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ABSTRACT

Key worda: Groundwater protaction; karat aquifers, arlificial tracer tests, inpul-rasponse model, transler
functions, parametric conceptual madel, vuinerability, muftiattribute overlay method.

Karst groundwater protection ie a major issua in environmantal concem at the end of tha 20th century. Karat
areas provide large quantities of watar for water supply at eprings and wells in Eurape es well as in
Switzarland. Karet environment ¢an be tronblasoma watar sources in certain cases, due either {o an accidant
in a vary sensitive area or also to inappropiiate protaction zones and corresponding regulations.

Karst aquifers are characterized generally by on the one hand, highly hetarogeneous structure with tha
existence of a high hydraulic conductivity karst network more or less connected, developed and surrounded
by an important volume of fissured vocks with a fow hydraulic conductivity. On the other hand, diffuse and
concentrated infiltretion with limited filtering and aute-purification action of the coritaminants cceura,

In matter of karst groundwatar protection, tharafore, specific strategy has to be developed as required by the
Faderal Office of tha Environment, Forest and Landscape and tha dapendent Swiss National Hydrological
and Geclogical survey. Two epproaches referring to apecific concepiual modeis had been uaed in tha
framework of this thesis in order to answer to the following questions an the ona hand: does exist a meaan
tfransfer function based on antificial fracer tesis, that cheracterizes a given watar catchment bagin or a part of
It end can we use this transfer function to establish some comtaminant predicting scheme in the framewerk of
a hydrogecicgical Impact assessment ? And on the other hand, ta suggest an appropriated method to outline
the graundwater protection zones of karst water catchment basin, as concentric protaction zones are not
suitable In karst environment due to its specific hydrological features.

Considering the tracing-system (fracing pzathway) o5 an input-response modsl (black box model), astificial
fracer tests are interpreted In terms of fransfer functions - impulse response and / or indicial response. The
trensfer function as impulse respanse is obtained by deconvolution of the tracer breakthrough curve by its
corrasponding input function. The indicial respanse comespands to the convolution of the impulse response
by a stap-unit function. In order to determine meen transfar function to specific parts of a weter catchment
basin or lhe whole water catchment basgin, a study of variability of the transfar functions by vanance and
multivarianca analyses on the gradients at given percentles of the indicial rasponee and on the modal
velacity based on araund 100 artificial fracer tests (fluorescent dyes, NaCl salf) carriad out in various karst
aquifere in Switzerland (Tabular and Folded Jura, Alps (Helvelic realm)} and in various hydrological conditions
has been led to, determine the validity of a mean transfer function. The following parameters had been takan
Inta consideration in the vanance enalysis: geological context, water catchment size, injection site's nature,
hydrological conditions, tracing distance and discharge level

Results of this variability study show that mean transfer functions for a water catchmant basin do not axist !
No significant differance of the cansidered parametare is relevant. Neverthaless, mean transfer functions
from tracer lests comasponding to a given geological context or to a given injection point'e nature can be
differeniiated. The validity of tha transter functions Intra-watar catchment basin is important and depends
principally lo the Injection sltes. Al the scale of a water catchment bagin, tracer tests arz not the single ool
used {o protect the groundwater; a multiattribute approach has to be appliad to assess the vulnerability.

in order to outline groundwaier protection zenas of a weter catchment basin an input-response method for
tracing-pathway characterizing is not sufficient. An original muitiatiribute approach basad on 2 parametric
conceptual modal of the karst aquifer, tha EPIK method has been speciically devalopad for outiining and
rating the water catchment basin taking into account the groundwater sensitivity to all kinds of conteminanta.
EPIK far Epikarat, Protactive cover, Infiltration conditions and Karst network development has been applied
on two test-aites in the Swiss Jura (St-lmiar's eprings water catchment baegin in the Foldad Jura and tha Font,
Saivu and Bame's watar catchment basin in the Tabular Jura (Bure)) to assess tha vulnerability. Tha rasulting
vutnarahility maps wera the basis for autlining the groundwater protection zones according to tha Swiss water
and anvironmant raguiations.

By applying this method on these two test-sites using e GIS, it eppears that outlining karst groundwater
protection zones from the multiatiribute vulnersbility mapping is feasible in a reasonable time invest, If the
weighting of key attribute into pretection factor appeare to be logical, the obfained values may dangerously
hide the weakness of the method in a simple index. Although the concept underiying these new vulnerability
mapping approach is clear nowadays, further developments are still needad to appreciate fully its pertinence,
spacifically ragarding the epikarst, the protective cover attributes and the validation of the weighting systam
that is stil problematic. On critical points in a waler catchment basin, tracer tests mey be carried out,

in the framework of hydrological impact assessment, i remains useful 1o carry out repeated tracer tests, at
leest thrae, in various and/or extreme hydrologlcal conditions to define characterisilc transfer functions, used
to establish contaminant forecasting.



RESUME

Mota-clefs: Protection des eaux souferreines, aquiféres karstiques, essais de tregaga, fonclions de
transfarts, vulnérabilitd, méthode muflicritére.

A 13 tin du 20ame siécle, la protection des eaux souterraines d'osigine karstique représente un domaine clet
s'inscrivant dans le domaine de l'environnement. Les aquifares karstiques coniribuent par une quantité d'asu
considérable de sources ou caplages & l'approvisionnement en eau des communes de Sulsse, d’Europe et de
part le monde. Ces ressources karstiques peuvent étre fregiles dans certains cas, soit dues & un accident dans
uns zone pericullérement sensble ou soit & uns protection Inedaptée - zones de taille et degré inadéquats - .

Les aquiféres karstiques de part leur etructure spécilique, leur mede de recharge ei leur fonctionnament
hydrogdologigue en découlant, axigent un concept de protsction des eeux souterraines tout & fait spécifique.
Cotle thése contribue einsi au développement de celle stratégie de protection telle que requise par I'office
fédérel de 'environnement, la forét et te paysege (QFEFP) el le service hydrolegique et géologique national
{SHGN}. Des réponses eux quastions suivantes sont développées dens ce travsil: i) existe-t-il une fonction de
transtart moyenne §tablie & parlir des essais de tragage, Qui caractériss un bassin d'alimentation d'une source
ou ung parnlie de calui-¢i et ii) peul-on utiliger cette tonction de transfert pour simuler des ecénenios de
confamination dans ls cadre d'étude d'impect ? i) comme les zonas de protectien concentriques ne sont pas
définissables en milleu karsiiqus, peut-on développer une méhode appropriée pour délimiter las zones de
protection en milieu kerstique 7.

Afin de répondre & ces premidres questions, quslques 100 essais de tragage ont éié eflectuds dans différents
aquitéres Karstiques en Suisse (Jura tabulaire, Jura plissé of Alpes (domaine helvétiqus)) et inlerprétés en
termsas de fonctions de transfsr - raponses impulsionnslles et indiciellss - le systdme tragage étent considérd
cemme un modéle ds type input-rdpense. Pour détarminar une fenction de transfert moyenne pour des zones
spécifiques ou la totatité d’'un basein d’elimentation, une éiude de la variabililé des fonclions de transferl par
analyse de la vanance et multivariance s été eflectuée prenent en considération las variables suivantes: le
contexte géologique, la taille du bassin d'alimentetion, 13 nature du peint d'injection, les conditions
hydrologiques, la distance de tre¢age et le débit.

Les résultats de cotie éluds de la variabililé montrent que des fonctions de transfert moyennss ne peuvent pas
éire différentides d'un bassin d'elimentetion & l'autre. Cepsndanl, les fonclions de transtert des essaie de
tragage relatifs ¢ un contexis géologique ou & la nature du point d'injection peuvent &tre différentides. La
variebilité des fonctions de transtert & lintérieur d’'un bassin d'slimentation est impertante et dépend
essentielfement du point d'injectlon. Par conséquence, dsns le cadre d'étude d'impact, il reste toujours
nécessaire d'effectuer des essais de {ragage répétds, au moins trols, dans des condltions hydrologiques
différenies et / ou extrémes efin de déterminer des fonctions de transfert specifiques au systéme-tragage. Du
fait de l'importance du poids du point dlinjection dans le variabilité des fonclions de trensfert, il appareit
ndcessaire de cartographier les risques polentials da contamination en relstion avec les structurss du karst
ovent de procéder & des esssis de tragage.

Une approche multicrithre basés sur un moddle conceptusl da type paramétrique de lequifére karetique 3 4té
développée pour ddlimiter des zones de protection prenant an consldération 3 sensibilité & tout type de
centaminant de laquitére. L3 méthode EPIK repose sur quaire critéres choisis en intégrant les demiers
dévsloppemenis ds 13 recherche ds I'hydrogéciogie karstique, présantés dans la premidre partie de ceite thase.
Les quatra critdras sont I'Epikaret, 13 couverture Protectrice, les conditions d'Infiltration et le développement du
réseau Karslique. Celis méthode 3 814 appliquées sur deux sites dens le Jura suissa (Si-imier o1 Bure) alin de
cartographisr |3 vulnérabliité. Les cartes résullantes ont servies de base pour délimiter fes zones da protection
en accord avec la lagislation suisse.

L'application de celte méthode an ufilisant un SIG (systéme d'information géographique) sur ces deux sites-
pilotes montre que le délimitation des zones da protection pranant en cansidération les particularités du karst est
faisable svec un invaslissament en temps raisonnable. Si 'essentiel des careciéristiques du fonclionnement
hydrogéolegique du karet a élé regroupé eutour de quatre critbres, leur définition reposent sur 13 recharche en
hydrogéologie karstique, lo caractérisation de I'épikarst et de (a couverture protecirice ont é1é simplitiées et ceci
pour des raisons pratiques. Des recherches supplémentaires dans ces domaines sont encore nécessaires. Le
systéme ds pondératicn et de classificetion peut toujours étre ramis en question et est diflicilement validable.
Cependent les facteurs de proteclicn résultant sont classés de manidre & refléter 'expérience des personnes
travaillant dans le milieu karstique. Une validation finsle est souheilée et paut étre effeciuée de menidre
ponctuells, telle qu'elle a &té faite sur les sites-pilotes, & I'aide d'wssais de iregage et dinvestigation
géophysique. La demidre validation de 12 méthodoe est indvitablement, la mise en vigueur des zones de protection
aves les rdglements correspondants ainsi que le contrdle da I3 qualité de I'eau aux sources concemées.
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Advances in karsl groundwater proiection slrategy using arificial tracing tests analysis and
multiattribute vulnerability mapping (EPIK method)

General introduction

Chapter 1

Objectives of the thesis

Karst groundwater protection is a major issue of enviranmental concern at the end of this
century. Karst areas provide large guantities of water at springs and wells. These wafer
sources can he saverely impacted and at risk following accidents (liquid manurg spill,
gasoline tank spill) in sensitive areas and due to inappropriate protection zanes and
regulations.

