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ABSTRACT

The continuous demand on new residential and ecmnaraas of the modern society has to
face up with problems posed by polluted sites eelab former industrial activities, typically
located in suburbs areas. These sites, known asnbebtds, are often located nearby
navigable rivers to facilitate transport operatiafisndustrial manufacturing, which increase
their potential environmental threat due to thesfme migration of pollutants in groundwater
to surface water bodies through groundwater digghar

In this context, the objective of this researchfgrened in the scope of the FP6-IP AquaTerra
project, was to contribute to a better assessmeiheo risk of groundwater contaminant
dispersion for a brownfield located next to the BeWRiver (Belgium), in a context where
strong groundwater — surface water interactionggke

The brownfield of interest corresponds to the sitehe former coke factory of Flémalle.
Resulting from industrial activities, soils and gnalwater located in the alluvial aquifer are
heavily contaminated with various types of orga(BTEX, PAHs, mineral oils...) and
inorganic (As, Zn, Cd...) pollutants.

To do so, detailed characterisation campaign wa®npeed, consisting of, on the one hand,
classical field experiments such as pumping tesgsction tests and tracer experiments; on
the other hand, advanced and original field expenii:i such as a detailed monitoring of
groundwater — surface water interaction and dyngn@od the development and application
of an innovative tracer technique, the Finite VotuRoint Dilution Method (FVPDM), used
to quantify and monitor groundwater fluxes.

Monitoring and field works data was subsequentlyedudo develop and calibrate a
groundwater flow model using the finite differencede MODFLOW, with an automatic
parameter estimation approach based on an origomabined regional scale (zonation) and
local scale (pilot points) approach. A transportdelowas also developed using MT3DMS
and calibrated using tracer experiments performete brownfield.

This groundwater flow and transport model was usedbetter quantify the dynamics of
groundwater — surface water interactions and to ehedrious scenarios of contaminant
dispersion through the aquifer — river system. th@se scenarios, benzene was considered
because it is one of the main pollutants encoudtémethe site, its large solubility and
mobility in groundwater and its acute toxicity.

These scenarios were established considering wgooundwater flow conditions (steady

statevs transient) and various hydrodispersive procepsassibly affecting the mobility of



benzene in groundwater, namely advection, hydraaymalispersion, sorption — desorption
and, as evidenced by the research results of theetdity of Neuchatel (Switzerland),
benzene degradation under sulphate reducing consliti

These simulations indicate that benzene attenu&iomainly controlled by ongoing benzene
degradation processes, aquifer heterogeneity aret gtage fluctuations. Based on this
analysis, the risk of benzene dispersion is lovd monitored natural attenuation (MNA) is a
valuable option with (1) monitoring benzene at coinplanes downstream from the sources;
(2) further investigation on risk of sulphate déjole in the alluvial aquifer; and (3) further
investigation on mobilisation/immobilisation of Myametals related to dynamics of organic
pollutant plumes.

Keywords brownfield; groundwater — surface water intemcti groundwater pollution;
groundwater flow and contaminant transport; conteami attenuation; dispersion;

biodegradation; risk assessment.



RESUME

La demande continue de nouveaux terrains a usagekentiels ou économiques des sociétés
modernes est confrontée aux problemes posés paitésscontaminés liés aux anciennes
activités industrielles, souvent localisées en zmér@urbaine. Ces sites, dénommés en anglais
brownfields (friche industrielle) sont souvent situés prés de cours d'eau navigglaes
faciliter les opérations de transport des matignesniéres, ce qui augmente leur menace
potentielle pour I'environnement a cause de la atign possible des contaminants présents
dans les eaux souterraines vers les eaux de surface

Dans ce contexte, I'objectif de cette recherchaligée dans le cadre du projet FP6-IP
AquaTerra, est de contribuer a une meilleure esibmadu risque de dispersion des
contaminants présents dans la nappe aquifere positaicontaminé localisé pres de la riviere
Meuse (Belgique), dans un contexte ou de fortesrantions existent entre les eaux
souterraines et de surface.

Le site contaminé étudié correspond a lI'anciennesrge de Flémalle. En conséquence des
activités industrielles, les sols et eaux souteemide l'aquifere alluvial sont fortement
contaminés par différents types de polluants omars (BTEX, HAP, huiles minérales...) et
inorganiques (As, Zn, Cd)..

Une campagne de caractérisation a été realiséesjstamt, d’'une part, en des essais de
pompage, des tests d’injection et des essais dagea d’autre part, en des essais de terrain
plus originaux comme le suivi détaillé de la dyngna et des interactions entre les eaux
souterraines et les eaux de surface et le dévelmpmeet I'application d’'une technique
innovante de tracage, appelé&inite Volume Point Dilution Method (FVPDM) mitilisée
pour quantifier les flux d’eau souterraine.

Les travaux de terrain ont été par la suite uslipéur développer et calibrer un modele
d’écoulement des eaux souterraines a I'aide du ddférences finies MODFLOW, avec une
approche d’estimation automatique des paramétisetsur une combinaison originale d’'une
approche régionale (zonation) et locale (pointsted). Un modele de transport de solutés a
aussi été développé avec le code MT3DMS et cadilti@de des essais de tracage réalisés sur
le site.

Ce modeéle écoulement - transport a été utilisé poeux quantifier la dynamique des
interactions entre les eaux souterraines et dasiret pour modéliser différents scénarios de
dispersion de contaminants au travers du systéemeaaserraine — eau de surface. Pour ces

scénarios, le benzene a été pris en compte csiruinedes polluants principaux rencontrés sur



le site, il est fortement soluble et mobile dars éawux souterraines et il est toxique. Ces
scénarios ont été établis en considérant diffésertenditions d’écoulement (régime
permanenvs régime transitoire) et différents processus despart régissant potentiellement
la mobilité du benzene dans l'eau souterraine, tgle I'advection, la dispersion
hydrodynamique, la sorption-désorption et, comme em évidence par les travaux de
I'Université de Neuchéatel, la dégradation en caadd sulfato-réductrices.

Ces simulations indiquent que I'atténuation du leeezest principalement contrélée par les
processus de biodégradation, I'hétérogenéité dpiifare et les fluctuations du niveau de la
riviere. Sur base de cette analyse, le risque sfediion du benzéne est faible et I'atténuation
naturelle contréléenfonitored natural attenuatiQnpeut étre considérée comme une option
valable de remédiation, moyennant (1) un suivi d@scentrations en benzéne en aval des
sources de pollutions ; (2) une étude sur le ristpidiminution des teneurs en sulphates ; et
(3) une étude supplémentaire sur la mobilisatiom@hilisation des métaux lourds liée a la
dynamique des panaches de polluants organiques.

Mots clés: friche industrielle interactions eaux souterraines — eaux de surfpobution des
eaux souterraines ; écoulement souterrain et toanhdp polluants ; atténuation de polluants ;

dispersion ; biodégradation ; analyse du risque.



RESumM

La continua demanda de la societat actual per a aspais destinats a la vivenda i centres
economics ha de fer front a una problematica cagada més freqient: zones contaminades
on antigament es duren a terme activitats indistrigpicament ubicades a les afores dels
nuclis urbans. Aguestes zones contaminades, coesegudb el nom debfownfields”, estan
sovint situades prop de rius que en el passatesesom a mitja de transport de materies
primeres, incrementant aixi el risc mediambienladjdestes arees com a consequéncia d’'una
possible dispersié de contaminants presents eagéigers vers les aiglies superficials.

En aquest particular context, I'objectiu d’aquestzerca, duta a terme en el marc del projecte
europeu AquaTerra FP6-IP, és de contribuir a utomilbneixement del risc de dispersio de
substancies contaminants dissoltes en I'aigua sahta en urbrownfieldubicat a la vora del

riu Meuse (Belgica), amb un context favorable peftes interaccions entre les aigles
subterranies i superficials.

El “brownfield en qiiestio correspon a I'antiga fabrica de prettudecokede Flémalle (Est
de Liege, Bélgica). Com a resultat de les actiwitatiustrials relacionades amb la produccio
d’aquest productecfOkd, el sol i I'aquifer al-luvial es troben fortamestdntaminats per un
seguit de substancies d’origen organic (BTEX, HARs minerals...) i inorganic (As, Zn,
Cd...).

Detallades campanyes de caracteritzacié han estes @ terme, per una banda, realitzant
assajos de camp classics com ara assajos de bondhejgccid i de tracador en radial
convergent; per altra banda, experiments més atmmgariginals han estat també duts a
terme, com ara un seguiment continu de la intedaaigiies subterranies — aiglies superficials
i la seva dinamica, aixci com el desenvolupamexptlicacié d’'una nova técnica de tracador,
anomenada Finite Volume Point Dilution MethodFVPDM)”, amb l'objectiu d’avaluar i
quantificar el flux d’aigua subterrania.

Les dades obtingudes durant les tasques de comdssajos de camp han estat utilitzades
posteriorment per la realitzacio i calibracié dimodel de flux subterrani, fent as del codi de
diferencies finites MODFLOW, alhora que I'estimadéls parametres del model ha estat
duta a terme de forma automatica en base a unairacidy a escala regional i local, de les
tecniques de zonaci@dnation) i punts pilots gilot pointg. Posteriorment, un model de
transport de substancies dissoltes en l'aigua sabia ha estat elaborat fent us del codi

MT3DMS, utilitzant els assajos de tracador realgzm el camp per a la seva calibracio.



L’ds conjunt dels models de flux d’aigua subteraamide transport permet una millor
comprensido de la dinamica temporal de les inteoasciaiglies subterranies — aigues
superficials, alhora que diferents escenaris dpedssd de contaminants en l'aquifer poden
ésser avaluats. Per a la realitzacio d’aquestsiagsgel benze fou la substancia contaminant
escollida, pel fet que és un dels principals comants en el brownfield” estudiat, la seva
solubilitat és de les més importants entre lestanb&gs contaminants d’origen organic, i
perque la seva toxicitat és prou elevada com sar&ensiderat extremadament perillés per a
la salut de les persones.

Aquests escenaris de contaminacio foren duts aeteamsiderant fluxos subterranis constants
i variables en el temps, i diversos processos Hidpersius susceptibles d’afectar la mobilitat
del benze en l'aquifer, com ara I'adveccio, la disp hidrodinamica, i els efectes d’adsorcio
— desorci6 foren considerats, aixi com la degraddei benze, procés lligat a condicions
sulfato-reductores i posat de manifest enbebWnfield” estudiat gracies a la recerca duta a
terme per I'equip d’hidrogeologia de la UniversiatNeuchatel (Suissa).

Els resultats del model indiquen que latenuacid blenze en el medi subterrani és
principalment controlada pels processos de degi@daeterogeneitat de laquifer i les
fluctuacions del riu adjacent. Gracies a aquestsltas, el risc de dispersio del benzeé és lleu,
alhora que el seguiment de 'atenuacid natuvkdr(itored Natural Attenuationés una opcio
valida de descontaminacio mitjancant (1) el segotrde la degradacié del benze aigties avall
de la font de contaminacio; (2) el seguiment deitiogut en sulfat en el aquifer (producte
responsable de la degradacié en el cas estudiéd); liestudi de la mobilitat dels metalls
pesants en relacié a la dinamica dels contamirmaggsics presents.

Paraules claubrownfield interaccié aigles subterranies — aigies supaidiccontaminacio
de les aigues subterranies; flux d’aigua subtesratransport de contaminants dissolts;

atenuacio de substancies contaminants; dispeisiedgradacio; analisi de risc.
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| was born not knowing and have had only a little
time to change that here and there.

Richard P. Feynman

Physicist (1918-1988)

1. INTRODUCTION






Chapter 1. Introduction

1.1. Context of the research

Groundwater is used daily by billions of personghi@ world as drinkable water. At the same
time, increasing contamination and threatening qtiifars is experiencing a serious
worldwide environmental issue due to, among othaughanisation and industrial
development.

Since groundwater is part of the hydrologic cyéteggre 1.1), contaminants in other parts of
the cycle, such as atmosphere or surface wateegodan be transferred to groundwater.
Unfortunately groundwater is not always naturaltgtpcted by soil, and pollutants affecting
soil and surface water can end up in the aquifers thus recognised that physical and
chemical interactions between rivers and groundwatgst be considered, and that water in

general should be considered as a single resource.

Figure 1.1. Schematisation of the hydrologic cyclgnttp://www.attempto-projects.de/aquaterral).

Once groundwater has become obviously affectedotiytpn, large volumes of aquifer are
usually polluted. Cleanup measures are very experand often technically complex and
challenging.

Industrial zones have been traditionally locatedthie suburbs of the cities. Due to the
increasing urbanisation pressures, cities are gmpwaind consequently expanding to zones
historically occupied by industries. Practicallystimeans that former industrial sites are at
present becoming residential and/or commercial zoeaffected to new economic activities.

Indeed, this trend has to face up with environmemtablems due to uncontrolled pollutant
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releases in these zones in the past. Brownfiets clear examples of these former
contaminated sites.

Environmental contamination due to brownfields patentially affect soil and groundwater
quality, as well as, indirectly, human health amdsystems. Pollutants related to chemical
and metallurgical industries are typically encouediein these sites.

Industrial activities are often located nearby gabie rivers to facilitate transport operations
of industrial manufacturing. This has resultedha éxistence of numerous contaminated sites
close to rivers and in relatively urbanised argasjng a major risk of contaminant dispersion
in the environment, particularly by possible migratto surface water, through groundwater
discharge. Because of that, and in order to deve&p economic activities in these areas,
such sites often need detailed investigations anaindefining the actual risk posed by the
presence of contaminants and defining which rentiediameasures have to be taken.
Referring to that, natural attenuation is a fashide and efficient way to reduce the
contaminant risk of pollutant substances. Howeratural attenuation in groundwater is only
effective when contaminant degrading microorganiamespresent and/or when geochemical
conditions of the system are favourable. To evaluhis effectiveness, many site-specific
factors have to be considered, among which therdigsaof groundwater fluxes, groundwater
— surface water interactions and biogeochemicalguges.

It is known that ground- and surface water are independent systems, being intimately
related one to each other. Changes in surface Veatels (or groundwater) are likely to cause
changes on groundwater levels (or surface wateharadjacent aquifer (or river/stream), as
well as water fluxes flowing from one system to titkeer. Understanding aquifer responses to
external stresses (i.e. rainfall, river stage \emes) contributes to a better understanding of
its dynamics and, as one of the consequences,bittar estimate of groundwater fluxes
flowing out to the adjacent river/stream.

This research focuses on a brownfield located texthe Meuse River, in an urbanised and
industrialised area, in Belgium. Due to past indakgctivities, the soil and alluvial aquifer
are both highly contaminated by organic pollutantajnly BTEX and PAHSs, as well as other
components such as mineral oils, sulphates, cyamdeheavy metals. Pollutant substances

encountered in the aquifer are seriously toxic. S&@mhthem, reported as carcinogenic, are

! Brownfields are defined as sites that have beartifl by the former uses of the site and surrognidind, are derelict or
underused, have real or perceived contaminatioblgmss and are mainly in developed urban areas Céepter 2 for
details).
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likely to reach the Meuse River and populationng/just at some tens of meters far from the

site.

1.2. Aresearch in the scope of the AquaTerra project

This research thesis has been funded by the AquaTmwoject (http://www.attempto-
projects.de/aquaterra/), an integrated projechefd® EU RTD Framework Programme, and
one of the first environmental Integrated Projacthie EU FP6, active since th& June 2004
for a time period of 5 years. The project consontis formed by 45 partner organisations in
13 EU countries as well as in Switzerland and $erbi

AquaTerra integrates multiple disciplines, from g@ences, environmental engineering and
chemistry to socio-economic sciences, from thehragnt to the regional scale with case
studies located in major European river basinsnublves practitioners and end-users to
elaborate operational tools for the different skaitder$ (policy-makers, river basin
managers, regional and urban land planners...).

AquaTerra aims to a better understanding of thertsediment-soil-groundwater system as a
whole by identifying relevant processes, quanttdyithe associated parameters and
developing numerical models of the groundwater-sediment-river system to identify
adverse trends in soil functioning, water quanéihd quality. The main objectives of the
project are 1) to provide better understandinghef river-sediment-soil-groundwater system
at various temporal and spatial scales; 2) to pethe scientific basis for improved river
basin management; 3) to develop specific toolsMater and soil quality monitoring; and 4)
to develop models for impact evaluation of pollatas well as climate and land-use changes
for definition of long-term management schemes.s€habjectives must be achieved through
11 sub-projects, most consisting in several wodkpges.

AquaTerra works on different scales, from microlssanvestigated in the laboratory to river
basins (Figure 1.2). These are integrated into mgalemodels, to provide comprehensive
and advanced management tools for catchment andasvar basins.

Within the sub-project BASIN, in the scope of whitiis research was conducted, five
contrasting European river basins (Brévilles, EiMeuse, Elbe and Danube) are investigated
focusing on: 1) soil-groundwater-river processesd;ar?) floodplain-sediment-river
interactions near the mouths of rivers. Each basmstitutes a “work package”, R1 to R5

respectively, R3 corresponding to the work packafggne Meuse basin. Two research areas

2 Someone who may be affected by, or may affececisibn that has to be made or its implementation.
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are addressed within R3, namely a Belgian/Wallcaticlument, where several contamination
problems of groundwater and sediments by old in@lsactivities exist, and a Dutch
floodplain, where the Dommel flowing through a ziproduction area, with cadmium as the

main contaminant in the sediments. The researdepted here focuses on the first one.

Impact of Global Change on Scil and Water
Scientific Methodology

INTEGRATOR

« Economic and
social aspects

» Stakeholder needs

A, BASIN - Applications
‘T + Brevilles
TREND HYDRO E s Ebro
Future trends Global climate -] * Meuse
and impacts Water cycle § : E)lg:uhe
COMPUTE  MONITOR < EUPOL - Policies
Integrated ~ Screening ﬁ s EU palicy framework
soil-water toals w « R&D requirements
numerical Pollutants o
models E
&
L]

BIOGEOCHEM
Key processes
Transport functions

KNOWMAN
« Dissemination activities
» Knowledge transfer

Bench scale

Figure 1.2. Overview of AquaTerra project structure (http://www.attempto-projects.de/aquaterra/).

The study site concerned in this research was talsdocus of research activities of three
other AquaTerra partners: 1) VITO (Vlaamse IngteNioor Technologisch Onderzoek -
Flemish Institute for Technological Research-, Betg who have focused on the study of
heavy metals mobility and possible bioprecipitationthe aquifer; 2) CHYN (Center for
Hydrogeology, University of Neuchatel, Switzerlandho have focused on natural
attenuation of organic pollutants in the aquiferd 8) LIMOS (Laboratoire des Interactions
Micro-organismes, Minéraux et Matiéres organiquassdes Sols, Nancy University, France)
who have focused on heavy metals and MTEs (Me&td Elements) turnover in the soils.
AquaTerra results integration and disseminationfditure use in environmental EU policies
is done by EUPOL and INTEGRATOR sub-projects (Fegir3). Objectives of integration
are ambitious: 1) a common representation of thectfaning of the soil-water resource
system for all stakeholders involved in its managein?2) a shared integrated conceptual

representation of the river basin functioning fotegration of all scientific results of the
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project; and 3) a conceptual impact assessmengrateel model at the river basin scale,
providing a framework to characterise and assesstdand indirect impacts of global change

on soil and water resources.

Peer Review
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+ stakeholders) Groundwater Groundwater Stakeholders
Input to future C,_ASES:
policies INTEGRATOR with research
Conclusions/recommendations for areas
stakeholders; tools for an improved river + Elbe
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Knowledge Management System (using KPS)
Dissemination (workshops, publications, conferences, fairs);
Training activities, Exploitation management (demonstration projects:
Cooperative Research Projects, Collective Research, Take-up-Measures

Figure 1.3. Structure and major elements of the prigct. Each rectangular box represents a
sub-project consisting of 2 to 5 packages.

1.3. Objectives of the research

Although soil and groundwater are both highly pigtl in the site of concern, research
activities presented in this work focuses on tHeval aquifer system, particularly on the
study of hydrodynamics of the river-aquifer systamd on the dispersion of the organic
pollutants dissolved in the alluvial aquifer.

This work contributes to a better comprehensiontha river — alluvial aquifer system
dynamism, at the same time that the risk of growatdwpollutant dispersion in an alluvial

aquifer adjacent to a river is evaluated.
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The specific objectives of this work can be enureelas follows:

1. To evaluate whether, at the level of the studieowhfield, an interaction exists
between groundwater and the neighbouring MeuserRamd, if so, to assess the
dynamics of such interactions;

2. To estimate average and transient (ground)watreg$ldlowing from the aquifer to the
river (or from the river to the aquifer);

3. To characterise hydrodynamic and hydrodispersivarpaters in the alluvial aquifer
of the studied site;

4. To perform groundwater flow and transport modellity characterise organic
pollutant behaviour versus transient aquifer cood# and to understand the present
contaminant state of the aquifer;

5. In terms of risk assessment of contaminant dispersif-site, to evaluate and, as
much as possible, to quantify the relative imparéanf factors possibly influencing

the natural attenuation for organic pollutants.

The research performed is structured as followsap@r 2 presents the study site from a
regional to local point of view, as well as the kifyastatus of the aquifer; Chapter 3 offers an
overview of the research state concerning riverquifar interactions, organic pollutant
degradation in aquifers and inverse modelling indrbgeology; Chapter 4 describes
monitoring and field works campaigns; Chapter Seng efforts in groundwater and transport
modelling; and finally, Chapter 6 summarises thénnganclusions in conjunction with future

perspectives.
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The most exciting phrase to hear in science, thee on
that heralds new discoveries, is not “Eureka!” (I
found it!), but rather “That’s funny...”

Isaac Asimov

Writer (1920-1992)

2. COKE AND GASWORK PLANTS: THE
FLEMALLE SITE. A CASE STUDY






2.1.Introduction

Past economical activities in industrialised areage resulted nowadays in the existence of
numerous abandoned polluted sites in urbanised arear roads, rail tracks and navigable

rivers, where industries were preferentially lodater an easier manufacturing transport.

Modern urbanised societies experience increasessymes on land use and its associated
environmental quality. Solutions for this increastigess on urbanised environments may be
found in a better management of polluted sites.oAuged site is defined as a property that

has soil, groundwater, or surface water contaimogtaminants at levels that exceed those
considered as safe by regulators (De Sousa, 2001).

This research has focused on a polluted site Iddatan urbanised area, where former coke
and gas production works were carried out in tret. gidhe chapter is organised as follows:

* Section 2.2 presents an overview of the environalgmtoblem issue from former
industrial sites and the need for their redevelaume

e Section 2.3 describes in general terms the funictipof a coke and gas production
plant and its environmental consequences for gnvatet quality;

» Section 2.4 describes the historic of the studigel from three different points of
view: geological, hydrological and hydrogeologichlaracteristics. The evolution of
the site before, during and after industrial at®e is summarised, former
characterisation studies presented, and finally,pilesent environmental state of the
soil and groundwater systems is described,;

» Section 2.5 summarises main conclusions arising tfte complete description of the

site.

2.2.Redevelopment of polluted former industrial sites

Polluted sites where industrial activities were @leped in the past, are often nowadays
underused, abandoned and located near urbanissl eepresenting a real threat for soil and
subsurface environment, as well as for humansdivarsurroundings. These polluted sites are
known as brownfields. Ferber and Grimski (2002)raebrownfields as sites that have been
affected by the former uses on site and surrountdind, are often underused, have real or
perceived contamination problems and are maintjewveloped urban areas.

In terms of affected land area by brownfields, &@ltof 128,000 ha in Germany have been
identified, 39,600 ha in United Kingdom, 20,000ihd&rance, 14,500 ha in Belgium (among
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which 9,000 in the Walloon Region and 5,500 in FeEmish Region) and between 9,000 and
11,000 ha in The Netherlands (Proketpal, 2000; Ferber and Grimski, 2002).

Due to high costs of cleaning, many brownfieldsenbeen abandoned for decades. However,
redevelopment of brownfields has become more cominothe first decade of the 21
century as it can help the community in many waylany brownfield sites are usually
located in unattractive, economically depressedspaf the neighbourhood. Cleanup and
redevelopment of such sites can encourage the wélthee zone and create jobs, as well as
impact positively the local economy by creatingages, healthier urban space for housing and
businesses activities. The continuous growing odl@no cities is at the origin of an expansion
to outskirts, which increases the demand of resigleareas. This fact generates socio-
economical problems and controversy face up to bfields typically located in these
peripheral areas. But on the top of that, drinksogtaminated groundwater can have serious
health effects for humans, and ecosystems canbasseriously harmed. Other long term
effects, such as certain types of cancer, may asult from exposure to polluted
groundwater.

A key question in brownfield redevelopment remaimsw clean is clean? In particular, is it
necessary to clean up the site to pristine condifioCleanup efforts can vary considerably
depending on the type of contaminant, on the l@fetontamination, the extent of the
contaminated area and on specific environmentaldstals. A key factor is also often
considering the future use of the site when degjrtime level of required decontamination
(Risk-Based Land Management). For example, if itrdalsactivities are planned for a
contaminated site, cleanup standards requirement®e less strict than if the site is intended
for residential use, because in the former useettposition level to the contaminants is
expected to be lower.

Several kinds of former industrial activities candt the origin of what is known presently as
brownfields. Coke and gas production plants wenmerous in industrialised countries like
United Kingdom, Germany, The Netherlands and Behgiamong others. It is precisely in a

former coke and gas production plant where reseaotks here presented were performed.
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2.3.Coke and gas production plants

2.3.1.How coke and gas production plants work

Coke is the remaining material from the destructNgillation of coal in an oxygen-free
atmosphere after all volatile components have epd. Coke is mostly used in iron and
steel industry processes to reduce irorf ardron. In the past, these plants were also lgrge
used to produce town gas for heating, lighting emoking, from where the name of gaswork
plant comes (Myers, 2001).

In most cases, gaswork plants are located neamwaags or train lines for easy delivery of
coal. Moreover, they have been traditionally insthlclose to cities, to minimise the size of
the network of pipes used for the gas distribution.

The process of the ironmaking occurs mainly in btast furnace, which purpose is to
chemically reduce and physically convert iron osidieto liquid iron. The blast furnace is a
huge, steel stack with refractory brick, where iosa, coke and limestone are dumped (Figure
2.1).

RAW MATERIALS:
Iron ore
Coke
Limestone

Continuous casting

BLAST FURNACE

A__* IN out Supply of liquid '
steel for concast plant

Iron ore Raw materials Liquid iron
Heat (from coke) Slag T
Oxygen (from air) Hot gases

Section of
rolling mills

Converters iron to steel

Molten iron

Coal
By-products A

Blast furnace
Produces molten pig iron from iron ore

Figure 2.1 Schematic procedure of the ironmaking pcess (modified from
http://www.thepotteries.org/shelton/how.htn).

Coal, in its basic form, is not suitable for direste in the blast furnace, because it contains

too many useless elements for the melting proceaking it not strong enough to carry the

3 Natural mineral that contains iron.
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blast furnace burden (Ertem and Ozdabak, 2005)must therefore be converted to
metallurgical coke. The coke is produced from ator of coals. The coal is crushed and
loaded into a powder and then charged into a lyatikindividual ovens. As the oven is
heated, the coal is cooked so that most of theil®laatter, such as oil and tar, are removed.
Once coal is cooked, the resulting product, cokaemoved from the oven after 18 to 24
hours of reaction time. It contains 90 to 93% aboa, some ash and sulphur, but compared
to raw coal, it is very strong, with a high enexgjue.

The final raw material used in the ironmaking psés limestone. This can be pure high
calcium limestone, dolomitic limestone containinggnesia or a blend of the two types of
limestone. The purpose of the limestone is to remswiphur and other impurities in the
inronmaking process.

The three raw materials, iron ore, coke and limestare introduced in the blast furnace,
where a series of chemical reactions of iron oxaeédind sulphur removing (it is necessary to
remove the sulphur before the hot metal becomes)stecurs at around 1,000°C. The
resulting product is the molten iron and a $lemmed by a mixture of CaS, Silica (SIO
Aluminia (Al,O3), Magnesia (MgO) and/or Calcia (CaO).

In addition to molten iron and slag, hot dirty gasee also produced. These gases proceed (or
they should) through gas cleaning equipment wharéqolate matter is removed from the
gas and where the gas is cooled.

In summary, many chemical and physical reactioks falace in the blast furnace, and the

desired final product is the hot metal.

2.3.2.Groundwater pollution from coke and gas productionplants

The pollution issues generated by former coke amsl groduction plants have become a
worldwide concern from the environmental point cgw.

The main problem of concern from coke-gaswork @anlisregarded of air pollution, is

surface and groundwater contamination by wastewggaerated in the coal coking process
(Forth and Beaumont, 1999; Haerens, 2004). Durivgy quenching of hot coke and for
washing gas produced from ovens, high quantitiebeavily polluted liquid effluents are

produced (Ghose, 2002). The composition of thistevester varies from one factory to

another depending on the quality of the raw coa& tarbonation temperature and the

methods used for by-product recovery (Zhaegg al, 1998). Traditionally it contains

* The left-overs from the ironmaking process, thpunities left when the iron is smelted.
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ammonia, cyanide, thiocyanate, and many toxic acgaontaminants, such as phenols,
mono- and poly-cyclic nitrogen-containing aromatiasxygen- and sulphur-containing
heterocyclics compounds and polyaromatic hycrogasb@AHs) (Stamoudis and Luthy,
1980; Jianlonget al, 2002; Liet al, 2003). All these compounds can produce long-term
environmental impacts and most of the heterocyatid PAHs are reported as mutative and
carcinogenic (Melceet al, 1984; Azhar and Stuckey, 1994; Jianlogigal, 2002). It is
therefore necessary to remove these substancescdo&siplant wastewaters for reducing

their harm to environment and human health.

2.3.3.Coke and gas production in the city of Liege and stwundings

As many other industrialised regions in the wotthd; Walloon Region of Belgium has now to
face up problems related to former industrial anéig, such as metallurgy and chemistry, that
were and are still generally located nearby navegakers. This has resulted in the existence
of abundant contaminated sites close to rivers iangklatively urbanised areas, posing a
major risk of contaminant dispersion in the envinemt, particularly by possible migration to
surface water through groundwater discharge.

The city of Liege and its surroundings has beediticmally an important center for the
metallurgical industry and other related industriefen located next to the Meuse River.
Some of these industries are still in activity ndaags, while others disappeared, closed a few
tens of years ago, leaving abandoned contaminatetk |contributing to dirty, polluted and
bleak areas.

The site of concern in this research is one ofstneeral brownfields in the Walloon Region
(Belgium), which denotes the importance of the thetgical industry during the past in this
area. The former coke and gaswork plant of Flémallan example of these brownfields

where new economical activities should be startgina
2.4.The former coke and gaswork plant of Flémalle

2.4.1.Site description

The studied site is located in the North bank @f Bheuse River alluvial plain, upstream of
the city of Liege (Belgium) (Figure 2.2a). The fantoke plant was established on a surface
of approximately 11 ha, from the hillslope to thelde River. However, the part of the site
concerned by this work extends over 8 ha (400 ng lamd 200 m wide), close to the river
(Figure 2.2b).
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Figure 2.2 Location of the former coke and gasworkite in Flémalle.

2.4.2.Hydrography

The Meuse is the main river of the Walloon Regi®he river drains the northern part of
France, where riverbed and basin are not very Jaage then it flows through Belgium and
The Netherlands to the North Sea. The tributaretsvork of the Meuse basin is much more
developed in Belgium than in France. In Belgiume thleuse River water levels are
artificially controlled by dams to allow boats ngation and to prevent large floods

downstream.
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The surface of the whole Meuse basin is around0®6kor?, of which 38.75% is located in
the Walloon Region (about 14,000 Rmit corresponds to 45.7% of Belgium and 75% @f th
Walloon Region (Haddouchi, 1987) (Figure 2.3).

The Netherlands

e Meus e River

Meuse River tributaries
Meuse River sub-basins
D Usptream Meuse and Oise
B Downstream Meuse
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I:I Lesse
] ourthe
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’,‘Y Luxembourg

0 10 20 30 40 |
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Figure 2.3. Sub-basin division and river network inthe Walloon Meuse basin.

2.4.3.Meuse basin sedimentology

A total of 14 quaternary river terraces form theuge River basin, where three different
alluvial deposits can be differentiated (Haddou&BB7):
» Alluvium formed by sand and gravels, deposited &ys# braided river network;
* Alluvium with smaller grain size deposited duringdr-glacial periods in the lower
part of the basin, affected by marine transgression
* Alluvium poorly classified, not affected by marirteansgressions and probably

deposited during temperate climate.

These three different alluvium deposits are alnpossent in all the river terraces, and were
deposited during glacial — interglacial successians consequence of different capacity of
transport of the river.

The modern alluvium deposits, corresponding todieent course of the river and where
nowadays human settlements are located, were degakiring periglacial period by braided

river channels, with multiple gravel islands sunmded by ancient river channels usually filled
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with less pervious materials. The denser networkshannels surrounding gravel islands
were mainly located where the alluvial plain is gidvhile smaller river channels filled by
silty-clay alluviums were preferentially locatedanéhe hillslope.

2.4.4.Hydrogeology

2.4.4.1 Regional hydrogeology

In application of the European Framework Water &ixe 2000/60/EC (EU, 2000), the
aquifers of the Walloon Region have been subdividedyroundwater bodies (DGRNE,
2005), based on physical, hydrogeological and rardgeological (administrative limits,
hydrogeochemical status,...) criteria. Most of thgesundwater bodies are included totally

and/or partially in the Walloon Meuse basin (Fig2ré).

The Netherlands

Germany

[ ] walloon Meuse basin
- Alluvial Meuse GW body
E. Groundwater bodies
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Figure 2.4. Groundwater bodies in the Walloon Meusbasin.

The site under study is located in the groundwhtety number “RWMOQ073” (Alluvions et
graviers de la Meuse), classified as a threatemedngwater body with poorly qualitative
status, regarding the industrial activities devebtband located upstream and downstream of
the city of Liége.

The alluvial aquifer of the Meuse River is mainlgngposed of loamy sands and gravels,
conferring to this aquifer of an important groundievaesource, deposited by the Meuse River
on the semipervious sandstone-shaly carboniferedsobk.
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Some kilometres upstream and downstream of theotityege, where industrial activities are

mainly located, the alluvial aquifer of the Meus&dR basin is characterised by high sulphate
(SG) and ammonium NH;) concentrations (up to 570 mg*Land 190 mg L,

respectively), as well as Fe and Mn (up to 0.45 Imfgand 1.4 mg L, respectively).
Dissolved oxygen concentrations are usually lowmfrl to 2.7 mg . High contents of
sulphate, ammonium and Mn seem to be related tastnidl spoilage. These artificially high
concentrations of major elements make groundwdténenalluvial aquifer non drinkable in
localised areas (Haddouchi, 1987).

