

long residence time. Due to the widespread presence of mineralization, the baseline

for arsenic in groundwater at Osilo is estimated to be higher than the regional value

(Fig. 5b).

5 Groundwater Quality in the Iglesiente–Fluminese Area

The Iglesiente–Fluminese mining districts, located in SW Sardinia (Fig. 6), have

been a prominent area for the exploitation of Pb and Zn in Italy. The Pb–Zn deposits

in the Iglesiente–Fluminese mining districts were exploited since the pre-Roman

times. The recent industrial exploitation started in the mid-1800, reaching a peak

(more than 40 mines in operation) in the 1950s. In the 1960–1970 mining became
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Fig. 5 Map showing the concentrations of arsenic in groundwater samples in the Osilo area (data

refer to sampling in 2001). (a) Eh–pH diagram of the system As–Fe–H–O, at 25�C and 1 bar

64 R. Biddau and R. Cidu



uneconomic due to exhaustion of the high-value resources and the extreme compe-

tition of foreign mining districts. Such decline has resulted in the decreasing of

mining activities, until complete closure of mines in 1998. A description of host

rocks, dominant ores, and period of exploitation in the most important mines is

reported in Table 2.

The geological setting in SW Sardinia is schematized in Fig. 6. It is characterized

by Paleozoic formations that underwent several complex phases of deformation

[40]. The Lower Cambrian formations are comprised of the basal Nebida Group,

consisting of about 500 m of siliciclastic, shallow water sediments, with carbonate

and marl intercalations, and the overlying Gonnesa Group made up of 300 to 600 m

of shallow water platform carbonates [41]. Middle Cambrian–Lower Ordovician

sediments are comprised of nodular limestone (Campo Pisano Formation, Iglesias

Group, 50–80 m) and slates (Cabitza Formation, Iglesias Group, 400 m); Upper

Ordovician sediments in angular unconformity on the Gonnesa and Iglesias Groups

consist of continental conglomerates and sandstone, followed by marine slates that

formed until late Ordovician–Silurian [42]. Ore bodies consist of massive sulfides

(sedimentary exhalative) located in the lower part of the Cambrian sequences and

lower-grade sulfides (Mississippi Valley type) located at the top of the carbonate

sequences. The most abundant ore minerals are sphalerite (ZnS) and galena (PbS),

with variable pyrite (FeS2) contents; barite (BaSO4) and fluorite (CaF2) are abundant

at some locations. Near the surface, ore bodies are generally oxidized and consist

mostly of smithsonite (ZnCO3), hydrozincite (Zn5(CO3)2(OH)6), and cerussite

(PbCO3) [43].

Table 1 Concentrations of minor components in the ferrihydrite materials collected at the

emergence of some Fe-rich springs, which drain the gold deposit in the Osilo area

Element (mg/kg)

Sample

185 194 317 402 (S. Martino)

As 1,700 2,400 5,600 7,500

Cd 31 29 32 34

Co <0.3 2.2 5.3 11

Cu <0.02 <0.02 <0.05 <0.3

Mn nd 195 nd 145

Ni <0.8 <0.8 <1.9 <1.6

Pb 27 29 31 33

Tl <0.2 <0.2 <1.7 nd

Zn 57 341 550 550

nd not determined

⁄�

Fig. 5 (continued) (modified after [50]); the shaded area represents the Eh–pH value of the

groundwater samples collected at Osilo from 2000 to 2003. (b) Cumulative distribution plot

comparing arsenic concentrations in Sardinia and Osilo groundwater samples

Groundwater Contamination: Environmental Issues and Case Studies in Sardinia. . . 65



In this area the availability of water from reservoirs (i.e., Monteponi lake and

Punta Gennarta lake) is low, but groundwater represents a valuable resource that

supplies water to a local population of approximately 60,000 inhabitants. The high-

flow (>>10 L/s) springs occur in the Cambrian carbonate formations, which host

Fig. 6 Geological sketch map of the Iglesiente–Fluminese mining district ([51], modified)

showing the locations of relevant abandoned mines and groundwater samples
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the most important aquifers due to intense fracturing and karst processes. Several

springs with low flow (usually <1 L/s) also occur in the sandstone and siliciclastic

formations.

Large parts of the Cambrian aquifers have been affected by the dewatering

required at most mines for allowing exploitation at depth. The main drainage

system running under exploitation was located in the Monteponi mine. Pumping

stations were successively installed at increasing depths to decrease the water table

from ~80 m above sea level to 160 m below sea level. The groundwater pumped out

of Monteponi was highly saline, with dissolved chloride and sodium (11 and 6 g/L,

respectively, in 1996), attributed to the seawater contamination; concentrations of

metals, particularly Pb, Cd, and Hg, were also relatively high [44]. The pumping

rate was gradually reduced from 1,500 L/s in January 1997 to 100 L/s in June 1997,

and the system was shut down in August 1997. As flooding progressed at

Monteponi, the water table level rose at nearby mines too; this effect extended

eastwards to the Campo Pisano mine and westwards to the San Giovanni, Nebida,

and Masua mines. Following rebound, the water table at Monteponi and nearby

mines reached 45 m above sea level in 2005. In the Fluminese, soon after closure

of the mines, groundwater flowed out from several adits, such as at S’Acquabona,

Su Zurfuru, Santa Lucia, Gutturu Pala, and Buggerru mines [45].

The location of the Iglesiente–Fluminese groundwater samples considered in this

study is shown in Fig. 6. The chemical composition of water shows near neutral to

slightly alkaline pH (7.1–8.2), reflecting dominant circulation in carbonate rocks.

Most waters show Eh values above 0.4 V, indicating oxidizing conditions, likely due

to the relatively fast groundwater circulation through karst features and fractures.

Table 2 Description of relevant abandoned mines in the Iglesiente–Fluminese mining district

Mine name Host rock Dominant ore Exploitation period

S’Aquabona Siliciclasticsediments (Ag)Pb–Zn 1900–1975

Santa Lucia Slate-conglomerate–limestone OxZn 1880–1942

Pb 1880–1942

Ba–F 1945–1968

Su Zurfuru Slate–conglomerate–limestone F–(Ag)Pb–Ba 1890–1968

Py–Zn–Pb

Gutturu Pala Dolostone–limestone–breccia Py–Zn>>Pb 1880–1992

Arenas Limestone–quartzite Ba–Ce–Pb(+Py) 1870–1982

Masua Limestone–breccia Zn>Pb 1960–1998

Nebida Limestone–breccia Zn>Pb 1883–1981

Monte Agruxiau Limestone–dolostone–breccia OxZn–Zn>Pb 1880–1978

Monteponi Limestone–dolostone–breccia (Ag)Pb 1640–1800

Zn>Pb(+Py) 1860–1996

Zn>OxZn>Pb(+Py) 1860–1998

Campo Pisano Dolostone in paleokarst Zn>OxZn>Pb(+Py) 1860–1998

Pb>Ba

San Giovanni Limestone–dolostone Zn>Pb 1860–1998

Rosas Limestone–dolostone Zn–Pb 1850–1960

Ba barite, Ce cerussite, F fluorite,OxZn oxidized, Znminerals, Py pyrite and pyrrhotite, Pb galena,
(Ag)Pb Ag-rich galena, Zn sphalerite
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Figure 7 shows the Durov plot for the studied waters from the Iglesiente–

Fluminese. Water from springs and wells outside of the mines is dominantly

Ca–Mg bicarbonate with relatively low salinity, generally in the range of

0.3–0.6 g/L TDS. The chemical composition of these water samples is not

Fig. 7 Durov plot showing major ions dissolved in the Fluminese–Iglesiente groundwater.

Triangular plots on the left and top show the relative abundance of each cation and anion,

respectively (i.e., the percentage of each ion to the cation or anion sum, with values expressed

in meq/L). The TDS values are shown in the lower graph

68 R. Biddau and R. Cidu



influenced by past pumping at Monteponi and clearly reflects the interaction of

water with carbonate formations. The mine waters are distinguished by higher

salinity, in the range of 0.9–6 g/L TDS, with dominant chloride and sulfate anions

(Fig. 7). The chloride enrichment was related to seawater contamination due to the

intensive pumping at Monteponi [44]. The sulfate enrichment observed in most

mine waters derives from the oxidation of sulfide minerals.

Figures 8, 9, and 10, respectively, show the maps of Cd, Pb, and Zn

concentrations in the Iglesiente–Fluminese groundwater. A wide range of metal

concentrations is observed: 1–330 μg/L Cd, 1–80 μg/L Pb, and 13–55,000 μg/L
Zn. The extreme concentrations of metals observed in the mine waters are not

surprising given the diffused Pb–Zn mineralization in this area. Moreover, the local

baseline values for Cd, Pb, and Zn are expected to be higher than the regional

Fig. 8 Map showing the concentrations of cadmium in the Iglesiente–Fluminese area;

(a) cumulative distribution plot comparing cadmium concentrations in Sardinia and Iglesiente–

Fluminese groundwater samples
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values. In fact, dissolved Pb exceeds the limit (10 μg/L, Fig. 9a) in some springs and

wells, which also include waters considered not to be directly affected by past

mining activity. It should be pointed out that many of these springs are used for

supplying drinking water in the area. The concentrations of Cd and Zn are below the

limits of 5 and 3,000 μg/L, respectively (Figs. 8a and 10a).

The oxidation–dissolution of galena and sphalerite is presumably the main source

of Pb, Zn, and Cd. The mobility of Pb is often limited owing to sorption onto clay

minerals, organic matter, and/or Fe-oxy-hydroxide minerals [46]. In comparison

with Pb, the solubility of Zn carbonate and hydroxides is moderately high; accord-

ingly, Zn is expected to occur in groundwater at concentrations higher than Pb. It is

likely that one of the limiting factors to Zn mobility is the presence of

Fe-oxy-hydroxide and clay minerals [46]. Thermodynamic equilibria were

Fig. 9 Map showing the concentrations of lead in the Iglesiente–Fluminese area; (a) cumulative

distribution plot comparing lead concentrations in Sardinia and Iglesiente–Fluminese groundwater

samples
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calculated for smithsonite and cerussite. In Fig. 11a it can be observed that most of

the mine water samples reach the equilibrium with smithsonite, while few samples

approach the equilibriumwith cerussite, thoughmost mine waters are not far from it,

as it is shown in Fig. 11b. The undersaturation of all waters with respect to cerussite

might be explained taking into account the Pb speciation in solution. The most

abundant Pb species in waters circulating in the Cambrian carbonate formations is

PbCO3
0; this aqueous species is stable under the observed pH conditions [47, 48] and

may persist at long distance from Pb sources, though a portion of aqueous Pb might

be sorbed on Fe- and Mn-bearing solid phases. All samples are largely undersatu-

rated with respect to anglesite (PbSO4). Cadmium displays a geochemical behavior

similar to that of Zn, because Cd can substitute Zn in sphalerite. It is observed

that any increase of Zn content in water is accompanied by an increase in Cd

Fig. 10 Map showing the concentrations of zinc in the Iglesiente–Fluminese; (a) cumulative

distribution plot comparing zinc concentrations in Sardinia and Iglesiente–Fluminese groundwater

samples
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(Fig. 12), with a Zn/Cd ratio of about 200, a value close to that frequently observed in

sphalerite (e.g., [49]). Cadmium was mostly present as Cd2+ species, with CdCO3
0

species only prevailing at pH > 8.

Fig. 11 Activities of Zn2+ (a) and Pb2+ (b) versus CO3
2� in the Iglesiente–Fluminese groundwa-

ter; the area within dashed lines indicates equilibrium with respect to smithsonite and cerussite,

respectively

Fig. 12 Dissolved Cd versus Zn concentrations in the Iglesiente–Fluminese groundwater samples
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The available data on groundwater in the Iglesiente–Fluminese show that

the carbonate rocks hosting the aquifers in the area largely neutralize water

acidification brought about by the oxidation of sulfide minerals. However, some

spring waters, very important for the supply of drinking water to nearby towns and

villages, exceed the required standard for Pb and therefore need to be blended with

uncontaminated water.

6 Conclusions

Groundwater is a valuable natural resource that needs to be protected from

contamination. For preserving the groundwater quality and achieving an efficient

groundwater management, it is required to improve the understanding of the

water–rock interaction processes, in particular with reference to the natural,

geologically controlled baseline chemistry.

The geochemical controls on the occurrence of arsenic, cadmium, lead, and zinc

in groundwater are discussed in two case studies located in the island of Sardinia

(Italy): the Osilo area, devoted to illustrate a geogenic degradation of groundwater,

and the Iglesiente–Fluminese mining district aimed to highlight both geogenic and

anthropogenic contamination.

The widespread presence of mineralization in Sardinia has a strong effect on the

chemical quality of natural waters, major risks being associated with the flow of

contaminated water from mine adits and the weathering of mining-related wastes.

Referring to the chemical elements considered in this study, higher concentrations

of As, Cd, Pb, and Zn in groundwater, exceeding the Italian standards for drinking

water and the protection of aquatic life, are generally related to natural sources,

i.e., derived from water–rock interaction processes in areas of known mineral

occurrences. Median concentrations for As, Cd, Pb, and Zn in groundwater from

the case study areas are higher than the corresponding median values estimated on the

whole Sardinian island (regional variations).

In Sardinia, groundwater constitutes about 30% of the water supplied for

domestic and agricultural uses, but this percentage increases in some areas of the

island, including the Iglesiente–Fluminese. Therefore, a sustainable economic

development, as well as environmental protection, requires adequate management

and monitoring programs aimed to preserve the groundwater quantity and quality.
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Scienze della Terra (in Italian)

18. Biddau R, Cidu R (2005) Hydrogeochemical baseline studies prior to gold mining: a case study

in Sardinia (Italy). J Geoch Explor 86:61–85

19. Cidu R, Caboi R, Biddau R, Petrini R, Slejko F, Flora O, Stenni B, Aiuppa A, Parello F, Valenza

M (2008) Caratterizzazione idrogeochimica ed isotopica e valutazione della qualità delle acque
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Master Thesis, Università degli Studi di Cagliari, Dipartimento di Scienze della Terra,

AA 2006–2007 (in Italian)
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Geological Sources of As in the Environment

of Greece: A Review

Platon Gamaletsos, Athanasios Godelitsas, Elissavet Dotsika,

Evangelos Tzamos, Jörg Göttlicher, and Anestis Filippidis

Abstract This review summarizes the existing data about the geological sources of

As in Greece; their variety and the relevant concentrations make Greece a peculiar

territory to generalize and better understand the methodology for their assessment.

These sources concern As-containing ores in active and abandoned mining areas,

geothermal/hydrothermal waters, lignites in exploited and unexploited deposits,

As-minerals in various rock types such as metamorphic rocks, and mineral dust

originating in Sahara desert. It is considered that As release from the above sources,

in conjunction with various anthropogenic As fluxes, occasionally creates distinct

areas with contaminated groundwater, soils, marine and atmospheric environment.
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In general, Greece has been reported as a global As “hot spot” and it is argued that

a significant amount of the Hellenic population might be affected by As pollution.

The most important and permanent As source seems to be geothermal/hydrothermal

fluids, due to faults and volcanic activity, affecting the underground, surface, and

marine aquatic environment.

Keywords Arsenic, Geothermal, Greece, Minerals, Ores, Volcanoes
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Abbreviations

BAB Back-arc basin

MLC Megalopolis lignite center
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P-ALC Ptolemais-amynteon lignite center

SAAVA South aegean active volcanic arc

SWAT Soil and water assessment tool

UCC Upper continental crust

1 Introduction

Greece is considered to face significant environmental problems related to elevated As

concentrations in groundwater, soils, and themarine environment [1, 2]. In fact, Greece

is included among the As-polluted “hot spots” of the entire world [3]. According to the

Geochemical Atlas of Europe [4], the As-polluted soils are mainly located in northern

Greece (Macedonia), as well as in Attica including the Cycladic Islands. On the other
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hand, the highest concentrations of As in stream waters are observed in northern

Greece (Fig. 1). The population in Greece exposed to As pollution is estimated to be

150,000 people [5]. The sources of As are both anthropogenic and natural. Of note,

thermal springs (geothermal waters) andmining areas are of great significance [5]. The

data, in the literature, about anthropogenic sources of As in Greece are still not

extended. These sources are presumably related to fertilizers, pesticides, municipal

wastes, and coal combustion in thermal power plants. Also, there are facts indicating

that serious contamination of the environment in Greece, with regard to As, is

attributed to combustion of fossil fuels [e.g., 6]. However, it is believed that the natural

Fig. 1 Part of the Geochemical Map of Europe (modified after the EuroGeoSurveys – FOREGS

Geochemical Baseline Database [4]) showing the distribution of As in top and sub-soils (upper left
map: top layer soils; upper right map: sub layer soils) as well as in stream sediments (lower left
map) and in stream waters (lower right map) in Greece. The lowest As concentrations are

represented by the smallest-open-circle symbol, contracting to the highest As concentrations

that are shown by the biggest-gray-circle symbol (dot size scale size). The multiple-grade color

scale is based on the measured As concentration levels. All the values of As concentrations, in soils

and sediments, below 9.60 ppm are called “background” [137]
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(geological) sources of As are equally significant and mainly concern As-containing

ores in active and abandoned mining areas, geothermal/hydrothermal waters due to

faults (northern Greece) and volcanic activity (southern Greece), coals (mainly

lignites in exploited and unexploited deposits), As-minerals in various rock types

such as metamorphic rocks, and, certainly, the mineral dust flux derived from Sahara

desert (Fig. 3). Consequently, the scope of this review is to summarize all of the

existing data about geological sources of As in Greece and to serve as the basis of

future scientific research on this issue.

Arsenic, as a chemical element, has been known in Greece since Prehistoric

times. In particular, most of the Early Bronze Age in Greece (4000–2500 BC) was

actually an age of arsenical copper. Arsenical copper was an advantageous Cu–As

alloy, with nominally 1–6 wt% As, which allowed the manufacturing of harder

tools in the prehistoric world. Relevant artifacts have been found all over the

Aegean, and particularly in Crete, as well as in Evia (3.12 wt% As) dated 4000 BC

and Thessaly (average 2.9 wt% As) dated 3700–3300 BC. The geological source of As

in Prehistoric Greece might be in Cyclades, perhaps in Kythnos island, but this

hypothesis is still questionable [7–9]. Another hypothesis is that the prehistoric

sources of As could be related to primitive mining in Anatolia (Asia Minor). Later,

the historical Lavrion (or Laurium) mines, located at Attica peninsula, were used in

Classical Greece as the principal source of Ag and wealth for the Athenian State.

In Lavrion mines there are many As minerals but perhaps they were not given

appropriate attention by the ancient Greek philosophers and scientists inasmuch

Theophrastus (known as the Father of Mineralogy, 371–287 BC) mentioned only

native As and realgar (As2S3), of unknown origin, in his treatise “On Stones” (Περί
Λίϑων) (Caley and Richards [10] and Eichholz [11] referring to Latin translation –

1495–1498 AC in Venice and 1578 AC in Paris – and first English translation – 1746

in London – of Vaticanus 1302 and 1305 Codices). The Lavrion mines were also

operated during the nineteenth century and Zenghelis [12] reported analyses for As in

minerals from this area, as well as from Greek islands. In the same report [12] there is

also a map indicating As in eastern Thessaly. Moreover, Ktenas [13] approved the

occurrence of realgar (As2S3) in the same area (see Fig. 2). On the basis of the data of

the Ministry of Economy of Greece, 659 and 14 t of As-oxide (As2O3: 99.40 wt %)

were produced on 1931 and 1947, respectively, in Lavrion mines [14, 15]. It seems

that after the 1950s there was no further production of As from Greek mines.

Nowadays, the Lavrion mines are abandoned and mainly secondary As minerals

can be found (e.g., annabergite, adamite, see Fig. 2 and Table 1), but important As

ores (Au-containing arsenopyrite/As-pyrite, see Fig. 2 and Table 1) are exploited in

Kassandra Pb–Zn–Ag–Au active mines in eastern Chalkidiki (Macedonia, northern

Greece). Finally, it should be emphasized that the magnitude of Greek geological

sources of As is evident from a variety of As minerals discovered in the country for

the first time in the world (Table 2). Very recently, peculiar As-sulfides of possible

biogenic origin were also discovered in the floor of the submarine crater of Kolumbo

volcano located north of Santorini at the Hellenic Volcanic Arc [16–18].
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2 Geological Sources of As in Mining Areas

2.1 Arsenic in Kassandra Active Mines (Chalkidiki)

The Kassandra mines (Olympias, Madem Lakkos/Mavres Petres) massive sulfide

–Pb–Zn–Ag–Au– ore deposits, in eastern Chalkidiki peninsula (Macedonia,

Greece; see Fig. 3 and Table 1), are developed as strata bound and/or fracture

controlled and in places stratiform within the calcitic-rhodochrositic marbles,

biotite-hornblende gneisses, and amphibolites that have been regionally deformed

and metamorphosed [19, 20]. The Madem Lakkos ores can be divided into three

different types: a massive sulfide ore, a disseminated sulfide ore as well as a skarn

ore, due to geochemical and mineralogical characteristics [20]. Massive sulfide ore

deposits, exploited at Kassandra mines, accommodate arsenopyrite (As: 29–33 wt%

[21]; see Fig. 2 and Table 3) together with pyrite (and/or As-pyrite), sphalerite,

Fig. 2 Representative As minerals from Greece. Upper photos: Typical mm-sized arsenopyrite

(FeAsS) crystals in massive As-ore from Kassandra Mines (Olympias), eastern Chalkidiki; lower
left photo: annabergite (Ni3(AsO4)2�8H2O) from Lavrion mines, Attica [http://www.mindat.org/

photo-15308.html]; lower right photo: adamite (Zn2(AsO4)OH) mm-sized crystal aggregates from

Lavrion mines, Attica
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chalcopyrite, galena, and various Sb-minerals (e.g., boulangerite) [19, 20]. Arseno-

pyrite and pyrite occur mainly as coarse, idiomorphic grains. As-pyrite grains were

measured by Nebel et al. [20] to contain 2,600–4,900 ppm (massive sulfide ore

samples), 1,400–5,000 ppm (disseminated sulfide ore samples) and 810 ppm (skarn

ore samples) of As, respectively. Cabri and Chryssoulis [22] gave more details

about Au in pyrite (As-poor pyrite), As-pyrite and arsenopyrite from Olympias

mine [22]. Recently, Hahn et al. [23] performed geochronology in Olympias

arsenopyrite and concluded an age of 26.1 � 5.3 Ma related to metamorphic core

complex exhumation [23]. Additionally, the trace elements analysis [20] revealed

that also sphalerite derived from Madem Lakkos massive sulfide ore contains

elevated As amount (55–1,700 ppm), while sphalerite from the disseminated sulfide

Fig. 3 Geological sources of As in Greece (see also Tables 1, 2, and 4) concerning mining areas,

ore occurrences (in non-Ophiolitic rocks), coals, As-containing rock-forming minerals in meta-

morphic rocks of the Attico-Cycladic Crystalline Complex (included into “dashed-line”), and
Neogene phosphate deposits. Areas in northern Greece where sediments, soils, cave deposits, and

underground waters contain As due to geothermal fluids circulating through deep faults, are

marked with a “red transparent curve” (the spot of highest As release – western Chalkidiki – is

also mentioned). The South Aegean Active Volcanic Arc (SAAVA), known also as Hellenic

Volcanic Arc, where high amounts of As are released due to hydrothermal fluids originating in

intense volcanic activity, is designated by a “yellow transparent curve” (the spot of highest As

release – Santorini – is also mentioned). The Ophiolitic rocks of Greece, hosting occasionally As-

bearing minerals associated with massive sulfide ores, are marked with “transparent green
curves.” The Saharan dust supply, mainly in southwestern and south Greece, is also indicated by

brown arrows
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Table 1 Location of geological sources of As in Greece and their relevant symbols shown in

Fig. 3

Symbols of geological sources Location of geological sources

Blue solid squares: mining areas (1) Kassandra Pb–Zn–Ag–Au active mines, at

Olympias and Stratoni (eastern Chalkidiki,

Macedonia, northern Greece); (2) Lavrion

abandoned Pb–Zn–Ag mines, Lavrion (Attica,

Greece); (3) Kirki Pb–Zn abandoned mines,

including (a) the hydrothermal Pb–Zn Aghios

Philippos deposit, north of Kirki flotation

plant, and (b) the Pagoni Rachi polymetallic

deposit, south of the Pb–Zn Aghios Philippos

deposit, both hosted at the abandoned Kirki

mining area, between Sappes and Esymi

(Thrace, northeastern Greece); (4) Perama

Ag–Au active mines, Perama Hill,

northeastern of Petrota graben (Thrace,

Greece); (5) Ni-laterite active mines that are

mainly situated (a) at Agios Ioannis mines at

Kokkino area, Larymna (Fthiotida, central

Greece) (b) at Agios Ioannis area (central

Evia) and (c) Kastoria (western Macedonia,

Greece); (6) Lachanas Sb-W abandoned mine

(NNE of Thessaloniki city, Macedonia,

Greece); (7) Bauxite active mines at

Parnassos-Ghiona Mts. (central Greece)

Blue solid circles: ore occurrences in non-

Ophiolitic rocks

Asimotrypes area (Pangeon Mt. Serres-Kavala,

Macedonia); Agistro area (Serres, Macedonia);

Agria area (Volos/Pelion Mt, Thessaly); Agia

area (Ossa/Kissavos Mt, Thessaly); Tinos

Island at Panormos and Apigania Bay; Chios

Island at Keramos area; Lesvos Island at

Kalloni gulf

Black solid triangles: coals Megalopolis lignite-bearing basin (Peloponnese),

Florina-Ptolemais-Servia lignite-bearing basin

(western Macedonia), Drama lignite-bearing

basin (eastern Macedonia), Domeniko lignite

deposit (Elassona, Thessaly), Ioannina lignite

basin (Epirus), Plakia lignite deposit (Crete

Island), and Pera-Lakkos mine at Parnassos-

Ghiona bauxite mines (central Greece)

Blue open and circled stars: metamorphic

rocks of Attico-Cycladic Crystalline

complex

Blue open stars represent southern Evia and at

Andros Island occurrences, while blue circled

stars represent occurrences at Syros Island

(Cyclades) and Varnavas area (Attica)

Blue solid stars: Neogene phosphate deposits Palliki peninsula (Kefalonia Island), Heraklion

area (Crete Island), Komnina area and Vegora

lignite quarry (Florina-Ptolemais lignite basin,

western Macedonia), Drymos area

(Sarantaporo-Elassona basin, Thessaly)
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ore accommodates As content between 76 and 400 ppm as well. Moreover, high

concentrations of As also were measured [20] in galena either from the massive or

from the disseminated Madem Lakkos sulfide ore (3.6–510 ppm), respectively.

Furthermore, As-sulfominerals (Table 3) are represented by tennantite [19, 20] and

colusite (in selected disseminated sulfide ore samples fromMadem Lakkos; [20]). It

is noteworthy that for the first time in Greek territory seligmannite was reported to

be hosted in these sulfide ores and especially to coexist with enargite in Madem

Lakkos orebody by Nicolaou [24]. The presence of seligmannite was also reported

by Nebel et al. [20].

Except Olympias and Madem Lakkos/Mavres Petres Pb–Zn–Ag–Au mines,

Skouries Cu–Au porphyry [25, 26] is also located in Kassandra mining area,

containing very low As amounts (1–6 ppm). However, a similar porphyry-Cu

system exists in Fissoka area [26] possessing high As concentration (up to

21,000 ppm) in contrast to other sampling sites of the porphyry-Cu systems.

Due to mining activity in Kassandra mines region, As can be detected in surface

waters of three local separated sub-basins (i.e., Kokkinolakkas, Kerasia, and

Piavitsa sub-basins) [27]. The results showed that the enriched As concentration

in stream waters is mainly influenced by the sulfide mineralization on the hydrogeo-

chemistry of the corresponding streams (As content in Kerasia stream waters:

7–42 ppb and in Piavitsa stream waters: 4–141 ppb) and secondarily is affected

by the mining activity (As content in Kokkinolakkas stream waters: 8–45 ppb). On

the other hand, As in soils of Stratoni village [28] seems to be immobilized in

insoluble secondary phases probably preventing its migration to underground

waters. Up to now, there are no references in the literature about elevated As

concentrations in potable water of the area. Nevertheless, the As distribution in

waters and soils of Kassandra mines region is not extended, despite the huge As

Table 2 As-minerals that have been found in Greece for the first time in the literature; source:

Commission on New Minerals, Nomenclature and Classification (CNMNC) of the International

Mineralogical Association (IMA) (International Mineralogical Association (IMA), personal

communication)

As-minerala CNMNC approved formula Year/IMA No. Locality

Agardite-(Nd) Nd(Cu2+)6(AsO4)3(OH)6•3H2O 2010-056 Lavrion

Attikaite Ca3Cu2Al2(AsO4)4(OH)4•2H2O 2006-017 Lavrion

Georgiadesite Pb4(As
3+O3)Cl4(OH) 1907 Lavrion

Hilarionite Fe3
+2(SO4)(AsO4)(OH)•6H2O 2011-089 Lavrion

Kamarizaite Fe3
+3(AsO4)2(OH)3•3H2O 2008-017 Lavrion

Kirkiite Pb10Bi3As3S19 1984-030 Kirki

Nealite Pb4Fe(AsO3)2Cl4•2H2O 1979-050 Lavrion

Zincolivenite CuZn(AsO4)(OH) 2006-047 Lavrion
aAccording to Dunn and Rouse [134] thorikosite from Lavrion mines has chemical formula of

(Pb3Sb0.6As0.4)(O3OH)Cl3 and seems to accommodate low As amount. On the other hand,

IMA/CNMNC (International Mineralogical Association (IMA), personal communication) does

not accept the argument that thorikosite is an As-containing mineral. Thus, IMA has decided to

include thorikosite, with the given chemical formula of Pb3O3Sb
3+(OH)Cl2, in the official

IMA/CNMNC list of minerals as a non-As-containing mineral
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mineralization, in contrast to western Chalkidiki where there is no apparent As

mineralization but severe contamination occurs due to the rise of geothermal fluids.

As in the environment of Kassandra mines is probably not widely distributed in the

environment due to natural immobilization mechanisms such as the formation of

insoluble Fe-arsenate phases (scorodite). The natural scavenging of As into Fe(III)-

oxy-hydroxy-sulfate phases, as happens in the case of mine water [29], can be

another explanation of relatively low As pollution in Kassandra mines and eastern

Chalkidiki.

2.2 Arsenic in Lavrion Pb–Zn–Ag Abandoned Mine (Attica)

The carbonate-hosted massive sulfide Pb–Zn–Ag ores of Lavrion abandonded mine

(Fig. 3 and Table 1), which is mainly related to the detachment fault resulting from the

separation and superposition of the Cycladic “Blueschist” and the “Basal” units,

accommodates several As-bearingminerals [30, 31]. The first documented attendance

reported the existence of bulk As elevated concentration in the ores of Lavrion, which

was published in the beginning of twentieth century [12] referring to specific As value

of 0.3 wt% in Sounion (Attica) ore and up to 1.71 wt% in neighboring Legraina

(Sounion, Attica).

Mineralogical investigations thoroughly both determined the sulfide mineral

assemblages (Table 3), generating and hosting in the entiremassive sulfide Pb–Zn–Ag

ores of Lavrion [30, 31] and focused on the polymetallic Plaka ore system, but

especially on a late Pb–As–Sb–Cu–Ag-rich banded vein [31, 32]. In addition, relevant

investigations focusing on an adjacent ore at Kamariza area [31, 33], and on other

neighboring mines situated in the district of Lavrion [31] were also carried out. All of

the above studies [31] confirmed the presence of arsenopyrite [30, 32, 33], occurring

as euhedral rhomb-shaped to subhedral grains that usually interlock with euhedral to

subhedral pyrite (hosting As with mean value of 0.64 wt%) and sphalerite [30], or as

idiomorphic crystals up to 200 μm in length [32]. Microprobe analyses indicate that

pyrite grains can host an average of 0.64 wt% As [30]. In addition, the existence of

several primary sulfarsenides [31], such as gersdorffite (associated with sulfides and

fluorite; [30]) hosting av. 49.82 wt%As [33] and realgar (mainly related to calcite and

base metal sulfides; [30]), as well as arsenides, such as löllingite (As mean values:

70.55 wt% [30]; 69.46 wt% [32]) and rammelsbergite [34] were also reported.

Moreover, the existence of proustite (As: 13.8–14.9 wt%) always together with

pyrargyrite and usually associated with pearcite-arsenpolybasite (As: 5.3–7.5 wt%),

enargite (As: 19.4 wt% [30]; 17.13 wt% [33]) was proved [30]. Especially native

arsenic (As: 91.1–97.2 wt% [30]; 95.58 wt% [32]) was observed as dendritic

inclusions in galena crystals forming botryoidal crusts up to 5 cm wide on open

cracks of carbonate minerals and spatially associated with silver sulfosalts in the

investigated ores [30, 32]. Finally, fahlore (tennantite-tetrahedrite series) with a

relatively high As content (As in fahlore/freibergite: 3.5–8.9 wt% and in fahlore/

tetrahedrite: 3.6–8.5 wt%, respectively) is an abundant sulfosalt in the mines

Geological Sources of As in the Environment of Greece: A Review 87



[30]. Ag-Bi-tetrahedrite/tennantite aggregates in the Plaka deposit were measured to

contain between 8.76 and 17.56 wt% As amount [32], whereas tetrahedrite/tennantite

group minerals, accommodated in Kamariza deposit, were probed to host significant

(0.88–19.45 wt%) arsenic concentration [33]. According to electron microprobe

analyses [32], other secondary non As-minerals were also found to accommodate,

in their structure, remarkable As concentrations, such as bournonite (As: 0.76 wt%),

Ag-tetrahedrite (As: 1.75 wt%), heteromorphite (As: 1.28 wt%), falkmanite

(As: 0.57 wt%), veenite (As: 1.22 wt%), miargyrite (As: 1.12 wt%), and pyrargyrite

(As: 0.64 wt%).

For the first time in the literature, extremely rare secondary As-mineral species

(Table 2) named as agardite-(Nd), attikaite, georgiadesite, hilarionite, kamarizaite,

nealite, and zincolivenite were discovered in the Lavrion mines (Greece). In particu-

lar, a Pb-arsenate chloride, named georgiadesite (Tables 2 and 3), was discovered by

Lacroix and Schulten at the beginning of twentieth century, in the Lavrion mines

formed by action of seawater on Pb-bearing phases at Vrissaki point slags [35, 36].

A later chemical and crystallographic study described the georgiadesite as mono-

clinic with no twinning relationship [37]. More recently, a structural study [38] of this

As-bearing leadmineral from the type locality showed that arsenic occurs as As3+ and

not as As5+, revealing its revised chemical formula as Pb4(As
3+O3)Cl4(OH), approved

by IMA/CNMMN (Table 2). A similar worldwide discovery was the detection of

another bright orange, transparent lead chloride arsenite (As3+) mineral in the

ancient slags of Lavrion mines, named as nealite (Tables 2 and 3) from Dunn and

Rouse [39], with As content measured up to 17.30 wt% in the studied crystal

(always twinned with the twofold twin axis in {001}) [39]. Furthermore, nealite

crystal formula was determined as Pb4Fe(AsO3)2Cl4•2H2O, and also the As atoms

were observed to form AsO3 pyramids [40]. XRD studies on nealite crystal, from

type locality, were additionally elaborated [41]. Nealite is the first mineral found to

contain ferrous iron atom [39] coordinated with oxygen and chlorine atoms simulta-

neously [40]. Nevertheless, another totally new mineral analog of olivenite and of

adamite, observed as green or greenish blue translucent crystals with vitreous luster,

with streaks and conchoidal fracture, and finally named as zincolivenite (Tables 2

and 3) was found for the first time in Kamariza mining area, Lavrion [42].

Zincolivenite has been found in association with adamite (Voudouris P, personal

communication) (see Table 3 and Fig. 2) and with arseniosiderite (Table 3), as well

[42]. Besides, new As-minerals named attikaite and kamarizaite (see Tables 2 and 3)

were discovered for the first time in Kamariza deposit (Lavrion) in 2007 [43, 44] and

in 2009 the latter mineral [45, 46], respectively. Attikaite was observed as light blue to

greenish blue color crystals, with a pale black streak, to form spheroidal segregations

consisting of thin flexible orthorhombic crystals [43, 44], whereas kamarizaite yellow

to beige crystals, with light yellow streak, occur as fine-grained monomineralic

aggregates composed of platy crystals and submicron kidney-shaped segregations

[45, 46] as well. Attikaite was measured to contain 45.45 wt% As2O5, and has been

found together with other As-bearing minerals in Kamariza (i.e., arsenocrandalite and

arsenogoyazite [44]; see Table 3). On the other hand, kamarizaite was also measured

to contain 39.89 wt% As2O5 and has found in association with scorodite in the dump

of the Kamariza mine ([45, 46]; see Table 3). Recently, at Hilarion mine (Kamariza
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deposit, Lavrion) were also found two more As-mineral named hilarionite [47] and

agardite-(Nd) [48, 49] (see Tables 2 and 3), respectively. In particular, agardite-(Nd)

was observed as transparent, light bluish green, with white streak, and luster vitreous

in crystals and silky in aggregates [48]. Hexagonal crystals of agardite-(Nd) have

been found associated with zincolivenite in the locality [48] and were measured to

contain 33.65 wt%As2O5. Additionally, in Kamariza and/or Hilarion mines (Lavrion)

annabergite, austinite, duftite, beudantite, and conichalcite were also found

(Voudouris P, personal communication).

Herein, it is constructive to note that other As-bearing phases are also formed in

the Lavrion coastal area, due to seawater reaction with metals remaining in cavities of

the dumped old metallurgical slags. According to IMA/CNMNC these new phases

cannot be referred to as new minerals due to anthropogenic impact that possibly

affects the mineralization. Such materials are also new Pb–chlorite–arsenite phases

(Pb5(As
3+O3)Cl7 and Pb2(As

3+O2OH)Cl2) that were collected from historic black

metallurgical slags of Punta Zeza area south of Lavrion [50, 51].

2.3 Arsenic in Kirki Pb–Zn Abandoned Mines (Thrace)

The environmental impact of the past mining activities neighboring with the Eirini

local river (e.g., at the abandoned Kirki mining area including the hydrothermal

Pb–Zn Aghios Philippos deposits at the northern part of Kirki) resulted in the

exposure mainly to the rain and to the drainage water, of mining wastes together

with the residues of the mining concentrates, due to their late disclosure, as they still

remain displayed at plant’s location (e.g., cracked tailing ponds, open pits). In the

related Pagoni Rachi deposit located south of the Pb–Zn Aghios Philippos deposits,

there was no mining activity in the past, and therefore no mining wastes. Thus, the

existing mining wastes comprise a potential source of toxic and heavy metals

(e.g., As), which through their transportation by rain, drainage waters, and also

by Eirini local river (discharges into Aegean sea at a distance of 23 km, on the east

coast of Alexandroupolis town) could be finally dispersed into the surrounding area

[52] and subsequently could originate the hypothetical contamination of the hydro-

logic system of the entire investigated area. In the case of the potential As source in

abandoned Kirki mines, several studies [52–56] were carried out. Results of these

works reveal that the As concentration in the investigated remaining solid materials

of the tailing ponds is extreme highly enriched (up to 944 ppm), whereas chemical

analyses of the piles of concentrates as well as in the soil and the surface sedi-

ments around the flotation plant remarked that As enrichment is up to 5,243 and

1,732 ppm, respectively [52, 54]. Nevertheless, the chemical analyses of the

detected As-bearing secondary minerals (beudantite, bukovskyite, scorodite; see

Table 3) that form, together with other several secondary minerals, thin layers

covering the floor of the highly acidic pit lake, confirmed the presence of highly As

concentration (497–1,582 ppm) and the highly acidic and oxidative conditions

[53, 55, 56], as well. Potential results of this highly acidic pit lake formation
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could be the forthcoming release and the subsequent load of high concentrations of

As to the environment. A recent unpublished diploma thesis [57] applied the

hydrological model SWAT (Soil and Water Assessment Tool) at the Eirini stream

watershed, located nearby the Kirki abandoned mixed sulfide mine (Evros, Thrace,

Greece) that situated upstream in the river basin, in order to monitor the flow-rate

and the water quality.

Arsenic-bearingmineralization (Table 3) in hydrothermal Pb–ZnAghios Philippos

deposit (north of Kirki flotation plant), and in Pagoni Rachi polymetallic deposit

(south of the Pb–Zn Aghios Philippos deposit), both hosted at the abandoned Kirki

mining area (see Fig. 3 and Table 1), between Sapes and Esymi (Thrace, Greece),

has been described be several authors [58–64], respectively. Aghios Philippos is

developed in the periphery of the Pagoni Rachi prospect.

The mineral kirkiite (see Tables 2 and 3), worldwide, was firstly discovered in

Kirki mining areas (Greece) by Moëlo et al. [59] to exist in the hydrothermal

polymetallic Pb–Zn deposit of Aghios Philippos [59]. Recently, a published article

[65] referring to the kirkiite from the type locality, describes in details a highly

pseudosymmetric structure, overloaded with heavy atoms and prone to multiple

twinning. This study also found that the structure contains split As position, and two

additional sites that could accommodate both As and Bi atoms. Moreover, the

kirkiite empirical formula was presented once again (Pb10Bi2.16As3.84S19) slightly

different with that of Pb10.08Bi2.55Sb0.13As2.91S19 [59]. Also, concerning the As-

mineralization in Pb–Zn Aghios Philippos deposit, evidences about the presence of

minor primary As-sulfide minerals such as arsenopyrite, together with the sulfosalt

Cu2+-bearing pearceite (As content: 6.91–7.50 wt%; [58]) rich in Cu (up to 16 wt%;

[58]) associated with Pb4+-bearing tennantite (As content: 21.88 wt%; [58]) rich in

Pb (up to 2.3 wt%; [58]), and related to an unrecognized phase (As content:

21.09–22.95 wt%; [58]) with similarities to watanabeite, as well as to Pb4+-bearing

enargite (As content: 21.13 wt%; [58]). Besides jordanite (and/or Bi-jordanite;

[60]), luzonite and selligmanite (see Table 3) were demonstrated in the past [58,

60–64]. On the other hand, the authors [58] using EPMA microprobe, alternatively,

detected almost similar to the previous paragenesis the occurrence of As-minerals

in the Pagoni Rachi deposit (Kirki mining area; see Table 3), such as As-bearing

tetrahedrite with As content 3.06 wt%, tennantite with As content 20.16 wt% and a

solid solution between tennantite-tetrahedrite classified as zincian tennantite/

tetrahedrite due to its high Zn content up to 8.0 wt% (As: 13.51 wt%) respectively.

2.4 Arsenic in the Perama Hill Au–Ag Active Mine (Thrace)

In the Perama Hill high-intermediate sulfidation epithermal Au–Ag deposit, located

on the northeastern part of Petrota graben, nearby to the Kirki mining area (Thrace,

Greece, see Fig. 3 and Table 1), arsenic-bearing mineralization [66–68] consists of

enargite, luzonite, and tennantite (see Table 3). Tennantite is distinguished by

means of microprobe investigation [67]. Thus, crystals of Bi,Zn-rich tennantite
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(As: 18.08 wt%) have been found to intergrow with pyrite crystals, together with

bismuthinite and lillianite homologues, whereas Fe-rich tennantite crystals seem to

be associated with enargite crystals as well. Furthermore, Zn-rich tennantite

crystals measured to contain up to 20.38 wt% As. Enargite (As: 18.15–21.88 wt

%) seems to have a close association with tellurides whereas, together with its

polymorph luzonite both coexist also with bismuthinite and Fe-rich tennantite.

Nevertheless, the early-stage high sulfidation pyrite-enargite-bearing ores, proving

by the coexistence of early pyrite together with and/or replaced by enargite

surrounding by late tennantite, have been mentioned [68] to be crosscutting by

the late-stage barite-tennantite-galena veins in the Perama Au–Ag deposit. The late-

stage veins also include tellurides, and not only the earlier enargite ores. The

potential effect of As-containing mineral phases in Perama Hill active mines on

the groundwater has not been clarified yet and future research is needed. Actually

concerning the local aquatic systems there are no previous papers focusing on As

(and not only on minerals, ores, etc.).

2.5 Arsenic in Ni-Laterite Active Mines (Central and
Northwestern Greece)

Investigation of As distribution in Ni-laterite deposits in active mining areas from

Greece (Aghios Ioannis mines at Kokkino area, Larymna, Fthiotida, Central

Greece; Aghios Ioannis area, central Evia; Kastoria, western Macedonia) was

recently performed [69, 70], (see Fig. 3 and Table 1). In particular, the study of

As, existing in individual Greek Ni-laterite deposits, indicates the elevated high

content of the element especially in laterite samples derived from the lowermost

part of the Aghios Ioannis bauxitic laterite deposit, Larymna (up to 2,600 ppm with

an average of 573.3 ppm, in bulk), whereas the amount either in laterites from

Aghios Ioannis (central Evia) or in laterites from Kastoria region is quite low (As in

laterites from Aghios Ioannis, Evia: 2–3 ppm and As in deposit from Kastoria:

3–14 ppm, both in bulk). This dissimilarity in As concentration revealed the wide

variation of the element’s content in the laterite deposits [69]. This could be

probably due to the different sources of the Greek deposits and/or of different

spots into the same deposit (i.e., parent ophiolite complexes, local conditions

of re-deposition, and involvement of the organic matter [70]) that supply the

Ni-laterite deposits with As. Besides, SEM-EDS analyses of the investigated

samples revealed that As in the studied laterite deposits is mostly associated with

goethite (Fe-oxyhydroxide with As2O3: 0.75–1.2 wt%, see Table 3) [69,

70]. Regardless of the high As concentration in samples from different laterite

deposits and/or of different spots into the same deposit (e.g., Aghios Ioannis

exploitable deposits, Larymna, central Greece), the mean average value of As in

Greek laterites has been measured and it seems to be rather low (<10 ppm). Also

the great variation in As hosted in Greek laterite deposits is in line with the
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measuring As existing in the metallurgical product (ferro-nickel alloy) of the

smelting plant located in Larymna, central Greece [69]. Thus, and also taking

into account the assumption of the As-adsorption by goethite [70], the possible

impact of the As on the ferronickel smelting in the metallurgical industry, as well as

in the environment and in the human health seems to be controlled [69, 70].

2.6 Arsenic in Lachanas Sb-W Abandonded Mine
(Thessaloniki)

The Sb and Sb-W ore deposits, related to Ternary volcanic intrusions, situated in

Lachanas area (Pilaf-Tepe and Tasch-Kapou location sites) at the NNE of

Thessaloniki city, have been examined in the past [71, 72]. Studies of these ores

detected the presence of arsenopyrite together with major Sb and W minerals

(antimonite and wolframite) coexisting with other minerals (quartz, pyrite, sericite,

chlorite calcite, dolomite), as well as with some other Sb-sulfides (bournonite,

boulangerite, and jamesonite). It should be noted that As from Lachanas area was

measured in bulk [72] and found to vary from 100 ppm up to 1,800 ppm, whereas

chemical analyses of Sb and Sb-W ore deposits [71] recorded very high As contents

(0.03 wt% in mixed Sb-W ore), and up to 0.18 wt% (in Sb ore).

2.7 Arsenic in Bauxite Active Mines (Central Greece)

Parnassos-Ghiona allochthonous karst-type bauxite deposits are hosted within

carbonate formations and divided into three bauxite horizons (from bottom to top:

B1, B2 and B3) separated by limestones. The B3 horizon, locally and occasionally,

underlies from a thin layer of As-rich coal (mean value of 18 ppm approximately,

please see the relevant paragraph; [73]). Measurements of the As concentration of

selected nontypical and nonindustrial black-gray Fe-rich bauxite sample, deriving

beneath the contact between the coal and the B3 horizon, and situating in the Pera-

lakkos mine [73] which is located in the Parnassos-Ghiona active mining areas

(central Greece; see Fig. 3 and Table 1), were recently reported [69, 74]. These

studies demonstrate the enrichment of As content in the black-gray Fe-rich bauxite

sample (up to 300 ppm, in bulk; [74]), whereas the extremely highly elevated As

concentration in yellow-gray bauxite samples is also reported (up to 890 ppm, in

bulk; [69]). Black–gray Fe-rich bauxite sample consists mainly of pyrite (FeS2) and

also Al-oxyhydroxide (diaspore: AlOOH). Minor hematite (Fe2O3) and/or goethite

(FeOOH) are also observed. Additionally, SEM-EDS analyses provide the informa-

tion that the As is hosted in areas dominated by Al-oxyhydroxides (As2O3: 1.39 wt%;

[69]) of the bauxite samples (especially the “yellow-colored type”) and thus, the

authors conclude that As is mostly associated with Al-oxyhydroxides (diaspore
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and/or boehmite: AlOOH polymorphs) in bauxite (see Table 3; [69]). Moreover, they

maintain that As enrichment of black–gray Fe-rich bauxite sample, from distinct

sites beneath the As-rich thin coal layer in the B3 horizon, is probably related to the

organic matter of the coal, assuming that the amount of the As accommodated in the

bauxite can be influenced by the existence of this organic layer [69, 74]. However,

according to very recent studies based on advanced analytical, microscopic and

spectroscopic characterization techniques [75, 76], As in Greek bauxites, sampled

from active mines of Parnassos-Ghiona area, may not be related to Al-oxyhydroxides

(and also to S-phases) but to Fe–Cr–Ti-phases into relevant pisoliths.