The karst aquifer is characterized as @ highly heterogeneous structure with a Karst
network connected and developed inside the aquifer. The karst network has a high
hydraulic conductivity surraunded by a block-type large volume of low hydraulic
conductivity fissured rocks. Diffuee ar concentrated surface-recharge is unique o karst
aquifers. Consequently, rapid and concantrated infiltration occurs with which there is only
limited filiering and purification of contaminants.

Therefore, a karst aquifer requires a specific subsurface water protection strategy. As used
in this thesis, subsurface water protection refers to either hydrageclogical impact
assessments in karst arees or ta dafinition of groundwater protection zones.

Hydrogeological impact asseszments in karst areas use various metheds including artificial
tracer tests, These sssessments state the potential of contamination risk related to the
activities ongoing in that araa. Artificial tracer tests are used to simulate confaminant
fransporf under variable hydrclagical conditions and from one point to ancther. To
predict transit velogity, tha peak concentraticn and the duration of a contaminant can be
estimatad snalyzing the results of repeated tracer tests provided that the results are for the
same tracer system responding under various hydrological canditions (Smoct et al., 1987).
Away from this tracer systam, ancther group of tracer tests has to be perfarmed to predict
the contaminant transport in the entire or a different karst system. Due to cost, there is
commonly little possibility of doing enaugh tracer tests o adeguately characternize the
system. However, a tracer system can be characterized using transfer functions from
input-rasponaa intarpre{atione of 3 single tracer test. This is done using 8 methad called
deconvolution. 1n this case, 8 mean function characterizing a specific pant of an aquifer
could be used to simulate pollution with error factors.

A statistical approach was used to study the wvatishility of transfer functiona based on
about 100 tracer test experiments dane in various karst aquifers of different sizes,
geclogical caontaxts end hydroiegical conditions. The validity of this mean transfer
function is one of the two major themes of this thesis.

Caoncentric protection zones are not suitable for karst agquifers. These aguifers can be
described with a detarministic coneceptuel model that establishes attributes such as the
epikarst (upper part of the agquifer-fissured and well karstified), the protective cover, the
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surface recharge condittons and the extent of the karst conduit network development.
Each of these attributes contributes to the vulnerability or the protection degree of a part
of an aquifer. Based on this conceptual model, a new multi-attribute approach to
assess the vulnerability of the catchment area of a spring or a well is has been created.
The assessment of vuinerability requires the use of an overlay mapping method and 3
rating system. The resulting vulnerability mapping is a useful tool {0 define protection
zonas. This issue is the second major theme of this thesis.

Both issues address specific requirements of the Federal Office of the Environment, Farest
and Landscape (FOEFL) and of the associated Swiss National Hydrological and
Geological Survey (SNHGS).

Transfer function variability

The resesrch focused on conducting: numerous tracer tests in karst aquifers, end using a
black-box model to calculate, by deconvolution, the transfer function for any of these
tests. No softwsre development was required for this research,

The major goal of this part of the work concerned snswering the following questions using
the dats from about 100 tracer tests done mainly in Switzerland:

» Do transfer functions vary according to either catchment size or hydrologic condition
(base flow, rising or fall limb)?

» Do transfer functions vary at the aquifer scale or for groups of karst aquifers
{geological contaxt)?

» Can mean transfer function be used to sccurately and consistently simulate
sccidental contamination of catchments under specific hydrological
conditions?

Transfer function variebility can also improve the knowledge of the karst aquifer by
determining:

+ what knowledge of the karst aquifer and its internal structure can we gain from
studying and determining tracer test transfer function variability?

To answer these questions, repeated tracer tests in similar and variable discharge
conditions were done. Their variability was studied using transfer functions. To obtain
information about the intamal karst structure of the aquifer and the variance of the tracer
system, Dzikewaki’'a model CONVOX was used.

In addition, a series of tracer experiments with simultaneous injections of conventional
tracers (fluorascent dyes or sait) and microbiological tracers (bacteriophages) were done
st three test-sites in the Swiss Jura. Data from these tests were used to compasre the
rasulting breakthrough curves and transfer functions.

Studying transfer function wvariability identified stgnificant factors including injection
points, gecological context and hydrological conditions. In this manner, the work
contributed to the groundwater protection assessment of specific tracer systems.

Intraduction
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Karst aquifer vuinerability mapping

An input-response analysis of tracer systems is not adequate to define catchment
protection zones for given karst springs . The spatial dimension has o be considered.

The E P | K method {Epikarst, Protective cover, Infiltrstiocn condition and Karst network
development) is an unique multi-sttribute approach that was developed specifically te
define and rate karst catchments. This method takes inte account greundwsier sansitivity
to st contaminants. The approach is basad on a relatively typical conceptual model of &
karst aquifer (Chapter 2.2. Pert I). The spproach was developed with the contribulicn of
the Federal Office of Environment, Forest and Landscape (FOEFL) and with the Swiss
participation in the European COST Action 65 [Hydrogeologicel aspects of groundwater
protection in karst areas).

Since the seventies, vulnerability maps, mostly at the scale of a country or a province,
have been established in many couniries of Europe and in the Neorth America. Karst
aquifers have been characterized relative to other hydrogeclogicst settings. They are
censidered more vulnerable than fissured and perous medis aquifars. Assassment of the
sensitivity of karst spring or well catchments by defining typicel sttributes is & new
approsch in vuinerability mapping. -

The aim of the research was to produce intrinsic vulnerability' maps for springs cr wells in
8 catchment. The resulting vulnerability meps are tocls te assist in defining the
groundwater protection zones in such cases where the present guidelines to define the
protection areas in karst environment are not satisfactery.

The explanstion of both the spproach bssed on theory and @ weighting system is
evaluated using two test site examples in the Swisa Jura - St-Imier {Folded Jura) snd Bure,
La Mitandarine (Tabular Jura).

' Intrinsic vulnerability. vulperability fs an iptrinsic or natural property of 2 groundwater
system. This is 8 genaral property used for charactenizing, with the halp of geoclogical and
hydrogeclogical information, the sensitivity of aquifer systems to either an instantanacus
(point sourca) or diffuse conlaminant release.

“Ganaral or intrinsic vuinerability” is definred only using hydrogeological factors. The term
‘specific” vulnerability is used when including potential human impacts on the system. The
specific aspect of the vuinerabilfty relates to characteristics 0f the contaminant and the
aquifer properties thet play a rola in its fate and transport.

Intreduction
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Chapter 2

Data base

This chapter dascribes how tha data were used to assess transfer function variability and to
validate the EPIK overlay method depicting karst aquifer vuinerabiiity.

2.1. Data for interpreting artificial tracer tests - tranafer
function variability - .

The greatest number of tracer tests interpreted with a biack box model were carried out by
the auther and other colleagues of the Center of Hydrogeolegy as part of the Swiss
program of COST action 65 at the Bure test site. On the same test site, repeated and
double tracer tests using salt (NaCl) and microbiological tracers (marine and fresh water)
were done as part of the FN project (number 2000 -040419.94/1.). Some data from tracer
test breakthrough curves were provided by R. Attinger in the Alpstein (Attinger, R.,1988).
Other test data were from contract work done by geological and hydrogeological
consuliants {(MFR SA, Delémont, Bureau F.Clavien, Sion). Other data came from
repetitive and double (fluorescent dye, microbiological tracers) tests done in the L'Areuse
spring caichment that were carned out with financial support from the Swiss National
Hydrotogical and Geological Survey (SNHGS) of the Federal Office of the Environment,
Forests and Landscape (FOEFL}.

- 2.2, Data for validating vulnerability mapping .

Testing the validity of intrinsic vulneranility mapping was done at both the St-imier
township springs catchment (Folded Jura) and the La Milandrine, La Font, Le Saivu and
La Bame springs in Ajoie {Tabular Jura). Maps of the three principal attributes were
made. Tracer tests and geophysical measurements were done with two colleagues,
Patrick Adatte and Etienne Tache. These activities set up the basis of the new
vulnerability mapping approach to Swiss karst environments at a catchment scale.

At the first test site, St. Imier, activities were carred out with the support of Canton Bern,
St-Imier township and with the collasboration with GEOTEST Consulting (Zollikofen).
GEOTEST was contracted to reviaw protection zone activity because of periodic liquid
manure coentamination at the La Raisette spring.

Ve chose Bure-Milandrine in Ajoie as the second test site because of the large data base
for hydrotogy, geophysics, boreholes and tracer tests from various research projects (FN
and COST 65) and the N16 national road contract. The springs of this water catchment
basin are not used directly for water supply with the exception of Saivu and La Foni which
from time to time are used in summer to artificially recharge the L'Allaine porous aquifer
in Bencourt.

Introduction
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Chapter 3

Thesis structure

This thesis consists of an introduction, three detailed parns and a conciusion. Part |
contains the theoretical principlies related fo the specifics of karst agquifer hydraulic
behavior that are needed to interpret tracer tests or to map the intnnsic vulnerability in
karst aguifers {(Figure 1). This pant also establishes the reference base upon which the
foliowing parts are built.

Chapter 1 of Part il provides s review of the classical qualitative and quantitative
interpretation of artificial tracer tests in karst aquifers, Part Il emphasizes transfer function
vanabilty. This work was based on tracer experiments camied oyt with vanable hydrologic
conditions, types of karst aquifers and injection points. A compariscn is also made of
breakthrough curves and transfer functions from fests using classical tracers (salts such as
MaCl, and fluorescent dyes) and microbiological tracers (marine and fresh water
bacteriophages). .

Part il relates to the intrinsic vuinerability mapping of karst aquifers. An approach is
developed that is based on a multi-attribute method in concurrence with a deterministic
conceptual model that was defined in Part I. The concept of mapping the aquifer
vulnerability, the EPIK method, is explained in theory based on references o previous
research. Two examples are used to indicate both the validity and the limitations of the
multi-factor approach as a tool to define the karst aquifer catchment protection zones.

The conclusions include a summary of the fnajor results and address the contribution of
input-response models to validating vulnerability or protection zones.

Finally a contribution to the development of groundwater protection strategy in karst
aquifers is suggested.
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Part |

Theoretical principles of karst hydrogeology and

pertinent interpretation models

Chapter 1

Karst aquifers features

Karst is 8 German word derived from Serbo-Croatian that means stone. It is also the
geographical name of a specific limestone terrain region iocated between Trieste and
Ljubljana in Slovenia (Dodge, 1982). Finally, it characterizes a particular merphotogy
that has a specific hydraulic behavior found in geological layers with high rock solubility,
such as limestone.