Former hydrogeological studies performed in thewadll aquifer have evidenced a wide range
of hydraulic conductivity values. Dassargues (19&t)mated the hydraulic conductivity for
the alluvial aquifer downstream of Liége city, dhtag values between 1.5x%@nd 7.5x1G

m s. This values were subsequently confirmed by Broay@001), who estimated high
hydraulic conductivity values also downstream afgdé city, ranging from 1x10and 6x1G

m s'. Peters (1996) and Rentier (2002) observed a wialege of hydraulic conductivity
values upstream of Liége, ranging from 3%16 1x10° m s, It is likely that this wide range
of hydraulic conductivity could be related to thailded river morphology of the river which

deposited the alluvium in the past.

2.4.4.2 Local hydrogeology

The mean piezometric level in the FIémalle sitarmund 60 meters a.s.l. (above sea level), in
relation with the mean water level in the Meuse eRivat 59.4 meters a.s.l. in regular
conditions. The alluvial aquifer is located at attheof 7.5 meters in the “plateau” area, and at
5 meters depth in the “depressed” area. The memmasad thickness is 8 meters, and the
topography of the carboniferous bedrock is reldyivaonstant between 51 and 53 meters
a.s.l., at a mean depth of 15 meters (Figure 2.5).

The alluvial aquifer is overlain by a backfill layeharacterised by a variable thickness and a
high variability of components. This layer is mgiomposed of materials originated from
industrial building dismantlement, like ashes, bifi@gments, iron pipes..., and even railway
track. Within this backfill layer, local saturatpdrched zones can be noticed seasonally after
rainy periods, but these perched water levels dabacconsidered as a continuous aquifer

because they are dry during the summer period.

43



Chapter 2. Coke and gaswork plants: the FIémalle &. A case study
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Figure 2.5. Vertical profile of the local hydrogeobgy in the former Flémalle cokery (not at scale).

The aquifer is recharged by rainfall and, locallgteral infiltration from the hillslope.

However, natural conditions of recharge in the igmicarea and surroundings are highly
modified due to urbanisation. It is indeed likehat the alluvial aquifer is mostly recharged
by the Meuse River upstream from a dam locatedherritzer. The Flémalle site is located
between the Ivoz-Ramet dam, 2 km upstream, andléhonsin dam, 15 km downstream
(Figure 2.6). The Ivoz-Ramet dam induces a diffeeem the Meuse River water level of 3
meters between upstream and downstream. This eiifer of water level is likely to infer a

bypass of Meuse River water through the alluvialrpl

- lvoz-Ramet dam ?

‘\_Vr‘ﬂ‘_l_ e

Figure 2.6. Location of the Ivoz-Ramet and lle Mongi dams, and the Flémalle site.
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2.4.5.Site history

2.4.5.1 Before the industrial activities

The only information about the site before the cake gas production comes from ancient
topographic maps. The oldest one corresponds tarfer(1778), depicted in Figure 2.7.
From this map, it appears that the surroundingthefsite were not urbanised, but mainly
occupied by agricultural fields, and the Meuse Riv@rphology was substantially different
from nowadays, with a channel and a small islarari§€aux Island, -lle aux Corbeaux-). It is
likely this ancient channel was passing throughsitee where the coke plant was established
afterwards.

A new map presented by Houbotte (1847) does nat slomsiderable changes in the zone 70
years later. A part of this map is presented inufgg2.8. In a subsequent geological map
(IGN, 1893) the course of the Meuse River was gtithanged and the channel and the island
were still present (map not shown).

Between 1908 and 1910, the channel was filled witterials of unknown origin, maybe
from the Corbeaux Island (SPAQUE, 2007), and riaekis were developed with a mixture of

concrete and rocks materials in order to preveauuent flooding of the alluvial plain.
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Chapter 2. Coke and gaswork plants: the Flémalle &. A case study

CARTE DE CABIMET DES PAYS-BAS AUTRICHIENS LEVEE A DIINITIATIVE DU COMTE DE FERRARIS

CHOCKIER. i k% o 78 1)

0

Figure 2.7. Part of the 171(2) plate map where thElémalle site is
located. The oval dashed zone indicates the approxate location of
the studied site (Ferraris, 1778).

Figure 2.8. Part of the map of Houbotte (1847). Theval dashed zone
indicates the approximate location of the studiedite.
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2.4.5.2.During industrial activities

The history of the Flémalle coke plant, officialballed “Metallurgical site of Esperance
Longdoz”, started in 1913, date at which the buaddof the coke and gaswork plant started.
Due to socio-political problems related to the Fikgorld War, the building of the plant was
stopped many times, and it was finally in 1922 whwen coke and gas production started to
work continuously until 1984. During 62 years ofiaty, a total of 26,375 million tons of
coal were introduced in the ovens, with 18,381iomlltons of coke produced and more than
8,000 millions of M gas produced. A summary of the Flémalle coke pi@tory is presented
in Table 2.1.

Table 2.1 History of the former Flémalle coke plan{CHST, 1984).

Date Event

Contract agreement for construction and installatiba coal stockage, 90 coke ovens and a
factory to reuse sub-products of the coal burngssc

1914 - 1918 The project was interrupted because of the FirstidMar.

1913

1918 Construction plant installation was restarted.

End of the works. At this moment, the gaswork Fléensite was composed of:
Crane for unloading landing craft in the Meuse river

8 coal silos with a total capacity of 10,000 tons;

A crushing hall with 3 crushers (CARR type) of 40 thosir capacity;

90 coke ovens made of 2 groups of 22+23, ablest 8 tons of coal;

1922 Gas treatment installation and sub-products reatioer, with the following sequence: tar
production, ammonium sulphate production, distillednzol production, washing and
fractionation;

Installation for desulphurisation treatment of gaes, via dry tanks;

Gasometer and a power station;

By that time, the production capacity of the cokergs about 560 tons of coke per day,
which means a mass of 770 tons of coal in the ovens

A battery-oven of 23 ovens was added. This newehativen helped increasing the
1928 productivity of the cokery with about 140 tons ake per day, reaching a total production
of 700 tons of coke per day (1,000 tons per dayoaf put in the oven).

Different factories related with the steel manufeicty were established in the
neighbourhoods of the gaswork plant.

The first 45 ovens were demolished, and the resteobld ovens (between 46 and 113) were
1950 stopped. A new battery of 44 ovens (COPPEE type)addsd, as well as a new line of sub-
products treatment.

Because of an increase in needs of coke, the ovenis 413 were started again, working

1940-1945

1951 continuously until 1975.
16 new ovens were added to the 44 modern ovensrootexl in 1950, getting to the factory

1957 a capacity of 2,000 tons per day of coal in ovevtich means a final production of 1,400
tons of coke. At this time, more than 330,000 mer day of gas were sold to the city of
Liege and its suburbs, with peaks of 15,00¢hnn the winter time.

1968 The cokery gas was progressively substituted byrabgas.

1970 The last gas compressor was stopped in January 1970

1975 The battery-ovens from 1922-28 was definitivelypgted.

1984 Coke production was definitively stopped for two maeasons: the batteries age and

rationalisation plans.
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Figure 2.9 shows the activity of the Flémalle cgdant during its “gold period” of
production, between 1928 and 1968.
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Figure 2.9. Pictures of the FIémalle coke plant atifferent times in the past: a) interior of the sit in 1930; b) bridge building in 1948; c) oven battry
building in 1950; d) bridge building in 1960 (SPAQIE, 2007).
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Figure 2.10 shows aerial photographs from years719471, 1978 and 1999 (aerial
photographs before these dates were not found)Nbhid extended area of the Flémalle site,
used during the activity period for coal storagd Anked to the main site by railway track, is
also presented in Figure 2.10 (limited by a dadivex). A piece of evidence of the decline
period in 1978 (Figure 2.10c) is the disaffectidrthis North extended area.

Figure 2.10. Aerial photographs of the Flémalle cak plant at four different times

in the industrial activity period: 1947 (a); 1971 b); 1978 (c); and 1999 (d). The
area delimited by the dashed line corresponds to éhNorth extended part of the
coke plant area previously used as coal storage (dified from SPAQUE, 2007).
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Figure 2.10. (Continuation).
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2.4.5.3 After industrial activities

After the definitive stop of coke production in ¥98he site was subsequently dismantled and
abandoned. Soil and groundwater pollution was edtiat the beginning of the 90’s, last
century. Up to now, several soil and groundwatesrabterisation campaigns have been
carried out, starting in 1992 (details presentethenext section). The Northern extension of
the site has been redeployed to iron recyclingy/#iets since year 2000.

Nowadays, the morphology of the Fléemalle site iarabterised by a difference of 3 meters in
the topography between a “depressed” area in thieecef the site and a “plateau” area in the
zone adjacent to the river (Figure 2.10d). Thisedénce of height was probably artificially
made of backfill deposits originated during theldéhng dismantling process at the end of the

industrial activity.

2.4.6.Prior characterisation studies

Five characterisation campaigns were carried owtdrn 1992 and 2005, coordinated by the
SPAQUE (Société Publigue d’Aide a la Qualité deVEonnement):

* The first characterisation campaign was performedl992: 64 piezometers were
drilled, 10 groundwater samples were taken fromstuerated perched lenses and 30
from the alluvial aquifer, and 248 soil samplesevanalysed,;

* The second characterisation campaign was perfoim@901: 10 new piezometers
were drilled. Groundwater samples from both the @em former piezometers were
analysed: 6 from the saturated perched lenses @uricbirh the alluvial aquifer. 9 soill
samples and 5 gas samples were also analysed;

» The third characterisation campaign was carriedatad in 2001: 26 new piezometers
were drilled, 4 groundwater samples, 14 soil sam@ed 5 gas samples were
analysed;

* The fourth characterisation campaign was carrigcabthe beginning of 2002, with 2
new piezometers drilled and groundwater samplelysew

e The fifth and last characterisation campaign wasopaed in 2005 by URS Corps in
collaboration with the Hydrogeology Unit of the Warsity of Liege. A total of 58
additional piezometers were drilled, groundwated anil samples were taken and
analysed. Some of the piezometers corresponditigigccampaign were drilled over
the limits of the FlIémalle site, in private gardémshe North part.
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After the last characterisation campaign, and a@rsig the piezometers not able to provide
further information for different reasons (not faulback in the field, clogged, dry,...) after an
inventory work, a total of 116 piezometers screeatedifferent depths in the alluvial aquifer
are available (“deep piezometers”). Piezometerges@d in the backfill layer (“shallow
aquifer”) are not any more considered.

Among the “deep piezometers” only 6 were drilledhaa large diameter (6” ~ 0.15 m), and
can be used for advanced investigations. The otirerequipped with 4” diameter (~ 0.1 m)
tubing and screens and their use is limited to mgewater head monitoring. Figure 2.11
presents all piezometers used during the field wqdrformed in the scope of the present
research in the Fléemalle site.

It is worth noting that all piezometers were ddlland equipped without considering the
possibility of sampling groundwater at differenfpttes. Only in very specific locations two
piezometers can be found, placed one next to ther,cand screened at two different depths.
This implies to work in depth-averaged conditiomst(vo dimensions) for groundwater flow
and solute transport.

Flémalle site
4 B'(d=015m)
@ 2"-4"(d=005-0.1m) @

0 50
W eters

Figure 2.11 Location of piezometers used in the forem Flémalle coke plant.

2.4.7.Environmental pollution originated by the former FIémalle coke plant

Up to now, there is no official regulation on sard groundwater pollution applicable in the

Walloon Region. The Walloon Soil Decree is in prapian and until it will be promulgate,
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SPAQUE applies a simplified and well defined metiiogy (SPAQUE, 2007) based on the
existing draft of regulation and on internationadjulations. In this methodology, maximum
admissible pollutant concentrations in the soil gnoundwater are established in relation to
the present or future planned land use of the cuintted zone. Three quality standards are
developed for soil and groundwater quality assessme polluted sites, used to define
whether the site is considered as contaminated oty and in the affirmative case, if
decontamination and/or remediation techniques rhasimperatively implement. The three
quality standards are defined as follows (SPAQWD,72 Moutier and Halen, 2008):

* The “reference value” (RV) corresponds to the vabtfighe expected background
concentrations in soil and groundwater;

* The *“trigger value” (TV) is defined as a precaution risk-based value used to
differentiate between soils and groundwater whiely time treated as not polluted and
those requiring further investigations and, if resaey, a risk assessment;

 The “intervention value” (IV) acts as a cut-off kissoils and groundwater
concentrations above this value lead to mandatatyér action, like remediation,

engineering controls, land-use restrictions or nwoimg;

These three quality standards values must be atléptach contaminated site depending on
different site specific parameters, such as dowhgrd receptors (humans, water supply
pumping well, wildlife,..), future activities planned in the site...

Quality standards for soils are land-use dependgithh 5 categories of future land-use
considered: natural, agricultural, residentialslee or commercial and, industrial. For quality
standards in groundwater, a single value is consitjavhatever the expected land-use and
considering the fact that groundwater is mobiléhig underground.

In the Flémalle site, soil and groundwater are lyigiolluted due to past industrial activities
related to coke and gas production. Contaminatignisoth, organic and inorganic pollutants,
have been reported from former characterisationpaggns, as described here after. Location
of soil and groundwater samples is presented iargig.12.
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E Aémalle cokery site *
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Soil samples (trenches) l]g?

Soil samples (piezometers) U3
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Soil + GW samples (upper alluual quifer)
GW samrples (upper alluvial a quiter)

Soil + GW samples (middle alluvial aquifer)
GW sarrples (middle alluvial aquifer)
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GW sarrples (outsite)

S Meuse River

Figure 2.12. Soil and groundwater samples location.

2.4.7.1.Soil contamination

Soil samples analysed from the first (1992), sec@@®d1) and fifth (2005) characterisation
campaigns reported important soil contaminatiorthie backfill layer (O — 4 m depth) by
organic pollutants, mainly BTEX (Benzene, TolueBf)ylbenzene and Xylene) and PAHs
(Polynuclear Aromatic Hydrocarbons), the most commegetroleum hydrocarbons
responsible of groundwater pollution (Alvarez arithéan, 2006). A summary of soil
pollutants concentration is presented in Table Pl list of analysed species is longer than
presented in this table, but the more represertgtoliutant substances are only listed here.
For example, naphthalene and fluoranthene arelleterepresentative compounds of PAHSs,
although other PAHs components are also presenviea with no negligible concentration,
like benzo(a)pyrene, benzo(a)anthracene and be)flzoflanthene, among others. Mineral
oils and cyanide are also frequently present, dbasgeinorganic pollutants such as arsenic
(As), cadmium (Cd), zinc (Zn) and lead (Pb). Othessnpounds such as barium (Ba) and
mercury (Hg) were also encountered locally.

Because the future use of the Flémalle site is owkn pollutant concentrations listed in
Table 2.2 are commented taking into account theesponding intervention value for

industrial use.
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Almost all soil samples analysed for BTEX compouarseed the benzene intervention value
of 0.6 mg k. Referring to this, observation well C3 is highligd as the one presenting the
highest benzene concentrations, up to more thaj0@dng kg. Other BTEX compounds
such as Toluene, Ethylbenzene and Xylene exceedtasintervention value, fixed at 85, 76
and 20 mg kg, respectively.

Concerning PAHSs, naphthalene and fluoranthenevetgion values are fixed at 17 and 300
mg kg', respectively. These concentrations are largelgeesed, reaching locally
concentrations up to 140,000 and 25,000 m{ kespectively.

With concentrations up to 130,000 mg'kgoncentrations of mineral oils in the backfilyéa
largely exceed the intervention value, fixed aD8,eng kg

Metal trace elements (MTES) are also present irFtémalle site, but at lower concentrations
than organic substances, even if their presenoetisegligible in the backfill layer. Zn has
been reported up to 3,350 mgkgvhile the intervention value corresponds to 1,8@Pkg".
The intervention values for Cd, As and Pb are fiae80, 300 and 1,360 mg kgespectively.
Their presence in the backfill layer does not egdbese values, but their concentrations are
often beyond the reference (RV) and trigger valiM) (

Unfortunately, samples taken during the drillingogess of different characterisation
campaigns do not allow a comparison of concentatio function of the time at a same

location.
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Table 2.2. Summary of soil contamination in the famer Flémalle coke plant (As: arsenic; Cd: cadmiumZn: zinc; Ph: lead; n.a.: not analysed; * observatin well presently
disappeared, clogged or broken; ** Trenches). Conedrations above the intervention value are represeed in bold and grey shadow.

BTEX (mg kg™) PAHs (mg kg') Mineral Oils Heavy metals (mg kg)
ID Depth (m) o
Benzene Toluene Ethylbenzene Xyleng Naphthalene Bhanthene (M9 KgY) As Cd Zn Pb
A3 1.0-15 914 748 50 501 23 62 n.a. na. na n.a. n.a.
Bl 05-1.0 125 115 5 148 2,400 1,640 n.a. na. na n.a. n.a.
B3 0.0-05 1 1 1 1 2,500 1,400 n.a. n.a. n.a. n.a. n.a.
BS 15-2.0 341 63 11 174 0.1 0.2 n.a. n.a. n.a. n.a. n.a.
§ cr 15-20 311 29 14 119 16 6.3 n.a. na. na n.a. n.a.
% 0.0-0.5 106 77 7 168 140,000 8,600 n.a. na. na n.a. n.a.
.% C2 1.0-15 51 24 4 34 11,610 460 n.a. na. na n.a. n.a.
g 15-20 4,995 2,235 80 1,446 7,300 3,000 n.a. na  na. n.a. n.a.
§ 0.0-0.5 987 492 50 263 29 120 n.a. na. na n.a. n.a.
-% C3 1.0-15 1,946 290 577 851 168 85 n.a. n.a. n.a. n.a. n.a.
'g 15-2.0 143,093 45,136 5,322 77,419 2,600 380 n.a. n.a. n.a. n.a. n.a.
§ C4 05-2.0 3,391 3,550 50 150 7.5 0.7 n.a. n.a. n.a. n.a. n.a.
g DI 15-20 1 1 1 1 360 9.2 n.a na na na na
& D6’ 0.0-1.0 130 1 6 294 7,600 21,000 n.a. 7.1 216 181 66
E6 0.0-0.5 20 40 1 91 14,000 25,000 n.a. na. na n.a. n.a.
S2 15-3.0 16 8 5 64 3,800 780 n.a. na. na n.a. n.a.
S5 1.0-2.0 651 2 8 111 1,100 45 n.a. na. na n.a. n.a.
S7 1.0-15 1 1 1 1 4.7 112 n.a. n.a. n.a. n.a. n.a.
é fan 101 0.0-0.5 <0.05 <0.05 <0.05 <0.15 1.2 3.71 1,900 38.25 163 142
.§ é 217 1.5-20 1.41 0.8 <0.05 0.31 29.2 390 2,610 51 1.22 427 196
é _% 213 1.3-15 4.1 20.8 4.96 124.5 13,500 5,930 51,700 81.6 182 3,350 1,090
% g 216 08-1.6 0.45 0.16 <0.05 <0.15 1.21 6.85 3,090 6 452.22 309 145
~° 218 0.0-0.8 0.17 0.21 <0.05 0.17 39.2 662 4,690 16.6 3.12 396 479
_% u3 15-6.0 34 6.4 7 88 1,000 1,000 10,000 36 3.7 1,300 600
% U4 0.0-1.0 42 8.7 0.27 10 70,000 1,900 37,000 56 37 1,000 280
o 4.0-5.0 3,100 860 7.5 340 250 31 1,200 21 <04 34 22
-‘% fof’\ Ul6 0.0-0.5 8.5 4.6 1.5 85 5,600 1,200 31,000 <10 0.46 110 0.63
'g 8 T2 25-3.0 2,000 840 29 620 9,400 740 24,000 26 13 540 250
§ 3.0-35 22 0.17 0.4 0.97 59 0.59 120 <10 0.76 150 26
g T11™ 00-1.0 80 150 55 250 21,000 8,100 130,000 18 4 450 840
T T12" 05-1.0 12,000 11,000 140 4,500 32,000 2,500 100,000 120 86 1,100 310
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2.4.7.2.Groundwater contamination

Groundwater was sampled and analysed during eamfaatlrisation campaign in different
piezometers, but there was not a follow-up samplhirie same piezometers through time.

Table 2.3, Table 2.4, and Table 2.5 summarise fawituconcentrations reported from the
saturated perched lenses in the backfill layer, fnach the upper and middle part of the
alluvial aquifer, respectively. Contaminant concations of piezometers drilled over the
limits of the Flémalle site, in private gardense aummarised in Table 2.6. The list of
pollutant substances analysed is longer than shiowables, but only the most representative

substances are listed.
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Table 2.3. Summary of groundwater contamination irthe saturated perched lenses in the backfill laygfAs: arsenic; Cd: cadmium; Zn: zinc; Pb: lead; n.a: not analysed; *:
observation well presently disappeared, clogged daroken) . Concentrations above the intervention vale are represented in bold and grey shadow.

D Year Depth(m) BTEX (pgL™) PAHs (ug L™ Cyanige Heavy metals fig L™
Toluene Ethylbenzene Xyleng Naphthalene Bhanthene ®MIL™) As cd zn Pb
Bl 1991 22-3.2 50 50 150 89 35 n.a. na. na. na. na.
B4 1991 15-25 0.15 0.15 0.15 1 1 n.a. n.a.. nma. n.a.
c3 1991 15-25 2,600 100 2,000 5,000 18 n.a. n.a. n.a. na. na.
1992 15-25 28 0.1 2.6 5,846 667 n.a. n.a. na. na. na.
D2 1991 2.0-3.0 1,500 300 8,300 4,900 10 n.a. n.a. na na na.
1992 2.0-3.0 11 0.15 4.1 21 0.1 n.a. n.a.. nma. n.a.
35 1991 15-25 150,000 33,000 100 3.800 2,000 10 n.a. na. n.a. na na
1992 15-25 8.4 0.1 2.4 884 773 n.a. na. na. na. na.
D3 1991 1.0-2.0 2,800 100 3,100 1,800 34 n.a. na. na. na na
E2 1991 15-25 280 50 810 1,200 10 n.a. n.a. n.a. na. na.
E4 1991 12-22 0.1 0.1 0.3 1 1 n.a. n.a. n.aa. nn.a.
S1 1991 16-26 73 35 270 600 27 n.a. na. na. na. na
S3 1991 2.8-3.8 250 350 250 1,800 62 n.a. n.a. na na na.
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Table 2.4. Summary of groundwater contamination irthe upper part of the alluvial aquifer (As: arsenig Cd: cadmium; Zn: zinc; Pb: lead; n.a.: not analy®d; *: observation well
presently disappeared, clogged or broken) . Concenattions above the intervention value are representkin bold and grey shadow.

D Year BTEX (pg L") PAHs (ug L™ Mineral Oils Heavy metals fig L™
Benzene Toluene Ethylbenzene Xylen¢ Naphthalene Bhanthene (ng LY As Cd Zn Pb
A2 1991 0.35 0.5 0.15 0.55 5 9.9 n.a. na. na. naa. n
c1 1991 12,000 1,800 50 1,200 26 7.1 n.a. n.a. na. na. na
1992 20 2.1 0.05 0.65 40 36 n.a. na. na na. na
1991 170 2.6 3.9 34 170 40 n.a. na. na. na. na.
s 1992 0.2 0.15 0.1 0.3 25 156 n.a. na. na. naa n.
2001 <0.2 <0.2 <0.2 n.a. 5.43 0.37 n.a. 8 <1.2 18 <6
2005 2,200 600 2.9 100 70 0.31 120 <5 <04 14 <5
1991 560,000 77,000 150 5,500 1,400 10 n.a. na. na nha. nha
D1 1992 360 60 0.6 11 632 0 n.a. na. na na. na.
2001 210,000 57,000 660 9,400 1,400 3.06 n.a. 7 <12 <6 <6
2005 230,000 45,000 640 11,000 5,100 17 2,100 7.7 <04 64 <5
1991 54000 2,700 300 12,000 3,400 3.9 n.a. na. na na. na.
D2 1992 38 1.8 0.2 5.8 663 16 n.a. na. na. na. na.
2001 12,000 1,500 420 15,200 8,140 118 n.a. 108 <1.2 <6 <6
1991 85,000 9,100 50 2,700 1,400 10 n.a. na. na nha. nha
D3 1992 150 15 0.15 4.5 6,421 0.1 n.a. na. na. na na
2001 28,000 7,800 190 3160 1,000 <0.016 n.a. 19 <12 <6 <6
2005 41,000 12,000 <200 4,500 19,000 <10 26,000 11 <04 25 <5
1992 5,100 1,100 100 1,300 n.a. n.a. n.a. na. na. na na.
S1 2001 1,900 630 240 1,580 2,140 82.7 n.a. 19 <12 <6 <6
2005 1,000 500 160 1,100 11,000 51 7,200 9.1 <04 35 34
1992 15,000 2,200 100 1,400 1,200 39 n.a. na. na na na
S2 2001 11,000 300 370 1,940 1,040 112 n.a. 89 <12 <6 <6
2005 8,100 310 330 2,000 63,000 2,000 27,000 110 <0.4 140 350
1991 520,000 15,000 100 2,100 2,100 54 n.a. na. na. ha ha
S5 1992 380 11 0.2 3.2 12,368 1,833 n.a. na. na. na na
2001 140,000 680 440 4,750 1,510 39 n.a. 37 <12 <6 7
Udb 2005 790,000 76,000 190 5,000 2,200 4.4 2,100 6.7 <04 21 <5
U7 2005 34,000 5,900 <20 530 250 <1 320 <65 <04 16 <5
u24b 2005 10,000 1,300 130 2,000 13,000 110 13,000 6 <04 <10 <5
u25 2005 2,900 1,300 85 550 2,500 22 6,600 <5 <04 <10 <5
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Table 2.5. Summary of groundwater contamination irthe middle part of the alluvial aquifer (As: arsencc; Cd: cadmium; Zn: zinc; Pb: lead; n.a.: not analysed; *: observation well
presently disappeared, clogged or broken) . Concenattions above the intervention value are representkin bold and grey shadow.

D Year BTEX (ng L™ PAHs (ug L™ Mineral ?ils Heavy metals fig L™)
Benzene Toluene Ethylbenzene Xylene | Naphthalene Fluoranthene  (ng L™) As Cd zZn Pb
1991 0.3 0.3 0.1 0.25 0.1 0.05 n.a. n.a. n.a. n.a.a.
A3 2005 430 140 n.a. 27 22 0.015 <50 <5.0 <04 20 <5.0
1991 13,000 400 50 800 5,000 18 n.a. n.a. na na na
C3 1992 40 0.25 0.1 0.2 200 0 n.a na. na na na
2001 1.9 <0.2 <0.2 <0.2 1.44 3.33 n.a. 25 <1.2 <6 6 <
. 1991/92 46 2.6 0.15 1.7 358 0.1 n.a. n.a. n.a. n.a. n.a.
C3bis 2005 36 21 n.a. 29 60 <0.1 190 10 <04 27 <5
. 1992 2.1 0.45 0.05 0.15 0.1 0.1 n.a. n.a. na na.a.
Cébis 2005 44 45 n.a. 52 230 <1 260 6.9 <0.4 19 <5
. 1992 17 0.95 0.1 2.2 0.1 0.1 n.a. n.a. n.a. na.a. n.
D2bis 2005 4,100 650 n.a. 2,600 8,200 8.6 38,000 9.9 <04 35 <5
1991 2,900 150 50 150 1 5.7 n.a. n.a. na. na na
1992 11 0.05 0.05 0.15 74 0.1 n.a. n.a. n.a. n.a. n.a.
S7 2001 6,600 11 88 58 75.6 4.73 n.a. <5 <l1l.2 13 <6
2005 2,300 30 n.a. 14 12 2.7 1,100 <5 <04 <10 <5
1992 11 0.05 0.05 0.15 74 0.1 n.a. n.a. na na na
! 2005 1.3 0.56 n.a. 3.7 0.74 13 2,400 <5 0.5 80 <5
1992 4.8 0.45 0.05 0.35 10 0.1 n.a. n.a. n.a. n.a.a.
11 2001 4,800 2.2 58 10.4 13.4 3.24 n.a. 7 <1.2 <6 <6
2005 1400 6.9 n.a. 12 15 27 2300 15 <04 31 <5
14% 1992 0.7 0.05 0.05 0.15 0.1 0.1 n.a. n.a. n.a. n.a.a.
2005 260 15 n.a. 33 1,100 220 11,000 <5 <0.4 15 <5
2002 92,000 24,000 1,900 18,100 1,770 0.89 n.a. n.a. na na na
201 2005 350,000 5,300 1,800 1,1000 7,800 n.a. 11,000 n.a. na na na
2001 0.9 <0.2 <0.2 n.a. 15 <0.016 n.a. 11 <1.2 12<6
251 2005 0.41 1.2 n.a. n.a. 2.4 0.055 <50 6.8 <0.4 385 <
U3 2005 850 31 n.a. 46 260 3 640 6.3 <0.4 <1l <5
U5 2005 600 350 n.a. 230 130 0.14 160 84 <04 24 <5
U9 2005 120 64 n.a. 100 430 <1 550 6.7 <04 <10 <5
ulz 2005 950 22 n.a. 220 6,600 18 22,000 <5 <04 43 <5
u21 2005 110 0.7 n.a. n.a. 2.1 0.11 280 11 <04 <10 <5
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Table 2.6. Summary of groundwater contamination irthe upper and middle part of the alluvial aquifer from piezometers drilled over the FIémalle site (Asarsenic; Cd: cadmium;
Zn: zinc; Pb: lead; n.a.: not analysed) . Concentri@gons above the intervention value are representeith bold and grey shadow.

o Depth BTEX (pg L™ PAHs (ug L™ Mineral Oils Heavy metals fig L™
(M) Benzene Toluene Ethylbenzene Xylene| Naphthalene Fluoranthene (ng L As Cd Zn Pb
6 63 1.8 37 140 1,500 21 6,500 <5 <0.4 16 <5
29 10 510 35 69 280 350 44 8,200 <5 1.7 26 <5
6 90 15 27 62 860 9.2 3,700 <5 <0.4 18 <5
u30 10 170 0.6 5.1 7.4 2 13 1,700 <5 <0.4 12 <5
7 660 <2 7.4 n.a. 14 1 310 <5 <0.4 25 <5
U3t 10 85 0.4 2 11 23 27 780 <5 <0.4 <10 <5
6 5.2 8.5 72 200 1,100 19 9,800 <5 6.3 71 <5
us2 9.5 0.53 0.88 11 31 810 45 6,400 8.5 <0.4 21 <5
5 0.27 13 <0.2 0.78 7.5 0.29 220 <5 <0.4 13 <5
uss3 9.5 <0.2 0.31 <0.2 n.a. 0.61 0.11 <50 <5 <0.4 19 <5
6 410 32 95 330 <10 <10 6200 <5 <0.4 11 <5
u34 11 590 51 170 630 18,000 490 40,000 8 n.a. 6 n.a.
6 33 1.6 39 15 460 1.1 1,000 <5 <0.4 16 <5
U35 10 0.48 <0.2 0.82 3.1 130 0.33 400 13 <0.4 <10 <5
U36 6 45 0.62 21 100 2,100 8.9 4,300 <5 <0.4 <10 <5
11 240 35 63 130 2,200 10 4,800 <5 <0.4 36 <5
6 0.3 <0.2 <0.2 n.a. 6.1 <0.01 <50 <5 <0.4 19 <5
usr 9.5 <0.2 <0.2 <0.2 n.a. 11 <0.1 <50 10 <0.4 <10 <5
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BTEX and PAHs concentrations measured in the sai@erched lenses in the backfill layer
are generally high in all sampled piezometers (@ &B). Most groundwater samples taken in
these piezometers exceed the intervention valugg40") for benzene of more than 3 orders
of magnitude and all exceed the reference (g5L™) and trigger (10ug L™) values,
respectively. The situation for PAHs componentseistively similar, where most of the
piezometers exceed naphthalene and fluorantheeevémtion values (410 and 6@y L™
respectively). Mineral oils and MTEs were not asaly during the sampling campaigns of
1991 and 1992.

A decrease in concentration for BTEX compoundscée orders of magnitude, from 1991 to
1992, is observed in almost all samples. HoweWs,decrease is not observed for the rest of
PAHs compounds.

With concentrations up to 560,00 L™ of benzene, 77,000y L™ of toluene and 15,200y

L of xylene, the upper part of the alluvial aquifereven more polluted than the saturated
perched lenses in the backfill layer (Table 2.4pn€entrations of naphthalene and
fluoranthene are two to three orders of magnituateva the intervention value. All samples
where mineral oils were analysed, were also regab®mve the intervention value, defined at
3,000ug L™

Elevated metal trace elements (MTES) concentratiwadocally present in the Flémalle site.
The intervention value of As, fixed at 4@ L™, is exceeded in two piezometers (D2 and S2),
with 108 and 11Qug L™ respectively. Cadmium concentrations do not pregaportant
concentrations, while Pb and Zn concentrationdau@ly above the intervention limit, fixed
at 40 and 40Qg L™, respectively.

Concentrations reported from piezometers screeméldei middle part of the alluvial aquifer
(Table 2.5) are of the same order of magnitude thase analysed in the upper part of the
alluvial aquifer (Table 2.4). BTEX and PAHs compdsrare above the intervention value, as
well as mineral oils. Figure 2.13 presents the iapatistribution of the main organic
contaminants in the alluvial aquifer. MTEs concatitns are likely to be lower than those
reported in the upper part of the alluvial aquifand concentrations rarely exceed the trigger
values, fixed at g L™ for Cd, 10ug L™ for As and Pb, and 2Qdy L™ Zn.
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Generally speaking, although it is observed th#itint concentrations decrease over time in
several piezometers, this is not a general tremdth® contrary, other piezometers are likely
to present an inversed trend, with increasing coimant concentration with time.
Groundwater contamination in the upper and middig pf the alluvial aquifer outside the
Flémalle site is significantly lower than insideafle 2.6). BTEX and PAHs concentrations
exceed of one order of magnitude the intervent@nes. The most significant contamination
is related to minerals oils. Soil contamination was$ reported during the drilling process of
these piezometers. In conjunction with the low aarihant concentrations, it is likely to

indicate that the source(s) of contamination wasgMecated inside the Flémalle site.
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Chapter 2. Coke and gaswork plants: the FIémalle &. A case study

2.4.7.3.Possible location of the pollution sources

Considering the present location of the organiclupahts and their spatial distribution
presented in Figure 2.13, it is likely that morartlone pollution source is active. Detailed
examination of old maps has permitted to locatéatively exactly, different industrial
buildings, tanks, reservoirs... which could potetjiabe associated with the pollution
sources. These areas correspond with benzene o@serisenzol cleaners and sulphate
factories, and they are all located in the “deprd$area of the site (Figure 2.14). Three zones
have been identified as potential sources of pgohut

» Zone A. Different subsources of pollution were prés such as benzene and benzol

reservoirs, oil tanks...;
» Zone B. Benzene factory;

« Zone C. Benzol cleaners.