3 Other Occurrences of As Ore Minerals in Greece

Ore occurrences in the Greek mainland, as well as in Greek islands, of remarkable

concentrations of As, tightly associated with As-bearing ore minerals (e.g., arseno-

pyrite: FeAsS) and/or arsenic sulfides/sulfosalts (e.g., realgar: AsS in Agria, Volos,

Pelion Mt.–unpublished data) have been thoroughly reported by several authors

[12, 71, 72, 77–86] (see Fig. 3 as well as Tables 1 and 4).

A very recent study [77] on gold-bearing sulfide mineralization at Asimotrypes

area, Pangeon Mt. (Serres-Kavala, Macedonia, Greece) revealed that Au-bearing

sulfide precipitation (at T � 270�C; P ¼ 1,800–2,000 bars) formed an Au-bearing

hypogene mineralization that consists of arsenopyrite (As: 41.7–43 wt%) together

with traces of arsenian-pyrite (As: 0.01–3.8 wt%) and Cu,As-sulfosalt (tennantite:

Cu12As4S13) dispersed into the Au-ore body, originating an As-ore occurrence (mean

average As amount of unoxidized auriferous samples of 25,000 ppm; maximum As

value of 496,250 ppm), as well (see Fig. 2, Table 4). Arsenopyrite was found to

dominate minor chalcopyrite, galena, and sphalerite in the mineralized bodies. This

hydrothermal alteration, associated with the auriferous bodies and veins, occurs

within amphibolites facies rocks of the Southern Rhodope core complex. This is

attributable to the leaching of the Paleozoic marine metasedimentary (marble) core

complex, and interlayered mafic metavolcanic (amphibolites) and Miocene granitic

rocks through fluid/rock interaction [77]. Nearby the Mount Pangeon in a neighboring

region of Serres at Agistro area, Macedonia (unpublished data; see Fig. 3 as well as

Tables 1 and 4) auriferous veins of arsenopyrite together with pyrite and pyrrhotite

are also occurring.

Massive sulfide ore associated with Greek ophiolite complexes occurring in the

Othrys Mt. to Pindos Mt., consisting mainly of pyrite, chalcopyrite, and less amount

of sphalerite and bornite, were found to accommodate relative high contents of

As and Au [79]. In particular, elevated arsenic concentration was found at different

sulfide ore samples from the Pindos ophiolite complex (Ioannina-Grevena, Epirus-

western Macedonia; see Fig. 3 and Table 1). These samples were taken from the

Perivoli region (SE slope of Smolikas Mt.), and in particular from a “Cyprus-type”

sulfide ore occurrence situated at Kondros Hill area (mineral assemblages: pyrite,

chalcopyrite, sphalerite and bornite) which shows an increased arsenic content up to
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150 ppm (in bulk), and also from a “Fe–Cu–Ni–Co” sulfide ore occurrence situated

at Tsoumes area (mineral assemblages: pyrrhotite, pyrite, pentlandite, chalcopyrite,

and magnetite) with its As concentration varying between 20 and 27 ppm (in bulk),

respectively. Additionally, chemical analysis of samples derived from the “Cyprus-

type” sulfide ore occurrence at the Aspropotamos region (east of Perivoli region, SE

slope of Smolikas Mt.) indicates a decreased As content from 15 to 25 ppm (in bulk)

in regarding to the Neropriona area’s samples (consist mainly of disseminated

pyrite and chalcopyrite) and moreover to 22 ppm (in bulk) concerning the

Aspropotamos area’s quartz veins samples comprise mainly of disseminated pyrite,

chalcopyrite, and pyrrhotite, as well. On the other hand, “Cyprus-type” sulfide ore

samples from the Othrys ophiolite complex (Aghioi Theodoroi and Limogardi

areas, Fthiotida, central Greece; see Fig. 3 and Table 1) revealed a significant low

content of As (20 ppm, in bulk). Furthermore, advanced microbeam technique

(SIMS) adequately illustrates the quantitative chemical composition of As in

selected minerals from the sulfide ore occurrences from Pindos ophiolite complex

[79]. The SIMS analyses confirmed the relative high As contents in coarse- and

fine-grained As-bearing pyrite associated with bornite + covellite + siegenite

assemblage. Thus, the variation of As concentration in the coarse-grained pyrite

is between 110 and 3,080 ppm av. 1,290 ppm), in the fine-grained pyrite is between

170 and 12,900 ppm av. 1,610 ppm), and in very fine intergrowth with bornite is

Table 4 Occurrences of As-minerals in Greece (non-mining areas)

Locality As-minerals References

Asimotrypes area, Pangeon Mt.,

Serres-Kavala, Macedonia

Arsenopyrite, As-pyrite, tennantite [77]

Agistro area, Serres, Macedonia Arsenopyritea –

Trilofon area, Veria, Macedonia Cobaltite [78]

Pindos ophiolite complex,

Pindos Mt.

As-pyrite [79]

Paliouri area, Karditsa, Western

Thessaly

Arsenopyrite [80]

Agia area, Ossa/Kissavos Mt.,

Eastern Thessaly

Arsenopyrite, Scoroditeb [81–84]

Agria area, Volos, Pelion Mt.,

Eastern Thessaly

Arsenopyrite, Realgarc [81]

Panormos Bay, Tinos Island Niccolite/Nickelite, Luzonite, Gersdorffite,

Laggisite

[87]

Apigania Bay, Tinos Island Arsenopyrite, Xanthoconite, Proustite,

Rammelsbergite, Laggisite, Polybasite,

Native Asd

[88]

Keramos area, Chios Island (–)e [84]
aUnpublished data
bReported only by Chatzidiakos et al. [84] in the area of Bourboulithra (Melivoia, Agia,

Ossa/Kissavos Mt., Eastern Thessaly)
cUnpublished data of a study [81] though presented a map did not mention the As-hosted phase)
dReported as native As nanoparticles into pyrite crystals [88]
eThere is no indication for As-hosted phase [84]
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between 130 and 2,710 ppm av. 1,180 ppm), respectively. Similarly, the elevated

amount of As in selected coarse- and fine-grained As-bearing pyrite is also

associated with chalcopyrite (As variation in coarse-grains: 72–1,552 ppm with

an average value of 817 ppm; As variation in fine-grained: 205–311 ppm with an

average value of 275 ppm) and with sphalerite (As variation in very fine

intergrowths with sphalerite: 272–915 ppm with an average value of 585 ppm).

Finally, pyrite associated with bornite was measured to have significant As content

in coarse-grained crystals (As: 39–198 ppm; av. 105 ppm), in fine-grained crystals

(As: 84–378 ppm; av. 225 ppm) as well as in very fine intergrowths with bornite

(As: 373–1,279 ppm; av. 790 ppm), respectively. Conclusively, coarse- and fine-

grained pyrite associated with chalcopyrite, bornite, and with assemblages of

bornite, covellite, and siegenite seems to incorporate significant amount of As in

micro-scale, assuming that the presence of arsenian pyrite (Table 4) is present in the

massive sulfide ores occur in Pindos ophiolite complex [79].

As-bearing sulfides existing in Ophiolite-hosted ore deposit are thoroughly

described [78] also at the area between Trilofon and Fitia villages, Eastern part of

Vermion Mt. (NW of the city of Veria). In particular, the presence of cobaltite

(theoretical formula: CoAsS) was identified. Special emphasis was given to its

chemical composition (Co0.84Ni0.11Fe0.05As0.98S1.02). Microprobe analyses from

the cobaltite euhedral small crystals intergrowing within pyrrhotite demonstrated

that As was varying between 44.40 and 45.93 wt%. The ore occurs in an area of

ophiolites and flysch and situated within diabases and serpentinites forming lenses,

bands, and disseminations. The mineralogical paragenesis of the ore is cobaltite,

pyrrhotite, chalcopyrite, pyrite, and sphalerite (crystallization order). The authors

concluded that cobaltite was crystallized at 500–600�C.
Additionally, copper ore deposit studied [80] in the area Paliouri area, near

Karditsa (Western Thessaly) consists mainly of pyrite, sphalerite, and chalcopyrite

as well as of gangue minerals (e.g., quartz and calcite), although the existence of

euhedral and elongated crystals of arsenopyrite together with pyrite crystals was

also proven. The entire area that Cu-ore occurs consists of basic and ultrabasic

igneous rocks (e.g., serpentinites, spilites).

It is already well known that mineralogical and geochemical investigations in

the region of Eastern Thessaly were undertaken far away in the past [12], reporting

As mineralization in ore occurrences with no mining activity. A brief report of these

occurrences in Eastern Thessaly [81] succinctly describes the ternary hydrothermal

sulfides of As related to granitic intrusions in the area of Melivoia village, Agia,

Ossa/Kissavos Mt. as well as in the area of Agria village, Volos, Pelion Mt. (see

Fig. 3), concerning that the As hosting mineral is arsenopyrite. This As-sulfide

mineral is accommodated within the metamorphic basic ophiolitic rocks

(amphibolites, prasinites) as well as within the metamorphic rocks of sedimentary

origin (mica-chlorite schists, quartz-chlorite-mica schists) [82, 83]. Arsenopyrite

(FeAsS) together with galena (PbS), chalcopyrite (CuFeS2), pyrite (FeS2), sphaler-

ite ((Zn,Fe)S), and stibnite (Sb2S3) used to form sulfide mineralization paragenesis

in the entire investigated area [81]. Crystals of scorodite (FeAsO4•2H2O) with

length of 50 μm were also found in rocks from Bourboulithra area (Melivoia) by
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Chatzidiakos et al. [84]. Relevant work implied that the As and the Sb mineraliza-

tion are both related to each other [82]. Moreover, the authors [82–84] suggested

that the extended occurrence of arsenopyrite in the area lying between Melivoia,

Velika, Skiti, and Ano Polydendri (cultivated region of Agia, Eastern Thessaly) is

probably the natural source of As contamination either in the groundwaters or in the

soils. The relevant studies revealed that the Agia’s groundwaters have relatively

elevated As concentration (mean value of 12 ppb; maximum value of 125 ppb), as

well as Agia’s soils are characterized by relatively increased concentration (As:

5–242 ppm) with much higher mean average (As: 13 ppm) in comparison with that

of the average of the global soil composition of (As: 2–20 ppm) mentioned by Yan-

Chu [85] and lately re-noted by Hughes et al. [86], respectively. Decisively,

Chatzidiakos et al. [84] predicted the trivalent oxidation state of the As in the

groundwaters and implied that the As3+ natural pollution reflects mainly the

influence of arsenopyrite mineralization and, thus, is due to the dissolution of

FeAsS. Nevertheless, they assumed a direct combination of the As natural pollution

with some anthropogenic inputs in the cultivated area of Agia (Eastern Thessaly)

[82]. Additionally, this natural groundwater As contamination is also well reflected

by the existence of hydrothermally altered zones in the investigated area.

Besides, recent studies [87, 88] on Tinos island, Greece, thoroughly represent

an abundant ore mineralization due to the presence of epithermal ore systems in

Panormos [87] hosting in Mesozoic marbles and Apigania Bay [88] hosting in

Mesozoic marbles and schists, as well. Bulk chemical analysis of the hosting rocks,

complementary, affirmed the high As composition in the island (marbles, schists of

blueschists belt and milky quartz veins were found to contain 66, 67 and 41 ppm As

in bulk, respectively). Both ore occurrences are characterized by numerous ore and

gangue minerals associated with arsenic. The Panormos Bay ore system, among

others (precious metals, ore and gangue minerals), also was identified arsenide

minerals (e.g., niccolite or nickelite: NiAs), sulfosalts (e.g., luzonite: Cu3AsS4), Ni,

As-sulfides [e.g., gersdorffite (NiAsS)], and other such as laggisite (Co0.8Ni0.2As),

whereas the Apigania Bay mineralization exhibit some differences. The latter

As-enriched epithermal mineralization consists mainly of arsenopyrite and minor

of As-sulfides/sulfosalts, such as xanthoconite (Ag3AsS3), proustite (Ag3AsS3),

rammelsbergite ((Ni,Co,Fe)As2), laggisite (Co0.8Ni0.2As), and/or As-bearing

polybasite ([(Ag,Cu)6(Sb,As)2S7][Ag9CuS4]). Also, pyrite crystals measured

contain up to 2.24 wt% As, assuming that this is due to the existence of native As

nanoparticles into it, while specks or laths of proustite and xanthoconite are

intergrown with pyrite and sphalerite crystals [88]. Finally, electron microprobe

analyses in selective grains and characteristic crystals from Tinos island confirmed

the abundant existence of As in sulfides and sulfosalts, resulting that pyrite,

arsenopyrite, xanthoconite, proustite, rammelsbergite, and laggisite are rich in As

(1.85, 44.85, 15.02, 14.99, 68.28, and 55.03 wt%, respectively).

On the other hand, preliminary studies of the oxidation state of As in

groundwaters from the island of Chios (Keramos area, NW part of Chios, Eastern

Aegean sea, Greece) suggested, on the basis of theoretical calculations, that the

dominant species of As are trivalent and the concentration of As increases up to
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6.13 ppb. A relevant geochemical study [89] examining the possible influence of

geology on As concentration in groundwater, stream water, and stream sediments in

Keramos gulf of Lesvos Island (NE Aegean sea, Greece), assumed that the mea-

surement of the elevated As concentration cannot be attributed to the geothermal

activity of the investigated area, but ascribed to the presence of the adjacent

ophilitic ultramafic formations, which possibly accommodate As-bearing minerals.

The study concluded that these formations are apparently the predominant factor of

the corresponding As geochemical behavior.

4 Arsenic in Areas with Geothermal Fluids

and Volcanic Activity

Arsenic in groundwaters and soils, influenced by geothermal activity (possibly

mixed with geothermal fluids in deep horizons) due to faults, is intensively

observed in northern Greece (see Fig. 3 and Table 1; [90–98]), and in particular

at greater Thessaloniki (including Axios river and western Chalkidiki). This highly

populated area has very limited water resources, and subsequently As-contaminated

groundwaters have minimized the water supply potential for people and animals.

In groundwaters, derived from specific wells of greater area of Thessaloniki and the

Axios river delta, rather elevated As concentrations were measured (4–130 ppb),

attributed to the possible effect of pH on As mobilization, as positive correlation of

As with the pH values was also estimated [93]. On the other hand, elevated As

concentrations were also recorded near Volvi Lake [92]. However, according to

Kouras et al. [95] and Voutsa et al. [96] the As contamination of groundwaters is

really severe in western Chalkidiki near Nea Triglia area. In this area As

concentrations were recorded to be up to 1,840 ppb with EU permission level for

potable water to be 10 ppb. Arsenic seems to be correlated with U [94] as well as

with B [96]. The sources of As, released to the surface by geothermal fluids

(33–42�C) circulating through faults, may be related to igneous rocks underlying

thick sedimentary formations. This assumption is also supported by the geochemical

fact that As was also correlated with K, Mn, and Fe, indicating geogenic origin and

the presence of hydrothermal conditions resulted in enhancements of their mobility

[95]. A study of hydrothermal waters from springs and boreholes with an average

As concentration of 36 and 70 ppb, respectively, that are enriched in several

constituents (e.g., H2S, K, B, NO2, Mn) was also carried out for Anthemous basin

(between western Chalkidiki and Thessaloniki) [91]. This study provides also a

representative model of As enrichment of waters from springs and boreholes,

attributable to the local hydrothermal fluids circulation, influenced by the presence

of a specific geological basement (e.g., existence of granodiorite that probable is

leached by water circulation through fracture zones) and by hydrothermal

conditions (e.g., T ¼ 23–28�C, pH: 6.2–7.3, Eh from �0.21 to �0.88 mV, TDS

up to 5,850 ppm, H2S: 60–70 vol.%, etc.), causing the further enrichment of
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groundwater in As and other metals. Thus, hydrothermal fluids enhanced the

groundwater in As, which then deposits As-rich metalliferous sediments

av. 147 ppm in As) and rich in As travertine av. 235 ppm in As) due to its

discharge through WNW–ESE faults in the western Chalkidiki peninsula [91].

In a very recent study by Winkel et al. [98], alkaline groundwaters in western

Chalkidiki containing up to 3,760 μg/L As, were found to be associated with

arsenate (As5+)-rich (As: up to 913 mg/Kg) travertine according to Synchrotron

radiation spectroscopic study (micro-XRF and -XAS). Thus, the influence of the

reported geothermal activity results in the natural pollution of the underground

water and consequently of the soils of the investigated areas.

Herein, it is noteworthy to report a rare example of As-mineralization as a

consequence of the influence of hydrothermal fluids in the caves of Aghia Paraskevi

(SW of Kassandra peninsula, western Chalkidiki). Orpiment (As2S3) crystals, with

specific amount of As between 60.7 and 61.32 wt%, are formed very closed to the

surface of thermal Na–Cl type spring waters (T ¼ 35.0–39.2�C, pH: 6.35–7.00 and
TDS: 35.964–43.521 mg L�1) in these active sulfuric acid caves, due to the

hydrothermal influence as a result of the mixing of seawater with the meteoric

origin of geothermal waters of the cave [99].

The enrichment of As in sediments situated in areas of volcanic activity in South

Aegean Active Volcanic Arc (SAAVA, also known as Hellenic Volcanic Arc) (Fig. 3

and Table 1), is suspended as a possible influence of hydrothermal fluids. In particu-

lar, measurements of As concentrations in surface siliceous (As: 10.1–27.0 ppm) and

in carbonate sediments (2.4–27 ppm) derived from Methana Island [100] reveal an

average of 20.45 ppm and of 6.67 ppm, which are both rather elevated compared to

the As concentration of the upper continental crust – UCC [101], respectively (see

Fig. 4). Furthermore, the geochemical investigation elaborated on submarine hydro-

thermal fields of Milos Island (south Aegean Hellenic Volcanic Arc) significantly

showed that the corresponding sediment cores, derived from Voudia Bay (average of

9 ppm in As content), Palaeochori (average of 57 ppm in As content) as well as from

Rivari (average of 108 ppm in As content), accommodate a relative high As amount

[102, 103], contrast to UCC As content (Fig. 4). A very recent study [104] just

discovered poorly crystalline orpiment (As2O3), in the bottom of the sea at

Palaeochori and Spathi Bays (off the southeast coast of Milos Island), yielded by

the abundant hydrothermal venting of acidic and highly sulfidic fluids occurring in

this shallow-sea environment. These fluids are characterized by an extremely high As

concentration, up to 300 times higher than of the seawater, and indeed far exceed to

the mid-ocean ridge (MOR) and back-arc basin (BAB) fluids As content, respec-

tively. They suggest that unique orpiment phase is derived by the mixing of the

overlying seawater with these hydrothermal fluids moving from the leachate meta-

morphic basement – due to water–rock interaction – upwards, through an abundant

vein system, towards to the surface of the bottom of the sea in critical boiled

conditions. They also believe that the source of the extremely elevated amount of

As is the combination of the leaching phenomena of the greenschist facies metamor-

phic basement due to the water–rock interaction, and of the directly partition of the

As into the vapor phase (under critical conditions) in this local hydrothermal system.
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Fig. 4 Upper image: simplified map indicating the Methana (NE Peloponesse), Milos, Santorini,

Yali and Kos volcanic centers, acting as significant As sources in the Hellenic Volcanic Arc.

Lower image: Upper Continental Crust (UCC)-normalized (according to Rudnick and Gao [101])

spider diagram of trace elements in marine hydrothermal precipitates showing an extreme As

geochemical positive anomaly in the whole Hellenic Volcanic Arc. Average values of Methana

siliceous sediments [100]: red thick line and solid square; Average values of Methana carbonate

sediments [100]: darker red-brown thick line and solid lozenges; Milos Island sediment [102, 103]:

blue thick line and plus symbol correspond to Voudia Bay samples, light blue thick line and

asterisk in lighter blue background correspond to Palaeochori, dark blue thick line and cross
correspond to Rivari, respectively; Yali Island (Yali Bay) sediments [103, 105]: gray thick line and
open circle; Kos Island (Kephalos Bay) sediments [101, 103] gray thick line and closed circle;
Average values of Santorini caldera metalliferous marine sediments [106]: green thick line and

open triangle correspond to Nea Kameni islet, light green thick line and closed triangle correspond
to Palaea Kameni islet, yellow thick line and green triangles with yellow filling color correspond to
Santorini “channel” situated between Palaea and Nea Kameni islets
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Another intense As enrichment phenomenon was alternative found in sediments from

Yali Bay, Yali Island (average of 356 ppm in As content) and from Kephalos Bay at

Kos Island sediments (average of 48 ppm in As content), respectively [103, 105]. On

the other hand, chemical analyses conducted in selected areas of Santorini Island, and

especially measuring the As concentration in metalliferous sediments from Nea

Kameni (As: av. 493 ppm), Palaea Kameni (As: av. 425 ppm) and from the area of

the channel (As: av. 145 ppm) located between the latter two small islets, exposed

again the hydrothermal enrichment of As, together with Sb. Moreover, this investi-

gation described the impact of the formation of freshly precipitating Fe-oxides

resulting the scavenge of the hydrothermal As into the sediments [106]. Therefore,

all of the above studies indicate an extreme As enrichment in the hydrothermally

influenced sediments, compared to UCC (Fig. 4), either associated with a relative

elevated Sb concentration (e.g., in the case of Methana sediments [100]) or related to

Fe–Mn rich layers (e.g., in the case of Santorini [106] and Milos [102, 103] sediment

cores). These findings suggest a relatively recent hydrothermal activity, as a result of

the volcanic activity in the Hellenic Volcanic Arc. Finally, in a recent investigation,

peculiar As-sulfides of possible biogenic origin were also discovered in the floor of

the submarine crater of Kolumbo volcano located north of Santorini [16–18].

5 Arsenic in Coals

Lignites, as the most common type of coals in Greece, are mainly situated at the

three lignite-bearing main coal deposits (e.g., [107–109], see Fig. 3 and Table 1) in

Ptolemais and Florina (Florina-Ptolemais-Servia main basin in western Macedonia,

NW Greece), in Megalopolis (Megalopolis basin in Peloponnese, southern Greece)

as well as in Drama lignite deposit (Drama basin in eastern Macedonia, NE

Greece). Similar to the above, smaller coal deposits such as Domenico lignite

deposit [110] in Elassona lignite basin (Larissa district, Northern Thessaly),

lignite-bearing strata [107, 111] in Ioannina basin (Ioannina, Epirus), and Plakia

lignite deposit [111] in Plakia basin (Crete Island) have also been geochemically

examined in the past. Moreover, the As content of all of these coal deposits has been

measured, concerning that the mentioned deposits in Greece could be potential

sources of this hazardous element.

Recently, a new occurrence of a nonindustrial thin layer of coal, at the Pera-

Lakkos mine located in the Parnassos-Ghiona bauxite mining area, overlying

bauxite horizon B3 (please see relevant paragraph and Fig. 3 as well as Table 1)

has discovered and a relevant article [73] demonstrates that accommodate an

average of 18 ppm of As content, approximately.

Geochemical investigation of Lava xylite/lignite deposit (a sub-basin at the

Servia basin – southeast of Kozani, northern Greece – situated in the southern

part of the elongated intermontane Florina-Ptolemais-Servia main basin) has

revealed [107, 112] that As can be considered as a highly enriched element.

Estimation of arsenic in air-dried lignite samples reveals an average value at
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9.32 ppm with maximum at 27.83 ppm [112]. It is mentioned that part of the As

may be organically bound, while the rest probably occurs as a solid solution or as

As-purite. Similar study [107] calculated the As concentration either to air-dried

lignites or to lignite ashes (heated at 1,000�C) derived from Kozani (Lava and

Anatoliko), Ptolemais (Kardia), and Florina (Anargyri and Achlada) lignite sub-

basins. The results concluded with the As enrichment in all of the investigated

samples (Kozani: av. 58.45 ppm for air-dried lignites and av. 293.9 ppm for

lignite ashes; Ptolemais: av. 22.2 ppm for air-dried lignites and av. 104 ppm for

lignite ashes; Florina: av. 10.7 ppm for air-dried lignites and av. 48.6 ppm for lignite

ashes), respectively. The entire coal deposit from the Florina-Ptolemais-Servia

main basin, which is divided into several lignite-bearing sub-basins, is belonging

to the Ptolemais-Amynteon Lignite Center (P-ALC) in Northern Greece.

On the other hand, other opencast mines at Domenico lignite deposits, Elassona

basin, Larissa, Thessaly [110], as well as at Lofoi lignite-bearing deposit, Florina

lignite-bearing basin [113] were also examined for their trace elements composition

in the lignite ashes (lignitic samples that prior heated at 850�C). The results showed
the As concentration at the lignite ashes, compared to that of the earth crust’s

average of 1.8 ppm [114], is strongly enriched. The As mean average content is

46.5 ppm with a maximum value of 104 ppm corresponding to Florina basin’s

lignitic samples, whereas the composition of As at the lignitic samples from

Elassona basin is up to 150 ppm (mean average at 32.06 ppm). This is ascribed to

the existence of olivinite and granitic rocks regarding the Florina lignite-bearing

deposit, and it is strongly believed that these silisic and mafic-ultramafic

surrounding rocks in the area actively contributed to the formation of the deposit.

Correspondingly, the As enrichment occurs at the samples from Elassona lignite

basin is attributed to the geothermal activity that had affected the area during the

past, confirming the presence of travertine in the overburden sediments. Neverthe-

less, strong positive correlation between Mo and As is observed at both Florina and

Elassona lignite samples [110, 113] that can be explained due to the existence of

sulfide minerals, as well as an intermediate to strong positive correlation of Cr and

As is also notable concerning the Florina lignite samples [113].

Lignites from the Ptolemais Basin have similarities to those of Drama basin with

regard to their deposition under similar geologic conditions [112]. The Drama basin

consists mainly of peat and lignite and minor of clay, sands, and muds. The lignite

deposit can be divided into three lignite seams A, B, and C (from the bottom to the

top). Seam A can also separated into three sub-seams A3, A2, and A1 (from the

bottom to the top), respectively [108, 115, 116]. In accordance with a previous

study [107] reporting a range of As concentration at air-dried lignites (sampling

site near Pangeon Mt.: 34–124 ppm; sampling at the main lignite deposit:

13.2–90.3 ppm) as well as at heated (1,000�C) lignite ashes (sampling site near

Pangeon Mt.: 856–1,131 ppm; sampling at the Dipotama lignite deposit:

50.9–1,675.0 ppm), a newly detailed geochemical study [116] also analyzed several

composited samples (air-dried lignites and lignite ashes heated at 1,000�C) from the

Drama lignite basin. The latter study showed that As is highly enriched to the

air-dried lignites av. 62 ppm) as to their corresponding heated lignite ashes
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av. 185 ppm), compared to the crustal abundances and also to the surrounding rocks

(<2 ppm at metamorphic rocks; up to 2.7 ppm at igneous rocks), as well. It is

noteworthy that As concentration exhibits a vertical variation between different

sampling sites at different seams of the lignite basin (i.e., As content of air-dried

lignites of seam C is approximately 25 ppm and remarkable increasing up to

149.0 ppm for the seam A3 samples; also, As average content of heated lignite

ashes varies from 78.45 ppm (for seam C samples) up to 399.5 ppm for seam A3

samples, respectively). Analogous works related to the main Drama lignite [115],

and to the Philippi peatland [117] have been evaluated, as well. These latter studies

affirmed the highly As enrichment to the air-dried lignites from Drama main lignite

deposit (up to 138 ppm; [115]), as well as to the air-dried lignites derived from

the nearby Philippi peatland (82.27–259.80 ppm; [117]). Conclusively, arsenic in

the Drama lignite deposit has an increasing trend from the surrounding rocks to the

air-dried lignites up to the heated (1,000�C) ashes. Additionally, authors [115]

suggested that arsenic from the surrounding crystalline rocks is initially mobilized

and transferred by the surface water, and whereupon is deposited in the peat swamp

and subsequently incorporated in the lignite. Finally, they indicated that As does not

emit to the atmosphere due to the existence of high amounts of Fe, Ca-oxides,

which trap most of this hazardous element at the final lignite’s residue (fly ash)

during combustion.

Moreover, lignite-bearing strata have been observed in the northern part of the

intermontane Ioannina basin, Epirus [111], consisting mainly of a deeper lignite

formation (comprising of one solid layer) and a shallower interval (splitting into

3–4 thin layers). Relevant to the previous results statement [111] was carried out

through the geochemical and mineralogical investigation of selected samples

derived from this lignite-bearing deposit in point of the arsenic content of it. The

study noted that As may be associated inorganically with pyrite (probably due to the

absence of phosphate minerals in the lignite deposit), organically with clays or even

with carbonates, as well. In general, the vertical variation of As (from 1.93 to

46.40 ppm) is strongly remarkable, and obviously is highly enriched in the

shallower interval, compared to its almost depleted concentration at the deeper

interval in the lignite-bearing strata of Ioannina basin. Relevant work [107] calcu-

lated the high As concentration to the air-dried lignite samples av. 46.6 ppm) and to

the heated (1,000�C) ashes av. 165 ppm), as well.

Nevertheless, analogous geochemical investigation [118] at the lignite samples

from Plakia deposit located at the Plakia lignite basin (Crete Island) showed an

enrichment of the As concentration (16.7–47.7 ppm) comparing to that of the

word’s coals [119]. The authors mentioned that there is positive correlation

between the As, Mo, U, and the S in the lignite samples, as well as among the

S-bearing minerals and the total concentration of these chalcophile elements in the

lignite, indicating directly that the As, Mo, and U, most probable, are associated

with sulfur-bearing minerals.

Additionally, geochemical investigation of derived lignite samples from Mega-

lopolis lignite basin in Peloponnese [107], southern Greece (Megalopolis Lignite

Center – MLC) indicated that they also incorporate As. Arsenic concentrations
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were detected in air-dried lignites av. 11.8 ppm), as well as in 1,000�C heated

lignitic ashes av. 24.95 ppm).

It is well known that the combustion of the coal (e.g., lignite) produces the fly

ash (i.e., coal’s residue), and also that the concentration of the elements of the fly

ash and their potential leachability are closely related to the coal’s composition

burned in the power plants and the relevant technological processes. Thus, as coal

(lignite and/or xylite) from the main mining districts (i.e., Ptolemais-Amynteon

Lignite Center (P-ALC) in northern Greece and Megalopolis Lignite Center (MLC)

in the Peloponnese) is consumed for the electric power production, several tonnes

of fly ash are produced annually. Thus, it was strongly recommended to examine

the potential transfer of As source from the parent coal deposit to the residue and

finally possibly to the environment, as well. Except the above investigations of

heated lignite samples at 850�C [110, 113], several other published articles [120,

121] have been examined primarily the lignite industrial residue (fly ash) from the

power stations of Greece (Megalopolis A, Amynteon, Agios Dimitrios, Ptolemais,

and Kardia) concerning the potential passing of major and trace elements from the

coal to the environment, through the exposing fly ash to the groundwater, during the

subsequent landfilling of it. All of the relevant works measured the As amount that

passes from the coal to the fly ash (20.5–38.8 ppm, [120, 121]) and also have

calculated the As content at the fly ashes’ leachates. They concluded that the As

cannot easily be released from the fly ash, due to the low mobility of the element at

the investigated leachating samples. Thus, As content in the fly ash of lignites has a

relative low potential hazard for the environment [120, 121].

6 Potential Arsenic Sources in Metamorphic Rocks

The nature of As in metamorphic rocks of Greece differs to that of other geological

sources, due to different hosting minerals. Arsenic in metamorphic rocks prefers to

incorporate in several As-bearing Mn-silicates and not in sulfide minerals. These As

sources are mainly located in Eocene blueshist belt of the Attico-Cycladic Crystal-

line Complex of the Hellenides, Aegean sea, Greece (see Fig. 3 and Table 1) and

especially at Mili area, near Karystos (southern Evia) [122], at the areas of Akra

Bouri and Mili [123] as well as at Andros Island in the areas of Vasilikon Mt. and

Vourkoti [124], of Apikia [122] and of Apikia, Petalon, Rdisa, and Vitali [123].

In particular, on the Island of Andros, piemontite-spessartine and piemontite

quartzites are the ferromanganoan metasediments that markedly accommodate As

quantities [123]. These metamorphic – As enriched – rocks are derived from

Mn-nodule-bearing sediments consisting of a mixture of terrigenous illitic clays

with biogenic radiolarian ooze. They usually form layers of significant lateral

extension intercalated within piemontite-free muscovite-chlorite quartzites and

schists with scattering oxide-rich lenses. Mineralogical investigation [122, 124]

not only showed the presence of quartz, piemontite, spessartine, braunite,

Mg-chlorite, hematite, phengite, phlogopite, and rutile but also proved the
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existence of As-bearing ardennite as accessory mineral, together with other

accessories (Na-amphibolite, clinopyroxene, albite, apatite, and tourmaline), but

in different quantities (mainly < 2 vol.%, and rarely between 2 and 20 vol.%). In

contrast to Andros assemblages, the mineral composition of southern Evvia is

quartz, piemontite, sursassite, braunite, Mg-chlorite, hematite, rutile, and titanite

in coexistence with the essential accessory mineral of As-bearing ardennite [122],

too. Trace element analysis of Fe,Mn-metasediments, from Andros island,

confirmed the general enrichment of As (mean average: 434 ppm). It should be

noted that the maximum content of As measured at 2,500 ppm. This strong

enrichment was attributed [123, 124] to the allochemical processes during diagenesis

and/or early high-P – low-T metamorphism (>11 kbar and 360–420�C) under

highly oxidizing conditions. These processes resulted in the decomposition of the

oxyhydroxides from the Mn nodules and micronodules, releasing the relative

trace elements (such as As) and therefore effected to the As mobilization from

the sedimentary column, which obviously taken up by hydrous pore fluids,

accumulated in newly formed mineral assemblages that can accommodate selec-

tively these elements and conclusively the subsequent concentration of the arsenic

in the Mn-silicate minerals, such as ardennite. More recent work [123] examined

As5+-V5+-bearing silicate ardennites from southern Evia (Akra Bouri and Mili, near

Karystos) and Andros Island (Apikia, Petalon, Rdisa, Vitali area), revealing that the

Andros’ ardennites are commonly Ca–Mn3+–As5+-rich silicate minerals. Further-

more, Pasero et al. [123] suggested that the As5+ incorporates in isolated T4

tetrahedron (Andros Island), whereas As5+ occupies sites at T4 tetrahedron together

with V5+ (Akra Bouri, Southern Evia) as well as with Si4+ (Mili, Southern Evia).

They recommended that Si4+-(As, V, P)5+ substitution in T4 is maintained by

variations in the overall hydrogen content. Conversely, As5+ (or V5+ plus some

Si4+) predominates in the less rigidly bounded and slightly larger T4 tetrahedron in

most ardennites.

Finally, according to very recent research [125] unique As-bearing rock-forming

minerals also occur in metamorphic rocks of Varnavas area (NE Attica) and Syros

Island (Cyclades).

7 Arsenic in Phosphate Deposits

Neogene phosphate deposits have been well described [126] as notable As hosting

rocks in Greece. Phosphate rocks, containing elevated amount of As, occur in

several locations in Greece (see Fig. 3). In particular, phosphates of marine origin

appearing as a thick-bedded, whitish to yellowish-brown phosphatic limestone

outcrop, formed at an outer shelf-upper slope environment (Palliki peninsula,

southwestern part of Kefalonia Island). Their arsenic content is varying between

5.0 and 15.0 ppm. Phosphates formed at a hemipelagic environment, occur in the

northern part of the Karteros basin (Prassas Hill, Heraklion, Crete Island), embed-

ding into a yellowish-brown sandstone beds. Chemical analysis of Cretan
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phosphates revealed the highest value of As (up to 35.6 ppm) comparing to the rest

of Greek phosphate deposits. On the other hand, phosphates developed in a lacus-

trine environment are present in Komnina area and in Vegora lignite quarry

(Florina-Ptolemais lignite basin, western Macedonia) as well as in Drymos area

(Sarantaporo-Elassona basin). Similar to the marine origin, but not as high amount

as the Cretan deposit has, the latter phosphates exhibit a detectable As amount

(Komnina deposit: 7.6 ppm; Vegora deposit: 10–15 ppm; Drymos deposit:

1.0–6.8 ppm). In all of the presented cases, As is mainly attributed to the existence

of the organic matter of the hosting deposits [126].

8 Arsenic in Desert (Saharan) Dust and “Red Rain”

Huge quantities of mineral dust are transported every year from the arid desert

regions of northern Africa over the Mediterranean areas (3.9 � 106 t year�1).

Sahara desert is responsible for the global emission of 50% of the total mass of

mineral aerosols to the atmosphere. Aeolian transport of Saharan dust influences

significantly the rain acidity and furthermore the climate to the Mediterranean,

causing among others, intense “red (or mud) rain” and even “red snow” episodes.

During these episodes geological material from Sahara is deposited to the aquatic,

terrestrial, and urban environment [127–129] (see also Fig. 3). This material,

transported from N. Africa to Greece, hosts both inorganic nutrients (e.g., K, Ca,

Mg, Fe) and contaminants, including metals (e.g., Pb, Cr, Cu, Ni) and metalloids

(mainly As). Arsenic in the dust particles is not detectable by conventional point

analyses techniques such as SEM-EDS. However, recent Synchrotron-based reports

revealed that As, together with other very hazardous elements such as Pb, are

concentrated in specific phases of Saharan dust from “red rain” precipitated over

Athens, Greece [130, 131]. It has been mentioned that the mean annual atmospheric

mass fluxes are severe in south Greece, and particularly in Crete Island, reaching

the value of 21 g m�2, one of the highest in Mediterranean [132]. In the case of

western Mediterranean, it has been estimated that the atmospheric input of As is

95–132 t year�1 [133]. There is no specific indication for eastern Mediterranean in

the literature, up to now, but it is presumed that there is a permanent supply of

significant quantities of As in Greece due to annual Saharan dust deposition.

9 Conclusion

Geological sources of arsenic in the environment of Greece include As-containing

ores in active and abandoned mining areas, geothermal/hydrothermal waters,

lignites in exploited and unexploited deposits, As-minerals in various rock types

such as metamorphic rocks, and mineral dust originating in Sahara desert. These

sources, as well as various anthropogenic As fluxes, may create distinct areas of
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contaminated groundwater, soils and marine environments. The most important and

persisting source of As exposure to the Greek populace appears to be the geothermal

and hydrothermal fluids arising from faults as well as the volcanic activity which, in

turn, affect underground, surface, and marine aquatic environments. On the other

hand, past mining in Greece does not affect significantly the aquatic systems,

compared to the permanent supply of As in geothermal and volcanic areas. The

only exception might be the Lavrion past mining area, although further research is

needed to confirm this statement. The methodological approach presented in this

chapter may represent a useful example for similar analyses with regard to the other

areas of the world affected by As pollution.
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Groundwater Contamination Studies by

Environmental Isotopes: A review

Barbara Nisi, Brunella Raco, and Elissavet Dotsika

Abstract Water demand for urban, industrial, and agricultural purposes is a major

concern in developed and third world countries. A careful evaluation for an

appropriate and sustainable use of water resources is a priority. Geochemical

processes can lead to measurable variations of the aquatic environment, which

can be studied through the analysis of the dissolved solutes. Even if this review is

not meant to be exhaustive, it is intended to give a view on the importance of

environmental isotopes in the context of groundwater quality assessments. This is

done by briefly recalling some basic notions for each described system, followed by

relevant applications and reports about some significant case studies. This review

includes well-established isotopic systematics, such as those of O and H in water, C

in dissolved inorganic carbon (DIC), S and O in sulfates, and N and O in nitrates

and those of boron and Sr, which in the last lustrums have found large application in

the field of water geochemistry. This chapter ends with some examples related to

nontraditional isotopes, i.e., Fe, Cr, and Cu, in order to highlight the potential of the

environmental isotopes to trace sources, fate, and behavior of different solutes and

metals in surface water and groundwater.

Keywords Environmental isotopes, Groundwater, Isotopic fractionation, Land

management, Untraditional isotopes
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1 Introduction

Deterioration of water quality has received considerable attention over the last few

decades in response to the increasingly severe contamination of surface water and

shallow groundwater by anthropogenic contaminants [1, 2]. Groundwater is an

important alternative source of water supply for those cities located in arid to

semiarid climates. New awareness of the potential danger to water supplies posed

by the use of agricultural chemicals and urban industrial development has also

focused attention on the nature of rainfall–runoff and recharge processes and the

mobility of various solutes in shallow systems [3]. A proper assessment of ground-

water quality requires the quantification of the total recharge and the composition of

the various sources involved. These quantitative assessments enable to identify the

origin and the fate of chemical compounds and also develop management practices

to preserve water quality and devise remediation plans for sites that are already

polluted.

Natural waters are complex chemical solutions. They always contain a number

of dissolved species, suspended materials, and organic substances. Stable, radio-

genic, and radioactive isotopes of elements or compounds present in the aqueous

medium are outstanding sources of information on the processes occurring in the

hydrosphere [4]. The most widely used isotopes in hydrogeochemistry are the

stable isotopes of oxygen, hydrogen, carbon, sulfur, and nitrogen and the cosmo-

genic radioisotopes such as tritium and carbon-14. Other investigations on the

stable and radioactive isotopes of helium, strontium, and others are also frequently

applied. However, in the recent years, nontraditional stable isotopes of metals (e.g.,

Li, Mg, Fe, Cu, Zn) have been successfully studied in different geological mate-

rials, as more precise and powerful instrumentations and improved analytical

capabilities have been introduced. Similarly, investigations on mass-independent

isotope geochemistry, the use of clumped isotope geochemistry, and measurements

of position-specific isotope effects in organic compounds will be providing new

insights in the comprehension of the geochemical processes that affect the exoge-

nous and endogenous cycles of the elements, opening new frontiers in the field of

isotope geochemistry.

Environmental isotope studies of natural waters are concerned with the princi-

ples governing the distribution of the stable and radioactive isotopes in the hydro-

sphere. Such studies are aimed to estimate the factors that determine these

principles and to interpret hydrodynamical and hydrogeochemical processes

involved on the basis of the isotope composition of the various elements in solution.

Currently, environmental isotopes routinely contribute to such investigations,

complementing geochemistry and hydrogeology. For instance, the stable isotopic

composition of water is modified by meteoric process, and so the recharge waters in

a particular environment will acquire a characteristic isotopic signature. This

signature then serves as a natural tracer. Isotope tracers have been extremely useful

in providing new insights into hydrologic processes because they integrate small-

Groundwater Contamination Studies by Environmental Isotopes: A review 117



scale variability to give an effective indication of the processes occurring at

catchment-scale.

The environmental isotopes represent one of the most useful tools in geochem-

istry to investigate groundwater quality, geochemical evolution, recharge pro-

cesses, rock–water interaction, and the origin of salinity and contaminant processes.

The main purpose of this chapter is to provide an overview of recent advances in

the use of naturally occurring stable isotopes including radiogenic isotopes (e.g.,

Sr), which are important hydrological tracers for recognizing natural and anthro-

pogenic processes in aquifer systems.

It is a matter of fact that the isotopic systematics of specific ratios or single

isotopic abundances are well known, whereas other isotopes are considered not too

exhaustively discussed as no many data are still available. Eventually, new isotopic

pairs have recently been applied to the context of environmental geochemistry and

can be considered as new frontiers in this important discipline.

The structure of this chapter reflects the composite framework described above.

This chapter firstly reviews well-established isotopic applications (oxygen and

hydrogen in H2O, carbon in dissolved inorganic carbon (DIC), nitrogen and oxygen

in nitrates, and sulfur and oxygen in sulfates, whose reference isotopes are reported

in Fig. 1). Then, some hints about recently applied isotopic ratios (87Sr/86Sr and
11B/10B) are described. The last part of the chapter deals with new isotopic ratios

(iron, chromium, and copper), whose studies are still to be defined as they deserve

to be more deeply investigated. For the sake of brevity, radiometric age dating of

water with 3H, 14C, 81Kr, and 36Cl has been omitted in this chapter, being rather

marginal to the context. The reader may refer to the following papers, which are

specifically addressed to the topics related to water dating: e.g., Morgenstern

et al. [5] and Stewart et al. [6] (tritium), Schiff et al. [7] and Mayorga et al. [8]

Fig. 1 Differences in the chemical properties of the isotopes H, C, N, O, and S
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(carbon), Lange and Hebert [9] and Visser et al. [10] (krypton), and Palau et al. [11]

and Khaska et al. [12] (chlorine).

2 Hydrogen and Oxygen Stable Isotopes

2.1 Background Principles

Both hydrogen and oxygen consist of a number of isotopes, whose variations in

natural waters are the basis for applying the isotope methodology in hydrology.

Hydrogen, whose major stable isotope is 1H, occurs in the hydrosphere at a mass

abundance of 99.985% and is accompanied by 0.015% of the heavy isotope, 2H or

deuterium. The chemical element oxygen has three stable isotopes, 16O, 17O, and
18O, with abundances of 99.76, 0.035, and 0.2%, respectively [4]. Stable environ-

mental isotopes are measured as the ratio of the two most abundant isotopes, for

instance, 2H/1H or 18O/16O (the rare isotope at numerator and the more abundant at

denominator), and are referred to international reference standards by using the

typical δ notation defined as follows:

δ ¼ Rsample

Rstandard

� 1 ð1Þ

where R is the abundance ratio of the isotopic species (i.e., 2H/1H or 18O/16O). Since

δ is usually a small number, the “delta” is given in ‰ (per mil, equivalent to 103).

The δ notation for 2H/1H and 18O/16O can be expressed as 2δ or δ2H and 18δ or δ18O,
respectively. The accepted standard for the isotopes in water is VSMOW (Vienna

Standard Mean Ocean Water), which is close to the original standard of SMOW

(hypothetical water catalogued by the former National Bureau of Standards), as

defined by Craig [13]. Abundance ratios for 2H/1HVSMOW and 18O/16OVSMOW are

155.75� 0.05� 10�6 [14–16] and 2,005.20� 0.45� 10�6 [17], respectively.

These abundances are the values reported for the reference standard VSMOW,

defining the value of δ¼0‰ on the VSMOW scale. For waters which have depleted

δ2H and δ18O values with respect to that of ocean water, a second water standard

was distributed by the International Atomic Energy Agency (IAEA): Standard

Light Antarctic Precipitation (SLAP). This value with respect to VSMOW was

evaluated on the basis of an interlaboratory comparison by IAEA, defined as

δ2H¼�428.0‰ VSMOW and δ18OSLAP¼�55.50‰ VSMOW [18].

The isotopes of hydrogen and oxygen, being components of water molecules, are

indicators of all the processes of natural water movement, which have occurred

during the history of existence of the Earth. According to Rozanski et al. [4] in the

hydrologic cycle, the variability ranges of 2H/1H and 18O/16O are between �450

and +100‰ and from �50 to +50‰, respectively. In general, the 2H/1H or 18O/16O

ratios mainly vary due to phase changes from vapor to liquid or ice and vice versa.
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The ratios of hydrogen and oxygen isotopes are linearly correlated, and the trend of

variations characterizes the Global Meteoric Water Line (GMWL) where

δ2H¼ 8δ18O + 10 [19]. Later on, Gat and Carmi [20] suggested for the Mediterra-

nean Meteoric Water Line (MMWL) the relationship δ2H¼ 8δ18O + 15 between

δ2H and δ18O. In the classical δ2H vs. δ18O binary diagram, the reference meteoric

lines, e.g., GMWL and MMWL, are commonly drawn with those of local and/or

regional interest (Fig. 2). For the most part, the positive intercept in this regression

originates from the difference in isotopic fractionation effects of water-vapor

equilibrium and of vapor diffusion in air (e.g., review of [24]). Deviations from a

line with slope of 8 and zero intercept indicate an excess (or depletion) of deuterium

defined by Dansgaard [25] as d-excess¼ δ2H� 8δ18O. It has mainly been corre-

lated with the environmental conditions existing in the source area of the water

vapor [20, 26]. The degree of excess (or depletion) is phenomenologically related to

geographic parameters such as latitude, altitude, and distance from the coast and to

the fraction precipitated from a vapor mass content (e.g., [27–31]) (Fig. 3).

2.2 Groundwater Origin, Recharge, and Mixing Processes

One of the most typical applications in isotope hydrology is the identification of

recharge areas of underground aquifers by comparing the isotopic signatures of

precipitation and with those of groundwaters collected from springs and/or wells.

Spatial variability of the δ2H or δ18O values in precipitation reflects the combi-

nation of source-region labeling, rainout, and recycling effects that affect air masses

Fig. 2 Binary diagram of the isotopic ratios of hydrogen vs. oxygen. Mediterranean Meteoric

Water Line (MMWL) [20], World Meteoric Water Line (WMWL) [21], and Central Italy

Meteoric Water Line (CIMWL) [22]. From Sappa et al. [23], modified
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bringing vapor to different geographic regions. The isotopic compositions of

precipitation have been mapped at several scales: global distribution (e.g., [32]),

regional scale (e.g., [22]), and detailed scales (e.g., [33]). Minissale and Vaselli [34]

and references therein proposed an alternative method based on indirect measure-

ments using karst springs as natural pluviometers in Italy. They recalculated the

average elevations of their recharge areas by shifting the original altitude values of

spring waters along the 0.2 δ‰m�1 line, proposed by Longinelli and Selmo [22], as

representative of the mean isotopic altitude gradient (Δδ18O) for the Italian mete-

oric precipitations.