A karst aquifer is defined by Castany and Margat (1977) ae an aguifer whese conditions
and behavior correspond to karst conditions’: heterogeneity, discontinuily, predominance
of groundwater flows in channels and conduits of a Iarge size collecting or distributing the
water, existence of large cavities. Thus, karst aquifers are characterized by a
heterogensous and cantrested hydrautic conductivity field. The largest part of the aquifer
contains low permeability fissured carbonate rock volumes; and within those vaolumes,
there is 2 network of conduits that are mere or less connected and develeped. Karst has a
hierarchical structure af voids and consequently of flows (Mangin, 1994). This network of
conduits behaves &ither as e diacharge form, or as a recharge to, the iow permeability rock
voluime « system », depending on the hydrological conditions. Under base flow
conditions, the hydraviic potentisl may be commoniy lowered around the conduits.
Cansequentiy, the flow vector is criented fowards the conduits. Therefore, the conduits
drain the water from the less permeeble rock velume. Under high water jevel conditions,
during the rising Iimb and falling limb, the hydrautic potential is higher in the channels
than in the surrounded blocks. Uinder these conditiens, the floew vector is towards the blocks
and the water is drained cut the channels fo the fissured rocks volume.

The storage capacity and transmissivity of karst aquifers differ throughout the system. The
low penmeability reck volumes mainly store the water, and il is transmitied under relatively
slow drainage cenditicns into the channel, conduit and cavity netwerk which accerding to
Mangin {1986), is more highly fransmissive.

' Karst: according to Paloc (1975) a carbonale rack area with typical surface and subsurface fealurss.

Part |: Theoretical principles of karst hydrogeology and of adequate used models
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The karst aguifers are different fram porous media aquifers with their morphological
features and their particular hydraulic phenomena as pointad previously by seversl
authors and recently summarized by Jeannin et al. (1993).

The major features of karst aquifers are summarized in the following three sections.

1.1. Morphological features

Typical marphological figures such as dolines (swallow holes), karrenfields, dry valleys,
polies (large flat closed depressions or basins) and ouvalas (coalescent dolines) are
features of the exckarst. They result from limestone dissolution driven by water infiliration ,
the bio-chemical and physicsl processes and the tectonic setting. The intense and high
volume of water infiltration in a karst environment allows sinkholes to develap at which
point surface water disappears rapidly. The absence of surface drainage may correspond
to areas such as dry valleys, areas thal may have previously possessed a river that
infiltrated and disappeared due to tectonics, dissolution, and the hydrological and
climatic conditions. .

Shafts and surface water drainege sinkholes {(poinls at which there is concentrated water
recharge) allow us to imagine what the underground Karst morphology, the endakarst, must
be like, whether or not it is accessible by humans. There are channels, conduits, pits,
chimneys, covered more or less with dissalution clays or with concretions such as
stalactites, stalagmites and others. These conduits build a network of variably dense and
connected channels which have sizes on the order of centimeter rather than decameters.

The absence of a surface water drainage system, combined with major individuel springs
which occur at the outlet of the large underground drainage systems, characterizes the
morphology of karst environment. Therefore, karst aguifers have .imporiant individual
spring discharge points which are only rarely associated with porous medis.

1.2. Hydraulic phenomena

The Karst spring responds with rapid and violent flood events. The fast response during the
rising limb of & karst spring hydrograph is followed by sn equally rapid decrease on the
falling limb and thereafter by a slowly declining recession curve during the base flow
period. The rapid and violent flood events are directly linked to the movement of
groundwater flowing through the interconnected and preferential paths of the more highly
permeable conduit nefwark. High flow vetocities have been documented as high as 250
m/h using artificial tracers. In porous media, flow velocity values are much lower in the
ranga of from 0.05 to 10m/h.

As mentioned by Jeannin and Grasso (1995), rapid waler level variations in certain
boreholes and slow to insignificant variations in others, demonstrate the heterogeneity of
the karst environment. Generally, the borehole hydraulic conduclivity as determined from
slug-tests isolating specific lengths, A decrease of this property with depth in karst aquifers
has been documanted by Drogue (1974).

The spring discharge varistions commonly exhibit large fluctuations in chemicel
composition and physical properties (temperature, electrical conductivity) of the water.

1.3. Recharge of karst aquifers

Recharge to karst aguifers occurs differently than to porous media aquifers, due prncipally
to the larger degree of karst structural heterogeneity. The surface area of potentiel
recharge over the karst surface is made up of varying proportions of swallow holes,
kamenfields, dry valleys and, large regions where there is no surface flow. The distribution
and proportion of such fastures depend on tectonics, carbonate {(limestone} composition
and geological and hydrogeological history.

For this reason, the recharge of the Karst is on one hand, concentrated a2nd individual with
the loss of a stream into 2 swallow hole and on the other hand, diffuse in the large closed
depressions, in the dry valleys or in tabular or anticline structural features. The diffuse
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recharge can also callect and be transferred horizantally, in the upper part of the aquiler,
called the epikarst. The epikarst coliacts the waler and, as a perched zone, rechargas
either siowly into the low permeabitity volumes by infiftration through cracks and fractures,
or into the karst network by rapid infiliration through vertical conduits,

Chapter 2

Conceptual models of the karst aquifer

Two types of models have been cansidered and adapted to address specific problems that
need to be solved and investigated in this thesis. The intarpretation of tracing tests in karst
environmants does not require the same concaptuali model as is used for conducting a
vulngrability assassment af karst aquifer tarrain, The interpretation of tracing tests in terms
of transfer functions is based on input-respanse model, whereas the karst vulnerability
assessment is based on deterministic® conceptual madel.

2.1. Input-response models applied to interpretation of
tracing tests

Determining specific characteristics of transport pracesses in karst aquifer based on a
deterministic approach requires a large and commonly quite expensiva data base tg
characterize the system’s flow fields. Taday, this data is rarely available. Instead, a global
approach is taken that uses knowledge of the input to, and output response fram, a system.
This technique aliows us to imprave or understanding of the physical and chemical
environment through which the flow occurs withaut needing the quite extensive and
expensive data from the field. Therefare, instead of using documented aquifer properties,
the global approach provides an equivalent method, essentially a black box madel, to
pradict aquifer bahavior.

The gicbal approach is not only pertinent to interpret tracing tests in karst tarrain; it is also
used in the fields of lagic, rheclogy, tinguistics, chemistry, and hydrology.

Chemists were the first to gather the required information that predicled the resulting
impuise responses’ from documented input and outpul data (Molinan, 1976). In the
1930's, L.K.Sherman (1932) studied the rainfall-discharge relationship at the outlet of a
catchment basin, His work resulted in definition of a « unit hydrograph », an evaluation
method that taday, still forms the basis for camparing surface water flow system responses.

An input-response model can be used to analyze systems. This model does not take into
account the aquiter characteristics at individual peints within the system. Instead, the
aquifer is cansidered as a black box. This box has an entrance and an exit and there is a
mathematical relationship, reflecting the physical processes taking place within the
aquifer, that relates the input at the entrance to the output at the exit. This mathematical
relationship, depicting the flow pathway, is called a transfer function. Therefcre, the
pathway is characlerized by this transfer function that converis the input funclion (e.g.
effective precipitation, artificial tracer volume and concentration) into a response, called
the output function (e.g. discharge of the system versus time, breakihrough curve of the
tracer).

? Daterministic modal: when a mathematical modal can be emplayad for determining exactly all tha
states of a system. Modal that prasumes that a system or process operstas such that tha occurrenca
of a given set of events leads to a uniguely definable outcoma. The goveming equations dafine
precisa cavsa-and-effact or input-response relationships at each locations.

¥ impulse response: response of a system to an input such as a Dirac, that is an impulse
characlerized by an intensity to infinity while ifs duration tends to zero.
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Input-rasponse maodels have been used for several years to characteriza karst aquifers in
termn of systems. Mangin (1975) suggested classifying karst aquifers using the density and
intercannectivity of the voids (hierarchy) created by the karst processes. To do this, he
studied hydrographs and cross-correlated analyses (spectral and correlative) of rainfall and
discharge. He concluded that the system is more well developed and interconnected as it
moves from its recharge to discharge ares.

In 1982, Dreiss developed a methad of characterizing karst aquifers using linear transfer
functions (kernel functions). The kernel functions ara determined using the linear system
identification technigque proposed by Neuman and de Marsily (1978) for identification of
an instantaneous unit hydrograph. The systam response (output function) is the spring's
rapid discharge resulting from an isolated storm event. The input function is the
caiculated recharge during that storm.

tnterpreting tracing tests in terms of fransfer functions is based on having an input-
responee conceptual model. The real system, the karst aquifer, is a closed box with an
entrance and an exit. The intemal structure of the box is not able to be determined. Tha
aguifer response is accounted for using the transfer function. The function is determined
from an equation using the experimental dala for the tracer input conditions and
breakthrough curves at the sampling point and the discharge flow rate at the spring. The
raal systam, quite different from the box (open system) is described schematically.

One of the main objectives of this work is to predict contaminant transport in karst aquifers,
major input to the vulnerability .mapping described in Part lll of this thesis. Transfer
functions can be readily obtainad from input response modals and their results can be
used to predict contamination migration for part aor alt of karst water catchments.

2.1.1. The black-box model used to interpret tracer tests

Transfer functions can be obtained from fracer breakthrough curves and a biack-box input
rasponse madel. The fransfer function can be directly obtained, without any
mathematical treatment from & breakthrough curve if 1) the tracer input is instantaneous,
simulating 8 Dirac’ [d(t}{ type event, and 2) there is a continuous recard of the discharge
at the sampled spring. In this casa, the transfer function is the breakthrough curve. When
these conditions exist or are assumed to be true, the normalized breakthrcugh curve is a
transfer function raferred to specifically @ RTD (Residence time distribution). The
breakthrough curve is the cutput response to this instantaneous input of the injected
tracer.

In practice, however, instantaneous injection of tracers is not possible for several
technical reasons:

» the tracer injacted does not completely mix with the flow volume at the sinkhole
injection paint,

» the injection in a cesad or uncased borehole is accomplished either in an isolated
section or over the total borehole length; and in either case, the injection rate and
volume s dependent upon the borehole permeability and therefare, it will not occur
instantaneously.

» a tracer injacted into & swallowhole or borehole or on the ground surface, moves
towards the groundwater system, but thare is a time lag while it travels through the
unsaturated zane. In this case, the tracer does nat reach the saturated zane as a single
or a short impulse, even ﬂushmg with a lot of water (e.q. 3 m®).

Consequantly, the directly abserved response ot a tracer system, manifest as the
breakthrough curva, usually does not corraspond to the impuise response. in that case, the
impulse respanse has 10 be obtsined by a mathematical « treatment » referred as

‘ A Dirac is an impuise characterized by an intensity tanding to infinfly while its duration terds to zero.
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deconvatutian®, which relates the autput obtained in the breaktﬁrough curve, to the
specific input conditions where the tracer was injected.

These following five sections provide the rationale to use input-response models to
determine transfer functions from tracing experments.