Settle basin

Benzene reservoir (250 ml)-\

Benzol reservoir (100 m?) =, —.~

Acid reservoirs \,ﬂ
Oil tanks j Barsisl
Tar tank i\ reservoirs

Tar reservoir H =

Figure 2.14. Location of the potential sources ofglution.
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2.5.Conclusions on chapter 2

As a consequence of former industrial activitidatesl with coke and gas production during
the last century, soil and groundwater of the Fléamsite are heavily contaminated by
organic (mainly BTEX and PAHs) and inorganic palts (As, Cd, Zn and Pb). Organic
compounds like benzene, naphthalene and fluoraetheme present in the soil and
groundwater at concentration up to 3 to 4 ordersagnitude above the intervention limit.
Although concentrations of inorganic pollutants @ so pronounced, their intervention
threshold values are locally exceeded, and thefexggeochemistry can play a key role in
their mobilisation/immobilisation.

Particularly regarding groundwater, it is of primamportance to determine which factors
will contribute to attenuation or acceleration ohtaminant dispersion. Considering that the
Meuse River is close to the site, river-aquifeerattions can play an important role on the
dispersion of contaminants. At the same time, forstedies performed in the Meuse alluvial
plain have confirmed that aquifer heterogeneitgietermined areas is important.

It is known that biodegradation can take placeerduce the toxicity of organic pollutants if
contaminant degrading microorganisms are presemoaimydrogeochemical conditions of
the system are favourable. Although biodegradadioarganic pollutants at close conditions
to the alluvial aquifer of Flémalle have alreadgihgroved elsewhere, these processes must
be highlighted for the specific case of Flémalle.

It is thus clear that a good characterisation afifaq heterogeneity, of hydrodynamic and
hydrodispersive parameters and of river-aquifegranttions are of primary importance in the
Flémalle site. Due to its high solubility aadoriori elevated mobility, benzene will be on the

focus of the attenuation/dispersion characterigatio
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3.1.Groundwater — surface water interactions

3.1.1.Groundwater — surface water systems

Surface water bodies (SW), such as rivers, stretakss, reservoirs, estuaries and wetlands
(Winter et al, 1998), are commonly hydraulically connected tougidwater systems (GW),
but their interaction is not always easy to obseamd even less to quantify. Traditionally,
GW-SW interactions have been ignored in water mamagmt and policy making. The
increasing concern regarding water resources avidoement quality and protection has turn
on to consider groundwater and surface water asggesesource. Water supply, quality and
degradation of aquatic environments are just a éeamples where the study of GW-SW
interactions is important.

The interaction between groundwater and a riverbmadescribed by three main ways: (1) A
river drains water from the aquifer through theerbed and/or riverbank (known as a gaining
river) (Figure 3.1-left); (2) A river looses watty the aquifer through the riverbed and/or
riverbank (known as a losing river) (Figure 3.1ht)g and (3) A river drains in some reaches
and looses in others. While gaining rivers are ggveonnected to the aquifer, losing rivers

can be connected or disconnected to the aquifanhynsaturated zone.

Unsaturatad ,-"
P

- -

Shatiow aquifer

Figure 3.1. Schematic representation of a gainindeft) and a losing (right) river (Winter et al., 1998).

The river can either fully or partially penetrate anconfined aquifer. The river fully
penetrates if its bed lies at or below the lowenrmtary of the aquifer. Conversely, the river
partially penetrates the aquifer when its bed dibsve the lower boundary. The flow system
behaviour differs from one case to the other. Whetiver fully penetrates an unconfined
aquifer, two cases can be considered: gaining ©indoriver, according to the groundwater
level position with respect to the river water lef@sman and Bruen, 2002).
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The spread of contaminants from the river intodhaifer, or from the aquifer into the river,
is a problem intimately related to the hydrauli¢ste river-aquifer system. Fluctuations of
groundwater levels in alluvial aquifers related rieer water level variations have been
noticed by Tabidiaet al. (1992) and Govindaraju and Koelliker (1994).

Sophocleous (1991) noticed that large groundwatezl Irises cannot be completely related to
rainfall infiltration processes but rather to agmere-wave propagation through the aquifer as
a result of river flooding. He also noticed thatuéders with low storativity and high
transmissivity allow the pressure waves to tragpidly and for long distances from the river.
Workmanet al. (1997) argued that the distance of the flood wavweainly dependent on the
transmissivity and porosity of the aquifer, on d@ange in the river stage and on the duration
of the time rise.

Subsequently, a short overview of direct and imadireechniques used for quantifying
groundwater — surface water interactions is preserfterwards, analytical and numerical
approaches for the study of such environments)@esed. Some of these approaches will be

used later in Chapter 5.

3.1.2.Quantification of groundwater — surface water intemactions

Most of the studies encountered in the literatusacerning the study of groundwater —
surface water hydraulics are related to the intemadetween alluvial aquifers and relatively
small rivers (streams) considered with a mean wdegth up to 1 m and a mean width
between 3 and 5 m. In these studies, direct adoestseambank and streambed sediments is
possible, so thah situ placement of seepage meters is possible. Howeben the river size
does not allow direct measurements (as for the M&iger), one must use indirect methods.
The advantage of indirect methods is that theybeaapplied independently of river size.
A complete review of methods used to measure gnwatet — surface water interactions is
presented by Kalbust al. (2006). From a practical point of view, three mairoups of
indirect methods can be listed:
1) methods based on Darcy’s law and hydraulic gradierd. Gilmoreet al, 1993;
Girardet al, 2003; Fritz and Arntzen, 2007; & al, 2007 among others);
2) river gauging at different cross sections over temeined time period (e.g. Cey al,
1998);
3) tracer studies in the river — aquifer transitiomede.g. Bencala, 1990; Harveyal,
1996; Choiet al, 1998; Lambs, 2004 among others), including heat tacer.
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Fritz and Arntzen (2007) performed continuous nmmmg of piezometers located in the
hyporheic zone, observing that changes in rivegesaesulted in fluctuating uranium fluxes
in the hyporheic zone. Furthermore, the influx mier water into the unconfined aquifer
induced lower uranium concentrations in the aquagea result of dilution.

Haet al. (2007) used monitored groundwater levels and stages to estimate diffusivitg)(

[L? T and riverbank resistancey () [L] values in a layered aquifer using a floodwave
response (method explained in section 3.1.3.2).

A good characterisation of the hydraulic connechbetween the river and the aquifer requires
knowledge of the geology along the river, riverbaokductance, as well as the parameters of
the aquifer such as hydraulic transmissivify [L? T*] and storage coefficiens [-] or their

combined expression, the aquifer diffusivity:(
T
=— 3.1
A= (31)

Aquifer diffusivity is a key parameter in any assesnt of the interaction between surface
and groundwater, and Knudby and Carrera (2005)earthat hydraulic diffusivity is possibly
the best indicator of their hydraulic connection.

Cey et al (1998) combined both, direct and indirect teche& using upstream and
downstream streamflow measurements to accounth®mnet exchanged water between the
stream section and the connected aquifer (indtexinique). Mini-piezometers were also
placed in the streambed to determine vertical hydragradients beneath the stream (direct
technique).

An extensive review of groundwater — surface wak@hanges studies using temperature as a
tracer is presented by Anderson (2005). Sillimad Booth (1993), Alexander and Cassie
(2003), Conant (2004), Kalbust al. (2006), and Keeryet al (2007), among others,
mentioned heat transport as a robust and relativelgxpensive procedure to estimate
exchange fluxes between surface water and aquiséeras and to identify gaining and losing
stream reaches.

Although first studies using heat as a tracer idrbgeology were carried out in the 1960s, a
revival of the technique in the 1980s appeared. &ttays considerable advances have been
done related to the technique, often combined kerotechniques. Alexander and Caissie
(2003) combined the use of temperature as a hae¢rtiwith the use of seepage meters.

Conant (2004) combined streambed temperature mgpaid geochemical analyses of
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interstitial water of the streambed to delineate ghttern of groundwater discharge in a sandy
streambed. Kalbust al (2007) combined streambed temperature and intpgraping tests
(IPT method) in the streambank to delineate preteakpathways of groundwater discharge

into a stream.
3.1.3.Modelling groundwater — surface water interactions

3.1.3.1.Mathematical description

The seepage rat€f,) between an aquifer and an adjacent river is §jfyicepresented with

a Fourier (or Cauchy or third-type) boundary coiodit

Qriv :aR(H _h) (32)

where ag is the river coefficient [E T7]; H is the river stage elevation [L]; arfdis the
groundwater head [L].

Prickett and Lonnquist (1971) were the first taodiuce the concept of river coefficient used
in Equation (3.2) to represent river — aquifer iat¢ion in regional groundwater models based
on vertical flows through an aquitard. They sugggshat the loss from a river is governed by
the low permeability of riverbank deposits.

The approach used in MODFLOW (McDonald and Harbaud88) to represent river-
aquifer interaction is similar to that of Prickattd Lonnquist (1971), and considers that head
losses between a river and an aquifer are limieithase across the riverbed/riverbank itself.
The river coefficient (river conductance in MODFLOWrminology) for a riverbank is

written as follows (Figure 3.2):

a =K (3.3)

whereKs is the hydraulic conductivity of the riverbank @l [L T], Wis the river channel
height [L], L is the river reach length [L], arttis the width of the riverbank material [L].
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Figure 3.2. Schematisation of the MODFLOW river —
aquifer interaction approach (K is the horizontal
hydraulic conductivity of the aquifer [L T ™).

For conditions in which semipervious riverbank mialeis present, Barlow and Moench
(1998) used a head-dependent flux boundary comditidheir analytical solution (STWTL1):

ah((}:, ! :_ai [hy~h(x1)] (3.4)

where [ h,—h(x t)] is the change in head across the semiperviouseme material [L] and

a k is the riverbank leakance (or riverbank resistafide defined as (Figure 3.3):

O'LK =— (35)

whereK is the aquifer hydraulic conductivity [L™ T and Ks is the hydraulic conductivity of
the riverbank [L T.
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Figure 3.3. Schematisaton of the STWT1 river — agter
interaction approach.

Hantush (1965) defined the riverbank leakance werbank resistance as the effective
thickness of aquifer required to cause the samd ltes as for the semipervious riverbank.
Moenchet al. (1974) showed that this parameter improve sulathnthe simulation of
streamflow hydrographs.The riverbank leakance if@ribank resistance) is a parameter that
account not only for the increased resistance ¢ov flt the riverbank caused by the
semipervious riverbank material but also for thegigation of the river (Barlowt al, 2000).
Both MODFLOW and STWT1 approaches will be used agter 5.

Whatever all subtilities in these definitions, thalf come more or less to the classical
expression of a Fourier (Cauchy, third type) boupdzondition as expressed in Equation
(3.2).

3.1.3.2.Analytical modelling

There are three main approaches to analyticallyeinaguifer - river interactions and estimate
riverbank and aquifer hydraulic properties:

1) analytical solutions derived for confined aquifersd used for unconfined aquifers
under several assumptions (methods based in thearlimon-linear Boussinesq
equation);

2) floodwave approach;

3) step-response approach.

The transient groundwater flow equation is a noedr partial differential equation, known

as the non-linearBoussinesg eguation. Applied to unconfined aquifers, three main

assumptions are considered: (1) specific yield eglace storativity; (2) changes in the
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height of the groundwater table are small in congpar with the saturated thickness of the
aquifer; and hence (3) saturated thickness of tngfexr can be assumed as remaining
constant. Thus, the Boussinesq equation for a omergional semi-infinite unconfined
aquifer can be written as follows:

oh K a( ahj
h (3.6)

a s, o0 "ox

where§ is the specific yield coefficient [-] artds the time [T].

The hydraulics of a river-stage system can be studiith the solution of the Boussinesq
equation subject to a non-linear free-surface bagndondition, and time-dependent river
boundary conditions. Solution to this equationas @asy because it is usually subject to a set
of boundary conditions, among which the most difitco handle is the free-surface boundary
condition (Serrano, 1995). Although linearisatidrttee Boussinesq equation with the Dupuit
assumption has been used (e.g. Govindaraju andikérel1994; Workmanet al, 1997;
Manglik et al, 2004; Pulido-Veladzqueet al, 2006, among others), Serrano and Workman
(1998) noticed that the use of the linearised Bioess equation may not be an accurate
approach because in cases of high fluctuationsiv@r stage, transmissivity is strongly
correlated to the hydraulic head. Using decompmsithnethods, approximated solutions of the
non-linear Boussinesq equation are possible (Seraad \Workman, 1998; Srivastaetal,
2006).

The floodwave approach consists in analysing the response of the aqtoféhe river stage

variation, calculating the aquifer diffusivity (Jied al, 2004). This method has been applied
by Govindaraju and Koelliker (1994), Serrano andrkiftan (1998), Workmaet al. (1997),
Pulido-Velazqueet al. (2006), Srivastavat al.(2006), among others.

Although the floodwave response method is a pidesigned for confined aquifers, it can
also be used for unconfined aquifers if, insteathefmain assumptions mentioned before for
the use of the Boussinesq equation, one more assumis met: the aquifer saturated
thickness is considered a function of the heighthefwater table (Jhet al, 2004; Haet al,
2007). However, the main drawback is that the agudiffusivity is a time-invariant
parameter, which is not true for unconfined agsif@ihe saturated thickness of an unconfined
aquifer can change considerably during the passadgmwodwave and, hence, the aquifer
diffusivity. This was the main argument of Jatal (2004) to explain their relatively poor
matching of recession limbs between observed amculeted well hydrographs. Other
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authors that have used the floodwave approachiagh 8t al (2002) and Hat al (2007),
among others.

The step-response approach focuses on unconfined aquifers where groundwdtsw is

considered as two-dimensional (perpendicular toritrex in a vertical plane). This approach
consists in the use of the method of convolutiars(gerposition), which leads to an effective
simulation of the groundwater table due to rivexgst fluctuations. This effective simulation
is due to the consideration of a 2D flow, which m&khis technique closer to reality than
precedents. This approach has been used by vaneden@t al. (1994), Higgins (1980),
Neuman (1981), and Moench and Barlow (2000), anmthgrs. This technique, being used in
Chapter 5, is briefly presented here.

The approach is based on the governing partiatmdifitial equation of transient groundwater
flow in a saturated, homogeneous, slightly comploéss and anisotropic aquifer. This
equation, derived from Darcy’s law and the law ods® conservation, is written in two

dimensions as follows:

°h  a%h _

dh
T

K had
ot

(3.7)

where Ky and K, are the horizontal and vertical hydraulic condutti of the aquifer,
respectively [L TY], Sis the aquifer storage coefficient [€,is a volumetric flow rate to or
from the aquifer per unit volume of aquifer T and x an z are horizontal and vertical
coordinate directions, respectively [L].

Analytical solutions are derived for the conditioinan instantaneous step change of the water
level in the river relative to the water level iretadjacent aquifer. Such solutions are referred
to as unit-step responses of the aquifer. Unit-segponse solutions are dimensionless
groundwater head functions that describe the Htine change of groundwater head in the
aquifer at a given locatiorx,(z) and at timé to an instantaneous step change of water level in

the river:

H -H(x z1

Ho (%28 =—— (3.8)

whereHp(x,z,) is the dimensionless unit-step response soljt]om is the instantaneous step

change in river water leveH( — Hp) [L]; Hi is the initial water level of the river-aquifer
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system [L], andHp is the river water level after the step change fdlutions to the Equation
(3.7) are derived in the Laplace space, and costithe basis of the superposition (or
convolution) methodology.

Euqgation (3.7) takes into account both, step riséath in the river water level or in the
aquifer. The unique difference between these twesses is the direction of seepage at the
river-aquifer boundary. A rise in river water lewedually results in surface water recharge to
the aquifer, and a rise in the groundwater levelalig results in groundwater discharge
(seepage) to the river.

Since boundary values are considered as lineavjdugl responses of hydraulic heads due to
step changes in water level of the river are suminedse of a convolution integral, which
relates a time series of step changes (system sipgses) to a time series of groundwater

head changes (system output responses):

h(x z1)= |—|+Jt' F(r)H,(x zt7) o (3.9)

0

where K1) is the time rate of change of the system stres‘E‘lﬂL(it can be either, change in
river water level or groundwater level due to regleaor evapotranspiration) amds the time
variable of integration (delay time) [T]. Because tise of the convolution integral assumes
linearity in systems, changes in groundwater headst be relatively small in comparison
with the aquifer thickness (Barlow and Moench, 1998

Seepage rates between the river and the aquifeteseemined with the convolution method,

from the head gradient at the river-aquifer boupdar x,), according to Darcy’s law:

Kbt ., \OH, (X, 2t-7)
Q. (t)=—|F'(7 dr
(=2 o Hole

(3.10)
whereb is the saturated thickness of the aquifer {g]js the dimensionless distand®, [-];
and x, is the distance from the middle of the river te tiver-aquifer boundary [L]. It is
assumed that seepage is negative when flow is fihemiver to the aquifer and positive when
water is flowing from the aquifer to the river.

Complete implementation of the convolution methodthe analytical solutions for time-

varying inputs can be found in Barlow and Moenc898). DeSimone and Barlow (1999),
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Barlow et al. (2000) and Moench and Barlow (2000) applied thesalytical solutions to
hypothetical confined, unconfined and leaky agsifeith satisfactory results. This approach

will be used in Chapter 5.

3.1.3.3.Numerical modelling

Numerical models have also been used to exploes #haquifer interactions. Sophocleais
al. (1995) studied stream depletion due to pumping imearby aquifer using a numerical
model. Wroblicky et al (1998) used MODFLOW (McDonald and Harbaugh, 198#)
simulate near-stream flow systems and estimateldm@metric areal dimensions of lateral
hyporheic zones. Osman and Bruen (2002) suggestédclamique to incorporate the
mechanism of stream — aquifer seepage into MODFL®Wfbaugh and McDonald, 1996a;
1996Db) for partially penetrating streams.

Nemeth and Solo-Gabriele (2003) incorporated thachretransmissivity approach to a
regional numerical model, in order to couple gromatér and surface water models by
calculating seepage between them.

Peterson and Connely (2004) employed the Subsurfaaesport Over Multiple Phases
(STOMP) (White and Oostrom, 2000), to calculatenfldirection and velocity in hourly
increment using hydraulic head data from wells amédjacent river.

Fleckensteiret al. (2006), in regard of the ecological importancdosf flows in rivers, used
numerical simulations to study the influence of #ikivial hydrofacies heterogeneity over

river seepage and low flows.
3.2.Pollutant fate and transport into saturated subsurfice media

3.2.1.Sources of groundwater contamination

Sources of contamination can be divided into twanngaoups according to their origin: point

sources and diffuse contamination. Point sourcessaurces of pollution that can be traced
back to a single location. Examples of point sosiroé groundwater contamination are:

storage tanks, septic systems, hazardous wasse lsitelfills, and brownfields. The Flémalle

site falls into the last category.

Because the main problem in the Flémalle site & dispersion/attenuation of organic
pollutants, a brief overview on pollutant transporfporous aquifers is given hereafter, with
special attention to benzene biodegradation preseasd original techniques applied to the

Flémalle site to quantify the biodegradation ratestant.
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3.2.2.Pollutant transport in porous media

Migration of dissolved pollutants in groundwater nginly controlled byadvectionand
hydrodynamic dispersion(combined contaminant transport mechanisms nuchanical
dispersionand molecular diffusioh At the same time, pollutants are often delayed/ar
trapped, which results in a longer transit timeotigh the porous media (retardation) and
attenuation. The partial differential equation d#sieg the transient fate and transport of

solute contaminants in groundwater in 3D, can L#emras follows:

o(ec)  aC _ o aC|_ a ' —
——4p —~=—|6D,— |--——(6vC)+qC,- 4.C- 148 C- 1,0, C
praml e ax( j 64] 5 (6vC)+aC-ac-4 2P (3.11)

where @ is the porosity of the aquifer [-[Z is the dissolved concentration of contaminant

species [M [7; C is the concentration of contaminant species sodredhe subsurface
solids [M M'; pp is the bulk density of the subsurface medium [I\'ﬁ];LDi,j is the
hydrodynamic dispersion coefficient tensof [CY]; v is the effective water velocity [L;

gs is the volumetric flow rate per unit volume of #gqu representing fluid sources and sinks

[T C. is the concentration of the source or sink fluxtfte contaminant species [M3];

. =88/at is the rate of change in transient groundwaterage® [TY; 41 is the first-order

reaction rate for the dissolved phaséJfTand, is the first-order reaction rate for the sorbed
(solid) phase [T].

Equation (3.11) is essentially a mass balancerstit that is, the change in the mass storage
at any given time is equal to the difference initteess inflow and outflow due to dispersion,

advection, sink/source, and chemical reaction.
The termd(6vC)/dx in Equation (3.11) corresponds to the advectiom tevhich describes
the transport of miscible contaminants at the saatecity as groundwater. In aquifers (i.e.

porous media with a high hydraulic conductivityhjst term usually dominates over other

terms. Assessment of this dominance degree carrdyéded by the Peclet numbePgf,

defined as:
p -1 (3.12)
e D )
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wherel is the characteristic length between one poirdrtother, typically taken as the grid
cell width [L], andD is the dispersion [LT.

Dispersion mechanism in porous media refers tesgineading of contaminants over a larger
zone of the porous media than would be predictéelysérom advection. Dispersion is the
sum of two processesechanical dispersioand molecular diffusion The first one is the
result of deviations of actual velocities and flpaths within the Representative Elementary
Volume (REV) from the average groundwater velociwhile the second corresponds to
contaminant spreading caused by concentration eynegdiln aquifers, molecular diffusion is
often negligible in comparison with mechanical @igoon, therefore hydrodynamic
dispersion is hence typically set equal to meclauispersion.

The dispersion tenso);, for an isotropic porous medium, is defined in flodowing

component terms:

2 2 2

D, =aLi’7X|+aTﬁ+aTr7y|+ D (3.13)
D,, :aLﬁ+aTﬁ+aTﬁ+ D’ (3.14)
DZZ:aLﬁ+aTﬁ+aTﬁ+ D’ (3.15)
D,, =D, :(aL—aT)% (3.16)
D, = DZX:(aL—aT)% (3.17)
D, = Dzy:(aL—aT)% (3.18)

whereD,y, Dyy andD,, are the principal components of the dispersiosdefL? T7; Dyy, Dxz,
Dyx Dy» DoxandD,y are the cross terms of the dispersion tensdil], «, is the longitudinal
dispersivity [L], a1 is the transverse dispersivity [L)" is the effective molecular diffusion

coefficient [-], v,,v,, andv, are the components of the Darcy flux alongsthg andz axes

[L T, and|v|=vZ+v2+v? is the magnitude of the Darcy flux vector [T
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Both, advection and dispersion are affected by ighl/groperties such as the pore size,

tortuosity and friction in pore throat in the aguitnedium (Figure 3.4).

Wmall Ps, Fast Q O O Low T, Fast (

— » HighF, Slow
—_— LOWF Fast

———— High F, Slow

OO0 High T, Slow
s "7 O OO Q
e 0

Large Ps, Fast

— O QC)O

Pore size Tortuosity Friction in pore throat

Figure 3.4. Physical processes causing dispersiohnaicroscopic scale (Wiedemeieet al., 1998).

Retardation effects can be divided into two magiegories (Brouyéret al, 2000):
1. chemical retardation, including all chemical reas that occurs between the solute
and the porous media (sorption — desorption, cakmmange);

2. physical retardation or dual-porosity effect.

Sorption refers to the mass transfer process betwibe contaminants dissolved in
groundwater (aqueous phase) and the contaminanteds®n the porous medium (solid
phase). It is often assumed that equilibrium coonist exist between the agueous-phase and
the solid-phase concentrations and that the sorptaction is fast enough, relative to
groundwater velocity, to be treated numericallyretantaneous. In this case, different types
of equilibrium-controlled sorption isotherms ar@posed in the literature (linear, Freundlich,
and Langmuir). The simplest relation expresses@ali sorption isotherm, which considers

that the sorbed concentration is directly propodido the solute concentration:

C=K,C (3.19)

whereKy is the distribution coefficient fLM™]. In this case, the retardation fact®) is

given by:
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814l (3.20)

R, =1+
Physical retardation processes affect all the esltransported into the porous media. In fact,
physical retardation mainly depends on the heter@ifye degree of the aquifer, which is
randomly distributed (Heret al, 1989), while chemical retardation processes jpeeisc for
each solute.

The dual-porosity concept, introduced by Coats @miith (1964), considers two domains of
porosity, mobile porosity and immobile (or muchsl@sobile) porosity. In the case of a gravel
aquifer, immobile water is assumed to representléke pervious silty to clay lenses and
layers present in the alluvial deposits, while thebile water is associated with the most
pervious (sand to gravel) horizons (Kéass, 1998ueoe, 2001). Advection and dispersion
are assumed to take place only in the mobile zavigle adsorption-desorption and
degradation can take place in either zone, althmagmecessarily at the same rate. Diffusion
of solutes between both mobile and immobile watemects the two domains (Jayre¢sal,
1995).

The transport equation in a one-dimensional unatgdrflow of a conservative non-sorbing

solute in a soil containing mobile and immobile evratan be written as follows:

6, %0+, %m
ot ot

o°c, , 9C,
G ® ax

-6 D (3.21)

wherefp, is the effective (mobile) porosity [-#im is the immobile porosity [-] (both related as
6=6,+6

|, the total porosity)Cn and Ci, are the solute concentration in the mobile and
immobile domains [M [, tis time andD is the dispersion [LT™], only active in the mobile
domain, andyp is the Darcy flux [L T]. Exchange between mobile and immobile porosity

can be expressed as:

Ca_a(c
ot

Z -C,,) (3.22)

m

wherea is the first-order transfer coefficient betweenhif®and immobile water [1]. If the
solute is non-conservative, a linear decay congtafit’]) can be added in the right hand of

the equation, obtaining:
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8 Cn__pg c +a(C,-C,) (3.23)

m at im~im

If sorption is considered for solute transport irdwal-domain system, Equation (3.21) is

written as follows:

oC dCn aC
g,—"+f +6, —"+(1-f
m at pb at im t ( )pb

0Cim 9°C, . G,

=4 3.24
ot P x> Vo ax (3-24)

where f is the fraction of sorption in contact with theloile phase p =1- f, wherep is the
fraction of sorption in contact with the immobilbgse). It is usually accepted thhis equal
to 6,/6 (Zheng and Wang, 1999).

Dual-porosity has been largely studied in unsatgrasubsurface system to simulate
preferential movement of water and solutes (Gerdvan Genuchten, 1993a; Zurmuhl and
Durner, 1996) and to evaluate the transfer tesbetween one domain to another (Gerke and
van Genuchten, 1993b), among others.

The use of a dual-porosity concept in the saturatdrsurface has been traditionally used in
models developed for fractured aquifers (Bottetlal, 2000; Cornaton and Perrochet, 2002;
Pili et al, 2004; Brouyere, 2005; Samardzioska and Popov5b;280ouyere, 2006). In
unfractured porous media, such as sandy and geyafers with randomly distributed
heterogeneity, this approach is much less frequerséd. Herret al. (1989) used the dual-
porosity approach in mass transport studies caoigdn laboratory, while Brouyére (2001)
used the concept of dual-porosity to calibrate éuteotransport model to measured
breakthrough curves (BTCs) from radially convergingcer tests carried out in a gravel
aquifer. Kim and Corapcioglu (2002) used the duabpity model to explain the pollutant

transfer in a riverbank filtration.

3.2.3.Natural attenuation

The concept of “natural attenuation” covers allunalt physical, chemical and biological
processes that help to reduce the mass of dissalwethminants in a groundwater plume,
such as dispersion, sorption, volatilisation, byotal and chemical degradation (Nyer and
Duffin, 1997; Wiedemeieet al, 1999; Kao and Wang, 2000; Zamfirescu and Grathwoh

2001). In practice, natural attenuation processesa@o referred by several other terms, such
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as intrinsic remediation, intrinsic bioremediatiomatural restoration, or passive
bioremediation. Natural attenuation processes, agdhiodegradation, can often be dominant
factors in the fate and transport of contaminavte@lemeieret al, 1998).
Natural attenuation offers large benefits to owrsard managers of contaminated sites, but
often raises strong objections from those who éimd work near a site where long-term risks
are concerned. Natural attenuation is sometimewedewith scepticism by activists and
environmentalists, assimilating natural attenuatisra “do nothing” strategy that allows site
owners and regulators to “walk away” from a sitansferring all the risk to those who live
and work nearby.
Main advantages associated to natural attenuatmeegses for cleanup of contaminated sites
are:

* in situ destruction of contaminants and smalleuwgd of remediation wastes;

e potential of application to all contaminated sibe,part of it, in function of the site

conditions and remediation objectives;
e possibility to be used with, or as follow-up tohet remedial measures;

* lower remediation costs compared to active remigidechniques.

Obviously, some disadvantages are also associatedatural attenuation processes for
cleanup contaminated sites:
» toxicity and/or mobility of transformation producteay exceed that of the parent
compounds;
* longer time frame is required to achieve remedmbbjectives, compared to active
remediation measures;
» favourable conditions for natural attenuation mdnarnge over time, resulting in
possible adverse impact for remedial effectiveness;

* requirement of extensive monitoring for a long péri

Whereas microorganisms in soil and aquifer are &wleliminate or minimise the risk of
organic pollutants, this is not the case for inargapollutants. However, under certain
conditions (e.g., through sorption or oxidationtretion (= redox) reactions), effective
reduction of dissolved and/or toxic forms of inamgacontaminants in groundwater can be
achieved (USEPA, 1997). Both, metals and non-metsdy be attenuated by sorption

reactions such as precipitation, adsorption orstiteaces of soil minerals, absorption into the
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matrix of soil mineral, or partitioning into organmatter. Redox reactions can transform the
valence states of some inorganic contaminantss® deluble and thus less mobile forms or

less toxic forms (e.g. hexavalent chromium to temachromium).

3.2.3.1.Biodegradation

Biodegradationis often the most important attenuation mechanismdissolved organic
contaminants in groundwater. Biodegradation candeined as biotransformation of an
organic compound’s structure by breaking molechtards. It occurs only when conditions
in a polluted medium are conductive to the growitismecific degraders and the functioning
of their enzymes (Alvarez and lllman, 2006).

Mineralisationis a form of biodegradation that results in cosigr of an organic molecule

into its inorganic constituents (e.g. &@H,;, H,O, SO, and PG}") or mineral salts. The

responsible organisms typically benefit from mitisedion reactions, i.e. they gain energy,
which might serve for microbial growth (it is toteathat under anoxic environment, bacteria
often cannot gain enough energy from contaminagtatkation to “grow”, just to “survive”).
Aromatic and aliphatic hydrocarbons and chlorinasetvents are examples of common
pollutants that can be mineralised. Biodegradatemmlead to aetoxification where products
resulted from the original compounds are less gobkic. This is the example of the
oxidation of alkanes in contaminated sites withrgetim products, where alkane is
transformed into a primary alcohol. Nevertheles®ré are some noteworthy exceptions
where a pollutant is transformed to a product oéatgr toxicity, like the reductive
dechlorination of the solvent tetrachloroethyleA€IE) to the end-product vynil chloride

(VC) under anoxic conditions.

3.2.3.2.BTEX biodegradation

Benzene, with a high solubility of 1.78 § (Alvarez and lllman, 2006), is the most soluble
petroleum hydrocarbon. Since TEX compounds all aldgmaturally in groundwater systems,
the scientific community is divided regarding oxand/or anoxic conditions to degrade
benzene.

BTEX degradation occurs in both, aerobic and armaermedia, although it is generally
accepted that the process occurs more rapidly umderconditions. Aerobic biodegradation
of BTEX compounds have been demonstrated by numseaothors (e.g. Swindo#t al,
1988; Ridgwayet al, 1990; Pruderet al, 2003; Reinharcet al, 2005, among others).
However, Luet al. (1999) stated that in laboratory experiments, eofae degradation was
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responsible of 70% of total BTEX degradation. Irtlelaboratory and field tests typically
produce relatively different results. The attenuatiates estimated by laboratory techniques
can be one or two orders of magnitude greaterttinafield rates (Hunet al, 1997).

During the cellular respiration of bacteria, a chaf oxidation — reduction couples takes
places, whereby energy is extracted via stepwisdatgn (removal of electron) of the
substrate molecules. Terminal electron acceptofs)tre the compounds that provide a
“sink” for the electrons expelled at the end of #iein of reactions. In oxic conditions

dissolved oxygen (& is the EA, while in absence of oxygen (anoxicditans), a number of

less oxidised compounds may be used. The typicahcbf TEAs include,NO;, Fe(lll),

SO and CQ, in the mentioned order. Benzene biodegradatiantiesen reported with all

these electron acceptors (Lovley, 2000).

Benzene degradation under denitrifying and Fe(dfucing conditions was observed by
Naleset al. (1998) and Durangt al (1999). Lovleyet al (1995), Phelp®t al (1996) and
Reinhardet al (1997), among others, demonstrated that sulpleah@cing conditions were
also suitable to degrade benzene. Methanogenic itommsl were also demonstred as
favourable for benzene degradation (Kazetal, 1997; Heideet al, 1999). When no other
electron acceptors remain than £@ is suggested that benzene might be degradé€io
and methane (Grbic-Galic and Vogel, 1987; Kazeatral, 1997; Weiner and Lovley, 1998).
Aquifer geochemical footprints can be indicativenatural attenuation of BTEX compounds.
These footprints are (some of them, observed inRléenalle site, will be presented in
Chapter 5):

+ decrease of electron acceptors (maingy RO;, Fe (lIl), andSQ;). In particular, one
should look for @, NO;, andSC; levels below background in the core of the plume;

» generation of the products of acceptor reductisash{ as Fe(ll) and CH Fe(ll) and
CH, should be highest in the core of the plume;

* presence of organic acids that are known internmed@oducts of petroleum
hydrocarbon degradation;

e an increased concentration of dissolved inorgaaran (CQ) and a characteristic
change in the alkalinity;

* decrease of BTEX concentrations over time and ista
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Under natural conditions, aquifers are poor in pigacarbon and therefore mostly oxic.
When organic contaminants are present, they be¢benenajor carbon source, resulting in
reducing conditions. Therefore, reducing conditiofsan aquifer can be also viewed as an
indication of biodegradation. Kao and Wang (20@ljnid a decline in Eh in plume area (-211
mV) compared to those of the background area (329, meflecting the change from
oxidising to reducing conditions, suggesting BTEXdegradation processes.

Aquifer heterogeneity has also been considerednmesstudies of BTEX biodegradation (e.g.
MacQuarrieet al, 1989; Luet al, 1999; Leeet al, 2001; Ucankus and Unli, 2008, among

others).