The determination of the origin of groundwater as well as the manner and the rate

of recharge and discharge is of major importance for its management especially in

waterless areas [35, 36]. The development of tracer techniques using stable isotopes

enables approaches to groundwater movement in many regions [37–45]. The case

Fig. 3 Distribution of δ18O values correlated with latitude (a) and distance from the cost (b)
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study of the Souss Basin, which is one of the most important basins in Southern High

Atlas Mountains (Morocco), describes the typical problem of water in arid areas.

According to Bouragba et al. [46], hydrogen and oxygen isotopic signatures reveal a

rapid infiltration before evaporation of meteoric waters. The depletion in ground-

water stable isotopes shows a recharge under different conditions. During wet

periods, the precipitation altitude was indeed higher than that observed in different

meteorological conditions [46].

The δ18O and δ2H values from shallow groundwater systems reflect those of the

local average precipitation although they can be modified at some extent by

selective recharge and fractionation processes, which may alter the pristine δ18O
and δ2H values before the water reaches the saturated zone. The recent study by Liu

and Yamanaka [47] has dealt with the quantitative contribution of different sources

feeding the groundwater recharge applying an isotopic (δ18O and δD) and

hydrochemical approach to facilitate an integrated management of ground and

surface water resources. This investigation was carried out in the area of Ashikaga

(central Japan) that hosts the largest plain of Japan, which is traversed by the

Watarase River. Sampling included meteoric waters, which were collected monthly

for one year, 12 groundwaters from domestic wells, and 4 river samples. The

isotopic signatures allowed to distinguish the different origins of the waters. The

isotopic composition of pluvial water varied temporally in response to several

factors (temperature effect and amount effect), with remarkably differences

between the warm (April to September) and the cool (October to March) periods.

It is considered that precipitation in the warm period is a more effective recharge

source than that in the cool period. The 1-year observation of the isotopic signature

of precipitation was not however assumed as representative of the local precipita-

tion. On the contrary, river water and groundwater samples clearly showed weak

variation, and their δ values were significantly distinct with respect to those of

precipitation, suggesting considerably long residence times (at least >1 year). In

addition, the close relationship observed between the mean δ values of river water

and the mean elevation of the catchment reflected the altitude effect. In more detail,

the low δ values of the river water corresponded to high elevation of its recharge

zone. The isotopic composition of the groundwater samples ranked them between

pluvial and river waters. This was also indicating (i) evaporation from shallow

wells, (ii) contribution of the aquifer to the river recharge, and (iii) mixing pro-

cesses of waters with different origins, e.g., direct infiltration, river seepage, and

mountain block recharge.

Salinization of water resources is one of the most widespread processes that

deteriorates water quality. Salinization is due to the inflow of saline dense water

during heavy withdrawals of freshwater from coastal aquifers and/or mobilization

of saline formation waters by overexploitation of inland aquifer systems. The

combined use of oxygen and hydrogen isotopes is presently able to identify

different salinization pathways. For instance, recently by a temporal monitoring

of superficial waters, Petrini et al. [48] have examined the issues related to salini-

zation and water quality in the drainage system of Ravenna coastal plain that

extends for about 1,500 km2 bordered to the east by the northern Adriatic Sea
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coastline (Italy). In this study, the combined use of oxygen and hydrogen demon-

strated to be a useful tool in the management of water resources, allowing the water

sources, recharge processes, and the risk of saltwater intrusion or pollution to be

investigated. In particular, the oxygen and hydrogen isotopic composition of

rainwater was used to construct a local meteoric water line defining a correlation

given by δ2H¼ (7.00� 0.17)� δ18O (5.80� 1.3). In addition, they showed that

waters from the coastal system range in composition from �8.53 to �0.69‰ and

from �60.10 to �5.44‰ for δ18O and δ2H, respectively, reflecting the variable

contribution of a marine component.

3 Carbon Stable Isotopes

3.1 Background Principles

The chemical element carbon has two stable isotopes, 12C and 13C, and their

abundances are of about 98.9 and 1.1%, respectively. Ratios of these isotopes are

reported in ‰ relative to the Vienna Pee Dee Belemnite (VPDB) standard. The
13C/12C ratio of the VPDB standard is 0.011796 [49] and is expressed as δ13C,
similarly to Eq. (1) for hydrogen and oxygen isotopes.

Carbon isotope analyses are useful when studying aquatic and hydrogeological

systems in contact with CO2. Examples of such applications include investigations

in carbon cycle and flux (e.g., [50–53]), chemical weathering (e.g., [54]), degassing

from thermal and cold springs (e.g., [55, 56]), volcanic–hydrothermal systems (e.g.,

[57, 58]), and, as a relatively new field, geochemical trapping in CO2 injection

(carbon capture and storage (CCS)) projects (e.g., [59–61]).

Measurements of concentration and δ13C values of DIC, which is referred to the

following equation [62]:

δ13CDIC ¼ δ13C�
CO2 aqð ÞþHCO3

�þCO3
2�� ð2Þ

are routinely used in studies of carbon geochemistry and biogeochemistry of natural

waters. Part of the carbon cycle is shown in Fig. 4. The primary reactions that

generate DIC are weathering of carbonate and silicate minerals produced from

(i) acid rain or other strong acids, (ii) carbonic acid formed by the dissolution of

biogenic soil CO2 as rainwater infiltrates, and (iii) dissolution of deep CO2 (typi-

cally in active tectonic areas). The DIC pool can be influenced by contributions

from groundwater, tributary streams, biogenic uptake and release of CO2, and CO2

invasion from or evasion to the atmosphere. These processes influence both DIC

concentrations and δ13CDIC values. Changes in the carbon isotopic ratios result

from isotope fractionation processes accompanying the transformation of carbon or

from mixing of carbon from different sources. The δ13CDIC values in catchment

waters are generally in the range of �5 to �25‰ [63]. δ13C values together with
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major ion chemistry and/or other isotope tracers (e.g., δ34S, 87Sr/86Sr) can be used

to evaluate proportions of DIC [64] and to estimate sources, sinks, and fluxes of

carbon (e.g., [65, 66]).

3.2 Applications to Environmental Geochemistry Studies

Numerous authors have analyzed and used carbon isotopes as indicators of biogeo-

chemical reactions taking places within catchment and river basins (e.g., [54, 67,

68]). Large rivers play an important role in controlling the δ13CDIC values by

biological recycling of carbon and equilibration with atmospheric CO2. These

studies have shown that upstream reaches and tributaries are cause for the primary

pool of DIC supplied to the main stem of large rivers controlling the carbon isotope

compositions further downstream (e.g., [69, 70]). Several attempts were made to

evaluate the effects of these processes. Atekwana and Krishnamurthy [67] studied

the seasonal concentrations and δ13C of DIC in the river–tributary system in

Kalamazoo, southwest Michigan (USA). They reported that the riverine DIC

concentrations decreased (from 48.9 to 45.9 and from 60.4 to 48.6 mg C/L for

river and tributaries, respectively), while δ13CDIC values increased (from �9.9 to

�8.7 and from �11.4 to �9.7‰ for river and tributaries, respectively) in summer-

time due to photosynthesis. On the other hand, DIC concentrations incremented

(from 51.9 to 53.4 and from 52.2 to 66.8 mg C/L for river and tributaries,

respectively) and δ13CDIC values decreased (from �9.9 to �10.2 and from �9.3

to �12.8‰ for rivers and tributaries, respectively) during the late fall as photosyn-

thesis declined and in-stream decay and respiration increased. These authors

suggested that the difference in absolute values of concentrations and those of

Fig. 4 Conceptual model showing the main processes that control the sources of dissolved

inorganic carbon (DIC)
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δ13CDIC between the main river and its tributaries was derivable by shorter resi-

dence times of water in the tributaries when compared to those of the main course.

DIC concentrations and δ13CDIC values are also useful tracers of the DIC sources

and the evolutionary history of DIC in contaminated streams. Atekwana and

Fonyuy [71] and Ali and Atekwana [72] measured the δ13CDIC values to assess

the extent of H+ production from acid mine drainage (AMD) pollution of stream

waters on inorganic carbon processing and δ13CDIC over spatial and temporal

scales. Ali and Atekwana [72] investigated at the Federal Tailings Pile in the

St. Joe State Park in southeastern Missouri (USA) the acidification and neutraliza-

tion effects on the carbonate evolution in a shallow aquifer affected by a metal

sulfide-rich and carbonate-rich tailing pile. Their isotopic modeling suggested that

in the vadose zone, HCO3
� dehydration produced degassing of CO2(g) from pore

water and groundwater with δ13CDIC of �3.1 to �6.8‰.

Changes in the pH values resulting from AMD pollution and the chemical

evolution of AMD in streams affect the speciation of DIC. Most importantly, the

decrease in stream of pH due to AMD-produced H+ drove DIC speciation to

carbonic acid (H2CO3), which subsequently dissociated to CO2(aq). The degassing

of CO2 from streams should be accompanied by enrichment in δ13CDIC due to

preferential loss of 12C with respect to 13C [73]. Atekwana and Fonyuy [71]

demonstrated that δ13CDIC enriched by <3.0‰ when CO2 loss was proton

enhanced and isotopic fractionation was mostly controlled by diffusion. The

δ13CDIC value enriched by >3.0‰ when CO2 loss was neutralization induced

and CO2 loss was accompanied by partial exchange of carbon between DIC and

atmospheric CO2. Atekwana and Fonyuy [71] concluded that DIC loss and δ13CDIC

enrichment in AMD-contaminated streams were depending on (i) the amount and

rate of production of proton formed by metal hydrolysis, (ii) mechanism of CO2

loss, and (iii) buffering capacity of the streams.

Monitoring stable carbon isotopes and subsequent determination of isotope mass

balance is a method to evaluate the fate of CO2 and distribution of DIC in deep

aquifers. Recently, this approach was applied to several studies related to the

subsurface storage of CO2 (CCS), e.g., geochemical trapping in CO2 injection

projects (e.g., [59, 60]). Nisi et al. [61] investigated the isotopic carbon of dissolved

CO2 and DIC related to surface and spring waters and dissolved gases in the area of

Hontomı́n–Huermeces (Burgos, Spain) to verify whether CO2 leakages, induced by

the injection of CO2, might have been able to affect the quality of the waters in the

local shallow hydrological circuits. In fact, the isotopic and chemical equilibrium of

the C-bearing inorganic species can be used to trace CO2 leakage if the injected

CO2 would have an isotopic carbon ratio that differs with respect to that already

present [74]. Industrial CO2 to be injected in a pilot site is indeed usually derived by

refinery gas processing, and the δ13CCO2 values are rather negative, e.g., from �36

[61] to �28‰ VPDB as that used in the Ketzin pilot site [75]. Nisi et al. [61]

reported that the baseline of δ13CDIC of the Hontomı́n–Huermeces shallow aquifer

had a value �10‰ VPDB and that the δ13CCO2 values measured in the Hontomı́n–

Huermeces waters are clustering around �20‰ VPDB, i.e., more positive than

those of the injected CO2 at Ketzin and likely similar to that expected to be injected
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in the Spanish site. Nisi et al. [61] applied a theoretical model representing the DIC

and δ13CDIC evolution of infiltrating water through carbonate terrains where a CO2

source was active, according to two different ways: (i) addition of soil CO2 deriving

from oxidation of organic matter and root respiration (biogenic) and (ii) addition of

deeply derived CO2 and in equilibrium with calcite. This model predicted that the

injection of CO2 with a carbon isotopic value of �30‰ VPDB should decrease

δ13CDIC to more negative values than those measured. By simulating the addition of

100 steps of 0.01 mol of CO2 (δ13CCO2¼�30‰ VPDB and δ13CDIC¼�10‰
VPDB) and considering the maximum (0.008 mol/kg), minimum (0.0033 mol/kg),

and mean (0.0052 mol/kg) DIC values of the Hontomı́n–Huermeces waters, the

resulting δ13CDIC and DIC values would indeed be �28.6‰ and 0.12 mol/kg,

�29.4‰ and 0.11 mol/kg, and �29.1‰ and 0.11 mol/kg, respectively.

4 Sulfur Stable Isotopes

4.1 Background Principles

Sulfur has four stable isotopes: 32S (95.02%), 33S (0.75%), 34S (4.21%), and 36S

(0.02%) [76]. Like 18O, 2H, and 13C, sulfur isotopes are expressed with the delta

notation defined by Eq. (1). Stable isotope compositions are reported as δ34S, ratios
of 34S/32S in ‰ relative to the standard CDT (FeS phase of the Canyon Diablo

Troilite meteorite) for which the value 0.0450 was assigned. Figure 5 shows the

ranges of δ34S values found in nature for a number of different forms of sulfur.

Sulfur species can be sampled from water as sulfate (SO4
2�) or sulfide (H2S or

HS�) for measuring δ34S and, for sulfate, δ18O. Oxygen-18 in sulfate is referred to

the VSMOW reference standard. Bacterial reduction of SO4 is one of primary

sources to explain the sulfur isotopic variability observed in natural aquatic sys-

tems. Sulfate-reducing bacteria utilize dissolved sulfate as an electron acceptor

during the oxidation of organic matter, producing H2S gas that has a δ34S value of

�25‰, i.e., lower than that of the sulfate source [64]. On the other hand, not

significantly fractionation of sulfur isotopes is expected for the following processes,

such as (i) isotopic exchange between SO4
2� and HS� or H2S in low-temperature

environments, (ii) weathering of sulfate minerals and sulfide, and (iii) adsorption–

desorption interactions with organic matter [78, 79].

The main use of sulfur isotopes has been aimed to understand the formation of

polymetallic sulfide ore deposits, which can be originated in either sedimentary or

igneous environments. δ34S values exceeding +20‰ are found in association with

evaporitic rocks and limestone deposits [63]. Sulfur associated with diagenetic

environments generally reflects the composition of biogenic sulfide produced by

bacterial reduction of marine sulfate and generally shows negative δ34S values

(from �30 to +5‰, [80, 81]). On the other hand, sulfur associated with crystalline

rocks derived from the mantle is isotopically similar to that of the reference
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standard, whose δ34S values are from 0 to +5‰. Nevertheless, volcanic rocks are

occasionally characterized by δ34S values up to +20‰, suggesting recycling pro-

cesses of oceanic sulfate at subduction zones.

In environmental geochemistry studies, the evaluation of sulfate sources and

cycling has been coupled with the analysis of the oxygen isotopic composition of

sulfate. Sulfur and oxygen isotopic compositions of dissolved sulfate (δ34S-SO4 and
δ18O-SO4, respectively) have been used to clarify sources and transformation

processes of sulfur in aquatic systems associated with anthropogenic activities.

These isotopes can provide meaningful information about various potential sources

of sulfate in the watershed (e.g., dissolution of sulfate-bearing evaporitic minerals,

such as gypsum and anhydrite, mineralization of organic matter, oxidation of

sulfide minerals, infiltration from anthropogenic sources, atmospheric deposition)

(e.g., [82, 83]). In recent years, the use of stable sulfur isotopes has been expanded

to address diverse surface water and groundwater issues, e.g., cycling of sulfur in

agricultural watersheds, origin of salinity in costal aquifers, groundwater contam-

ination by landfill leachate plumes, and acid main drainage (e.g., [84–87]).

Fig. 5 Sulfur isotope distribution in nature. From Thode [77], modified
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4.2 Application Studies to Groundwater and Surface Waters

Groundwater salinization in coastal regions is frequently observed in confined

aquifers as well as in unconfined aquifers. In the case of unconfined aquifers

close to coastal regions, water salinization is, as previously mentioned, usually

induced by seawater intrusion relative to a decline in the piezometric level, which is

commonly associated with excessive pumping (overexploitation) of groundwater.

In the case of coastal confined aquifers, the groundwater system is generally

isolated from seawater by confining bed of clay-rich sediments, which were mostly

deposited in the latest transgressions. Yamanaka and Kumagai [88] used a combi-

nation of δ34S-SO4
values (ranging from +1.2 to +79.5‰) and chemical composi-

tions of brackish groundwater to examine the provenance of salinity in a confined

aquifer system in the SW Nobi Plain (central Japan). They highlighted that water

chemistry was explained by sulfate reduction in combination with the mixing of

two types of seawater: (i) present seawater and (ii) SO4-free seawater, with the fresh

recharge water. In particular, the δ34S-SO4
values showed that present and fossil

seawaters were responsible at most of 10.7 and 9.4% of the brackish groundwater

volume, respectively.

Deterioration of the quality of groundwater in urban areas has become a major

environmental concern worldwide. In this respect, researchers have applied

δ34S-SO4
and δ18O-SO4

since they have a distinctive isotopic composition to identify

pollution sources. Cortecci et al. [89] investigated the δ34S-SO4
isotopic signature of

the Arno river (northern Tuscany, Italy) and its main tributaries in order to constrain

the areal distribution of the anthropogenic contribution across a heavily industrial-

ized and densely urbanized territory, where the human load increases downwards

from the Apennine ridge to the Tyrrhenian sea coast. These authors observed that

the δ34S-SO4
values from natural inputs were ranging approximately between �15

and +4‰, likely related to the oxidation of pyrite disseminated in bedrocks, and

δ34S-SO4
values between +15 and +23‰, as a result of dissolution processes of

evaporitic rocks. Conversely, the sulfur isotopic signature associated with anthro-

pogenic sources (possibly in the chemical forms of Na2SO4 and FeSO4) was

characterized by δ34S-SO4
values varying between 1 and 8‰.

Urban groundwater contamination problems are becoming increasingly recog-

nized in all Asian megacities ([90] and reference therein). In the Taipei (Taiwan)

urban area, one of the most densely populated areas in the world, the investigation

of the hydrogeochemical groundwater characteristics and the causes of pollution

are subjects of prime importance for water resource preservation in the Pacific

island. Hosono et al. [90] explored the δ34S-SO4
and δ18O-SO4

isotope variability

with the aim of understanding the subsurface nature and environmental status of

such area. Importantly, they isotopically recognized possible sources, which were

affecting the Taipei groundwater system. Within the analyzed data, the sulfate

isotopic compositions of waters reacted with chemical fertilizers showed that the

δ34S-SO4
and δ18O-SO4

values were ranging from�5.0 to +14.4‰ and from +13.1 to

+25.7‰, respectively. Dissolved sulfate derived by chemical detergents had
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δ34S-SO4
and δ18O-SO4

values from �3.7 to +24.4‰ and from +11.6 to +20.6‰,

respectively. Eventually, the isotopic compositions of industrially processed high

concentration sulfuric acid were characterized by δ34S-SO4
¼ 1.2‰ and

δ18O-SO4
¼ 9.5.

Recently, the isotopic signature of dissolved sulfate was used to provide valu-

able information about the nature of water inputs to the sewage flow. The dynamics

of various hydrologic processes that commonly occur within the sewer system, such

as groundwater infiltration, rainwater percolation, or release from retention basins,

can readily be described by using water isotope ratios. Houhou et al. [86] applied a

combined water and sulfate dual isotope approach (δ34S-SO4
and δ18O-SO4

) to

examine the contribution of different water sources to flow within an urban sewer

system. Houhou et al. [86] found that sulfate originating from urine was also

detected as a tracer of human waste impacts, since δ18O-SO4
of urine is isotopically

distinct from other sulfate sources (values around 4.5‰ for δ34S-SO4
and between

5.9 and 7.5‰ for δ18O-SO4
). Inorganic sulfate indeed represents the main end

product of sulfur metabolism in the human body, although other forms such as

ester sulfate represent a 9–15% fraction of the urinary sulfate ([86] and references

therein). In the last years, intensive investigations of the stable isotopic composition

of sulfate from groundwater, surface waters, and acidic mine drainage were

performed due to the dominant role of sulfur as a component of AMD. Isotopic

(δ34S-SO4
and δ18O-SO4

) compositions can be used to clarify sources and transfor-

mation processes of sulfur in aquatic systems associated with coal mining ([87] and

references therein). It is well assessed that the exposure of pyrite and other metal

sulfides to weathering under atmospheric conditions produces sulfuric acid, with

subsequent mobilization of other toxic substances (metals, metalloids) into ground-

water and surface water (e.g., [91] and references therein). The Great Falls–

Lewistown Coal Field in central Montana contains over 400 abandoned under-

ground coal mines, many of which are discharging acidic waters with serious

environmental consequences [84]. In this respect, Gammons et al. [84] examined

the spatial and temporal changes in the chemistry of the mine waters and used the

stable isotopes to address the sources of water and dissolved sulfate in the aban-

doned coal mines, as well as the surrounding sedimentary aquifers. They reported

that most sulfates in these waters were derived by oxidation of pyrite in the coal

with δ34S-SO4
and δ18O-SO4

values ranging from �16.1 to �9.3‰ and from �12.5

to �9.1‰, respectively, while pyrite samples in coal from drill cuttings produced

δ34S values from �27.2 to �19.6‰. Bacterial sulfate reduction is known to cause

extreme fractionation of S isotopes ([84] and references therein). The fact that the

mine waters and pyrite samples in this study are strongly depleted in 34S suggests

that bacterial sulfate reduction played an important role in the formation of the

high-S coals. Gammons et al. [84] concluded that sulfate in the AMD waters was

isotopically distinct from that in the underlying aquifer, and that mine drainage may

have leaked into the aquifer.
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5 Nitrogen Stable Isotopes

5.1 Background Principles

There are two naturally occurring stable isotopes of nitrogen, 14N and 15N. The

majority of N in the atmosphere is consisting of 14N (99.6337%), whereas the

remainder is 15N (0.3663%) [92]. Stable isotope ratios are expressed with the delta

notation defined by Eq. (1) as δ15N: 15N/14N ratios in‰ relative to the atmospheric

air (AIR-NBS). The dominant source of nitrogen in most natural ecosystems is the

atmosphere (δ15N¼ 0‰). Most terrestrial materials have δ15N values between�20

and +30‰. As a consequence, plants fixing N2 from the atmosphere have δ15N
values of about�5 to +2‰ [93]. Typical available soil N has δ15N values from 0 to

+8‰, although the δ15N interval for refractory soil N may be larger [94–96]. Rock

sources of N are generally considered negligible contributors to groundwater and

surface water, but they can be important in some environments [97]. The use of

isotopes to trace nitrogen reactions in hydrology gained further attention when it

became possible to routinely measure the 18O contents of nitrate [98]. The combi-

nation of δ15N and δ18O (whose values are reported relative to VSMOW) now

provides a tool that enables us to distinguish between nitrates of different origins, to

recognize denitrification processes, and to discuss the N-budget in the soil–water

system (e.g., [94, 96, 99–107]). δ15N values of NO3 from various sources and sinks

are reported in Fig. 6. Nitrate (NO3) concentrations in public water supplies have

risen above acceptable levels in many areas of the world, largely as a result of

overuse of fertilizers and contamination by human and animal waste. Identifying

Fig. 6 δ15N values of NO3 from various sources and sinks. Fields are from Xue et al. [96]
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the dominant source or sources of nitrate and other solutes to surface water and

groundwater systems is critical for making effective contaminant management

decisions. Overuse of fertilizers results in high concentrations of nitrates, able to

modify the isotopic composition of N-NO3 in superficial water and groundwater.

Nitrates from synthetic fertilizers have δ15N values varying from �6 to +6‰ AIR

[94, 96]), while those of δ18O are 22�3‰ VSMOW [98], because they are

produced from atmospheric nitrogen (δ15N¼ 0‰) and oxygen (δ18O¼ 23.5‰).

Nitrate derived from manure and sewage is isotopically distinct from that of

fertilizers in both δ15N (from +5 to 25‰, [64, 94, 96]) and δ18O (<15‰, [94]).

Nitrate from wet and dry atmospheric deposition has a wide range of δ15N values of

approximately�10 to +15‰ and can also be originated from human activities, such

as agriculture, vehicle exhaust, and power plant emissions [108]. In general,

biologically mediated reactions (e.g., assimilation, nitrification, and denitrification)

strongly control nitrogen dynamics in the soil and can influence and/or affect

nitrogen dynamics in water. For instance, in the stepwise conversion of NO3
� to

N2, nitrogen isotopes are fractionated: the lighter isotope (14N) is preferentially

partitioned in the products, while the heavier one (15N) becomes concentrated in the

residual reactants [109]. Several studies have employed both δ15N and δ18O of

nitrate in the estimation of denitrification in the water system. They reported that a

linear relationship, indicating an enrichment of 15N relative to 18O by a factor

between 1.3:1, 1.5:1, and 2.1:1, gives strong clues for denitrification processes

[110–113].

5.2 Applications to Groundwater and Surface Water Studies

Nitrate contamination of surface water and groundwater is an environmental

problem in many regions of the world. High nitrate concentrations in drinking

water are also believed to be a health hazard. At global scale, groundwater is a

critical resource for both drinking water and other applications, such as agricultural

irrigation. A prerequisite for controlling and managing nitrate pollution is to

identify sources of nitrate. Contamination of aquifers from nitrate and other solutes

is a significant concern, and therefore, the use of nitrate isotopes to understand

contaminant sources and nitrate cycling in groundwater has become much more

common. Karst aquifers are particularly vulnerable to nitrate contamination from

anthropogenic sources due to the rapid movement of water in their conduit net-

works. Many studies have shown that stable isotope techniques are useful for

evaluating sources of nitrogen because certain sources of nitrate have characteristic

or distinctive isotopic compositions (e.g., [96] and references therein). Li

et al. [114] used nitrate isotopes combined with chemical compositions to identify

the primary sources of contamination and characterize the processes affecting

nitrate in the karstic groundwater system of the Zunyi area (SW China) during

summer and winter. The wide range of δ15N-NO3
values (from�1.8 to +22.7‰) and

the intercorrelations between NO3 and K observed in this study suggested that there
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were at least three major sources contributing to the nitrate pollution of the

groundwater in Zunyi, which included organic manure and synthetic fertilizer,

and urban sewage effluents, while there was no direct evidence to show that

denitrification occurred in the aquifer evaluated. However, Einsiedl and Mayer

[115] reported that denitrification could have occurred in the porous rock matrix of

a karst aquifer in southern Germany.

Generally speaking, elevated concentrations by nitrate in groundwater and

surface water were most often measured in regions of intensive agriculture and

principally attributed to the impacts of organic and chemical fertilizer inputs. In this

respect, Savard et al. [116] analyzed the isotope ratios of the potential nitrate

sources and measured the isotope and concentrations of nitrate in groundwater

and surface water samples collected during eight campaigns distributed over the

2003–2004 and 2004–2005 seasonal cycles to constrain a conceptual apportion-

ment model quantifying the relative seasonal N contributions in an area of intense

potato production in the Wilmot River basin (PEI, Canada). In the Wilton region,

the potential sources of nitrogen included urea fertilizer (H2NCONH2), whose δ15N
values were ranging from �1.9 to +1.1‰, whereas the wet atmospheric load varied

between �11.8 and +11.4‰ and +22.8 and +83.2‰ for δ15N and δ18O values,

respectively [116]. According to Savard et al. [116], elevated nitrate levels were

coupled with agricultural activities and appeared to be most closely associated with

extensive use of fertilizers for row crop production, rather than with other potential

sources such as atmospheric load.

In agricultural regions, fertilizers and irrigation are the primary factors that

contribute to increase world crop production. The use of fertilizers accounts for

approximately 50% of the yield increase and greater irrigation for another substan-

tial part [117]. In this respect, China is the world’s greatest producer and consumer

of fertilizers using about 31% of the total amount of fertilizers used worldwide

[118]. Zhang et al. [119], by using a dual isotopic analysis of NO3, conducted a

study in the North China Plain with the aim to identify nitrate pollution in both

surface water and groundwater in irrigated agricultural regions. Zhang et al. [119]

showed that the main sources of nitrate were nitrification of fertilizer and sewage in

surface water, whereas groundwater sources during the dry season were minerali-

zation of soil organic N and sewage. When fertilizers were applied, nitrate was

transported by precipitation through the soil layers to the groundwater in the wet

season. Savard et al. [116] and Zhang et al. [119] concluded that strategies to

attenuate contamination by nitrate in waters of temperate climate row-cropping

regions must consider nitrogen cycling by soil organic matter including the crucial

role of crop residues throughout both the growing and nongrowing seasons. In

particular, they suggested that plowing and its associated stimulation of minerali-

zation and nitrification and the application of manures and its nitrogen loading

should be timed to optimize crop uptake and minimize leaching losses.

Identification of nitrate sources is important in preserving water quality and

achieving sustainability of the water resources. However, the occurrence of multi-

ple inputs and/or the presence of overlapping point and nonpoint sources makes this

task complicated. For instance, sewage and manure end members have overlapping
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δ15N-NO3
and δ18O-NO3

values, and their differentiation on this basis is critical. In a

recent review, Fenech et al. [103] showed that chemical markers (such as pharma-

ceuticals and food additives) with nitrate isotopes are suitable to differentiate

sewage and manure sources of nitrate contamination. It is worthwhile to mention

that a number of potential chemical markers are consumed by both humans and

livestock, e.g., antimicrobial agents such as some tetracyclines and sulfonamides

([103] and references therein). Some examples of pharmaceuticals, which are used

for the treatment of humans, animals, or both, are given in Fenech et al. [103],

indicating these substances as suitable indicators of human and animal sources.

6 Boron and Strontium Isotopes

6.1 Background Principles

Boron is a ubiquitous minor or trace constituent in all natural surface and subsur-

face aquatic systems. It is mainly derived from the interaction of fluids with the

crust (~10–13 mg kg�1 B) [120] and/or mixing between fluids from different

reservoirs and weathering of rocks and soils characterized by B-bearing minerals,

whose the highest concentrations are recorded in waters leaching B-bearing salt

deposits [121]. In coastal areas, rain containing sea salt from ocean spray provides

another natural B source, but such inputs decline with distance from the coast

[122]. The boron budget of surface and subsurface aquatic systems can consider-

ably be affected by discharge of anthropogenic boron-laden waters. Elevated B

levels in surface waters most commonly occur in industrial and urban areas. Among

the many possible sources of anthropogenic B, domestic and some industrial

wastewater effluents, herbicides and insecticides, glass manufacturing wastes,

antifreeze, landfill and coal mine leachates, fly ash, petroleum products, slag,

sewage sludge, manure, and compost ([123] and references therein) are those

which mainly affect the natural waters. In hydrological investigations, the B isotope

ratios often provide the fingerprint needed to identify the origin of B dissolved in

natural waters, because it enables distinguishing B from natural sources from that

due to anthropogenic sources ([124, 125] and references therein).

Boron has two naturally occurring stable isotopes, 11B and 10B. The isotopic

composition of boron is expressed as a ratio of the two naturally occurring stable

isotopes 11B (80.1%) and 10B (19.9%). The delta notation is similar to that

expressed in Eq. (1), i.e., δ11B¼ [(11B/10B)sample/(
11B/10B)standard� 1]� 1, 000,

where the standard is the NBS boric acid 951, whose 11B/10B is

4.04362� 0.00137 [126].

Boron isotope fractionations are almost entirely controlled by the partitioning

between the two dominant dissolved species B(OH)3, trigonal and planar, and B

(OH)4
�, tetrahedral, through the reaction:
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B OHð Þ3 þ OH� ¼ B OHð Þ4� ð3Þ

The relative abundances of the boron-dissolved species are pH dependent.

The large relative mass difference between the two stable boron isotopes leads to

a wide range of isotope variations in nature with diagnostic signatures of crustal,

meteoric, and marine B sources. The δ11B approximate ranges of the main B

reservoirs are +4 to +58‰ for marine B, �31 to +26‰ for nonmarine B, �17 to

�2‰ for igneous B, and �34 to +22‰ for metamorphic B ([127] and references

therein). Natural waters (such as seawater, river water, rainwater, groundwater,

saline formation water, brines, and geothermal fluids) encompass a range in δ11B
from �16 to +60‰ ([128] and references therein).

Strontium is classified as a trace element, and in aquatic environment, it occurs

as a divalent cation that readily substitutes for Ca2+ in carbonates, sulfates, feld-

spars, and other Ca-bearing rock-forming minerals (e.g., plagioclase, apatite, cal-

cium carbonate, especially aragonite). These include the primary mineralogy of the

sediments, secondary weathering products, and cement. Strontium has four natu-

rally occurring isotopes, 88Sr, 87Sr, 86Sr, and 84Sr, all of which are stable. The

isotopic abundances of strontium isotopes are variable because of the formation of

radiogenic 87Sr by the decay of naturally occurring 87Rb. For the Rb–Sr isotope

system, the mechanism of interest for the decay is represented by the following

equation:

87Rb!87Srþ β� ð4Þ

Over time, the amount of the daughter (radiogenic) isotope in a system increases

and the amount of the parent (radioactive) isotope decreases as it decays away. If

the rate of radioactive decay is known, we can use the increase in the amount of

radiogenic isotopes to measure time. In practice, this is commonly done by mea-

suring the concentration of the radiogenic isotope relative to a non-radiogenic

isotope of the same element, e.g., 87Sr is referenced to 86Sr and the 87Sr/86Sr ratio

(e.g., [129]) is measured. Although the minerals in igneous and metamorphic rocks

may have identical Sr isotope ratios at the time of formation, the decay of 87Rb

(which has a half-life of 4.88� 1010, [129]) to 87Sr leads, over time, to differences

in 87Sr/86Sr.

In freshwater systems, the residence times of waters are sufficiently short (days

to 102–3 years) compared to the half-life of 87Rb; thus, the radioactive decay of 87Rb

can be considered negligible. The application of Sr isotope ratios as a natural tracer

in water–rock interaction studies and in assessing mixing relationships is now well

established (e.g., [130–133]). 87Sr/86Sr ratio is diagnostic of Sr sources and, by

analogy, Ca sources. The Sr isotopic signature can usefully be utilized as hydrology

tracer since Sr derived from any mineral through weathering reactions maintains in

solution the same 87Sr/86Sr ratio of the original mineral, i.e., no fractionation

processes take place, differently to the stable isotopic systematics previously

described. Strontium isotopic fractionation is negligible even when this element
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is removed from water by either mineral precipitation or cation exchange process

(e.g., [134]). A prerequisite for the use of Sr isotopes as tracer for groundwater

pollution is a sufficient variability in the signature of the 87Sr/86Sr ratios among the

different end members. Such variations have been observed between natural

groundwater and human inputs (e.g., [135–137]).

6.2 Isotope Applications in Hydrology

As previously stated, seawater intrusion has for long been recognized as a serious

threat to the groundwater quality in coastal aquifers. The increasing use of ground-

water has in many places, especially in arid and semiarid regions, caused kilometer-

scale intrusions resulting in severe groundwater quality problems (e.g., [138] and

references therein). In this respect, traditional tracers such as chloride yield limited

information on hydrochemical evolutionary trends because evapo-concentration

effects can mask the indicators of groundwater flow paths. It is in these

hydrogeological settings that trace element isotopes become particularly useful.

Boron isotopes become much more powerful tools when combined with other

isotope systematics such as Sr (e.g., [127, 139, 140]). Recently, Meredith

et al. [141] have applied B and Sr concentrations and their isotopic compositions

to the alluvial Darling River (a catchment about 650,000 km2) groundwater system

(water samples were collected from 19 wells), which is located in inland Australia in

order to provide (i) information on the hydrology of the system, (ii) evaluation of the

groundwater recharge, and, finally, (iii) identification of water–sediment interaction

processes leading to the hydrochemical evolution of saline groundwaters in the

catchment. In this study, the trace element isotopes have showed a complex

hydrogeochemical process in the same aquifer system. The δ11B values were all

higher than seawater and close to some of the highest δ11B values ever reported in

the literature for a groundwater system (from +44.4 to +53.9‰), while the 87Sr/86Sr

ratios ranged from 0.708 to 0.713. The measurement of the trace element isotopes

permitted to delineate the groundwater end members that included (i) shallow dilute

waters from wells proximal to the channel (Darling River), (ii) saline groundwaters

from wells located far away from the channel (Darling River), and (iii) deep saline

groundwaters. By interpreting the geochemical and isotopic data, it was found that

groundwaters influenced by river recharge were controlled by water–sediment

reactions that varied substantially within the unsaturated zone. Groundwater–surface

water exchange from fresh bank storage formed dilute groundwaters where B and Sr

were related to clay mineral reactions.

Several studies have demonstrated the use of 87Sr/86Sr ratio and B isotopes in

tracing anthropogenic inputs in groundwater and originated from industrial and

household effluents, wastewater, and fertilizers [123, 133, 142–144]. For instance,

Petelet-Giraud et al. [145] conducted a study in the Dommel catchment (1,800 km2

large), which is a riverine system located in northern Belgium (380 km2) and in the

southern part of the Netherlands, with the aim to investigate Sr and B isotopes as
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potential tracers to discriminate the natural versus anthropogenic sources of the

dissolved load and to identify various pollution sources such as agriculture, indus-

trial activity, and wastewater treatment plants. Hasenmueller and Criss [123]

showed that municipal drinking water used for lawn irrigation contributes substan-

tial nonpoint loads of B and other chemicals (S species, Li, and Cu) to surface water

and shallow groundwater in the St. Louis (Missouri, USA) area.

Jiang [146] investigated the effects of human activities (agriculture and sewage

effluents) on the Sr isotope geochemistry in the Nandong Underground River

System, which is located in a typical karst area dominated by agriculture in SE

Yunnan Province (China). This study showed that agricultural fertilizers and

sewage effluents significantly modified the natural 87Sr/86Sr ratio signature of

groundwater that was otherwise dominated by water–rock interaction. Three

major sources of Sr were distinguished on the basis of 87Sr/86Sr ratios and Sr

concentrations. Two sources of Sr were the Triassic calcite- and dolomite-rich

aquifers, where waters were characterized by low Sr concentrations (0.1–0.2 mg/

L) and low 87Sr/86Sr ratios (0.7075–0.7080 and 0.7080–0.7100, respectively); the

third input was anthropogenic and related to Sr sourced by agricultural fertilizers

and sewage effluents with waters affecting the 87Sr/86Sr ratios (0.7080–0.8352 for

agricultural fertilizers and 0.7080–0.7200 for sewage effluents, respectively), with

higher Sr concentrations (0.24–0.51 mg/L).

7 Untraditional Isotopes: The Metal (Fe, Cr, and Cu)

Stable Isotopes

The differences in the relative, mass-dependent abundances of stable isotopes have

the potential to elucidate sources and fate of contaminants in the biosphere. In this

section, the potential uses of nontraditional stable isotope systems to trace sources,

fate, and behavior of metals in the environment are presented. In particular, a basic

review of isotopic fractionation mechanisms as well as summaries for three con-

taminants (Fe, Cr, and Cu) and their isotope systematics, fractionation processes,

and environmental applications is here provided.

7.1 Iron Isotopes

Iron is an essential nutrient and is the third most abundant element that participates

in a wide range of biotically and abiotically controlled redox processes in different

geochemical environments. Iron solubility is highly dependent on its redox state. In

oxygenated aquatic systems, concentrations of dissolved Fe are generally low due

to the low solubility of its oxidized forms, which tend to form nanoparticle

aggregates and colloids of oxy-hydroxides, thus precipitating [147, 148]. Iron has
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four naturally occurring stable isotopes, 54Fe (5.84%), 56Fe (91.76%), 57Fe (2.12%),

and 58Fe (0.28%), and the natural, mass-dependent isotope variations of Fe in rocks

record a span in the range of ~4‰ for the 56Fe/54Fe ratio [149]. Iron isotope data in

the literature have been reported with the standard δ notation, and the δ56Fe
(56Fe/54Fe) and δ57Fe (57Fe/54Fe) values are most commonly used as defined by

Eq. (1). The choice of the reference reservoir for calculating δ values is quite

variable among different laboratories. Most authors are used to report the Fe isotope

data as relative to terrestrial igneous rocks or to the IRMM-014 (Institute for

Reference Materials and Measurements) standard [149]. Therefore, interlaboratory

comparisons are obtained by normalizing the Fe isotope ratios to IRMM-014, this

standard rapidly becoming the most accepted interlaboratory standard. According

to Dauphas and Rouxel [150], Fe isotopic systematics can be considered a valuable

tool to study the Fe biogeochemical cycle and can potentially be used to trace its

transport in aqueous systems. Figure 7 shows the ranges of δ56Fe values found in

nature for a number of different forms of iron.

Iron stable isotope fractionations during aqueous and biological processes

include redox reactions [152, 153], adsorption and mineral dissolution [154, 155],

precipitation [156, 157], and dissimilatory Fe reduction, where Fe(III) oxides act as

electron acceptors for anaerobic respiration [158–160]. Beard and Johnson [149]

and references therein reported that in general microbiological reduction of Fe3+

forms a much larger quantity of iron with distinct δ56Fe values than those produced
by abiological processes. The bulk continental crust has δ56Fe values close to zero

[149]. Hydrothermal fluids at mid-ocean ridges and river waters have δ56Fe values
between 0 and �1‰ [161–163]. In modern aqueous environments, such as the

oceans, dissolved Fe contents are low (upper oceans <1 nM, [164]) and their

isotopic compositions are sensitive indicators of Fe sources and pathways. Johnson

and Beard [165] indicated that iron isotopes are exceptional indicators of Fe redox

cycling, particularly in low-temperature environments where isotopic fraction-

ations are relatively large and where significant pools of Fe2+ and Fe3+ may coexist.

In a recent study, Castorina et al. [166] observed significant variations for the Fe

Fig. 7 Iron isotope

distribution in nature. Fields

are from Hoefs [151]
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isotopes measured in Fe-rich groundwaters in aquifers from the Low Friuli Plain

coastland (northern Adriatic Sea, Italy), an area impacted by strong industrializa-

tion, including past and present metallurgic activities and steel production related to

manufacturing of low-alloyed steel. In this study, Fe contents ranged from 0.48 to

9.99 mg/L and from 2.50 to 43.8 mg/L in low-salinity and brackish waters,

respectively. The δ56Fe value was varying over a wide range: from �5.29 to

+0.87‰ in low-salinity waters and between �2.34 and +2.15‰ in brackish waters.

The isotopically lighter compositions were interpreted as reflecting isotopic frac-

tionation during repeated cycling of Fe precipitation. Castorina et al. [166] con-

cluded that the positive δ56Fe values might be indicative of either a higher solubility

of oxy-hydroxides, which during diagenesis preferentially incorporated the isoto-

pically heavier fraction of Fe, or leaching processes of the foundry landfill disposal,

which characterizes the site. Recent in-depth reviews on Fe isotope geochemistry

may be found in Johnson and Beard [165] and Bullen [167].

7.2 Chromium Isotopes

Chromium is a trace element abundantly occurring in ultramafic and mafic rock

minerals and represents an important contaminant in surface water and groundwater

although its mobility and environmental impact are strongly depending on its

valence state and redox transformations. Chromium is present in two oxidation

states, Cr(III), as cation Cr3+, and Cr(VI), as oxyanion (CrO4
2�, HCrO4

�, and
HCr2O7

�), which have different chemical behaviors: Cr3+ is the dominant form

in most minerals and in water under reducing conditions, whereas Cr(VI) is stable

under oxidizing conditions and highly toxic leading to health problems such as lung

cancer and dermatitis (e.g., [168]). Chromium is a common anthropogenic contam-

inant in surface waters and the potential toxicity of Cr(VI), and its fairly common

occurrence as a point-source contaminant has spurred research into the ability of Cr

stable isotopes to provide information on Cr sources, transport mechanisms, and

fates in the environment. Chromium has four stable isotopes with the following

abundances: 50Cr (4.35%), 52Cr (83.79%), 53Cr (9.50%), and 54Cr (2.36%)

[169]. Variations of the isotope ratios are expressed using the delta notation

according to Eq. (1), the δ53Cr value being relative to the 53Cr/52Cr ratio referred

to that of the NIST SRM 797 (National Institute of Standards and Technology

Standard Reference Materials) standard. The measured range of 53Cr/52Cr in natural

materials is presently �6‰, essentially reflecting the range measured for naturally

occurring Cr(VI) in groundwater [170]. Equilibrium fractionations between Cr

(VI) and Cr (III) were estimated by Schauble [171], who predicted Cr isotope

fractionations of >1‰ between Cr species with different oxidation states. Ellis

et al. [172], Sikora et al. [173], Berna et al. [174], Zink et al. [175], Dossing

et al. [176], Basu and Johnson [177], Han et al. [178], Jamieson-Hanes

et al. [179], and Kitchen et al. [180] studied the fractionation of Cr isotopes in a

series of Cr(VI) reduction experiments. The results showed a general trend of

138 B. Nisi et al.



accumulating heavier Cr isotopes in the unreacted Cr(VI) species and an accumu-

lation of the lighter ones in the produced Cr(III), whereas Cr(III) did not undergo

rapid isotopic exchange during Cr(III) oxidation runs [175]. These properties make

Cr isotope investigations suitable to detect and quantify redox changes in different

geochemical reservoirs. In this respect, the tracking of Cr(VI) reduction is espe-

cially powerful when dealing with subsoil Cr(VI) contamination and related reme-

diation actions. Recent in-depth reviews on Cr isotope geochemistry may be found

in Villalobos-Aragón et al. [181], Bonnand et al. [182], Wanner and Sonnenthal

[183], and Frei et al. [184].

7.3 Copper Isotopes

Copper is present in the Earth’s crust at mg kg�1 level [185] and enters natural

water and soil reservoirs from rock weathering and anthropogenic contamination

sources. The major Cu-bearing minerals are sulfides (e.g., chalcopyrite, bornite,

chalcocite), and, under oxidizing conditions, secondary copper minerals in the form

of oxides and carbonates host this chalcophile element. Copper is a nutrient

element, although toxic for all aquatic photosynthetic microorganisms when ele-

vated concentrations occur (e.g., [186, 187]), due to its ability to either readily

accept or donate single electrons as it changes oxidation states. Copper occurs in

two oxidation states, Cu+ and Cu2+, and rarely in the form of native copper. Copper

may form a great variety of complexes with very different coordination numbers

such as square, trigonal, and tetragonal complexes. These properties are ideal

prerequisites for relatively large isotope fractionations. Copper has two stable

isotopes 63Cu (69.1%) and 65Cu (30.9%). As with light stable isotope systems,

variations in transition-metal isotope ratios can be described using the δ notation in
‰. The δ65Cu values are calculated as reported in Eq. (1) and the reference
65Cu/63Cu ratio is the NIST SRM 976 (0.4456, [188]). Figure 8 shows the ranges

of δ65Cu values found in nature for a number of different forms of copper.

Experimental investigations have demonstrated that redox reactions between Cu

(I) and Cu(II) species are the principal process that fractionates Cu isotopes in

natural systems [189]. As a consequence, copper isotope ratios may be used to

interpret useful details of natural redox processes. The measured range of
65Cu/63Cu in natural materials is approximately 9‰ for solid samples

(δ65Cu¼�3.0 to +5.7‰) and 3‰ for water samples (δ65Cu¼�0.7 to +1.4‰)

([167] and references therein). Recent studies, related to the Cu isotope variations in

a variety of stream waters draining historical mining districts located in the USA

and Europe, have shown that the δ65Cu values were varying from �0.7 to +1.4‰,

pointing out that Cu mineral weathering did not deliver a single averaged isotope

composition to drainage water [190]. At large scale, Cu isotopes can provide

important insights about the nature of the parameters which control the fraction-

ation processes. In this respect, Vance et al. [191] studied the 65Cu/63Cu ratios in

estuarine waters and particulates, riverine, and open ocean waters. They reported

that in estuarine samples the δ65Cu values of dissolved Cu were between 0.8 and
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1.5‰, i.e., greater than that of Cu associated with particulate material. Moreover,

dissolved Cu in rivers had δ65Cu values ranging from 0.02 to 1.45‰, most of them

being heavier than those measured in crustal rocks (+0.16‰). Vance et al. [191]

concluded that the isotopic contrast reflects the different partitioning of the weath-

ered pool of Cu between an isotopically light fraction adsorbed onto suspended

particles and an isotopically heavy dissolved fraction dominated by Cu bound to

strong organic complexes.

8 Conclusions

The use of stable and (subordinately) radiogenic isotopes in hydrologic systems is

playing an important role to address water resource sustainability issues worldwide.