2.1.1.1. Introduction: analyses of systems using artificial tracers

Interpreting tracing tests with this type of input response model requires schematically
breaking down the real system inta a series of steps ar pathways depicting the flaw af the
tracer in the karst or tracing system. However, before descnbing the typical approaches

11

used within the black-bax model ta perfarm decenvelution, it is important ta establish the

concept af « systems », and the relevance of systems when interpreting tracer tests.

a) systems definitions

A system, as defined by Walliser (1977) is @ relatively individual entity that can be
separated from its context or envircnment, even if there is a cantinuing interchange
between the system and its surraunding. A sysiem is an entity independent of its context.
The tracing system is similar ta its agsociated karst system and both encampass the
surrounding rock volume which contains the matrix, the fractures and the conduit network.
Both systems are compiex specificelly when one tries to determine the structure over a
useful and sufficient schema in arder 10 analyze the consequent relations between the
entrance{s) and the exist(s), variable in time and space (Castany and Margat, 1877).

In karst hydrogealagy, on the ane nand there is the karst system and on the other hand, the
tracing gystem. Both can be characterized as a vector system with several entrances and
several exits. The tracing system is defined in our context, as a scalar system with only one
entrance and one exit. If an injection paoint is connected la several springs, each
« injection point-spring » system is considered es a separete tracing system (Figure 2.1.)

The tracing system, as shawn in Figure 2.1., is @ subsystem of the karst system. It is the only
part of the hydrogeoiogical system that relates to the pathway and the tracer migration
(Lepiller and Maondain, 1986). It has alsa been referred to as the space accupied by the
tracer mass during its transfer (Dzikowski, 1992),

Flow in the tracing system can accur in both the unsaturated and a saturated zone, each
af which cen be cansidered as a subsystem. Thus, the karst system model as a black box,
containing the tracing systems, ig built up of subsystems. In the non-saturated zane, flow
takes plece as the result of infiltration either inta the epikarst, or in the low permeability
volume of rock. In the saturated zone, water flows in the conduits, in the cracks and
fractures of the low permeatle surrounding rock, as well as within and throughout these
intercannected parts of the netwark. Finally, the flow reaches the aullet of the system,
commonly a gpring. Figure 2.2. schematically illustrates potential flow paths within a karst
system ss well as different suitable tracer injection paints. It is important to understand the
location of the tracer injection paints relative to the karst system in arder ta be able to
characterize the karst aquifer based on the tracing test results (Part 1),

® Deconvoiution: a mathematicat operator that aflows 1o obtain from the inpu! signal - entrance function
- and the oufpu! signal - the exit -, the transfer function.
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b) properties of aysiama

Generally, systems are either scalar or vector systems (Figure 2.1). A scalar or univariable
systam has one and only one enirance, E(t}, and one and only one exit, S(t), that is
associated to it. A vactor or muitivariable system is characterized by several entrances,
Eift), and several exits, Sj{t} [ and j, from 1 to n and 1 to m, respectivaly] Only scalar
system is considered in this work.

In the real world, hydrogealogical systems do not only respond in 2 linear manner and
their behavior is not consistent in time with varying changes, for example, in flow rates.
Therefore the systems are not linear and are « time variant ». When conducting tracer
tests in karst environments, ideally, to facilitate interpretation, the hydrodynamic
conditions should be consltant. Dzikowski (1992) as well as Guizerix (1988) proved that the
karst systems did not behave in a consistent manner under conditions of variable flow.
Bath developed caiculation methods to transform the system’s response as a function of its
discharge. This concept will be developed in Chapter 2.1.2. (Part [). Their methods will
also be applied in part il {chapter 5 as interpretation techniques for locations where
repaated tracing tests have been conducted o get more tracing or evan karst system
information. Non linear system responses ara found frequently in tracing experiments due
in particular to adsorption processes.

However, the black box model being used requiras that the tracer systems be both linear
and have consistent and invariant time behavior characteristics (cf. 2.1.1.2)).

Linearity: for a karst tracer system, this means that there is a direct proportion between the
fiow, as totaled for all the entrances, and the flow from all the system exita:

vi, /i, = S,
ther E=ZA;‘E1 = Sz)_-‘/ﬂn'Sf

with S for exit, E for entrance and A as a constant.

An injected mass E(t) results in a breakthrough curve S(t) at the autllet. If the mass E{t)
injected at the entrance, is multiplied by the constant « | », then the breakthrough curve
will have a maximum concentration equal 1o « | » times the maximum concentration of
the initial breakthrough curve (Doerfliger, 1804).

A karst system being tested will exhibit a linear characteristic or response if the following
conditions are true or assumed ta be true: 1) the tracer is a so called perfect tracer and the
tracer molecules behave identically to water molecules, 2) the mass transfesred is
considered conserved, and 3) the recovery of tracer mass at the outlet is equal to the
injected mass at the entrance of the system.

Stationary or time-invariant process: for a karst or tracer system, this means that the
properties of the system do not change with time. This is equivalant to saying that if S(t) is
the response of lime system fo an input E(t), then S(i+1) would be the response of the same
system to an input E(t+1)} which is E(f} changed by the value 1. The flow patterns are
identicai at different flow rate; at different steady flow the stream lines are identical and
the relative shape of the transfer functions at various flow rates is identical. So stationary
assumes that any property of the system does not vary with a translation in time,

2.1.1.2. Definitions and principles

Black box models permit analysis of the karst or the tracing system. As stated previously,
the system is considered as 2 closed box with anly one entrance and one exit. The
internal structure of the aquifer is not expressly determined. The iracing t{ests ara
interpreted in terms of transfer functions that take in all transport processes and the
structural effects.

Considering a linear and steady-state tracing system, transfer functions are obtained using
3 black box model of deconvolution: the output function (breakthrough curve ot the
tracer) is deconvaluted by the input function. As far as possible, tracing experiments
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should be done under steady flow conditiens to conform to the invariant characteristic
assumptions that are a requirement of the model being used. Far the linear condition, it is
assumed that the injected mass is equivalent to the recovered one at the sampling
poini(s}.

This term transfer functicn includes all functions used within the convoelution operation to
transform the input function E(t) into the output function S{t). The use of an operator of
convolution or of deconvolution requires the follawing: the tracing system being studied
has to be considered as linear and time invariant (Baudeing et al, 1988, De Marsily,
1978); the hydrological conditions are steady and there is no interference with the tracer.
The system has to ba conservative.

The transfer function is calculated using the numerical code DYEBOX, a global mass
transport FORTRAN 77 code, installed on the VAX at the Center of Calcul, Neuchate!
University (Kiraly and Rossier, 1992) (Appendix 1.1). The principle of DYEBOX is based on
the mathematical operations of daconvolution and convolution.

This mathematical operator for convolutian is called the DUHAMEL integral:
' !
@) =i(n* E(0) = [i(t ~DE(v)dr
0

whers t is for time and f is an integration variable. Unity: E, S (ML} i [T}

The convalution operator can be written in @ discretized manner as following:
J
S=ZSH=AinFEot ;Z(_f'-k)E(k)
=1

for j from O to N: k variable non equal fo 0; At is the chosen discrefized time step.

The transfer function is calculated using the deconvolution operator; the breakthrough
curve ot the tracer S(1) is deconvoluted by the input function E(t). The discretization af
the deconvolution can be written as follows:

1 Su) L.
- 21(;—&) E(k)

Z(j)-_ E(O) At k=1

with | from 0 fo N; k e variabla different than O; DI is the chosen discrefization time sfep.

The term transfer function in its mathematical sense, reters to the Fourier Transform ¢(w) =
F($) of the impuise response ¢{t) to the system.

In the scope of this thesis and with cbvious misuse of language, the tarm ‘transfer function’
is used in a more general sense and with the understanding that it represents ail functions
that trensform a system’s input signal E(t) into an output function S(t}). Schematically, the
transfer function is represented as a black box.

Several types af transfer functions (Figure 2.3) can be described:

s the impulee reaponae corresponds to the system rasponding to an impulse with Dirac
conditions. The resultant unit response is independent of the injection duration.

s the indlcial reeponse is the system respanding to a step function (or Heaviside
function). [t is the result of the convolution of the impulse respense with a step
function. This type of response is used in order to compare transfer functians to aeach
other (Chapter 3, Part I1). In this situation, the indicial response is equivalent toa -
statistical distribution function and the derived indicial response directly defines {(or
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relates t0), the impulse response. For example, the time comesponding to the 0.5
percentile is the time at which 50% of the tracer has passed through the system.

» areferance response (Kiraly and Rossier, 1992) is equal to the system responding to a
‘reference impulse’” which has been or can be characterized with an arbitrary duration
and shape. The reference response corfesponds to the tracer travel time (RTD-
residence time distribution) of a tracing test. This response is opposite to an impulse
response, in that it includes the duration of the input. If a tracer test injection duration
is not the same fram one tracer test {o anothar, this difference invalidates comparison
of various tracer tests RTD resuits.

A referance responsa is used when simple deconvolution of the experimental
breakthrough curves is not possible because of errors associated with the input and output
conditions , or when the systam does not respond in a linear mannar during the tracing
test. A reference response is also called a ‘rough transfer function’. (Kiraly et sl., 1992).

.5 s | —— Indicial response
b= Impuise responsa 5
= |3
= =
@ 3
2 £
[= g
2 o
el »- O >
time tima
=
-% Refarence response
€
']
L %]
[
o~
] >
time

Figure 2.3.;. Responses of a systam in relation to the type of input function

Commants:

Deconvolution is one of several snalytical methods that sliows relationships within an
input-response approach to be demonstrated. Other existing methods have not been
developed as part of this thesis. The following is a partial list of the other methads:
temperal saries analysis(auto-regression models such as ARMA [Auto-Regression Moving
Average] and ARIMA [Auto-Regression Integrated Moving Average] (Box and Jenkins,
1976)), optimization methods (multiple and linear regression model by least-squares
methods - using error residuals with the discretized convoiution integral), the
transformation methods (Fourrier or Laplace) and projection methods (Dzikowski, 1992; De
Marsily, 1978, Dodge, 1973, Singh et al, 1981, Morel-Seytoux, 1981, Rodriguez-
Hernandez, 1988).

2.1.1.3. Practical problems

The daconvolution operation is an unstable mathematical process that is highly sensitive
to errors in input and output. These errors can be related to either the shape itself of the
input data or function, or to its inappropriata ar unsuitabie duration (particularly for the
input function). The smallest error induces some oscillatory irregularities to the impulse
response.

Identification of transfer functions for karst springs or other outlets is difficult due ta the
basic deconvolution process instability.  Since a smooth transfer function is desired,
deconvolution involves identification of a realistic or pertinent function that accurately
reproduces the system response (i.e. breakthrough curve of the tracing experiment). The
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smoothness and the shape of the system response that are to be deconvoluted have fo be
considered (Dreiss, 1982),

In the following secticn, the influence of how errors in the input or output function impact
the system response will be demonstrated using both theoretical and experimental cases.