3.2.3.3.0n the new trends of indicators of organic compauniddegradation

Physical transport processes such as advectiqmerdisn, or sorption, do not leave chemical
signatures that can be analysed. On the contrawgeg@radation often causes a substancial
kinetic isotope effect. Several biochemical readticesult in carbon isotope fractionation and
molecules containing the light&iC-isotope are used preferentially. The consequehtiis

is that'*C/*°C isotope ratio of the substrate’s residual fraci® enriched if°C. This is the
basis of stable isotope analysis to prove biodegiaal The isotopic fractionation technique
was proposed as a candidate technique for the sasemt of intrinsic bioremediation of
petroleum hydrocarbon in contaminated sites (eltadfet al, 2000; Spencet al, 2001;
Ward et al, 2001, among others). This technique was appligtie Flémalle site by CHYN,
an AquaTerra partner, and their results are usethisy work. In consequence, a short

overview of this technique is presented.

Carbon isotope ratios are given in delta notat® &C [%0] from an international standard,
the VPDB standard (Vienna Pee Dee Belemnite, asliome fossil oBelemnitella americana

from the geologic formation Pee Dee in South Cagli

13c/ 12C

5 3C ) ( 13C/ 12Cstd

—1]x1000= (R/Ry— ¥x 100 (3.25)

whereR; is the ratio of the heavy isotope to the lightagpe (°C/**C) of the sample, anBsg

is the corresponding ratio of the standard. A rniegat indicates that the sample under study
is depleted in the less common isotope with resfmetiie standard. A positiveindicates a
sample in which the less common isotope is in greabundance compared to the isotopic

standard, so an enrichmentHic.
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Changes in isotope signatures over time as absditfierences inAJ™C are given by
Equation (3.26):

AO®C =exInk (3.26)

wheree is the enrichment factor [-] andis the fraction of the substrate remaining in the
sample [-] at time [T]. Changes in isotope ratios can also be reghmler distance. The
approximation usually done consists in approxintatéa distancex [L], and groundwater
effective velocityy [L T™] (de Weertet al, 2007; Morasclet al, 2007b):

t=Ax/v (3.27)

This technique is fully presented and applied bghRowet al (2003), Meckenstockt al.
(2004), Mckelvieet al. (2005) and Fischeet al. (2007), among others, obtaining clear
indications ofin situ biodegradation.

The biodegradation rate coefficierit [T™], describes the rate at which a contaminant is
being degraded. This degradation rate is usualiycegmated by a first-order decay regime

with respect to the contaminant concentrat®fivi L™:

A =-L|n(c(x)j (3.28)

Recently, in the scope of the AquaTerra project,ddohet al. (2007a) applied this technique
in the Flémalle site to investigate the intrinsiodegradation potential under in situ-like
conditions, obtaining a mean degradation rate eigu@l017/d, assuming a mean groundwater
flow velocity of 1.04x1C m s™.

Furthermore, Morasch et al. (2007a) used a newanebased on the addition BC-labeled
contaminants in microcosms and the subsequent sisabf **C-CO, generated during
biodegradation was used in laboratory. To calcllatezene degradation rates, Morasthl.
(2007a) used the general first-order approximabbrEquation (3.28) with the simplified
Rayleigh equation (Equation (3.26)) (Rayleigh, 1896)
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A =
8 ext

(3.29)

Moraschet al. (2007a) concluded that benzene, naphthalene amhplthene degradation in
the alluvial sediments of the Flémalle site wasdemt in both aerobic and anaerobic
microcosms amended witfiC-labeled substrates. They obtained a relativebdgagreement
between degradation rate constants for anaerobizebe degradation in microcosm
experiments and by the field approach, suggeshiagstable isotope-based methods might be
useful and appropriate for the quantificationirositu contaminant degradation. The average
first-order biodegradation rates were 0.12/d aii®/@. for microcosms with aquifer material

from Flémalle under oxic and anoxic conditionspeagively.

3.2.3.4.Effect of groundwater table fluctuations on orgapatiutant biodegradation

Water table elevation and capillary fringe in untoed aquifers are likely to change over
time for different reasons (rainfall, changes infate water elevation adjacent to the
aquifer...). Water table fluctuations affect the gdadistribution of dissolved pollutants
within an aquifer, particularly in the vertical dation (Dobsoret al, 2007). As water table
drops, dissolved pollutants migrate downwards legvoehind a residual fraction in the
unsaturated zone. A subsequent rise leads to tersee process. But it also leads to
entrapment of pollutants and air below the watbletgl enhard, 1992; Lenhaet al, 1993).
This air provides an additional source of oxygen bimdegradation processes (Fey al,
1997).

Besides performing laboratory experiments to stdldy effects of trapped gas on the
hydraulic conductivity of the porous medium, ftyal (1997) presents a complete review of
soil science literature on trapped gas due to wiatiele fluctuations, mainly performed in
laboratory.

Sinkeet al. (1998) performed column experiments to evaluageetifiect of a changing redox
environment introduced by a fluctuating water tatethe transport and transformation of
representative volatile pollutants, toluene andtdbbbenzoate. Williams and Oostrom (2000)
used the STOMP model to simulate observed watée falrtuations and dissolved oxygen
(DO) concentrations. Dobsat al (2007) performed laboratory tests to examineeffect of
water table fluctuation over LNAPL distribution sdblution and biodegradation compared to

a non-fluctuating reference system.
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3.3.Inverse modelling in hydrogeology

3.3.1.The objective function

The parameter estimation problem deals with thecepinof identifying the “best” set of
model parameters. The comparison of simulated amekrged values is accomplished
quantitatively using aobjective functionParameter values that produce the best fit betwee
both simulated and observed values are defineldose tthat produce the smallest value of the
objective function.

Using hydraulic heads and flows data as observatitie weighted least-squares objective
function, @(u), can be expressed as (Hill and Tiedeman, 2007):

®(u) = Z%[ S'm(U)]2+jNZj%[q°“- (9] (3.30)

whereu is a vector containing values of each of the patams being estimatet{H is the

number of hydraulic-head observatioh&) is the number of flow observations?™is theith
observed hydraulic head being matched by the relgnreshs'm( ) is the simulated hydraulic
head that corresponds to tiile observed hydraulic head|;’bs is thejth observed flow being
matched by the regressmqs'm( u) is the simulated flow that corresponds to jtheobserved
flow; ¢, is the weight for theth head observation; anmg1j is the weight for thgth flow

observation.
For NH and NQ, multiple observations at the same location ah eacluded. Using to
indicate a generic contribution of any kind ando indicate its weight, the objective function

is more commonly expressed as:

Z@[f"bs &) Z@é (3.31)

obs

whereND is the number of observationg,™ is theith observation value being matched by

the regression;&”™(u) is the simulated equivalent, defined as the sitedlavalue that
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obs .

corresponds t&™™; w; is the weight for théth contribution to the objective functiog;is the

ith weighted residual, equal [ i°b5—gﬁs‘m(u)]

3.3.2.Calibration in groundwater modelling

The most important step during groundwater modglliasks is the calibration, because
reliability of the model results and predictiondlwliepend of its quality. In the next sections,
emphasis is given on the calibration processegeufohiques used to calibrate a model.

While observations are generally limited in numbweagdel inputs that need to be estimated
are often distributed spatially and/or temporadly that the number of parameter values could
be infinite. This is a great discrepancy, and ontéh@® major challenge®arameterisationor
spatial parameter definition, allows a limited nwanlof parameter values to define model
inputs throughout the spatial domain and time tdrst. Parameterisation is thus the process
of defining hydraulic properties with a limited nber of model parameters (unknowns to be
found during the inversion process), obtaining hfiait matches between observed and
computed data (Carreed al. 2005).

Determination of reliable parameters can frequeh#dyan ill-posed problem (Zechner and
Frielingsdorf, 2004). lll-posedness is influenceg non-uniquenessnd instability of the
solution (Yeh, 1986; Carrera and Neuman, 1986b; adghlin and Townley, 1996).
Instability mainly implies large values for some model paramsetdue to unbounded
fluctuations, which causes also large “jumps” ie thalue of the hydraulic properties over
short distances (Alcoleet al, 2006). In other words, instability refers to larguctuations of
parameter values during the calibration caused rogllsmeasurement errors. Different
combinations of parameters values leading to singimulation results, is known asn-
uniqueness

Different possibilities to overcome ill-posed pretvis are available. A suggested approach, is
to incorporate regulating prior statistics basedield measurements (Carrera and Neuman,
1986b). An approach that has gained adepts thssgdars consists in constraining the model
calibration process including other field measunet®ian addition to groundwater heads.
Fluxes at aquifer boundaries (Poeter and Hill, 198éckers and Frind, 2001) and
groundwater solute concentration (Strecker and QI986; Keidser and Rosbjerg, 1991;
Medina and Carrera, 1996) have been demonstrateddioce parameter correlation to
identify model parameters.

95



Calibration can be accomplished manually or autaraly. Although reliable results can be
obtained by manual “trial and error”, it can beedibus procedure, and is often criticised for
its subjectivity in delineating zones of homogeredwydraulic conductivity K). On the
contrary, automatic calibration is accomplishedftynal methods that attempt to estimate
parameter values given a mathematical model ofesygtrocesses and a set of relevant
observations. These methods are callegrse methodswhich derivate to the worldwide
accepted “inverse model problem” to design theraated calibration process.

Two contrasted automatic techniques of parametensaare presented here, both used
subsequently in Chapter 5. One is maybe the matesytically used from the beginning of
groundwater modellingzpnatior), while the other onepilot points rely on a geostatictical

basis which makes it an original and functionahteque.

3.3.2.1.Zonation

Although this is the typical idea that one has abitsial and error” method as referred above,
it is a technique that can be also used in an aatiorway. The model is divided into subareas
on the basis of geological features or other ewdidsnand then using parameter estimation
software, hydraulic conductivity values are assijtee these zones. The main advantage of
this technique is its flexibility to accommodateolpgyical information. However, the
procedure is quite unsatisfying, and it becomesallysiclear, as the calibration process
progresses, that areas assigned with the sameggedt not necessarily possess uniform
hydraulic properties. Based on that, the modekemevitably tempted to introduce more
zones into the model domain, estimating thus mararpeters to obtain a good fit between
model outcomes and field measurements (Doherty3)2@& more and more zones are added
to the model to accommodate heterogeneity, thdredilon process becomes more time-

consuming and a tedious task with less reliabditythe results.

3.3.2.2.Pilot points

Originally devised by de Marsilgt al. (1984), pilot points has become a method of patame
determination or parameterisation very populamwerse modelling (LaVenuet al, 1995;
RamaRaoet al, 1995; Vesselinowt al, 2001; Doherty, 2003; Hernandez al, 2003;
Alcoleaet al, 2006), becoming the standard for non-linear gdissical inversion.

The basis of this methodology is to characterise hiydraulic property distribution by
assigning values to a set of points distributedughout the model domain. The values at the

pilot points are the hydraulic properties unknowintlte model, and the assignment of
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parameters to pilot points is done so as to mirgrdiscrepancies between model outputs and
field measurements (small objective function). TEheparameters are subsequently
interpolated to the model grid, resulting in a sthed variation of the hydraulic property
over the model.

Parameterisation methods typically express aquifeperties as linear combinations of the
unknown model parameters to be estimated. Usingt pibints, parameterisation is done
following the next equation (Carreea al, 2005):

K(x)= 2 n®(x) g+ 2.7 (¥ g (3.32)

whereK is the hydraulic propertyg are the unknown values of the hydraulic prop&ityg,

are the initial values (if known) of the hydraufpcopertyK; N is the number of unknown
values of the hydraulic property; and 7% and 7" are the interpolation weights for the

initial values (if known) and pilot points, respieety.

Although there is no universal methodology abowd thquired and optimal number and
location of the pilot points (M.C. Hill, personabrmmmunication duringJCODE_2005 and
PEST: universal inversion code for automated caliorgt 13-15 September’07,
Copenhagen), Doherty (2003) noticed that pilot fgoshould be placed literally throughout
the model domain, with increased spatial densityareas of suspected heterogeneity, and
where measurement density is higher. The more pdaoits are used in the parameterisation
process, the more likely they will be suitably lwzhto describe heterogeneity that may exist
within the model domain. Moreover, a large numbérpdot points implies that the
interpolation process has a low influence in patamaveraging around the model area, and
the less matter do the location of the pilot poiftkis was the justification of Moore and
Doherty (2006), who considered that a number of diBt points was enough to ensure that
the conclusions drawn of their research was mirymaffected by pilot point induced
parameter averaging.

However,numerical instabilitycan occur when trying to estimate too many pararsef his
fact was reported as an important drawback by Go(600) and Cooley and Hill (2000),
what they calledoverparameterisation This drawback leads also tmstability. This
constraint can be eliminated throughregularisation processRamaRacet al. (1995) and

Gbomez-Hernandeet al. (1997) used upper and lower bounds on the modalneters to
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avoid the unbounded fluctuations. It seems howéher this approach causes the solution to
fluctuate between those arbitrary bounds.

Because instability is due to overparameterisatbrthe model, a second tactic to avoid
instability consists in reducing the number of paegers. In this way, several solutions are
proposed. In a first instance, RamaRaal. (1995) propose to start calibration with a single
point and add pilot points at the end of each titena As mentioned before, placement of the
pilot points is subjective and user dependant. hageand Pickens (1992) propose to locate
new pilot points accordingly to their ability indecing the value of the objective function.
This is measured by sensitivity coefficients. Hoagthis leads out to other problems: (1) the
accuracy to identify heterogeneity is decreaselljt(B critical to use a good geostatistical
characterisation (which is often not possible du¢he poor number of data available); and
(3) sensitivity of the problem to the location dlbp points arises again. Certes and de Marsily
(1991) propose to use knowledge of the aquiferaggolnd of risk zones as well as location
of the piezometers used for the fitting of the mode

Several authors have applied the pilot points aggran their numerical modelling works in
the last two decades (e.g. Certes and de Mar€8] ;1L aVenueet al, 1995; RamaRaset al,
1995; Vesselinowet al, 2001; Doherty, 2003; Hernandetal, 2003; Kowalskyet al, 2004;
Woodet al, 2005; Wylie and Doherty, 2005; Moore and Dohe2§06, among others).
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Knowledge is like money: the more he gets,

the more he craves

Josh Billings
Humorist and lecturer (1815-1885)

4. MONITORING AND FIELD WORKS






4.1.0bjectives

Three main priorities were highlighted to be stddie the Flémalle site at the end of Chapter
2: (1) the need to know whether a river - aquifgeiaction exists; (2) characterisation of the
alluvial aquifer heterogeneity; and (3) determioatof groundwater fluxes discharging to the
Meuse River. Monitoring and field works describadhe present Chapter 4 were performed
with the scope to supply the enough data to achiesse priorities.

Collected data such as rainfall and Meuse Riveell8uctuations are described. Monitoring
and field works performed (pumping, injection arater tests) are described, interpreted and
results analysed.

Overall data obtained from monitoring and fieldtsesvill be subsequently used in the

development of analytical and numerical modellipgraaches, in Chapter 5.
4.2.Data mining and monitoring

4.2.1.Precipitation data

Rainfall is measured by the Ministry of Equipmentsd Transport (MET) of the Walloon
Region at meteorological stations situated in Bieesxd Sart Tilman, at respective distances
of 4.4 km North-West and 6 km South-East from tkentfalle site, located uphill against it.
Data are monitored on an hourly basis at bothastatiAll these data have been obtained
regularly from the beginning of 2005. In additien,2 km upstream of the Flémalle site, daily
rainfall values are also recorded at the levelhaf voz-Ramet dam. Although cumulative
rainfall are not significantly different, the “met®logical station” of Ivoz-Ramet has been
considered as more representative for the Flérsaebecause it is closer to it and it is also
located in the alluvial plain, at a very similatitalde. Cumulative rainfall for hydrologic years

2005-06 and 2006-07, and daily rainfall for the egariods, is presented in Figure 4.1.
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Figure 4.1. Cumulative rainfall at meteorological fations of Bierset, Sart Tilman and Ivoz-Ramet dam ad daily
rainfall at Ivoz-Ramet dam, for the hydrologic years 2005-06 (above) and 2006-07 (below).

4.2.2.Data on the Meuse River

In the opposite river bank, in front of the Fléreadiite, there is a hydroelectric plant (SPE-
TGV) where temperature, surface water level andhdigye of the Meuse River are monitored
continuously. Hourly data have been obtained fréhidnuary 2005 to oJanuary 2008.
Figure 4.2 shows river water levels and river digsge for the mentioned period.
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Figure 4.2. Hourly records of the Meuse River watefevel and discharge in front of the
Flémalle site, for years 2005, 2006 and 2007.

Due to dam operations, the mean surface water ie\tee Meuse River is relatively constant,
varying of a few centimetres around 59.4 meters. dabove sea level). However, when the
discharge rate becomes significantly high, thernivater level can increase up to 2 m.

As pointed out by Gilmoreet al. (1993), seasonal river stage fluctuations arelylike
influence the hydraulic gradient of the unconfireeglifer near the river. Indeed, seasonal
variations of the Meuse River water level were obsg during the studied period, with low
river levels during June and July, and high riveatev levels during February and April
(Figure 4.2).

4.2.3.Groundwater head monitoring

4.2.3.1.Monthly groundwater head monitoring

From February 2005 to December 2006 groundwateritororg campaigns were performed
approximately each two months. During this peribfimonitoring campaigns were done: 9 in
2005 and 5 in 2006.

This monitoring has confirmed that the main grouatby flow direction is South-East
oriented (Figure 4.3), which means that, in noromaiditions, the alluvial aquifer discharges
into the Meuse River. Monitoring campaigns of grdwater levels have also indicated that
the alluvial aquifer is characterised by a low fadic gradient, with a mean value of 0.3%,
with maximum values on the East part (0.45%) toimum values on the South-West area
(0.15%).
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Chapter 4. Monitoring and field works

Meuse River

Meuse River
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Figure 4.3. Piezometric maps corresponding to month groundwater head monitoring campaigns of March B05 (A); May 2005 (B); July 2005 (C); February 2006D); April 2006 (E)
and, December 2006 (F).
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4.2.3.2.Automatic groundwater head monitoring

Several wells were selected for continuous momgpof piezometric levels with the idea to
have a good spatial cover of observation wells moo®d, during more than 2 years, using
Level TROLL® pressiometric probes with automatic data acquaisitDetails of observation

wells monitored are summarised in Table 4.1.

Table 4.1. Characteristics of wells monitored with Leel TROLL ® pressiometric probes.

Well Distance from

Depth (m) Diameter (m)  Screen depth (m) Monitored period (days)

ID the river (m)
uUs 11.5 0.1 95-115 113.9 598
U3 10.0 0.1 6.0-10.0 207.1 514
P3 15.0 0.15 10.5-14.5 26.1 385
us 7.0 0.05 6.0-7.0 80.4 171
ul5 14.2 0.1 11.2-14.2 31.6 85
u23 12.0 0.1 10.0-12.0 124.4 29
P5 153 0.15 10.0-15.0 45.7 31
Pz12 13.7 0.05 Unknown 136.4 31
ul7 14.2 0.1 12.2-14.2 38.7 35
U3l 9.5 0.1 75-9.5 188.1 35
P1 18.2 0.15 125-16.7 62.4 34
Cé6bis 14.6 0.05 Unknown 156.0 34
ul9 13.8 0.1 11.8-13.8 61.5 43
U33 9.5 0.1 75-9.5 223.8 43
P4 155 0.15 9.5-15.0 24.6 42
ul2 11.0 0.1 8.0-11.0 181.2 35

Two wells (U5 and U3) were monitored for almost Wigole 2 year period. At the same time,
2 other pressiometric probes were placed succégsiveld other piezometers for more
limited periods of a few weeks, trying, as muchpassible, to select monitoring points
located along groundwater flow lines, at differelgtances from the Meuse River (Figure
4.4).
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Figure 4.4 Location of observation wells monitored ith Level TROLL ®
pressiometric probes.

Results of the detailed groundwater monitoring caigyp are presented in Figure 4.5 to
Figure 4.7. Meuse river stages and rainfall are also predetaehighlight the possible
relation between groundwater and surface wateresystand/or groundwater and rainfall.
Groundwater level hydrographs corresponding to masien wells located near the river,
such as P3 or U17 (Figure 4.5A and Figure 4.6ApeeBvely) are very similar to the
hydrograph corresponding to the Meuse River. Faeplation wells located far from the
river, the hydrograph is smoothed and groundwatezlIpeaks are less important and delayed
in time respect to those of the Meuse River (FiguB, Figure 4.6B and Figure 4.7A-B).
This is due to the attenuation of the “floodwavedgagation into the aquifer.

Groundwater table level is higher than river wadgésel, thus causing discharge to the river in
regular conditions. Nevertheless, during high ristges, the hydraulic gradient between the
aquifer and the river can be reversed with a tealpacharge of the alluvial aquifer by
surface water. This change may significantly afteatel times and paths of contaminants in

the system, particularly near the river (Gilmeteal, 1993).

® Figures corresponding to the other monitored ofagiem wells are presented in Annex 1.
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Figure 4.5. Daily groundwater (GW) and Meuse Rivefevels (SW) , and rainfall (lvoz-Ramet dam), for bservation wells P3 (A) and U8 (B).
Difference between groundwater and Meuse River lele(A GW — SW), calculated with hourly data, is also preented (A' and B’, respectively).
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hourly data, is also presented (A" and B’, respeoctely).
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Figure 4.7. Daily groundwater (GW) and Meuse Rivetevels (SW), and rainfall (lvoz-Ramet dam), for obsrvation
wells P1 (A) and C6bis (B). Difference between groglwater and Meuse River levelsA GW — SW), calculated with
hourly data, is also presented (A" and B’, respeoctely).
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4.2.4.Groundwater temperature monitoring

In Chapter 2, it was mentioned the use of heattascar to point out the interaction between
a river and an adjacent aquifer.

The range of Meuse River water temperatures refleasonal temperature fluctuations from
5°C during the winter season, up to 28°C during dlmmer season. The same seasonal
variation in air temperaturgss observed, varying from -10°C during winter sgasup to
35°C in summer (Figure 4.8A). On the contrary, rarersed situation is observed in the river
water level, with maximum river water levels durimgnter season (period of minimum
temperatures) and minimum river water levels tlst of the year (when river water and air

reach the maximum temperature values) (Figure 4.8B)

304 —— Meuse River A

Air

—— Meuse temperature
Meuse water level

Temperature (°C)
(]
(=]

20 S =
Q .
L., = @
£62 5
10 ® O
61 2 @
= @
0 02 E

| 59 X

T T T
01/01/2005 01/07/2005 01/01/2006 01/07/2006 01/01/2007

Figure 4.8. Meuse River level and temperature forears 2005 and 2006.

Several Level TROLP probes used for monitoring groundwater head wése able to
measure temperature. When comparing Meuse Riveaartdmperatures with groundwater
temperatures monitored for a relatively long peniodhree observation wells (U3, U5 and
U8), it is observed that groundwater temperatuesgmts a periodic, annual trend in inverse

proportion to that observed in surface water anithénair (Figure 4.9). Maximal groundwater

® Air temperature measured at 3 m height from thessoface, at the air quality station TMSGO1-Jepep
Seraing (10 km downstream of the FIémalle siéfp(//fluidmach.fpms.ac.be/WebAirQuality3/Accuadpy
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temperatures are observed during the winter andmmalntemperatures during the summer.
This seasonal time-lag of difference between ad gnoundwater temperature is often
observed in shallow aquifers (Lee and Hahn, 2006 inversed trend observed in the
groundwater temperature could also be explainethéyime that surface water infiltrating to
the alluvial aquifer in the upstream dam takesrtove at the Flémalle site. However, this
hypothesis should be further studied to be confirmEhe seasonal amplitude variation of
groundwater temperatures is around 1 degree.
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Figure 4.9. Meuse River and air temperature (A); gtpundwater temperature at three different observaton wells (B).

Concomitantly to this annual trend, local variaiaf groundwater temperature are observed
when the hydraulic gradient is inversed due toramelase of river water level. Figure 4.10,
presents local decreases of groundwater temperatuodservation well U1l5 caused by
inversion of the groundwater gradient in the irdeef river — aquifer. This well is located at a
distance of 31.6 m from the Meuse River.

The sudden decrease of groundwater temperatureelinUg5, at the moment of hydraulic

gradient inversion, can be related with the eneaofccolder surface water from the river to
the aquifer.
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Figure 4.10. Meuse River and groundwater levels inbservation well U15 (A); difference between groutwater and
Meuse River levels 4 GW — SW) (B); and Meuse River and groundwater temerature in U15 (C).

On the contrary, groundwater temperature in obsenvavell P1 (62.4 m from the Meuse
River) was monitored at the same time that the MdrRisver level increased up to 2 meters
from its regular level. Even if an important inviers of the hydraulic gradient was produced,
no changes were observed in the seasonal trentieoftoundwater (Figure 4.11). The
distance of the well to the Meuse River can bearsible of this absence of effect. However,
considering the magnitude of the surface waterl len@ease and the inversion of hydraulic
gradient it seems that the zone corresponding serehtion well P1 is not a preferential path
for surface water intrusion into the aquifer. Oa tilontrary, the zone where near the well U15

seems to present a better connection with the.river

123



A a
5 lgr ©
— i 4
€ 3
E ®
= 104 _ o ______ AN T Trmrmmmmeeeea £
= e ittt i 60 —
‘€ ©
s 159 —— Meuse River H
14 - - - - Observation well (P1) ~
20 T T T y 59 2
10/01/2007 17/01/2007 24/01/2007 31/01/2007 07/02/2007 g
1.0
Groundwater discharge to the river B
= 054
E
; 003/ /\f/e ¥ wle a7c o o o o o elhe ¢ o o e o e fld™ ¥ o o ¢ e e o o e e e ® o o e o e o ° ® o e e o e o e e e e o o
7]
0.5+
=
O -1.04
< Surface water recharge to the aquifer
-1.5 T T T T
10/01/2007 17/01/2007 24/01/2007 31/01/2007 07/02/2007
O 1 12.80 9
~ - - - - Groundwater (P1) c ~
g- 12 4 Surface water o, g-
e 1275 o
=
e ™
3 3]
g L1270 S
8 g
s 3
tE 4 , , ; , 12.65 2
0 10/01/2007 17/01/2007 24/01/2007 31/01/2007 07/02/2007 o

Figure 4.11. Meuse River and groundwater levels inbservation well P1 (A); difference between grounagater and
Meuse River levels 4 GW — SW) (B); and Meuse River and groundwater temerature in P1 (C).

The analysis of groundwater temperatures leadsrée tmain conclusions:

1. An increase of surface water levels beyond 60 ml. acause inversion of the
groundwater gradient, susceptible to produce amaece of surface water to the
aquifer;

2. The entrance of surface water to the aquifer, wioicturs mainly during the winter,
cause a decrease of the groundwater temperatuedses in groundwater
temperature due to the entrance of warmer surfaterwas not observed, because no
inversion of the groundwater gradient was repodi@ihg the summer);

3. As distance to the Meuse River increase, the changeoundwater temperature due
to surface water is attenuated. Furthermore, clgimggroundwater temperature lead

out to delimitate zones potentially better connédtethe river.
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4.2.5.Analysis of monitored data

Analysis of monitored data has been performed apgplyseveral time series analysis
techniques. These techniques consider rainfalloarslirface water as inputs of the system
(aquifer) and piezometric head as outputs. Itsiegpbn to time series analysis has been
extensively used (i.e. Padilla and Pulido-Bosct519 arocqueet al, 1998; Masseet al,
2006; Panagopoulos and Lambrakis, 2006, among)thire analysis of time series such as
river heads and discharges, piezometric levelanatad data... provides valuable information
of hydrodynamic characteristics of the aquifertie Flémalle site, the study of time series
analysis was performed in order to establish tHaydeetween the input (river levels and/or
rainfall) and output (groundwater levels) of theteyn.

Cross-correlation analysis have been performed thithTEMPQS software (Pinault, 2001)
from BRGM, designed to treat and model hydrogeamligand hydrogeochemical time series.
The cross-correlation coefficient(K)) between river levels (or rainfall) and groundwate

levels is calculated as follows:

n-k

- tZ:)[(xt ~ 11 Ve — 42, )] )

[y

wherex; andy:.x are single events at tinhendt+k of time serieX andY:; k is the time lagn
is the total number of records; andy, are the mean of time seri¥sandY respectively; and

ox andoy are the standard deviations of respective timeser

4.2.5.1.Cross-correlation analysis between Meuse River mateels and groundwater levels

Cross-correlation functions were calculated betwhBruse River and groundwater levels
using hourly monitored data and considering the $#eRiver as an input in the system.
Results are summarised in Table 4.2 and some coysslation functions obtained are

presented in Figure 4.12. As expected, the crogglation function present a maximum of

longer amplitude and smaller time lag for wellsatad close to the Meuse River (i.e. wells P5
and U15) as compared to wells located further afivaywells C6bis and U23).
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Table 4.2. Summary of cross-correlation and regressn analysis results.

Observation Distance_ to Meuse Rive-r Rainfall (Ivoz-Ram-et dam)
well ID Meuse River Cross-correlation Cross-correlation
(m) k) | delay () k) | delay ()
U5 113.9 0.698 79 0.123 216
UK 207.1 0.736 106 0.105 264
P3 26.1 0.824 20 0.140 96
us 80.4 0.659 26 0.247 120
uls 31.6 0.883 0.5 0.290 120
u23 124.4 0.325 169 0.218 24
P5 45.7 0.969 1.0 0.262 48
Pz12 136.4 0.742 46 0.217 216
ulv 38.7 0.982 0.5 0.361 96
U3l 188.1 0.672 77 0.411 144
P1 62.4 0.895 21 0.353 48
Cé6bis 156.0 0.588 56 0.171 216
ul9 61.5 0.984 0.5 0.662 144
U33 223.8 0.508 66 0.441 192
P4 24.6 0.858 0.5 0.162 108
Uiz 181.2 0.432 45 0.137 108
i 1.0 1.0+
—P3 (26.1 m) —— U15 (31.6 m}
---- U5(113.9 m) ---- U23(124.4 m)
02 ek
= %3 200 400 600 800 1000 15',0/\/?} 250
10-
0.8 _— 2;::?: k:srg.)a m) 07 " — 21(;%21.31 m)
06 ) N
04" ,
0.2
. 50 100 150 200 % 0 50 100 150 200 280

Figure 4.12. Cross-correlation functions between ver-stage and groundwater level at different
observation wells. Distance of observation wells the Meuse River is showed in brackets.
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Based on Table 4.2 and Figure 4.13, one can nditiae unsurprisingly, the time delay
increases with the distance. Based on the theorgrKivan et al, 1997; Serrano and

Workman, 1998; Hogartbt al, 1999; Srivastavat al, 2006) the delay should be a function
of the aquifer diffusivity g).
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Figure 4.13. Relation between distance to the riveand cross-correlation coefficient ((k)) (left); and
time lag responseK(h)) (right).

4.2.5.2.Cross-correlation analysis between rainfall and gndwater levels

Cross-correlation functions were also calculatetiveen rainfall (input) and groundwater
levels (output) in different observation wells. €secorrelation functions are presented in

Figure 4.14 and cross-correlation results and tags are summarised in Table 4.2.
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Figure 4.14. Cross-correlation functions between iafall and groundwater levels at different observaton wells.

As compared to cross-correlations coefficients nleskebetween river water and groundwater
levels (as high as 0.8 to 0.9), the maximum caticeiabetween rainfall and groundwater
levels is significantly lower (maximum of 0.3). Bhiindicates that rainfall and direct
groundwater recharge do not play a significantuierfice on the dynamics of groundwater

levels in the alluvial aquifer in FIémalle.

4.2.6.Conclusions on data mining and monitoring

The continuous monitoring of river water level ateperature, groundwater level and
temperature and daily rainfall has enabled to asdest the dynamics of groundwater levels
depends mainly on river — stage variations.

Any change in the surface water level producesesqure wave that propagates into the
aquifer with an amplitude that is progressivelgattated as distance from the river increases.
Practically speaking, this also confirms that tivenbank is not impervious and the exchange
between groundwater in the alluvial aquifer and¥teeise River does occur.

In Chapter 5, these data will be further used amatgssed to develop an analytical model
(STWT1) of groundwater — surface water interactiarsl a numerical model (MODFLOW)

of groundwater flow and contaminant transport.
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4.3.Pumping tests

All deep wells in the site have diameters of 2” ¢rB) and 4” (~10 cm), except for 6 wells
(P1, P2, P3, P4, P5 and P6) close to the Meuser,Rith a diameter of 6” (~15 cm).
Pumping tests were carried out in these 6 wellsrder to have the possibility to pump at a
sufficient rate to produce measurable drawdownthénaquifer. During each pumping test,
between 6 and 10 observation wells were monitotatiferent distances and depths (Table
4.3) (Figure 4.15).

Table 4.3 Pumping and observation wells used durinthe pumping tests

Pumping test

Date Pumping well Observation wells
type
17.05.2006 P4 1, 2,6, P2, P3, P5,Ul0, U11, U14 U
Constant rate

28.05.2005 P5 1,2,6,7,P3, P4, U5, Ul4, Ul15
31.05.2006 P1 Adp, A5, B4p, B5p, B6p, P2, U9

. 30.05.2006 P2 A2p, A3, Adp, P1, P4, U10

Step-wise

19.05.2006 P3 A2p, A3, P1, P2, P4, P5, U5, U8,W9)
02.06.2006 P6 8, P5, Ul15, U16, Ul17, U19

Step-wise pumping tests at different dischargesratere performed in wells P1, P2, P3 and
P6. Constant rate pumping tests were performedeifls w4 and P5 (Figure 4.15). Pumping
tests were performed using an immersed pump Gren@Q35-5, the monitoring of
groundwater levels being performed either manuatlysing pressiometric Level TROEL

probes.
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Chapter 4. Monitoring and field works
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Figure 4.15. Location of pumping and observation wis during the pumping test campaign.
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4.3.1.Interpretation methods

Interpretation of the pumping tests was performada first instance, without taking into
account the influence of the Meuse River.

Hydraulic conductivity values corresponding to ddawn and recovery periods of constant
rate pumping tests, and recovery period of steg\wismping tests were calculated using the
Theis-Jacob method. Although this method is desidgaeconfined aquifers, it can be applied
for unconfined aquifers if drawdowns observed imitaring wells are not greater than 15%
of the saturated aquifer height, which is obselvethost of the monitoring wells. The Theis-

Jacob equation to be used for the drawdown pesiaditten as follows:

Ah " logt (4.2)

0.183%), (2.25) 0.188)
= log +
T XS T

whereh is the drawdown [L]Q, is the pumping rate fLTY; T is the aquifer transmissivity
[L TY; x is the distance between the pumping and observatigl [L]; S is the aquifer

storage coefficient [-]; andis the time [T]. The equation used for the recgymariod is:

o =205

= ~ (4.3)

"

where 4hec is the drawdown during the recovery period [L]dah is the time since the
cessation of pumping [T].