The possibility to evaluate and quantify effects and modalities of isotopic fraction-

ation affecting the light elements such as oxygen, hydrogen, carbon, sulfur, nitro-

gen, and boron provides outstanding opportunities to identify sources and to trace

transformation processes. Stable isotope applications are nowadays well-

established approaches in hydrogeochemistry, and some of them are routinely

analyzed to contribute to the understanding of the hydrological circuits as well as

the presence of anthropogenic contamination/pollution. Environmental isotope

geochemistry is a fast-growing discipline as new additional isotopic systems are

set up and applied to different geological and urban, industrial, and agricultural

areas. In this review, we have provided some examples of their application to

highlight the potential of traditional and nontraditional stable isotope systems to

Fig. 8 Copper isotope

distribution in nature. Fields

are from Ehrlich et al. [189]
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trace sources, fate, and behavior of different solutes and metals in surface water and

groundwater. In these studies, stable isotopes have demonstrated to be a powerful

tool in order to analyze situations that cannot be faced with conventional tech-

niques. However, at a large scale, the isotopic signatures can significantly change

and often not enough data are provided to determine the original source, as their

determination is time-consuming and costly. On the other hand, new techniques,

particularly for what regards oxygen and hydrogen isotopes, are presently able to

provide a large number of determinations in a short time. Nevertheless, we

acknowledge that the best approach in environmental studies is to combine as

many tracers as possible, which should include and integrate chemical and isotopic

data. This combination constitutes an important requisite for hydrogeochemical

researches in general, and for the main focus of this book in particular, regarding

study of the main threats to the quality of groundwater.
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Turkey. Water Air Soil Pollut 201:55–74

43. Song X, Liu X, Xia J, Yu J, Tang C (2006) A study of interaction between surface water and

groundwater using environmental isotope in Huaisha River basin. Sci China D Earth Sci 49

(12):1299–1310

44. Wang Y, Jiao JJ (2012) Origin of groundwater salinity and hydrogeochemical processes in

the confined Quaternary aquifer of the Pearl River Delta, China. J Hydrol 438–439:112–124

45. Yang L, Song X, Zhang Y, Han D, Zhang B, Long D (2012) Characterizing interactions

between surface water and groundwater in the Jialu River basin using major ion chemistry

and stable isotopes. Hydrol Earth Syst Sci Discuss 9:5955–5981

46. Bouragba L, Jacques Mudry J, Bouchaou L, Hsissou Y, Tagma T (2011) Characterization of

groundwater in the Souss upstream basin: Hydrochemical and environmental isotopes

approaches. Afr J Environ Sci Technol 5(4):307–315, April 2011

47. Liu Y, Yamanaka T (2012) Tracing groundwater recharge sources in a mountain-plain

transitional area using stable isotopes and hydrochemistry. J Hydrol 464–465:116–126

48. Petrini R, Pennisi M, Vittorini A, Cidu R, Vianello G, Aviani U (2014) Geochemistry and

stable isotope composition of surface waters from the Ravenna plain (Italy): Implications for

the management of water resources in agricultural lands. Environ Earth Sci 71

(12):5099–5111

49. Coplen TB, Hopple JA, Böhlke JK, Peiser HS, Rieder SE, Krouse HR, Rosman KJR, Ding T,
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Guanajuato, México. Appl Geochem 27:1783–1794

182. Bonnand P, James RH, Parkinson IJ, Connelly DP, Fairchild IJ (2013) The chromium

isotopic composition of seawater and marine carbonates. Earth Planet Sci Lett 382:10–20

183. Wanner C, Sonnenthal EL (2013) Assessing the control on the effective kinetic Cr isotope

fractionation factor: A reactive transport modeling approach. Chem Geol 337–338:88–98
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The Importance of Reduced-Scale Experiments

for the Characterization of Porous Media

S. Straface and E. Rizzo

Abstract In order to reduce threats to the quality of groundwater resources,

prevention and control are the most important activities to carry out. In general,

these activities require the ability to model the flow and solute transport phenomena

in the aquifer. Thus, it is essential to collect information about potential contami-

nation sources, boundary conditions, hydrological forcing, and the magnitudes and

spatial distributions of the hydrodynamic and hydrodispersive parameters of the

porous media. Measurements of such parameters, available only at a finite number

of locations, are often obtained by means of different techniques and can be

representative of various measurement scales.

The use of available data, necessarily distributed on different scales, for

characterizing porous media at a defined scale is a key question of great interest.

With the aim to investigate on the hydraulic conductivity scale effect on a homo-

geneous porous medium, several experiments were carried out at the Hydrogeosite

Laboratory (Marsico Nuovo, Italy). This laboratory is a large scale model sized

10 � 7 � 3 m3, filled with a homogeneous medium made up of quartz-rich sand.

The results are described by separating the two important scale-ambits under

consideration, obtaining two scale power laws. Moreover, the scale effect of the

hydraulic conductivity has been detected by considering the water flow type

(uniform or radial) into the porous medium. However, the results, either consider-

ing the only scale law or multi-scale laws, confirm what was proved by several

authors for heterogeneous porous media, that is the trend of hydraulic conductivity

to reach a higher limit when the measurement scale increases and, in our opinion,

regardless of the heterogeneity of the porous medium. Finally, a hydrogeophysical
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approach is described in this chapter, in order to show how a passive geophysical

method as self-potential can estimate the hydraulic conductivity. It is an important

step when large site should be characterized and few direct borehole data are

available. These aspects are important because the hydraulic conductivity estima-

tion is the first step for the characterization of a site.

Keywords Characterization, Experiments, Groundwater, Hydrogeophysics, Scale

effect
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SP Self potential

1 Introduction

Any substance that is placed or injected in the ground has the potential to affect

groundwater quality. Land management practices can create diffuse or point

sources of groundwater contamination, or alter natural groundwater recharge and

flow paths, and some management activities can pose a risk that aquifers with good

water quality will be polluted by water leakage from aquifers of poor water quality.

This seriously threats the quality of groundwater supply, especially in areas where

the water table is high, i.e. situated near the earth surface.

In various branches of physics, data are usually transferred from a given scale to

a different scale by means of different methods of upscaling (or downscaling).

Regarding the issues related to the groundwater, reviews of deterministic and

stochastic approaches addressing the hydraulic conductivity scaling problem for

real aquifers have been offered by Renard and de Marsily [1] and recently by

Sanchez-Vila et al. [2].
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Since subsoil is heterogeneous and complex and data are generally scarce, the

analysis of the processes of hydrological system at different scales is often fronted

by means of a stochastic approach. Generally, the macroscopic properties measured

at various points inside the hydrogeologic unit, more or less homogeneous, are

usually considered as a sample from a statistically homogeneous, spatially

correlated random field. Stochastic theories assume that all the functions (included

correlation scale and variance) which are suitable for describing these random

variables can be obtained from data available through direct geostatistical analysis

(e.g., [3] and citation here included) or inverse models [4–6].

The hypothesis that the hydrogeologic units are statistically homogeneous, and so

can be described through the unique integral scale of flow and transport parameters,

was discussed in recent years on the basis of: (1) hydraulic conductivity varies at

every measure-scale; (2) dispersivity changes at every scale selected for the event of

contamination; (3) the integral scale varies at every sampling-domain dimension;

(4) hydraulic conductivity, porosity, and dispersivity vary when the spatial resolution

changes ([7], and their citations). This suggests that statistical homogeneity may not

be an effective characteristic of the hydrogeologic medium properties, but a conse-

quence of the investigation scale and the inference method [8].

Moreover, it is always more evident that the hydrogeologic properties of the

porous and fractured media [9], as many other geologic and geophysical variables,

may be statistically nonhomogeneous. Some aspects of this statistical nonho-

mogeneity are reproduced by various fractal models, such as fractional Gaussian

noise the corresponding approximations by laws of power [10, 11], or the

multifractals [12]. It is particularly interesting to observe that multiscale variability

of several flow and transport parameters, in different geologic structures, at various

sites and scales, is consistent with a fractal description of the logarithm of the

hydraulic conductivity [13, 14].

Many of the above said scale dependences are captured upon the assumption that

the logarithm of the hydraulic conductivity may be represented by introducing a

hierarchy of statistically homogeneous random variables, characterized by mutu-

ally uncorrelated spatial variations, each of them is associated with a unique

variance [15].

Then, this chapter briefly recalls some theoretical aspects, which are the basis of

hydraulic conductivity measurement methods, defining for each of them the num-

ber of required measurements, that are fundamental statistical parameters

characterizing the correspondent data set in terms of representative linear volumes

and dimensions. Successively the scale law is defined for each of the measured

values of the group of K measurements. The results obtained at the different scales

and different typologies of water flow induced within the porous medium during the

experiments are reported. Moreover, consequent to different values of K, due to

different observation scales, a hydrogeophysical approach is introduced in order to

highlight a new indirect method, which can strongly contribute to the assessment of

K for a large scale approach.
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2 Materials and Methods

2.1 Hydraulic Measurements

Modeling of flow and transport in porous media requires information about the spatial

distributions of properties such as hydraulic conductivity. Measurements of such

parameters, available only at a finite number of locations, are often obtained by

means of different techniques and can be representative of various measurement scales.

In this work, different techniques have been applied in order to estimate the magnitude

of hydraulic conductivity at many different scales. Afterwards, we resume briefly the

theory of such techniques in the specific conditions of the experiments shown.

2.1.1 Oedometer Tests

Oedometer is an instrument which may be utilized for evaluating the value of the

hydraulic conductivity for small soil volumes, being careful to rebuilt faithfully the

conditions in site. Generally, test of laboratory by means of the oedometer is

subdivided into the following phases: (1) sampling of the soil, (2) extraction of

the sample by means of a cutting ring with a 10 cm diameter like that of the

oedometer, (3) placement of the sample within the oedometer, (4) saturation of the

sample, (5) application of the external pressures in order to rebuilt the condition in

site, and (6) execution of the test.

Repeating the measurements for several times, an average flow rate Q is

measured and applying the Darcy’s law the hydraulic conductivity of each sample

calculated. In order to make more reliable the hydraulic conductivity estimation,

the test is repeated almost three times for each sample and its average is calculated.

2.1.2 Falling Head Permeameter Tests

Falling head permeameter tests is a classical laboratory measurement of hydraulic

conductivity. It is formed with a proctor type permeability cell, two porous cell

plates and filter-papers used during the permeability tests. During the test, the

hydraulic head at the up-gradient end and the discharge through the sample are

measured at every fixed time. By means of these measurements it is possible to

know how the head changes with respect to the time and then calculate the

hydraulic conductivity of the sample. In fact, introducing the Darcy’s law into the

continuity equation and integrating it, it is possible to obtain a relationship for

calculating the porous medium hydraulic conductivity [35]:

K ¼ aL

A t� t0ð Þ ln
h

h0

� �
; (1)
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with h and h0 are, respectively, the head at the time t and at the time of starting up t0,
a is the section of the pressure gauges, A and L respectively the sample section and

its height.

2.1.3 Slug Tests

In general, the slug test consists of measuring the recovery of head in a well after a

quasi-instantaneous change in head due to the introducing of a solid object or

equivalent volume of water into the well producing an abrupt increase in water

level [16]. Following this sudden change, the water level in the well returns to static

conditions as water moves out of the well in response to the gradient imposed by the

sudden change in head. The variation of hydraulic head with time can be used to

estimate the hydraulic conductivity of the formation through comparisons with

theoretical models of test responses.

For this kind of tests, the aquifer-well screen geometry is very important and

assumes a key role in the data analysis. Specifically, an unconfined formation with

wells screened across the water table is considered in this study.

The vast majority of slug tests performed in unconfined formations in wells

screened across the water table with the Bouwer and Rice [36] method is analyzed.

This method, however, was developed for the analysis of tests performed in wells

where water table is above the top of the screen, so the empirical coefficients used

in the Bower and Rice method were developed for slug tests where the effective

screen does not change. Previously, Boast and Kirkham [17] proposed a mathemat-

ical model for the analysis of slug tests in wells screened across water table, for

wells with aspect ratios, i.e. the ratio between the length (b) and the effective radius

(rw) of the well screen, between 1 and 100. Dagan [18] proposed a more efficient

approximated semi-analytical approach to evaluate the solution, but only for aspect

ratios greater than 50:

ln
HðtÞ 2b� H0ð Þ

H0 2b� H HðtÞð Þð Þ
� �

¼ � 2Krbt
1
P

� �
r2c

; (2)

where H(t) is the hydraulic head deviation from static condition, H0 the measured

value for the initial displacement determined immediately after test initiation, Kr
the radial component of the hydraulic conductivity of the formation, t the total time

since the start of the slug test, P a dimensionless flow parameter, and rc is the

effective radius of well casing. The form of the (2) indicates that a plot of the

logarithm of the normalized head term on the left-hand side vs time will be linear.

Thus, the Dagan method for wells screened across the water table involves

calculating the slope of a straight line fit to a plot of the response data using that

value to estimate the radial component of hydraulic conductivity:

Kr ¼ mr2c
2bP

; (3)
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where m is the slope of the logarithm of the normalized term vs time. If the aspect

ratio is lower than 50, as in our case, the tabulated values of shape factors calculated

by means of the Boast and Kirkham [17] model can be used and converted to

P-values through the following equation:

P ¼ 864 rc
b

� �2
2

HðtÞ
b

� �
1� HðtÞ

2b

� �h i
CBK

; (4)

where CBK is a shape factor for specific H(t), b and rc values.

2.1.4 Short Pumping Tests

The short pumping test is an experimental method based on the exact solution of the

unsteady, radial groundwater flow equation able to derive hydraulic conductivity

and specific storage coefficient using only the first derivative with respect to time of

the early induced drawdown [19]. In fact, when analyzing the behavior of the third

derivative of the drawdown with respect to logarithmic time, it is easy to note that it

vanishes when the first derivative attains its peak value (Fig. 2 in [19]). Since the

third log-derivative is zero if and only if the argument of the Theis well function is

equal to unity, this condition can be used easily to estimate the transmissivity and

the storage coefficient, knowing the time at which the first derivative reaches its

peak (t0), and so overcoming the problem of actually computing the third log-

derivative, which is very unstable [37]. So, if the time t0 is known, K can be obtained

using the Theis solution by means of the following expression:

K ¼ QW1

4πr2Bw t0ð Þ ; (5)

where Q is the pumping flow rate, W1 is the well function value for u ¼ 1

(i.e. 0.2194), r is the distance of the borehole from the pumping well, B is the

saturated thickness, and w(t0) is the drawdown at the peak time.

The peak time (r2S/4 t) is directly proportional to the square distance of the

borehole from the pumping well and the storage coefficient and inversely to the

transmissivity. Generally, it occurs at a time very close to the pumping startup; for

this reason, this experiment type is named short pumping test.

2.1.5 Pumping Tests

Traditionally, aquifer properties are determined by collecting drawdown time data

of the aquifer induced by pumping, and then matching the data with analytical

solutions, which assume homogeneity of the aquifer.
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The “Theis solution” (1935) is one of the commonly used analytical solutions in

aquifer tests. It is derived from the equation of unsteady radial, horizontal, ground-

water flow in a confined aquifer with constant K and SS. Although the Theis solution
is strictly applicable only to such idealized flow and aquifer conditions, it has been

widely used in the field to estimate aquifer properties given drawdown time data

from an observation well during an aquifer test.

In our case, pumping tests will be carried out in the Hydrogeosite large model, so in

an unconfined aquifer. The condition of the unconfined aquifer led to the use of the

Neuman-type Curve method (1975) that supplies the permeabilityK and of the specific

yield Sy of the porous medium for a homogeneous and anisotropic unconfined aquifer

with delayed drainage. According to this theory, the drawdowntime adimensional

curve is an S-shaped curve, made up of a very steep first length corresponding to the

initial instants, a flatter second length at the intermediate times and again a steep length

until the quasi-steady state condition is reached. This curve trend differs from the Theis

solution for confined aquifers in the presence of the intermediate length that interrupts

the monotonic trend of the curve. This different behavior is essentially due to the

delayed drainage of the amount of stored water in the unsaturated zone. The S-shaped

curve may be more or less (monotonic) evident depending on the unsaturated thickness

or penetration degree of the pumping well [20].

In fact, when the unsaturated thickness is very thin with respect to the saturated

zone, the quantity of stored water in the unsaturated zone is small and therefore the

delayed drainage is negligible. The monotonic behavior could be explained with the

Tartakovsky and Neuman [21] theory, in which the effect of unsaturated flow on

drawdown is captured fully by the dimensionless parameter KD ¼ kb in which k is a
constitutive exponent having the dimension of inverse length and b is the initial

saturated thickness. According to this solution, unsaturated flow is seen to have

significant impact on dimensionless log–log time-drawdown behavior when KD is

less than 1 (the aquifer has large retention capacity and/or small initial saturated

thickness). The impact of unsaturated flow diminishes as KD increases, becoming

small or insignificant at KD greater than 10 (small retention capacity and/or large

saturated thickness). At these large KD values, this solution practically coincides with

that of Neuman [38]. When KD is small, unsaturated flow causes dimensionless

drawdown to increase at early and intermediate dimensionless times and to decrease

at late time, the impact being least pronounced at early time and most pronounced at

intermediate time. The overall effect is to eliminate S-shaped inflections, rendering

the dimensionless log–log time-drawdown curve more monotonic.

Moreover, the effect of the vertical flow of the unsaturated zone on the draw-

down in a borehole decreases with an increase of the degree of penetration of the

well and of the borehole. The reason is that as the pumping well penetrates the

saturated zone more fully vertical flux components, which dominate drainage from

the unsaturated zone, diminish. On the other hand, the effect of unsaturated flow is

most pronounced at the water table, more so closer to the pumping well than farther

from it, and least near the aquifer bottom. This is so because the average is less

sensitive than are point drawdowns to vertical fluxes and hence to drainage from

above the water table.
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As a consequence of these conditions drawdown-time data are aligned on the

Late Theis-type Curve in the Neuman Type Curve, and according to this, Theis

solution as a confined aquifer is applied.

3 Experiments and Results

In 2006, at the Geophysics Laboratory of the CNR-IMAA-Pole of Marsico Nuovo

(Italy), a large scale facility was created 10 � 7 � 3 m3 in size and filled with a

homogeneous quartz-rich sand (95% SiO2), with a high percentage (86.4%) of

grains between 0.063 and 0.125 mm and a medium-high permeability [20].

From a hydraulic point of view, 17 observation boreholes, a pumping well and a

drainage ring around its edge were emplaced (Fig. 1). Both boreholes and pumping

well are completely penetrating and completed with corrugated drainpipes in PET

(polyethylene teraphthalate) and covered with geo-textile to stop the sand entering.

The drainage ring, connected to two inlet/outlet tanks, allows the head boundary

conditions to be obtained (fixed or variable with time) or no flow condition

depending on the configurations required during the experiment. The pumping

well is equipped with an external peristaltic-type pump, while the 17 boreholes

are fitted with pressure-sensing transducers that enable continuous, high precision

monitoring of the variations in the hydraulic head as well as in the drawdown due to

pumping.

The following describes the various tests carried out at different scales in

Hydrogeosite. The order in which the tests are described is not a function of the

volume of support, but of the temporal order with which they were made.

Fig. 1 A sketch of the large scale model hydrogeosite. The numbered circles represent the

piezometers, while the bold circle represents the pumping well
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3.1 Hydraulic Tests

3.1.1 Oedometer Tests

At first, we show measurements of hydraulic conductivity realized by means of the

oedometer tests. Close to piezometers in the Hydrogeosite and until a depth of about

10 cm, 15 soil samples were extracted and, in order to preserve soil moisture, a

plastic film was wrapped up around each of them. Since the soil was allocated in the

oedometer, a mean uniform steady state flow was established imposing a difference

of hydraulic pressure between the bottom and the top. This was at the atmospheric

pressure because the valve was open. Through a buret the water volume of the

sample was measured at fixed intervals of time Δt and repeated for about 10 times

for each experiment, in order to calculate an average flow rate Q. So, by means of

Darcy’s law the hydraulic conductivity of each sample was calculated. With the aim

to make more reliable the hydraulic conductivity estimation, the experiment was

repeated three times for each sample and the average value was calculated.

In this case, due to the mean uniform flow that occurs in the oedometer, the

support volume is about 236 cm3 and the characteristic length is the distance

between the bottom and the top of the oedometer, i.e. 3 cm. As we can see in

Table 1, arithmetic mean of the hydraulic conductivities is 3.08 � 10�7 m/s while

the standard deviation is 8.42 � 10�8.

3.1.2 Falling Head Permeameter Tests

As done for the oedometer test, also for the falling head permeameter an undis-

turbed soil samples were extracted from the Hydrogeosite, but in this case only

three soil cores were sampled in different locations of the Hydrogeosite. The used

falling head permeameter had a proctor type permeability cell 11.68 cm high and

with an area of 81.39 cm2. The cell plate had bores of 2 mm of diameter within a

grid with 1 cm spacing. The filter-paper used during the permeability tests was of

type N. 40.

Table 1 Hydraulic

conductivity values (10�7 m/s)

obtained by means of

oedometer tests on soil sample

extracted in the hydrogeosite

Location KI KII KIII Mean

4 4.87 2.54 n.a. 3.70

6 1.31 1.43 1.89 1.54

8 5.07 3.41 2.64 3.71

12 4.67 3.52 3.07 3.75

13 2.23 2.41 n.a. 2.32

14 n.a. 3.04 3.38 3.21

Well 2.94 3.71 n.a. 3.33

Mean 3.08

SD 0.84
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Before beginning the tests, the soil sample was left to saturate for about 12 h.

During the test, the hydraulic head at the up-gradient end and the discharge through

the sample were measured with a sampling rate of 20 s. By means of these

measurements and by using the equation of the Darcy law, we have calculated

the hydraulic conductivity of the sample. So, in this case a mean uniform flow

occurs in the permeameter, and the support volume can be evaluated to about

951 cm3 and the characteristic length is the permeameter high, i.e. 11.68 cm.

Analyzing the data, an arithmetic mean of the hydraulic conductivities of

2.92 � 10�6 m/s was obtained with a standard deviation of 2.34 � 10�6 for K
(Table 2).

3.1.3 Pumping Tests

The experiments were preceded by a preliminary study phase by means of a

“numerical laboratory” or rather a mathematical model capable of simulating the

behavior of the physical model and therefore of calculating the optimum pumping

flow, the boundary conditions, the length of the transitory in the pumping and

recovery phase, as well as the response of the physical model in terms of hydraulic

head.

Once the preliminary study phase was concluded, the facility was filled from the

bottom to avoid the formation of air bubbles and using the drainage ring a (initial)

hydraulic head was fixed at 2.80 m above the bottom of the facility. With this

boundary conditions three classical pumping tests were carried out and drawdowns

were monitored in the Hydrogeosite boreholes. The flow pumped from the well was

fixed and monitored using an electromagnetic flow meter with a digital converter.

The pumping lasted the time necessary to reach steady state condition in each

pumping test. The condition of the unconfined aquifer led to the use of the Neuman

type-Curve (1975) that supplies the hydraulic conductivity K and the specific yield

Sy of the porous medium for a homogeneous and anisotropic unconfined aquifer

with an infinite extension and fully penetrating well and with delayed drainage.

According to Tartakovsky and Neuman [21], applying the Neuman-type curve to

the drawdown-time data, these points fall on the Theis-type curve (Fig. 2) because

of the small unsaturated thickness, the fully penetrating pumping well and the large

retention capacity of the sand.

Table 2 Hydraulic

conductivity values (10�6 m/s)

obtained by means of falling

head permeameter tests on soil

sample extracted in the

hydrogeosite

Location KI KII KIII KIV KV KVI KVII Mean

1 5.16 5.94 56.5 5.30 – – – 5.51

2 2.78 2.48 2.25 2.15 2.03 2.36 2.10 2.31

3 0.82 1.06 0.96 0.93 1.04 0.95 0.91 0.95

Mean 2.92

SD 2.34
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Analyzing the pumping tests and all boreholes data, following results were

obtained: arithmetic mean of the hydraulic conductivities is 4.30 � 10�5 m/s with

a standard deviation of 3.78 � 10�6 for K (Table 3).

Fig. 2 Analysis of the drawdown for borehole 14 using the Neuman Type-Curve. The same

behavior was obtained for all the other drawdown-time curves for all the other monitored

boreholes for each pumping test

Table 3 Hydraulic

conductivity values (10�5 m/s)

obtained by means of classical

pumping tests in the

hydrogeosite

Location KI KII KIII Mean

4 3.82 4.93 4.42 4.39

5 3.41 n.a. 4.34 3.88

6 n.a. 4.11 4.45 4.28

7 n.a. 4.96 4.15 4.55

8 3.41 4.61 4.28 4.10

9 3.41 5.44 4.23 4.36

10 3.41 4.56 4.23 4.07

11 2.71 4.64 4.13 3.83

12 n.a. 5.07 4.29 6.48

13 n.a. 5.49 4.11 4.80

14 3.40 n.a. 4.19 3.80

15 n.a. 4.89 n.a. 4.89

Mean 4.26

SD 0.38
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3.1.4 Slug Tests

In order to characterize the porous medium eight slug tests were carried out in the

boreholes of the large model and head changes through time were measured. The

Dagan method for wells screened across the water table (1) has been used to

estimate the hydraulic conductivity of the sand (Fig. 3). Using shape factors

calculated by means of the Boast and Kirkham model (3) the calculated arithmetic

mean of the hydraulic conductivities is 2.83 � 10�5 m/s with a standard deviation

of 5.50 � 10�6 for K (Table 4).

For the aim of this study it is important to determine the support volume of slug

test. Various are the methods proposed in literature for the calculus of support

volume, or the influence radius, but all of them are empirical and more or less

Fig. 3 Slug test: plot of normalized hydraulic head vs time

Table 4 Hydraulic

conductivity values (10�5 m/s)

obtained by means of slug

tests in the boreholes of the

hydrogeosite large model

Location KI KII Mean

4 2.14 1.97 2.06

7 3.49 3.87 3.68

8 3.35 2.59 2.97

9 3.80 2.97 3.39

12 2.52 2.70 2.61

13 2.70 2.78 2.74

14 2.29 2.12 2.20

15 2.97 2.94 2.96

Mean 2.83

SD 0.55
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complex. The method, here selected, is that suggested by Butler [16] and proposed

by Barker and Black [22]:

Rmax ¼ rwffiffiffi
a

p ;

where the slug test influence radius is indicated with Rmax, the well radius with rw
and the storage coefficient with α which may be calculated by means of the

following equation proposed by Cooper and Jacob [23]:

a ¼ r2wSsB

r2c
;

having indicated with Ss the specific storage coefficient, B the saturated thickness of

the pool, and rc the inner diameter of the well or piezometer in which the slug test

was realized. Utilizing the average storage coefficient obtained by means of

pumping tests (SS ¼ 6.31 � 10�3), a saturated thickness of 2.60 m and a borehole

radius of 0.06 m, the influence radius is of near 0.45 m and, consequently, the

support volume is about 0.412 m3.

3.1.5 Short Pumping Test

In the Hydrogeosite, a short pumping test was carried out after several classical

pumping tests in order to estimate hydraulic conductivity with the early-time

drawdown [19].

Analyzing drawdown in early-time in monitored boreholes and using the (5) it

was possible to calculate hydraulic conductivity values. As it can be seen in Fig. 4,

in borehole 4, far from the pumping well 3.6 m, the maximum is reached after 817 s

and at this time the drawdown is equal to 0.0217 m.With these values of t0 and w(t0),
a value of K ¼ 2.88 � 10�5 m/s is obtained. The same analysis was applied to the

drawdown data from borehole 5, also around 3 m from the pumping well, where the

maximum is reached after 508 s and at this time the drawdown is equal to 0.0166 m.

With these values of t0 and w(t0), the hydraulic conductivity K is equal to

3.76 � 10�5 m/s. With this data, the arithmetic mean of the hydraulic

conductivities is 3.32 � 10�5 m/s , while a standard deviation of 6.21 � 10�6 for

K was obtained (Table 5).

Regarding the support volume of this experimental test, analyzing the drawdown

rate curve, we can estimate the influence volume of the porous medium at the peak

time. Oliver [24] provided a formula for this estimate, which is valid for a small

permeability variation from an average value:

r ¼
�kt

nμct

� �
; (6)
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where r is the radial distance between the pumping well and the boundary of

influence volume (i.e., support volume) (m), k is the average intrinsic permeability

(mm), t is the time (h), n is the porosity (non-dimensional), μ is the dynamic

viscosity (Pa s), and ct is the total compressibility (Pa�1).

Equation (6) was applied to the short pumping test data to estimate the support

volume. In this case an influenced volume of about 4.2 m3 and, consequently, an

influence radius of about 1.4 m was obtained.

Afterwards a summary of the tests carried out in the large scale laboratory model

with some characteristic aspects of them are reported in Table 6.

Fig. 4 Experimental pumping test in the hydrogeosite facility. Logarithmic plot of the draw-

down (w) and the first derivative (dw/dt) versus time, for the boreholes 4 and 5

Table 5 Hydraulic

conductivity values (10�5 m/s)

obtained by means of short

pumping test in the

hydrogeosite large model

Location K

4 2.88

5 3.76

Mean 3.32

SD 0.62

Table 6 Summary of measurements method applied on the uniform sand of the hydrogeosite

large scale model and their major characteristics

Experimental test Volume (m3) Length (m) Flow type

Oedometer 2.36 � 10�5 3 � 10�2 1D mean uniform

Falling head permeameter 9.51 � 10�4 1.17 � 10�1 1D mean uniform

Slug 4.12 � 10�1 4.49 � 10�1 Radial (divergent)

Short pumping 0.42 � 10+1 0.14 � 10+1 Radial (convergent)

Pumping 2.69 � 10+1 0.35 � 10+1 Radial (convergent)
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4 Results and Discussion

For each experimental test, hydraulic conductivity was estimated in order to know

its value at various scales. In fact, although the pool was filled with a unique sand

type, a homogeneous quartz-rich sand (95% of SiO2) equipped with a granulometry

with a high percentage (86.4%) of grains between 0.063 and 0.125 mm, the pores

distribution is chaotic and so a heterogeneity behavior, although small, is assumed.

According to this assumption, hydraulic conductivity estimates show an evident

scale effect even if the porous medium could be considered homogeneous respect to

real aquifers. As we can see in Table 1 mean hydraulic conductivity grows with

support volume as the standard deviation of K.
Now, it is necessary to analyze thoroughly the behavior of the hydraulic con-

ductivity as support volume, or characteristic length, of the experimental test grows.

Firstly, we have fitted these scattered points with different functions by means of a

nonlinear least square method obtaining the best fitting (R2 ¼ 0.90) with a power

law (Fig. 5). The following equation describes the scale dependence of hydraulic

conductivity as a function of the support volume:

K ¼ 2:503� 10�5 V0:179: (7)

Fig. 5 Behavior of the hydraulic conductivity mean and its standard deviation with respect to

support volume for each experimental test realized with a homogeneous quartz-rich sand in the

hydrogeosite laboratory. The straight line represents the power law (7) in log–log axes obtained by

means of a nonlinear least square method

The Importance of Reduced‐Scale Experiments for the Characterization. . . 165



By observing Fig. 5 it is possible to see a different scaling behavior for the small

scale and large scale: (1) the first two values of hydraulic conductivity, relative to

oedometer and falling head tests, respectively, were obtained with a uniform mean

gradient flow condition, (2) the next three points represent hydraulic conductivities

obtained in the Hydrogeosite by means of slug, short pumping and classical

pumping tests in which a radial flow condition was established, (3) although the

scale law, expressed by (7), shows a good determination coefficient, it is scarcely

influenced by the low-scale values, whereas it is influenced strongly by the greater

values and (4) it is evident that hydraulic conductivity obeys at two kinds of scaling

law depending on the fluid flow type or on the experimental test scale (i.e., column

scale or large model (Hydrogeosite) scale) [7]. Afterwards we interpolated the

results of the characterization at different scales with two power laws, in the

following way:

– For the first two hydraulic conductivity values representing both the uniform

mean gradient flow and column tests, a coefficient of determination R2 of 0.998

and the following relation:

K ¼ 0:223 V1:614: (8)

– For the hydraulic conductivities estimated in the Hydrogeosite by means of slug,

short pumping and classical pumping tests in which a radial flow founds, the

following equation with R2 equals to 0.931:

K ¼ 3:00� 10�5V0:101: (9)

Combining the fitted power laws for the two dependence scale hypotheses (i.e.

fluid flow type and experimental scale) we have obtained the two plots showed in

Fig. 6. These results are consistent with the findings of Fallico et al. [25, 26]

obtained on the same porous medium but with a different apparatus for the small-

scale experiments and using only three measurement scales.

In order to understand the reason of the scale effect and in particular to

discriminate if this effect is due to the fluid flow type or to the experimental test

scale another experiment was carried out. In this experiment the large scale

laboratory model was used as a permeameter. Imposing in the drainage ring a little

hydraulic head gradient between up-gradient and down-gradient ends a uniform

flow was established in the pool. During the test, the discharge through the pool was

measured at different times and hydraulic conductivity was estimated using the

Darcy’s law. Assuming as cross section area an average of that up-gradient and

down-gradient ends the hydraulic conductivity is:

K ¼ QL

ΔHB �H
;

where Q is the discharge, L and B are, respectively, longitudinal and transversal

length of the pool and �H is the mean hydraulic head. For this case, a hydraulic
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conductivity estimate of 5.86 � 10�5 m/s was obtained. The value of the hydraulic

conductivity estimated for the large permeameter is well fitted by means of the large

scale power law and this means that the scaling law of the hydraulic conductivity to

many small scales (of the order of 10�3) is different from that at larger scales (field

scale) (Fig. 7).

5 Hydrogeophysical Approach

The characterization of a heterogeneous aquifer involves a wide spectrum of high

resolution direct measurements of the characteristic parameters, as the pumping

tests and the relative measurements of the drawdown induced. These estimation

approaches are intrusive and the hydrological system is perturbed by the presence

of perforations and the measurements are performed in a limited number of points

due to high costs. On the contrary the geophysics is nonintrusive and obtain a great

deal of information by low cost approach.

In the last few decades, hydrologists have increasingly begun to use geophysical

information to estimate groundwater flow parameters [20, 39, 40, 41]. The correla-

tion between self-potential signals and groundwater flow is supported by several

authors in the past, which defined a detectable electrical field in the subsurface. At

Fig. 6 Hydraulic conductivity versus support volume with two power laws: the first part is fitted

with a power law valid for uniform gradient flow (8) and the second part for radial flow (9)
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present, the electrokinetic theory [42, 43] is the main physical principle, which

describes the link between the water flow in a porous medium and the generation of

an electrical field. The self-potential (SP) method is a passive geoelectrical tech-

nique that consists of measuring, by means of a pair of non-polarizable electrodes

inserted into the ground surface, the potential differences due to the presence of an

electric field produced by natural sources distributed in the subsoil, generated by

various phenomena (hydraulic, chemical, thermal). The output can be in the form of

long profiles and/or maps.

In the last few years, various algorithms have been developed to determine the

distribution of sources responsible for the self-potential anomalies recorded at the

ground surface. Recently, several researchers have been developing interpretation

schemes that could be applied to the natural electrical field recorded during

pumping tests [44, 39, 45, 46]. This approach benefits from two advantages: the

use of inexpensive sensors and the non-intrusive nature of the self-potential

measurements.

When we assume the porous medium as homogeneous in the electrical sense, the

governing equation of the electrical flow under steady state conditions is:

r2φ ¼ �C0r2h: (10)

Fig. 7 Hydraulic conductivity (black dots) vs. support volume with the two power laws: the first

part is fitted with a power law valid for uniform gradient flow and the second part for radial flow.

Circle is the value of hydraulic conductivity for the large permeameter test
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During a pumping test, the hydraulic head h(r) at distance r from the pumping

well (Fig. 8) in a homogeneous unconfined aquifer and with the Dupuit’s assump-

tion is:

hðrÞ ¼ h0
2 þ Q

πK
ln

r

R

� �	 
1 2=

; (11)

where Q is the volumetric pumping rate, h0 is the hydraulic head where the

influence of the pumping is negligible and R is the influence radius.

Combining the (10) and (11) and applying the Green’s theorem we obtain:

φðrÞ ¼ C0Q2

4π2K2

� �ðr

R

dr0

r02h2 r0ð Þ: (12)

By solving (12) numerically, it is possible to use it as the forward model in the

inversion of the self-potential signals registered at different distances r from the

pumping well, for hydraulic conductivity.

Fig. 8 Cross section of the depression cone of the water table in the vicinity of a pumping well in

steady state conditions and monitoring of the self-potential signals [46]

The Importance of Reduced‐Scale Experiments for the Characterization. . . 169



In 2006, at the Hydrogeosite Laboratory of the CNR-IMAA-Pole of Marsico

Nuovo (PZ), in the same period of the hydraulic test described before, during a

pumping test we acquired several self-potential value by 63 non-polarizable Petiau

electrodes (SDEC, Francia) installed on the surface of the model, along seven parallel

lines 1 m apart, each with nine electrodes placed 1 m apart. Self-potential values are

measured by means of a multichannel system realized ad hoc and made up of a

Keithley Instruments datalogger on which each non-polarizable electrode was

connected to the reference electrode placed in the area least influenced by the

variation of the hydraulic head. The flow rate pumped from the well was fixed at

0.085 L/s, according to what had been calculated with the mathematical model, and

monitored using an electromagnetic flowmeter with digital converter. The pumping

lasted about 8 h, while the subsequent recovery phase lasted about 12 h. Figure 9

shows the SP curve acquired with time in a channel (ch. 43) during the pumping test,

after a correction of the drift effect due to negligible phenomena (i.e., electrode drift).

The drift correction was achieved by use of a detrending statistic tool which involved

fitting a polynomial function to pre-pumping data (usually it was linear) and then

subtracting it from all the data. As can be easily seen, the different hydraulic phases of

the experiment are distinctly evidenced by the SP electrical signal: the steady state

condition is reached after about 3 h from the start of the pumping (increasing trend of

the SP signal), and after about 8 h the pump has been shut down and the recovery

phase begins (the SP signal goes in the initial conditions).

In order to estimate the hydraulic conductivity of the porous medium filling the

Hydrogeosite, by means of the pumping test, the self-potential signals measured in

pseudo-steady state condition were used. When assuming the homogeneity of the
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Fig. 9 Self-potential values acquired in a channel during the pumping test [46]
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porous medium, the electrical potential depends only on the distance r from the

pumping well. So, the self-potential signals generated by the groundwater flow can

be used to estimate the hydraulic conductivity of an unconfined aquifer, by

inverting (12). Different methodology should be applied to estimate the hydraulic

conductivity. Rizzo et al. [39] describe an analytical method to solve the (12) by

means of a power law relationship:

φðrÞ ¼ Ar�1: (13)

Then, it becomes possible to estimate the mean hydraulic conductivity of an

unconfined aquifer, by calculating the value of A from a best fitting of the electrical

potential data in terms of the distance from the pumping well.

Another way was proposed by Straface et al. [46] to invert hydraulic conductiv-

ity by a nonlinear least square method. This method is based on the minimization of

the following cost function:

F ¼ φðrÞ � φ̂ðrÞð ÞTSP�1 φðrÞ � φ̂ðrÞð Þ: (14)

The two methodologies estimate the hydraulic conductivity K obtaining:

5.8 � 10�6 m/s by Rizzo et al. [39] and 1.52 � 10�5 m/s by Straface et al. [46].

The two estimation are not so different, but the latter approach is closer to the

hydraulic conductivity value obtained by means of the Neuman type-curve method

(4.26 � 10�5 m/s).

6 Conclusions

Several authors suggest that hydraulic conductivity tends to increase with the

support volume at subregional scale [27, 28]. In particular, a similar phenomenon

was described by Schulze et al. (1999) for a variety of consolidated and unconsoli-

dated media.

Previous figures reveal that the measured hydraulic conductivity increases with

the scale of measurement: the increase is too uniform and too large to be a

coincidence. The increase also cannot be attributed to systematic differences or

inaccuracy among the different measurements techniques [7].

Generally, the porous medium heterogeneity is charged with the hydraulic

conductivity scale effect [27–31]. In this case, the porous medium has a small

heterogeneity; nevertheless, the scale effect is very evident at the experimental

scales utilized, because the pore distribution inside the porous medium is likely to

be not completely uniform.

On the other hand, there are many uncertainties about the specific mechanisms

through which the influence of the heterogeneity on the aquifer parameters takes

place, particularly on the hydraulic conductivity. Certainly as the involved-volume
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of the porous-medium is increasing, also the possibility of variations in the

characteristics of the medium increases (i.e., the heterogeneity increases), with

possible changes of dimensions of the solid grains and consequently of the vacuum,

as well as possible changes of density, formation of discontinuities like fractures, or

changes in the granulometric structure of the medium. However, with decreasing

volumes the porous medium does not tend necessarily to the homogeneity; in fact,

also for limited scale ranges the detected parameter increases when the scale is

increased. So, the mechanism through which the heterogeneity acts must be exam-

ined more opportunely.

The dimension of the pores and their continuity are certainly the most evident

peculiarity. It is clear that the dimensions of the pores may influence the conduc-

tivity value so that the higher are the values of the first, the greater are the values of

the second; analogously, since the continuity of the little channels increases also the

conductivity increases, or vice-versa, and if there is no continuity there is no flow.

However, either for the flow or the transport phenomena, the dimensions of the

pores present a greater influence in locally reduced ambit, while the continuity and

the accessibility of the little channels influence more within parts of porous medium

larger [32–34]. Therefore it is possible to retain that in the considered smallest

volumes of the porous media, like the ones corresponding to the measured samples

in the laboratory, the scale effect is due to in large part the first of the above said

factors, i.e. the variability of dimension of the pores; while in the larger volumes,

like those involved in the measurement of k usually used in field, the second of the

above said factors, i.e. the continuity of the little channels and the degree of the

interconnection of the net which they shape strongly influences the scale effect for

the detected parameter.

Such a circumstance justifies the subdivision of the total amplitude of the sample

of values of the detected parameter in two parts: the first referred to low-scale values

and the second referred to greater scale values. As already underlined, the scale laws

corresponding to the considered single parts are in this way more significant than the

only law describing the phenomenon in examination for all the dash which consists of

the first and the second dash above considered. It follows that if at the same time

measurements of K are taken in account at the very different (small and large) scales,

instead of researching an only scale law it is convenient to partialize the set of the

available values so a law is determined at every scale dash; these can describe more

correctly and reliably the phenomenon under observation in the respective ambits, as

a combination of several physical behaviors of the system.

Anyway, these results, either considering the unique scale law (7) or multi-scale

laws, i.e. (8) and (9), confirm what was proved by Clauser [28] for numerous types

of soils, that is the trend of hydraulic conductivity to reach a higher limit when the

measurement scale increases and, in our opinion, regardless of the heterogeneity of

the porous medium.

Groundwater is a key element of the water cycle and is the largest available

resource of fresh water. The knowledge of hydrodynamic and hydrodispersive

parameters is fundamental in order to model the flow and contaminant transport

in the aquifers and to prevent and control groundwater resources against the threats

by uncontrolled industrial, agricultural, and urban management practices.
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40. Cassiani G, Böhm G, Vesnaver A, Nicolich R (1998) A geostatistical framework for

incorporating seismic tomography auxiliary data into hydraulic conductivity estimation.

J Hydrol 206:58–74

41. Cassiani G, Medina MA (1997) Incorporating auxiliary geophysical data into ground-water

flow parameter estimation. Ground Water 35:79–91
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Mathematical Models as Tools for Prevention

and Risk Estimates of Groundwater

Pollution: Contributions and Challenges

Bouabid El Mansouri, Malika Kili, Jamal Chao, Ahmed Fekri,

and Abdelaziz Mridekh

Abstract In many parts of the world, groundwater is the only resource available to

meet the vital needs of the population, especially in dry areas. The availability and

quality of such resources are highly threatened now by climate change and numerous

pollution factors.

Numerical models of flow and transport in saturated porous media are of major

significance in the realization of simulations of management scenarios and in the

evaluation of potential risks of pollution. The main constraint to the development

and implementation of these models is the quantification of the parameters of flow

and transport phenomena. In fact, these parameters fully control the results of the

simulations. To overcome these limitations, field experiments are essential in order

to minimize the errors associated with the results of these simulations.

This chapter presents some applications on different Moroccan sites, which are

vulnerable to pollution, allowing the risk assessment related with the threats to the

local groundwater resources and showing the major role of these tools for the

preservation of the quality of groundwater resources.
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1 General Concepts of the Mathematical Models

A model is a conceptualization of reality. It is an image of reality that we create, an

incomplete and partial image that includes features and attributes of the reality in

which we are interested in particular, or that we have the chance (or opportunity) to

know [1]. A mathematical model is a set of concepts of interest formalized in the

form of mathematical expressions. The mathematical model is translated to a

numerical model that can solve equations representing the phenomena within the

limits of our interest. In the field of groundwater modeling, models are classified in

three main categories: deterministic models, black boxes, and stochastic/statistic

models [1].

The hydrodynamic and transport deterministic models are based on physical laws

that are more or less complex and approaching reality. Konikow and Bredehoeft [2]

point out that the forecasts, which are usually outside the range of observed conditions,

typically are limited by uncertainties dues to the sparse and inaccurate data, poor

definition of stress acting on the system, and errors in system conceptualization. Even

though forecasts of future events usingmodelsmay be imprecise, they do represent the

best available information at a given time that can be used in decision making.

Simulation models can be used as learning tools to identify additional data needed

in order to better define and understand groundwater systems. These models have the

capacity to test and quantify the consequences of various errors and uncertainties in

the information needed to determine the cause-effect relationship and related models-

based forecast [3]. In the process of forecasting, this model capability may be the most

important aspect in order to define the uncertainties of the forecasting, allowing water
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managers to evaluate the significance of their decisions. Also, this process may allow

the evaluation of unexpected consequences of such decisions.

2 Convection-Diffusion Modeling

Solute transport models have become an indispensable tool for assessing environ-

mental risks to groundwater resources, remediation engineering, or the engineering of

underground repositories of municipal and nuclear wastes. This development was

essentially driven by a growing interest in groundwater quality and the evolution of

computer technology, making transport simulations widely available to researchers,

engineers, and consultants. However, although numerical models of solute transport

have undergone a significant improvement over the last decades, the claims made

from the users have also increased. While users initially intended to simply have a

rough idea, for example, of the potential threat of a contamination source on a

drinking water well using homogenous parameters for their solute transport model,

the failure of many of these models has lead the modeling community to recognize

that solute transport models need to be able to account for the complexity of

parameters found in field problems.

The complexity of solute transport in subsurface systems is based on a multiplicity

of processes: the occurrence of a variety of chemical, physicochemical, and bio-

chemical mechanisms often varying spatially, the temporal variability of the flow

field, and the heterogeneity of hydraulic conductivity. Unfortunately, complete

knowledge of all these parameters will never be available and, hence, solute transport

models need to be able to quantify the uncertainty associated with the model

predictions. One possibility to achieve this is the use of a stochastic approach

where, due to the lack of detailed knowledge about the aquifer properties, multiple

and equally plausible representations are generated and analyzed.

A further issue when using solute transport models is the problem of scales

[4]. Numerical models are usually discretized into model grid blocks, which are

almost always much larger than the scale of heterogeneity of the corresponding

parameter and/or the measurement support scale. The process of transforming the

detailed description of parameters in a grid constructed scale to a coarser grid, with

less detailed description for the purpose of numerical modeling, is referred to as

upscaling [5].

Upscaling methods have been developed to overcome this problem although

principally focusing on flow. Less research has been done on the upscaling of solute

transport. The problem of scales for solute transport was first recognized by the

apparent scale dependence of dispersivity, raising the question whether the classical

advection-dispersion equation is capable of correctly simulating solute transport for

strongly heterogeneous aquifers using coarse model grid blocks in comparison to

the small-scale variability of aquifer properties. In fact, more recent research on

solute transport upscaling has demonstrated that, when moving from a highly

discretized model to a coarsely discretized one, we need to account additionally

for mass transfer between model grid blocks and, hence either a mass transfer
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process has to be added to the advection-dispersion equation or even a different

solute transport equation, e.g., continuous time random walk and fractional

advection-dispersion equation, has to be used [4].

The convection-diffusion models are commonly used to perform studies of the

assessment impact on the environment. These models describe the evolution of the

concentration of conservative or degradable solutes in the aquifer. Material can

react with other substances that are present in groundwater. Concentrations of

transported substances are also subject to diffusion which coefficients can be

determined either by direct measures or by using a numerical model. The transport

equation in most general form can be written as follows:

S
@H

@t
þ divðbωcVÞ ¼ q (1)

ωcV ¼ �KrH (2)

@C

@t
¼ �V

R
gradCþ divðD

R
gradCÞ � λCþ q

bRωc

Cþ S

bRωc

(3)

where S is the storage coefficient (confined aquifer) or effective porosity (phreatic

aquifer) (dimensionless); H is the piezometric head (L); t represents the time; b is

the thickness of saturated flow (L); ωc is the cinematic porosity; V is the average

linear velocity (LT�1); q is the source/sink term (LT�1); K is the permeability

tensor (LT�1); C is the solute concentration (ML�3); λ is the degradation rate of

pollutant (T�1); R is the retardation factor; and D is the dispersion coefficient

(L2T�1). In isotropic medium, the dispersion coefficient can be expressed as

follows [6]:

Dxx ¼ αL
V2
x

V
þ αT

V2
y

V
þ Dm; Dyy ¼ αL

V2
y

V
þ αT

V2
x

V
þ Dm (4)

where Dxx and Dyy represent the dispersion along the main axes of isotropy; αL and
αT are respectively the longitudinal and transversal dispersivities; Vx and Vy are the

velocity in main axes of flow; V is the velocity module; and Dm is the molecular

diffusion.

However, in simple case studies the use of analytical solutions is much more

interesting. These solutions have a direct application and keep the modeler away

from efforts of the various phases of the numerical modeling. A minimal amount

of data is needed since all sectors of a parameter are assigned the same value.

The solution given for a saturated homogeneous porous medium [7] in De Marsily

[8] is

C

C0

¼ 1

2
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ffiffiffiffiffiffiffiffiffi
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þ 1
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vxL
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(5)
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Others analytical formulae are given for various situations (2D, 3D, hetero-

geneous porous medium, etc.)

3 Numerical Models as Tools for Groundwater Protection

3.1 Prediction of the Pollution from a Landfill

Landfills are sites that accommodate daily amounts of solid waste from urban and

industrial areas. In many cases, such receiving locations of these discharges are not

properly developed. Indeed, these discharges produce liquid of leachate that may

seep into the porous medium and contaminate the groundwater.

In situations where landfills are located in relatively permeable materials such as

sand, gravel, or fractured rock, leachate migration may cause contamination over an

area many times larger than the area occupied by the landfills. The infiltration of

water through the landfill will continue to produce leachate for many decades.