Using a black-box model permits comparison of imputse responses. One goal of this work
is to determine if thera are certain characteristic transfer functions. It is not the issue of
this thesis to explain the instability of the deconvolution operation itself . Issues related to
numerical instability in parameter identification, such as origin, neture, and effects heve
been addressed, by Dielrich et al., 1989,

a) Thaoreticel caeaa

a.1. Convolution with rectangular-shaped input functions with different duration.

Figure 2 4 shows the impuise response (Ri) to a theoretical rectangular input {theo). The
output response at diffarent time staps are shown (CA, CB, CC CD). in this case there is a
direct correlation between the input and output functions regardless of the length of the
time unit (minutes or hours).

When there is an essentially instantaneous input function with Dirac-like conditions, then
Ri is essentially equal to the response of the system given by the output function Output (1)
as shown on figures 2.4, and 2. 5. A duration of 0.2 was chosen as this duration is still
observable on the figure,

Figure 2.4 shows the differances in the convoiution of the input function with the
theoretical impulse response Ri resulting from changes in the shape and duration of the
input function. The input function (t) has a rectangular shape and variable duration times
of 0.4 (CA), 1(CB), 5(CC), and 10 (CD)}.

1.20€+01 Quiput § ihee

1.00E+Q1 —
c
%a.ooam | .
E’ 6.00E+00
£ 4.00E+00 _[
o I

2.00E+00

0.00E+00

25

Time

Figura 2.4.: Theoratical coses: Qutput funclions resulting from the convolution of the above input
function (figure 2.5.) with tha theoretical impulse response Ri.

Concantral io

Figura 2.5.: Thaonaticai case : Rectangular input functions of vaniable duration used to convoluts the
theoretical impuise response Ri.
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Cleer differences in the amplitude and in the symmetry of the output functions occur
between the initial cutput function {output 0, theo) end the longer duration time steps of
the input functions (CA to CD on figure 2. 4). The more that the input exceeds Dirac, i.€.
instantaneous, conditions, the more the breakthrough curve deviates from the system’s
theoretical impulse response, Beyond a duration of 1 time step, the output function loses
its original shape and becomes more symmetric. The amplitude decreases and the
recovery duration increases and in all cases, of course, the recovered mass is still
consetved (Figure 2.5).

a.2. Decconvolution of a “refarence cutput function” with various éhapes in input
functions having the same duration

In this case, we took an impulse response Ri, similar to what would typically develop from
a tracing test in a karst agquifer (Figure 2.8) and deconvoluted it with differently shaped
input functions (Figure 2.7).

The shape of the input function in these cases refiects the field or experimental
conditions and therefore corresponds more closely to reality. Field input conditions have
2 relatively fast injection time {(close to D) with a high concentration of tracer which siowly
decreases. According to input conditions measured by Porel (1988), the input function
behaves in an exponential decreasing manner and can be written with the equation.

C = Ca t*** {time in minutes and C in ppb).
An exponentially decreasing function fike this can be approximated by the “quasi-resl
input function” (d4).

The following differently shaped input tunctions (Figure 2.7.} have been used as input
conditions to deconvolute the given referenced cutput function { in this exampte}. The
duration of the referenced input function is defined as 100 time steps with a {ime step
lasting one minute.

(1) triangular input = input triangle

(2) complex trianguler input function = input Ttriangles

(3) trapeze input function = input trapeze

(4) decreasing exponential input function (approximated) = quasi resal input

The resulting impulse responses are similar to the reference impulse response. The
maximum in intensity of the response is slightly shifted along the time steps axis (Figure
2.8.). Regarding the breakthrough duration (3500 minutes}, the input function duration
{100 minutes) is considered as an impulse duration {ratic of 1 to 35). For this reason, the
difference between the various impuise responses is not so important.

200E+22 T
1.60E+D2 T
1.20E+02 ¥

B.00E+01 T

Conceatration {pph)

4,00E+01 4

] 500 1000 1500 2000 2500 3000 3500
Time {minutes)

0.00£+00

Figure 2.6.; Reference output funclion fresult of the convolution of the theoretical transfer function
with the reference rectangular inpuf functionj
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Figure 2.7.: Input functions of different shapes used to deconvolute the reference culput function.
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Figure 2.8.; Transfer functions - impulse responses - results of deconvoluting tha reference oulpu!
function with variously shaped input functions.
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a.3. Changes in tha impulse responsa from varying the duration of both ractangular and
trianguiar input conditions (functions)
In this situation, we consider the same reference output function as in case a.2 and
deconvoluted it, first with rectangular input conditions varying the input duration from 100
{the reference duration) to 600 minutes.

The figures 2.9 and 2.10 illustrate the changes in the impulse response curve when input
condition duration extends much beyond the length of the reference conditions. For
longer input duration, oscillations begin to appear on the falling limb, and the entire
response curve begins to be shified backwards . The ratio of the input duration to the
cutput duration is about 20.

- 150
2. 00E-03 T eputsa - 120
1.60E03% 1
4 translunctheo
£ 1.20E-08 ¢
~ 8.00E-04 T
4.00E-04 1 J - 200
0.00E+00 ¥ + +
] 500 1000 3500 2000 2500 3000 3500

Time steps {11sip=1mn}

Figure 2.9. | Transfer functions resulting from deconvoluling the reference oulpul function with
different ractangular inpdl function duretion.

Figure 2.10. illustretes the increase in oscillation that occurs when the ratio (input
duration to output duration) veres hetween 0.1 and 0.2 (corresponding fo an input
function time step incregse from 300 to 6800 minutes). When the oscillations are not
important, smoothing the response by additional deconvolution without introducing any
major error is possible for situations where forecasting poliution is the required result.
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Figure 2.10.. Transfer functions rasuliing from daeconvoluting the reference oufput function with
rectangular inpuf functions of various duration.
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if triangular, rather than rectengular input functions are used, then the oscillatory effect is
not as developed with the referenced output function (Figure 2. 11.. When the ratio of
input to output function duration is about 0.1, then the impulse response becomes
different than the theoretical transfer function. The peak of Ri shifts backwards and
develops @ higher intensity. Oscillations also decrease, becoming important only when
the input to output duration ratio approaches 0.2.

The oscillation effect due to the duration is stronger for rectangular input functians than
for trisngular ones as is noticed when comparing figures 2.10. and 2.11.

3.00E-03 1
1 — iransfuncttheo
% 200E03 1+ M U G Y e Repulstri120
= T Repulstri1 S0
— 100034+ HUWIL o}V v | Rapuist ri300
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0.00E+00 + |
3000 3500
-1.00E-03 1

Time steps {isp=imn}

Figure 2.11.; Transfer functions resulting from deconvoluting the reference output function with a
triangutar input funciion of various duration.

a.4. Effect of breakthrough curve data errors on tha impuise responsa

Errors on both the rising and falling limb of the reference output function were introduced

gFigure 2.12.) and the result was deconvoluted with both rectangular and triangular input
unctions.
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Figure 2.12.; Cutput function with erroneous data an the nising and falling iimbs of the curve.
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The result was that even small to insignificant errors induced significant oscillations on
the resulting impulse response {Figures 2.13 and 2.14.). The effect was also stronger for
the impulse response being deconvoluted with rectangular rather than triangular input
functions.
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Figure 2.13.: Transfer function resulting from deconvoluting the output function with erroneous data
with a rectanguiar input function duration of 100 minutes.
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Figure 2.14.; Transfer function resuifing from deconvoluting the oufput function with erroneous data
with a irangular input function duration of 100 minutes.

b) Experimental cases

Experiments were done by Meus (1994), wha measured injection well input conditicns at
the La Milandrine (Bure) test site where two tracing tests were carried out. For both sets of
experimental data, we studied the smeothing effect of {1) the breakthrough curve before
the deconvolution process and (2) the duration and the shape of the input conditions on
the transfer function.
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b.1. Maasvrad inpyt functions in Belgium
Input and output functions at Bertrée (uraning) - (Figure 2.15)
Input and output functions at Jandrain {LiCl) - (Figure 2.16.)
Input and output functions at Grand-Hallet (LiCl} - (Figure 2.17.)

For this work, it is clear thaet, the measured input was not similar to Dirac-type input
conditions, and, it was not easy to measure the input function in the field during the
injection, '

The output function was deconvoluted first, with the measured input function, and
second, with an estimated triangular input function and the resuiting impulse responses
were compared;

Results on figures 2.18 and 2.19 show that the impulse function obtained by
deconvoluting the braakthrough curve with an estimated triangular input function is less
perturbed by oscillations than convoluting with the measured input function.

Every breakthrough curva axcept that of Grand-Hallat (LiCl - figure 2.17) is perturbed.
Because of this and the irregular input function as measured, the resulting impuise
responses have periodically recurring oscillations with 2 frequency aqual to one fifth of
the input duration {e.g. Bertrée experrment ). The large scale oscillations in the impulse
response disappears if we use a triangular input function. The perturbations are still
present but with a low amplitude,

The deconvolution process, as it is an instable operation, is sensitive to irregularities in
either the output or input functions. The documented input conditions at the Bertrée and
Jandrain test sites have some rapidly changing concentrations. In addition, the
corresponding outpul results are irregular and bimodal.  Consequently, tha impulse
responses oscillate considerably.

The Grand-Hallet's experiment is characterized by 8 highly and naturally smoothed and
regular breakthrough curve. Its input function is close to a Dirac-type impulse. In this
case, tha deconvolution operation produces a regular impulse response.
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Figure 2.15 a: Bertrée input functions. as measured and as estimated with a inangle.
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Figure 2.15.b: Berfrée output function: real,
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Figure 2.15.c.; Bertrée output function: smoothed (c).
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Figure 2.16. b.: Jandrain input functions: measured and estimated with a triangle.
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Figure 2.17 a: Grand-Hallet output function.
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Figure 2.10.2 and b: Grand-Hsilat impulsa responaea: a) with measured input function and b) with
astimated triangular input.
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b.2. Deconvolution of @ breakthrough curva with and without smoothing using triangular
input funchons (tracing test T7 amont, Bure)

The difference in the resulting impulse response is not importent. The smocthing of the
breakthrough curve 2allowed remove! of seme of the irregulanties due principally to
measurements errors, especially for the salt tracing test. The measurement of the water's
electrical conductivity provided basic data that was transformed into cencentration or
mass fiux, versus time. lregularities on the breakthrough curve are due either to
measurament emors of the probe, or to nalural variations of the water's electrical
conductivity in relation to the previous or present hydrodynamic changes of the tracer
system.

Smoothing the output curve before deconvolution avoided an increase in the
irregulerities arising from the mathematica! operaticn (Figure 2. 20).