Drawdown period corresponding to the step-wiseggewas calculated using the Dupuit’s
and the Birsoy - Summer methods. The Dupuit’s ngtdesigned for unconfined aquifers, is

based on the following equation:

73

0. 0.7®
hZ_}.bZZ p
K

K

Plog R, — log x (4.4)

whereh andhy are the groundwater head before the pumping aestsafter groundwater level

stabilisation [L]; anRs is the radius of influence [L].
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The Birsoy-Summer’'s method is an analytical solutfor the drawdown response in a
confined aquifer pumped step-wise at different ltisge rates. For the drawdown in the
aquifer at time during the nth pumping discharge, the following&pn is used:

0.18%),, _
Ah = ) IogK inrj)(t(n) (t—tn)} (4.5)

T

where

)(t(n) (t —tn) = i(t _ti )AQp(\)/Qp(") - (t _tl)AQp(l)/Qp(ri x(t _tz)AQM/ Q¢ X...X(t _tn )A Qp/ (4,6)

i=1

whereAQ, ) = Q) — Q. is the discharge increment beginning at ttnje® T7.

These methods were only applied to drawdowns anmé&mveries observed in observation
wells. Drawdowns measured in pumping wells were gartsidered in the interpretation in

order to avoid problems related to possible heasds.

4.3.2.Pumping test at well P1

Five steps at increasing pumping rates (3.4, 8%5,116.4 and 21.0 ') during 3 h were
performed in well P1. 7 observation wells were naneid manually (A4p, B4p and B5p) or
using pressiometric probes (A5, B6p, P2, and U8u@dwater level stabilisation was almost
achieved at each pumping step excepting in thestapt Maximum drawdown monitored in
observation wells was around 16 cm in observatielt R2, located at 56.1 meters from the
pumping well. Drawdowns in the rest of piezometgese between 4 and 12 cm, depending
on the distance to the pumping well.

Measured drawdowns and the correspondihgralues of pumping test at well P4 are
presented in Figure 4.16 and in Table 4.4, respayti
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Figure 4.16. Drawdown curves of the pumping test piormed at well P1 (A) and corresponding

observation wells (B, C and D).
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Table 4.4 Hydraulic conductivity values obtained akr interpretation (Dupuit and Birsoy-Summer's for the drawdown period and Theis-Jacob for the recover period) of pumping
test at well P1 Q, = pumping rate; Ri,; = radius of influence;K = hydraulic conductivity)

Pumping well P1 (Dupuit interpretation)

_ _ Drawdown K (m s
PUSTSF'Jng Qo (m*h) StTe';)n?h) Rint (M) P2 U9 A5 Adp B4p B5p B6P
(56.1 m) (50.9 m) (46.6 m) (45.7 m) (68.3 m) (63.4 m) (69.1 m)
1 3.4 0.5 58.9 2.75x1b 8.11x10" 3.58x10° - - 1.26x10° -
2 5.7 0.5 61.4 3.45x1H 9.38x10" 2.39x10° 4.83x10° 4.06x10* 2.11x10° 6.58x10*
3 13.5 1.0 60.9 2.73x1D 6.58x10" 1.50x10° 3.84x10° 3.21x10* 1.67x10° 1.56x10°
4 16.4 0.5 61.9 7.98x1D 1.85x10° 3.49x10° 7.05x10° 4.88x10" 3.05x10° 5.93x10"
5 21.0 0.5 60.6 7.54x1D 1.68x10° 3.61x10° 8.68x10° 5.37x10* 2.61x10° 5.69x10*
Recovery
(Theis- - - - 4.68x10° 1.1x10° 6.12x10° 3.46x10° 1.27x10 1.73x107 1.78x10
Jacob)
Pumping well P1 (Birsoy-Summer’s interpretation)
1 3.4 0.5 - 6.10x18 2.01x10° 2.63x10 - - - 8.50x1(F
2 5.7 0.5 - 6.30x1% 1.36x10° 1.65x10° - - - 5.45x1(F
3 13.5 1.0 - 5.22x19 1.44x10 1.20x10° 1.52x10° 1.43x10° 1.75x10° 3.02x10°
4 16.4 0.5 - 6.42x18 1.41x10° 1.01x10 1.05x10 4.33x10 1.04x10° 3.69x107
5 21.0 0.5 - 6.68x19 1.36x10° 1.08x10° 1.14x10° 3.91x10° 1.12x10° 3.49x10°
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4.3.3.Pumping test at well P2

Two steps at increasing pumping rates (2.9 andrB.i") during 2.5 hours were performed
in well P2. A total of 7 observation wells were ntored manually (A2p, A3 and A4p) or

using pressiometric probes (P1, P3, P4 and Ul®uwater level stabilisation was almost
achieved in each pumping step. The maximum drawdolserved was of 15 cm in well

U10, located at 34.1 meters from pumping well.

Measured drawdowns and the correspondihgralues of pumping test at well P4 are
presented in Figure 4.17 and in Table 4.5, respalgti
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Figure 4.17. Drawdown curves of the pumping test piormed at well P2 (A) and corresponding
observation wells (B, C and D).
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Table 4.5 Hydraulic conductivity values obtained akr interpretation (Dupuit and Birsoy-Summer's for the drawdown period and Theis-Jacob for the recover period) of pumping
test at well P2 Q, = pumping rate; R = radius of influence; K = hydraulic conductivity)

Pumping well P2 (Dupuit interpretation)

Time

Drawdown K (m s%)

pufntgf’ng QM) | grep hy | R (M) P1 P4 P3 u10 Adp A3 A2p
(56.1 m) (88.9 m) (45.4 m) (34.1 m) (63.0 m) (56.2 m) (58.5 m)
1 2.9 0.5 55.8 7.45x1D - 3.70x10° 1.82x10° 1.47x10° 1.33x10° 1.95x10°
2 6.1 1.0 52.2 1.52x10 - 6.68x10° 3.64x10° 3.07x10° 2.69x10° 4.05x10°
Recovery
(Theis- - - - 3.8x10° - 1.61x10¢ 2.76x10° 7.69%x10° 7.22x10° 3.31x10°
Jacob)
Pumping well P2 (Birsoy-Summer’s interpretation)
- 0.5 - - - 1.20x18 1.20x10° - - -
- 1.0 - 6.02x10 1.88x10° 1.29x10* 3.64x10 - 2.84x10 3.38x10"
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4.3.4.Pumping test at well P3

At well P3, three steps during 2.5 h were perforraedtcreasing pumping rates (14.5, 17.5
and 21.7 mh, respectively). 10 observation wells were monidoneanually (A2p, A3, U5,
U8 and U9) or using pressiometric probes (P1, B2PB and U10).

Groundwater level stabilisation was reached at gaahnping step. Observed drawdowns
were not always proportional to the distance frdra pumping well, reflecting again the
important spatial heterogeneity in the alluvial i&&u For example, in observation well U5,
located at 110.2 meters, a maximum drawdown ofMi2vas monitored, while in observation
P4, located at 44.3 meters from the pumping wellery small drawdown of 2 cm could be
observed. For P4, this can be also explained msailple influence of the Meuse River, being
this one the nearest well to the river.

Measured drawdowns and the correspondihgralues of pumping test at well P4 are

presented in Figure 4.18 and in Table 4.6, respalgti
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Figure 4.18. Drawdown curves of the pumping test piormed at well P3 (A) and corresponding
observation wells (B, C and D).
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Table 4.6 Hydraulic conductivity values obtained akr interpretation (Dupuit and Birsoy-Summer's for the drawdown period and Theis-Jacob for the recover period) of pumping

test at well P3 Q, = pumping rate; Ri,; = radius of influence;K = hydraulic conductivity)

Pumping well P3 (Dupuit interpretation)

Time

Drawdown K (m s%)

. 3,
P“S”t‘ep;)”g @ (1? h step 51'1”; P2 P1 P4 P5 u10 us us U9 A3 A2p
(h) (45.4m) | (99.4m) | (44.3m) | (1003 m)| (27.8m) | (72.3m) | (87.7m) | (72.3m) | (72.0m) | (58.3 m)
1 14.5 1.1 83.7 3.32x1D | 3.54x10" | 1.31x10° | 3.26x10° | 5.17x10" | 1.98x10° | 1.17x10° | 6.66x10" | 9.76x10" | 2.70x1C°
2 175 0.8 126.5| 1.38x10 | 8.66x10" | 2.27x10* | 1.28x10° | 2.08x10° | 5.02x10° | 4.35x10° | 2.02x10° | 2.18x10° | 4.43x10°
3 21.7 0.5 104.6| 2.13x10 | 1.42x10° | 3.49x107 | 1.43x10° | 3.18x10° | 2.78x10° | 5.35x10° | 3.49x10° | 4.04x10° | 1.20x1C
Recovery
(Theis- - - - 1.68x10° | 1.96x10° | 2.29x10° | 1.23x10° | 3.41x10° | 1.03x10° | 3.56x1C0F | 8.64x10° | 1.18x10° | 2.83x10°
Jacob)
Pumping well P3 (Birsoy-Summer’s interpretation)
14.5 1.1 - 8.36xI0 | 2.59x10° | 1.74x10% | 2.22x1C° | 4.74x10° | 1.35x10? | 3.86x10° | 9.06x10° | 1.40x1C° | 6.86x1C°
175 0.8 -- 1.28x18 | 3.53x10° | 1.76x10° | 4.64x10° | 5.95x10° | 1.98x10° | 3.27x10? | 1.22x10° | 2.02x1¢? | 5.87x10°
21.7 0.5 - 1.18x1® | 4.65x10° | 1.59x10? | 3.01x10° | 6.64x10° | 3.48x10° | 3.62x1FF | 1.40x10° | 2.85x1F | 1.21x10°
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4.3.5.Pumping test at well P4

A pumping test at a constant rate of 30.9hm was performed in well P4. 10 observation
wells were monitored manually (1, 2, 6, U11 and JJddusing pressiometric probes (P2, P3,
P5, U10 and U15). Stabilisation of the groundwégeel was not really achieved after 3 h of
pumping. A maximum drawdown of 7 cm was observedet U15, located at 76.6 m of P4.
Measured drawdowns and the correspondihgralues of pumping test at well P4 are
presented in Figure 4.19 and in Table 4.7, respagti
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Figure 4.19. Drawdown curves of the pumping test piormed at well P4 (A) and corresponding
observation wells (B, C and D).
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Table 4.7. Hydraulic conductivity values obtained &gr interpretation of the pumping test at well P4 Q,: pumping
rate; K: aquifer hydraulic conductivity; S: aquifer storage coefficient)

. -1
3.1 Observation Distance to Maximum K(ms)
Qp (M*h7) well pumping well (m) drawdown "5 a\wdown | Recovery S0
(cm) period period
P3 44.3 4.2 1.59x10 | 1.54x10° 0.03
1 46.7 4.0 4.50xId | 4.08x10? 0.06
u11 53.3 0.5 - - --
P5 57.7 5.2 6.54x1d | 7.52x10° 0.02
209 2 62.4 3.0 5.17x10 | 2.43x10 0.05
u10 64.6 1.0
uU14 67.8 2.0 - -
6 74.3 1.0 3.19x1d | 3.21x10° -
u1s 76.6 6.8 8.67x1dH | 1.27x1% 0.01
P2 89.3 2.2 1.73x10 | 1.83x10° 0.05

4.3.6.Pumping test at well P5

A pumping test at a constant rate of 5.5hhwas performed in well P5, reduced later to 4.8
m® h in order to achieve stabilisation of the groundawdevel. 9 observation wells were
monitored using pressiometric probes (1, 2, 6,A23,P5, U5, U14 and U15). The duration of
the pumping test was of 23.5 h. A maximum drawd@#30 cm was observed in well 2,
located at 18.1 meters of P5. It is worth noticihgt at well P4, located at 57.7 meters from
P5, the measured drawdown was the same (8 cm}hbatrawdown observed at well U5,
located at 118.2. This reflects again the spagttogeneity of the alluvial aquifer.

Most of the monitoring wells presented a “rebouedfect of groundwater level during the
recovery period, consisting in a temporally incee@aé groundwater level higher than the
initial level and a slow stabilisation to the iaitievel. This is explained by the variation of
groundwater levels related to river stage variaimonthe Meuse River.

Measured drawdowns at observation wells and estitatvalues are presented in Figure
4.20 and in Table 4.8, respectively.
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Figure 4.20. Drawdown curves of the pumping test pormed at well P5 (A) and corresponding
observation wells (B, C and D).

Table 4.8 Hydraulic conductivity values obtained afér interpretation of the pumping test at well P5 Q, = pumping
rate; K = hydraulic conductivity; S = aquifer storage coefficient)

. <1
3, -1 Observation Distance to Maximum Kms)
Qp (m™h) well pumping well (m) drawdown Drawdown | Recovery SO
(cm) period period
2 18.1 28.3 1.83x19 | 1.45x10° 0.0014
uU15 27.0 35.0 1.86x10 | 1.63x10° -
uU14 41.2 1.0 - - -
7 454 22.0 2.19x10 | 1.26x10° 0.0024
5.5t04.8 P4 57.7 4.0 - - -
1 58.6 17.0 2.70x10 | 1.37x10° 0.0059
6 72.0 10.0 9.04x1d | 1.44x10° 0.025
P3 100.2 4.4 6.36x10 | 6.16x10° 0.0026
us 118.2 8.0 - - -
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4.3.7.Pumping test at well P6

At well P6, three steps during 3.4 h were perforraedtcreasing pumping rates (10.5, 13.2
and 21.5 Mh™). 6 observation wells were monitored manually (U167 and U19) or using
pressiometric probes (8, P5 and U15).

Groundwater level stabilisation was achieved ahgammping step. Maximum drawdown in
monitored wells was of 80 cm, observed in well Ulbtated at 24.7 meters of P6, while
wells located farther, like P5 and U19, at 58.5 &id4 meters respectively, maximum
drawdowns of 20 cm were observed. A rebound effest also observed in all the monitoring

wells during the recovery period, as occurred dising the recovery period of pumping test

at well P5.
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Figure 4.21. Drawdown curves of the pumping test piormed at well P6 (A) and corresponding
observation wells (B, C and D).
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Table 4.9 Hydraulic conductivity values obtained akr interpretation (Dupuit and Birsoy-Summer's for the drawdown period and Theis-Jacob for the recover period) of pumping

step test at well P6Q, = pumping rate; Ri = radius of influence;K = hydraulic conductivity)

Pumping well P6 (Dupuit interpretation)

Drawdown K (m s%)

Step pumping | Q, (m°h™) | Time step (h) | Riy (M) P5 U15 u16 u17 U19 8
(58.1 m) (39.6 m) (25.6 m) (26.5 m) (71.6 m) (39.9 m)
1 10.5 1.25 84.2 2.48x10 5.01x10* 1.95x10° 4.91x10* 1.03x10-4 6.71x16
2 13.2 0.5 126.5 1.18x10 2.52x10° 1.13x10° 6.29x10* 5.86x10-4 2.81x10
3 215 0.8 104.6 1.03x10 1.92x10° 8.30x10° 1.28x10° 6.84x10-4 1.93x18
(Tﬁ(:cs’f’j’aegb) - - - 6.30x10 1.35x1C° 1.03x10° 7.70x10° 1.43x10-3 4.31x16
Pumping well P6 (Birsoy-Summer’s interpretation)
1 10.5 1.25 - 2.52x1h 4.63x10* 2.83x10* 3.35x10* 6.48x10* 1.71x10*
13.2 0.5 - 2.74x16 3.74x10* 6.82x10* 2.94x10* 4.96x10° 2.15x10*
3 215 0.8 -- 5.86x10 7.67x10* 8.23x10* 5.03x10* 6.53x10* 2.72x10*
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4.3.8.First conclusions drawn from the pumping tests

4.3.8.1.Influence of the Meuse River

Because the Meuse River is likely to have an imitgeon the pumping test results, further
interpretations of the pumping tests were perforroedsidering the river equivalent to a
constant piezometric level. This correction to Bhguit analytical solution, called the Dietz
method (image well method), takes into accounteffect of the river by considering a virtual
injection well or (image well) on the opposite silem the river, at the same distance as
between the pumping well and the river. The imag# faas a prescribed injection rate equal
to the pumping rate of the real well. The resuftthe Dietz method are generally considered
as more representative than those obtained witltldssical Dupuit interpretations because
the interpretation takes into account the preseicthe river, which acts as a prescribed
piezometric level boundary condition. This methadyl was evaluated with data from

constant rate pumping test performed in well Pb(@4d.10).

Table 4.10 Comparison oK values in pumping test at well P4, wih the classt Theis-Jacob interpretation
and the Dietz method K: hydraulic conductivity).

K (ms?h
Pumping well P4 Theis-Jacob .
Drawdown Recovery Dietz
period period
P3 1.59x16 1.54x10 3.46x10°
P5 6.54x1G 7.52x10° 2.92x10°
P2 1.73x16 1.83x10° 3.15x10°
u15 8.67x10 1.27x10 1.26x10°
1 4.50x1F 4.08x10° 4.84x10°
2 5.17x10 2.43x107 4.91x10°

As expected, hydraulic conductivity values obtaingth this interpretation framework are
lower, around one order of magnitude, than thogaimdd with the classical Theis-Jacob
interpretation.

The pumping well P4 is the closest to the MeuseR({24.6 m) and it is where the maximum
pumping rate was possible (30.§ ht), at the same time as monitored drawdowns weng ver
low, sometimes not measurable in most of the olasierv wells around. When well P4 was
used as an observation well during pumping testfopeed in other wells, measured
drawdowns were often too low to perform a reliablerpretation (see interpretation results
from pumping tests in wells P5 and P2 -Table 4.8 &able 4.5-, or even in well P3 -Table
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4.6-, where hydraulic conductivity values are digantly high in comparison with obtained
in surrounding observation wells). This fact seam®vidence that the well P4 is strongly
influenced by the proximity of the river, which lge its piezometric level relatively
invariable. This fact is translated by an appategher value of hydraulic conductivity when
the river is not considered during pumping tesrptetations.

The influence of the Meuse River to the aquiferrbggnamics is also clearly visible on the
drawdown curves, in the form of rebound effectseobsd during most recovery phases of the

tests.

4.3.8.2.Spatial heterogeneity of the alluvial gravels

Hydraulic conductivity values estimated from pungpiests are lower than expected for an
alluvial aquifer, ranging from 1x10to 1x10° m s*. The spatial distribution of these values
and differences in monitored drawdowns in functairthe distance and direction, seem to
indicate that the heterogeneity of the hydraulindiativity field plays an important role on
the hydrodynamics of the alluvial aquifer.

AdjustedK values obtained at a same observation well cderdiff 1 order of magnitude
according to the pumping test location. Table 4gtésents a comparison of hydraulic
conductivity values for a same observation wellaot#d from pumping tests performed at
different wells. Comparing thd values corresponding to the recovery peridQed,
differences of one order of magnitude for a sameenkation well are obtained (i.e.
observation wells 1, 6, P3 and P5). This is maidlye to differences of the hydraulic
conductivity between the pumping and observatiorl irem one location to another,
evidencing an important spatial heterogeneity @& Klydraulic conductivity in the alluvial
aquifer. This draws the conclusion that the modglipproach considered in Chapter 5 will
have to be able to take explicitly into account spmatial variability of the hydraulic

conductivity field.
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Table 4.11. Comparison oK values at a same observation well, obtained fromupnping tests
at different wells (Kqaw: hydraulic conductivity corresponding to the drawdown period; K
hydraulic conducitivity corresponding to the recovey period).

Observation Pumpin Maximum
PG Distance (m) drawdown  Kgaw(MSY  Kie (M SY)
well well
(cm)
) P4 62.4 3.0 5.17x1D 2.43x10
P5 18.1 28.3 1.83x10 1.45%10°
P4 76.6 6.8 8.67x10 1.27x10°
U15 P5 27.0 35.0 1.86x10 1.63x10°
3.74x10%-
P6 39.6 23.4 5 59x10° 1.35x10°
5 P4 74.3 1.0 3.19x1D 3.21x10
P5 72.0 10.0 9.04x1D 1.44x10°
1 P4 46.7 4.0 4.50x1D 4.08x10°
P5 58.6 17.0 2.70x10 1.37x10°
P4 443 4.2 1.59x1%D 1.54x10°
P3
P5 100.3 4.4 6.36x10 6.16x10°
3.26x10%—
P3 100.3 5.2 4.64x10° 1.23x10°
P5 P4 57.7 5.1 6.54x10 7.52x10°
2.48x10%— 4
P6 58.1 19.4 1 18x10° 6.3x10
1.82x10°—
. P2 56.2 45 1 20x10" 7.22x10°
9.76x10'-
P3 72.0 15.5 5 85X L0 1.18x10

4.4.Slug tests

In the most contaminated zone of the site, pumf@sts could not be performed for two main
reasons: (1) difficulties in managing the pumpetuped groundwater; and (2) the diameters
of the wells were too small to perform pumping dest a sufficient pumping rate to create
measurable drawdowns. In order to obtain hydrazdizductivity values in these zones, slug
permeability tests were carried out as an alteraati

The slug test consists in producing an instantamiebange in groundwater level in the well,
usually by injecting rapidly an important volume wfter in the well, and to monitor
subsequently the rate at which the groundwater letarns to its initial state. The slug test
has two main advantages. First, no water is exdda@&econd, because water is injected, there
are no head losses that might bias the interpoetagifterwards. However, there is an
important drawback: the permeability measurementeiry local and its representativity is
limited. Figure 4.22 shows the location of the welihere slug tests were carried out (U2, U3,
U4, U5 and U12) and the well used for pumping wéedr) for injection.
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[ Fiemalie test site

O Slug test well
@® Pumping well

Meuse River

Figure 4.22. Location of wells used to perform sluggsts.

Slug test interpretation was performed using thavBar and Rice method (Bouwer and Rice,
1976; Bouwer, 1989). The Bouwer and Rice equasonmritten as follows (Fetter, 2001):

K =M}.n( ho] @7
2e t

SCr

whereK is the aquifer hydraulic conductivity [L™T r., is the radius of the well casing [L];
ryp is the radius of the gravel pack [Ljsceis the screen length of the well through which
water can enter [L]ho is the groundwater level in the well at initiamg [L]; h; is the
groundwater level at time[L]. Because there is no way to know exactly wbadlld be the

value ofRe for a given well, Bouwer and Rice (1976) preserdenethod for estimating the

dimensionless ratidn(Re/ rgp) , as follows:

-1

| R _ 1.1 A+ Bln [( h-1,)/ rgp}
n—=.= +
rgp In(LW/rgp) escr/ rgp

(4.8)

whereL,, is equal tob for fully penetrating wells and ¥ for partially penetrating wells
(Figure 4.23); andA andB are dimensionless numbers that can be found frénearetical

diagram in Bouwer (1989).
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Figure 4.23. Geometry and symbols for a slug tesha
partially penetrating well.

Hydraulic conductivities estimated using the présémouwer and Rice method are listed in
Table 4.12.

Table 4.12. Hydraulic conductivity values obtainedrom slug tests experiments.

u2 U3 U4 us U12
K(ms?!) 8.38x10° 1.00x10° 5.60x10° 6.23x10° 3.99x10

Although their very local representation, slug seperformed in the central zone of the
Flémalle site confirms the low hydraulic condudiivivalues obtained in the pumping test

experiments, with hydraulic conductivity valuesrr®.38x10 to 5.6x10' m s™.
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4.5. Tracer experiments

Two tracer test campaigns with contrasted objestwere carried out in the FIémalle test site.
The first one consisted in a radially convergingwfltracer test aiming at identifying and
guantifying hydrodispersive processes in the adlbaquifer. The second tracer experiment
consisted in performing single-well tracer testsngisthe Finite Volume Point Dilution
Method (FVPDM) (Brouyerest al, 2008). This second campaign of tracer experimeats

performed with the goal of quantifying groundwdtaxes close to the Meuse River.
4.5.1.Radially converging flow tracer experiments

4.5.1.1.Experimental setup

Two injection phases were carried out between AuguSeptember 2005 (Phase 1) and
between December 2005 — February 2006 (PhaseniBction wells were chosen as a
function of the distance and position with regatodlghe recovery well (P5) (Figure 4.24).
Table 4.13 summarises the main characteristidsenirjections.

G Flémalle test site

[l Tracer test phase 1
A Tracer test phase 2
® Recovery well

Figure 4.24. Location of the injection and recoveryvells for the
radially converging flow tracer experiments (Phases$and II).
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Salt and fluorescent (dyes) tracers were used th BPbase | and Il. Nitrate, lithium and
iodide were used as salt tracers; eosin yellofyisAphtionat® uraniné and sulforhodamine
B'° were used as dye tracers.

An immersed pump Grundfos SQ35-5 was used to pumglhP5. The pumping rat€fean

= 3.5 nt h') was held constant as much as possible, except gan@tions (mainly during
the Phase | and beginning of the Phase Il) to adoythg out the well during river level
decreases (Figure 4.25).

Table 4.13. Radially converging flow tracer tests:ysithesis of the results. Q is the pumping rate during the tracer
experiment; My is the injected mass of tracer, i, is the time of the first tracer arrival; V na is the maximum
velocity; Tmog IS the modal arrival time of the tracer; Vo4 is the modal velocity; Rec is the recovered mass of tracer at
the end of the monitoring; and T, is the duration of sampling/monitoring processes.

Qv

Vmod

Well Dist. M Tmi \% T R T
Phase Tracer m3 h inj min max mod mh rec rec
D (m) Mk ey AT e @
Nitrate (NQ) 4.2t03 12.16 Not detected
Pz2 18.06 i
Sulforhé)damlne 42t03 0.10 Not detected
Ph. | Pz1 58.06 Lithium (L) 4.2t03 1.39 Not detected
Pz6 71.96 lodide ) 42t03 3.82 Not detected
Pz7 45.37 Naphtionate 42t03 1.00 Not detected
U5 118.19 Uranine 42t03 0.20 Not detected
Eosin yellowish 52'21t50 1.00 11.8 2.29 44.8 0.60 78.28 35.0
Naphtionate 2.14 0.01 398 0.68 148.3 0.18 44.09 .0 22
Phl U5  27.00 S“'forhé’dam'“e 214 001 438 062 - - 080 345
Uranine 2.14 0.01 438 0.62 219.3 0.12 16.69 325
Lithium (Li*) 2.08 0.60 48.6 0.55 144.6 0.19 31.77 25.7
lodide (I) 2.08 0.76  35.6 0.76 108.6 0.25 61.57 25.7

" Eosin yellowish. Chemical formula,gsBrsNa,Os Main extinction wavelength: 516 nm

8 Naphtionate (Sodium-naphtionate). Chemical forn@iisNNaO,S Main extinction wavelength: 320 nm
° Uranine. Chemical formulaggH:0Na,0s Main extinction wavelength: 491 nm

19 Sulforhodamine B. Chemical formula&,N,NaO;S, Main extinction wavelength: 564 nm
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Chapter 4. Monitoring and field works
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Figure 4.25. Radially converging flow tracer testscumulative groundwater
pumped in P5 during the radially converging flow tracer tests.

Groundwater samples were taken, at predetermineg-ifiterval, from the pumped

groundwater using an automatic sampler ISCO 67@uf€ 4.26).

Figure 4.26. Radially converging flow tracer testsexperimental setup. Pumping device (left); automat sampler
(right).

4 .5.1.2 Tracer tests results

Tracers injected during Phase | were never detexttdte recovery well (sampling duration: 3
months). Because of that, it was decided to inpettveen the recovery well and the Meuse
River, in observation well U15, in order to chetkhie pumping well P5 was preferentially
draining water from the Meuse River rather thammfrthe aquifer. Eosin yellowish was

injected in U15 on 18 December, resulting in a relatively fast breaktigio of the tracer at
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the recovery well. The large recovery factor, agprmatively 80%, confirms that most of the
groundwater pumped at P5 comes from the Meuse RN&rwards, between December’05 -
February’06, tracers previously injected during Btese | were also injected at U15 in order
to check if non-conservative behaviours were likelyexplain the non detection of these
tracers during Phase I. The resulting breakthroughes, presented in Figure 4.27, indicate
that the non-conservative processes such as sotidegradation cannot explain completely
the fact that tracers injected during Phase | vneneer detected at the recovery well. Further
explanations will be given based on the numericadiefiing results in Chapter 5.

Primary conclusions can be drawn from Table 4.1@ Bigure 4.27. The eosin yellowish
breakthrough curve shows earlier breakthrough aodamtime because the pumping rate at
P5 was higher@mean= 5.0 nt h%) during this experiment than during the subseqoerat
(Qmean= 2.1 ni h™). The pumping rate had to be reduced progressivelvoid drying the
pumping well. The tracer tests performed with neptate, sulforhodamine B, uranine,
lithium and iodide show contrasting breakthroughrves, with different travel times,
concentrations and tailing, reflecting the spegifioperties of each tracer.
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Figure 4.27. Radially converging flow tracer testsbreakthrough curves
and corresponding recovery rates for tracers injead during Phase I
(December'05 - February'06).

4.5.1.3.First interpretations of tracer experiments

Preliminary interpretation of the tracer test reswas performed using the software CATTI
(Sautyet al, 1992). CATTI allows solving analytically or seaunalytically different models
for transport of solutes in groundwater, includirgdially converging flow advection-
dispersion transport equation. Breakthrough cumvese modelled by adjusting the first
arrival time and the modal time, playing on theeefive porosity ) and the longitudinal

dispersivity ¢.). For easier comparison, calculated concentrativese fitted to observed
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concentrations by normalising the breakthrough esirvaccording to the maximal

concentration. A more detailed calibration on theole breakthrough curve is not possible

using CATTI, as physico-chemical retardation prgesscannot be considered.

Results of this modelling are presented in Figur284 and adjusted hydrodispersive

parameters (effective porosity and longitudinapdrsivity) are listed in Table 4.14. With all

the caution required with such simplified analytisalutions, one can already derive the

following first conclusions:

* The adjusted values of effective porosity of thienaal aquifer are somehow lower

than expected. As an example, Brouyére (2001) fmahaes ranging between 3.7 and
8.5 % at Hermalle-sous-Argenteau, in the alluvilalirp of the Meuse River, North
from Liége (Belgium). However, one has to rememibat the analytical solution
assumes a radially symmetric distribution of gromatér fluxes and effective
velocities. This condition is probably not met hehe tracer experiments have clearly
shown that P5 is essentially fed by water comingnfthe Meuse. It is thus likely that
the hypothesis of homogeneity leads to strong wstienation of groundwater fluxes
between U15 and P5, which has to be compensateatktying an “apparent” low
effective porosity;

* The longitudinal dispersion coefficient is low,@gected for gravel deposits.

Table 4.14. Radially converging flow tracer tests:hydrodispersive
parameters @,, —effective porosity- anda_ —longitudinal dispersivity- )
obtained from CATTI simulations.

Eosin yellowish  Naphtionate Uranine Lithium lodide
O (%) 1.6 1.5 2.9 2.0 1.7
a, (m) 1.8 1.4 3.4 1.4 1.6
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Figure 4.28. Radially converging flow tracer testsfirst interpretation using CATTI (Sauty et al., 1992).

A more advanced calibration of breakthrough cucasesponding to the radially converging
flow tracer tests, using MODFLOW and MT3DMS, wik presented in Chapter 5.

4.5.2.Single well tracer experiments (the Finite Volume Bint Dilution Method —
FVPDM)

Previous results have shown that a precise evatuafi groundwater fluxes near the Meuse
River is essential. To obtain direct estimates afdy fluxes, 4 single well tracer experiments
were performed in different available observatioellsv To do so, the new Finite Volume
Point Dilution Method (FVPDM) was used. All detads the physical, mathematic and
experimental background of the method can be faniBiouyereet al. (2008).

The FVPDM generalises the single-well point dilatimethod to the case of finite volumes of
tracer fluid and water flush. Figure 4.29 and Feggdr30 show the basic experimental devices

and their layout in the field.
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Dosing Pump Q
1 in

Tap for sampling

operations
;
N A= —
Tracer liquid Valve for
tank | recirculation
H flow rate control

h,
—ma— ——m——
Qt Qoul
——— ———
C,
E ——me——
Pump for water
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Figure 4.29. FVPDM: schematic experimental designQi,: injection flow rate [L* T7]; Vi.: volume of
injected fluid [L *; Cj,: concentration in the injected fluid [M L™; r,,: radius of the injection well [L]; h:
height of the water column in the well bore [L]; Q: transit flow rate intercepted by the well screengL> T°
Y; C.: tracer concentration in the transit flux intercepted by the well [M L™]; C,,: tracer concentration in
the injection well [M L; V,,: volume of water in the injection well [L*]; Q.. flow rate leaving the well
through the screens [1® T (Brouyére et al., 2008).

Figure 4.30. FVPDM: experimental design in the fie during realisation of the experiment in well P3. (1)
Tracer liquid tank; (2) Dosing pump; (3) Valve for control of the recirculation flow rate; (4) Tap for
sampling operations; (5) Injection well (modified fom Brouyére et al., 2008).
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According to Figure 4.29 and Figure 4.30, during &xperiments performed in the Flémalle
site, the tracer solution was continuously mixeshgi®n automatic mixing device placed in
the top of the barrel storage. The tracer was tegeasing a peristaltic pump EASYDOS 3.4
for injection rates lower than 3.4 ttor a dosing pump MAGDOS LT17 for injection rates u
to 40 | h%. Groundwater circulation was performed in the dtign well in order to
homogenise the tracer concentration in the well,wadl as to obtain representative
groundwater samples for tracer concentration measemt at the injection well. This task
was accomplished using an immersed pump Grundfds3&Qwith a circulation rate ranging
between 0.3 and 1Hh™.

4.5.2.1. Mathematical basis

Brouyere et al. (2005) obtained the following analytical solutidor calculating the

concentration evolution in the injection well:

Q.G (G - Qu qv,o)exp(—Q‘M (t+ g)j

Vv, (4.9)
Qout

C.(t)=

with,

Qui=Q,+ Q" (4.10)

whereV, = 7m2h,, is the volume of water in the injection well’[Lwherer,, is the radius of
the injection well [L] andh,, is the height of the water column in the injectigall [L]; Cy,
Cin andC? in are tracer concentrations in the well, in thigétion water, and in the injection
well, respectively, at timg [M L™]; Q,, is the injection rate [L.T7]; Q" is the rate of water

intercepted by the well at the screen level (traffsiv rate) [L> T]; Qou is the flow rate that

leaves the well through the screens, carrying trateconcentrationCy [L® T7]. The
superscript™ in the transit flow rateQ" indicates the fact that this flow rate dynamically

depends on the injection ra@y,.
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The physical process behind the FVPDM is dilutignrbixing of the different flow rate
components@, andQ"), which is similar to the standard dilution teajue commonly used
in hydrogeology on calculate flow rates in streaf@man, 1977a, 1977b; Ruelet al,
2006).