Transport by groundwater flow in the material will cause contamination of great

part of the zone [9].

To predict the effect of any pollution from a landfill of a major urban area in the

East of Morocco (agglomeration of the city of Oujda), we performed a hydro-

dynamic model calibrated in steady and transient states. Then, we implemented a

transport model supported by MT3D/GMS. The simulations have mainly shown

areas that would be affected by the pollution over time (Fig. 1c). This result

represents a guide to stakeholders for the implementation of barriers to protect

the drinking water supply, which should delimit the polluted area.

3.2 Dimensioning the Protected Perimeter of Catchment Site

The perimeters of the catchment protection are geographical areas established around

the wells dedicated to drinking water supply in order to ensure the preservation of the

resource. The objective is to minimize the risk of punctual and accidental pollution of

these wells resources.

This protection has three levels established from hydrogeological studies:

– Immediate protection perimeter: all activities in this perimeter are prohibited

except those related to the exploitation and maintenance of the well. Its purpose

is to prevent the deterioration of structures and prevent the release of pollutants

close to the catchment.

– Closed protection perimeter: wider area (typically a few acres) for which any

activity that is likely to cause pollution is prohibited or subject to special

procedures (construction, deposits, discharges. . .). Its objective is to prevent

the migration of pollutants into the catchment.
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Fig. 1 (continued)
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Fig. 1 (continued)
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Fig. 1 (continued)
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– Remote protection perimeter: this scope is optional and is created if certain

activities are likely to cause significant pollution. This sector is usually the

feeding area of the catchment point or even the entire watershed.

The design of these protection perimeters is based on several analytical calculation

methods [10,11]. Such methods are based on simplifying assumptions as the homo-

geneity of the hydrogeological environment.

Numerical models can also be used for the design of these protection areas.

These methods have the advantage of taking into account the complexity of the

aquifer environment such as heterogeneity, anisotropy, and complex boundary. To

this end, we have developed a numerical code that is based on the convection-

diffusion equation to calculate a 50-day isochrone from around the catchment site

Fig. 1 Transport modeling of landfill leachate in Angad aquifer (Eastern Morocco). (a) Location

and studied area; (b) environmental hydrogeology of the studied area; (c) finite difference grid of

the studied area; (d) shape of the area affected by the landfill leachate
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of Sidi Taibi in Maamora aquifer (NW Morocco). The space between catchments

and the isochrone is considered as close protection perimeter. The same method is

applied to Ahmed Taleb catchment site located in the North of Kenitra (Fig. 2).

These wells produce an annual volume of 8 mm3 and represent the main resource of

water supply for Kenitra population and partially contribute to the water supply for

Rabat. On the field, the 50-day isochrone means that any pollution occurring

outside of this isochrone cannot reach the pumping well after a period of 50 days

1 Km

a

b

Fig. 2 Numerical modeling of the catchment site. (a) Finite element mesh in Sidi Taibi site.

(b) Calculus of flow direction in the environment of pumping wells
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(Fig. 2b, c). This period would allow policy makers to act according to the nature

and severity of the generated pollution to mitigate its impact. Whereas, if the

pollution occurs inside the perimeter, it reaches the wells within less than 50 days

(Fig. 3).

3.3 Contributions of GIS Technology for Transport
Numerical Models: Modeling Approach in
Vulnerability Framework

The engineering of natural resources such as hydrogeological systems requires the

usage of a large amount of data of various types: geological, hydrogeological,

environmental, and socioeconomic. Amajor effort is usually spent in the organization

of these data. Recently, geographic information systems (GIS) have become very
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Fig. 3 Design of the protecting perimeter of the catchment site by numerical model in Ahmed

Taieb (north of Kenitra City, Maamora aquifer)
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user-friendly tools for data processing and organizing. A geographic information

system is an information system of hardware, software, and processes designed to

facilitate the collection, management, manipulation, analysis, modeling, and display

of spatially referenced data to solve complex problems of development and manage-

ment. This tool usually contains several kinds of geographical objects that are

organized into themes that often appear as layers. Each layer contains objects of the

same type (limits of groundwater, rivers, roads, recharge areas, urban areas, wells,

areas of potential pollution, etc.). Each object consists of a shape (geometry of the

object) and a description, also called semantics.

Nowadays, GIS is being used in concert with applications such as modeling,

maintenance management, capital planning, and customer service (Fig. 4). These

developments make GIS an excellent tool for management in all water aspects,

especially water resources and their environments [13]. Experts believe that in the

near future, most water industry professionals will be using GIS in the same way

they are now using word processor or spreadsheet [12].

In the aspect of groundwater resources protection, groundwater vulnerability

maps are designed to show areas of greatest potential for groundwater contamination

on the basis of hydrogeologic and anthropogenic factors.

These types of maps are developed by using GIS to combine data layers such as

land use, soil types, and piezometry. Usually, groundwater vulnerability is determined

Fig. 4 Relationship GIS and the calculation models [12]

186 B. El Mansouri et al.



by assigning rating points to each data layer, and then by the sum of these points we

get the vulnerability map.

The most widely used groundwater vulnerability mapping method is DRASTIC,

standing for the seven factors considered in the method: Depth to water, net Recharge,

Aquifer media, Soil media, Topography, Impact of vadose zone media, and hydraulic

Conductivity of the aquifer [15] (Fig. 5). The DRASTIC method has been used to

develop groundwater vulnerability maps in many parts of the world [16–19]. Other

methods have been developed such as SINTACS and GOD.

Each of the hydrogeologic factors is assigned a rating from one to ten based on a

range of values. The ratings are then multiplied by a relative weight ranging from

one to five. The most significant factors have a weight of five; the least significant

have a weight of one.

The equation for determining the DRASTIC index is [20]:

DrDw þ RrRw þ ArAw þ SrSw þ TrTw þ IrIw þ CrCw ¼ DRASTIC Index

whereD,R,A, S,T, I, andC represent the seven hydrogeologic factors, r designates the
rating, andw is the weight. The smallest possible DRASTIC index rating is 23 and the

largest is 226. The resulting DRASTIC index represents a relativemeasure of ground-

water vulnerability. The higher the DRASTIC index, the greater is the vulnerability of

the aquifer to contamination. A site with a low DRASTIC index is not free from

Fig. 5 Flow chart of methodology for groundwater vulnerability analysis using DRASTIC model

in GIS [14]
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groundwater contamination, but it is less susceptible to contamination compared with

the sites with higher DRASTIC indices.

The Sebou basin is located in the NW Morocco. It is one of the largest Basins

of the country. This is the only basin in Morocco, with a surplus water balance.

The annual volume of renewable water resources is about 7,000 mm3[21].

The basin includes several urban centers and several agricultural and industrial

activities which exploit the groundwater basin. Its groundwater resources are

located in the aquifers of Maâmora-Gharb. These aquifers are spread over a surface

of 7,500 km2 and sometimes occur in a multilayer system.

With the objective of protecting these groundwater resources from pollution

potential factors, we, at first stage, mapped their vulnerability by the DRASTIC

method. This established map shows that the most vulnerable area is the coastal

zone of the basin called Mnasra. This area is dominated by an unconfined aquifer

with excellent hydrogeological parameters and it is highly sought by catchment

sites that guarantee supply drinking water; Ahmed Taleb in the North of Kenitra

with an annual volume of 5 mm3 and Sidi Taibi in the South with 3 mm3.

Besides, this coastal area is subject to significant pressure to satisfy the demand

for irrigation. In fact, thanks to the groundwater resources available in Mnasra zone,

this area is experiencing an intense agricultural activity which represents a potential

source of pollution due to the excessive use of fertilizers [22].

The establishment of the vulnerability map showed that the coastal zone area

Mnasra is the most vulnerable (Fig. 6). This information is very important to

Fig. 6 Optimizing grid in transport model by vulnerability zones evaluated by GIS methods:

Mnasra vulnerability map (DRASTIC method)
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announcemeasures for groundwater resources protection. For this purpose, numerical

modeling is a tool for the realization of simulations to predict the potential pollution.

The development of a numerical model simulation for the Gharb-Maâmora

aquifer system is necessary for the assessment of pollution risk of the drinking

water catchments. The vulnerability map (Fig. 6) may play a role in optimizing the

mesh (domain discretization). Indeed, the least vulnerable areas could be covered

by a less dense mesh, while the most vulnerable areas would be covered by high-

density mesh, since the area is sensitive to pollution and a very good resolution of

the calculation is recommended in this zone. So, the vulnerability map is an

optimization tool for numerical computation (Fig. 7).

The vulnerability evaluation of aquifer domain before the transport modeling

phase enables the optimizing of this phase. Indeed, the areas of the aquifer that are

not vulnerable or are less vulnerable may be covered by a low density mesh where

the equation will be resolved. However, vulnerable areas may contain a fine mesh

(high density) in order to perform accurate calculations by increasing the number of

the nodes. The model could have its meshes optimized, which has an impact on the

time and errors calculation.

Fig. 7 Optimizing grid in transport model by vulnerability zones evaluated by GIS methods –

transport model grid: mesh optimization by vulnerability zones
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4 Conclusion

The groundwater resources are vital for a significant proportion of the human

population of the globe. Degradation factors of the quality of these resources are

numerous and increasing.

Groundwater is inherently susceptible to contamination from anthropogenic

activities and the remediation is very difficult and expensive. Prevention of contami-

nation is, hence, critical in effective groundwater management.

Numerical tools such as models and information systems can provide invaluable

assistance on the realization of simulations and scenario changes in the quality of

these resources. These tools can also enable to resize perimeters of the catchments

protection where water is intended for human consumption. These tools can also

represent elements for decision support on potentially polluting projects.

Factors threatening the quality of groundwater resources are natural and human.

The mathematical and numerical models have substantial contributions to the

evaluation and control of these threats. However, their uses and concepts largely

depend on assumptions about the field and the expertise of the modeler to find a deal

between the complex state of the field and the simplifying assumptions which

sometimes mar the scenarios produced by these models.
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Groundwater Monitoring and Control by

Using Electromagnetic Sensing Techniques

M. Bavusi, V. Lapenna, A. Loperte, E. Gueguen, G. De Martino, I. Adurno,

I. Catapano, and F. Soldovieri

Abstract Groundwater resources, which are exposed to overexploitation and

pollution at regional and local levels, may take benefit from fast, nonintrusive,

and inexpensive monitoring methods based on electromagnetic techniques. In fact,

the available technologies can help to improve management and protection of

the aquifers. This chapter deals with the role of electromagnetic sensing techniques

in water monitoring with a specific focus to pollution surveys in groundwater

bodies. Being sensitive to the presence of water in the subsoil and its electrical

conductivity, which in turn depends on the ionic content, the electromagnetic

sensing techniques are useful tools for groundwater identification and soil quality

assessment. In fact, these sensing techniques offer advantages such as quickness,

nonintrusivity, and the possibility of investigating large areas at reasonable costs.

However, the appropriate use of these techniques implies an adequate knowledge

of their working principles as well as of their on field application procedures, which

mainly depend on the survey aim and the geological and logistic conditions of the

site. This chapter also discusses the uncertainty in the interpretation of results,

which is due to the fact that the electromagnetic sensing techniques are based on

indirect inspections. Several strategies can be exploited to reduce ambiguity of

results, such as the integration of different electromagnetic techniques and the

comparison between field data and those provided by laboratory experiments.

These issues are herein addressed through practical examples concerning two study

cases, one referred to a site located in Serbia-Herzegovina and one located in Italy.

In particular, we illustrate the physical concepts, the operative aspects, the data

processing, and the integration of results concerning the following measurement
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techniques: electrical resistivity tomography (ERT), ground-penetrating radar

(GPR), time-domain-induced polarization (time domain IP), and self-potential

method (SP). The two study cases concerns an industrial site and a large waste

dump structure. These sites represent specific examples of soil monitoring and have

been selected in order to evaluate the performance of the proposed techniques. For

each site, we provide a description of the survey results accounting for geological

evidences, logistic constraints, and physical limitation of the used techniques.

Finally, we highlight the advantages offered by a cooperative use of different

techniques and suggest strategies to overcome intrinsic limitations of each one of

the considered survey methods.

Keywords Electromagnetic sensing techniques, Water monitoring, Electrical resis-

tivity tomography, Ground-penetrating radar, Induced polarization, Self-potential
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Abbreviations

ABK Asphalt and backfill stratum

BRK Bedrock

ERT Electrical resistivity tomography

GPR Ground-penetrating radar

IP Induced polarization

MSW Municipal solid waste

MWT Microwave tomography

SAD Saturated alluvial deposits

SP Self-potential method

1 Introduction

Over the past 50 years, the world’s population has doubled and agricultural as well

as industrial productions have dramatically increased. This population growth

associated with the climate changes has put water resources under an ever-

increasing strain [1].
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The water resources group (http://www.2030wrg.org) estimates that in just

20 years, global demand for water will be 40% higher than it is today and more

than 50% higher in the most rapidly developing countries.

Moreover, anthropic activities such as agriculture, industry, and waste manage-

ment will increase the impact on the fresh groundwater resources produced by

contaminants such as, for instance, nitrates, chlorinated hydrocarbons and heavy

metals.

The presence of nitrates is related to their agricultural use and produces a

widespread groundwater pollution. A measurable effect of this pollution is the

general growth of water electrical conductivity, which can be considered a measure

of groundwater salinity and then of water quality [2].

On the other hand, chlorinated hydrocarbons and heavy metals arising from

old landfills, contaminated industrial sites and industrial activities, petrochemical

activities as well as military sites are concerned with localized critical situations [2].

Therefore, groundwater resources are affected by two main kinds of threat:

overexploitation and pollution.

In order to successfully tackle these problems, it is necessary to improve not

only the water production and management but also the water monitoring.

A fast, less expensive and effective tool is needed with the aim to monitor water

quality in large areas with reasonable costs.

Geophysical techniques can represent an effective monitoring tool in order to

implement protocols for rapid estimation of water resources and water quality.

Among these, electromagnetic sensing techniques offer the possibility of a fast

groundwater monitoring at reasonable costs due to their noninvasivity and survey

quickness.

The electromagnetic techniques exploit signals measured in passive and active

modalities, which make available information about the electromagnetic features

of ground structure provided that they are properly processed. In this frame, it

is worth remarking that water content strongly influences the electromagnetic

response of the subsoil. More in detail, the suitability of electromagnetic sensing

techniques in the groundwater monitoring is supported by the following factors [3]:

– the electromagnetic and electrical properties of the rocks are strongly controlled

by the presence of groundwater;

– the groundwater distribution is controlled by geological features such as

lithology, porosity and permeability, which are factors that can be mapped;

– the chemical composition of the groundwater affects its electromagnetic

properties.

Then, electromagnetic sensing techniques are able to:

– detect the presence or absence of groundwater in the surveyed areas,

for instance, the same rock can exhibit resistivity values very different if it is

saturated or dry;

– estimate the amount of exploitable water by mapping shallow and buried

geological features in order to define the aquifer;

– indicate the presence of possible pollutants.
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In particular, the input of a pollutant in the subsoil always produces detectable

modifications in the electric, magnetic, and electromagnetic parameters. For instance,

electrolytic substances decrease the resistivity of the water [4]. Other substances,

such as hydrocarbon, can modify the resistivity in unexpected ways, depending

on the presence of bacterial activity [5]. Moreover, geological features, such as

permeability boundaries, lithologic changes, and porosity variations, control the

entity and diffusion of the pollutant [6].

Electromagnetic techniques mainly used in the groundwater prospection are the

electrical resistivity tomography (ERT), the time-domain-induced polarization (IP),

and the self-potential method (SP). Shallow prospection can be conveniently faced

by using the ground-penetrating radar (GPR).

Moreover, the points detailed below should be taken into account to carry

out a proper groundwater monitoring and diagnostics by electromagnetic sensing

techniques [3].

– Proper design of the fieldwork including the techniques suitable for the problem

under investigation.

– Choice of a suitable geometry for each electromagnetic sensing technique.

As a matter of fact, each technique is sensitive to a particular property of

the underground and needs one or more specific survey geometry. In the last

decade, technological development provided increasingly sensitive sensors that

have improved performances in terms of accuracy and resolution and offer the

possibility to effectively implement 3D survey geometries.

– Management of robust processing and inversion routines. Electromagnetic sens-

ing techniques depend strongly on an “interpretation” component, which has to

be reduced at minimum by using data processing, integration, and fusion

algorithms able to provide results in an automatic way.

– Improvement of the ability to reduce the interpretation ambiguity of the results. To

pursue this aim, one can integrate heterogeneous data, i.e., the electromagnetic

sensing techniques can be cooperatively exploited in order to minimize the

uncertainties. In this respect, it is worth taking into account that each technique

provides data needed to be processed by specific algorithms. Moreover, the

output of each technique can be plotted as map, section, or data volume so that

a proper graphical rendering is needed in order to correctly present all the results.

Despite significant technological improvement have been performed, currently

several limitations affect the potentiality offered by the electromagnetic sensing

techniques, especially with regard to the interpretative models. As a matter of

fact, the physical-chemical and biological phenomena arising in the case of ground-

water pollution are not yet fully understood. For instance, the role of bacterial

activity in the modification of electromagnetic parameters during the pollutant

degradation process is still not clear. Therefore, the associated electromagnetic

signals cannot be linked to their source.

However, the electromagnetic sensing techniques have all the features to be a

preliminary screening tool for the characterization of contaminated or at-risk sites.

They provide, in the form of maps and sections, important information about the

presence and position of a pollutant plume and can represent a constraint useful
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to plan further direct measurement campaigns based on sampling collection and

laboratory analysis.

This chapter deals with four electromagnetic sensing techniques: ERT,GPR IP

and SP. After their theoretical bases description, we illustrate their application, data

processing and interpretation to highlight their strengths and weaknesses in the

framework of real electromagnetic surveys. In particular, two cases of local ground-

water contamination are taken into account: the first one regards an industrial site

and precisely the shallow characterization by means of ERT and GPR surveys

of the ground surrounding a phenol tank located in the Kablova industrial site

(Serbia-Herzegovina). The second one concerns the application of ERT, IP, and

SP method as tools for deep characterization of the Montegrosso-Pallareta waste

dump structure (Italy).

2 The Electromagnetic Sensing Techniques:

Theoretical Overview

This paragraph describes the working principles and the operative modalities of the

electromagnetic sensing techniques applied in the study cases described later and it is

devoted to highlight their imaging capabilities as well as their physical and applica-

tive limits. This is useful to determine the electromagnetic sensing technique most

suitable for each study case at hand and provide guidelines for a combined use of

different techniques in order to reduce their proper drawbacks and unavoidable

uncertainties.

2.1 Electrical Resistivity Tomography

The electrical resistivity tomography (ERT) is an active electromagnetic sensing

techniques which, in its theoretical measurement configuration, is based on the

injection of an electrical current (I [mA]) in the subsoil by means of a pair of

electrodes (A and B) and the subsequent measurement by using another pair

of electrodes (M and N) of the electrical potential (ΔV [mV]) [7, 8]. In order

to reduce electrode polarization effects, which could affect the accuracy of the

measure, the injected current is modulated as a low-frequency square or sinusoidal

wave. There are several possible electrode arrangements and Fig. 1 depicts the

most used ones, which are the Wenner, Schlumberger, and dipole-dipole arrays.

Whatever the used array, the ERT is based on the measure of the ground

electrical potential while the current is injected. In this circumstance, it is possible

to calculate the apparent resistivity (ρa):

Groundwater Monitoring and Control by Using Electromagnetic Sensing Techniques 197



ρa ¼ k ΔV=Ið Þ (1)

where ρa is expressed in Ωm and k is a geometrical factor depending on the adopted

array configuration (see Fig. 1 for the value of the geometrical factor). Subsoil

position of the measurement point depends on the position of the electrodes at the

surface and on the used array configuration [7]. In addition, investigation depth and

spatial resolution depend on the deployed electrode spacing: large spacing allows

good depth of exploration while, small spacing provides a good spatial resolution.

As a consequence, the optimal electrode spacing is achieved as a trade-off of these

two conflicting requirements.

In general, the choice of the array configuration depends on the site features as

well as on depth, size, and composition of the target as well as on the desired signal/

noise ratio. Details about array configurations and their sensitivity functions are

reported in [8].

Modern georesistivimeters have multielectrode systems able to acquire a large

number of data by automatically switching quadrupoles for each array, which is

composed of a consistent number of electrodes properly fitted on the ground.

The result of such an acquisition is a distribution of data describing the apparent

resistivity lying on the vertical plane passing through the acquisition profile. A data

inversion procedure is needed in order to determine a subsurface model whose

response is consistent with the measured data [8]. Model parameters are linked to

the model response by using finite difference [9, 10] or finite-element methods [11]

Fig. 1 Schematic representation of the usually deployed linear arrays of electrodes, with their

geometrical characteristics. C1–C2: current electrodes; P1–P2: potential electrodes; a: electrode

spacing; k: geometric factor; n: ratio of the distance between the C1–P1 electrodes and the C1–C2

dipole spacing
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and the initial model is iteratively optimized until the difference between the model

response and the observed data is minimized.

The model obtained by the inversion process is a representation of the subsoil in

terms of electrical resistivity. Final process, which is the interpretation in geological

terms of the resistivity section, requires the knowledge of the relationship between

electrical resistivity and geological materials.

Since the rocks are mainly formed by silicates, which are nonconducting

materials, their electrical resistivity mainly depends on the electrical resistivity of

the water porosity as well as on the degree of saturation and it follows the Archie’s

law [12]:

ρ ¼ aφ�bf�cρw (2)

where φ is the porosity, f is the saturation degree, ρw is the water resistivity, and

a, b, and c are empirical parameters.

Table 1 reports the electrical resistivity of the most diffuse material of the

Earth crust.

Table 1 brings three important implications:

– the ERT is very sensitive to the presence of water and its ionic content;

– depending on their water content, several materials can exhibit the same

electrical resistivity or the same material can have different resistivity values;

– the a priori geologic knowledge of an area is essential in order to correctly

interpret an ERT result in terms of lithology and hydrogeology.

ERT is able to localize a contaminant in a geologic system. In fact, it is

demonstrated that it is sufficient to add 25 ppm of ionic substance in the water

aquifer to increase the conductivity of 1 mS/m [13] and that hydrocarbon bio-

degradation processes produce anomalous conductive zones [5].

Table 1 Resistivity value

of natural materials
Material Resistivity (Ωm)

Air Infinite

Pyrite 3 � 10�1

Galena 2 � 10�3

Quartz 4 � 1010–2 � 1014

Calcite 1 � 1012–1 � 1013

Rock salt 30–1 � 1013

Mica 9 � 1012–1 � 1014

Granite 100–1 � 106

Gabbro 1 � 103–1 � 106

Basalt 10–1 � 107

Limestones 50–1 � 107

Sandstones 1–1 � 108

Shales 20–2 � 103

Dolomite 100–10,000

Sand 1–1,000

Clay 1–100

Ground water 0.5–300

Seawater 0.2
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These features make ERT a tool able to estimate the parameters needed to

formulate transportation models of pollutants [14]. For these reasons, ERT can be

very useful to detect possible losses of contaminant liquid from storage sites.

2.2 The Ground-Penetrating Radar

The ground-penetrating radar (GPR) is an active electromagnetic technique

whose working principle is that of a common radar system. In particular, a trans-

mitting antenna radiates an electromagnetic wave, usually a microwave pulsed

signal whose spectrum belongs to the range from 10 MHz to some GHz, and a

receiving antenna gathers the backscattered signal engendered by hidden targets,

i.e., anomalies arising into the electromagnetic features of the surveyed medium

(Fig. 2).

In this respect, it is worth noting that at microwaves, large part of the materials

are nonmagnetic. As a consequence, the most important electromagnetic parameter

is the relative permittivity, which can be a complex quantity in the case of

dispersive media [15].

The usually adopted GPR measurement configuration is the common offset single
fold (see Fig. 2a), in which the transmitting and receiving antennas are placed at a

certain distance into a single fold, which is moved along one or more lines at the

air-medium interface. At each position, the transmitting antenna radiates a wavelet,

which, interacting with the target, gives rise to a backscattered field that is collected

by the receiving antenna. The signal measured at each position of the antenna

system is named A-scan and its peaks identify the interfaces between different

materials (see Fig. 2b).

Fig. 2 Schematic representation of the GPR working principle: a) or B-scan GPR image and

signal propagation; b) single gathered trace or A-scan; c) raw-data radargram.
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The time instant at which each peak occurs is called round trip travel time and

it is the time employed by the wave to reach the target and come back to the

antenna. Hence, once the round trip travel tr is known, the depth dr of the target,

i.e., the distance occurring among the electromagnetic anomaly and the antenna

system, can be calculated as:

dr ¼ vtr
2

(3)

where the number 2 at denominator is needed in order to consider just one way

travel path and v denotes the velocity of electromagnetic signal into the probed

medium. Such a velocity depends on the relative dielectric permittivity (εr) of the
surveyed medium:

v ¼ cffiffiffiffi
εr

p (4)

c being the speed of light in vacuum, which can be approximated to 0.3 m/ns. The

relative dielectric permittivity can be estimated by using direct or indirect methods

[15, 16] and its values for several materials encountered in geological surveys are

given in Table 2.

Table 2 Relative dielectric permittivity of geologic materials measured at 100 MHz

Material Relative dielectric permittivity (εr)

Air 1

Dry sand 3–5

Dry silt 3–30

Ice 3–4

Asphalt 3–5

Volcanic ash/pumice 4–7

Limestone 4–8

Granite 4–6

Permafrost 4–5

Coal 4–5

Shale 5–15

Clay 5–40

Concrete 6

Saturated silt 10–40

Dry sandy coastal land 10

Average organic-rich surface soil 12

Marsh or forested land 12

Organic-rich agricultural land 15

Saturated sand 20–30

Freshwater 80

Seawater 81–88
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In addition, it is worth remarking that the amplitude of each peak is directly

proportional to the reflection coefficient R, which can be expressed both in terms

of wave velocities v1 and v2 inside two different media

R ¼ v1 � v2ð Þ
v1 þ v2ð Þ (5)

and as a function of their relative dielectric permittivities ε1 and ε2

R ¼
ffiffiffiffiffi
ε1

p � ffiffiffiffiffi
ε2

p� �
ffiffiffiffiffi
ε1

p þ ffiffiffiffiffi
ε2

p� � (6)

From Eqs. (5) and (6), one can immediately observe that the larger is the contrast

of electromagnetic properties, the greater is the amplitude of the reflected wave.

A set of A-scans gathered along a measurement line is referred as raw-data

radargram and it is often plotted in greyscale as Fig. 2c shows, where white and

black colors identify positive and negative peaks, respectively.

The radargram is a space-time image providing a coded representation of

the target, which does not correspond to its geometrical shape. As a matter of

fact, since the travel time changes when the antenna system is moved along

the measurement line, a punctual reflector appears as a hyperbolic pattern, whose

vertex and eccentricity depend on the position of the targets and their size. In

addition, objects having more complex shapes will result in more complex patterns.

To properly plan a GPR survey, it is crucial to account for the depth penetration

and the spatial resolution.

As far as the penetration depth is concerned, it is worth remarking that several

attenuation phenomena may decrease the amplitude of the electromagnetic signal

along its path from the transmitting antenna to the target and from this latter to the

receiving antennas. In particular, the main attenuation phenomena are:

– scattering: objects, whose size is approximately equal to the probing wave-

length, spread energy in all the spatial directions producing “clutter noise” in

the radar data;

– absorption: the electromagnetic energy is converted into heat;

– geometric attenuation: the electromagnetic energy is distributed over spherical

wavefronts and decays at a rate proportional to 1/r2 where r is the distance of the
wavefront from the antenna;

– electromagnetic attenuation: it is a complex function of the electromagnetic

properties of the investigated medium and the frequency of the signal.

The combination of all these phenomena limits the investigation depth reachable

by GPR as compared to other geophysical methods.

The other key feature is the spatial resolution, which is recognized as range

(or depth) resolution and lateral (or angular) resolution. These represent the

minimum distances along vertical and horizontal directions, respectively, which

must occur between two targets in order to make them distinguishable one to the

other one.
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Depth penetration and spatial resolution strongly depend on the central fre-

quency of the probing signal and then on the adopted antenna system. In particular,

the use of a high-frequency probing signal provides a great spatial resolution but a

poor penetration depth. Conversely, low-frequency signals allow to increase the

penetration depth but limit the achievable spatial resolution [17, 18]. For this

reason, the GPR revealed a precious multi-scale tool. It can be successful applied

in archeological prospections [16, 19–21], polluted area characterization [22],

diagnostics of dams [23] and bridges [24], reinforced concrete [25, 26], and

historical building diagnostics [27, 28].

In this respect, it is important to properly select the antenna central frequency

suitable for the problem at hand by balancing the opposite requirements of spatial

resolution and investigation depth.

Furthermore, it is important to emphasize that spatial resolution is not constant,

but it decreases with increasing depth [15]. Accordingly, electrically small objects

can be detectable if they are shallow but can be missed if they are at great distance

from the measurement surface.

To properly interpret GPR data, a key aspect is the choice of the data processing

strategy, that is a sequence of operations performed in order to focus punctual

reflections, restore correct objects geometry from complex radargrams, eliminate

noise and unwanted reflections, and convert the vertical time axis into a depth axis

by performing the velocity analysis.

Strong skills and experience in data processing are required in order to

produce reliable images. These aspects limit the use of GPR to expert users and

introduce elements of subjectivity in the interpretation of the survey results.

In the last years, novel processing approaches based on the solution of an

inverse scattering problem have been developed and assessed in several applicative

contexts [24–28]. These approaches, commonly referred as microwave tomography

(MWT), are based on the use of approximate models of the electromagnetic

scattering phenomena [29, 30] and offer the advantage to provide automatically

reliable GPR images, which can be easily interpreted by non-expert users.

To conclude this section it is worth pointing out that GPR can be a very

fast method for mapping pollution in shallow context. In fact, pollutant acts by

changing the electric permittivity and conductivity of subsoil. A change in the

electrical permittivity produces changes in the reflection of the electromagnetic

waves that can be easily detected. A change in the conductivity produce a change in

the amplitude of the electromagnetic waves. Generally, ionic contaminants produce

absorptive zones recognizable in the radargram.

2.3 Time-Domain-Induced Polarization

Time-domain-induced polarization (time-domain IP) measurements can be carried

out by using the same instrumentations and array configurations of the ERT, with
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the difference that the measurement of the electrical potential (V ) is immediately

performed just after that the current injection (I) is turned off.

In this way, the measurement is concerned with the transitory describing the

exponential decay of the electrical potential according to the discharge curve as that

shown in Fig. 3.

Chargeability (M ), which is the searched parameter, is provided by the following

integral relation:

M ¼ 100

V0 t2 � t1ð Þ
ðt2
t1

Vtdt (7)

where V0 is the initial voltage (at t1), Vt the time behavior of the voltage, and

t1 and t2 are the times between which the integration is performed. In particular,

t1 is taken a few milliseconds after the current has been switched off in order

to avoid opening extra current; t2 is considered some hundreds of milliseconds after

t1 so to have an integration time sufficiently long to describe the phenomenon while

avoiding to integrate on the time interval where the signal/noise ratio is lower.

According to Eq. (7), the chargeabilityM is expressed in seconds (or better ms).

Usually, commercial instrumentations that use the Newmont standard method

(M 331) allow us to express chargeability indifferently in mV/V or ms since the

integration time of the discharge curve is 1 s [31].

Induced polarization can be interpreted by means of two phenomena as it is

shown in Fig. 4 [32].

Electrode polarization: it is well known that a metal in an electrolytic solution

can generate an electrical potential (Nernst potential) in the thin liquid layers

immediately in contact with the metal. The application of an electrical current

Fig. 3 Charge and discharge curve of the electric potential during an IP measurement
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to the system perturbs the charge balance that assumes a new configuration. The

interruption of the exciting current leads to a return at the previous “equilibrium”

situation of equilibrium after a small and finite time.

Membrane or clay polarization: bottlenecks in a pore can lead to an unbalance of
charges in the presence of an electrical current (Fig. 4). In fact, the surface of

minerals, which is negatively charged, attracts cations by the fluid up to a thickness

of about 100 μm. A bottleneck below this limit can produce an accumulation of

cations in the presence of an electrical current, and, consequently, an unbalance in

the charge distribution. When the current is turned off, charges return at their

normal configuration after a small time. The same phenomenon can be explained

if the bottleneck is due to a clay particle that is negatively charged.

Time-domain IP measurements require special electrodes and shielded cables.

On the other hand, several authors explored the possibility to carry out measure-

ments by using steel electrodes and cables normally used for ERT measurements.

In this case, several precautions are required:

– measurements have to be carried out in the presence of low noise and a good

electrode contact with the ground is required [33];

– in order to limit the charge-up effect, a pair of electrodes can be used as

potential dipole, provided that a certain time interval has been elapsed after

they have been used as current electrodes [34];

– if possible, the charge-up correction has to be carried out [35, 36].

Fig. 4 Mechanisms involved in the polarization phenomenon: electrode polarization and mem-

brane polarization
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Time-domain IP data have to be inverted in order to achieve the true model in

terms of chargeability. The process is made by inverting conductivity data by

considering that in a non-polarizing medium, it can be written:

σ
0
i ¼ σi 1� mið Þ (8)

where σ
0
i
is the apparent conductivity of a non-polarizing medium and σi and mi are

the conductivity and chargeability of a polarizing medium, respectively.

The inversion can be designed in order to invert at the same time σ0, i.e., σi, and
calculate mi at the end of the process.

Time-domain IP has been originally conceived in order to detect mineral

bodies [32], but now is currently used in order to monitor the quality of water [37],

for detecting dissolved polluters in the groundwater [38], for environmental

monitoring [34–36]. The main drawback in environmental field is the lack of a

model able to explain macroscopic evidences of IP [39]. This lack complicates the

interpretation of IP data.

Anyway, the methodology can be successfully used in order to characterize

waste dumps and surrounding areas and it provides information complementary to

the ERT [40, 41].

2.4 Self-Potential Method

Self-potential (SP) method is based on the measurement of the electrical potential

occurring between two points of the Earth surface without injecting any current.

This passive method dates back to 1830, when Robert Fox used a pair of copper

electrodes connected to a galvanometer in order to detect a copper sulfide deposit.

In the 1920, the SP method was considered a standard technique for detecting

massive metallic ores [32]. Nowadays the technique, which is unchanged in its

general working principle, can be carried out by using high-impedance multimeters

and unpolarizable electrodes that make it quick and cheap.

Self-potential arises in the presence of buried ore bodies [42, 43], quartz dicks,

groundwater flow, biochemical reactions and vegetable biological processes.

Table 3 summarizes main natural sources of electrical self-potential and the

corresponding polarity and magnitude of the emitted signal.

Different mechanisms are responsible of the SP occurrence [44] and are listed in

the following subsections.

2.4.1 Diffusion or Membrane Potential

Diffusion or membrane potential is generated in the presence of ionic species with

different concentrations and mobilities. In fact, if the mobility of ions and cations,

which migrate according to the concentration gradient, changes a charge
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distribution occurs and a difference of potential of some tens of mV can be

produced. At the equilibrium, the diffusion potential is:

Ed ¼ �RT Ia � Icð Þ
nF Ia � Icð Þ ln C1=C2ð Þ (9)

where Ia and Ic are the mobility of ions and cations, respectively, n is the ion

valence, R the universal constant of gas, T the absolute temperature, F the Faraday

constant (i.e., the charge of an Avogadro’s number of electrons; F ¼ 96.48530929

C/mol � 0.0289456 C/mol), and C1 and C2 are the concentrations of the ionic

quantities.

In the presence of a geologic boundary between clay and another non-clayey

sediment, the mobility of anions is prevented into the clay (i.e., Ia ¼ 0). In this case,

the difference of potential is expressed by the Nernst equation:

EN ¼ �RT

nF
ln C1=C2ð Þ (10)

describing the Nernst potential or clay potential occurring at the boundary between
clays and other non-clayey sediments.

2.4.2 Streaming Potential

Known also as z-potential or electrokinetic potential, it is due to the flowing

of a fluid into a porous medium driven by a pressure gradient [44–46].

The Helmholtz-Smoluchowski equation describes the streaming potential ΔV
of a fluid moving in a porous medium under a pressure gradient ΔP:

ΔV ¼ εζ=μσð ÞΔP (11)

where ε is the dielectric constant of the fluid, ζ is the zeta-potential that is

related to the double electrical layer formed by ions close to a grain boundary,

and σ and μ are the electrical conductivity and viscosity of the fluid, respectively.

Table 3 SP anomalies and related sources

Source SP signal

Sulfide ore bodies (pyrite, chalcopyrite, pyrrhotite, sphalerite, galena),

graphite, magnetite, copper, manganese

Negative, tens of mV

Quartz veins, pegmatites Positive, tens of mV

Flow of fluids, geochemical reactions �100 � mV � +100

Bioelectricity (plants and trees) Negative, � 300 mV

Flow of groundwater Positive or negative,

hundreds of mV

Topographic gradient Negative, > 2 V

Groundwater Monitoring and Control by Using Electromagnetic Sensing Techniques 207



In areas with heavy rainfall, porous rock and steep topography, the streaming

potentials can reach values up to 3 mV [44].

From the application point of view, it is useful to consider the streaming potential

as a direct function of the hydraulic gradient between two points of the Earth surface

following the first-order approximation of the Fournier equation [47, 48]:

ϕ� ϕ0 ¼ C
0
h� h0ð Þ (12)

where φ and h are the potential and the hydraulic head at measurement station,

respectively, and φ0 and h0 are the potential and the hydraulic head at reference

station. C0 is the electrokinetic coupling coefficient expressed in mV/m [48].

2.4.3 Mineral Potential

Mineral potential is associated to the presence of mineralized ore bodies

following the geo-battery model of Sato and Mooney [42]. Following these authors,

a sulfide ore body located across the water table can generate redox reactions and,

consequently, a difference of potential measurable as SP signal at the surface.

Anyway, this model results enough incomplete since it doesn’t explain strong SP

signals, which have been measured up to 800 mV, the sign of the anomaly, which is

always negative near the ore body, and the fact that the geo-battery is always

charged up. Moreover, the model doesn’t explain anomalies due to ore bodies

completely up or below the water table or water table fluctuations [44].

2.4.4 Bioelectrical Potential

Bioelectrical potential is generated in correspondence of the tree roots, which can

operate an ion selection by sucking water. Their effect is measurable in hundreds

of mV.

Sensitivity of the SP method to a great number of sources and the absence

of models able to explain them represent the main obstacle to the interpretation

of an SP signal. However the method is versatile and quick in order to identify

water flux in complex aquifer [46] and in landslides [49] as well as in order to detect

leakage in dams and embankments [44, 50, 51].

Since the membrane potential is very sensitive to the temperature, the SP method

is applied successfully in the hydrothermal and volcanic areas [51–53]. Moreover,

recently, the SP method has been applied to polluted areas and waste dumps where,

further that the streaming potential component producing a negative signal [45, 49],

it has been highlighted an electrochemical potential producing a positive anomaly

directed as the groundwater flux [48]. Residual potential obtained by subtracting

the streaming potential component is in agreement with the redox potential directly

measured in hole [48]. The leachate containing organic matter produces redox

reactions reducing different chemical species as a function of the distance of
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the pollutant [54]. Strong anomalies detected directly into the waste dumps can

represent leachate accumulations [41].

3 Case Studies

This paragraph provides examples concerning the use of the above described

electromagnetic sensing techniques. The first case study concerns the Kablova

industrial site located in Jagodina (Serbia-Herzegovina) where the goal of the

survey was the estimation of water tightness of a tank of phenols. The required

high spatial resolution and low investigation depth suggested to exploit high-

resolution ERT and GPR. The second example concerns the verification of the

tightness of the Montegrosso-Pallareta large waste dump structure located in

Potenza (Italy). Logistics and geological complexities of the area as well as the

large size of the waste dump structure imposed the use of large-spacing (20 m)

ERT, time domain IP, and SP method.

3.1 The Kablova Industrial Site

The following example illustrates as the ERT and GPR have been used in order

to check the presence of phenols into the ground and groundwater of the Kablova

industrial site in Jagodina (Serbia-Herzegovina).

The Kablova Holding is a leading manufacturer of electrical and telecommuni-

cation cables in the world, which was in the past an example of industrialization

appreciated throughout the world. Unfortunately, its waste management process

has suffered rapid deterioration in recent decades due to changing market and to

the Balkan war. In particular, a storage tank of phenols, abandoned since the 1980s,

has become a matter of concern for possible losses and subsequent infiltration of its

content into the subsoil.

As far as the ERT survey is concerned, four ERT profiles have been carried

out close to the phenol pool in order to check the presence of phenols in the soil

and groundwater (Fig. 5).

For all profiles, Wenner-Schlumberger array has been used and electrode spacing

of 1–5 m has been used for the first three and the last tomography, respectively.

The three smaller profiles were made close to three of four sides of the

“lake of phenols” so as to intercept any possible loss into the ground. Unfortunately,

it was not possible to acquire a profile along the southern side, due to the very

dense vegetation and the presence of hazardous waste. But this did not affect

the validity of the survey because the flow lines of the groundwater flow are

reasonably oriented from north towards the river.

Results of these three sections are depicted in Fig. 6.
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Their resistivity ranges between 14 and 1000Ωm, while the investigated depth is

about 8 m. The highest resistivity values (from 90 to 1000 Ωm) can be associated to

the pavement, which is made by asphalt and backfill (abk). In addition, the same

resistivity values characterize some areas that could represent a deep bedrock (brk).

The lowest resistivity values (14–90 Ωm) can be attributed to the presence of

saturated alluvial deposits (sad).

In correspondence of the phenol pool no variations in the resistivity of the

saturated alluvial deposits were observed, indicating that no significant loss occurs

from the tank. Indeed phenols are characterized by very high resistivity values

(6 � 104 Ωm), which certainly would have affected the electrical resistivity of

the investigated subsoil.

This evidence is confirmed by the tomography T4, showing the resistivity of

the subsurface until a depth of about 40 m (Fig. 7).

Due to its lower spatial resolution, this tomography cannot detect the asphalt

and backfill stratum (abk). However, the saturated alluvial deposits are well defined

even if their resistivity appears slightly higher than the ones in the previous

surveys. Within the bedrock resistive nuclei (rn) are visible. Their resistivity is

about 500–600 (Ωm) and they can be interpreted as resistive paleo-canals.

This evidence allowed to exclude the presence of significant losses from

the phenol tank into the groundwater and then into the nearby canal.

Fig. 5 Location of the Kablova factory waste disposal area embedding the “phenol pool.”

The location of ERT surveys (T1, T2, and T3) and expected groundwater flow are indicated.

Copyright 2013 Digital Globe, 2013 Google (modified)

210 M. Bavusi et al.



Anyway, in order to have an independent method able to confirm this evidence,

a GPR survey has been also carried out. In particular, four radargrams have been

gathered on the same survey lines of Fig. 5 by using an acquisition module

GSSI SIR 3000 equipped with a 400 MHz antenna and having survey cart and

encoder. The system was parameterized with a time window of 80 ns and 32 scans/

m, 512 samples/scan, and 16 bits/sample.
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Fig. 6 ERT inversion results corresponding to the data gathered in the area of Fig. 5 a) T1 survey;

b) T2 surveys; c) T3 survey. abk asphalt and backfill, sad saturated alluvial deposits, brk bedrock

Fig. 7 ERT inversion result for T4 survey carried out in the area of Fig. 5. sad saturated alluvial

deposits, brk bedrock, rn resistive nucleus
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The data processing has involved the following steps: zero time correction, remove
header gain, automatic gain control, resampling, fk-filtering, andmigration (by using
a wave average velocity of 0.12 m/ns based on hyperbole adaptation analysis).

With reference to Fig. 8, which depicts the first three radargrams (GPR1, GPR2,

and GPR3) and shows the subsoil up to 5 m depth, one can detect three layers that

from top to bottom can be identified as:

– a shallow layer (up to 8 ns or 0.6 m reflective layer) showing a continuous series

of reflectors that become locally chaotic and can be related to asphalt and

backfill (abk).

– an intermediate absorptive layer (16 ns or 0.6 m to 22 ns or 1.80 m) that can be

correlated with a layer in place of saturated silt and clay (abz).
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Fig. 8 Radargrams carried out in the area of Fig. 5 a) GPR1; b) GPR2; c) GPR3 abk asphalt and
backfill, abz absorptive zone, sad saturated alluvial deposits
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– a deep layer (more than 22 ns or 1.80 m) with a series of well-marked

and continuous horizontal reflectors that can be interpreted as coarse sediments

saturated alluvial deposits (sad).

In agreement with the corresponding ERT profiles (Fig. 6), radargrams do not

show any alteration or modification in the section corresponding to the position

of the “lake of phenols.”

Figure 9 depicts the radargram GPR4 carried out in correspondence of the ERT

T4 of Fig. 7 and also in this case the radargram results in agreement with

corresponding ERT data and the other radargrams.

These results confirm the interpretation based on the ERT data.

3.2 The Montegrosso-Pallareta Waste Dump Complex

From a geophysical point of view, a waste dump is basically a very conductive

body composed of waste and leachate contained into a basin, which is confined by

very electrically resistive plastic liner.

Because of the liquids contained in the waste and due to chemical and bio-

chemical reactions with infiltrated rainwater, a landfill produces a certain amount

of leachate. Leachate is a liquid containing dissolved and suspended material. In

particular, dissolved material includes organic matter (alcohols, acids, aldehydes,

short chain sugars, etc.), inorganic macro components (common cations and anions

including sulfate, chloride, iron, aluminum, zinc, and ammonia), heavy metals

(Pb, Ni, Cu, Hg), and xenobiotic organic compounds such as halogenated organics

(PCBs, dioxins, etc.) [55].

The only barrier to the leakage of this slurry is a waterproof structure consisting in

layers of clay or bentonite and HDPE sheets placed at the bottom, where a drainage

system allows to periodically pull out the leachate. HDPE liners must have high

tensile strength, flexibility, elongation without failure and must be resistant to the

UV rays, temperature changes, and chemical attack. Of course, these features can

deteriorate with time so that old waste dumps may disperse leachate into the ground

and groundwater. Therefore, there is the necessity of diagnostic tools able to detect

the HDPE liner failure and the consequent leachate contamination of groundwater.

From a practical point of view, geological complexities and logistic difficulties

have to be considered, in order to gather reliable geophysical data.

In the following example the electromagnetic sensing techniques have been

applied in order to monitor the Montegrosso-Pallareta dump and in particular the

release of contaminant liquids due to the failure of plastic liners and clayey layers.

The Montegrosso-Pallareta waste dump complex consists of six industrial

(sludge) and municipal solid waste (MSW) reservoirs with irregular shape filled

from 1989 to 2001(Fig. 10).
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It occupies an area of 150,000 m2 on the top of Mount Montegrosso. Table 4

summarizes stored waste and industrial sludge volumes and filling periods for

each basin.

From the geological point of view, the landfill is located on the Argille

Varicolori formation, a sequence consisting of clays, quartz sandstones, and

calcarenites intensely folded and fractured by tectonic processes [56].

As a matter of fact, the Argille Varicolori formations are known to have

extremely low electrical resistivity values (<10 Ωm) in the presence of water

[49, 57]. This aspect must be taken into account during the data interpretation

because low-resistive zones could be interpreted as losses of contaminant with the

risk of false positives.

Figure 11 depicts the results of tomographic inversion carried out starting from

three dipole-dipole datasets, acquired by using a georesistivimeter IRIS Syscal R1

and a multielectrode 20 m spaced cable, along the profiles of Fig. 10.

Table 5 summarizes the features of the three surveys.

After the inversion process, performed by using Res2DInv (Geotomo Software),

the investigated depth resulted in 105 m and the estimated resistivity ranged from

1 to 180 Ωm.
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Fig. 10 Montegrosso-Pallareta waste disposal complex (Basilicata Region, Italy). (a) Aerial image;

(b) Scheme of reservoirs and location of ERT T1, T2, and T3 surveys

Table 4 Filling time and kind of refusal stored in the Montegrosso-Pallareta waste dump complex

between 1989 and 2000

Basin Start filling End Filling Volume (mc) MSW tons Sludge tons Total tons

A January 1990 March 1993 100,000 76,000 15,200 91,200

B1 October 1996 June 1998 80,000 41,400 8,000 49,400

B2 October 1995 September 1996 20,000 23,500 4,800 28,300

B2 July 1999 August 2000 20,000 30,800 0 30,800

C April 1993 September 1995 96,000 58,000 11,600 69,600

D May 1989 December 1989 10,000 16,000 0 16,000

E September 2000 May 2001 90,000 20,500 0 20,500
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As a first approximation, the lowest values (1–15 Ωm) can be attributed to clay

saturated soils, waste, and leachate. The intermediate ones (15–100 Ωm) can be

attributed to wet clay soil. The highest resistivity values (larger than 100 Ωm) can

be associated to limestone, over-consolidated clays, and HDPE liners. Using this

rough rule, we try to provide a preliminary interpretation of tomographic sections.

Figure 11a shows the tomography T1 carried out across the basins D, B2, and C.

Basins C and D appear conductive while B2 is characterized by high resistivity

values. Tomography shows four conductive nuclei (c1, c2, c3, and c4) that can

be interpreted both like clay soils and contaminant. At the end, a resistive body

(labeled brk in Fig. 11) located at 80 m in depth can be interpreted as the bedrock

constituted by over-consolidated (thus, dry) clays.