T7 reppulse
————— T7repputse Smooth

§.00E-04 ¢

O t200 400 600 800
«5.00E-04 4

0.00E+D04

1000 1200 1400

1.00E-03 4 Time steps (11sip=1mn)

Figure 2.20.. 77 Transfer function: impulse response with and without smoothing before the
deconvolution process.

b.3. Diffarances batween an impulse response that rasuits from daconvolution and a
responsa auch as a RTD (Rasident tima disfribution)

As shown on figure 2.21., deconvelution with a triangular input function results in small
irregularities in the impulse response, whereas there is nc apparent difference with the
RTD. The RTD is simply the breakthrough curve data normalized for the totat recovered
tracer mass at that locstion. In this manner it becomes a “unii function® such as the
impuise response..

Figure 2.21¢c shows that the differences between the transfer function and the RTD are
either in the location and amplitude of the concentration peak maximum or in the rising
imb gradient.

There is no major diffarence in these cases, because the ratio ot the input and recovery
duration is small in the range of 1/180 to 1/200. If this ratio becames smaller because of
@ higher input duration regarding the breakthrough curve duration, the difference will be
more significant.

As in the process of obtaining @ RTD from an output function, the input duration is not
taken into consideration, RTD and transfer function are similar as long as the ratio of the
input and recovering duration is smalf.
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Figure 2.21. a end h: Comparison of impulsa rasponse and RTD functions.
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Figure 2.21.c.: Comparison of the Impulse response and the RTD functions
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b.4. influence of the discretized time step in the deconvolution process on the indiciai
response

During the T2 amont test, three different time steps were used lo discretise the
deconvalution. The difference in times steps resulted in important predictions in the
resulting indicial response {Figure 2.22.). As the discretisation time step increased, the
amplitude of the response decreased. In order to compare the effect on the impulse and
indicial responses that results from non-similar time step discretisation, it was necessary to
be sure initially that the impulse respanse was a unit function. If not and there is a
difference of more than 10 to 15%, the response needs to De normalized and the
comparison of the responses is pertinent.
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Figure 2.22.: Comparison of trensfer funclions - indicial responses - resulting from different
discretisation increments dunng the Ceconvolution process.

Summary

The :definition . of an: 1mpulse response system response 10; an?mstantaneous impulse (a.
Dirac)iis’ clear‘kgi-lowever'the type.of. mpu!se conditions are not gbviolis when undertaking
tracar mjecuon rexpenments HTher it fis | hkeiynmposslble to:; CCDmpIISh an- theorétlcal

agh's
jorse Ifithé real input
e,shape af the :nput

i 2'*\ AEA

inéuts&Mquans*"gré ‘nea :field

was: aocompllshed usmg al 5|mp1e énght—angled n\h’iangle 138 the

znput functlon is! normally closa.:to 8 decreastng exponential{
nf ' ,- cti'

m;ection duratson <0f.their traeer 'éxperlment ;ig; % The- mput duratlon regardmg the output
duratlan w'the the deconvolution prccedure. Is meanmgless

' irregulanties;: _
that tt is |mp0ftant xto get a: t:reakﬂu‘ough curve usmg -with ithe’ mallest possnble samphng
slep and o be.ablé to smaoth’ sthe t:reakthrough curve befare-any other . deconvaiution
process. With these examples, :it:is clear. that'in redlity, the input.conditions -afe not well
documented (duration, real shape) .and.that théy rarely. meet . Difac-type requirefients,.
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2.1.1.4 Deconvolution - Convolution procedure of tracing tests with the
code DYEBOX

After calculating the recovery percentage of the tracer, interpretation of tracing
experiments using the numericai code DYEBQX was done as follows pracedure:

1. Smooth the output funclion - the tracer breakthrough curve - if needed. The output
function is determined either in mass flux units versus time, ar in concentration units
versus time. )

2. Discretise, using the smailest possible censtant time step, (1, 2, 5 ,10 or 20 step unils)
with the code KINTER (Chyn). The choice of the time step is determined by the
DYEBOX code, as the impulse response filie cannot exceed 9800 rows.

3. Calculate the input function in reiation to the recovered tracer mass and the injection
duration measured or estimated in the field, accarding a simple right triangle shape.
The input functicn is given in the similar unit as the output function.

4. Deconvoluta with the code DYEBOX using time steps of 1, 2, 5 ar 10 time units: to
detarmine the Impuise reaponse.

5. If neaded, according to the quality of the obtained impulse response, conduct
additional smecthing of the response or redraft it to remove or reduce irregularities.

6. Verify the area under the impuise respanse (shouid be a unit function). If it is not,
(difference iess than 10 to 15%), normalize the impulse response,

7. Convolute the impulse response with 2 step function unit to obtain an the indicial
response.

8. Charactenize the normalized response using gradient vaiuas at the defined and specific
percentiles of 0.2, 0.5 and 0.8

9. Interpret the variability of the transfer function.
Comments:

The indicial response is the mest convenient one to use to compare one trensfer function
with another. Instead of defining the shape parameters of the impulse response such as
skewness and symmetry (Pearson coefficient, Fisher coefficient), it is adequate lo
caiculate the gradient at different percentiles of the indicial response.

The chosen percentiles are 0.2, 0.5 and 0.8. The gradient st percentite 0.5 is related to
the statistical dispersivity of the impulse response; the correspanding time is the time at
which the amplitude of tha impulse response is maximum. The percentiles 0.2 and 0.8
were chosen more arbitrarily, using their gradient and corresponding time to characterize
the symmetry of the impulse response. If the interval of time 12 - ty5 is equivalent to tos -
tos and the gradient at these different times are similar, the impulse response is symmetric.
If the interval of time 12 - tos is higher than the tos - tos consequently the gradient at to2 is
lower than at is, and the impulse response is asymmetric. An impuise response with
inverse asymmetry occurs if the time interval tox - fos 15 smaller than the tos - ke,
consequently the gradient at 152 is higher than at 55

As impulse responses do not satisfy a normal Gaussian distributian, the specific percentiies
do not correspend 1o the characteristic percentiie related to time t, plus(+) or minus(-) the
standard deviation around the median of the distribution (tos).

2.1.2. The CONVOX modef - non steady flow system

Resal tracer or karst sysiems are seldom invariant due to the hydrodynamic conditions
variations {different constant flow rates or variable flow rates).

The numerical code CONVOX was devaloped by Dzikowski and Delay {1992) to allow
simulation of & mass transfer response regardless of the input and hydrodynamic
conditions, The information that is important is knowing the conditions assaciated with a
reference tracer experiment and its pertinent reference hydrologic conditions. Repeaied
tracing expenments had been carried cut at the same injaction point in Bure (point 1,

31

Part I: Theoretical principles of karst hydrogeofogy and of adequate used models



Advances in karst groundwater protection strategy using ardificial tracing tests analysis and
multiattributa vuinerability mapping (EPIK mathod) 32

borehole MIL7 and borentle MILI) and in Areuse and Noiraigue water catchments. The
experimental data from these sites has allowed us to test the reproducibility (linearity and
stationarity of the system) of tha systam response under similar hydrelogical conditions.
This was done to achiave more than simply compare Iransfer functions. Results of the
transformation methods of system responses permitted us to determine the conservation of
the tracing systermn under vanous hydrodynamic conditions. indirect information about the
karst system (build up with many petential tracing subsystems) can be obtained. The
results of transformation of transfer functions of repeated experimental tracer tests at three
tesi sites are presented in Chapter 5, Part |l

The concept of tha impulse responses transformation method is based on tha assumption
that @ mass injectad into a system has the same distribufion in space at a given distance
whataver the hydrodynamic conditions. For @ conservative mass transfer without
axchange protesses such as sorption and without diffusion phenomena, the geometrical
shape of the tracer cloud does nof depend on the flow rate through the system but only on
the space occupied by the tracer (Guizerix and Margrita, 1976).

It is necessary {0 possess one or two experimental sefs of dote 0 simulate a response
corresponding to different hydrodynamic conditions. One of tha experimental curves
transformed in RTD or using a transfer function by deconvolution is used to creata an RTT
{Reference Tracer Tesf), to calculate the fracer curve STT (simuldted tracer fesi) as @
function of the new bydrodynamic conditions. [t is possible to simulate responses out of
from either assumed instantaneous or step funciion inputs. A dilution effect that occurs
externally, can alsc be taken inte consideration.

The principle of convelution of the numerical code is hased on the foliowing integral
defined by Dzikowski {1992):
Tl
ef (

t Cr )
Cs, 0 dil, (0= [ —52—dil ) Ce(n Qe ®)dr

with

Cs; (t) : concentralion at the outiet of tha system at tima !

Cref j (8): concentralion of the recovery of the reference trecer {injection et i=0)
Mraf ; injectad mass of the referenca fracer

Ce: (1) input concentretion at lime 1

Qe () : input discharge at time !

dif; (t'} . dilution rate defined as the retio between the outpu! discharge and tha tracing system
discharge.

ditj (t) = Q s; () /Q stj (') where Qs § (V') is the measured discharge at tha system cutlet and Q st §
{t') is the discharge of the tracer system.

' is determined as the water voluma leaving the lracer sysitem in tha interval of time t and t. Vi | (1)
= Vrafj(l)

V raf; ({} is the fushed waler volume at the ouliet of the system as a funclion of time from t'=0 rrracer
injaction time} for the reference hydrodynamic conditions, Graf; (8.

For instantaneous injections, concentrations are assumed proportional to the injected
mass whalevar the discharge. In this manner, hydrodynamic conditions directly relate to
the first arrival and recovery duration.

For step function type injections, hydrodynamic conditions govern maximum
concentrations, tracer plume duration, and time of first arnval of the tracer,
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Guizerix (1988) with the same basic hypathesis as' Dzikowski {1992) approached system
response transformation for variable dischargas using a geometricel and graphical
Interpratatian methad.

The detailed déscription af the numerical cade CONVOX is in an appendix of Dzikowski's
thesis (1992).

2.2, Using deterministic or parametric models to assess
vuinerability of karst aquifers

Intrinsic vulnerability® mapping is based an a canceptual model of the karst aquifer that is
different than the made! used to interpret tracer tests. In order to define the relevant
attributes that can ba mappad as raquired for the vulnerability method, a deterministic
madal’ is necessary. In contrast to input-response or black-box medels, deterministic
models address explicitly spatial cheracteristics and use verifiad governing equations on
simplified systems to define precise cause-and-effact ralationships.

The karst aquifer has been described by Mangin (1976) as a input-response madel build
up of sub-baxas, with ana sub-box far each attribute. For vulnerability of the karst aquifer,
the fallowing sub-boxes have baen chosen: the karst netwark, the less permeabla rock
volumes, the soil and geologicel overlayer and the epikarst. Eech sub-box is racharged
by water. This model allows analysis of the glabal rasponse of tha complax karst system
accarding ta Mangin (1978) {cf. part I, chapter 2.1.1.1.,, fig. 2.2). This madel
charactarizes input-response relationships for karst aguifers. However, this type of model
doas not take inta accaunt the aguifer's spatial cansiderstions and far this reason it is
inappropriate far use related to the concept of karst environment vulnerability mapping.