The FVPDM is, however, more complex than the dilntiechnique because the relationship
between the injection flow ra@y, and the transit flow rat®" in non-linear, as it depends on
the flow patterns around the injections well andtbe well geometry. As explained by
Brouyeére (2003), the transit flow ra@" is maximum when the injection rate is equal tazer
and in progressively decreases as the injectiom iratreases. For a critical value of the
injection rateQi, = Qqr, the transit flow rateQ" is exactly zero. Above the critical injection

rate, only injection water leaves the well screeigre 4.31). This implies that the FVPDM
should be performed with a tracer injection ratecihs less than a critical injection rat@.f)

above which the transit flow rate crossing the esgseof the injection well could not be
determined because it would be cancelled. The keyé&veloping the FVPDM is thus to

accurately express the dependencydf on Q, and to evaluate as accurately as possible the

critical injection rate Q).

N+ KF-2
H\a ?‘)’ o =
. S N O
A ) Ale N
(a) an =0 (b) 0 < Qin < Qer

well capture zone (upstream) /
feeding zone (downstream)

singular point separating portions of the well diameter
where water comes in/ flow out across the screens

Figure 4.31. FVPDM: flow patterns around the injecton well (a) in natural flow
conditions, (b) modified by the injection of waterin the well and radial coordinate
system used to calculate the components of Darcw#l at the vicinity of the injection
well (Brouyere et al., 2008).
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Finally, the expression for the transit flow radegiven by:

Qin

n — — - *
tI - Qout - Qin - 2r.w escr Vap Sln(arCCOQin )_ o

(2 arcco ) (4.11)

where Q, =Q,/Q, ; & is the screen length of the well [L]; amg) is the apparent Darcy

flux [L T™.

4.5.2.2.The FVPDM as performed in the field (experimentalditions)

The objective of the study and the conditions pitengain the field are the main constraining
factors for dimensioning the tracer experimentsweler, based on the theory, it is possible
to propose a very structured methodology for dinmsg the experiment prior to going to

the field. This is summarised in the form of a fhart in Figure 4.32.

Estimation a priori of the transit flow rate( QO,‘prim)
1 S =2re.

0
Q t,prior = Kest (AH

n)s

meas'

Y
Estimation a priori of the critical injection flow rate (Q,,

2 prior _ 0

ch - TEQ t,prior

/\

Estimation of the tracer injection duration (Tm;)

3a T, = V,/Q™ 3b ror
Ty=(6-1)T," Q<< Qy

prior.

)

Estimation of the injection flow rate (Qmj)

Estimatioin of the volume of tracer fluid (VmJ)
4 V,; =Q,T,

inj " inj

!

Estimation of the mass of tracer injected (Mm,)
5 Cmin(DL) < CinjOpt < Cmax(SL)
Mlnj = Clnjﬂpt Vin]

Figure 4.32. FVPDM: flowchart for an optimal designof the FVPDM injection profiles (Brouyére et al., 2008).
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As already mentioned, an essential condition ferRNPDM to be valid is that the injection

*

rate should be less than the critical injectiore <1). If that condition is not met, the

inj
tracer concentration in the injection well,j) would become equal to the tracer concentration
of the injected waterGj,;) and the monitored evolution of concentrationhie tvell have no
meaning anymore.

The first step in setting up the experiment is ttausstimate a priori the critical injection rate
Qcr by applying Darcy’s law with previously estimatkgdraulic conductivity and hydraulic
gradient (Figure 4.32, step 1). Values of hydraabaductivity and hydraulic gradient were
obtained from pumping tests results and from grawatdr levels measured in the vicinity of
the injection well, respectively.

When the critical injection rat@,, is estimated fron@; (Figure 4.32, step 2), one can define
the injection profile Qinj, Vinj, Tinj, Cinj) @s follows. Theoretically, a single injectionstat a
constant rateQj, is sufficient to obtain a concentration evolutitmat is useful for the
FVPDM interpretation. However, we decide to perfonarious injection steps with

increasing and decreasing injection rates, the leé@ag to check that the relationship between
Q" and Qi remains valid for different values @y. It is also expected that the resulting

multi-step concentration evolution can provide arenceliable estimation of Darcy fluxes.
Using increasing injection rates reduces also igle of injecting the tracer at a rate that is
larger than the critical injection rate.

Knowing Q¢ andV,, one can estimate,Tand thenT;, (Figure 4.32, step 3a). At the same
time, the prior estimate @, allows one to define an optimal value@#;, as low as possible
as compared td). (Figure 4.32, step 3b). Having defin€d,; and Ty, allows then to
determine the volume of tracer fliih; (Figure 4.32, step 4).

The quantity of tracer has to be defined so asatee lconcentrations in the injection fluid
(Cinj) and in the injection wellG,) that are higher than the detection lin@,(>Cp.), to be
easily detected and monitored, but still low enoughavoid adverse problems such as
saturation of monitoring devices or density effe€s; < Csi). So, the final step consists in
defining the quantity of traceévli,; such that concentrations in the injection fl@g and in
the injection wellC,, are within this acceptable interval (Figure 4.8%&p 5). During the
experiment, “real-time” measurements of the eleatrconductivity or the fluorescence is
recommended to monitor continuously and in “resdefi the concentration evolution, as well

as to check that the injection rate remains loWwantthe critical injection rat€X, < Qc).
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During the experiment, the tracer solution was icaatusly mixed using an automatic mixing
device placed in the top of the barrel storage. fféa@er was injected using a peristaltic pump
EASYDOS 3.4 for injection rates lower than 3.4Y ¢r a dosing pump MAGDOS LT17 for
injection rates up to 40 Ih Groundwater circulation was performed in the dtifgn well in
order to homogenise the tracer concentration inttbk, as well as to obtain representative
groundwater samples for tracer concentration measemt at the injection well. This task
was accomplished using an immersed pump Grundfds3&Qwith a circulation rate ranging
between 0.3 and 1™,

4.5.2.3.FVPDM: description of the injections in the Fléneaflite

Four wells (P1, P3, P4 and U15), located at diggamanging from 25 to 62 meters from the
Meuse River, were selected to perform this tragehnnique Figure 4.33.

[ Fremaiie test site

@® FVPDM location

Figure 4.33. FVPDM: location of wells used to perfan FVPDM experiments.

Tracer solutions were stored in 500 | barrels (F@gu30). The volume of tracer fluid and the
injection durations were determined to optimise ¢hances of reaching the stabilisation of
concentration in the injection well for each injentstep, as explained in Figure 4.32. Tracers
were continuously injected and monitored in eacli dering several days. Bromide was
injected in well U15 using two steps of increasingction rate followed by one step with a
decreased injection rate; iodide was injected il Wwd using four steps of increasing
injections rates; sulfornodamine B was used in Wé&lperforming two steps of increasing
injection rate; and uranine was injected in welllRing two steps of increasing injection rate.

Characteristics of each injection are summarisekhinle 4.15.
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Table 4.15 FVPDM: characteristics of wells used dumg injections and experimental set-up characterists of tracer injections.

u15 P4 P3 P1
Borehole depth (m) 14.2 15.5 15.0 18.2
Water column h,, (m) 6.66 7.32 7.03 10.11
Well radius r,, (m) 0.05 0.075 0.075 0.075
Water well volume V,, (m°®) 0.05 0.13 0.12 0.18
Screen length g, (M) 3.0 55 4.0 4.25
K mean (PUMping test) (m s') 3.3x10° 1.1x10° 4.0x10* 2.7x10*
Estimated Vo (ms?) 1.1x10° 4.8x10° 9.8x10’ 5.6x10’
Estimated Q. (m®s") (3151.(: |1(r)151) (ié?; |1(r)151) (é.'gz |1(r)1i) (s%.';g |1(r)1i)
Tracer Br I Sluforhodamine B Uranine
Total M iy (kg) 2.69 2.77 4.45x10° 4.25x10°
Total Vi (M°) 0.46 0.98 0.50 0.50
Cinj (PPmM) 5818 2775 0.088 0.085
Qrec (M* K'Y 0.3 3.0 1.0 0.3
Injection step 1 2 3 Total 1 2 3 4  Total 1 2 Total 1 2 Total
" Qi (1h 93 329 203 1.5 54 192 394 1.7 22.8 105 20.1
§ % Time (h) 300 958 592 1850 23.4 1262 20.73 12.30 69.05 29.37 19.83 49.20 19.08 14.92 34.00
ii § Volume (m°) 0.028 0.315 0.120 0.463 0.035 0.068 0.398 0.4850.986 0.050 0.450 0.500 0.200 0.300 0.500
B Tracer mass (kg) 016 183 070 2.69 010 019 112 136 2.77 4.4x10°  4.0x10°  4.4x10° 1.7x10°  2.5x10°  4.2x10°
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4.5.2.4.FVPDM: tracer monitoring and sampling

With saline tracers (iodide and bromide), the tiraeolution of concentration was
continuously monitored by measuring the electramaiductivity with a YSI 600 XLM probe
in the circulation water (compared to the electrimanductivity measured in the injection
fluid). With fluorescent tracers, a field fluorineetGGUN-FL30 #1370 was used to monitor
the evolution of concentration during the experim&uring each experiment, samples were
also taken using an ISCO 6700 automatic samplemnartlally (control samples) in order to
be analyzed in the laboratory. Groundwater level tamperature were also continuously
monitored in the injection wells (every 2 minutes)ing a pressiometric Level TROPL

probe.

4.5.2.5.FVPDM: modelling of groundwater sampling results

Concentration evolutions in the injection wellsidgrand after the tracer injections, together
with water levels monitored in the injection welidain the Meuse River are presented in
Figure 4.34. Most often, the various injection stepere clearly identifiable, but the
monitored concentrations in the injection wellsdipreached stability. River stage variations
generate indirectly local changes in the hydragtedients in the aquifer and thus changes in
groundwater fluxes close to the injection wellsisTbhenomenon was observed during most
of the injection experiments. During the transiphase of the evolution of concentration in
the injection well, at the beginning of each traicgection step, the influence of the changes
in groundwater fluxes is not as visible becauseoverlaps with the normal rise of
concentration. On the contrary, when the tracerceotration has stabilised in the injection
well, changes in groundwater fluxes induce varraion the tracer concentration in the well.
This perturbation is clearly visible when lookinigtlae concomitant changes in water levels in
the Meuse River and the anomalies in concentratiomitored in the injections wells. In
Figure 4.34A and in the second injection step effigure 4.34B, the observed decreases in
Meuse water levels are systematically associatélu a@creases in concentrations in the well
because the hydraulic gradient and Darcy fluxesrameased in the vicinity of the injection
well. On the contrary, during the stabilised phak¢éhe second step of bromide injection in
well U15 (Figure 4.34C), an increase in tracer emti@tion is observed, corresponding to a
rise in water level in the Meuse because the hydrguadient and Darcy fluxes are reduced

close to U15.

163



Chapter 4. Monitoring and field works

WELL P4 WELL P3

0.5 59.90

°
3

w

5060 O I measured
—— 1 modelled
(V,=2.7x10° m.s™) 04 5985

T
e
o

59.58 -

2
3 S
O c
. s
5 g
.g 0.3  59.80 aut. measured | 0.4 S
. =0
c (O Sulforhodamine c
5 59.56 P s
o 1 1 man. measured h
O 59.44 0.2 ‘ Sulforhodamine [ 0-3 =
E ! 5954 SW modelled 5
> A - (V,=1.5x10°m.s") 0.2 @
A ~
59.40 [ 3 n — TN\ [
3 R '1—0.1 59.4 “.,’,\ {\‘_1"",\ ’\/ X \ rra | £
3 \.?/ v vt 0.1 -§
N . B c
= 50.36 | r—-ﬁ o
& , 0.0 59.3 4 . . . . . . —100Z
0 20 40 60 80 0 20 40 60 80
WELL U15 WELL P1
59.52 0.15 1.0
GW C 59.84 D 3
5 (&)
59.48 -~
3 012 5o 0s GW 0.8 =
g 59.44 S
= -t
.g | 0.09 59-80- O Uranine measured 0.6 g
< B & R Uranine modelled e
(% 59.40 - . ., T o (V,=3.0x10° m.s™) 9
N —
= R O Br measured [ 9-06 5 rN A 04 [
7
2 Br modelled 59.44 o ' " ' "\ '%
2 59.36 4 ~f Nt ‘ o . c
(V.=3.1x10* m.s™) Y ORI .t i S
@ ° -0.03 0 ‘o NGl N L0.2 g
3 | Br modelled ‘- SW ‘,'o ! 5
= 59.324 JV,=2.05x10"m.s™) 59.34 <
e} [<]
T T T T T T T T 0 T T 0.00 T T T T T T T T 9 T 0 00 =
0 5 10 15 20 25 30 0 25 50 75 100 125 150
Time (h) Time (h)

Figure 4.34 FVPDM: comparison between concentratioevolutions monitored and modelled, and representain of the Meuse River (SW) and groundwater (GW) dvels.

The non-dimensional tracer concentration in the wél(C,,") is obtained performing CW/Cinj .
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4.5.2.6.FVPDM: modelling results

Using Equation (4.9), calculated evolutions of cartcations were fitted to the monitored

ones by modifying the apparent Darcy fluy (Figure 4.34). All other terms appearing in the

mentioned equation were defined based on the ewpatal conditions @inj, Cinj, V...).
Results are summarised in Table 4.16. Considehag the influences of changes in water
levels in the Meuse River was not taken into actalimectly in the interpretation, one can
consider that tracer concentration evolutions dated with the analytical solution are very
close to the measured ones. As explained befarg¢hdoinjection performed in well U15, the
strong deviation of concentration observed durimgdtion in step 2 is related to a rise of
about 15 cm in the Meuse water level during the BMPexperiment. For a Darcy flux of
3.1x10" m s, the first injection step and the beginning of thecond step are well
reproduced, but not the third for which the caltedlaconcentration is too low. These results
are consistent with the fact that the rise in Mewsd¢er level has reduced the gradient and
thus Darcy fluxes in the alluvial aquifer near tiiner bank. The third step was adjusted

separately, using a lower Darcy flux equal to 210%%m s™.

Table 4.16 FVPDM: results of the single-well tracetest performed in the Flémalle site

uils P4 P3 P1

Darcy’s flow V, (ms?) 2.05 - 3.1x1¢ 2.7x10° 1.5x10° 3.0x10°

6.15 — 9.30x18 2.23x10°  9.60x10°  1.91x1(°
(221.4-334811) (80.21hHY) (34561h) (6.91HKHY
1.93x10* - 2.92x1¢ 7x10° 3.02x10°  6.02x1C°
(694.8—-1051.211) (251.91hY (108.71hY) (21.61HY

Groundwater flow Q° (m®s?)

Critical injection flow rate Q,, (m®s")

The estimated Darcy fluxes are similar in P3 anddPdthe order of 2xI0m s while in the
vicinity of well P1, they are 10 times lower, arou8x10° m s*. In the vicinity of well U15,
the estimated Darcy flux is approximatively 10 tsni@gher of those in P3 and P4, of the
order of 2x10 m s'. This seems to indicate a zone of higher hydraedieductivity in the
vicinity of U15.
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Two main results must be highlighted specificatly the FVPDM:
1. Darcy fluxes change continuously in time becausefrefuent changes in the
difference of head between the river and its adluaquifer;
2. Estimates of Darcy fluxes seem to indicate changeshe heterogeneity of the
hydraulic conductivity field of the alluvial aquife from higher values in the
surroundings of well U15 to lower values in thegidiourhood of well P1.

4.5.3.Conclusions to tracer experiments

Generally speaking, conclusions related to traeststperformed in the Flémalle site can be
summarised in three main points:

1. Tracer experiments performed in the Flémalle sitveh provided very useful
information on the hydrodynamics and on hydrodisper processes in the alluvial
aquifer. First estimates are available for theaife porosity ¢, = 1.5 — 2.9%) and
longitudinal dispersivity ¢, = 1.4 — 3.4 m) of the alluvial deposits, based on
modelling the radially converging flow tracer tegtsng a semi-analytical solution;

2. The tracer experiments have also provided furtivestemce on the importance and
dynamics of the groundwater — surface water intema@and on the heterogeneity of
the hydraulic conductivity;

3. The specific behaviour of tracers used during tist fadially converging flow tracer
test performed in the site cannot fully explain tien-observation of these tracers
during this phase. Again, the heterogeneity offtbe field has to be examined as a
complementary explanation to this surprisingly hessurhis will be further studied
using the MODFLOW — MT3DMS numerical modelling im&pter 5.

Specifically for the FVPDM, it must to be statedhtitihis technique provide a control of
injection conditions together with complementarjormation on groundwater flows in the
vicinity of the injection well. The interpretatiarzan take advantage of both the rising and the
stabilised part of the concentration evolutionghim injection well.

As a consequence of its high sensitivity to expental conditions, the FVPDM is a well
candidate technique for studying and monitoringnges in Darcy fluxes and groundwater
flows in transient conditions, such as changes ydrdulic gradients, with potential
applications in monitoring the dynamics of grountBva- surface water interactions in the
hyporheic zone. To do so, one needs to continuanfgt a tracer at a very low rate and to

monitor the temporal changes in concentration énitipection.
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4.6.Conclusions to chapter 4

Before performing the monitoring and field experimse knowledge on hydrodynamics in the
alluvial aquifer of the Flémalle site was reducedah idea of groundwater flow directions,
known to be from the aquifer to the river. Nothimgas known about river — aquifer
interactions and the spatial aquifer heterogen€elitye numerous wells available from
precedent characterisation campaigns (present&hapter 2) were very useful to perform
monitoring and field experiments, which aimed tdaii a relatively complete idea of the
interactions between the river and the aquiferthef spatial heterogeneity of the hydraulic
conductivity field, of groundwater fluxes dischargito the river and first estimates of the
main hydrodynamic and hydrodispersive parametererping the flow and transport of
dissolved solutes in the alluvial aquifer.

Table 4.17 presents a summary of the main resblsreed after 2 years of monitoring and
field experiments. All the data obtained will seteeperform, in a first instance, an analytical
groundwater flow model, and subsequently, a nuraemgoundwater flow and transport
model of the Flémalle site, which will deserve ttatmine which processes are responsible

of migration and/or attenuation of the organic ptahts dissolved in groundwater.

Table 4.17. Summary of the main results issued froomonitoring and field experiments.

Groundwater — surface water interaction

e From the aquifer to the river under regular coodii H

Groundwater flux direction ~59.4masl)

e Hydraulic gradient inversed whehincreases over 60 m
a.s.l;

e Darcy flux continuously varying due to river fluations
(demonstrated with FVPDM results);

«  Surface water flows into the aquifer when important
inversions of the hydraulic gradient are produced

Dynamics of the river — aquifer interface (observed using temperature as a tracer). Howehier,
seems to be restricted to the firsts meters oéleial
aquifer;

e Areas of good connection between the river and the
aquifer, as well as preferential paths of surfaatew
flowing into the aquifer are highlighted using data
analysis and groundwater temperature, respectively.

Hydrodynamic & hydrodispersive parameters of the aluvial aquifer

*  Groundwater head variations are mainly explained by
river fluctuations (80%);

Groundwater head . . .
« Rainfall has a reduced impact in groundwater levels

(20%);
. . . <1
Spatial heterogeneity of the hydraulic V?'Ees rarl?lng .b(te)t'\lfyeer:c 1h><iﬁn((jj 1x|.1§ m Z itivfield
conductivity field *  High spatial variability of the hydraulic condudtivfie

(observed from pumping and tracer tests).

e Low values of effective porosity (1.5 — 2.9 %);
e Low values of longitudinal dispersivity (1.4 — 3n);

e Still to explain factors determining the absenc&ader
recovering during Phase I.

Hydrodispersive parameters
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As mentioned in Chapter 2, a former river chanrfelhe Meuse River (and its associated
island, named Corbeaux Island) is located nearrton dhe Flémalle site. At present, the
location of this channel can be precisely locatemhks to SPAQUE (2007). Its location is

presented in Figure 4.35, together with groundwaisids corresponding to the monthly
monitoring campaign of April 2006.

s g

| —— Greundwaterhead | 40\
| Former rver channel
L) Femalle testsite. K

Figure 4.35. Location of the former channel assodied with the past
morphology of the Meuse River. Piezometric map cogsponds to
monthly monitoring campaign of April 2006.

In addition, Figure 4.36 shows the former rivermina together with observation wells used
during pumping tests, and radially converging flamd FVPDM tracer tests.
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B R S T, N

Recavery + pumping well
Injection (tracer test phase I)
Injection (tracer test phase I} + FVPCM e
Pumping well + FVFDM
Pumpina Well
L ][] Former river channel

L] Frematie test site

Figure 4.36. Location of the former channel assodied with the past
morphology of the Meuse River. Reference observatiowells used in
pumping and tracer experiments are depicted.

The actual role of the old river channel must besstigated with regard to the non arrival of
tracers injected in Phase I. This hypothesis walldiscussed in Chapter 5, where tracer tests

will be numerically modelled.
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Calibration task doesn’t end when you decide tshinit really
finishes when there is no more time to spend.on it

Pascal Goderniaux

FNRS Belgium & Ph.D candidate in Hydrogeology Unit,
University of Liege, during “one of the several daypat we
spent in front of the computer...waiting for gooaliloration
results” (winter 2008).

5. GROUNDWATER FLOW AND TRANSPORT
MODELLING






5.1.The need for groundwater modelling

Groundwater modelling allows bringing all availaldata together into a logical holistic
picture on a quantitative basis. It has becomespelisable in answering questions regularly
posed by stakeholders regarding groundwater quatity certain point of compliance or how
a contaminant plume may evolve over time.
Two approaches are used here: analytical and ncahenodelling.
Main objectives of the analytical modelling are:

* To provide a better understanding of the systemmlwater — surface water;

» To obtain first estimates of hydrodynamic parangetéithe alluvial aquifer;

* To get an idea of the order of magnitude of therbank hydraulic conductivity.

Subsequently, the numerical groundwater flow aadsport model should aim to consider the
spatial heterogeneity of the alluvial aquifer. Malnjectives of this model are:

* To provide a better evaluation of the hydrodynaamd hydrodispersive properties,
considering explicitly the spatial heterogeneity tbé alluvial aquifer in order to
reproduce groundwater head variations;

* To be able to run scenarios of contaminant disperen the alluvial aquifer and
towards the Meuse River as a support for risk assest of contaminants present in

the alluvial aquifer.

5.2.Analytical modelling

Using monitored time series of water levels in theer and in the aquifer, the computer
program STWT1 (Barlow and Moench, 1998) was usedevaluate the hydrodynamic
properties of the alluvial aquifer and of the aquifiver interface and to estimate water flow
rates across the river-aquifer interface, consmgegroundwater flow conditions and water

river level fluctuations.

5.2.1.Conceptual model

The conceptual model of the system is presentédgure 5.1.R., is the recharge rate of the

aquifer [L TY; K is the horizontal hydraulic conductivity of theufgr [L T™]; Ky is the ratio

of vertical to horizontal hydraulic conductivity]]-d is the width of the semipervious

riverbank material [L]S; is the specific yield coefficient [-} is the mean saturated thickness

of the aquifer [L];$ is the aquifer diffusivity (i.e. ratio of transmsisity to storage coefficient)
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[L% T7; awk is the river leakance or river resistance [L] {dedl in Chapter 3, Equation (3.5));

andh is the groundwater head [L].

Hillslope

Ground surface

v v YR

B=(Kh)IS, K

b4

Alluvial aquifer b Bedrock
| N W W i w w e wen e e e e e e wen A WA VA
X, X

Figure 5.1. Conceptual model of the analytical grondwater - surface water
system modelled (orthogonal transect or slide). Natt scale.

Additionally to the assumption of horizontal flown ithe aquifer, other simplifying
assumptions are considered in the use of anal@atation (Barlow and Moench, 1998):

* The aquifer is homogeneous, isotropic, and of umifthickness;

* The lower boundary of the aquifer is horizontal angermeable;

» Hydraulic properties of the aquifer do not chang wme;

* The aquifer material and groundwater are slightijmpressible;

» The river fully penetrates the aquifer;

* The semipervious riverbank material has negligidg¢er storage capacity;

* The river water level is at the same elevation esugdwater everywhere in the

aquifer. This means thatat O the river water level is suddenly loweredased to a

new position.

The aquifer is modelled as a finite-width waterkéalvith semipervious riverbank material.
The aquifer mean saturated thickndgsig set equal to 8 m, and the width of the orthado
transect to the Meuse river considered for groutemmodelling at observation wells is set
equal to 1 m (analysis performed per unit lengthvadr — aquifer interface).

Modelled groundwater heads are adjusted to measumed by playing on the hydraulic
conductivity of the semipervious riverbank mate(l&l) for adjusting the mean groundwater
level and on the diffusivity4) for adjusting the amplitude of groundwater vaoias (distance

of influence in the aquifer of changes in riverges).

175



5.2.2.Discretisation of convolution relations

The analytical solutions derived and implementedSAYWT1 are mathematical models of
river-aquifer hydraulic interaction. Governing etjaas and convolution relations used to
relate time series of river stage changes (systgmt istresses) to time series of groundwater
head changes (system output responses) were exipdSedpter 3.

For the implementation in the STWT1 program, thegnals appearing in Equation (3.9) and
Equation (3.10) are discretised as follows:

h(x,zj)=h+i F(k-) H(x2z | kDA (5.1)
and
. Kb { HD(XO’Z’ j_k+1)At
Q. — 5.2
(i)= . 2 F(k-1) ox. (5.2)

wherej is the upper limit of time integration [4;is the time variable of integration (time step
number) [-];At is the time step size [T]; ark(k - 1) is the time rate of change of the system
input [L T.

The program requires an approximation of input bgdaphs of river-stage into a time series
of discrete time steps of lengitt. The time rate of change of the system input &mhetime
step is calculated by:

Fo(k-1)= F(k)‘AT(k‘l) (5.3)

whereF(k — 1) andF (k) are the system inputs (river stage and/or re@)agtime stepk — 1
andk, respectively. The accuracy of the convolutionhodt and therefore of the program, is

improved by use of smaller, i.e. hourly, time stéparlow et al, 2000).
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5.2.3.Analytical modelling for the Flémalle test site

5.2.3.1.Calibration of monitored groundwater heads

Observation wells where the analytical solution waplied are those where groundwater
level fluctuations were monitored using pressioietievel TROLL® probes (Chapter 4).

Figure 5.2 presents monitored wells used for aitallyiodelling calibration.

|:| Flemalle test site

@® Monitored observation wells

Groundwater head

Figure 5.2. Location of 16 observation wells monited with

pressiometric probes Level TROLL®. Piezometric lines correspond
to the monthly groundwater survey campaign performe in June

2005. S1, S2, S3 and S4 correspond to sections slides” in which

the Flémalle site was divided for applying the angtical solution.

Table 5.1, presents the modelled periods, correéBpgrmrainfall measured at the Ivoz-Ramet
dam Rf) and the estimated groundwater rechaiggy), as well as the parameters resulting
from the calibration based on groundwater headsitorexa in the 16 observation wells. The
comparison between modelled and monitored groureiwedads is presented in the form of
coefficients of determinatiorR(). For the observation wells where a long periotirae was
monitored (P3, U5, U3 and US8), shorter monitoriregigds were first fitted independently
before addressing the entire monitored period.

Representative hydrographs of modelled groundwatads at observation wells P3 and U5,
both located in thelide S2, are presented in Figure 5.3 and Figure 5.4etisas the resulting

calculated mean seepage rates across the aquiter-nterface. The main objective of these

177



figures is to show and evaluate modelling reswtsdbservation wells located at different
distances from the river.

The hydraulic conductivity values resulting frone toalibration range between 2.55%18nd
1.6x10° m s*, in good agreement with hydraulic conductivity ues obtained from the
pumping tests. Specific yield values range betw@d8 and 0.16. The mean hydraulic
conductivity of the riverbank material is 3x10m s, lower than the mean hydraulic
conductivity of the aquifer.

The results obtained using the analytical solutionstitute first estimates and it is likely that
the aquifer heterogeneity is higher and distribuaémhg two (X, y) or even three (X, v, 2)
spatial dimensions. The resulting hydraulic propedlues can however be viewed as good
estimates and basis for more complex modellingaoasn

The STWT1 analytical solution considers positivepsge flowing from the aquifer to the
river and negative seepage from the river to théfeq This sign convention will be used

further in Chapter 5.
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Table 5.1. Hydraulic properties of the aquifer andriverbank and calibration parameters used in the amlytical model (Rf = measured rainfall at lvoz-Ramet dam
during the modelled period [L]; x = distance to observation well from river-aquiferinterface [L]; d = width of the semipervious riverbank [L]; b = saturated thickness
of the aquifer [L]; K = horizontal hydraulic conductivity of the aquifer [L T™]; K, = ratio of vertical to horizontal hydraulic conductivity [-]; S, = storage yield coefficient
[; ax = streambank leakance [L]; Ks = hydraulic conductivity of the semipervious rivebank [L T™7]; Rew = groundwater recharge [L]; R* = coefficient of
determination between observed and calculated growtwater heads).

Calibration parameters

Well ID Modelled period Rf (mm) x (m) R?
K(m S_1) Ky() S() ax(m) Ks(m S_1) Row (mm)

P3(l)  25.01.2006 — 22.02.2006 50.1 2.50%101.0x10° 0.16 40 1.88x1D 7.46 0.995
P3(I)  05.02.2006 — 05.05.2006  137.7 26.1 2.50%101.0x10*> 0.15 40 1.88x18 24.88 0.983
P3 16.09.2005 — 13.09.2006  688.6 2.50x10" 1.0x10° 0.16 40 1.88x19 41.7 0.932
U5 ()  25.01.2006 — 22.02.2006 50.1 3.05%101.0x10° 0.14 40 2.29x18 6.52 0.964
U5 ()  05.02.2006 — 05.05.2006  137.7 113.9 3.05%101.0x10° 0.12 40 2.29x19 20.4 0.982
us 16.09.2005 — 08.05.2007  1003.7 3.05x10* 1.0x10° 0.13 40 2.29x18 56.02 0.849
U3 ()  25.01.2006 — 22.02.2006 50.1 3.30%104.8x10°  0.12 30 3.30x1D 5.59 0.868
U3 (ll)  05.02.2006 — 05.05.2006  137.7 3.30%103.5x10°  0.09 30 3.30x1D 19.22 0.970
U3 ()  10.12.2005 - 16.05.2006  209.5 207.1 4.72%104.8x10°  0.09 30 3.30x1B 22.04 0.959
U3 (IV) 19.11.2006 —08.05.2007  261.3 4.72%104.8x10°  0.09 30 3.30x1D 18.36 0.978
K] 10.12.2005 — 08.05.2007  900.1 3.30x10* 3.5x10° 0.09 30 3.30x1B 40.94 0.840
U8 (I)  25.01.2006 — 22.02.2006 50.1 3.05%101.0x10° 0.15 40 2.29x19 6.99 0.967
Us (Il)  05.02.2006 —05.05.2006  137.7 90.4 2.77%101.0x10*> 0.11 30 2.77x18 20.78 0.979
us 10.12.2005 — 17.05.2006  211.1 2.77x10"  1.0x10? 0.12 30 2.77x1B 35.52 0.952

u15 06.10.2006 — 04.11.2006  36.92 316  1.42x1@.0x10* 0.10 40 1.07x16 1.15 0.830
u23 06.10.2006 — 04.11.2006 36.92 124.4 5.83x1(®.0x10° 0.10 40 4.37x10 3.50 0.234
P5 04.11.2006 — 05.12.2006 46.0 457  6.11%10.0x10° 0.12 40 4.58x10 4.44 0.972
12 04.11.2006 — 05.12.2006 46.0 156.4 6.11%10.0x10° 0.12 40 4.58x1D 3.99 0.911
u17 05.12.2006 — 09.01.2007 62.9 38.7 1.61%1(8.0x10* 0.06 40 1.21x16 4.08 0.992
U3l 05.12.2006 — 09.01.2007 62.9 188.1 6.67%1(¥.0x10° 0.08 40 5.00x19 14.45 0.966
P1 09.01.2006 — 12.02.2007 56.1 62.4 3.30%1®B.0x10° 0.12 30 3.30x1B 22.89 0.981
Cé6bis  09.01.2006 — 12.02.2007 56.1 156.0 4.17x18.0x10° 0.11 30 4.17x18 22.99 0.929
uU19 12.02.2007 — 27.03.2007 98.9 615 1.61%108.0x10* 0.04 40 1.21x16 8.22 0.976
u33 12.02.2007 — 27.03.2007 98.9 223.8 1.19%10.0x10° 0.05 40 8.93x19 22.80 0.879
P4 27.03.2007 — 08.05.2007 11.7 24.6  1.58x10.0x10*> 0.09 40 3.54x1B 0 0.942
u12 05.10.2007 — 08.11.2007 65.3 221.2 2.50%10.0x10° 0.03 40 1.88x18 0 0.794
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Figure 5.3. Measured and modelled groundwater heaand corresponding calculated seepage and
cumulative seepage for observation well P3 (distaac26.1 m).
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Figure 5.4. Measured and modelled groundwater heaand corresponding calculated seepage and
cumulative seepage for observation well U5 (distarc113.9 m).
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As shown by the different examples presented irureich.3 and Figure 5.4, a very good
adjustment can generally be obtained, with coeffitiof determination from 0.849 to 0.995.
Generally speaking, the adjustment is better indages:

1. when shorter calibration periods are consideregl ggure 5.3A-A, as compared to
Figure 5.3D);

2. for wells located closer to the Meuse River (eigufe 5.3D as compared to Figure
5.4D).

When a well is located close to the river, its dyres is more strongly related to that of the
river (as discussed in Chapter 4). At the same,tifr&horter periods of time are considered
for the calibration procedure, matching betweereoled and measured groundwater levels is
much better. On the contrary, if a long period iofiet is considered for the calibration
procedure, it is likely that factors other than mipes in river stage are likely to change, such
as rainfall. It becomes difficult to consider thmé changes in all influencing factors, and a
mean calibration can only be obtained. For examplewbenh June and September 2006
groundwater heads increased while river water $eveimained constant (Figure 5.3D and
Figure 5.4D). This fact is due to high rainfall (@sorded at the Ivoz-Ramet dam station, 2-
km upstream of the Flémalle site). Fortunately, deeived information (seepage rate and
cumulative seepage rates) do not seem to be vigted by discrepancies in the calibration
(i.e. Figure 5.3B, Figure 5.3G compared to Figure 5.3E, or even Figure 5,4Bgure 5.4G
compared to Figure 5.4E, where seepage and cunauksdepage rates are of the same order
of magnitude, respectively).