Figure 11b depicts the ERT T2 carried out across the basin A, approximately

parallel to the profile T1. The waste basin appears conductive (1–10 Ωm), whereas

several conductive nuclei (c1, c2, c3, and c4) are detected. They can be related,

except for the nucleus c4, to the same ones detected in the ERT T1. The bedrock

Fig. 11 ERT inversion results of the surveys carried out at Montegrosso-Pallareta waste disposal

complex (Basilicata Region, Italy): a) T1 survey; b) T2 survey, 3) T3 survey.

Table 5 Geometrical features of the ERT profiles of Fig. 5

Profile Electrode spacing (m) Electrode number Length (m)

T1 20 32 620

T2 20 32 620

T3 20 40 780
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(brk) appears less resistive compared to the one in the ERT T1, while two resistive

features (r1 and r2) appear below the two ends of the basin.

Figure 11c shows the ERT T3 crossing through the basins C, B1, A, and E. All the

basins appear conductive with resistive nuclei at the extremes of the investigated

area. Some conductive nuclei (c1, c2, and c3) and a resistive nucleus (r1) are

detected. Finally, a resistive bedrock (brk) is detected at 80 m of depth.

With the exception of the basin B2, which appears resistive, all other basins

result to be conductive, as it was expected. This evidence can be explained by

taking into account that whatever cross section is considered basins have

trapezoidal shape. Then, when the basin is sectioned near a boundary, as well as

in the case of the ERT1 cutting the basin B2, the thickness of waste is low and the

spatial resolution of the method can be insufficient to detect the waste in this zone.

This hypothesis is supported by the fact that basin A is better defined in section T2,

where the basin is cut in the middle, than in the T3, where it is sectioned on northern

edge where the thickness of waste is very modest. This is the same for the basin C

that is better defined in the tomography T3, which intersects it in the half, than in the

section T1, that passes through its western margin.

With reference to the section T3, the basin B1 is not very well defined, but it is

possible to observe a conductive vertical element (c5), which may be associated

with a possible loss of leachate.

In the following, we summarize what it has been observed.

– Basins are better characterized when they are cut in the point of maximum

thickness, which generally coincides with the center. The 20 m electrode spatial

offset may cause a poor spatial resolution in case of reduced thickness of refuse.

– The ERT detected a series of conductive nuclei (c1–c5) that can be related to the

clay minerals but also to contaminants.

– Basin edges appear resistive. This aspect, particularly visible in the section T3,

can be due to the effect of the HDPE liner borders on the dipole-dipole

array used.

– The bedrock below the basin A in the section T2 appears less resistive than in

sections T1 and T2.

– The conductive body c5 could be a leachate loss.

ERT results suggest to perform core drills in the chemically conductive nuclei

(c1, c2, c3, c4, and c5) in order to analyze material samples. Then, in complex

geological context as the one in this example, the ERT is not able to discriminate,

with full sureness, the contaminated areas from the naturally conductive ones.

Anyway, ERT allows to identify the areas where other kind of indirect surveys

and sampling and chemical analysis have to be carried out. So, in geologically

complex circumstances, the technique ERT must be considered as a preliminary

diagnostic tool useful to drive the exploitation of other more specific methods.

In attempt to understand if conductive zones were caused by clay minerals or

leachate contamination, the IP data have been gathered by exploiting the array used

for the ERT. The inverted IP sections are shown in Fig. 12.
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With reference to Fig. 12, one can observe that the chargeability values range

from 0 to 75 mV/V. The lowest values (0–20 mV/V) can be associated to membrane

polarization due to clay minerals present in the Argille Varicolori formation.

Middle values (20–50 mV/V) have been detected mainly close and beneath

the basins. In fact, they could be representative of leachate plumes leaked

from the landfill. In fact, leachate is rich in metals under the form of solution and

suspended [40]. Suspended fraction can produce strong polarization values [40] in

function of size metal grains [58].

Finally, the highest values (>50 mV/V) can be associated to the basins

(HP) or to deep bodies. The highest values present into the basins are due to the

metal cumuli as demonstrated by Angoran and others (1974) [59] and to leachate

diffusion into surrounding permeable materials [60, 61]. The highest values located

Fig. 12 Time-domain IP results for the surveys carried out at Montegrosso-Pallareta waste

disposal complex (Basilicata Region, Italy) a) T1 survey; b) T2 survey; c) T3 survey.
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in depth are localized at the boundaries separating very conductive bodies from

the resistive ones.

By comparing IP results with ERT results of Fig. 11, we make the following

observations:

– Conductive nuclei c1, c2, c3, c4, and c5 exhibit low chargeability values

compatible with a membrane polarization and thus they have to be considered

uncontaminated clay nuclei.

– The strong chargeability at the basin boundaries could be due to the HDPE

liner producing high resistive nuclei in the ERT results.

– The bedrock below the basin A in the section T2 shows middle values of

chargeability (mp), which may be due to a leachate contamination. In fact in

the corresponding ERT section, the bedrock appears less resistive than in the

other sections.

Then, it is possible to exclude conductive low-polarizing nuclei as a candidate

for leachate cumuli and to establish an alert situation below the basin (A) where

middle values of chargeability are associated to a general reduction of resistivity

involving the bedrock too.

Fig. 13 Self-potential measurement at Montegrosso-Pallareta waste dump complex. (a) Self-

potential pattern built by using 115 self-potential measurements; (b) plot describing the distribu-

tion of self-potential on the topography; (c) scatterplot of self-potential versus altitude
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ERT and IP surveys provided deep information about the waste dumps and

soil, but no information about water flux and possible leachate transportation.

Then, an SP survey has been carried out in attempt to highlight possible signals

related to leachate contamination. Figure 13a and b depicts the SP pattern obtained

by a Kriging interpolation of 115 values of self-potential referred to a unique

base station.

The SP signal ranges between �42 and 17.2 mV, with a prevalence of negative

values of the electrical potential localized within the perimeter of the plant and in

the external northwestern portion. On the contrary, positive values occupy an

outdoor area located in the southwestern portion of the map.

This distribution of values can be explained by accounting for a combination of

mechanisms related to the streaming potential [62–64] and redox reactions [44, 48].

In fact, because of the high natural and artificial altitude gradients, it is reasonable to

expect negative values in the top area linked to a stream of water downwards [46]

(Fig. 13b).

Anyway the contribution of topographical gradient in terms of streaming

potential is not prevalent as the scatterplot of Fig. 13c shows.

Therefore, the contribution related to the redox reactions that occur in the basins

can justify, albeit in a qualitative way, the minimum value just in correspondence

of these basins, particularly the basin A. The spontaneous potential outside of

the basins shows zero values near the southwestern edge of the complex and

becomes positive towards SW. On the contrary, northeastern side shows negative

values that could be the combined effect of pollutant and streaming potential.

3.3 Understand the Uncertainties, Overcome the Limitations

This chapter has dealt with the description of four electromagnetic sensing

techniques, which are ERT, GPR, IP, and SP, and their potentialities in the frame

of groundwater quality monitoring.

We described physical concepts and acquisition modalities in order to

highlight the uncertainties and limitations of each technique. In fact, the choice of

the methods to be applied is strongly influenced by site conditions and type of the

target to be characterized [65]. For instance, although there are some attempt in

order to apply GPR in shallow waste dump for HDP liner integrity detection [66,

67], this technique was not suitable to the Montegrosso-Pallareta site, due to the

clayey nature of the ground, which is absorptive and requires a depth of investiga-

tion beyond the capability of the GPR technique.

Once the suitable techniques have been selected, they have to be customized

in order to fit the physical features of the target and have to be capable of detecting

it. The survey design is the phase where each technique is set in terms of geometry

(orientation and length of profiles, 2D or 3D survey), electrode spacing or electro-

magnetic frequencies and number of measures.
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For instance, the electrode spacing and electrode number are two important

parameters that influence the answer of the ERT method since they act on the

available spatial resolution and the investigation depth. Their effect is well

visible in the case of Kablova site by comparing the tomographies ERT1, ERT2,

and ERT3 with ERT4. The used electrode spacing played a different role in the

case of Montegrosso-Pallareta complex, where the basin thickness resulted lower

than the used electrode spatial offset as, in the margin of the waste dumps, basins

appeared resistive.

Another important choice is the orientation of the survey lines. It has to be fixed

according to the geological, topographical, and hydrogeological conditions of the

site. For instance, in the Kablova site, the orientation of the ERT and GPR profiles

has been chosen by accounting for the inferred groundwater flux and the logistic

conditions. Accordingly, the missing ERT on the south side of the phenol pool was

not determinant in the data interpretation.

Moreover, sometimes there are uncertainties related to the physical limits of the

used configuration. For instance, in Montegrosso-Pallareta site, the resistive nuclei

at basin margins have been interpreted as a change in the properties of the electrode

array (i.e., in the k coefficient) due to the HDPE liners.

Sometimes, the incomplete knowledge of the physics at the basis of the

investigated phenomenon, such as in the case of the IP and SP techniques, can

represent an obstacle. In order to overcome this drawback and reduce the interpre-

tation ambiguities affecting the results of each sensing techniques, the international

scientific production in recent years has shown a growing interest in the integrated

approach, particularly in Environmental Geophysics, field where physical-chemical

and biochemical processes related to pollutant presence have not yet been well

understood [47, 48].

In particular, it can be convenient to combine two or more techniques in order to

get more accurate and less ambiguous results.

For instance, the combination of ERT and GPR in the Kablova site allowed

to determine with more accuracy and confidence the absence of phenols into

the ground and groundwater. Moreover, the combination of ERT and IP allowed

to distinguish clay nuclei (characterized by low membrane polarization values)

from leachate cumuli (showing very high redox polarization values).

Moreover, the characterization of a target according to different physical

parameters may be useful to highlight several aspects of the investigated site. In

this sense, the use of SP in Montegrosso-Pallareta site allowed to have a spatial

map of the possible pollutant reflecting the shallow water transport of contaminants.

On the other hand, the results provided by the ERT and IP surveys highlight

pollution phenomena at greater depths.

The use of electromagnetic techniques requires knowledge of geological,

geophysical, and field experience [65]. In other words, it is important to provide

an interpretation of the achieved results that accounts for a priori geological and

hydrogeological information. For instance, the presence of clayey formations in the

Montegrosso-Pallareta site is the key aspect to understand the contribution of

membrane polarization, streaming potential and redox potential in the composition
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of the SP signal. In particular, the low contribution of the streaming potential

(which in turn is roughly depending on the altitude) inferred by the scatterplot of

Fig. 13 is in agreement with limited permeability of clays present in the area.

Sometimes, electromagnetic surveys can detect unexpected situations such as

in the case of hydrocarbons contaminated soils that can provide an unexpected

lowering of resistivity [5]. These situations reveal that physical-chemical and

biological mechanisms occurring in the polluted areas are not yet completely

understood. On the other hand, electric and electromagnetic data suggested that

contaminant plumes conductibility is depending on the ionic species concentration,

which in turn is driven by the groundwater flow [48, 68]. To corroborate this

hypothesis, laboratory experiments reproducing on field conditions seem to be a

promising tool to improve the knowledge of certain physical mechanisms.

We can conclude that at the present time electromagnetic sensing techniques

can be useful tools in order to have a preliminary screening of a possible polluted

area. Their proper and rigorous application, taking into account logistic constraints

and geological knowledge of the site, allows to detect polluted areas, trace contam-

inant distribution and infer processes occurring in the surveyed area. Although most

phenomena at the bases of gathered signals are not yet well understood, electro-

magnetic techniques can be very useful in defining direct sampling points and

remediation strategies.
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Pollution Detection by Electromagnetic
Induction and Electrical Resistivity Methods:
An Introductory Note with Case Studies

Yuri Manstein and Andrea Scozzari

Abstract This chapter introduces the combined usage of electromagnetic induc-

tion and electrical resistivity methods for the assessment of soil pollution at shallow

depths, with a particular focus on situations of potential contamination of ground-

water. After a brief introduction of the electrical resistivity tomography (ERT) and

the electromagnetic induction (EMI) techniques, three case studies are presented,

dealing with potential threats to groundwater resources, in which the synergic usage

of ERT and EMI permitted effective investigations about the contamination status

and possible threats.

Keywords Electrical resistivity tomography, Electromagnetic induction,

Geophysical surveys
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1 Introduction

It is well known that specific electrical resistivity of water (or specific electrical

conductivity) depends on its mineralisation, on the presence of suspended particles

and of eventual organic compounds. This permits to study the concentration of

eventual polluting agents in the water by direct or indirect measurements of specific

electrical resistivity.

Shallow earth electromagnetic (EM) survey methods (EM profiling, mapping

and sounding) and electrical resistivity tomography (ERT) have increased signifi-

cantly in the past decades. The pollution of groundwater and surface water can be

detected and studied by these methods, by observing the changes of specific

electrical resistivity associated with the presence of pollution. The measurement

unit of the specific electrical resistivity is Ωm. Its reciprocal value, i.e. the specific

electrical conductivity, is measured in S/m (siemens per metre) or mho/m. The

electrical conductivity of water is commonly expressed in mS/cm or μS/cm.

It is well known that the specific electrical resistivity of the ground depends also

on its lithological composition [1]. As a result, pollution of groundwater is usually

detectable by measurements of the electrical resistivity of the ground, which is

permeated by water, taking into account its lithological characteristics.

The main features characterising the shallow depth earth (i.e. “soil” or “ground”)

are:

– Lithological porous skeleton with water of various salinity

– Various particle size distribution (i.e. clay, sand, gravel, rocks) and water

content

– Altered levels possibly interbedded to no altered ones

– Pieces of (armoured) concrete, bricks, wood and waste (artificial ground)
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– Voids: tunnels, karst, pipes, low-density (excavated) areas, etc.

– Local targets: buried objects and archaeological targets

The main features characterising the bedrock are:

– Presence of flat or inclined stratification

– Discontinuities due to faults, fractures (at large or small scale) or cavities

(i.e. karst pits), eventually filled with water and/or clay and sand

The combination of lithological knowledge, hydrological and hydrogeological

information and chemical analyses of water (at least the principal anions and

cations contributing to its electrical conductivity) is a fundamental aspect for the

definition of the observed scenario and its interpretation.

Groundwater is always present in every kind of soil. The presence of water

affects the specific electrical resistivity of the soil. The specific resistivity of fresh

water is varying between 40 and 150Ωm, according to the natural mineralisation

and temperature. Soluble (ionic) pollutants can change the resistivity drastically, by

decreasing the resistivity to the a fewΩm and even lower than 1Ωm in case of high

concentration of sulphates [2]; for example, in a sandy soil, the addition of 25 ppm

of ionic species to the groundwater increases ground conductivity by approximately

1 mS/m [3]. In the case of oil and organic pollution, resistivity can be increased by

tens of Ωm. Organic contaminants are generally characterised by a high dielectric

constant and very low conductivity, thus contributing to increase the ground

resistivity, although with a much lower incidence with respect to an equivalent

percentage of ionic contaminant. This is mainly due to the fact that most organics

are not found in emulsion with water and the stratified pattern alters significantly

only the electrical properties of a thin layer, making organics in water still detect-

able by resistivity measurements but at a lesser degree than ionic compounds.

In general, the contamination of water can be studied by in situ measurements of

specific electrical resistivity of the ground by using non-invasive near-surface

geophysical methods. The methods and instruments necessary to perform such a

study must be sensitive enough, especially in case of organic contamination, to

permit a sufficiently low detection threshold for the practical usage.

2 In Situ Methods

The electrical conductivity measurement of groundwater samples, squeezed from

soil samples, is a very important reference for in situ surveys. Conductivity

measurements in the laboratory are typically performed at a controlled reference

temperature, which is usually set at 25�C. The mere measurement of the conduc-

tivity of water samples extracted from samples of the investigated soil is a funda-

mental support to the interpretation of data collected by the non-invasive

geophysical campaigns [4].
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2.1 Electrical Resistivity Tomography

The electrical resistivity tomography (ERT) method is based on what is considered

the oldest geophysical technique: the four-electrode electrical resistivity measure-

ment, so-called electrical resistivity method, developed by Schlumberger brothers

in the beginning of the twentieth century [5]. The aim of this section is to illustrate

practical arrangements for the execution of geoelectrical measurements according

to the ERT technique, while more basic information can be found in the chapter by

Bavusi et al. inside this book.

Figure 1 shows a hypothetic electrode arrangement and a simplified representa-

tion of the investigated layers. Electrodes A and B (often called current electrodes)
are connected to a transmitter, which generates a known direct electric current I,
while electrodes M and N (potential electrodes) are connected to a receiver, which

measures the voltageU across the MN pair of electrodes. In order to get information

about the soil at different depths, the measurement is repeated (A0B0, A00B00, etc.) by
increasing the depth of the current penetration by broadening the A to B distance

(Fig. 1). The apparent electrical resistivity ρa can be calculated as

ρa ¼ K � U=Ið Þ

where K ¼ 2π
1

AM½ �� 1
BM½ �� 1

AN½ �þ 1
BN½ �

is a geometric factor [1] and the square brackets

contain distances in meters

At the bottom of Fig. 1, there is the plot of ρa vs. AB/2, which is known as the

sounding curve of the VES (vertical electrical sounding). Another embodiment of

electrical resistivity method is the electrical profiling. In this case the same arrange-

ment of AMNB electrodes is rigidly shifted along the measurement line. The result

in this case is in the form of a diagram (profiling curve) of ρa vs. the measurement

position along the line [6].

During the 1980s new devices for the application of electrical resistivity methods

took place. Such devices can connect many (usually 12–50) electrodes, which are

typically placed with a regular spacing along the measurement line, for most of the

practical arrangements. The layout of an ERT device on the field, thus, consists in a

multielectrode configuration where the role of each electrode is determined by an

automatic switch. In fact, using an internal automatic switchboard, an electrical

resistivity tomography (ERT) device can make hundreds of measurements along

one line within few minutes. ERT surveys involve the acquisition of the numerous

combinations of four-electrode resistivity measurements that are possible between

multiple arrays of electrodes. The configurations may use two surface electrode

arrays, one surface and one downhole array (surface to borehole), two downhole

electrode arrays (cross-borehole), or even two boreholes and one surface array. This

type of survey, referred to as tomography, generates a high-resolution image of the

planar surface containing the electrode array [7]. Such data can be also used to build

2D geoelectrical cross sections. With a number of parallel 2D cross sections and/or

surface distribution of electrodes, a sort of 3D visualisation can be built. The
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electrical resistivity methods are developing for about one century. The measurement

speed increased by hundreds of times and the capability of 2D and 3D data repre-

sentation, aided by fast data inversion systems, permit to build a complete description

of subsurface electrical conductivity distribution and visualise the resulting patterns

in few hours. However, the further increase of data acquisition speed is limited by the

nature of the mechanisms underlying the electrical current flow in geological media,

which require proper settling times in order to perform each measurement session

correctly.

2.2 Electromagnetic Induction Methods

Electromagnetic methods have a special place in the arsenal of geophysical tools

available for environmental investigations in general and groundwater contamina-

tion study in particular. They owe their status to a number of factors. First,

electromagnetic methods are directly influenced by the electrical properties of the

pore fluids. Second, electromagnetic methods are sensitive to changes in geological

layers and allow them to be used for geological mapping, which is a very appre-

ciable feature for environmental tasks. Third, there is a wide range of electromag-

netic equipment available in the market, in terms of methodology of investigation

and different degrees of performance. The equipment is generally user-friendly and

operational costs are relatively low. Fourth, electromagnetic survey techniques are

non-invasive [8].

There have been a number of notable publications and reviews about electro-

magnetic methods for general and environmental studies within the past 50 years.

The focus and applications of these methods shifted from traditional mineral

deposit prospecting to groundwater and, more recently, to more general environ-

mental studies. The interested reader could be addressed to a two-volume set edited

by Misac N. Nabighian [9, 10] on applied electromagnetic methods, which covers

theory, field methods and data interpretation of the active source electromagnetic

Fig. 1 Simplified

representation of the

investigated layers with

hypothetic electrode

arrangements. The bottom

picture represents a generic

sounding curve
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techniques, such as the one discussed here. Several chapters concerning environ-

mental problems are found in Volume 1 [9]. Volume 2 [10] gives more practical

results than can be directly applied to environmental studies.

The electromagnetic induction methods (EMI) are based on the physical phe-

nomena of induction. The principles of the method are illustrated by the sketch

shown in Fig. 2. Since the soil is electrically conductive (at different degrees, as

discussed in the previous section), it is always possible to induce an electromag-

netic (secondary) field in it, by placing the electromagnetic transmitter (Tx) of the

primary electromagnetic field near the ground. The primary field induces an Eddy

current, which in turn produces the secondary field. Then, the secondary field can be

measured by an electric and/or magnetic receiver (Rx) at the surface. The sounding

factors in EMI methods are (1) the spacing between transmitter and receiver, (2) the

duration of signal recording after the cut-off of the transmitting signal (time

domain), and (3) the transmitting signal frequency (frequency domain). Deeper

discussion of these aspects can be found in Balkov et al. [11].

EMI devices characterised by various configurations of transmitter(s) and

receiver(s), working in time domain (TEM) or in frequency domain (EMI-F)

modes, are forming a large array of devices that are produced worldwide and are

intended to explore the Earth from the first metres to the deep mantle [12]. In

particular, the EMI-F devices for near-surface exploration are widely used for

environmental studies and water pollution exploration. Some examples of success-

ful TEM application for water pollution exploration are also known [3].

Fig. 2 Simplified sketch of the electromagnetic mechanisms underlying the electromagnetic

induction methods
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2.3 Data Output and Representation

The methodology of near-surface ERT and EM induction surveys includes linear

and areal exploration approaches. The first approach gives vertical cross sections

(ERT and EM sounding) and linear diagrams (EM profiling). Instead, the areal

exploration results can be presented as maps and 3D pictures. An EM shallow depth

instrument usually can be used by one operator, while an ERT crew should include

three to five persons. Survey speed can reach up to 10 km of linear survey per day. It

is very important to bind the measurement points (stations) to the map of the area

explored, because precise geo-referencing is a necessary requirement for a proper

interpretation of the results.

3 Case Studies

This section presents an overview of case studies in which an electrical resistivity

survey was used for groundwater contamination study and assessment, by combi-

nation of EMI and ERT techniques.

3.1 Case 1: Belovo

The acid drainage from an abandoned zinc factory is leaking to a nearby swamp,

producing a remarkable environmental problem. The drainage consists of a mixture

of copper, silver and other water-soluble sulphates. The polluted area was studied

first by EMI mapping. The obtained map of the polluted area is shown in Fig. 3. An

electrical resistivity tomography made along the red dotted line (see Fig. 4) gives

the cross section shown in Fig. 4. Field works were performed in the winter time

and took a total time of 3 h. The observable pattern in Fig. 4 suggests a particular

interpretation of this cross section, i.e. not only the swamp contains highly

mineralised water characterised by low resistivity, but contamination also reaches

a groundwater layer below the swamp bottom.

By combination of the information provided by EMI mapping and by ERT

profiling, an evaluation of the contaminated volume of water can be done. In fact,

the area of contamination can be assessed by EMI mapping, while a cross section

with an indication of the contaminated water depth is given by the ERT measure-

ment. The concentrations of the various metals dissolved in water, determined by

analytical measurements, enable also the further calculation of the volumetric

contribution of each metal.
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3.2 Case 2: Petroleum Contamination

The land along an oil pipeline can be monitored periodically by using EMI devices,

in order to check possible minor leakages of oil. The result of one of such studies is

presented in Fig. 5. Data representation is in the form of a cross section of
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pseudoresistivity, obtained by an EMI multifrequency instrument after reconstruc-

tion algorithms [11, 13].

Regular measurement surveys are performed by the security department of the

pipeline service company, which is using the instrument since more than 5 years at

the time of writing this chapter, mainly for surveillance purposes, such as the

detection of leakages and of illegal connections to the pipe.

By observing Fig. 5, it is apparent how the natural horizontal layering of the

cross section is disturbed by a resistive anomaly approximately 20 m long (see the

pattern between 27th and 47th m, about 4 m deep). The excavation work done in

the area following this survey showed an actual soil contamination with oil.

Duration of the field work for the line shown has been approximately 3 min, proving

the high effectiveness of this technique.

3.3 Case 3: Pesticide Contamination

This experience regards a contaminated site, where in the late 1980s a quantity of

expired pesticides were buried in a 5 m-deep pit, covered by loamy soil and a

concrete covering over a portion about 4� 10 m. The total weight of the buried

pesticides was about 5 t and the total size of the investigated area was 90� 45 m.

The area of the pit was firstly studied by EMI mapping with a 3� 3 m grid,

followed by ERT and EMI with a thinner grid in specific portions. Field activities

took one working day.

The map of electrical resistivity is shown in Fig. 6. The red dotted rectangle

shows the location of the concrete covering of the pit. Average resistivity outside of

the pit is 18–22Ωm. Two areas of decreased resistivity can be noted: the first one is

around the pit (A1) and the second one about 10 m to the north (A2). The

anomalous areas are shown with red ovals.

After individuation of the areas containing detectable anomalies, a detailed

study was performed by EMI mapping with a thinner grid (1� 1 m) and by parallel

ERT lines. A 3D representation of data, which permits an easy identification of

anomalies, is shown in Fig. 7. The subpanels of Fig. 7 show the 3D results from

three different viewpoints.

Fig. 5 Cross section of a resistivity measurement obtained with an EMI multifrequency

instrument
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Two soil samples were taken inside the A1 and A2 areas, respectively. Labora-

tory analysis showed that the content of pesticides was 1,000 times higher than

regulatory limits at A1 and an additional ten times higher than regulatory limits at

the A2 area.

One geoelectrical cross section across both A1 and A2 areas shows that deeper

than the anomalous volumes there is a more resistive layer, the upper boundary of

which is shown as a red line in Fig. 8. Most probably it is a layer with less content of

clay consisting in a more sandy soil, compared to the upper layer. In case

of infiltration down to this presumably more permeable layer, the overall contam-

ination can easily go further the confined volumes.

Fig. 6 Map of electrical

resistivity (pesticide

contamination study)
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Fig. 7 3D representation of EMI data (pesticide contamination study)

Fig. 8 ERT cross section across A1 and A2 areas (pesticide contamination study)
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4 Conclusions

Electromagnetic induction and electrical resistivity surveys are very fast and

effective techniques for soil and water contamination studies and are also useful

tools for the assessment of environmental risks, particularly concerning the threats

to groundwater resources.

The current state of the art of ERT and EMI measurement techniques, with the

aid of adequate data analysis and interpretation tools, reached a sufficient degree of

matureness for a cost-effective pollution risk management.

Nowadays, the most important action finalised to improve the effectiveness of

such investigation techniques is the dissemination of best practice cases between

water protection bodies, administrations and other stakeholders, focused on the

management of risks about the pollution of water and environmental risks in

general. This chapter aims at giving a useful contribution also to those who are

not necessarily familiar with geophysical methods, but who may be directly or

indirectly users of the geophysical techniques discussed, in the framework of

groundwater contamination studies.
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Abstract Sulfide-bearing mill wastes of the Salair Ore Processing Plant situated

in the Kemerovo region (Russia) were investigated in the time period 1999–2011.

Multipurpose studies of the Talmovskie mining tailings allowed the determination

of the composition of the wastes, the acid mine drainages, and the affected

groundwater. Geophysical sounding techniques (frequency sounding and electrical

tomography) were used to trace the geoelectric zoning of the wastes, expressed as a

consistent change of the electrical resistivity specific electrical resistance (SER)

from zone to zone. Layers with low resistivity indicate areas with pore spaces filled

by highly mineralized solutions. These layers extend to depths of 4–5 m, indicating

the penetration of toxicants into the groundwater horizon. The pollution of ground-

water was confirmed by chemical analysis, according to which the concentrations

of Zn, Pb, and Cd in water samples from the wells are two to three orders of

magnitude higher than the maximum permissible concentration (MPC). The

authors provide an attempt to identify the correlation and quantitative relationships

between SER and the total amount of various metal species present in the wastes

and water extracts. The proposed approach permitted to estimate the amount of

accumulated tailings, in order to predict changes in the total concentrations of

Mn, Al, Fe, Cu, Zn, Cd, and Pb in waste and water extracts to a depth of 30 m.
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Abbreviations

EFS Electromagnetic frequency sounding

ET Electrical tomography

ICP-MS Mass spectrometry with inductively coupled plasma

MPC Maximum permissible concentration

SB RAS Siberian branch of Russian academy of sciences

SEM Scanning electron microscope

SER Specific electrical resistance

SERfs Specific electric resistivity of the wastes according to frequency sounding

SERp Specific electrical resistancemeasured by direct conductometry in the pastes

SOPP Salair ore processing plant

XRD X-ray diffraction analysis

XRF SR X-ray fluorescence with synchrotron radiation

1 Introduction

Mining activity entails the accumulation of sulfide-bearing mill wastes with high

concentrations of ore and impurity elements. Hundreds of thousands of tons of

waste and mined ores with Fe, Cu, Zn, Cd, and impurities (As, Sb) lower than the

industry level have been dumped in tailings and discharged spontaneously in river

beds for decades. Oxidation of the sulfide minerals results in the formation of acidic

solutions with high concentrations of SO4
2�, Cu, Zn, Fe, As, Sb, and other soluble

species. These elements migrate out of tailing dumps with drainage streams, are

discharged into rivers, seep into groundwater, and are carried for tens of kilometers

by wind [1–5]. Examples of such aggressive waste deposits and clinkers are the

clinkers of the Belovo zinc processing plant, the cyanidation cakes of the Berikul

and Komsomolsk ore-bearing plants (Kemerovo region), and the tailings of the

Karabash copper smelting plant [6, 7]. As a consequence, zones of geochemical

anomalies have formed in the vicinity of stored wastes. These areas are

characterized by extremely high concentrations of Fe, Cu, Zn, Cd, Pb, As, and Sb
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in surface and groundwaters, soils, snow and air compared with the background

and with the MPC levels [8–12].

The main monitoring methods of mine tailings and polluted groundwaters

consist in geochemical analyses, which include a series of activities, i.e. sample

preparation, field and laboratory measurements of physical parameters, element

and mineral composition, thermodynamic modeling for the species calculation,

and interpretation of the actual data. Traditional geochemical approaches require

significant investments of time and money and often do not allow the selection

of optimum sampling sites. Vertical electrical sounding allows outlining the mine

tailing dump location, detecting the depth of the waste and the penetration area

of highly mineralized fluids into groundwater, calculating the resources of

valuable components in technogenic deposits and, with the appropriate technology,

assessing the feasibility of re-extraction [13–15]. It is also true that site-specific

chemical characterisation is in any case necessary in order to calibrate the electro-

magnetic sounding results. In this context, geoelectric measurements are primarily

used to address the choice of sampling points. So, the combination of the geochem-

ical and geophysical techniques can be seen in terms of optimization of the direct

chemical measurements.

The specific features of the studied wastes are the multicomponent composition

and heterogeneity of the tailings. Because the geoelectrical properties of wastes are

determined by their mineral composition, moisture content, porosity, particle size,

and pore water mineralization [16], the investigation of mine tailings using geo-

physical methods is a complex task.

The aim of this work is to estimate the groundwater pollution caused by mining

activity using a complex geochemical and geophysical methodology, tested on

the wastes of the Salair Ore Processing Plant (SOPP, Kemerovo region, Russia).

The authors used electric prospecting to define areas with the lowest resistivities

(ρ) at depths of 0–40 m. These conductive zones were sampled for the waste and

pore water composition in a range of depths 0–3 m. Groundwaters within the

vicinity of the tailings were also collected. The physical properties, resistivity,

and chemical composition of the waste samples, the element concentrations

and their species in the pore and groundwaters were measured. The constraint

equations were calculated to define the relationships among the resistivity, particle

size, humidity, and chemical (elemental) composition of the sampled solids and

solutions. These equations allowed the estimation of groundwater pollution. On

the base of complex geochemical and geophysical investigations, we determined

the penetration of highly mineralized solutions into groundwater.

2 Study Object

The Talmovskie tailings impoundment is located in the town of Salair, in the

Kemerovo region of southwestern Siberia (Fig. 1). The Salair mine has been

working since the 1930s, and gold- and silver-bearing barite-polymetallic sulfide
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ore bodies have been exploited. The sulfides are located within the subvolcanic

series of dacite porphyries among Lower Cambrian limestones. The geological

structure, mineralogy, and geochemical characteristics have been studied previ-

ously by numerous Siberian geologists. The Talmovskie tailings dump is the first

tailing dump of the Salair Ore Processing Plant. Ore recovery was first performed at

a gold-extracting plant, where quartz-barite ores from open pits in the oxidation

zone were processed. Sulfide-bearing mill wastes were stored in the dammed

stream of the Small Talmovaya River in 1932–1942 as a belt with a width of

30 m and a length of 8 km (Fig. 1). The thickness of the tailings does not exceed

3 m. Approximately 1 million tons of wastes have been accumulated in the channel

of the Malaya Talmovaya river in close proximity to the town of Salair during the

last 10 years. The stored waste is bulked by soil on the surface. The storage is dried

during the summer and covered by water during floods. The M. Talmovaya River

flows on the surface of the tailings impoundment. The described conditions support

the intensive transformation of the sulfide-bearing wastes due to oxidation by

atmospheric and water oxygen, and there is intensive removal of the dissolved

metals in the river network and groundwaters [7]. Pyrite is the most common

(75–90% of the total sulfide) of the sulfide minerals in the wastes. Less common

are sphalerite (8–19%), galena (2–14%), and single grains of chalcopyrite [6].

Fig. 1 Schematic map of the study area with the geophysical profiles
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3 Methodology

The methods include sampling, analyses of the bulk chemicals and the elemental

and mineral composition, determination of the petro-physical properties, geophys-

ical sounding of the wastes, statistical methods of data processing, calculations of

the numerical relationships between resistivity and chemical composition, solution

of the inverse problem (i.e., estimation of the chemical composition of the waste

down to a depth of 40 m by combining the geophysical survey with geochemical

measurements), and prediction of the groundwater pollution.

All works were performed in the following order:

• Electrical tomography and electromagnetic frequency sounding [16] for the

construction of the storage sections on the two co-directional profiles (Fig. 1)

and for revealing the geoelectric zoning in the subsurface environment. The

length of profile no. 1 for electromagnetic frequency sounding is 45 m and the

maximum probing depth is 8 m; the length of profile no. 2 for electro-

tomography is 150 m, the distance between the electrodes is 5 m. The electro-

tomographic method (profile no. 2) allowed us to reveal the geoelectric zoning in

the subsurface environment at a depth from 0 to 30 m. Electromagnetic fre-

quency sounding (profile no. 1) was used to clarify the geoelectric structure of

the wastes in the upper 8 m.

• Sampling of pits in areas with the lowest resistivities to a depth of 1.6 m.

Detailed sampling of the area included the collection of surface and subsurface

material and pore water within the tailings, which was conducted in 2004–2011.

The samples were collected, and measurements were made, in order to reveal the

geochemical behavior of the elements during storage and, in particular, to

determine the relative mobility of the metals (Zn, Cu, Pb, Cd, and Fe) under

storage conditions. The study location and sample sites are shown in Fig. 1.

Tailings were excavated in order to reveal vertical sections of the waste and were

sampled in detail. Excavations were made using a shovel to dig through the

tailings, in order to get a detailed record of layering in the different parts of the

impoundment. Each pit extended to the bottom of the tailings. Samples were

collected from each distinctive layer that was visually consistent for a thickness

of more than 10 cm. The collected samples were placed in polyethylene bags.

The stratigraphy of the tailings was constructed from exposures in the pits and

was used to study the vertical zoning.

• Preparation of the pastes and pore waters; pH, Eh, and conductivity

measurements; and transportation to the laboratory.

The pastes were prepared by mixing the sampled wastes and distilled water (1:2

by volume). We used distilled water (pH 5.6) to simulate the interaction between

atmospheric precipitation and sulfide wastes with the AMD formation. The pH and

Eh values of the pastes allow us to predict the acid production potential of the

wastes and correct the selection of sampling points for further chemical analysis.
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Pore water was squeezed from the samples for only the moist silty layers at each

site. These samples were subjected to a pressure of 100 Pa using a sampling press,

and the released water was filtered through 0.45-μm Millipore filters. A fraction

of each water sample was immediately acidified in the laboratory to pH < 2 with

concentrated HNO3 acid to analyze the cation and trace element concentrations.

The pH values were measured in the field using the “Anion 410B” instrument

(Infraspac-Analyt Company). Solid samples were dried and later used for the water

extraction tests in the laboratory and the elemental analyses.

• X-ray fluorescence with synchrotron radiation (XRF SR) was used to determine

elemental composition (Si, Ti, Al, Fe, Mn, Ca, Mg, K, Na, Ba, Cu, Zn, Cd, Pb,

As, Sb) at the VEPP-3 station at the Institute of Nuclear Physics SB RAS,

Novosibirsk [17].

• Preparation of the aqueous extracts at a water:waste ratio of 8:1 (by mass).

Measuring pH and Eh by potentiometry and conductivity by conductometry.

Determination of the anion (Cl�, HCO3
�, SO4

2�) concentrations using the

titrimetric and turbidimetric methods and determination of the concentrations

of the elements Ca, Mg, K, Na, Al, Mn, Fe, Cu, Zn, Cd, Ni, Co, Pb, As, and Sb by

mass spectrometry with inductively coupled plasma (ICP-MS) in the water

samples.

• The element and mineral compositions of the wastes were analyzed using a Jeol

JSM-638OLA scanning electron microscope (SEM) and by X-ray diffraction

analysis (XRD).

• Determination of the resistivity, particle size distribution, density, porosity,

and moisture content in the solid samples.

The accuracy and precision of these methods were estimated to be 10–15%

or better.

4 Results and Discussion

4.1 Mineral Composition of Wastes

4.1.1 Initial Minerals

The mineralogy of the investigated samples from the Talmovskie tailings is

determined by the Salair ore composition and secondary alteration of the initial

sulfides. The sulfide content reaches 5–7%, and the primary mineral is pyrite.

The sulfides of Pb, Zn, and Cu are represented by small monomineral grains of

galena (2–14%), sphalerite (8–19%), and trace amounts of chalcopyrite, tennantite,

and tetrahedrite. Secondary rims on the surfaces of the sulfide grains mask the

characteristic features of sulfides and prevent a more accurate estimation of the

amount of a mineral. The remainder of the mass includes debris from host rocks
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of different compositions (quartzites, limestones, and quartz-sericite schists) and

mineral grains (quartz, calcite, dolomite, barite, and muscovite).

4.1.2 Secondary Minerals

Amorphous Fe-hydroxides cover grains of pyrite, sphalerite, and chalcopyrite in the

form of incrustations, rims, and films. As a rule, the amount of hydroxide increases

in micro-layers containing a high percentage of sulfides and a medium coarse-

grained texture, which allows the penetration of oxygen.

Amorphous silica was recorded by X-ray methods in efflorescents on the surface

of the tailings. Gypsum is the most abundant secondary mineral, and it often

cements a tailing bulk mass. Two different morphological forms of gypsum are

observed. The first form is well-crystallized grains of “dovetail” with a size up to

1 mm. The second form is fine-grained semi-transparent gray aggregates, which can

be identified by the X-ray method. Jarosite forms thin, loose rims, and porous

reddish aggregates on oxidized sulfide grains. Rozenite was discovered on the

tailings’ surface as intergrowth with other secondary sulfates. Anglesite forms

rims and incrustation. An investigation with the help of a scanning microscope

shows phosphorous and chlorine in the composition of these rims; consequently, we

can conclude the occurrence of pyromorphite, i.e. chlorophosphanet of lead Pb5Cl

(PO4)3. Sulfates of Zn form efflorescences on the tailing surface and on pit walls.

The amount of secondary minerals gives evidence of an active process of oxidation

and the alteration of the tailings.

4.2 Geochemistry of the Tailings

4.2.1 Bulk Chemical Composition of the Tailings

The statistical summary of the chemical composition of the tailing samples

presented in Table 1 shows that the bulk composition varies over a wide range.

Thereinafter the average (mean) value is symbolized by μ, the standard deviation

by s, and the number of analyses by n. The major component is silica (μ ¼ 53 wt%

of SiO2, s ¼ 11%). The next most abundant elements are Ba (μ ¼ 21.22 wt%

of BaSO4, s ¼ 10.3) and Al (μ ¼ 10.63 wt% of Al2O3, s ¼ 3.0).

The concentrations of these components are consistent with the mineral

composition of the barite-polymetallic ore bodies observed with the debris of the

host rocks.

The contents of valuable components and their amounts are presented in

Table 2 along with their concentrations in the ores, which were processed at the

Salair plant until recent times. At the beginning of the deposit’s exploitation,

the contents of nonferrous and precious metals in ores were several times higher

than at present. Correspondingly, losses during the processing of ores were much
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higher in absolute magnitude than at present, resulting in considerable concen-

trations of useful components in the tailings, sometimes exceeding even their

contents in the ores.

The differences in the metal concentrations throughout the tailing

impoundments are not large (Table 2), but we detected a significant difference in

the concentration range along vertical cross-sections. In the comparatively “young”

part of the impoundment (cross-section nos. 7 and 1, Fig. 1), the max/min is 6–8

times (the highest range was measured for Cd); in the “oldest” parts (cross-section

nos. 3 and 5, Fig. 1), the ratio reaches 180 (Table 3). This sharp increase of the

ratio is an evidence of a more active metal redistribution in the old parts of

the impoundments compared with the newer sections, which is found even after

70 years of age.

In the cross-section no. 7, which is located in the least altered (newest) part of the

impoundment, the total metals are distributed quite uniformly. The distinctive

feature of this particular cross-section structure is the presence of the concentrated

layer SP-7/2 at a depth of 15–25 cm (Fig. 2). The layer consists of clay minerals and

retains water migrated from the surface. As a result, the geochemical barrier

described as “hardpan” [20] formed here. The hardpan is composed of secondary

minerals and phases formed in the pore space and of cemented initial minerals. The

water-soluble phases of the metals were precipitated on this layer, and the

percentages of water-soluble Zn, Cu, and Cd are as high as 25% of their total

concentrations (Table 4). In addition, clay minerals caused protonization. This

process was identified during water extraction from samples of this layer (Fig. 2).

After 15 min, the pH value of the extracted water decreased to 2.59, implying an

acid media during the secondary mineral formation.

The second hardpan (less-pronounced) is located in cross-section no. 7 at

a groundwater level of ~180–210 cm (layers SP-7/8a and 7/9). In this level,

Table 1 Bulk chemical composition of the tailings (wt% of dry matter) (n ¼ 22)

SiO2 TiO2 Al2O3 Fe2O3 MnO MgO CaO Na2O K2O P2O5 Ba H2O

μ 53.0 0.39 10.63 5.31 0.14 1.61 3.01 0.90 0.87 0.19 12.48 5.84

Min 27.35 0.19 4.59 2.50 0.035 0.71 0.79 dl 0.13 0.12 0.43 2.35

Max 66.78 0.95 15.66 11.04 0.25 2.76 6.79 2.63 1.88 0.32 18.35 10.88

s 10.53 0.27 3.0 2.12 0.06 0.65 1.84 0.71 0.57 0.05 6.09 2.34

Table 2 Total concentration of metals in tailings

Zn Pb Cu Cd Fe

μ 1.05 3,100 870 45 3.6

Min 0.115 65 160 5 2.2

Max 2.4 7,990 3,420 240 7.6

s 0.51 2,290 620 34 1.6

Salair orea

Primary 2.30 3,200 800 10 3.2

Oxidized 0.32 4,300 670 6 3.8

Zn in wt%, other metals in ppm (n ¼ 60)
aArchive data

246 S. Bortnikova et al.



Table 3 Concentration of metals in particular cross-sections of the tailings

Zn (%) Pb (%) Cu (ppm) Cd (ppm)

Vertical section no. 7 (n ¼ 14)

μ 1.4 0.11 620 41

Min 0.36 0.016 220 9.4

Max 2.4 0.45 1,200 78

s 0.55 0.11 250 20

max/min 6.7 28 5.5 8.3

Vertical section no. 1 (n ¼ 15)

μ 1.1 0.46 900 51

Min 0.54 0.21 340 20

Max 1.7 0.79 1,300 69

s 0.35 0.20 300 15

max/min 3.1 3.7 3.8 3.4

Vertical section no. 3 (n ¼ 10)

μ 1.1 0.56 1,500 58

min 0.60 0.27 470 22

max 1.4 0.80 3,040 240

s 0.30 0.17 730 64

max/min 2.3 3.0 6.5 11

Vertical section no. 5 (n ¼ 18)

μ 1.2 0.20 930 43

min 0.058 0.065 42 1.3

max 1.96 0.41 3,400 240

s 0.52 0.12 730 30

max/min 34 64 81 180

Fig. 2 Vertical sections showing layering patterns and total concentrations of water-soluble and

exchangeable elements in the tailings
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water-soluble metals increase (as do the concentration and the percentage), and the

pH value of water extraction decreases in comparison with the upstream layers.

This pattern means that with water ingression in these hardpans (seasonal rains,

snow melting, and raising of the groundwater level), cationic exchange leads to the

rapid acidification of water. As a result, water-soluble and weakly sorbed metal

species may be released in the solutions.

In the vertical section no. 1, the distribution of metals is similar to that in

cross-section no. 7, which is proved by the high correlation coefficients among

the metals (Table 5). Two geochemical barriers were found in this cross-section

Table 4 Percentage of water-soluble metals in layers of vertical sections

Sample Depth (cm)

% of water-soluble species

Zn Pb Cu Cd pH

Vertical section no. 7

SP-7/1 1 0.54 0.031 0.1 2.2 6.68

SP-7/2 15 24 0.092 15 24 2.86

SP-7/2а 22 15 0.32 27 8 2.80

SP-7/3 23 0.29 0.31 0.16 0.86 6.85

SP-7/4 39 0.25 0.038 0.11 0.52 6.35

SP-7/4а 60 0.39 0.089 0.35 0.85 6.39

SP-7/5 69 0.53 0.026 0.086 3.5 6.48

SP-7/5а 81 0.30 0.093 0.26 1.1 6.17

SP-7/6 120 0.069 0.28 0.12 0.40 6.18

SP-7/7 142 0.13 0.25 0.21 0.47 6.34

SP-7/8 155 0.19 0.75 0.45 3.6 6.15

SP-7/8а 180 0.32 0.3 0.88 5.8 5.77

SP-7/9 205 3.7 0.58 4.50 2.8 4.86

Table 5 Percentage of water-soluble metals in layers of vertical sections

Sample Depth (cm)

% of water-soluble species

Zn Pb Cu Cd pH

Vertical section no. 1

SP-1/1 7 0.080 0.0024 0.049 0.17 8.07

SP-1/2 23 0.097 0.0028 0.096 0.20 8.06

SP-1/3 39 0.11 0.0032 0.21 0.075 8.05

SP-1/4 54 0.022 0.0017 0.026 0.052 8.14

SP-1/5а 63 0.023 0.0016 0.015 0.24 8.13

SP-1/5б 81 3.7 0.00094 0.21 2.6 5.47

SP-1/5в 87 0.15 0.0010 0.042 0.060 7.19

SP-1/5г 92 0.017 0.0022 0.020 0.15 8.07

SP-1/6а 104 0.0064 0.0018 0.0053 0.025 7.98

SP-1/6б 120 0.0042 0.017 0.0092 0.046 8.21

SP-1/6в 132 0.011 0.027 0.010 0.048 7.92

SP-1/7 144 0.31 0.016 0.019 0.40 7.65

SP-1/8а 159 0.0038 0.015 0.0084 0.014 8.26

SP-1/8б 164 0.0047 0.030 0.00785 0.089 8.16

SP-1/9 175 0.0069 0.0066 0.015 0.065 8.25
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and are marked by a sharp increase of water-soluble species. The first barrier is

located at a depth of ~60 cm and the second at ~130 cm (Fig. 2, Table 5). The upper

barrier accumulated a higher quantity of secondary minerals than the lower barrier.

In contrast to the cross-section no. 7, the percentage of water-soluble species here is

less than 3.7% for Zn and 2.6% for Cd. It is possible that mobile species had leached

from the tailings to this part of the impoundment and that the measured

concentrations of water-soluble phases represent the remainders.

Cross-section no. 3 is represented by dry material with an insignificant quantity

of ocher lenses in the middle part (layers 3/5 and 3/6). The metals are distributed

irregularly, with concentrations increasing downward, except Pb, which decreases

up to the last layer (Table 6). In this cross-section, we find three concentrated layers,

although the concentration of exchangeable metals here is not high compared with

the layer from cross-section nos. 7 and 1. Obviously, in this cross-section, sorb

barriers, which are able to accumulate high amounts of migrated metals, are absent.

Additionally, the redisposition of secondary minerals takes place along the whole of

the section in more or less suitable layers, but a significant accumulation of

secondary minerals does not occur (Fig. 2).

Vertical section no. 5 is located in the oldest part of the tailing impoundments,

where the first wastes of the Salair ore processing were stored. In this part of the

tailings, substance oxidation is manifested most clearly in the abundance of red

ochre.

Trace elements Cu and Cd are distributed irregularly, with a max/min ratio ¼ 180

and 81, respectively; for Pb and Zn, these ratios are 64 and 34, respectively (Fig. 2,

Table 7). These ratio values can serve as a mark of the degree of redistribution

of each element along the vertical direction. We can also observe the reverse

order between the mobility of these metals (Cd > Cu > Pb > Zn) and their

content in the tailings (Zn > Pb > Cu > Cd). Correlation between metals is absent

in this vertical section, except for Pb–Cu.