Spatiat considaratians have to be inciuded in such vulnerability mapping, as the goal of
the karst groundwater vulnerability assessment is to supply vulnerability maps in 2-
dimensians 1 delineate groundwater protectiaon zones.

The spatial characteristics of a system can be modeled in a deterministic-distributad-
parameter approach. According ta Bear (1979}, the framework for distributed parameters
madals includes:

» {1) one ar mare partial differential equations called fiald equations
= (2) initial and baundary canditions
= {3) solutions procedures

The conceptual karst aguifer madel used as basis far vulnerability mapping refers
assentially to this type of daterministic distributad parameter modal. For vulnerabiiity
mapping, the diffarential equations used to simulate groundwater flow and transport
processes, and the solutions procedures, are not cansidered. The cheracteristica field is
retained from (1) without dealing with the equations and fram (2) concerning the initial
and boundary conditians.

The Darcy Law flaw equation takes into cansideration a fransient term (the effect an the
flux of a hydraulic potential varying through time; inside the saturated zone, this term is a
function of the storage coefficient), a steady-sltate term (description of the watar filux at a
paint in an aguifar; this being a function of the hydraulic canductivity) and a source ferm
{quantity of water injected, remaved by pumping or discharged at the point cansiderea)
(Kirdly, 1973). The transport processas are also describad with a diffarantial aquation
involving three major parts. a diffusion ferm {a constant term dascribing constant
concentration gradients and a variable term descnibing the flux of solute caused by tima-
varable concentrations), an edveclive term (tracer or cantaminant malecules maving with

® Intrinsic vuinerability: vuinerability defined only as e funiction of hydrogeologicel and geological
attributes.

7 Deterministic mode!: model that presumes thet e system or process operates such that ths
ocourrence of a given set of events leeds to a uniquely definebls outcome. The goveming equations
define precise cavse-and-effect or inpui-response relationships (Russeil Boulding, 1885).
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the flow of water) and a source ferms (the hydraulic source term and the chemical source
term) (Bear, 1972). Degradation processes and adscrption can also be teken into
considerstion in such transport equation,

As vulnerability mapping is focused only on intrinsic vulnerability the chemical, isotopic,
thermic and biological characteristics are not considered.

The parameters values assigned within the charscteristics field are a function of the
knowledge of the internal geametry of the voids which results from the karstification
processes. The distribution of the voids such as chennels and fractures directly controls ar
results in lhe permeability field. This fiald is directly relsted to geological attributas
(petrography, sedimentalaogy and tectanics). The conduit network geametry is & function
of the fracture system geametry and of the stratification of the aquifer racks layers.

The hydraulic gradient has been correlated to the sub-paralle! fissures-strata intersections
orientstion, by determining the fissures groups, the fissures openings, their frequency and
their crientation (Kiraly, 1978).

Permeabillity is strongly influanced by the enlarging of fractures thst are under
karstification. This enlarging is strongly influenced by the direction and the intensity of
the water velocity vector during previous states (feed-back in the figure 2.23., (Kirdly,
1978)). The karst aquifer is thus a system in constent evolution:

« The actual state of flow systems and af the permesbility’s field is the result of a
succession of auto-adjusting (short and long term) between the velocity wvectors ¢ field,

the physicel parameters field (K, m., S,) and the « baundary conditions » {recharge of
the aquifer, eievation of the outlet and outflow ares geometry ) » (Kiraly, 1978).

What are the boundery conditions and their consequencee from the point of view of the
vulnerability ?

Boundary condilions are the conditions existing at the limits of @ model or at eech
element of a grdded medel. Two general sets of boundary conditions may be
distinguished: -

« conditians of known or imposed hydraulic potentia!

n the field, these conditions exist related to water bodies such as lskes or rivers, which
recharge to or discharge from the aquifer while maintaining a relatively constant head.

The direction of flaw, that is the flux in or out, may reverse depending on changes in
hydrodynamic conditions.

Consequences for vulnerability:i:s
SRR e : .
If)the&ﬂow enters’into the 'Systemathen this type ectlyrels sy!
vulnerab:lrty@?!:br;example %aﬁ,water;;calc m‘e"t%k aSificwhi nihasiar mer&that%mﬁltrates«m
the §areas cam?’i be‘fpetentlallygco”ﬁtamtnated%ééc‘a’rdmgE%ta%%Iand-u se facuvities i This
COntaminated iTivers: 8 1Bound3ry  cordiiontwilld ithén idirectly Falate ‘toivulRerability. s118

« conditions of known boundary flux (pumping, drainage, rainfall recharge.,...}

Far constant flux boundaries, zero flow boundaries carrespond to or are similar to
impermesble boundsries.  Concentrated recharge (swallowholes), diffuse recharge
{distributed over the surface), direct recharge (tc outcrap) and indirect recharge (through a
soil or detnital overlayer) are the main boundary flux components thst can stfect
vuinerability in the folilowing manners described.
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Coneequences for vulnerability

the Iosmg stream rive X
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What are the physical parameter fields and their consequences from the point of view
of vulnerability ?

The physical parameter field for hydraulii: conductivity, is mainly simplified as: (1) a
highly permeatle zones such as the caver (soil, detnital cover, rock layers), epikerst, the
karst network, and (2) the low permeability racks volume.

{1) The cover of the karst aquifer {soll, detrital or rock layers)
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{2) The gpikarst

The epikarst is defined as an adsorption zone that is highly tissured due to the extension
and pressure released of rock at the surface {(Dodge, 1982). As 3 conseguence of this
intense fissuring, the surface is susceptible to extreme erosion, especially in uncovered
karst areas. Such a superficial karst zone is not spatially uniform. its thickness mey range
trom several tens of centimeters ta several metros. Mangin {1975), the author of this term,
considered that the epikarst can sometimes act as a perched aquifer.

The existence of the epikarst has been also proved by same investigations, borehales and
hydraulic tests on the test-site of La Milandrine in the work associated with twa diplama
projects (Veiga, 1985 and Thierrin, 1998). Its identification on 3 covered karst will be
discuss in the part IIt of this thesis,

Part |: Theoretical principles of karst hydrageology and of adequate used modals



Advances in karst groundwater protection strategy using artificial tracing tests analysis and

multiattribute vulnerability mapping (EPIK method) 36

Transport - Tracing expariments
dispersian, disparsivity - Conlaminant evohution
Flow systems ;;;h:m::;’mmmanm (il possible
3 Dimensionnel | —— Hydraulic potential | . |
twdradlic polantial = and flow -t > ?‘r;ggim nrl:anummenls
and flow fields P - natural iracer analyses
—_— | .
SCHEMATIC Funetions, retations
REPRESENTATION | ;
MOCQELS v
Hydrodynamic equations I
y , P ] | -Slug-tesss or pumping lasts
- Packer lems
| | -Dye tracing tasis
Physical parameters 30 fietd
Pemmasbitty (4, perasy ) ocisted vaiued |
storage (58] I
- Functians, relations
Baundary conditicna Eunctions, Tefationd |
inflow, outflow, sprnge position okis” geometry 30 |
Crigntation, fraquancy, opening, =3 sotated
A [ -Drifhola's Ing obaervation
1, AR s o o ities
« Cave mapping, geophysics
Thamcal procassas @@ 1
Dissolulion, flling dependirg on [ — — — — = £ — —
hydraulie patantial and flow
Goglogicol lactors | | Geamombelogy Bio-climalic tactors _ ' - Gealogical sating
structuie, dedor- {actars precipitalion rirapolalion Isotated valucs _Bw“k:z;'m' jcal seting
mation refial, stevation, Tempersiure - Bio-chimatlc conditions
lihatogy, tacies slopos sails, vegatation
peochamisiry kaist phenomena shoration
paloogeography org. disinage 5. p phiation

Figura 2.23.: Chart describing paramaters and investigation methods of a fissured karst aquifer. Two
major conditions are nacassary. the « boundary conditions » of the aquifer and the physical or
hydraulic charactenzalion fields (modified after Kirdly, 1978, in Zwahlen and Doerfliger, 1995,
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On the basis of field measurements, Smart and Friedrich {1986) estimated that the epikarst
zone also supplies recharge to the less permeable fissured regions of the karst during low-
water pertiads and during minor increases in watar-leval (Figura 2.24.). The epikarst
confributas directly to tha underground canduit drainage sysiem anly during timas of very
high watar stages.

e SO
Epikarst (high h.conductivily)

% Waler satwated zone at the
boliom of the epikarst

Low permeable rock volumes

RS waler satyratad zone of the
karst {channels and low
2 permeable reck volumes)

—— Rapidtiow PP aet® \atersaturaled kars channgls
e Sl How M2, Chanels within  epikars

Figure 2.24.: Watar recharge fo  « biocks » and of karst channels from the epikarst zone
{Gressc & Jaannin, 1995, afler Smart and Friedrich, 1986).

Karst spring responsa has been simulated using nurnerical models that have both
considered and ignoared the epikarst zone connectad by sinkholes to the undarlying karst
network. Without including the epikarst, the numerical simulations do not adequately
match the recordad data (Kiraly et al. 1995).

(3) Karst netwark and the surrounding less permeable racks volume

High and low parmeability zanes play a fundamental rale in high and low dagrees of
vulnerability, respactively. Consaqguently, the existence of a karst netwark, its devalopmant
degrae, its degree of interconnectivity as well as the existence af the epikarst are
important relatad to vuinerability for the followmg reasons:

) tl:lere 18’4 karst’ hetw-m‘k ‘and’;

f;_.jr'clear (E:f Part Il

3 »“3‘

-; f lhere is nérthe&eplkarstmn ‘ngtwork - the; aquifer is’ thereforé'a ﬁssured“aqulfe
 the iaguifer.willithenba »somewhat’fdeé“s?vulnerable R R M PR et Lt e 1]

The analysis of boundary conditions and physical parameters shows the importance of the
four attributes in the assessment of vulnerability. These are depicted in the schematic
representation of a karst aguifer according to a distributed paramater caonceptual madel
(Figure 2.25.). Four major attributes exist: ong for the boundary conditions and three for
the physical parametar fields: tha infiltration canditians, the protective cover, the epikarst
zone and the karst network develapmant.

Tha threa first attributes, infiltration, protective cover, and epikarst vary spatially and are
relatively easy to map. In contrast, the karst network devalopmant requires tha use of a
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Part Il

Variability in transfer functions derived from
artificial tracer tests when interpreted with input-

response models

Chapter 1

Theory and analysié of artificial tracer tests

1.1. Tracer test objectives

Tracer tests are commonly usad in applied karst hydragealegy. They generally give 1)
qualitative information denoting the connection between the injection point and one or
mare cutlets, ar 2) quantitative relationships such as recovery rate of the tracer mass,
transit time, tracer dispersivity, hydro-dispersive parameters, and transfer functicns which
c¢an be derived from input-respanse models.