Modelling results can also be observed concomitaattiwells located at different distances
along transectss{ideg oriented along the mean groundwater flow directidodelling results

for observation wells located slidesS1, S3 and S4 are presented in Figure 5.5, Figére
and Figure 5.7. Results are presented for a singbaitoring period, and hydrographs
corresponding to observation wells in the samestainare presented one next to the other to

facilitate comparison of modelling results.
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Figure 5.5. Measured and modelled groundwater heaand corresponding calculated seepage and
cumulative seepage for observation wells P1 and CBblocated in S1 (distance: 62.4 and 156.0 m
respectively).
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Figure 5.6. Measured and modelled groundwater heaand corresponding calculated seepage and
cumulative seepage for observation wells P5 and lacated in S3 (distance: 45.7 and 136.4 m
respectively).
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Figure 5.7. Measured and modelled groundwater heaand corresponding calculated seepage and
cumulative seepage for observation wells U17 and W3located in S3 (distance: 38.7 and 188.1 m,
respectively).

As already mentioned, monitored groundwater headgbservation wells located near the
Meuse River fit better than those for observatiailsviocated at a longer distance from the
river (Figure 5.5A and A, Figure 5.6A and A, and Figure 5.7Aand A). This is due to the

attenuation of the wave pressure transmitted byitee stage variations, which contributes to
smoothness and delay of the river peak fluctuatidawever, despite the differences in
calibrating groundwater levels at shorter and longjstances from the Meuse River, the
predicted seepage and cumulative seepage ratgsrgrsimilar, as can be observed in Figure
5.5B; and B (seepage rate), in Figure 5;58hd G (cumulative seepage rate), and in Figure
5.6B; and B (seepage rate), and Figure 5.6d G (cumulative seepage rate), or even in

Figure 5.7B and B (seepage rate) and Figure 5,&0d G (cumulative seepage rate).

5.2.3.2.Quantification of seepage rates and Darcy fluxes

An interesting capability of the analytical modsliis capability to compute seepage rates
between the aquifer and the river, and their divectat the river — aquifer interface. A

diminution of seepage rate or change in its dioects likely to occur when there is a decrease
or an inversion of the hydraulic gradient betwd®ss river and the aquifer due to a change of

water level in the river.
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As an example, an inversion of gradient is obsemeobservation well P1 in January 2007
(Figure 5.5B). During that event, the water level in the Me&deer rose of about 1.5 m
(data not shown), resulting in an increase of tfweigdwater level at P1 of £ 0.6 m. During
this period, the analytical solution allows onec#dculate the inversion of seepage rate across
the aquifer — river interface, with a surface wdtew rate of up to 0.15 tmh® per m of
riverbank.

Transient Darcy fluxesvf) in the river — aquifer interface for the hydrauliear 2005-06
were calculated considering the four differesitdes presented in Figure 5.2. Mean
hydrodynamic parameters corresponding to observatells located in each slide were used
(Table 5.1). The evolution of Darcy fluxes are pr@sd in Figure 5.8.
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Figure 5.8. Transient Darcy fluxes calculated witlthe analytical model.
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Maximum and mean Darcy fluxes presented in Figu8eafe summarised in Table 5.2.

Table 5.2. Summary of calculated Darcy fluxes at #ariver-aquifer interface using the analytical modé

Darcy flux discharge to the river (m s') Darcy flux recharge to the aquifer (m &)
Maximum Mean Maximum Mean
Slide 1 4.19x10° 4.25x10' -1.36x10° -2.65x10’
Slide 2 9.12x10 2.10x10' -3.33x10° -3.68x10'
Slide 3 2.94x10° 5.18x10 -7.72x10F° -7.23x10'
Slide 4 3.35x10 5.13x10' -8.14x10° -6.60x10’

Mean Darcy fluxes discharging to the river rangémeen 2.10x10 and 5.18x108 m s,
while maximum values are up to 4.19%1@ similar situation but of inversed sign was fdun
for Darcy fluxes recharging the aquifer, with meafues between -2.65x1@Gnd -7.23x10

m s, and maximum values up to -8.14%10This confirms the high influence of transient
conditions of the river — aquifer interactions. Jhsituation is likely to have important
consequences for the dispersion of dissolved cantants in the aquifer.

Analytically computed Darcy fluxes will be subseqtig compared to those obtained from

the numerical modelling approach.

5.2.4.Conclusions on analytical modelling

First estimates of aquifer hydraulic conductivifiepecific yield, recharge and riverbank
hydraulic conductivity were obtained by modellingafytically the alluvial aquifer of the
former Flémalle coke plant. Even if the analyticalution assumes that the aquifer is
homogeneous along each slide, it turns out to Ibeistoand efficient in reproducing the
dynamics of piezometric levels. Furthermore, ibak obtaining very useful information on
the hydrodynamics of the alluvial aquifer and rhaetk (estimates d, S, andKy), as well as

seepage ratef),) across the river — aquifer interface includingitidynamics with time.
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5.3.Numerical modelling

Although analytical modelling supplies reliable andaluable results concerning

hydrodynamic aquifer properties and groundwatew flmdgets, numerical modelling allows

for advanced data analysis, including more flekiiln the spatial heterogeneity of the

alluvial deposits and aquifer boundaries.

A numerical groundwater flow and transport moded baen developed for the Flémalle test
site using MODFLOW 2000 (Harbaugt al, 2000) and MT3DMS (Zheng and Wang, 1999)
under the GMS v6.5 (Environmental Modeling Systeims,) environment.

MT3DMS is an extended version of MT3D (Zheng, 1989@gt can simulate transport of

multiple contaminant species at one time, as well sanulate radioactive decay and
biodegradation. Solute transport computations ased on the flow field calculated with

MODFLOW.

5.3.1.Groundwater flow modelling

5.3.1.1.Conceptual model and boundary conditions

Although the site of concern is restricted to thewnfield of 400 m length and 200 m width,
the limits of the modelled zone have been exterideal larger part of the alluvial plain in
order to fit with more “natural” boundary condit®@and to avoid the influence of prescribed
boundary conditions on the modelling results oladim the site (Figure 5.9).

Upstream along the Meuse River (SW boundary), tbeehwas extended up to the Ivoz-
Ramet dam where a difference of 3 m in the MeuserRvater level is produced by the dam,
inducing a lateral “bypass” of water through thienahl plain. At this boundary, piezometric
levels are prescribed at a level equal to the watezl in the Meuse River upstream of the
dam, to account for the possible “bypass” of swfa@ter. Downstream along the Meuse
River (NE boundary), the model is extended to 1dawnstream of the Flémalle site. At this
boundary, piezometric levels are prescribed becthese is no reason to think that no flow
may occur there. Laterally (NW boundary), the mtetkarea is extended to the limit between
the alluvial plain and the shaly bedrock. Becausethe large difference in hydraulic
conductivity between the shaly bedrock and thevaludeposits, a no-flow boundary
condition was assumed. At the boundary betweerVibese River and the alluvial aquifer
(SE boundary), a third type (Fourier) boundary c¢oowl is assumed, similarly to the

analytical solution, to account for the riverbarfleet.
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Unfortunately, piezometric data are not availabhlésme the Flémalle cokery site to adjust
groundwater head values, thus regional conditiomsewassessed in order to optimise

groundwater head values inside the local site,amitlhegarding what happens outside.

[ Fematie site

e

Conceptual model boundaries | i d
Specific head Riagg 8 N7

| — River houndary SIF5 é: =3

e N 0 flOWY

Figure 5.9. lllustration of the regional and localmodelling zone, and main
features considered in the conceptual model.

5.3.1.2 Finite difference discretisation

The modelled domain is made of a single layer sutdeldl horizontally into 204 columns and
88 rows with variable grid refinement from 5m x mide the Flémalle site to 25m x 25m at
the limits of the modelled domain, with a total naen of 17952 active cells. The top of the
model is considered as the soil surface topographg.bottom of the model is considered at
the top of the shale bedrock, hydrogeologicallysidered as impermeable. Because the depth
of the bedrock is not perfectly known, it was ip@ated from point estimates coming from
boreholes information.

As mentioned in Chapter 2, the Flémalle site israttarised by a backfill layer above the
alluvial aquifer, with a variable thickness betweziand 5 meters and composed of a large
variety of materials (waste materials from formailding, ashes...). Because of the presence
of silty lenses in this layer, perched lenses ofeware present seasonally. However, they
cannot really be considered as an aquifer, becthexe is no gradient for groundwater
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flowing. Further, during summer - autumn seasoesé¢hperched lenses are dry and they have
been disregarded.

The upper part of the aquifer is characterised byniging of silt-sand small gravel
dimensions, which confers to the aquifer semi-ufined conditions. However, because this
situation is only met from place to place in thedi the alluvial aquifer has been considered
as unconfined.

Finally, because it is a 2D groundwater model, drmdyizontal heterogeneity is considered,

taking into account depth-average conditions fertértical heterogeneity.

5.3.1.3.Calibration approach: zonation and pilot points

As mentioned before, the regional model deserves dbjective of excluding boundary
conditions from the zone of interest in the moded, the brownfield, and to distribute
piezometric levels and groundwater fluxes as ndyues possible at the boundaries of the
brownfield. In other words, the regional scale it supposed to provide an accurate
representation of the regional piezometry and aquifeterogeneity, but only to provide
natural boundary conditions at the limits of theovanfield. On the contrary, in the
brownfield, it is required to obtain a represemtati as accurate as possible, of the
heterogeneity of the gravels and of the piezomettich are two of the most determinant
factors for the fate of contaminant present th€h& model calibration was performed using a
two-scale approach: classical zonation for theomai model combined to pilot points (de
Marsily et al, 1984) distributed throughout the area correspanpdio the Flémalle
brownfield. The pilot points provide an efficienarameterisation method for setting into
evidence and considering in the calculation, therogeneity of the alluvial deposits and thus
the consequence on groundwater flow and contamir@msport in the test site. The zonation
approach used at regional scale offers enoughbiléyito adjust piezometric levels around
the site without introducing overparameterisatiprgvided that the number of zones defined
remains as small as possible.

Hydraulic conductivity values at the pilot pointgeaoptimised so as to minimise
discrepancies between observed and calculated dyn@ier levels. Optimised hydraulic
conductivity values are interpolated to the entiome, giving an appropriate heterogeneity
image of the aquifer. In the absence of geostegistiata describing the spatial distribution of
the hydraulic conductivity data, the interpolatimethod ofinverse to the distance weighted
has been used. Parameterisation is accomplishedggtinioptimisation using PEST (Parameter

Estimation; Doherty, 2003), available also in tHd&software.
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Three different subdivisions of the model domaineveonsidered in the zonation approach:
4, 3 and 2 zones (not shown). Although the besttimaéetween observed and modelled
groundwater heads was for the scheme correspondiBgzones, the final scheme retained
was the one considering 2 zones, one of them gmnekng to the brownfield in which a total
of 82 pilot points were defined (Figure 5.10). Td$reall differences between observed and
modelled groundwater heads and the lack of infaonaib consider different zones outside
the brownfield were the reasons of this choice.

Based on the hydraulic conductivity values obtaifiech the pumping tests, upper and lower
bounds ofK values for the pilot points are fixed at 1¥18nd 5x1G m s, with an initial
value of 1x1G m s,

The calibration was performed in two main stepscdieed hereafter: first an initial steady
state calibration aiming at obtaining acceptahleffithe piezometric heads; second, transient
simulations aiming at better reproducing the dyre@gnoif groundwater levels and groundwater
fluxes and the spatial heterogeneity of the alludéposits.

S
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[ Fiemaile site

[:| Zonation approach
*  Pilot points

Conceptual model boundaries |

Specific head

X
i . “
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Figure 5.10. Delimitation of the 2 zones and the 83lot points (inside the
zone corresponding to the Flémalle site) used in¢hcombined zonation -
pilot point approach with automatic inverse modellng.
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5.3.1.4.Steady state calibration

The initial steady state calibration was perfornvgth the zonation approach only using
successively the 14 monthly campaigns performedvdmt February 2005 and December
2006, together with monthly mean groundwater regésr Depending on the monthly
piezometric campaign, between 52 and 86 piezometrgasurements were used to
accomplish the steady state calibration. Simulatedmodelled groundwater head values,
corresponding to overall 14 campaigns are presemntedrigure 5.11. The regression
coefficient showed is the best match between olkseand modelled groundwater heads
under steady state conditions, corresponding teadngpaign carried out in March 2005. This

simulation will serve as starting point for the seuent transient calibration.
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Figure 5.11. Observed vs. modelled groundwater heaaf the steady
state calibration of 09.03.2005.

5.3.1.5.Transient calibration

Monitored groundwater levels obtained from the mabc monitoring campaign performed
from 2005 to 2007 were used for the transient caiibn. Most of the observation wells
depicted in Figure 5.2 were used to accomplish tde&. However, instead of hourly data,
daily data were used, in order to avoid memoryleasiue to the huge quantity of data (more
than 25,000 water level values are available fonesenonitored wells). To do so, datasets
were resampled to account for daily data, usinglifynl,865 groundwater head observations

for the transient calibration. The same proceduas @one for river data.
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As mentioned before, the hydraulic conductivity emorresponding to the FIémalle site was
replaced by 82 pilot points. Initi&l values for the 2 zones correspond to those oétitady
state calibration, and upper and lower bounds Hesé¢ zones are the same as for the pilot
points.

Groundwater recharge is not directly measurablé, iadirect methods, mainly based on
water balance and Darcy’s law, are quite inaccuR#éeharge estimation becomes even more
inaccurate in urbanised areas, because these eménts are highly heterogeneous in terms
of land use, subsoil characteristics and otherofactwhich influences all hydrological
processes. Urban surfaces, such as road pavemep&sking slots, are not impervious, as
shown by Ragabt al. (2003), who observed that 6 - 9% of total annaaifall recharges the
aquifer, and that 21 — 24% evaporates. Consistsunits where found by Grimmond and Oke
(1991; 2002), Berthieret al. (2006) and Dupondet al (2006), who considered
evapotranspiration to be a major component of taeembudget within urban areas.

According to Ragalet al (2003), and considering that recharge rate itydoal modelling
was around 10% of the annual rainfall at the Ivezriet dam station, this ratio was
considered to define the groundwater recharge tinéo numerical model, based on daily
rainfall data. A “warm-up” period of 5 months befothe first observed data was used to

reach the natural equilibrium of the system.

5.3.1.6.Results of transient calibration

Transient calibration of the groundwater flow modwels resulted in a detailed spatial
distribution of the hydraulic conductivity (FiguBel2). It is evident that the heterogeneity of
the alluvial aquifer is important in the Flémallges with hydraulic conductivity values
ranging from 1x19 m s* to 5x10° m s*, with a predominant mean value of 1¥16 s*
around the site. These values are consistent hagetestimated from pumping tests.

The spatial distribution of the hydraulic conduitfivis very similar for the three scenarios
considered (4, 3 and 2 zones). As already mentjathedfinal scheme retained was the one
consisting in 2 zones. Matching between measurddnardelled groundwater heads is very
similar for the three schemes, but we do not dispdsevidences to consider different zones
outside the brownfield. Moreover, the scheme witkzoBes present the highdstvalues,

which is in lesser good agreement with resultsumhping tests performed.
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Chapter 5. Groundwater flow and transport modelling
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Figure 5.12. Spatial distribution of the logK in the Flémalle test site
resulting from the pilot point transient calibratio n of piezometric levels
obtained using the Meuse as a stress factor. Crossedicate location of
pilot points; dots indicate location of monitoring wells used in the
calibration process.
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Figure 5.13 presents the obserwsdmodelled groundwater heads, which states thetywdl

matching of the calibration. Groundwater headd@sated in the diagonal line, indicating the

good fit of the modelled groundwater heads. AlthHotlie spatial subdivision retained was the

one consisting in 2 zones, obserwead modelled groundwater heads with 4 and 3 zones are

also presented in Figure 5.13 for comparison.
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Figure 5.13. Observedss. modelled groundwater heads.

Hydrographs of the observed and modelled groundwateds are presented in pairs of

observation wells, located in the same orthogorahsect to the river at two different

distances from the river, near and far respectiviety those pairs, vertical scale is the same

for a better comparison. Figure 5.14 presents te$oit two long series monitored, one year

and one year and half for observation wells P3@hdespectively.
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Groundwater head (meters a.s.l.)

Shorter monitored periods are presented in Figui® @nd Figure 5.16. Observed and
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Figure 5.14. Observed and modelled groundwater headn observation wells P3 and U5.

modelled groundwater heads are in a good agreecwmnbporating the good model fit.
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Figure 5.15. Observed and modelled groundwater headn observation wells P1 and C6bis.
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Figure 5.16. Observed and modelled groundwater headn observation wells P5 and 12.

5.3.1.7.Riverbank hydraulic conductivity and transient Daftux

The hydraulic conductivity value of the riverbariks)( used in the numerical model is of
6.74x10" m s', in relatively good agreement with the range dfiga from the analytical
model, i.e. 1.88x10to 1.07x1¢f m s* (Table 5.1).

Transient Darcy fluxes estimated at the river-aguiiterface, for the hydrologic year 2005-

06, are presented in Figure 5.17.
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Figure 5.17. Meuse River level fluctuations and Day flux variations in the river — aquifer interface in
front of the FIémalle site for the hydrologic year2005-06.
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In regular conditions, when the Meuse River legehiound 59.4 meters a.s.l., the Darcy flux
is positive, flowing from the aquifer to the rivddowever, the hydraulic gradient decrease
when Meuse River level increase of some centimetned it is temporarily inversed when
river water level increase beyond 59.9 meters.awith maximum negative Darcy fluxes
observed during winter and spring months, periodthaf year when the river level can
increase up to 61.0 meters a.s.l. This confirmsnati@t Darcy flux changes continuously in
the Flémalle site, mainly caused by hydraulic gratlichanges related to river water level
fluctuations. As already mentioned, this fact kely to have a capital influence on dissolved
contaminant transport in the aquifer, and will bbsequently discussed.

Table 5.3 gives a summary of Darcy fluxes calcalateth the analytical and numerical
approaches. Fluxes are in a good agreement, althoteyesting differences are worth to be
noted. Darcy fluxes from the aquifer to the rivafcalated with MODFLOW are similar to
those calculated with the analytical model. Ondbmtrary, Darcy fluxes from the river to the
aquifer calculated with MODFLOW are lesser impottéiman those calculated with the
analytically. This could be mainly due to: (1) thregional” scale of the numerical model,
aiming to accounts for upstream groundwater confiiom the Ivoz-Ramet dam, while the
analytical model only considers rainfall as reclear(R) the assumption of the analytical
model that the initial river water level is settlhé same as the groundwater level (however,
this fact should have only effect at the beginnifighe simulated period); (3) the analytical
model used hourly data for river fluctuations, whihe numerical model used daily river
fluctuations; doing so, small increases of rivertawalevel in the analytical model are
translated in an inversion of the hydraulic gratievhile in reality, it contributes only to
decrease but not to inverse the hydraulic gradentcalculated with the numerical model.
This contributes to a difference of one order ofgmtude in the total volume per year of
groundwater flowing from the aquifer to the river front of the Flémalle brownfield,
estimated at 4.8xfom® and 1.7x1® m® with the numerical and analytical model,

respectively.

Table 5.3. Comparison of calculated Darcy fluxes athe river-aquifer interface using analytical and
numerical models.

Darcy flux discharging into the river (m s*) Darcy flux recharging the aquifer (m s%)

Maximum Mean Maximum Mean
MODFLOW 1.2x10° 5.1x10’ -7.7x10° -4.1x10°
STWT1 2.2x10° 4.0x10’ -8.1x10° -6.0x10"
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The groundwater flow model has also been used ltulegée local Darcy fluxes at the grid

cells where observation wells used for the FVPDBllacated. Estimated Darcy fluxes using
three approaches, the FVPDM, the MODFLOW and theey)s law equation, are presented
in Table 5.4.

Table 5.4. Comparison of Darcy flux estimates in t observation wells where the FVPDM was
performed.

Darcy flux (m s™)

Well ID : i : i
FVPDM  MODFLOW o e e o rom BT o

P1 3.0x10° 2.9x10’ 5.6x10’ 8.5x10°

P3 1.5x10° 8.0x10’ 9.8x10’ 2.1x10

P4 2.7x10° 2.0x10’ 4.8x10° 1.2x10’

u1s 3.0x10* 4.4x10" 1.1x10° 2.3x10°

Darcy fluxes calculated with the numerical model &tom 1 to 3 orders of magnitude lower
than those obtained with the FVPDM. As already adyby Batlle-Aguilar and Brouyere
(2007), the FVPDM provides a point estimate of Daflaxes, with limited integration of
aquifer heterogeneity around the tested well anth \&i possible influence of flow field
distortion in the vicinity of the injection well be (Brouyere, 2003). On the contrary, the
numerical model integrates an important area caragrirom 2 km upstream and downstream
of the FIémalle site and, moreover, is a 2D singatfon of the reality. Darcy’s law, from its
side, is the most simple approach to estimatingigutvater fluxes but it can be subject to
important errors (Devlin and McElwee, 2007), ani ibnly valid at the scale of the distance
between the observation wells used to calculatenyladeaulic gradient or at the scale of the
pumping test used to determine the hydraulic cotdtic Unfortunately, since this was the
first time that the FVPDM was applied in the fieldp examples exist in the literature to
compare these results with others obtained in amasbnditions.

The discrepancies observed do not invalidate theyD#ux estimation from the FVPDM.
Because of its very local scale of applicationars important technique to estimate in a
detailed way Darcy fluxes for remediation techngjugich as reactive barriers, because their
feasibility and efficiency mainly depend on the dbamagnitude of groundwater and
contaminant fluxes in the aquifer. Moreover, aswahndn Chapter 4, it is an efficient

technique to detect small changes in Darcy fluxes.
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5.3.2.Calibration of the contaminant transport model using tracer tests results

Developing a transport model responds to the abgedf evaluating the pollutants fate in the
alluvial aquifer and the risk of contaminant dispen offsite.

As described in Chapter 2, there are many diffekerds of contaminants in the Flémalle site
(BTEX, PAHs, mineral oils,...). In the scope of tm®rk, it has been decided to focus on
benzene for several reasons:

» the contaminant sources are relatively well knopws({tion and strength);

* benzene is a very common groundwater contaminamtountered at very high
concentrations in the Flémalle site and that caosesh more worries as compared to
others also present in the alluvial aquifer of FMde) due to its high solubility (1.78 g
L, Alvarez and Iliman, 2006);

* in the scope of the AquaTerra project, CHYN (Cenfoe Hydrogeology of
Universitvy of Neuchatel, Switzerland. Daniel Huldte& Barbara Morasch) have
studied, at field and laboratory scale, the bioddgtion potential for benzene in
Flémalle (Morasclet al, 2007a; Morasclet al, 2007b).

The transport model, performed with MT3DMS (Zhengl aVang, 1999), was calibrated
using radially converging flow tracer tests perfednin the field (previously described in
Chapter 4).

5.3.2.1.Boundary conditions and spatial discretisation fi@cer tests modelling

The basis of the transport model is the groundwtlitsy model described previously. A
submodel is used with dimensions of 316 x 260 ne iftodel domain is subdivided in 183
columns and 159 rows, with variable grid refinemérim x 0.5m in the vicinity of the
recovery and injection wells to 5m x 5m in the tsnof the model, with a total of 29,097
active cells.

At the boundary between the Meuse River and theviall aquifer (SE boundary), a third type
(Fourier) boundary condition is assumed, as domghe groundwater flow model. On the
NE, NW and SW boundaries, piezometric levels ares@ibed. However, instead of
considering these boundaries as constant valuendwater heads, time-varying piezometric
levels are considered as computed by the regiomaingwater flow model for the period
corresponding to the tracer test. Taking into antthat groundwater heads in the aquifer are
strongly influenced by river level variations, trassumption is much more conforming to

reality.
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5.3.2.2.Calibration of tracer tests

Among the 6 different tracers used during the wraests (eosin yellowish, naphtionate,
uranine and sulforhodamine B as dye tracers, adidaeoand lithium as salt tracers), iodide
and eosin yellowish are known as the most consgevétass, 1998; Brouyere, 2001). Both,
iodide and eosin yellowish have been considereef@sence tracer tests and thus used for
calibration of the transport model. However, thheottracer tests have also been modelled
afterwards to try to explain the non-arrivals andidentify their specific properties in the
alluvial aquifer.

The procedure used to calibrate the tracer tests fsllows:

* In a first step, the model is calibrated to repe®lyin andTmeq (time of the first and
modal arrival —concentration peak- of the tracespectively), which depend directly
of advection and dispersion processes.

e Secondly, physical retardation processes are ceresid using a generalised dual-
domain (dual-porosity) model, as proposed and e@ply Brouyere (2001) at
Hermalle-sous-Argenteau (downstream of Liege),dmoant for concentration peak-
attenuation and tailing.

» Finally theoretical sorption values for the benzeaasport were also considered.

The advection dispersion equation (ADE), considgnmobile immobile water effect (MIM)
and sorption, has been used in transport modelliings equation has been presented in
Chapter 3, Equation (3.24). Corresponding hydraspe parameters used for transport
calibration are summarised in Table 5.5.

Each tracer test has been calibrated independkeottythe others. Doing so provides a range
of adjusted hydrodispersive parameters (mobile $tyro-f-, immobile porosity &,
longitudinal dispersivity ¢ -) rather than single values with which the caliloratof every
single tracer test would be apparently less aceurat

Calibration results for the reference tracers (ledand eosin yellowish) are presented in
Figure 5.18 and Figure 5.19 respectively. Modelliesults for the other tracers used in Phase
Il are presented in Figure 5.20. The advection tka® been solved using the explicit finite

difference method.
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Table 5.5. Hydrodispersive parameters used for tragr tests calibration @,,: mobile porosity;
0. immobile porosity; «: longitudinal dispersivity; a: first-order transfer between mobile and
immobile water; Kg: distribution coefficient between sorbed and disdwed phases;p: fraction of

sorption in contact with the immobile phase). Bulkdensity - 0, - is set equal to 2,000 kg M

On(-)  Om() ai (M) a (s Ka(m’kg")  p()
lodide 0.041 0.10 1.4 4.50x10
Eosin yellowish 0.060 0.05 3.0 1.60x10
Lithium 0.068 0.70 4.5 1.05x10 1.0x10* 0.91
Uranine 0.050 0.70 2.0 2.10x10 1.0x10* 0.93
Sulforhodamine B 0.03 0.70 3.0 3.00x10 7.6x10° 0.96
Naphtionate 0.047 0.10 2.2 2.10xT0

In general, tracer recoveries were well adjustethtse measured for the entire of tracers
injected during the Phase Il. Hydrodispersive paians obtained through calibration of each
tracer test independently of each other are inad gggreement, with relatively low values of
effective porosity and longitudinal dispersivityhd immobile porosity is not negligible,
confirming once more the high heterogeneity of Bémalle alluvial aquifer. Although
Brouyere (2001) required considering first-ordegraelation process to model naphtionate,
this consideration was not needed here, the hyshediive parameters used for naphtionate
being almost the same as of the reference traoeide and eosin yellowish.

From the results of Brouyere (2001) in Hermallessdugenteau, it appears that, in the
alluvial deposits of the Meuse River, sorptionsisee preferentially located in the immobile
water. To account for this retardation effect ia tmmobile water, the fraction of sorption in
contact with the immobile domaip)(has been set between 0.91 and 0.96. Howeverthato
GMS environment it is not possible to directly hinthis value. Consequently, the immobile
porosity for these tracers was increased in ordeoltain higher values g, following
Equation (5.4):

p=1- 6"‘ 54
6 _+6 (5.4)

m im

wheredp, is the mobile porosity and, is the immobile porosity.

Sulforhodamine B was modelled using a higKgrthan that used for lithium and uranine,
with results relatively good considering the veswlconcentrations recovered. Low recovery
of sulfornodamine B, compared with recoveries o€ dyacers injected at the same time
(naphtionate and uranine), and the elevdfgd/alue needed, can be justified by the high

affinity of sulforhodamine B to be sorbed in sitglay materials.
204



Even thought no recoveries for tracers injectednduthe Phase | were measured, they have
been modelled for a period of 4 months (~3000 Hmfding operations were done
continuously during 3 months after tracer injectiasing corresponding hydrodispersive
parameters arising from tracer test calibratioiPloése II. Modelled breakthrough curves are

presented in Figure 5.21.
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degradation (d), all them corresponding to tracer ¢st Phase I.
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Modelling results of uranine confirm the non-arfiva the recovery well. Indeed, the
groundwater flow model predicts that the injectwall (U5), located at more than 100 m
upstream of the recovery well (P5), is located €lts but outside, the limit of P5 capture
zone.

The absence of lithium in the recovery well hasnbbeghlighted with the model (Figure
5.21a). Modelling results indicate that, althoughiim might have arrived at the recovery
well, the concentration reached after 4 monthsuss jightly above of 0.25 ppb, while the
laboratory detection limit is equal to 5 ppb.

The laboratory detection limit of iodide is equalli0 ppb. This concentration is predicted for
the model to be exceeded after 50 days at the eegavell (Figure 5.21b). This was not the
case and its arrival was never observed.

Naphtionate has been modelled, in a first instamithout considering degradation, as done
before in modelling this tracer in Phase Il. Doisg, with a detection limit of 0.1 ppb,
naphtionate should be observed after 10 days (Ei§1c). However, this was not the case
since napthionate was never detected during the oBithm of continuous sampling.
Naphtionate has also been modelled consideringl¢lgeadation = 5.5x10° s*) found by
Brouyére (2001) in Hermalle-sous-Argenteau (FigGrald). In this case, the maximum
concentration of napthionate observed in the regowell is 0.11 ppb, almost equal to the
detection limit.

The low hydraulic conductivity area between theowery and the injection wells, does not
explain the non-detection of tracers in Phasengesithis spatial heterogeneity is taken into
account in the groundwater transport model (Figu&2a). However, there is one fact not
considered in the groundwater transport model: lgeimical conditions of the aquifer.
Injection wells used in Phase | are located in mezavhere negative Eh conditions prevalil
(Figure 5.22b). These conditions could possiblyasale the degradation, retention or sorption
of the tracers. This fact, combined with other dpegeochemical conditions related to the
presence of organic pollutants near the injecti@lisnin Phase |, could partly contribute to

explain the absence of tracer recovery.
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5.3.3.Modelling benzene transport in the alluvial aquifer

5.3.3.1.Evidences of benzene biodegradation (footprints)

Up to now, benzene has never been observed inatth@fpthe Flémalle site directly adjacent
to the Meuse River, while important concentratiblase been analyzed in various sampled
wells in the centre of the site (Chapter 2). Thgective in modelling benzene transport
dissolved in groundwater is to understand why beezes not been encountered already in
the border of the Meuse River and to see if bicadgtion processes could be at the origin of
this fact. Indeed, CHYN, as AquaTerra partner, grenkd a study in the Flémalle site with
the objective to highlight biodegradation processesl to calculate degradation rates
constants (Morascét al, 2007a; Morasclet al, 2007b). They concluded that biodegradation
rate is a reality in the FIémalle site, calculatmigrocosm and field degradation constants.
Although 5 characterisation campaigns were perfdrineFlémalle site, there has been no
continuous monitoring of benzene concentrationd, anfortunately, only local (in time and
space) analyses are available at some wells. Th& mgoortant sampling campaign for
benzene was performed in 2005, the results of wdmielpresented in Figure 5.23.

Benzene biodegradation is an oxidation-reductiarcgss, resulting in the oxidation of the
electron donor compounds (ED), which is benzend, #tue concomitant reduction of an
electron acceptor (EA). Common EAs in groundwdisted in the expected sequence of use

which is established based on the Gibb’s free gnefghe redox reactions, are: dissolved

oxygen (Q), nitrate (NO;), Fe(lll) or Mn(lll), sulphate $C;'), and carbon dioxide (G2

Field evidences of benzene degradation that onddcexpect are the decrease of EA

concentrations and increase of Fe(ll) and meth&ih)( and turnover to negative Eh values.
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The stoichiometry of different benzene degradagwoncesses can be described by the
following set biochemical reactions, listed in #ngected sequence of occurrence €tal,
1999):

C,H,+7.50, — 6CQ +3H ( (5.5)
6NO, +6H +G H, -~ 6CQ +6H O+3N (5.6)
30Fg OH, +6H +G H ~ 6CQ +78H O+30F (5.7)
3.758F +7.5H +¢ H- 6CQ +3KH O+3.75H (5.8)
C,H,+4.5H,0- 2.25CQ +3.75C} (5.9)

As beforementioned, one can notice in this sequehat dissolved oxygen is depleted,
followed by a depletion of nitrate, Feand sulphate. At the same time, concentratiorG@®f

Fe* and CH increase.

Taking into account the scarcity of former grountBvaampling campaigns and analysis, Eh,
nitrate and sulphate concentrations are presenté&dgure 5.23. No methane analyses have
ever been performed on the site, and measuremedissolved oxygen in 2005 showed that
the central part of Flémalle site is almost undeoxéc conditions or at least very low, O
concentrations (1-2 mg™). Negative values of Eh match well with the zorfehimher
benzene concentration. At the same time, nitrate@atrations are very low around the site
except in the zone of lower hydraulic conductiviihere Eh values are positive and benzene
has not been detected until now. Very low dissolerggen concentrations and the absence
of nitrate are conforming to the hypothesis thahzZeme degradation under aerobic and
nitrate-reducing conditions has mainly occurredha past. Considering the high sulphate
concentrations around the Flémalle site, it seegasanable to think that benzene degradation

under sulphate reduction conditions is ongoing.
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5.3.3.2.Boundary conditions and spatial discretisation lb@nzene transport modelling

The transport model used for benzene is also baselde groundwater flow model. The area
of the model corresponds to the zone where thd pidant approach was used during the
transient calibration process of the groundwatemwflmodel (Figure 5.10), with local
dimensions of 550 x 380 m. The model domain is stthed in 159 columns and 113 rows,
with variable grid refinement 0.5m x 0.5m in thenbene source zone to 10m x 10m at the
limits of the model, with a total of 17,967 actiwells.

Boundary conditions have been considered in a aimny as for the model used to model
tracer tests: a Fourier boundary condition in tbatact between the Meuse River and the
aquifer (SE boundary) and prescribed time-varyingz@metric levels for the other
boundaries (NE, NW and SW).

5.3.3.3.Modelling hypothesis and location of pollutant stes

Three main hypotheses could explain the fact teazbne and others organic pollutants have
not been observed yet close to the Meuse River:
1. The benzene plume is still progressing in the @luaquifer but it has not reached yet
the limit of the site;
2. Biodegradation processes are sufficient to attenb@bzene before reaching the river;
3. Variations of river-stage contribute to “pushingckathe benzene plume into the
aquifer. In addition, biodegradation might be aecated due to the fluctuation of the
water table leading to dissolution of oxygen frontrepped air bubbles and due to the

infiltration of oxygen-rich river water.

The first hypothesis seems not possible since @rgaollutants have been released to the
subsurface from the beginning of industrial worksHémalle site (1922). Concerning the

second and third hypothesis, the most probableaistioth contribute simultaneously together
to the benzene attenuation.