A high amount of secondary metals form precipitates on the concentrated

barriers (hardpans), especially Cu and Cd (more than 40% for Cd, Table 6).

Table 6 Percentage of

water-soluble metals in layers

of vertical sections Sample Depth (cm)

% of water-soluble species

Zn Pb Cu Cd pH

Vertical section no. 3

SP-3/1 7.5 0.05 0.009 0.03 0.08 8.68

SP-3/2 15 0.03 0.024 0.08 0.10 8.37

SP-3/3 22.5 0.10 0.028 0.04 0.26 7.85

SP-3/4 37.5 0.09 0.006 0.03 0.24 7.92

SP-3/5а 47.5 2.36 0.020 0.16 2.78 5.75

SP-3/5б 57.5 1.52 0.027 0.08 0.18 6.87

SP-3/5в 67.5 0.18 0.006 0.10 0.63 8.32

SP-3/6 85 0.06 0.021 0.05 0.63 8.56

SP-3/6б 95 0.37 0.038 0.07 1.07 7.50

SP-3/7а 120 0.30 0.016 0.13 3.75 7.76
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4.3 Geophysical Data

Geophysical methods have been applied in order to further clarify the structure of

the waste to a depth of 7 m and find evidence of infiltration drainage to groundwa-

ter. The section on profile no. 1 is characterized by a range of resistivities of

1–150 Ohm m. The upper part of the section (0–5 m vertically) is represented by

the most conductive rocks with resistivities 1–20 Ohm m (Fig. 3). This layer is

apparently confined within the highly mineralized wastes of the Salair Ore

Processing Plant in the range 2–3.5 m. High-impedance (70–150 Ohm m) heaps

Table 7 Percentage of water-soluble metals in layers of vertical sections

Depth (cm)

% of water-soluble species

Zn Pb Cu Cd pH

Vertical section no. 3

SP-5/1 1 0.18 0.012 0.051 1.5 7.89

SP-5/3 26 2.9 0.308 19 39 5.45

SP-5/7 56 0.33 0.014 2.5 2.5 6.87

SP-5/8 88 8.6 0.0014 19 42 4.58

SP-5/16 150 0.54 0.022 30 4.3 7.86

SP-5/18 175 0.96 0.88 0.080 0.86 8.64

Fig. 3 Vertical zoning of the Talmovskie Mine Tailings according to the data of the electromag-

netic frequency sounding (EFS) and electrical tomography (ET)
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located at elevations of 10–18, 32–35, and 40–45 m on the profile represent bulk

soil. Deeper (3.5–5 m vertically), there is a layer with a resistivity from 25 up to

35 Ohm m belonging to the waterproof horizon. At the bottom of the section, at

5–8 m in depth, the resistivities vary from 40 to 150 Ohm m, which is typical for

low-conductive bedrock.

The section on profile no. 2 is characterized by resistivities varying within a

range of 1–150 Ohm m. There is an upper layer (0–3 m vertically) with highly

conductive waste followed by the waterproof horizon and the bedrock, which is

deeper than 10 m. Three pits of 1.6 m depth were excavated and tested. Their

location is 28 m from the beginning of the profiles in the area of the highly

conductive material (Fig. 3).

The waste material is heterogeneous, has a bright red and brown color, and

smells of sulfuric acid. The upper layers are composed of coarse sand with a

predominantly quartz, barite and pyrite mineral composition. After a depth of

30 cm, the waste matter is represented by red and bright red coarse-grained

sands, and the main mineral phases are barite and pyrite. The lower horizon is

composed of dense gray-brown watered material with a particle size of 1.1 mm, and

the mineral composition is dominated by quartz, plagioclase, potassium feldspar,

and pyrite.

The pH values of the field-prepared pastes vary within the range of 2.8–3.6, and

the redox potential ranges from 640 to 740 mV, which indicates oxidation of the

waste material. The specific electrical resistance measured by direct conductometry

in the pastes (SERp) varies within the range 3.2–13 Ohm m and correlates well with

the results of the SERfs obtained by frequency sounding (Table 8, Fig. 4).

The plots of pH and resistivity values vs. depth are substantially specular

reflections with respect to the distribution of Eh: horizons with the lowest pH values

are characterized by a high redox potential and low resistance (high conductivity,

Fig. 4). The pH values increase and the Eh and resistivity decrease with depth due to

the flow of the slightly alkaline groundwater in the pit after a depth of 1.2 m. The

total Cu, Zn, Cd, and Pb concentrations in the aqueous extracts and the humidity of

the wastes in the lowest horizon increase (760 mg/L and 32 %, respectively,

Table 8), which indicates intense leaching.

Table 8 Specific electric resistivity of the wastes according to frequency sounding (SERfs) and

parameters of the pastes and aqueous extracts (average values for pits nos. 8–10)

Depth

(cm)

SERfs

(Ohm m)

Humidity

(%)

Parameters of the pastes ∑(Al, Mn, Fe, Cu,

Zn, Cd, Pb, Sb)

in aqueous extracts (mg/L)

SERp

(Ohm m)

Еh
(mV) рН

2 16 8 13 646 3.1 30

25 9.0 7 8.0 693 3.0 110

45 10 8 4.8 738 2.8 110

70 4.8 3 4.3 729 2.9 80

120 4.0 29 3.4 719 3.1 370

160 4.0 32 3.2 642 3.7 760
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The lowest resistivities are also in the lowest water-bearing horizons with the

highest concentrations of SO4
2�, Cu2+, Zn2+, Cd2+ in the aqueous extracts. Intensive

leaching reduces the metal content in the solids and increases concentrations in the

solutions (Table 9). The percentage of the water-soluble species of Cu, Zn, and Cd

in the lower horizon is much higher than in the upper layers, reaching 14% for Zn,

5.7% for Cd, and 3.5% for Cu in % of the total content of all species. The low

mobility of lead in the acid sulfate-bearing solutions is associated with the formation

of the insoluble anglesite PbSO4. Obviously, flooding of the tailings by groundwater

and intense leaching of the metals occurs at a depth greater than ~160 cm.

4.4 Pore- and Groundwater Composition

The pore waters coexisting with the solids have a highly variable composition

(major components and trace elements), which is determined by the local physico-

chemical conditions in the different areas and layers (Table 10). The pore solutions

are weakly acidic (pH 5–6). Ca2+ and Mg2+ dominate in the cation composition,

SO4
2� prevails among the anions, and concentration of sulfate-ions reaches

4,500 mg/L. The increased acidity and sulfate of the solutions indicate the active

oxidation processes of sulfides in the waste and the dissolution of secondary sulfate

Fig. 4 Eh, pH of the pastes, total concentration of the elements in aqueous extracts, specific

electric resistivity of the pastes (SERp), measured in-situ by conductometry, and in the wastes

according to frequency sounding (SERfs)
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minerals, such as jarosite KFe3(SO4)2(OH)6, orthoserpierit Cu3(SO4)2(OH)2�2H2O,

and magnesiocopiapite MgFe4(SO4)6(OH)220H2O.

The variations of Zn in the pore water are notably broad; its concentrations are

mostly high, reaching 1,000 mg/L (Table 11). It is necessary to take into account the

peculiarities of the pore water solutions, i.e., the low content of HCO3
� and the high

Table 9 Composition of the wastes, aqueous extracts, and percentage of the soluble species

(average values for pits nos. 8–10)

Depth (cm)

Content of the elements in the wastes (ppm)

Cu Zn Cd Pb

2 980 5,000 13 3,600

25 320 6,000 14 4,800

45 1,500 19,000 52 8,800

70 1,300 41,000 120 14,000

120 220 2,500 14 150

160 290 4,800 39 220

Depth (cm) Aqueous extracts (mg/L) pH

Cu Zn Cd Pb SO4
2�

2 0.89 14 0.07 0.06 570 2.5

25 2.4 66 0.13 0.12 530 2.8

45 1.5 104 0.26 0.65 500 2.8

70 1.3 58 0.13 3.3 420 2.1

120 6.9 311 0.78 0.05 1,000 2.4

160 10 660 2.2 0.04 1,200 3.0

Depth (cm) % of water-soluble species

Cu Zn Cd Pb

2 0.09 0.28 0.55 0.001

25 0.74 1.09 0.96 0.002

45 0.10 0.54 0.49 0.007

70 0.10 0.14 0.11 0.02

120 3.15 12 5.53 0.03

160 3.53 14 5.73 0.02

Table 10 Major ion composition in pore waters of the Talmovskie tailings (mg/L)

Component P-1 P-2 P-3 P-4 P-6

рН 5.98 5.09 6.44 5.54 6.36

Ca2++Mg2+ 570 1,500 1,000 540 570

Na+ 53 28 52 55 26

K+ 36 8.0 11 18 20

HCO3
2� Not detected Not detected 130 Not detected 120

SO4
2� 1,600 4,500 3,400 2,800 1,800

Cl� 78 29 27 28 33

F� 360 10 24 6.0 6.0

NO3
� 140 Not detected Not detected Not detected 58
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level of SO4
2�. Therefore, instead of the formation of smithsonite ZnCO3 on the

surface of sphalerite ZnS, zinc remains in the solution. The lead concentrations are

not high because of its easy coupling with sulfate and the consequential formation

of PbSO4; in some cases, however, concentration of lead may increase up to

10–17 mg/L. The concentrations of Cu, Cd, and Fe are lower than those for zinc,

but in isolated samples, 100–140 mg/L of iron was detected (Table 11).

The chemical analyses of the groundwater samples from the wells located in

close proximity to the Talmovskie tailings (Fig. 2) indicate high contents of Cu, Zn,

Cd, and Pb in the groundwater (Table 12). The copper concentrations range from

4 to 125 μg/L, and the Cd and Pb concentrations range from 0.5 to 5,900 μg/L.
The zinc concentrations are the highest compared with the other elements: up to

98 mg/L (sample D6, Table 12). It is important to note that the concentration of

zinc in all the analyzed samples is higher than the MPC by 4–100 times. The Cd

concentrations significantly exceed the MPC (up to 5,900 times) in five of the seven

Table 11 Concentrations of metals in pore water of the Talmovskie tailings (mg/L)

Zn Pb Cu Cd Fe

P-1 16 8.5 2.3 0.05 0.5

P-1/9 203 0.046 1.0 1.0 0.27

P-2 1,000 5.7 0.35 3.5 140

P-2/13 128 0.022 0.7 0.35 0.11

P-2/14 142 0.085 0.8 0.81 0.25

P-3 177 4.4 1.0 4.1 1.1

P-4 750 18 1.2 1.6 100

P-6 0.02 1.0 0.02 0.01 1.3

P-6/10 29 0.007 0.21 0.52 0.08

P-6/15 0.54 0.13 0.36 0.0004 0.67

P-6/16 1.3 0.15 0.44 0.0014 0.44

P-6/18 0.8 0.24 0.5 0.0013 0.52

Table 12 Concentrations of elements in water samples from wells

Concentration (μg/L)
Cu Zn Cd Pb

D 6 64 98,000 410 15

D 7 125 10,000 5,900 1,000

D 24 8.7 8,800 5.3 3.0

С 1 4.0 7,300 1.4 0.7

C 2 6.7 5,900 1.3 190

C 3 5.5 5,200 0.61 0.7

C 4 110 3,900 0.34 0.5

MPCa 1,000 1,000 1.0 10

Average in river watersb 7.0 20 0.01 1.0
aMaximum Permissible Concentration for Chemical Compounds in Water Reservoirs, accepted in

Russia (HN 2.1.5.1315-03) [18]
bAccording to Taylor and McLennan [19]
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samples. The concentration of Pb increases compared with the MPC by 3–1,000

times in three of the seven samples. The concentrations of all elements (except for

copper in three samples) are significantly higher than the average content in river

waters [19].

5 Conclusions

It should be emphasized that significant amounts of water-soluble forms were

observed over the vertical sections. In the lowest layers, however, the concentration

of water-soluble species decreased, obviously due to the removal of mobile

forms by groundwater below the water table. The percentage of exchangeable

species varies in a wide range along the vertical sections – from traces up to

very high values, especially for Pb. All of these factors provide evidence of a

high degree of oxidation and alteration of tailings in this part of the impoundment

and consequently the redistribution, removal, and precipitation of secondary metal

minerals and phases.

Electrical tomography and electromagnetic frequency sounding allowed the

delineation of the tailings of the Salair Ore Processing Plant and the prediction

of changes in the composition of waste with depth. The existence of secondary

modified and oxidized zones of the waste material with a high proportion of

water-soluble, mobile forms of elements, was estimated down to a depth of 7 m,

based on data from the geophysical surveys and geochemical analyses. The authors

made the first attempt to develop and test this approach, in order to quantify

the resources of the valuable components in the tailings and to evaluate the

environmental risks presented by underflooding of the stored wastes by seasonal

streams and groundwaters.

As expected, the leaching of metals from the tailings stockpiled in the

Talmovskie tailings and the migration of drainage solutions lead to a significant

pollution of local groundwater, causing irreparable damage to the supply of clean

drinking water at the regional level and, thus affecting the health of local residents.
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Microfluidic Optical Methods: A Review

Genni Testa, Gianluca Persichetti, and Romeo Bernini

Abstract This chapter reviews the state-of-the-art microfluidic optical methods for

water monitoring and analysis. Microfluidics permits to reduce the system dimension,

increasing its analytical speed and sensitivity. It also permits to achieve an unprece-

dented economy of scale, by dramatically increasing production throughput and

reducing individual costs. The different linear optical phenomena (e.g., refractive

index variations, absorption) and non-linear phenomena (e.g., fluorescence, phospho-

rescence, Raman scattering) are analysed and discussed in this chapter; in fact, the

choice of a particular optical method depends on the analyte and the sensitivity

required. Authors show that the strong integration between optics and microfluidics

permits to reduce the measurement time, the cost and the portability of the sensing

system, opening unprecedented possibilities in the context of water quality

monitoring.

Keywords Colorimetric method, Fluorescene spectroscopy, Micro-total-analysis

systems, Microfluidic, Microfluid injection analysis system, Raman spectroscopy
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Abbreviations

AWACSS Automated Water Analyser Computer Supported System

CFU Colony-forming unit

LED Light-emitting diode

LIF Laser-induced fluorescence

LOC Lab-on-chip

LOD Limit of detection

MG Malachite green method

MZI Mach–Zehnder interferometer

μFIA Microfluid injection analysis system

μTAS Micro-total-analysis systems

OLED Organic light-emitting diode

OWLS Optical waveguide lightmode spectroscopy

PDMS Polydimethylsiloxane

PE Polyethylene

PEDD Paired emitter–detector diode

PI Propidium iodide

PMMA Poly(methylmethacrylate)

RI Refractive index

RIFS Reflectometric interference spectroscopy

SAM Self-assembled monolayer

SERS Surface-enhanced Raman scattering

SPR Surface plasmon resonance

SPW Surface plasma wave

TIRF Total internal reflection fluorescence

UV Ultraviolet

1 Introduction

In the last years, a great effort has been devoted to the development of the so-called

LOC or μTAS [1, 2], devices that are self-sustaining and can perform assays and

report results without external cues.

Targeted applications of such μTAS range from chemical–biological agent

detection to clinical diagnostic and environmental monitoring. In order to carry

out a complete assay, these systems require the integration of a wide variety of

functional components on a microchip [3, 4]. The success of these devices relies on

the ability to control and analyse small sample volumes using complex integrated

microfluidic devices.

Microfluidics deals with the behaviour and the process of fluids on a microscopic

(or smaller) scale [5]. By processing samples on the nanolitre (10�9 l) or even

picolitre (10�12 l) scale, microfluidics has the potential to revolutionize chemical

analysis in the same manner that integrated circuits have revolutionized computers
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and electronics. The reduced dimension permits to increase speed and sensitivity

while at the same time achieving an unprecedented economy of scale, dramatically

increasing throughput and reducing cost.

However, it is important to underline that, unlike microelectronics, in

microfluidics the fundamental physics changes very rapidly as the size is decreased.

At a micron scale, fluids can exhibit dramatically different performances from that

in macroscale leading to inherently unique dynamics [5]. Due to the large surface-

area-to-volume ratio boundary driven effects, especially surface tension forces,

play a dominant role. Additionally, typically viscous energy dissipation is dominant

and inertial effects are negligible. This results in a turbulence-free flow, so layers

containing different analytes can move along together, mixing only by diffusion.

The laminar flow at a microscale not only significantly reduces the amount of

reagent required thereby decreasing the cost-per-test but also help establish rapid

response times and efficient chemical separation. As an example, electrophoresis is

100 times faster when the system size is ten times smaller. Furthermore, it allows

combining various functions (mixing, reaction, analysis) on the same chip in an

automated manner or with little human intervention.

Microfluidic systems are made up of an intricate network of microchannels and

microdevices (pumps, valves, filters, etc.) that can be made from a variety of

materials, including glass, silicon or polymer [6]. However, the economic benefits

of polymer often make it the most attractive choice.

Microscale engineering also makes it possible to integrate chemistry with

mechanics, electronics and optics and to integrate several analytical systems into

very small areas. Where required, these can interface with conventional-sized

peripherals for data interpretation and transmission.

Several transduction methods like electrical, electrochemical, optical, piezoelec-

tric and thermal can be integrated with microfluidic devices [7]. However, in the

choice of the detection method for microfluidic devices, it must be taken into

account that in microscale sensing system, the reduced analysis volumes mean a

decrease of the number of analytes available for detection, making it more difficult

to detect them. From this point, optical measurements permit to obtain very high

sensitivity, down to single-molecule detection also with a tiny amount of sample;

furthermore optical devices can be integrated with microfluidic ones [8].

This chapter reviews the state-of-the-art microfluidic optical methods for water

monitoring and analysis. The different linear optical phenomena (e.g., refractive

index variations, absorption) and non-linear phenomena (e.g., fluorescence,

phosphorescence, Raman scattering) are analysed and discussed. The choice of a

particular optical method depends on the analyte and the sensitivity required. We

show that the strong integration between optics and microfluidics permits to reduce

the time, the cost and the portability of the sensing system.
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2 Refractive Index Methods

In this approach the sensing mechanism is based on variations of the refractive

index close to the sensor surface. RI is a physical quantity defined by the speed of

light through a substance, relative to the speed of light in the vacuum. The main

advantage of these methods is that they are label free. The RI has been proposed as a

generic quality indicator for drinking water quality [9]. In fact, any substance, when

dissolved in water, will change the refractive index of the water matrix. Typically,

the refractive index variation is proportional to both concentration and refractive

index of the substance. Virtually all relevant substances have refractive indices that

are clearly higher than water.

This approach permits to measure a sum parameter (RI) to which theoretically

all substances contribute. It is very interesting for a fast and low-cost continuous

monitoring, either in-line or online, of the quality and safety of water in their

distribution networks. For example, it could be used as an early warning of a

change in water quality, which can be followed up by more detailed analysis,

for example, in order to determine whether the change is potentially hazardous.

This approach was firstly proposed by Ramsden [9] that used OWLS to measure

RI variation. In this case an integrated optical grating coupler is incorporated in an

optical waveguide in which the light can propagate, generating an evanescent field.

The range of this field extends slightly above the waveguides (approximately

100 nm), allowing it to probe the composition of a water sample flowing over the

sensor. By measuring the phase velocities of a selected guided mode it is possible to

evaluate the RI variation within a thin layer adjacent to the waveguide surface.

Experiments performed with tap water and river water showed that the measured

response was predominantly due to the adsorption of dissolved and suspended

matter (macromolecules and particles) at the surface of the waveguide. In order

to increase the sensitivity, a new sensor platform has been recently proposed and

tested [10]. The sensor is based on an integrated optical version of the MZI. The

interferometric approach permits to measure a minimal change in refractive index

in the order of magnitude of 10�7 RI that correspond to the detection limits of

concentration of parts per million (ppm) levels for any chemical contaminant.

However, in some application the identification and the quantitative analysis of

the individual components in water are necessary. In this case, a non-specific RI

sensor can be transformed into a specific sensor by immobilizing on its surface a

recognition element that, when interacting with the analyte of interest, change the

RI on sensor surface.

OWLS technology has been applied to microbiology, including the detection of

Salmonella typhimurium in water (detection limit of 1 � 107 CFU/ml [11]). The

sensor surface was functionalized with a specific antibody thus making the sensor

specific for the detection of human pathogens. Using a similar approach, Cooper

et al. [12] developed a rapid and sensitive detection method for Legionella
pneumophila contamination in a water sample in less than 25 min with an LOD

of 1.3 � 104 CFU/ml. OWLS has been also applied for pesticide detection [13]; the
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transducer is incorporated in a microprocessor-controlled flow system allowing

complete automation of incubation, regeneration and data acquisition. The experi-

mental results performed with herbicides from the s-triazine group, like terbutryn

and atrazine, have shown a detection limit of 15 nM for terbutryn.

RIFS is another optical technique that has been applied to microfluidic moni-

toring of water samples. The sensing principle is based on white light interference

in thin transparent films. A light beam passing the interface between two media of

different refractive index is partly reflected. As the reflected beams travel different

optical paths, a phase difference is introduced. These reflected partial beams

superimpose resulting in an interference spectrum that is detected using a diode

array spectrometer. The target analyte interacts with the sensor surface that causes a

change in the optical thickness of the layer n � d due to the change of the physical
layer thickness d and the refractive index nwithin this layer. A change in the optical

thickness results in a modulation of the interference spectrum that allows observing

the binding behaviour of the target analyte.

A prototype atrazine sensor based on RIFS was investigated by Brecht

et al. [14]. The device was tested using real groundwater samples spiked with 0.1,

0.25, 0.5, 1, 2.5, 5 and 10 ppb of atrazine, and a limit of detection of about 0.25 ppb

was obtained.

Another widely used approach is the SPR. In SPR sensors, a SPW is excited by a

light wave and the effect of this interaction with the sensing layer is measured.

A surface plasma wave or a surface plasmon polariton is an electromagnetic wave

which propagates along the boundary between a dielectric and a metal [15]. Owing to

the fact that the vastmajority of the field of anSPW is concentrated in the dielectric, the

propagation constant of the SPW is extremely sensitive to changes in the refractive

index of the dielectric. SPR-based sensors have been used as platform that, in con-

junction with appropriate recognition elements, can be tailored for detection of

chemical and biological contaminants like organic chemicals (pesticides, herbicides,

etc.), inorganic chemicals (heavy metals), microbial pathogens and toxins.

Several SPR instruments that integrate optics, microfluidics, electronics and

biosensor technology have been developed in the last years.

Using a simple SPR instrument, which is not equipped with either regulated flow

system or temperature controller, Gobi et al. developed an SPR immunosensor for

dichlorophenoxyacetic acid (2,4-D) detection [16]. Dichlorophenoxyacetic acid is

one of the most widely used herbicides for control of broadleaf weeds in agriculture,

forestry and right-of-way applications. The proposed system has been shown to be

capable of detecting concentrations of 2,4-D in buffer as low as 0.5 ng/ml (ppb) with

a response time of 20 min, and the 2,4-D detection is possible in the concentration

range from 0.5 ng/ml to 1 μg/ml (ppm).

Similarly, using a portable surface plasmon resonance optical biosensor device,

Mauriz et al. were able to determine organic pollutants, such as organochlorine

(DDT), organophosphate (chlorpyrifos) and carbamate (carbaryl) compounds, in

natural water samples within the range proposed by the European legislation

[17]. The covalent immobilization of the analyte derivative through an alkanethiol

SAMallowed the reusability of the sensor surface duringmore than 250 regeneration
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cycles. The analysis time for a complete assay cycle, including regeneration, was

24 min. The size and electronic configuration of the device allow its portability and

utilization on real contaminated locations. In addition, this sensor has also the

capability of a wireless transmission of data from real contaminated locations to a

central laboratory.

3 Colorimetric Methods

Light absorption spectroscopic approach for water quality monitoring is very

widely applied due to the high selectivity, accuracy and sensitivity. This method

is based on the measurement of the amount of light absorbed at a specific wave-

length by a substance. However, since most of the water pollutants do not naturally

absorb in the UV–visible range, most spectrophotometric methods are based on the

use of UV–visible chromophore, and for this reason they are called colorimetric

methods.

The basic principle of the light absorption spectroscopy is described by the

Lambert–Beer law which permits to determine the concentration of an analyte by

measuring the light intensity attenuation according to the following:

I ¼ I0 e
�εcl ð1Þ

where I is the intensity of the light emerging from the cuvette containing the

analytes, I0 is the intensity of the incident light, ε is the absorptivity coefficient

(that depends on the chemical species), l is the pathlength through the sample and

c is the concentration of absorbing species. From Eq. (1) it is evident that long

optical pathlengths are advantageous in order to increase light absorption and detect

chemical species at very low concentration.

Colorimetric method typically relies on the use of reagents that, in the presence

of the analyte, give rise to the formation of a dye. As the formed dye concentration

is linearly proportional to the analyte one, by measuring the optical absorption at a

dye’s specific wavelength, it is possible to measure the concentration of the analyte.

This method is widely and successfully applied due to the high stability and

selectivity of the involved chemical reactions. A variety of colorimetric assay

chemistries exist; the Griess assay, for example, is the most commonly used for

nitrite analysis [18–21]. The azo dye formed during the reaction of sulfanilamide

hydrochloride and N-(1-naphthyl)ethylenediamine dihydrochloride with nitrite is

characterized by optical absorption at λ ¼ 543 nm. Another example is the

Berthelot assay, in which an indophenol dye with optical absorption at λ ¼ 632 nm

is produced when reacting with ammonia.

Basically, a colorimeter instrument is composed of a white light source (LED,

tungsten halogen lamp, etc.), a cuvette containing the solution to test and a light

detector (photodiode, photomultipliers, etc.). Commercially available benchtop

colorimeter instruments for water analysis have limited deployment capabilities
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and scenarios; their large physical size (e.g., 40–50 cm long and 10–15 cm diameter)

limits the portability of the system avoiding the field deployability; moreover, the

excessive reagent usage (ml per sample) and the high power consumption make

these instruments very expensive.

For water monitoring, in order to bemore easily performed outside the laboratory,

instruments which could be mass produced, cheaper and easily used would need to

be developed. The uses of microfluidic technologies have the potential to address

these needs, including the problem of reagent consumption, as well as the size and

power challenge associated with macro-sized benchtop colorimeter instruments.

Various microfluidic colorimeter instruments have been developed and tested

for use in water quality monitoring. Usually, they are μFIA systems, meaning

sample and reagent are pumped into and out of the fluid handling system with a

continuous piping network.

Essentially, the microfluidic system is composed of a net of fluidic microchannels

for reagents and sample delivering, where the reagent mixing system is usually a long

serpentine (Fig. 1a, b). For the optical detection system, two main configurations are

used, based on the orientation between the optical source and the detector. In the planar

design (Fig. 1a) the light propagates along the sample microchannel before reaching

the light detector. This configuration presents the strong advantage to increase the

optical path length and hence the limits of detection [18–20].A perpendicular light and

detector arrangement (Fig. 1b) has been also successfully developed [21, 22]; in this

case however the optical pathlength is limited to hundreds of microns, in this way

reducing the LOD.

Several fabrication techniques andmaterials are used to fabricate microfluidic chips:

deep etching silicon or glass substrates, micromilling, hot embossing and laser ablation

of plastic substrates and elastomer moulds built using a soft lithography process. Each

of these fabrication processes presents some advantages and disadvantages and, for this

reason, in developing microfluidic colorimeters, the fabrication method is chosen based

on the type of application and desired performance.

First attempts to develop miniaturized colorimetric devices have focused on the

realization of the microfluidic channel network for handling the fluids to be sampled

and have been realized in glass or silicon using photolithographic method.

Fig. 1 (a) Planar light source and detector configuration and (b) perpendicular configuration
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One of the first works on the realization of miniaturized system for colorimetric

measurements has been performed by Greenway et al. [20] and implemented the

Griess reaction on a glass microfluidic device. The device was a micro-flow

injection analysis system based on electro-osmotic flow and with an off-chip optical

system (LED and the spectrophotometer coupled with optical fibres) for colorimetric

measurements (Fig. 2). Glass microfluidic channels (with size of few hundred of

microns) for mixing reagents and delivering the sample have been realized by a

glass wet etching process. With this system, an LOD of 0.2 mol/l was achieved

using a pathlength of few mm, demonstrating the potential of a portable system to

be used in the field of water quality monitoring.

Daykin and Haswell [23] demonstrated another of the early examples of μFIA
system for analysing orthophosphate in water. The system has been realized on glass

substrates by lithographic method; also in this case the optical system comprises fibre

optics coupled to an LED photodiode system. The detection of orthophosphate was

obtained along a pathlength of just 7 mm, with an LOD of 0.7 μg/l and by using the

molybdenum blue spectrophotometric method. With this system the authors demon-

strated the possibility to realize a reliable manifold for orthophosphate analysis on

small scale, claiming the distinct advantages to have reduced reagent usage (total

system volume approximately 0.5–1, sample volume approximately 50 nl) and an

increased speed of analysis (3 min).

In the work of Daridon et al. [24], an example of a more sophisticated

microfluidic system that has been proposed in order to get a better control over

the rate of a Berthelot reaction, through the optimization of the reaction parameters,

is shown. In fact, when slow kinetic reactions are involved (as it is in the case of

Berthelot reaction), small sample volumes could be unrepresentative; this problem

has been overcome by a careful design of the mixing and reaction channels and by

adapting the flow rates for ensuring efficient mixing by diffusion. The device

consists of a silicon chip between two glass plates and uses a pathlength of

400 μm. Also in this case the optical system comprises optical fibre connected to

the source and the detector.

Fig. 2 A schematic of the micro-flow injection manifold for the determination of nitrite proposed

by Greenway et al. Reprinted with permission from [20]

264 G. Testa et al.



The control of the mixing degree in microchannels is of essential importance in

the field of chemical analysis and in particular of the colorimetric-based analysis.

In order to obtain efficient mixing at the microscale, different strategies based

on the integration of both active and passive mixing elements can be used

[25, 26]. In the work of del Mar Baeza et al., a hybrid glass–silicon microfluidic

device has been developed for μFIA of nitrite that exploits multicommutation

concept to enhance the mixing process [27]. Moreover, the optical measurements

were made using an LED as optical source and a photodiode as a detector that were

both fully integrated with the microfluidic system on the same chip, leading to an

appreciable reduction of cost and size.

The integration of the detection system is one of the most relevant aspects to be

addressed in the development of compact and robust analytical microsystems. With

this aim,more recently, in thework presented byO’Toole et al. [28, 29], a novel PEDD

optical detection method, with a miniaturized light-emitting-diode-based detector

(Fig. 3), is proposed and optimized in order to be fully integratedwith themicrofluidic

part. A PEDD consists of two LEDs arranged in various configurations; one LED is

used as light source and the other is used as detector for the transmitted light. The

optical flowcellwas fabricated through the conjoinedLEDsalong the light path, in this

way achieving the full integration between the microfluidic and optical part. The

proposed device has been tested successfully for the colorimetric determination of

phosphate in water based on MG method [29], achieving an LOD of ~2 μM.

In order to further reduce the cost and the complexity of the involved processes, in

the last years more affordable fabrication methods and materials have been used for

the realization of these instruments. Common plastic materials include PMMA, PE

and silicones (PDMS). The dimensions of the channels in the devices cover a large

span of depths (and widths) from 10 to 100 μm [18, 21, 22, 30–32]. Moreover,

polymers exhibit several useful properties such as optical transparency, machinability

and mouldability and a wide range of surface properties [33].

Fig. 3 Schematic of the

integrated PEDD flow

analysis device. Reprinted

with permission from [28]
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In the work of McGraw et al. [34] a device for the colorimetric detection of

phosphate in natural waters has been realized with integrated PMMA-based

microfluidic chip. The device comprises colorimetric detection, wireless communi-

cation, power supply and microfluidic system towards a compact and portable

system for in situ usage. Instead of a microcuvette with separated inlets and mixer

[35], a passive serpentine micromixer milled in the PMMA has been used for sample

delivering and reacting, thus reducing the overall size of the chip. The length and

width of serpentine have been chosen to cover the entire active area of a photodiode

detector (Fig. 4).

More recently, Sieben et al. [18] have proposed a novel platform based on tinted

PMMA for the colorimetric detection of nitrite. The device integrates both the fluid

processing and the optical detection on the same chip, towards a low-cost and

portable sensitive environmental nitrite sensor, which enables us to achieve an LOD

of 14 nM on an absorbance pathlength of 25 mm.

4 Fluorescence

Fluorescence is recognized as one of themost applied detectionmethod inmicrofluidic

devices due to its high sensitivity and selectivity. This technique is based on the

fluorescence phenomenon which occurs for some molecules or substances, if suitably

excited. After an optical excitation, the molecules relax into the lowermost vibrational

level of their electronic state. From this excited level a decay occours: this decay is said

radiative if photons are emitted or non radiative if there is no photon emission. When

radiative transition involves states with same spin orientation, this phenomenon is

named as fluorescence.

A schematic fluorescence measurement arrangement is depicted in Fig. 5. In

microfluidic device a typical setup is composed of an optical source, an excitation

Fig. 4 (a) Microfluidic

chip layout with sample (S)
and reagent (R) inlets, a
serpentine reaction channel

and viewing (V ) area and
waste (W ) outlet; (b) cross-

sectional view of the

microfluidic chip holder and

detection components.

Reprinted with permission

from [34]
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filter used to filter out any unwanted chromatic component in the excitation light, a

focusing system to focus the light into the microfluidic channel or the sensitive part

of the device, an emission filter to detect only in the wavelength range of interest

and an optical system to collect the fluorescence (often a microscope objective).

Several excitation sources are available. Lamp-based excitation systems represent a

flexible option in terms of the wavelength choice but not always adequate in terms

of intensity.

Laser remains one of the most widely used optical source in microfluidic optical

devices. The related detection technique, known as LIF, is very attractive because

of its compatibility with typical chip dimensions.

The low divergence and the coherence properties of a laser source allow easiness

in beam focusing on microchannels, leading to very small detection volumes and

achieving a considerable irradiation amount [36–38].

LEDs have been successfully integrated as light source and OLEDs also seem to

be a promising optical source. OLEDs, in some specific geometry configurations,

could be a more effective choice with respect to LED, because of their flat film-like

shape. This allows an easy integration into microfluidic devices and in bringing

them into close proximity of the channel or of the device-sensitive element.

As fluorescence-based detection methods allow to achieve very low LOD, a very

large number of microfluidic arrangements or devices exploiting in some way the

fluorescence phenomenon have been proposed to detect pollutants or dangerous

chemical species in water [39, 40]. In particular, the use of UV sources allows to

excite the fluorescence of a very wide range of organic pollutants, for instance,

bacterial cells [41] or hydrocarbons [42]. An example of calibration curve for

Fig. 5 Common setup used

in microfluidic device for

fluorescence detection
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hydrocarbon detection in water sample by UV-excited (266 nm) fluorescence is

shown in Fig. 6.

Not all analytes or pollutants interesting in monitoring of water resources exhibit

the so-called primary fluorescence (or autofluorescence). As itwill be shown, different

procedures are used to turn non-fluorescent or weakly fluorescent sample molecules

into highly luminescent products. Labelling the analyte with some fluorescent dye is a

common procedure to detect analytes that do not exhibit autofluorescence. In this case

the fluorescence achieved is called secondary (or induced). A very effective method is

represented by immunofluorescence, in which the fluorochrome couples with anti-

bodies. These antibodies can be designed very specifically for certain biological

targets so that they lead to an extremely selective labelling result. In the following,

some examples of microfluidic devices exploiting fluorescence detection will be

shown.

4.1 Flow Cytometers and Counting Particles

Flow cytometry is a technique largely used for particle counting and analysis, providing

for instance rapid quantification of bacteria and algae. In this technique, a cell or

particle suspension is injected, under laminar condition, and hydrodynamically

focused, through a sensing region where it is exposed to a monochromatic focused

light beam. The particles under analysis are usually pre-stained for identification. Thus

each type of particle emits a fluorescence signal that is collected bymeans of a detector.

The signal intensity provides information on the size and morphology of the detected

bacteria.

Commercial flow cytometers are available for accurate analysis of cells or

particles. These devices require a large number of electronic, fluidic and optical

Fig. 6 Fluorescence

detection of toluene in water

solution (unpublished)
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components resulting in a cumbersome instrument. In addition commercial flow

cytometers are complex, fragile and expensive instruments.

Recently, flow cytometers have been successfully tailored for microfluidic

devices [43, 44] allowing a fast detection and an easy portability of the device

(Fig. 7).

Cytometers and counting particles method based on fluorescence have been used,

for instance, to count Escherichia coli bacteria [46, 47]. In particular in the work of
Inatomi et al. [47] a simultaneous detection of live and dead (or injured) cells has

been achieved by staining E. coli bacteria with two different fluorescent dyes.
It is know that the viability of bacterial populations can be determined by

staining a sample with a combination of various fluorescent dyes [48–50]. Inatomi

and co-workers used PI which is generally excluded by intact plasma membrane;

hence an uptake of PI was considered as indicator of dead or injured cells.

Labelling cells seems to be not a mandatory process to accomplish inflow

cytometry because cells of many organisms exhibit autofluorescence [51].

Fig. 7 A schematic layout of a typical microfluidic flow cytometer (a). Top view (b). Adapted

with permission from [45]
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Primary fluorescence can be generated by a range of metabolites and structural

components including flavins, lipofuscins, nicotinamide-adenine dinucleotide and

nicotinamide-adenine dinucleotide phosphate. Lu et al. [40] demonstrate the quanti-

fication of the number of bacterial cells based on the autofluorescence from the cell

lysate of three pathogenic bacteria (Listeria monocytogenes F4244, Salmonella
Enteritidis PT1 and E. coli O157:H7 EDL 933) on a microfluidic chip. They tested

the microfluidic device performing both off-chip (by means of sonication and centri-

fugation) and on-chip lysis by means of entrapment and electrical lysis of bacterial

cells straight into the device. In the experiment, a plug of around 150 pL containing

lysate from 240 to 4,100 cells was injected into a microfluidic channel with down-

stream laser-induced fluorescence detection under electrophoresis conditions.

They demonstrate a rapid quantification of the number of bacterial cells without

labelling. Autofluorescence intensity increased with the number of cells almost line-

arly and the LOD was determined to be around 200–400 cells for all three bacteria.

4.2 Biosensors

Biosensors are a very big family of sensors that use a biochemical recognition

element immobilized in a transducer to detect the specimen of interest. Their

potential for environmental applications has been widely reviewed in different

publications [52–56].

Several biological receptors have been exploited, for instance, enzymes, cells,

antibodies, subcellular organelles, tissue slices, several plant glycoproteins (that act

like antibodies) and, lately, bio-mimics.

Different signal transduction mechanisms are possible, but in the following we

will focus our attention on fluorescence detection only. Biosensors exhibit several

advantages, as they can be arranged in portable devices performing real-time

measurements and in addition they often are fast and cost-effective. Microfluidic

biosensors have been applied to the area of environmental monitoring for a wide

range of analytes. In the following some examples applied for water pollutant

detection will be described.

DNAzymes are DNA-based biocatalysts able to perform chemical transformations

[57, 58]. Liu and Lu were the first to employ DNAzymes to obtain functional

nanomaterials that are sensitive to chemical stimuli [59]. Employing a Pb2+-specific

DNAzyme, a sensor for lead detection has been proposed [60].

The device was tested considering lead ion concentration from 0.1 to 200 μM.

A linear range of 0.1–100 μM Pb2+ and an LOD of 11 nM were obtained.

The key aspect of their sensor was the combination of a lead-specific DNAzyme

with a device containing a network of microfluidic channels. The sensor consists of

an enzyme strand and a substrate DNA. In the presence of target metal ions (Pb2+)

the substrate cleaves into two fragments. The 50 end of the substrate DNA is

labelled with a fluorophore (FAM), whereas its 30 end is labelled with a quencher

(Dabcyl) which is able to quench the fluorescence of FAM in the substrate DNA
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because of its closeness. A nanocapillary array membrane connects the source

channel with the receiving channel. This membrane is used to control fluid flows

and to deliver a small volume of sample in a well-determined detection window

where the DNAzyme is interrogated using LIF detection. When the lead sample

reaches the DNAzyme sensor, the substrate DNA is cleaved; consequently

fluorophore fragments are released increasing the FAM fluorescence signal which

is not any more quenched by the Dabcyl.

Another interesting biological receptor used in microfluidic sensors consists in

employing unicellular micro-organisms.

Arsenic, often present in groundwater, has been detected by using a microfluidic

fluorescent biosensor exploitingE. coliDH5α pProbe-gfp(tagless)-arsR-ABS bacteria
[61]. This specific strainwas engineered to produce green fluorescent protein (GFP) in

response to arsenite [62]. Bacteria were loaded against a microfabricated filter present

in the microfluidic channel where the solution flows. The fluorescence-detected signal

showed a clear response to concentrations of 50 μg/l of arsenite.
The use of unicellular micro-organisms in evaluating the presence of pollutants

in water is not limited to bacteria. Algae also have been used because a large

number of pollutants are capable of affecting photosystem activity and therefore

photosynthesis inhibition is an effective indicator of toxic effects.

Fluorescence detection is considered as a sensitive method to measure algal

photosynthesis inhibition [63].

A portable and integrated sensor based on organic optoelectronic components

has been recently realized for algal fluorescence measurements [64].The integrated

microfluidic chip has been optimized to measure whole cell fluorescence for

unicellular organisms, like algae and cyanobacteria. The device has been tested

using green algae Chlamydomonas reinhardtii (CC-125). In these organisms, light

energy absorbed by chlorophyll complex molecules in PSII is first used for photo-

synthesis, while the excess energy is dissipated as heat or re-emitted as fluorescence

at longer wavelengths in the red/far red range of the spectrum.

The optical source was a blue organic light-emitting diode which excited algae

in order to produce fluorescence intensity related to photosynthetic activity and

therefore dependent on pollutant concentration. As detector, an organic photode-

tector was fabricated using new semiconducting polymers with alternating thieno-

[3,4-b]-thiophene and benzodithiophene [65] exhibiting a high external quantum

efficiency of more than 60 % in the wavelength region of interest.

Herbicide fluorescencemeasurements performed onDiuron showed high detection

sensitivity for concentrations of this herbicide as low as 7.5 nM. Those measurements

have been obtained detecting the fluorescence variation of a 1 � 106 cell/ml green

algal culture exposed to the contaminated solution.

Among biosensor devices, immunosensors deserve a particular mention as they

allow easy arrangement in microarrays leading to multi-analyte determination. In this

case the recognition elements are based on the highly specific binding properties of

antibodies with antigens.

Immunosensors combined with fluorescence detection allow high detection sensi-

tivity; in particular, TIRF has proved to meet the requirements in environmental trace
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analytics [66]. In TIRF sensors, when the condition for total internal reflection takes

place, an evanescent field occurs at the interface between two dielectric media. This

field decays exponentially into themedia of lower refractive index.The excitation light

is guided into an optical waveguide and a portion of this radiation will produce an

evanescent field able to excite the fluorescence and consequently to interact with the

analytes.

In order to avoid non-specific binding, a bulk polymer layer is present at the

interface between waveguide and fluidics. This layer is also the basis for

immobilized derivatives of analytes to be detected in the sample solution.

By using modern spotting techniques, it is possible to arrange different areas

with different immobilized analyte derivatives and therefore, multiple analyte

detection is easily accomplished.

Antibodies and sample solution containing different analytes in various concen-

trations can be mixed by means of a flow injection setup. When labelled antibodies

diffuse to the surface of the transducer, they are able to interact with the immobilized

analyte derivatives, providing a readout signal which can be guided to the detector,

for instance, by means of optical fibres. A schematic working principle is shown in

Fig. 8.

High concentration of a specific analyte blocks the related antibody and there-

fore the corresponding signal will be very low. On the contrary, when the analyte

concentration is low, a large number of antibodies are available and then captured,

generating a high signal. The corresponding calibration curves will follow a

sigmoidal behaviour if the signal is plotted over the concentration in a semi-

logarithmic scale.

Fig. 8 Setup for TIRF sensing: evanescent field excites fluorophores interacting with immobilized

analyte derivatives. The fluorescence light is collected by optical fibres and then is filtered and

detected by photodetectors. Reprinted with permission from [66]
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Two noteworthy examples of microfluidic multi-analyte immunosensor based

on TIRF are the River Analyser (RIANA) [67] and the Automated Water Analyser

Computer Supported System (AWACSS) [68].

In RIANA system, a laser beam emitting at λ ¼ 633 nm has been coupled to a

glass slide via a bevelled end face and guided through the length of the transducer.

Antibodies labelled with Cy5.5 allowed simultaneous detection of estrone,

isoproturon and atrazine at the surface by means of a multiplexed binding inhibition

assay. The analyte derivative has been immobilized on aminodextran surfaces.

Optical fibres and photodiodes have been used to collect the fluorescence signal

originated in each evanescent spot. Estrone, isoproturon and atrazine are detected

with LOD of 0.08, 0.05 and 0.16 μg/l, respectively, taking 15 min for a single run.

In a further development of the device [69] four different analytes (atrazine,

bisphenol A, estrone and isoproturon) were detected simultaneously in 12 min

with an LOD below 0.020 μg/l for all the analytes.
The AWACSS sensor consists of a fibre-pigtailed chip with 32 evanescent field-

sensing regions. In this system, laser light is coupled into an optical transducer with

chemically modified surface containing a Y-junction splitter structure that generates

four parallel waveguides. Analyte-specific antibodies labelled with fluorescent

markers (Cy5.5 or Alexa Fluor 680) are incubated with the analyte samples for a

short time. Then the solution flows over the transducer, the surface-bound labelled

antibodies are excited in the evanescent field and the fluorescence is collected by

means of 32 optical fibres and detected using the same number of photodiodes.

AWACSS detected simultaneously six different analytes (atrazine, isoproturon,

bisphenol A, estrone, propanil and sulfamethizole) with a detection limit for each

of them below 0.02 μg/l [70]. Two prototypes of theAWACSS systemwere designed

and constructed and over 20 antibodies and their corresponding analyte derivatives

for surface modification were developed.

5 Surface-Enhanced Raman Scattering

Raman spectroscopy is a well-known analytical method able to provide rich

information about molecular structure and composition. This technique is based

on the Raman effect, an inelastic light scattering between molecules or solids and

photons, involving rotational or vibrational transitions. In the Raman process a

photon is absorbed to a virtual level; subsequently when the molecule relaxes

towards a different rotational or vibrational level a photon is emitted. As this

transition involves specific rotational or vibrational levels, those emissions will

provide a sort of spectral fingerprint by which the molecule can be identified.

Even though this is a powerful spectroscopic technique, because of its extremely

small cross section (typically 10�30 to 10�25 cm2/molecule), Raman scattering

process is not suitable to be employed in ultra-sensitive detection method under

normal conditions. One of the solutions to overcome this issue is represented by

the SERS.

Microfluidic Optical Methods: A Review 273



The discovery of SERS [71–73] has allowed enhancing the Raman cross section

of a molecule and provided a label-free analytical technique for characterizing

molecular structure information. In order to increase Raman signal, SERS takes

advantage of the optical properties of nanostructured metal surfaces. By means of

incorporation of metallic nanostructures, SERS allows enhancement factors up to

14 orders of magnitude [74] providing sensitivities comparable with fluorescence

detection. So far the largest enhancement factor of the Raman signal has been

achieved by applying gold, silver and copper nanostructures of 10–100 nm size.

The signal improvement is attributed to a strong amplification of the electromagnetic

fields near the plasmon resonances of metal substrates [75] and to spatially local

effects, which are commonly referred to as chemical enhancement [76–80].The fast

development in the application of SERS has contributed also to progress in

microfluidic devices allowing detection of various biological and environmental

analytes. The main element in combining SERS with microfluidic devices has been

the employment of particular microchannel expressly designed to mix metal

nanocolloids with analytes and at the same time able to provide flow rate control.

In the last years, Choo’s group has demonstrated several successful application of

microfluidic devices with SERS detection to the trace analysis of water pollutants.

A specifically shaped microfluidic channel PDMS chip has been applied by

Choo’s group in combination with SERS detection to the trace analysis of cyanide,

which is one of the most hazardous toxic pollutants in groundwaters [81]. In this

work, streams of silver colloid and cyanide sample solutions were efficiently mixed

in an alligator teeth-shaped channel.

In order to neutralize the cyanide anions, polyamine spermine tetrachloride was

used as the agent and this solution was mixed with silver colloids in the alligator

teeth-shaped microfluidic channel. As a result, the cyanide anions were effectively

adsorbed on silver nanoparticles. Performing measurements using a Raman micro-

scope system, the LOD for cyanide solution was determined to be in the 0.5–1.0 ppb

range.

In another work [82] the same group performed a quantitative analysis of methyl

parathion pesticides employing a microfluidic device similar to the one previously

described. The detection limit found in this case has been 0.1 ppm.