Location of benzene pollution sources and contiaxigs (A, B, C, D and E) used for benzene
concentration evaluation are presented in Figuzé.5.

The possible locations of pollution sources werspnted in Chapter 2. Although three main
source zones were defined, only pollution sourcen® C are considered here in transport
simulations because their location is more trustfiyorModelling of pollution source B will

serve to characterise the evolution of benzene tratisient conditions, as well as to evaluate
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its attenuation to the Meuse River. Modelling oflgiion source C will have two main goals:
(1) to highlight the influence of aquifer heterogey on the evolution of the contaminant
plume, and (2) to investigate if, as already memd in Chapter 2, the origin of aquifer
pollution found upstream of the brownfield can ledéated to the site. Pollution source B is
located at 165 m from the Meuse River, and cormlahes A to E are located at 25, 50, 80,
115 and 160 m from the pollution source, respelstivollution source C is located at 200 m
distance of the Meuse River, and two control plgifeand G) have been placed at 40 and 70
meters upstream from the plume originated in piolfusource C. Although the maximum
solubility of benzene is equal to 1780 mg, lthe benzene concentration released from both
sources has been set equal to 750 rifg which corresponds to the maximum benzene

concentration measured in the upper part of theviall aquifer.

G3
Flémalle site G& FS;YF
Gle por
@ Monitoring wells (control planes) Flg
@ Pollution source = .

Figure 5.24. Location of pollution sources consided in the groundwater
transport model and control planes for benzene relive mass loss
evaluation.

Benzene, as the rest of organic and inorganic tawita present in the aquifer, was released
into the subsurface and groundwater more than atsyego, when industrial activities were
still going on. In a first step, the groundwatexwl model was run in steady state conditions
and the groundwater transport in a transient dtate period of 25 years. Doing so, it is
expected to obtain steady state benzene plumes.sithation will serve later as a starting

condition for the subsequent transient groundwiéder model.
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5.3.3.4.Results on benzene transport modelling (steadg statditions)

Three different scenarios were considered to sitaulze transport of benzene in the aquifer
(Table 5.6).

Table 5.6. Benzene transport scenarios consideredder steady state conditions (ADE: advection
dispersion equation; MIM: mobile immobile water).

Scenario ADE MIM Sorption Biodegradation
1 v v (@ =1x10" s x (Re=1) x
2 v v (0= 1x107 sY) % (Ree = 3) x
3 v v (0= 1x107 sh) % (Ree = 3) v (g = 3x10" Y
3.1 v v (0= 1x10" sY % (Ree = 3) v (Ag= 3x108 s
3.2 v v (a=1x107sh) % (R = 3) v (Ag= 3x10° &%)

A mean biodegradation constant rate calculated BYIC (Daniel Hunkeler and Barbara
Morasch) of 3x10 s* will be used as representative of the scenarid Sensitivity analysis
for the biodegradation constant rate will be perfed in scenarios 3.1 and 3.2, using
minimum and maximum biodegradation rates, 3%18nd 3x10 s, respectively.
Hydrodispersive and retardation parameters usethése scenarios are summarised in Table
5.7. These values correspond to mean values obtdnoen the calibration of radially

converging flow tracer tests.

Table 5.7. Hydrodispersive and retardatation parameers
used in the benzene transport simulatioins.

Hydrodispersive and retardation parameters

Om () 0.04
Oim (') 0.1
a. (M) 25
ar (m) 0.5
a (sY 1x10°
p () 0.95
Rfc (') 1-3
Kg (M® kgh) 4.15x10°
Koe (M® kgh) 0.083
f. (%) 0.05
pp (kg m°) 2,000
g (s 3x108 - 3x10°
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TheKq value has been obtained using Equation (5.10):

Kd = Kocfoc (510)

whereKq. is the soil sorption coefficient for soil orgarmarbon, andf . is the fraction of soil
organic carbon. BecauskK,. and f _values are not known for Flémalle, theoretical

approximations representative of alluvial aquifars considered (Alvarez and Illman, 2006,

D. Hunkeler, personal communication).

INFLUENCE OF SORPTION AND BIODEGRADATION IN BENZENE PLUME DEVELOPMENT

Figure 5.25 presents the benzene concentratiororgtot planes A, B, C, D and E for
scenarios 1 and R¢ = 1 andRy. = 3, respectively). Effects of the attenuationyesponding

to the scenario 3, are presented in Figure 5.26.Figure 5.26 is the same as Figure 5.25 but
benzene concentrations are represented in a logacit which was necessary due to the
important attenuation of the benzene under biodigi@n processes. As expected, the time to
achieve stabilisation of the benzene plume consigex retardation factor of 3 is longer than
considering a retardation factor of 1 (no sorptidit)e time needed to stabilisation without
considering sorption is from 1 year in control @akto 7 years in control plane E, next to the
river. With a retardation factor equal to 3, thedi need for stabilisation is of 10 years in
control plane A and up to 25 years in control plane
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Figure 5.25. Benzene concentration at control plaseA, B, C, D and E for scenarios 1 (no sorption) ah2
(Ric = 3).

Benzene plume stabilisation in scenario B & 3; is = 3x10’ s%) is achieved ealier

compared to the scenarios where degradation wasandidered, less than a year. These
results seem to confirm the effectiveness of bemzmadegradation processes occurring in
the alluvial aquifer of the Flémalle site, aadpriori, it contributes to explain why benzene

has never been detected close to the river.
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Figure 5.26. Benzene concentration at control plaseA, B, C, D and E for scenarios 1 (no sorption), R
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Figure 5.27 presents the spatial extent of the dr@plumes after 50 days, 1 year, and 10
years for scenarios 1 (no sorptioin) andRg € 3), while Figure 5.28 presents the benzene
plume stabilised after 1 year for the scenari®3% 3; 1z = 3x10’ s%). At the beginning, as
expected, the plume modelled in scenario 1 is nueneeloped. After 10 years, however,
benzene plumes corresponding to scenarios 1 anav@ &n important spatial extension,
reaching the Meuse River. It is interesting to ndobe strong influence of aquifer
heterogeneity in the spatial development of thezbrea plume originated from source C. The
benzene plume travels mostly following the highdaydic conductivity area and later turns to
the Meuse River, by-passing the low hydraulic catigity area.

Contrary to scenarios 1 and 2, the benzene plunseenario 3R = 3; 1z = 3x10" s is
much less developed because of the attenuatiotochiedegradation processes, and does not

reach the Meuse River.
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Figure 5.28. Scenario 3: benzene plume stabilisati@fter 1 year R = 3; Ag = 3x10’ s%)

SENSITIVITY ANALYSIS OF THE BIODEGRADATION CONSTANT

Three scenarios will be here compared: scenarig 3 8x10’ s%), scenario 3.1 = 3x10°

s') and scenario 3.2 = 3x10° s%), corresponding to the mean, minimum and maximum
biodegradation constants calculated by Morastchl. (2007a) and Morascét al. (2007b). As
already mentioned, these biodegradation constantsespond to overall degradation
processes, making no distinction of explaining tieacprocesses. Nevertheless, the absence
of oxygen and the low concentration of nitrate @dtrestricted to the low zone) indicate
that aerobic or nitrate reducing conditions do awtur anymore in the site. On the contrary,
sulphate is present in excess (Figure 5.23) arwhnt be expected that sulphate-reducing
conditions drive the degradation of benzene. Thgratkation rate measured by CHYN thus
probably reflects sulphate-reducing conditions.

Benzene concentrations for scenarios 3, 3.1 andt@ntrol planes A, B and C are presented
in Figure 5.29, in conjunction with concentratiammresponding to the scenarioR:(= 3; no
biodegradation), helping for comparison of the @ffeeness of biodegradation processes in
reducing benzene concentrations. The spatial deredat of the benzene plume is presented

in Figure 5.30 for scenarios 3, 3.1 and 3.2.
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Figure 5.29. Benzene concentration at control plaseA, B and C, for scenarios 34 = 3x10” %), 3.1 ¢g =
3x10® 1) and 3.2 ¢ = 3x10° s%). Results of scenario 2R;. = 3) are also presented.

As expected, the benzene attenuation is highercemasio 3.2 4z = 3x10° s%), with
concentrations very low (below 1x1®mg L in the control plane B) compared to those of
the scenario 3.144 = 3x10° s).

The spatial development of the benzene plumes it daccordingly to concentrations
beforementioined. In scenario 3.1z (= 3x10° s%) the plume clearly flows to the Meuse
River, while in scenario 3.24 = 3x10° s%), the benzene plume is almost stationary. Between

these two contrasted situations, we have the siceB#s = 3x10° s%).
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Figure 5.30. Stabilised steady state benzene pluratter 1 year for scenarios 3% = 3x10’ s), 3.1 g =
3x10°% s%) and 3.2 §s = 3x10° s%). Benzene concentrations are given in mg'L

The next step in this research is to consider thigilssed benzene plume for scenarios 3, with
a mean biodegradation constant equal to 3> as starting benzene concentration for the

groundwater transient conditions.
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5.3.3.5.Influence of the groundwater — surface water dymaron the transport of benzene

The groundwater flow and transport model has beenfor a period corresponding to™0
March 2005 to 29 June 2007, for which daily Meuse River level andugdwater level
fluctuations are available. Benzene concentratianthe central observation well for each
control plane are presented in Figure 5.31 foragerB ¢z = 3x10° s%).

The evolution of the benzene plume is stronglyuaficed by Meuse River level fluctuations,
this influence being observed in all control pladeawn across the benzene plume. Lower
benzene concentrations are observed during higér nvater levels, and high benzene
concentrations are observed during low river wadeels. When river water level increase,
even thought the hydraulic gradient is not inversieel benzene plume is pushed insite, which
explains the observed reduction of benzene coratémir On the contrary, during periods
where river water level remains low, benzene plunoee forward to the river. This situation
is shown in Figure 5.32, where two contrasted Sina are presented: one corresponding to
low (or regular) river water level (~ 59.4 m a)s.the other to high river water level (~ 61.0
m). For low water river level the benzene plumesBharrow and well developed forward to
the river. On the contrary, when river water levisks the benzene plume moves insite,
becoming shorter and wider. The same situatiobsewed for benzene plume C.

As mentioned in Chapter 2, the benzene pollutiord (ather organic pollutants) has been
observed in groundwater “upstreasm” of the Flémaile, in the opposite direction of the
Meuse River with no concomitant soil pollution hetsame location. As clearly shown in
Figure 5.31, the benzene plume issued from soure&t€hds outside the brownfield in the

“upstream” direction.

222



Control plane A Control plane B Control plane C

30 5 0.8
Al = B = C =
25 | P 4 ) ;
H . 0.6 4 H
20 © © ©
£ J E E
=
. 151 Benzene < e 3 __ 04- S
" 10 ? 7, 21Benzene 2 g 3
g ~ ga 1 - g 0.2{ Benzene -
i Q 1 [ @
s s €62 2 - £62 .2 - €62 >
2 o) x g o, x 2 o0 x
[ Q [ [ [ [
N Le1 @ N Le1 @ N L1 &
c = c =] c 3
3 2 g = a A =
N L 60 GW N ~  |eo \/‘\ Il Leo =
\} ] M ﬂ MM o T, o3
w"vw-kww;w WANMN wwww g ‘\MWW.M,‘W oyl wwww.w ! ; Wwwwn \WWMWJ N et ;
m‘ Meuse River -59 o \JM Meuse River L5 O Meuse River 159
y T ‘ T ‘ T T y
10/09/2005 10/03/2006 10/09/2006 10/03/2007 10/09/2005 10/03/2006 10/09/2006 10/03/2007 10/09/2005 10/03/2006 10/09/2006 10/03/2007
Control plane D Control plane E Control plane F
0.12 0.0010 0.0008
—_ —_— -
0101 D v 0.0008 E = F =
0 Raaal g 0.0006 g
0.08 - S
£ 0.0006 - £ £
0.06 - g = __ 0.0004 -
o) [] o [ < @
; g 7, 000044 > 7 S
=1 0.04 D o Benzene K]
=] =] = D 0.0002 | -
£ o0.02- 5 £ 0.0002- 5 € =
- Benzene €62 > = Benzene £ S = Ce S
2 = Py 2
2 0.00J 14 2 0.00003 o S 000003 %
o ) [
: 5§ SEA o
8 2 3 \ o], 2 8 2
= GW N N Leo 6o
06 ~y \M 95 °6
; "WMWWMW\ ft A b Y et ; g
Meuse River F59 O \ Meuse River O] Meuse River F59 O
T T T T T T T T T T T T
10/09/2005 10/03/2006 10/09/2006 10/03/2007 10/09/2005 10/03/2006 10/09/2006 10/03/2007 10/09/2005 10/03/2006 10/09/2006 10/03/2007

Figure 5.31. Scenario 3)s = 3x10 sY) under transient conditions: benzene concentrationin control planes A, B, C, D and E (for benzenesrce B) and control
plane F (for benzene source C).

223



Low river water level High river water level

Scenario 3 w fé» ‘ 460 Scenario 3 4(-‘};7 ‘ 460
(g = 3%107 1) : 420 (g =3x107 1) : 420
380 380
340 340
300 300
260 260
220 220
180 180
140 140
100 100
60 60
0-:50-:1['!“0"&[&3 20 O-Zso-zllorg!etels 20

Figure 5.32. Scenarios 3-4-5: spatial development loenzene plumes for low river water level (left) ad
high river water level (right) conditions.

The back and forward movement of the benzene plal®@ possibly explains apparently
anomalous sampling results obtained during diffesampling campaigns performed in the
Flémalle site (previously mentioned in Chapter Eor example, even if benzene
concentrations seem to decrease with time in skeveomitored wells, the contrary is
sometimes observed. The well P3 is a clear exaofglgs fact: benzene was measured at 36
at 26 g L™ in year 2001, while in 2005 the benzene concdotravas below 0.21g L™
Unfortunately, no more data of benzene concentratsoavailable for well P3. Another
example is the well A2, where benzene was obseav@€d35ug L™ in 1992, while following
the benzene plume direction, in well U9, benzens aleserved at 120g L™ in year 2005.
Again, a continuous sampling in this wells was petformed, which could supply very
interesting data about the back and forward movérmkthe benzene plume. Nevertheless,
the location of these wells (between control pla@eand E) and their benzene concentrations
seems to be in relatively good agreement with catnagons presented in Figure 5.31,
indicating that the biodegradation constant of 3%KJ is representative enough of the
biodegradation processes occurring in the aquifer.

Results of the groundwater transport model are ialgmod agreement with results obtained
from VITO Aquaterra partner (Vanbroekhovenal, 2007), who performed batch tests using
aquifer material and groundwater from Flémalle todg the fate of heavy metals in the
Flémalle site. Zn and Cd were not detected in gilauater in the benzene source area C, but
they were observed downstream (Figure 5.33). On dbetrary, As was detected in
groundwater in the benzene source area C but nehsteeam. One possible hypothesis to

this fact is that, at the location where the orgamllutants are present in groundwater at high
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concentrations (source area), all potential elacaoceptors are used (oxygen, nitrate and
sulphate). Consequently, reducing conditions ptewathis area due to sulphate-reducing
biodegradation of organic compounds (sulphate @iged into sulphide). This leads to
immobilisation of divalent metals like Zn and Cdtive form of metasulphides. However, it
does have an effect of mobilisation of As in itdueed trivalent form -As(lIl)-. Downstream,
towards the Meuse River, organic pollutants arepnesent, and oxidising conditions prevail.
In the presence of sulphate the reduced As(lllesxidised and immobilised again. This

process could be also influenced downstream bydissible input of surface water into the

aquifer.
Source area C | *] Downstream

Reducing Oxidising
conditions conditions

Sulphate mainly electron acceptor (EA) No organic pollutants

Sulphate > Sulphide Sulphate not reduced to sulphide
Zn and Cd immobilised as metasulphides Zn and Cd mobilised
As(l1l) mobilised As(l1l) immobilised

Figure 5.33. Schematisation of the possible relatiobetween organic and inorganic pollutants in the
Flémalle site.
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5.4.Conclusions to chapter 5

Numerical modelling has confirmed and provided able information on the aquifer
heterogeneity and on dissolved pollutant transjothe alluvial aquifer. Three main factors
are responsible of the spatial and time evolutibdissolved pollutants in groundwater: (1)
ongoing biodegradation processes; (2) aquifer bgeereity; and (3) transient conditions of
the river — aquifer system. Although geochemicahdiitons are also responsible for the
mobility of heavy metals, this factor is rather @nsequence of the first factor
beforementioned, which controls geochemical coondgiin the source area and downstream.
Biodegradation processes are mainly related tohat#preducing conditions, since oxygen
and nitrate are almost depleted in the source ameladownstream. If nowadays conditions
remain constant, it seems that the risk of contantinlispersion to the Meuse River through
groundwater discharge is low. However, it is reasdas to suppose that, because dissolved
oxygen and nitrate are almost depleted in the soamea, benzene was first degraded
oxidising conditions and subsequently under nitratiicing conditions. Similarly, sulphate-
reducing conditions will continue until sulphatellde almost depleted. Once sulphate will
be depleted, only the back and forward movemeth@benzene plume will be active, which
is probably not effectively enough to avoid polhttareaching the river. Furthermore, any
subsequent organic pollutants migration in directad the river could lead to a shift from
oxidised to reduced geochemical conditions, andviehg the hypothesis before stated, some

heavy metals like Zn and Cd mobilised.
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If you believe in what you are doing, then let maghhold you
up in your work. Much of the best work of the wdrlas been
done against seeming impossibilities. The thingoiget the

work done

Dale Carnegie
Writer (1888-1955)

6. CONCLUSIONS & PERSPECTIVES






MAIN RESEARCH OUTCOME

The main goal of this research was to study thie eiscontaminant dispersion through a
groundwater — surface water system. Considering ¢haracteristics of the studied

brownfield, three specific objectives were fixedl) {0 confirm groundwater — surface water
interactions and to contribute to a better undaditey and quantification of such interactions;
(2) to estimate and quantify groundwater dischdhgees to the Meuse River; and (3) to
determine factors contributing to pollutant moliléand attenuation and to evaluate their
relative importance.

From 1984 to 2002, various characterisation cammzanyere performed on the site of
Flémalle. These campaigns provided already a veog ¢ggnowledge on the nature, amplitude
and extent of contamination issues in soils andiggavater in the alluvial aquifer, together
with useful and detailed information of the geomeand composition of underground

deposits and of piezometric levels for this site.

However, all the information collected during th@seestigations did not allow one to have a
clear global view and understanding of the dynaafisvater and pollutants, in particular in

the alluvial aquifer. Because of that, it was difft to really define efficient measures for
pollution control and remediation in the site.

With all the experiments and measurements perfoiméte Flémalle site in the scope of this
research, a part of the gap and missing informatiame been closed. In particular, the
collected information has provided a more quanatview and understanding of

hydrodynamic and hydrodispersive properties ofathevial aquifer, of its heterogeneity and

of the very dynamic nature of groundwater — surfaeger interactions in the test site. The
numerical finite difference model has allowed ttegrate all the information available (this
research, former studies and AquaTerra partnersy NChnd VITO- studies in the site -e.g.:

field scale assessment of benzene degradation-prder to run reliable scenarios of

contaminant dispersion (benzene) through groundwate
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DYNAMICS OF GROUNDWATER LEVELS

Time series analysis applied to groundwater headsraver water levels have shown that
groundwater heads were mainly controlled by riieige fluctuations. Rainfall and direct
groundwater recharge explained only the 20% ofgtteeindwater head dynamics, while the
80% correspond to water river fluctuations. Unasgular conditions (river water level ~ 59.4
m a.s.l.), the groundwater is discharged into therrbut inversions of hydraulic gradient are
likely to be observed when river water levels ias® over 60 m a.s.l. Simultaneously, using
temperature as a tracer, changes in groundwatqrerature, superposed to the annual trend
variability of this parameter, indicate zones oéfprential interactions between the river and
the aquifer. These changes in groundwater temperatso seem to indicate that the entrance
of surface water in site is restricted to the f#Stmeters of the alluvial aquifer with respect to
the river.

Pumping tests were also relatively influenced le/ghesence of the Meuse River, but also by

the spatial heterogeneity of the hydraulic condutgtiof the alluvial aquifer.

MOBILITY AND ATTENUATION OF BENZENE AND OTHER TYPICAL CONTAMINANTS IN THE

FLEMALLE SITE

Based on the detailed investigations performed asihnced modelling results, one can
conclude that biodegradation processes, geocheromadliitions and transient hydraulic
conditions prevailing in the aquifer — river systanme the main factors controlling the risk of
downstream organic (benzene) contaminant dispersionthe studied brownfield.
Geochemical conditions are mainly conditioned bydbgradation processes that have been
related mainly to sulphate-reducing conditionsgcsinxygen and nitrate are almost depleted
in the benzene source area. If nowadays conditemsin constant, it seems that the risk of
contaminant dispersion to the Meuse River througiumdwater discharge is not a special
threat. However, based on sampling it is reason@bkuppose that benzene was degraded
from the beginning under oxidising conditions, asubsequently under nitrate-reducing
conditions, until the complete depletion of thekteon acceptors in the source area and in
the aquifer around. Today, sulphate-reducing cantst can be considered as main
responsible for benzene degradation.

Degradation of PAHs present in the aquifer, suchaghthalene and acenaphthene, was also
demonstrated in laboratory by CHYN, although theérgradation rates were lower than
benzene. As occurs with benzene, high concentsatbthese substances are observed in the

source area, while they have not been observed tbahe river up to now. It is expected that
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the risk of dispersion of PAHs is also low sincests compounds are less mobile than
benzene in groundwater. This should be checkedgusie model with appropriate
degradation and sorption parameters.

The integration of different field techniques amdundwater modelling has enabled to well
characterise the brownfield and understand thewdteon of benzene. This methodology and
results arising from this work can be of a valuaioterest for end-users face up to study
brownfields with similar characteristics as the dmere presented, often encountered in

industrialised countries.

ADVANCES IN FIELD INVESTIGATIONS AND MODELLING

The use of detailed monitoring of groundwater heau$ surface water for a long period of
time has provided complete and useful dataset,liegaio obtain valuable information of the
groundwater — surface water dynamics. Such mongoscheme is cost-effective, easy to
implement in the field and, as shown in this resleait provides very concluding data and
modelling results. In contexts such as in Fléemaltstinuous groundwater and surface water
monitoring, as well as monitoring of complementpeyameters such as temperature, is thus
highly recommended.

An interesting outcome of field investigations whe development of a new tracer technique
(FVPDM) for the quantification of Darcy fluxes imagundwater. It was demonstrated that this
technique provides a control of the injection cdiods together with complementary
information on groundwater flows in the vicinity thfe well.

The sensitivity to the experimental conditions nsakéthe FVPDM a candidate for studying
and monitoring changes in Darcy fluxes and groundwiiows in transient conditions, such
as changes in hydraulic gradients, with potentpgliaations in monitoring the dynamics of
groundwater — surface water interactions in theohypic zone. Another important issue of
the technique is its combined use, for a relatidelyg period of time, with passive flux
meters for a better assessment of cumulated comsamnifluxes at the vicinity of the
monitoring well.

In regard to modelling works, the gap of existirgadat a regional scale (outside the studied
brownfield) was overcome using a double-scale auproin the automatic parameter
estimation process, based on zonation, at therrabszale, and pilot points, at the local scale.
Doing so, the regional approach gives enough flktyilto the model in adjusting piezometric
levels around the brownfield, at the same time asaids overparameterisation of the model,

while the local scale approach provides efficieatameterisation for highlighting the strong
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heterogeneity of the aquifer and its consequencegronndwater flow and contaminant
transport in the site.

VALIDITY OF MONITORED NATURAL ATTENUATION (MNA)

In order to assess the viability of natural atteiwmaof benzene, the following investigations
and monitoring operations should be performed.tFirsvould be interesting to complete the
monitoring network in the alluvial aquifer in order have efficient control planes in the field,
downstream from the sources, where mass reductiold e monitored and confirmed (i.e.
in the zone where the numerical model predictsntlaén extension of the benzene plumes).
Second, it would be necessary to evaluate theablail'stock” of sulphate and to see if it is
likely to be fully depleted as it was the caserdrate and oxygen, in which case, one could
probably not just rely on hydrodynamics processesxpect further and sufficient attenuation
of the benzene plume.

The concomitant effects of organic and inorganiataminants should also be examined
further since any shift in geochemical conditioinem oxidised to reduced conditions, could
cause the turnover of several heavy metals, sucdndnCd, accelerating their mobility in the
aquifer and the associated risk of dispersion d#.slo do so, more advanced multi-
component reactive transport modelling could celyacontribute to a more detailed and
reliable risk assessment of contaminant dispersiothe brownfield. This could however
require further investigations in the field, such, again, control plane monitoring of

contaminants.
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ANNEX 1
Complement on GW — SW monitoring pictures of Chapte4






61.5

-61.0

-60.5

60.0

59.5

- 59.0

0
]
101 ‘
h ‘\ |‘1
T 204 L
£ | 4 T
£ 3 L . T A s
= 30 IR RO S I S i f "%
= U5 (113.9 m) Hﬂh I - S Jt \I \“ |‘ .
& e g | |,|" }‘. 'MJ}MI, ; (" J~|| l-k!
aod T ﬂ Wy W Ty
e _“"!/.Kw_b;lw.\q bty [ Ll ‘“‘\(I‘ﬂf.,.‘ Ip:,,-\,ﬂl,‘_ﬁ',\f_“\‘“l-«wj;ﬂlxlf!\.,m_,‘_‘i‘.“,,u,,. iy mv“d'”\\;]'
I | ‘ Meuse River
504 ° l.|
i
60 : A
15{09/2005 15/03/2006 15/09/2006 15/03/2007
1.5
Groundwater discharge to the river
1.0
. 0.5
E
= B PR | L SRR | RSN 5 |/ |
7] L T [P e L )| TEIk 7 St | ] s
=
O 0.5
<
-1.0 4
Surface water recharge to the aquifer A
1.5 ' . g
15/09/2005 15/03/2006 15/09/2006 1510312007

Daily groundwater level (GW) and, Meuse River level (SW), and rainfall (lvoz-Ramet dam), for observabn wells U5 (A) and U3 (B). Difference between gemdwater and Meuse

River levels A GW — SW), calculated with hourly data, is also preented (A" and B’, respectively).

239

0 61.5
!
10 S h 1-61.0
= 5 L :ﬁ” 60.5
U! o 1 | i *'b\ H\ i‘ \ B )
g g | k. J U3 (207.1 m) J -.|‘ [ 5
E E ; ‘”‘a‘ \‘ 3 . ,“A“‘ l | i \\
3 =30 'Llwfﬁ [l \;‘aﬂ Ber B, A - 60.0
[— A o | Wy
E ‘g ';“ JI “’! | ﬂl ' I\\ML
S Ta0d s L4 ) o 7, | 59.5
% [ '\("’“f "’”b‘i“ LA ! ¥ ”i',‘L'U‘”ILf‘"‘4"‘\*’r‘l"v\ﬂf"a‘-.j."j"“”t‘n"v‘-fh 1"-“,,.,;"lx‘\;‘:,=*l ol
= Meuse River
50 4 - 59.0
B
60 . . : ; 58.5
10/12/2005 10/04/2006 10/08/2006 10/12/2006 10/04/2007
1.5
Groundwater discharge to the river
1.0 4
__ 0.5
£
= | RN PPARO 0 L 110 | R
B 00
=
O 0.5
<]
-1.0 S
Surface water recharge to the aquifer
BI
-1.5 T T T T
10/12/2005 10/04/2006 10/08/2006 10/12/2006 10/04/2007

Water level (m.a.s.l.)



[
o
®

E o]/-.HH - BN ___WN ‘U15(31.6m) eI A
E’ 4+ o T Bt 59.4
E 8| Meuse River

10 59.2
£ Groundwater discharge to the river
=4
2]
=
o
< T T T T

07/10/2006 14/10/2006 21/10/2006 28/10/2006 04/11/2006

o 60.0
= 2. BN - - S g EE . ESEETeeseeee—n——— . ) Pt o} R et - B
= TN N sl e | 59.8
Y L59.6
5 e ——— e e e e BT L e LA
x 8 Meuse River

10 59.2
08
E Groundwater discharge to the river B’
Z 05
=
O 044
<

07/10/2006 14i10/2006 21/10/2006 28/10/2006 04/11/2006

Daily groundwater (GW) and Meuse River levels (SW)and rainfall (lIvoz-Ramet dam), for observation wels U15 (A)
and U23 (B). Difference between groundwater and Meg River levels 4 GW — SW), calculated with hourly data, is

also presented (A' and B’, respectively).

Rainfall (mm)
-2
1

Meuse River

&

w0

@
SW and GW
level (m a.s.l.)

0.3

0.2 Groundwater discharge to the river

0.1
004 = = « = = = = 2 = 2 2 = = 2 2 2 2 s s = s s 2 = s = sVa o o «“affa =

-0.1+
-0.2.] Surface water recharge to the aquifer

AGW - SW (m)

T T T
05/11/2006 12/11/2006 19/11/2006 26/11/2006

Pz12 (1364 m) __ . ---=c-" """

Rainfall (mm)

Meuse River

o
w0
(-2
SW and GW
level (m a.s.l.)

0.6
0.4 -
0.2 4

D04 = = » v o s o a2 5 2 3 32 ¢ sesesssesesssssass
0.2 Surface water recharge to the aquifer

Groundwater discharge to the river

A GW - SW (m)

05/11/2006 1211112006 19/11/2006 26/11/2006

0311212006

Daily groundwater (GW) and Meuse River levels (SW)and rainfall (lvoz-Ramet dam), for observation wels P5 (A)
and Pz12 (B). Difference between groundwater and Mise River levels A GW — SW), calculated with hourly data, is

also presented (A' and B’, respectively).

240

SW and GW

SW and GW

level (m a.s.l.)

level {m a.s.l.)



— I I TTe-L__ U19(61.5m) Ale2 _ ~
£ aEeEETpg ™ = - @ T - ]
= Le1 © &
g ° §E
£ 9 r60 =9
['4 - " 9
Meuse River -
12 59
— Groundwater discharge to the river A'
E 20
=
7}
2 5
3 1.5
< T T T T
13/02/2007 23/02/2007 05/03/2007 15/03/2007 25/03/2007
0
- 3] U33 (223.8 m) Bl 2=
E L e e 84
S TN Tt 0 TN T 2 e
s 60 ; %
£ 9 Meuse River o 3
14
12 59
1.5
£ Groundwater discharge to the river B'
=
n
S
(U]
< -0.5- Surface water recharge to the aquifer
T T T T
13/02/2007 23/02/2007 05/03/2007 15/03/2007 25/03/2007

Daily groundwater (GW) and Meuse River levels (SW)and rainfall (lIvoz-Ramet dam), for observation wels U19 (A)
and U33 (B). Difference between groundwater and Meg River levels 4 GW — SW), calculated with hourly data, is
also presented (A' and B’, respectively).

[t} 60.0
I T L sos ==
£ S R P4 (24.6 m) o3
= & B R TR R e e e 596 E E
£ T & =
£ =73
2 o1 Meuse River 504 & &
12 A 59.2
0.5
Groundwater discharge to the river
E 0.4
=z 03
»n
v 0.24
& o011 ,
< 0.0 A
. T T T T T T
2710372007 03/04/2007 10/04/2007 1710412007 24/04/2007 01/05/2007 08/05/2007
[} 60.2
— | T Tt B . eivha s Leoo = =
a0l U1z (181.2m) 3
£ 508 5 ©
= s E
£ 40 F59.6 =3
= >
= /W\/’_A_/‘—‘IMB | 59.4 @ g
= 60 59.2
0.9
- Groundwater discharge to the river
g 0.8
=
@ 07
% 0.6
< B'
0.5 T T T T T
05/10/2007 12/10/2007 19/10/2007 26/10/2007 02/11/2007 09/11/2007

Daily groundwater (GW) and Meuse River levels (SW)and rainfall (lIvoz-Ramet dam), for observation wels P4 (A)
and U12 (B). Difference between groundwater and Meg River levels A GW — SW), calculated with hourly data, is
also presented (A' and B’, respectively).

241



Rainfall (mm)

A GW - SW (m)

- ;‘;f‘;\\; /\ I 61
] B
." o
10 s Mgy
Sow gl ~
/ A "" g T - 60
U15 (31.6 m) /f N X, A . T AT
T A “*—\\( o At
D Meus;River A
20 59
0.4 Groundwater discharge to the river \JU\ {\war'}n(k\(ﬂ,&wﬁ
S va 1 M“ . ﬂ ey )nwh“ A
0.2 M A e Wl ﬂ WY A
“ il fs LR W
il | \
) ML‘ "
004 - o l e e e e e e e e e e
rbkr H h[}
-0.2 ﬂl q
Surface water recharge to the aquifer A'
-0.4 T T T T T T
18/11/2007 27/111/2007 06/12/2007 15/12/2007 24/12/2007 02/01/2008 11/01/2008

SW and GW level (m.a.s.l.)

Daily groundwater (GW) and Meuse River levels (SW)and rainfall (lvoz-Ramet dam), for observation wel U15 (A).
Difference between groundwater and Meuse River lel®(A GW — SW), calculated with hourly data, is also preented

(A).

242



ANNEX 2

Published article in Hydrogeology Journal






In the scope of the AquaTerra project, the Univgrsi Liege was also involved, into the sub-
project TREND, in the study of the development astimation of groundwater quality
trends, with application to datasets availabledifferent groundwater bodies in the Walloon
Region. It was into this research where the firsetof my Ph.D was spent.

A statistical approach was proposed and appliedtrfrd detection and quantification in
groundwater quality (nitrate) datasets in the Geasin (Belgium), based on a three-step
statistical analysis methodology. This work hasnbeeblished in Hydrogeology Journal, and
a copy of this manuscript is here attached.

The statistical analysis provided point-by-pointiraates of nitrate trends, in the form of
slopes expressed by an increase or a decreas&ate raoncentration per year. In the Geer
basin, a general upward trend is observed in thieedmasin. Two zones can be distinguished
in the basin: the Southern part corresponding & uhconfined part of the chalk aquifer
where high nitrate concentrations are observed,thedNorthern part corresponding to the
confined part of the aquifer, where nitrate hashesn detected (or at very low concentrations
only).

A rough estimation of the time remaining before theeshold concentration of 50 mg'L
would be exceeded, and was calculated based onn&lyepoint extrapolation of current
nitrate contamination levels using nitrate trentinestes. To do so, the present contamination
level was estimated at the different groundwatestrabtion points used for drinking water
production. This estimation was based on a poiApdipt calculation of mean nitrate
concentration over the period 1999-2003, a perimd which the nitrate dataset is well
furnished. Then, using the calculated slope vatubenearest available point, an estimation

of the year at which the drinking limit will be @#ed was performed.
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