Malachite green, an industrial dye, was successfully detected designing a

zigzag-shaped channel to enhance mixing for the detection [83]. Malachite green

molecules were more effectively adsorbed onto the silver nanoparticles along the

zigzag-shaped microchannel allowing an LOD below 1–2 ppb.
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Non-conventional Electrochemical and

Optical Sensor Systems

Corrado Di Natale, Francesca Dini, and Andrea Scozzari

Abstract Electroanalytical methods are a common tool for the assessment of

chemical peculiarities of aqueous solutions. Also, the analysis of water based on

optical sensors is a mature field of research, which already led to industrial

applications and standard laboratory practices. Nevertheless, scientific literature

is still offering new sensor techniques and innovative measurement approaches in

both fields. In particular, for fast characterisation of liquids and change detection

applications in a continuous monitoring context, the technology of taste sensors

based on electrochemical techniques is still witnessing a growing interest. Such

devices are often defined as “electronic tongues” or “e-tongues”. In addition,

emerging inexpensive and portable devices with optical-sensing capabilities can

be used for monitoring applications with a novel approach. This chapter gives an

overview of recent techniques developed in both fields and presents several poten-

tial applications and case studies that deal with the context of water quality

assessment. A brief introduction about the basics of each measurement technology,

even if not exhaustive, is also provided.
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Abbreviations

CSPT Computer screen photo-assisted technique

HPCA Hierarchical PCA

ISE Ion-selective electrode

LAPV Large amplitude pulse voltammetry

MLAPS Multiple light-addressable potentiometric sensor

PCA Principal components analysis

REF Reference electrode

ST Slantnet transform

WE Working electrode

1 Introduction

Monitoring technologies take an essential role in the implementation of innovative

and integrated techniques for the sustainablemanagement of groundwater resources.

As a general idea, the information coming from traditional field instrumentation,

typically providing themain physical/chemical parameters of water, is inadequate to

fully assess the quality of water destined to human consumption. On the other hand,

a complete laboratory analytical measurement is expensive and does not provide

continuous control over the resource.

There is an expanding interest in multi-sensor systems for the assessment of

general attributes of a process under monitoring, which are applicable to various

environmental contexts. Such devices are generally based on the technology of taste

sensors developed in the research framework of biomimetic systems. Acceleration

in the advancement of this field has been done during the last 2 decades. In fact,
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there are now fairly mature, low-cost and attractive technologies that can produce

overall quality indicators of a natural resource in a non-conventional manner.

This chapter gives an overview of non-conventional electrochemical and optical

measurement approaches, which have been proposed in the literature in the frame-

work of multi-sensor systems for wet-chemical applications. Systems based on these

principles are often referred to as “electronic tongues” or “e-tongues” [1–4]. As a

general idea, the combination of non-specific and even overlapping sensor responses

(which are often very informative) can address the issue of extracting aggregate

chemical information, useful to characterise the liquid under measurement. Electronic

tongues can actually be used as taste sensors, but, more generally, they can be applied

to a broader context where the human taste is not necessarily involved.

A high number of e-tongues have been described in the literature, based on different

measurement techniques, such as potentiometry with ion-selective electrodes (ISE),

lipid/polymermembranes, SH-SAW(shear horizontal surface acousticwave) devices,

spectrophotometry and voltammetry. Among this diversity of measurement tech-

niques, most of the proposed approaches are based on electrochemical methods.

Behind the somewhat misleading terms “electronic tongue” and “taste sensor”,

one finds some kind of array of sensors. The sensor array in these systems produces

signals, which are not necessarily selective to any particular species in the measured

sample, but a signal pattern (often a large dataset) is generated, which can be related

to some chemical/physical features of the sample. In this particular framework,

electrochemical methods are probably among the oldest measurement techniques

and also comprise a verywide range of analytical possibilities, enriched by relatively

recent developments in signal processing, sensors manufacturing and front-end

electronic systems [5].

For what regards electrochemical techniques, potentiometry is the fundamental

principle of e-tongues based on arrays of ISE. The proposed devices are essentially

based on the cross-selectivity between electrodes that are made sensitive to different

ion species [2, 4]. Further explanation about this class of devices is given in Sect. 2 of

this chapter.

Another class of electrochemical techniques used in the context of e-tongues is

represented by voltammetry. Voltammetry is a group of electroanalytical methods

in which information about the analyte is derived from the measurement of a

current flowing in a polarised working electrode, as a function of an imposed

potential between such electrode and a reference [2, 5]. Further explanation about

this class of devices is given in Sect. 3 of this chapter.

Deep theoretical explanations about the working principles of potentiometry and

voltammetry can be found in Bard and Faulkner [6] and Janata [7].

Among the relatively wide literature available, applications of these techniques to

water classification and change detection purposes can be found in Di Natale

et al. [8], Winquist et al. [9], Legin et al. [10], Paolesse et al. [11], Ciosek

et al. [12], Lvova et al. [13], Scozzari [14] and Scozzari et al. [15]. It must be

noted that even the combination between potentiometry and voltammetry has been

proposed in the literature with promising results. As an example, in Men et al. [16],

the authors combine a multiple light-addressable potentiometric sensor (MLAPS)
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with stripping voltammetry, in order to improve the detection capability of heavy

metals in wastewater or seawater.

Finally, this chapter introduces non-conventional optical sensor systems, having

the capability to provide overall information about the quality of water, in the

perspective of low-cost monitoring systems easy to deploy and use. Recent findings

demonstrated the analytical capabilities of a regular computer screen with a web

camera for detecting and recognising different molecules with an inexpensive (and

eventually disposable) optical-sensing interface. This technique can also potentially

enable common devices like mobile phones to act as a particular kind of water

quality sensors. This class of devices will be discussed in Sect. 4.

2 E-Tongue Based on Potentiometric Arrays

2.1 Fundamentals of Potentiometry

In potentiometry, the potential of an electrochemical cell is measured in static

conditions. The advantage of this approach is that since no current flows the

composition of the solution remains unaltered.

The electrochemical cell is in principle formed by two semi-cells each

containing an electrode immersed in an ionic solution. Typically one of the two

cells is a reference cell where a standard solution maintains the immersed electrode

to a constant potential. The other cell is the working cell where the working

electrode is in contact with the solution to be measured. The electrical continuity

between the two cells is maintained by a salt bridge containing an inert electrolyte

(e.g. KCl) and terminated by porous glasses. A schematic picture of a standard

electrochemical cell is shown in Fig. 1.

The potential of the electrochemical cell is given by

ECELL ¼ EC � EREF

where EC and EREF are the reduction potentials of the reactions occurring at both

electrodes. These potentials are a function of the ionic species in equilibrium with

the electrode. The relationship is given by the Nernst equation.

The Nernst equation can be demonstrated in different conditions. For instance in

the case of a metal electrode aimed at measuring the concentration of ions of the

same metal (the so-called electrode of the first kind) the electrode potential can be

derived from a simple thermodynamical approach. Let us consider the following

reaction occurring at the metal surface where atoms of the metal flow in ionic form

into the solution leaving an excess of electrons in the solid and ions from the

solution recombine with the electrode electrons:

Me $ Menþ þ n � e�
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The free energies of reagent and products are

GMe ¼ G0,Me þ RT � ln aMeð Þ; GMenþ ¼ G0,Menþ þ RT � ln aMenþð Þ

Noteworthy, the concentration of the species is replaced by a quantity called

activity. The activity takes into account the screening effects of polar and charged

molecules in solution. The activity is proportional to the concentration (a ¼ γ � C),
where in many practical applications γ is very close to one.

The change of free energy is equal to the electric work necessary for the reaction

�L ¼ �Q � V ¼ GMenþ � G0,Me ¼ G0,Menþ � G0,Me

� �þ RT � ln aMenþ

aMe

¼ G0 þ RT � ln aMenþ

aMe

where Q is the involved charge and V is the electrode potential with respect to the

solution. A convenient way to calculate the charge is the Faraday constant that is

defined as the charge of a mole of electrons (1 F ¼ 96,485 C/mol).

For sensor applications, the ionic species in the solution is the analyte of interest,

and aMenþ is the object of the measure. Considering that the activity of a pure solid,

such as a metal, is equal to one, the electrode potential is given by

V ¼ �G0

nF
� RT

nF
� ln aMenþð Þ

For practical reasons, the natural logarithm is replaced by the logarithm in base

10 and then the Nernst equation is written as

Fig. 1 Schematic view of a general electrochemical cell for potentiometric analysis
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V ¼ V0 � K � log aMenþð Þ

where K ~ 59 mV/decade is the Nernst constant.

In order to measure the potential V, a reference electrode whose potential is a

stable reference independent of the analyte and the composition of the solution is

necessary. This is provided by reference electrodes, such as the Ag/AgCl electrode.

This is a silver electrode coated by a layer of AgCl and immersed in a solution of

KCl. The electrode potential can be modulated by adjusting the KCl solution.

Figure 2 shows a standard Ag/AgCl electrode; the KCl solution provides also the

saline bridge and the glass enclosure is terminated by a porous frit. A reference

electrode based on Ag/AgCl can also be prepared with screen-printed technology

giving rise to a miniaturised element that can be conveniently used in small and

robust sensor systems [17].

The potentiometric measurement requires the use of an amplifier with a virtually

infinite input resistance. These conditions cannot bemet in practice, but for the scope

a number of amplifiers with very large input resistance are available. Particularly

suitable to the scope is the so-called instrumentation amplifier. This is a particular

amplifier provided by a differential input, suitable for making differential voltage

measurements. The input stages of these devices must exhibit low current losses and

high impedance, as it is a typical requirement for electrometric applications.

to meter

Ag wire

AgCl coating

KCl solution

porous plug

Fig. 2 Simple drawing of

an Ag/AgCl reference

electrode. One of the semi-

cells and the salt bridge of

Fig. 1 are contained in this

element
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The input current, which is the leakage current flowing into the electrochemical cell,

is typically of the order of femtoamperes.

Electrodes sensitive to a wide variety of ionic compounds are currently avail-

able. However, the selectivity of these sensors is not absolute. Selectivity is a great

concern in practical applications, where the exact composition of the sample is not

known a priori, and then the target analyte can be in a mixture with a large number

of interfering compounds.

The selectivity of an ISE is described by the Nikolsky equation, where the

sensitivity to the primary ion is compared with the sensitivity to the interferents:

V ¼ V0 � 2:303 � RT
nF

� log aA þ
X
i

KA, i � anA=nii

" #

where aA is the activity of the primary ion, namely, the species for which the

dominant sensitivity is found. The effect of the i-th interferent is weighted by the

coefficient KA, i that is the selectivity coefficient, namely, the ratio of sensitivity to

the i-th species with respect to the primary ion; ai is the activity of the i-th
interferent and nA and ni are the charge numbers of the primary ion and the

interferent, respectively.

In a multi-ion environment the behaviour of the electrode potential is no longer

explained by the Nikolsij equation and the estimation of the concentration of ions

becomes uncertain.

In these conditions, it is advantageous to release the concept of selective sensors

and to approach the concept of sensor array [18]. This is an experimental procedure

based on an array of partially selective sensors coupled with a multivariate analysis

algorithm. This procedure stems from the so-called electronic noses, namely, arrays

of gas sensors mimicking the behaviour of olfaction [19]. In the 1990s, this concept

has been transferred also to sensors operated in solution, giving rise to the so-called

electronic tongue. Potentiometric electronic tongues have been developed using

different materials such as lypidic membranes [20], chalcogenide glasses [21],

metals [13], polymers [22] and porphyrins [11], among others.

2.2 A Common Application in the Context of Water Quality:
Characterisation of Mineral Waters

As an example of application we report here the usage of a large array of 29 sensors

for the characterisation of mineral waters [10]. Materials of the sensors were

chalcogenide glass and PVC membranes, specifically designed in order to have

an enhanced cross-selectivity. They were complemented by conventional ISE such

as pH glass electrode, sodium- and chloride-selective sensors. All measurements

were performed versus a conventional Ag/AgCl reference electrode.

The measurements have been made with 6 Italian bottled mineral waters

(Levissima, Fiuggi, Sangemini, Uliveto, San Pellegrino and Ferrarelle) and the
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tap water from Rome water supply. All waters were bought over the counter. Some

of the waters were sparkling ones. The excess of CO2 was removed by an intensive

long stirring before the measurements. Discrimination of the different kinds of

mineral waters using the electronic tongue is shown as a principal components

analysis (PCA) score plot in Fig. 3.

All the samples can be easily distinguished with the help of the whole array of

29 sensors, but a smaller sub-array, including 5 sensors, appeared to be enough for

reliable classification, which is shown in Fig. 3a.

At the second stage pieces of strawberry (4 g of fruit per 1 L) were introduced

into the bottles of two different mineral waters (Sangemini and Uliveto) and kept

for 4 days. This experiment was carried out as an illustration of the ability of the

device to detect some chemical and/or biological disturbance in the analysed

sample. Results are shown in Fig. 3b. The samples of the mineral water to be

contaminated were chosen randomly as well as the pollutant itself; thus, it was

possible to conclude that any contaminated water can be distinguished from any

pure one belonging to this test set, by using the electronic tongue. This is true at

least for the variety of waters studied, but, taking into account that the chosen water

samples represent a wide range of possible combinations, the results are likely to be

universal.

Besides qualitative recognition of the mineral waters, the quantitative analysis of

the content of their components has been experimented by the potentiometric

electronic tongue. The concentration of some species, e.g. some ions, can be

determined conventionally using ISE, such as pH, fluoride-, chloride-, sodium-

and potassium-selective electrodes, etc. Using the electronic tongue approach all

these ions can be measured simultaneously with a multicomponent approach

[8]. Moreover, it is also possible to determine the components for which no highly

Fig. 3 (a) PCA scores plot of mineral and tap waters. (b) PCA scores plot of the same samples of

(a), but completed with two mineral waters added with an amount of organic material; the

deviation, occurring along PC1, suggests the high sensitivity of the whole array to organic

compounds dissolved in water [10]
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selective electrodes are known, e.g. HCO3. We have also tried to estimate some

characteristics of the mineral waters that usually cannot be measured by

ion-selective chemical sensors: conductivity, dry residual and SiO2 content. The

results of quantitative determination of these parameters are summarised in the

scatter plots of Fig. 4. All the parameters can be measured with reasonable

precision. Thus, using the potentiometric electronic tongue, it is possible to deter-

mine a set of values necessary for the standard characterisation of the drinkable

water quality in a single measurement.

3 E-Tongue Based on Voltammetry

During the late 1990s, voltammetry has been proposed as a possible tool for

the characterisation of liquids with a non-conventional chemometric approach

[9, 23, 24]. Actually, it is a mature sensor technique, which fundamentals come from

the early twentieth century, and has been accepted as a standard technique in themid of

the century.

Information about the controlled potential microelectrode techniques is given

here at an introductory level, to allow the reader to have an adequate understanding

of the methods presented in this chapter. Deep theoretical texts about the funda-

mentals of electrochemical methods, and specifically about voltammetry, can be

found in the cited literature.

The next subsections will illustrate the working principles of e-tongues based on

voltammetry and their specific methodological approach.

Fig. 4 Scatter plots showing the estimation of conductivity (a) and dry residuals (b) from the

electronic tongue data
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3.1 Fundamentals of Voltammetry

Nernst’s intuition about the feasibility of some electrochemical analogy of the light

spectral analysis methods found its first tangible embodiment in the conception of

the polarographic technique [25, 26] presented by Jaroslav Heyrovsky at the

meeting of the Faraday Society, held in November 1923. Heyrovsky has shown

that a “polarised drop of a mercury capillary cathode represents a reversible state of

equilibrium”, in order to achieve a truly reproducible measurement by the current–

voltage diagrams obtained in polarisation experiments.

The first textbooks and data about polarographic methods have been produced

across theWorldWar II period, being substantially recognised as a standard technique

in the mid of the century, when polarographic data were presented as laboratory

standard datasets, such as the one presented by Semerano and Griggio [27].

The first potentiostat presented by Hickling during 1942 was a substantial step

forward in the exploitation of the analytical possibilities offered by polarographic

methods and voltammetry in general [28]. Hickling already perceived that “a device

whereby the potential of a working electrode can be fixed at any desired arbitrary

value would seem to have many valuable applications in the exploration of electro-

lytic processes”. It was the beginning of the controlled potential microelectrode

techniques.

Technological advances in the 1960s–1970s led to the commercial development of

laboratory devices based on voltammetry, and a variety of standardmethods have been

rapidly proposed in the literature and rated as affordable by the science community.

Nowadays, with the aid of a suitable signal processing methodology,

voltammetry represents an interesting option for the continuous monitoring of a

process, thanks to its very low analytical limits and to the large amount of data that

it is possible to obtain, particularly with “pulse polarography” experiments.

In voltammetry, the information about the analyte is obtained by measuring the

current flowing through a polarised working electrode (WE), given an imposed

voltage between WE and a reference electrode (REF). That is, the WE potential

(calculated with respect to REF) is forced to follow a predetermined program or

waveshape, and the current i is measured as a function of the applied potential or as

a function of time. The electronic device that implements such concept is called

“potentiostat” [2, 5, 15, 28].

In the most common 3-electrode implementations, the potentiostat is a device

which injects current into an auxiliary electrode (AUX), closing the current loop via

a working electrode (WE), in order to impose a known difference of potential

betweenWE and a reference electrode (REF). Such voltage has to be measured with

a high impedance differential amplifier, to make negligible the current going

through REF. Figure 5a, b shows a generic cell configuration and a simplified

schematic diagram of an experimental system for voltammetry, respectively.

The voltage imposed across WE and REF is supposed to be determined by a

function generator placed at the input of the potentiostat. The experimental observation
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that is obtained from each measurement session is the response of the potentiostat-cell

system to the excitation signal (voltage) used, that is, the loop current i(t).
Thus, the electrochemical behaviour of a system can be determined by imposing

known varying potentials between WE and REF and recording either the current–

voltage curve (voltammogram) or its current-time version (chronoamperogram),

which are obtained in each experiment.

Among the wide literature that is available to probe further into this class of

techniques, the fundamentals about electrochemical methods, and specifically about

square-wave voltammetry, can be found in Bard and Faulkner [6], Korthum [29] and

Mirceski et al. [30].

The different activation overpotential levels, diffusion coefficients and mass-

transfer limits that are exhibited by each species in a solution generate a different

contribution to the complex voltammogram obtained; the shape of such contribution

depends also on the waveform of the excitation signal.

There is a wide range of possible implementations of measurement methods

based on voltammetry, according to the type and material of the working electrodes

(i.e. solid metal microelectrodes, dropping mercury, planar rotating discs, carbon

electrodes, etc.) and according to the particular electrochemical experiment that

implies a different program imposed by the generator (i.e. the excitation signal).

It is known that a very informative electrochemical signature of a liquid sample

can be obtained by applying a series of square-shaped pulses having different

amplitudes as v(t) and recording the obtained current versus time curve, i.e. i(t).
More specifically, the usage of pulse voltammetry has been presented in different

contexts [9, 15, 31] as an efficient sensor technique for classification and

Generator

i v

REF

WE AUX

AUX
WE REF

Potentiostat v(t)controlled

i(t)

Function
generator

a

b

Fig. 5 (a) Generic three-

electrode cell configuration;

(b) simplified schematic

diagram of an experimental

system
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characterisation purposes. In particular, the cited literature proposes excitation

signals consisting in a series of rectangular pulses modulated by ramps, both in

offset and in amplitude, depending on the peculiarities of the specific methods.

When the applied waveshape is a step signal, such as the one shown in Fig. 6a,

the obtained response depends on the levels of the applied potential. Under the

hypothesis that there is only one dissolved species and that it is electrochemically

inactive at potential E1 but reduced at potential E2, a typical response of the

experimental system would be the one shown in Fig. 6b. In fact, the electroactive

species eliminated (reduced) at the WE produces a concentration gradient in the

proximity of such electrode, such as the one shown in Fig. 6c.

Moreover, it is known [6, 29] that the flux (thus the current) is proportional to

the concentration gradient; thus, the decay of i(t) is basically due to the fact that the
flux causes the depletion volume to thicken. The slope of the concentration profile

Co(x) from the WE surface declines while the current flows; thus, the depletion

volume gets higher, producing the described decay of i(t). An example of the

concentration profile behaviour versus time is shown in Fig. 6c, where Co* is the

bulk concentration of the electroactive species considered.

An example of application is represented by the large amplitude pulse

voltammetry (LAPV) technique [3, 9, 15, 31] that applies a series of square pulses

modulated by a ramp signal; this approach is equivalent to making a sequence of

step experiments involving different species in a progressive manner, according to

their excitation overpotential.

E1

E2

v(t)

t t’

i(t)

t

Co(x)

x

Co*(bulk)

t1
t2 > t1

t3 > t2

a

c

b

Fig. 6 (a) Excitation signal waveform for the basic step experiment; (b) i(t) for the step

experiment; (c) concentration profiles at various times
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Both the ability to classify samples and the ability to detect changes in a solution

under measurement have been investigated in the recent literature regarding

voltammetry for water quality assessment. Some developments during the last decade

[15, 31–33] gave particular attention to the signal processing chain, in the framework

of pattern recognition techniques for automatic monitoring systems. In the works

cited, emphasis has been given to the assessment of water quality and to food

processing applications. The next sections will focus on water quality applications.

3.2 Sensors Used for Water Applications

Most experimental setups described in this class of devices make use a potentiostat

(see Sect. 3.1), which drives one or more working electrodes made of solid metal,

and are aimed at developing low-cost distributed devices. Such devices are

expected to have low maintenance requirements and some capability to withstand

harsh environments. Figures 7 and 8 show an experimental device mounted on the

water tap [31] and a laboratory device with electrodes placed in a measurement cell

[34], respectively.

In the most common fashion, the presented prototypes rely on multiple working

electrodes selected by relay switches, typically with a reference electrode

(e.g. Ag/AgCl) and an AUX (or counter-electrode) often consisting in a steel

plate, having the responsibility to inject the current driven by the potentiostat into

the electrochemical cell. An array of working electrodes made by solid metal

(e.g. gold, iridium, platinum, palladium, rhenium and rhodium) are generally

found in the literature [2, 9, 15, 31]. Such hardware configuration (with 2–6

working electrodes) is commonly combined with the measurement scheme of

pulse voltammetry.

Other configurations are reported, e.g. screen-printed WE and REF electrodes

made by various materials, such as a Pd/Ag alloy and Au as described in Buehler

et al. [35]. Also, applications based on stripping techniques have been presented,

often in combination with specific materials for the wet surfaces of the working

electrodes, such as thick-film graphite and screen-printed carbon electrodes, as

illustrated in Brainina et al. [36]; such methods basically consist in the preliminary

accumulation of the analyte on the WE (by applying an adequate potential) and the

successive measurement by sweeping the potentiostat towards opposite potentials.

Figure 9 shows a simplified block diagram of an e-tongue setup based on pulse

voltammetry. The experimental observation, which is obtained by each measure-

ment session, is the response of the potentiostat-cell system to the excitation signal

ve(t) imposed, in terms of loop current iWE(t). Under the hypothesis that all the

current losses in the system can be neglected, iWE(t) is equal to the output current of
the control amplifier (1).

The potential on the WE is tied to the analog ground by the I/V converter (3); the

output of the differential electrometer (2) is connected to the negative input of the

control amplifier (1) closing the feedback loop, ensuring that the voltage difference

between the reference electrode REF and the selected WE is equal to the voltage set
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Fig. 7 An experimental device mounted on the water tap

Fig. 8 A laboratory device with electrodes mounted in a measurement cell
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by the input signal ve(t). All of that is true until both the voltage assumed by the

AUX CE and the current which flows through it lie in the output swing capability of

(1).

Automatic measurements are often performed by controlling the potentiostat

with a personal computer (PC) and an adequate software. In the example shown in

Fig. 9, the PC controls the excitation waveform ve(t), acquires the resulting current

iWE(t) and drives the switching sequence of the working electrodes during each

measurement session.

As a practical example, Fig. 10 shows the shape of a LAPV excitation signal, as

firstly described by Winquist et al. [9]. Figure 11 shows a typical set of recorded

chronoamperograms for a system comprising 4 working electrodes.

3.3 Signal Processing

In most e-tongues based on voltammetry, samples of the current signal measured by

the potentiostat are sequentially collected, making a kind of chronoamperometry

rather than a traditional polarography. Each observation may be represented as a

vector represented in a multidimensional space, where each component corre-

sponds to a specific instant in the time domain.

For multi-electrode systems (i.e. multiple working electrodes), one session is

formed by K sequences of M data points (i.e. time-domain samples), each one

generated by the voltammetric scan involving each one of the K WEs.

In this class of non-standard chemometric approaches, the large multivariate space

generated by the time series of the acquired current signal is used to characterise the

Fig. 9 Simplified block diagram of an e-tongue setup based on voltammetry
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Fig. 10 LAPV excitation signal according to Winquist et al. [9]
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Fig. 11 Set of four voltammetric measurements made with distinct working electrodes on the

same sample of bottled mineral water. The respective electrode material is specified by the text in

red colour
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fluid under measurement. Various signal processing techniques applied to such

datasets have been proposed in the literature, all of them essentially oriented to the

projection of the acquired data onto a representation sub-space, by reducing the

dimensionality of the measurement space (the one hosting the observation vectors).

Such dimensionality reduction is equivalent of saying that only the most relevant

features are extracted from the acquired time series, leading to a set of vectors having

smaller dimensionality than the original data, but still preserving most of the informa-

tion; this is accomplished by selecting the most informative components in the

observation space according to some metric that maximises the performance of

the system (i.e. discrimination between classes, change detection capability).

Among the wide literature available for an appropriate understanding of the basic

concepts of feature selection, supervised/unsupervised classification and transformed-

domain operations, good reference books can be found in the context of the analysis of

remotely sensed data, where most of these techniques have been developed and

applied. Two good reference books are given here as an adequate beginning [37, 38].

Some authors focused their investigations on the data compaction properties of

transformed domains like DWT (discrete wavelet transform) and DCT (discrete

cosine transform) [15, 39, 40], in order to enhance the discrimination capability in

reduced-dimensionality sub-spaces. This is proposed as a preprocessing step, often

in combination with PCA applied as a second step, as a feature extraction and

visualisation tool. PCA alone and PCA-derived tools (e.g. HPCA—hierarchical

PCA) have also been proposed as a feature extractor directly applied to the acquired

datasets [41]. Feature selection by genetic algorithms applied to polarographic and

stripping voltammetric datasets has also been successfully experimented [42]. More

recently, the combination of the Slantnet transform (ST) with a neural network

classifier has been proposed for the automatic authentication of water samples by

using pulse voltammetry as a measurement technique [43]. All of the cited papers

can represent a good starting point to analyse the different strategies that have been

studied and proposed in this particular context.

As a general idea, feature selection represents a critical issue in multi-

dimensional data processing, because it has the dual objective of delivering the

most accurate information with a minimum amount of data while keeping the

computational efficiency at the maximum; this justifies the effort to design suitable

algorithms and optimise their performance. Selected features (i.e. transformed-

domain coefficients, time-domain samples and/or their principal components) can

be forwarded to three possible processing paths, corresponding to the following

three activities:

• Automatic classification

• Change detection

• Data representation, based on a further reduction of dimensionality

All these three processing possibilities are explored in the literature, with

particular attention given to supervised classification systems and the individuation

of suitable representation sub-spaces, like the ones used to show the data examples

presented in the next section.

Non-conventional Electrochemical and Optical Sensor Systems 295



3.4 A View on Commonly Presented Applications
in the Context of Water Quality

The applications presented in most of the literature about voltammetric e-tongues

are focused on the experimentation of the following capabilities:

• Discrimination between clusters in a supervised classification scheme

• Detection of changes in the chemical characteristics of water

• Characterisation and validation of samples

When dealing with the big amount of data coming from a high sampling rate

pulsed voltammetry, the reduction of dimensionality of the acquired dataset is a

crucial issue (see Sect. 3.3 and references therein). The extraction of suitable features

enhances the discrimination of the observations between different classes, by

projecting the observed vector onto a reduced-dimensionality space (feature space).

In this framework, three selected implementations are given as an example of the

three capabilities cited above. All of them are focusing on water quality applications.

The selected examples are given in order to provide an overview of possibilities

offered by this measurement approach. In-depth information about the sensor systems

used and details about the signal processing techniques used in each application

example can be found in the cited literature.

3.4.1 Classification

The classification system proposed in this example is based on a supervised

procedure that determines the basis of the feature space (i.e. the basis onto which

the observed vectors are projected) by using a training set of suitable measure-

ments. In practice, only part of the collected measurements (training set) is used to

determine the combinations of components of the observed vectors that enhance the

discrimination between a priori known classes, in order to adhere to a supervised

classification scheme. In this specific case, the a priori classes are represented by

different brands of bottled mineral water, and the feature vectors are extracted from

the DCT version of the observed vectors. The system designed by means of such

training set is then used in the subsequent measurements, which are thus used as a

“test set”.

This example concerns 4 brands (classes) of Italian bottled mineral water, with an

overall dataset formed by 40measurements (10 per each class), allocated in 5 sessions

distributed in 10 days (i.e. one session per day, not necessarily consecutive). Each

session consisted in 8 measurements (2 per each brand/class) performed in random

order, to check repeatability of the system and avoid eventual artefacts due to a

repeated measurement sequence.

Data presented here have been obtained by LAPV measurements with 4 working

electrodesmade by solidmetals (Au, Re, Pt, Pd). Figure 12 shows graphical results in

terms of projection onto the representation sub-space of each of the measurements.
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The discrimination between the four different brands of mineral water appears to

be obvious to the human observer and allows the successful usage of even the

simplest threshold classifiers. In order to keep general and not give as assumed this

particularly favourable situation, an automatic classifier based on an MLP-NN

(multilayer perceptron-neural network) has been experimented on the feature set

extracted from the collected data.

As concerns the MLP-NN, a one hidden layer with four neurons architecture has

been chosen. The selected transfer function for the hidden layer neurons was a

log-sigmoid one, while the output neuron had a linear transfer function. As expected,

the network trained by the said 8 examples achieved 100% of classification accuracy

on the full dataset, consisting into 40 measurements.

Details about this application example can be found in Scozzari et al. [34].

Such automatic classification capability, due to the high discrimination exhibited

by this kind of systems, is the gateway to the change detection and sample

validation applications that are of direct relevance to the water quality context.

3.4.2 Change Detection

The demonstration of the change detection capability of such systems relies on a field

experiment, in which water samples are taken at the input and the output of a carbon

filter pack, in order to detect how treated water is separated from raw water in the

representation domain. This peculiarity gives the possibility to observe eventual

changes in the behaviour of the filter, in terms of projections of the input/output

Fig. 12 Graphical representation of the measurements in the “classification” experiment, after

projection onto a bi-dimensional representation space
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samples onto the representation domain. In this case study, four wells in the proximity

of two different industrial areas have been considered, all exhibiting a slight pollution

due to trichloroethylene and tetrachloroethylene from an unidentified source, probably

a dismissed activity of industrial oil treatment [44].

Even though the pollution level was inside legal limits for drinkable water, a

carbon filter pack has been installed. Water samples have been taken from one of the

wells, at both the input and the output of the filter. The measurement procedure has

been repeated twice for each sample and in reverse order, with the aim to exclude any

artefacts linked with the measurement sequence. The separation between raw and

filtered water is again apparent (Fig. 13), confirming the perspective capability to

detect eventual changes in the performance of the water filter, in terms of positioning

the projected clusters (both in relative and absolute position).

The first 4 observations (2 OUTs and 2 INs) are used as a training set. The

second 4 observations (2 INs and 2 OUTs) are used as a test set, i.e. they are

projected onto the bi-dimensional feature space determined by using the first

training set of vectors.

3.4.3 Sample Characterisation

One effective way to assess the characterisation capability of non-specific sensor

systems is to perform traditional chemical-analytical measurements over a wide

range of water samples, comparing the results with the output of the multi-electrode
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Fig. 13 Graphical representation of the measurements in the “change detection” experiment, after

projection onto a bi-dimensional representation space
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Fig. 14 Representation of 11 water classes in the e-tongue feature space for the “sample

characterisation” experiment (three measurements per each class)

Fig. 15 Representation of the same 11 water classes shown in Fig. 14 in the domain spanned by

the first three principal components of the analytical measurements. The two pictures share the

same legend
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device, i.e. the e-tongue. The example shown here comprises 11 classes of ground-

water and surface water, all of them taken in the Campi Flegrei area of Naples,

southern Italy [14].

The interesting aspect that makes this case study a kind of natural benchmark lies

in the fact that different kinds of water with different chemical characteristics can be

found in a small area of a few sq. km. Their different peculiarities well suit the

concept of making a general characterisation of the water by giving an aggregate

chemical information, as it is one of the major strength of an e-tongue system.

According to the representation metric, similarity between samples is expected to

be reflected by their distribution in the representation domain. A test of such

characterisation capability is shown by comparing the e-tongue results with classical

classification/clustering based on traditional chemical-analytical measurements.

Figure 14 shows a tridimensional representation of the distribution of the 11 classes

according to the e-tongue (three measurements each class, in order to check the

repeatability of the system). Figure 15 shows the PCA applied to the analytical

chemical measurements, where 15 parameters were taken into consideration. The

projection of the 15 measured parameters onto the first 3 principal components is

shown in Fig. 15.

It must be remarked that e-tongue measurements were not made on site; thus, a

loss of information about redox potentials, due to sample transportation and its

interfacing with free air, is expected. Samples destined to the analytical chemical

measurements have been collected and treated in the same way. As a consequence,

the main discriminating factor for the e-tongue measurements comes to be the

chemical composition of each sample, making the comparison with the principal

components of the analytical measurements particularly interesting.

It appears immediately clear how the two thermal water samples (“Terme

Puteolane” and “Agnano”, numbers 8 and 11) are strongly discriminated from the

others in both the representations. In addition, the water samples grouped in the

PCA representation (numbers 1. . .7) are also close to each other according to

the e-tongue results, even with the sample number 2 exhibiting a slight separation

from the remaining six. It is finally interesting to see that the “Averno” and

“Castello di Baia” samples (9 and 10) are discriminated in both domains, staying

in the middle between the two groups (1. . .7 and 8. . .11).

4 Optical Detection

4.1 Principles of Chemical Detection in Optics

In the most conventional arrangement of optical detection systems for liquid phase

samples, the sample is irradiated with a monochromatic radiation and the extent of

the interaction is evaluated from the attenuation of the original radiation or by

observing the secondary radiation emitted by the sample.

The classical way to observe emission or absorption spectra is to disperse the

radiation, which means separate the different wavelengths from each other.
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A triangular prism of transparent material or diffraction gratings can be used to this

purpose. Absorbance is usually measured with spectrophotometers. In spectrophoto-

meters, the light is dispersed and collimated into a beam of nearly parallel rays, so that

only a narrow band of wavelengths passes through the sample at one time. A detector

determines the intensity of the transmitted radiation.

A quantity that is commonly plotted to represent an absorption spectrum is the

transmittance, T(λ), defined as follows:

T λð Þ ¼ I λð Þ
I0 λð Þ

where I(λ) is the spectral intensity after the light beam passes through the cell and

I0(λ) is the incident spectral intensity. Complementarily, the absorbance is defined

as follows:

A λð Þ ¼ �log T λð Þ½ � ¼ log
I0 λð Þ
I λð Þ

Absorption spectroscopy can be used to measure the concentration of a chemical

species dispersed in the optical path between source and detector. Figure 16 shows

the drawing of a cell containing an absorbing substance with concentration c, with a
beam of light passing through it in the x direction. Considering a thin slab of unit

area within the cell, lying between a generic abscissa x0 and x0 + dx, the volume of

the slab is dx times the unit area, so the amount of absorbing substance in this

portion of the cell equals C∙dx times the unit area.

Let the intensity of light in the small range of wavelengths dλ be denoted by

I(λ, x) dλ. This intensity depends on x because of absorption phenomena that make

the light extinguish while travelling through the cell. The amount of light absorbed

in the slab per unit of time is proportional to the initial intensity of light and to the

amount of absorbing substance, so that the change in I from one side of the thin slab

to the other is given by

�dI ¼ k λð Þ � I � C � dx

The proportionality factor k is a function of wavelength that does not depend on

concentration. Roughly, spectrometric applications rely on the fact that k(λ) is

x
0

d

Fig. 16 Simplified sketch

for the explanation of the

light transmission

measurement concept
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different from zero only for wavelengths where the photon energy equals the energy

difference between a significantly occupied molecular energy level and a higher

level, giving rise to a kind of spectral signature of the involved substances.

Previous equation is a differential equation that can be solved for the intensity of

light as a function of position. It is solved by a definite integration, letting x ¼ 0 be

the front of the cell and x ¼ d be the back of the cell. Assuming that the concentration

is uniform, it yields

A λð Þ ¼ ε λð Þ � C � d

This equation is known as Beer-Lambert law, where ε(λ) is the absorptivity (also
called the extinction coefficient). The absorptivity depends on the wavelength of

light as well as on the absorbing substance and on the solvent. This relationship is

well obeyed by many substances at low concentrations. Deviations occur at higher

concentrations, corresponding to an extinction coefficient that is dependent on

concentration. These deviations can be caused by specific chemical effects such

as association of the molecules of the substance, which provides one way to study

molecular association.

When an analyte does not exhibit a convenient spectroscopic optical response

such as absorption or luminescence, sensing can be achieved by monitoring the

optical response of an intermediate species or reagent whose response is modulated

by the presence of the analyte. In fact, in a classical sensing scheme of optical

sensors for liquid phase applications, a reagent has a specific reaction towards

certain analytes by changing optical properties of the solution, such as absorbance,

reflectance or fluorescence.

This indirect sensing technique requires the reagent to be immobilised, either in the

liquid or in the solid phase, to facilitate interactions with the analyte. Reagent-based

optical sensing is based mainly on solid-phase immobilisation matrices, where the

reagent dye can be adsorbed, covalently or ionically attachedor simply encapsulated in

a solid matrix that is permeable to the analyte. If the immobilisation matrix has the

capability of being coated on a substrate in liquid form, as is the case for sol–gel glasses

or polymer coatings, a wide range of sensor configurations is enabled including, for

example, fibre-optic, planar waveguide and array-based sensors. Indirect optical

sensors are very well developed for pH sensing that is based on the change in optical

absorption of organic pH indicators. They also allow for colourimetric detection of

CO2 bymeasuring the pH change in response to carbonic acid generated by the acidic

CO2 gas [45]. On the other hand, many analytes are detected with luminescent probes

with the advantage that luminescence is intrinsicallymore sensitive than absorption as

a sensing technique [46].

In those applications that need to study the distribution of the concentration of

non-luminescent species over larger areas, the system to be analysed is exposed to a

paint that responds to the respective parameter of interest. The term paint refers to a

material that consists of a solvent, a polymeric support (sometimes referred to as a

binder) and an indicator dye. This mixture can be painted or sprayed onto the

surface of the object of interest or can be manufactured as a thin film that, after
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solvent evaporation, is placed on the system to be studied. The indicator dye in the

paint undergoes diffusional equilibration with its environment, and the analyte of

interest thereby modulates either the fluorescence or the absorption features of the

paint, which is then photographed or imaged.

4.2 The Computer Screen Photo-Assisted Technique

The computer screen photo-assisted technique (CSPT) is an optical-sensing interface

firstly reported by Lundström and Filippini in 2003, which allows for the analytical

investigation of visible absorption features of several kinds of samples [47]. It

consists of easily available, cheap and widespread diffuse computer peripherals.

The basic hardware is a standard computer screen that is used as a programmable

polychromatic light source and a web camera used as a three bands detector.

Computer screens are capable of displaying confined areas of arbitrary shape,

colour and intensity that can be two-dimensionally scanned on the screen with

resolutions down to 200 μm resolution defined by the pixel pitch (distance between

two contiguous cells of the same colour) [48, 49]. In CRT monitors an electron

beam scans the inner surface of the screen, exciting a spot of phosphorescent

coating emitting a burst of visible light that decays until it is reached again by the

beam in the next scanning cycle. Colour CRT screens use three electron beams

exciting blobs of three different screen coatings. In this case the phosphors are

band-limited emitters of visible light corresponding to the perception of red, green

and blue. The frequency at which the beams reach the same spot is about 85 Hz, and

since it is faster than the eye’s response it induces the perception of a steady

intensity. On the contrary, in LCD screens each cell contains a liquid crystal

between two crossed linear polarisers. If a voltage is applied to the cell, the liquid

crystals rotate the direction of polarisation of the light allowing to regulate the

intensity escaping from the second polariser. A large area white lamp illuminates

the rear of the screen. Colour screens are produced by the repetition of groups of

cells with red, green and blue filters. LCD screens produce a steady intensity and

can refresh images at relatively low frequencies, typically 60 Hz. As far as CSPT

measurements are concerned, the main differences between these two types of

screens are the pulsed nature of the CRT displays and the linearly polarised light

emitted from LCD screens [50].

The light emitted from a computer screen is not monochromatic, but it is the

combination of three polychromatic primary sources. The spectral radiance of these

primaries excites the human perception of red, green and blue colours. Any other

colour can be generated by the linear combination of these primaries according to

Jackson et al. [51]:

vi λð Þ ¼ ri � R λð Þ þ gi � G λð Þ þ bi � B λð Þ

where R(λ), G(λ) and B(λ) are the spectral radiances of the primary colours, ri, gi
and bi are numbers within [0 1] that represent the particular modulation of the
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primaries for a given desired colour, and λ, the wavelength, is limited to the visible

range (390–800 nm). Conventional true colour systems have a resolution of 8 bits

(0–255 values) for each colour channel, for a total of 224 colours that can be

displayed on the screen.

Digital colour cameras capture colour images of the real world by transmitting the

image through a number of colour filters having different spectral transmittances and

sampling the resulting coloured images by using electronic sensors.

4.3 CSPT Measurements

During a CSPT measurement, a colour sequence is displayed in a portion of the

screen to illuminate the sample. The light emerging from the assay is simultaneously

acquired by the camera operating at a capture rate usually of 1 frame/s. The result of

such a measurement is a digital video file (AVI format) of the array under different

illuminating colours. The video stream is then decomposed into individual frames

and the information from selected regions of interest (ROIs) in the image is

extracted. ROIs are marked with white circles in Fig. 17, and they are located both

on the sensing spots and on background areas.

The digital values of each colour level (red, green and blue components) of the

pixels contained in the ROI are averaged, yielding the intensity per colour channel of

each screen colour. As a result, a distinctive spectral signature of the sample is

obtained. Usually it is in the form of intensity versus illuminating colours curves,

and it is often referred to asCSPTfingerprint (Fig. 18a). TheCSPTmeasurement of the

transmittanceT(λ) of any substance transforms this illuminating space into ameasured

space distinctive of the substance. The measured space contains both the spectral

signature of the substances and that of the particular CSPT assembly where the

measurement is performed. In order to highlight the substance signature, themeasured

space is subtracted by the measured space without substance, corresponding to the

intensities measured in the background areas as shown in Fig. 18b.

Different substances transform the illuminating space in differentmeasured spaces,

and emerging light colours become aligned with the respective camera channels. In

CSPT measurements, depending on the transmittance of the evaluated substance, the

response to some illuminating colour combinations becomes clustered in themeasured

space, thus reducing the discrimination capability in terms of spectral diversity of the

collected fingerprints. Under this point of view, longer colour sequences (i.e. enriched

by a higher number of colour combinations) have better chances to always incorporate

well-performing patterns.

Illuminating sequences homogeneously representing the illuminating space pro-

duce diverse distributions of measured values, suggesting the possibility to optimise

such sequences for the spectral properties of any particular compound. However, it is

also evident that certain substances will always be represented by a larger volume of

the colour space. The larger the volume they occupy in the measured space, the better

the chances to find an illuminating sequence that separates all the pertaining features,

thus creating a distinctive fingerprint. In summary, for substance transmittances with
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their minima at the centre of the visible spectrum, CSPT is able to retain more spectral

features than for substances absorbing at the borders of the spectrum. These better

conditions for substances that affect green, yellow and orange light than for blue or red

light can be intuitively associated to the restricted contribution of the later substances

Fig. 17 Camera image of sensing layers under a bluish illumination. The regions of interest

(ROIs) for each sensitive layer and the corresponding background are also shown

Fig. 18 (a) CSPT fingerprints of sensing layers reported in the inset, obtained by concatenating

the intensity in the three camera channels for an illumination sequence made of 50 colour

combinations. The black dashed line represents the reference light source or background (circle

number 5 in the inset). (b) Difference between the same fingerprints and the background intensity.

It allows to evaluate the absorption exhibited by each spot
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on the signals of various channels. So, substances absorbing light in the far red (or blue)

only affect the red (or blue) signal of the camera, whereas a green, yellow or orange

absorbing substance gathers distinctive contributions from all the channels, thus

enriching the information contained in the fingerprint and improving the discrimi-

nation capability [52].

Usually, most applications are well accomplished with a sequence of 50 colours

that gradually change from blue to red. However, for selected indicators, a shorter

and more targeted sequence can be defined, which allows for a continuous imaging

of spectral features of the substance.

4.4 Case Study: The Detection of Natural
Cr(VI) with a CSPT Setup

The potentiality of CSPT is illustrated in an application aimed at evaluating the

concentration of Cr(VI) in natural springs [53]. Here the CSPT is used as a method

to measure the colour changes in a colourimetric assay for Cr(VI). CSPT results are

compared with those obtained by a standard UV–VIS spectrophotometer. Results

show that CSPT is a valid alternative for colourimetric assay read-out. It is particularly

important to consider that CSPT equipment used for different applications (such as

computers and cameras) are temporarily turned into analytical deviceswithout altering

their primary function. On this basis, this result demonstrates the possibility to enable

analytical capabilities to a personal level.

Hexavalent chromium is a toxic compound with teratogenic and carcinogenic

effects on humans. Its presence in the environment is typically due to anthropogenic

activities [54]. Nonetheless, recently natural occurring concentrations of

Cr(VI) largely exceeding the limits for groundwater quality have been found world-

wide [55, 56]. These anomalies originate fromoxidative dissolution, probably driven

by mixed-valence Mn oxides, of Cr(III)-bearing minerals contained in particular

kinds of rocks called serpentinites and ultramafites, which constitute 1% approxi-

mately of the terrestrial landscape and are also found within densely inhabited areas

of the Circum-Pacific and Mediterranean regions. As a consequence, the control of

Cr(VI) becomes important even in the absence of human activities, displacing the

monitoring of this substance from the output of relevant industrial plants to the

common water distribution network, by the observation of water bodies prone to

the pollution from Cr(VI) of natural origin. Besides more sophisticated techniques,

an efficient detection of Cr(VI) is obtained by an analytical procedure based on the

absorbance change, around 540 nm, consequent to the reaction of a sample of water

with a specific reagent (diphenylcarbazide) under acid conditions.

Figure 19 shows the CSPT measurement arrangement. Figure 20 shows the

fingerprints collected during the measurement campaign described in Santonico

et al. [53]. The largest changes of differential intensities collected by the camera are

observed in the green channel under green colour illumination. Nonetheless, PLS

306 C. Di Natale et al.



modelling was applied to whole fingerprints exploiting the PLS property of variable

selection. The PLS model was built by using the calibration solutions.

The Cr(VI) concentrations in these solutions were considered as not affected by

errors. PLSmodel was optimised by a leave-one-out cross-validation procedure, and

the number of latent variables was chosen by minimising the root mean square error

of validation. As a result, a model with four latent variables was defined; the root

mean square of calibration (RMSEC) was 0.01 ppb and the root mean square of

validation (RMSECV) was 2.9 ppb. The error of�2.9 ppb was then applied to the Cr

(VI) estimations. Validated PLS model was applied to the fingerprints of spring

waters; results were compared with those provided by commercially available

instruments, such as a Cary spectrophotometer and a Hanna portable instrument.

For these instruments the estimated errors mentioned in the previous section were

Fig. 19 CSPT

arrangement. The camera

and the sample holder are

fixed to the screen of a

notebook where a window

displays the illumination

sequence. In the picture also

the image captured by the

camera is visible in another

window. The software

routine runs in MATLAB

Fig. 20 Collected

fingerprints related to

calibration samples (black
lines) and spring waters (red
lines). Largest changes
occur in the green camera

channel under green light

illumination
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applied. Figure 20 shows the collected fingerprints related to the calibration samples

and the spring waters. Figure 21 shows the Cr(VI) in natural spring water estimated

by the CSPT plotted versus the values measured with a Cary spectrophotometer; the

calibration data are also plotted.

5 Conclusions

This chapter gives an overview of new technologies for the assessment and control

of the quality of water resources, as an alternative to the classical chemical-

analytical approaches. In particular, non-conventional electroanalytical devices

such as e-tongues (or taste sensors) can be applied to the continuous monitoring

of natural resources, with advantages in terms of availability, wide analytical

coverage and low cost of the method.

Possible applications for this class of devices may include the usage of expert

systems to trigger automatic samplers, alert human operators or perform other

automatic actions when the observed data exhibit a significant change with respect

to a given reference, e.g. moving outside known boundaries, which may represent

an anomalous condition. Being non-specific to particular chemical species,

e-tongue systems are good candidates to monitoring applications where the mere

detection of an overall quality change (e.g. the presence of an unexpected pollutant)

is the most required characteristic.

Another fairly mature, inexpensive and very attractive technology described in

this chapter is the CSPT, taken as a promising example of non-conventional

approach to water quality measurements based on optical sensor systems. In fact,

the combined usage of a display (e.g. a computer screen) and a generic camera (e.g. a

webcam) has been demonstrated as an effective platform for measuring optical

properties of liquid samples. Such an approach is a natural candidate for ubiquitous

analyses in the context of water quality monitoring and is complementary to the
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electrochemical e-tongues, enriching the analytical possibilities offered by these

non-conventional techniques.
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