Quantitative interpretation is of importance as it provides a base of experimental data
canceming the patential mechanisms of transport of various different contaminants, and
parameters of the environment or the system in which the tracer is migrating. This is
useful to either evaluate theories (solving problems, discovering new ones,...) or to
validate transport scenarios that are typically dane with one of several numerical
simulation approaches.

1.2. Artificial tracers and their methods of analysis

Both chemical and microbiclogical artificial tracers have been used in this work. A short
review of the major features of these tracers - their physical, chemical and toxlcologlcal
praperties is in appendices IIl.1. and 1.2

An |deal tracer requires the follawing conditions:

« absence of the tracer in the natural envircnment, with the smallest passible
« background noise ». ;

e easy identification with standard analytical methads
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s concentration levels of tracer easily measured with detection limits as lew as pessible .
+ non toxicity for humans as well as fauna and flora .

+ good stability related to chemical, biclegical and physical pracesses (oxidation,
reduction reactions, acid-base reactions, microbiological destsuction, temperature and
light).

s the lowest interaction with the envirenment (ion exchange, adsarptien).

According to many workers in the field and as recently summarized by Kass (1992), it is
admittedly difficult to find ideal tracers that satisty these requiraments. The tracers that
were used for the numerous experiments carried out as part of this thesis met the ideal
criteria as much as possible.

Micraobiclegical tracers such as the bacteria and viruses interact with the surraunding
enviranment more than the major chemical fluorescent tracers. This is due ta their
interactions with the water which is in canfact with the nocks and with colicidal particles.
Some micrabiclogical tracers are mere sensitive to adsaorption processes as was
demenstrated in laboratory experiments by Rassi{1994).

Tracer tests were carned out in the Areuse, Noiraigue and Milandnne water catchment
basins. Simultanecus injection of both bacteriophages and canventional fluerescent
tracers allowed us tc demonstrate that there are differences and similariies in the
behavicr of beth of these types of tracers. The understanding of why they behave
differently is a function c¢f beth the surrqunding environmental and hydredynamic
conditians found in nature (see chapter 4 in the part 11.).

1.3. Qualitative interpretation

Injecting an artificial tracer, whether it is chemical or biclegical, inte an aquifer,
commenly pravides various types of information abaut the system being investigated.

First, the so called « everything or nothing » informatian situation (Guizerix & Margrita,
1976; Lepiller & Mondain, 1986) develeps. Either the tracer reappears at the sampling
pcint or, it is nat identified in any of the water samples. A positive tracer test identifies
clearly that there is a spatial relation between the injecticn point considered the input,
and the sampling point at the spring or well considered the output In the case of
negative rasuits, the question coften arises as to the adequacy and appropnateness of the
sampling points: were there enaugh of them?, were they in the right place and sampled at
the correct time?, was there encugh tracer added taking inte account the natural
hydradynamic cenditians?, and was the sampling duration and frequency sufficient?
According to Dzikowski (1292}, the system that ig identified between the injectien and
cutlet peints in a tracer fest can vary over time, as a function of the change in the system
hydredynamic canditiens (discharge rates, hydredynamic state: rising and falling limb,
transiticn, base flew or discharge influenced by a pumping action).

We immediately addressed this issue of haw any changes in the environment ceuld
influence the results. The delineatien of the boundaries of water catchment basins and
related protection zones are commenly interpreted in light of the tracer results. Therefore,
it was critical to understand how variable test results would be with fluctuations in the
hydrodynamic regime.
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1.4. Quantitative interpretation

1.4.1. Iintroduction

« The ertificiel tracer test allows us fo develop & bette understanding of the connsction
being studied and the method of migretian and transfer of the injected tracer mass.»
Lepiller & Mondain, (1986) (free translatian, ND).

The breakthrough curve of a dye ar anather type of tracer at the sampling peint pravides
the basic result with the data thet will be considered in any quantitative interpretation.
This curve represents the water sample tracer plume concentration during its migraticn
past or arrival at, & sampling point. The water sample fracer concentration is plotted
against time to produce a tracer recovery curve (Figure 1.1).
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Figure 1.1: Major features of a breakthrough curve (modified after Meus, 1994).

The results of quantitstive artificial tracer tests can be evaluated and the results used to
determine patential contaminant transport characteristics, such as residual levels,
dispersion rates, maximum concentratians (Mull et al, 1988) and also transfer functions of
the flow pathways being studied.

In order 10 characterize the various breakthrough curve parameters, the discharge rates at
the exit paints have to be recarded using either manusl measurements or the use of
autamatic discharge or water level recorders (Table 1.1).
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Tabla 1.1.

Functions and parameters reauiting from artificial tracer breakthrough curves
(madified after Lepiller & Mandain, 1986 and Maua, 1984).

Uaad functians

Calculated Parameatara

Tracer concentration at the outlet:
C.(t):

{breakthrough curve]

- Time to the leading edge t

.Time to the trailing edge &

- Recovery duration: t= tz-t

- Time to peak tracer concentratian: tn

- modal velacity: Vi = s

- maximum velocity: Vme=L/t

- Maximum tracer concentration of the
tracar plume: Cn,

- mass of tracer recovered:

M=o d

- recovery rate in %: R(%)=

Mass flux at the outlet:
¢ {t)= Q(t) " C«(t)

M,
M

r

Residence time distributian {RTD):
narmalized tracer mass fiux using the tatal =
recovered mass: J tC(HQO(Hat

@) _ COHOW) o -
h(t)=—r= fn= | thi =% -
M. [coond 0 Jemama

v
time at the Center of gravity (centraid) of
the recavery-tracer curve.

- apparent fransit velocity: Vepp = L / tms

- harmonic mean

- mean elapsed time ;

C( )Xt

@ e, §
| -

I C(t)O(t)at

- mean transit vélocity: V= L / 1,

Time ty corresponds to the time of the first amival of the tracer. This time is dependent on
the detection limit of the analysis method and the sampling frequency. When
simuitaneocus injection of chamical and microbiological tracers has been done, small
differences in t: are cammanly observed. These differences are often due to unegual
sampling frequencies and differences in the detectian limit of the tracers. For example,
the microbiological {racers detection limit of 0.5 phage per ml is lawer than the
fluorescent dye detection limit of abaut 10™" mgil.

The maximum velocity, Vmax, can also be calculated wsing time t, taking into
consideration the apparent length of the tracer path (the direct distance to which it is
possible to add a length | which is a, function dependent upon the unsaturated zane and
the dip of the layers).

Time t; is effectively the end of the breakthrough curve. This time is related to the
detection limit of the analysis method and the background concantration. Due ta the tail
that continues towards the end of the breakthrough curve, tz is not easily defined. The tail
relates to retardation processes (sorption, exchange with stagnant water, temporary water
storage conditions and remabilization).
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The modal time, ty is the time at the maximum concentration, or peak, of the recovery
curve. lt is the value that is, by convention, used to calculate the correspanding travel
time velocity, Vmax and is also used ta define the time after which the trscer or suppasad
contaminant concentration bagins to decrease (Maus, 1994). If tha curva has mulliple
peaks, whathar major or minar, then the curve response is referred ta as muiti-madal . In
this case, a velacity can be calculated for each peak. The bi- or multi- madal behaviar
can be accounted tor if 1) varous flow paths are believed to be responsible for each
paak, 2) there is en influence fram recharge to the aquifer during the tracar expanment, 3)
there -is temparery storage of the tracer, ar 4) the tracer is remaobilized in the system
(Atkinsan at al., 1973).

The racoveared tracer mass aver time (flux) can ba calculated using the outlet discharge
values and the measured or extrapolated concentrations in the samples. The flux values
can be plotted against the time determine the « Residence Time Distribution » (RTD).

Knowing the discharge allows calculation of the recovered tracer mass by integratian of
the multiplied concentration by the discharga frem t; ta infinity.

Tha recovery rate can be determined by considering the ratio of the racovared mass to
the injected mass. Recovery rates vary considerably in karst environments: a iow recovery
rate is typically associatad with: 1) the hypaothetical existance of one or mare non-
measured outlets, 2) adsorption pracesses or 3) storsge of the tracer in stagnant water.
The recavery rate is alsc a function of tha accuracy of the discharge measurements.

By normalizing the tracer flux with tha recovered trecer mass at tha sampling point(s), it is
passible to depict a response that characterizes the syslkem if the tracer injection is
considered t¢ have been an impulse {Lepiller & Mandain, 1986). This response is called
tha residence time distribution (RTD). It has dimensions inversaly propoartional to time
(Guizerix et al, 1970) and represents the probability that tracer malecules will be presant
at a given concentiation in tha tracer systam during a time of durstian dt. It is equivalent
to the impulse raspenae anly if the input function is a Dirac (sea Chapter 2, Part I).

Tha mean travel tims, tms, correspands ta the time at the center of gravity (centraid) of tha
tracer mass and is determined fram the RTD. It is dependent upon how canvective the
transpart of tha tracer is, as well as the dispersive and interactive effects that accur within
tha aquifer. The mean traval tima is used o calculate the apparent transit time, Vape.
This velacity is comparable ta the effective fiow velacity, u. In this particular case, the
impulse respanse corresponds ta a Gaussian distributian (explain Gaussian distribution} in
gpace with tha result that tha mean travel time is equal to tha pure convectlon time, t.
Generally, tha mean transit time is diffarant from the purely advective® llme t.. Only
rarely are ampulse responses with Gaussian distribution tha result of disparsion®, absorptlon
desorption™ end stagnation .

Typically, the real length of tha flow path, L is greater than or equal to tha apperent
tracer distance length, L, and tharefore, there is an degree of error in tha velacity value.

It is also possibla to calculate tha harmonic time, the time weighted harmonic meaan, and
a corrasponding velocity, the mean velacity. This velocity is ganerally higher than tha

8 Advection: transport of mass following the flow; groundwater and the dissolved mass will move at the
sarne rate (Domenico & Schwariz, 1990),

$ Dispersion. effect of a varisly of microscopic, macroscopic, and regional conditions that influence
the spread of a solute concentration front through an aguifer: mofecuiar diffusion and mechanical
dispersion, Molecular diffusion is the mechanism of exchange between the solutes of flowing watar
and stagnant water that exisfs in sorme recessed water zones in the karst channels. The rasuft of
the mechanical or kinernatic dispersion of a sofute is a mixing that occurs as a conseguence of loca!
variations in the velociy fiefd around some mean velociy of flow

1 Somption processes: reaclions between solutes and the surfaces of solids of the aquifer fion
exchange, precipitation, transforration)

" Stagnation: in karst terrain, this effect results from diffusion of tha trecer that is flowing in & conduit
out of the main flow pathways into cother parts of the regime where there is virtually no watar flaw.
Stagnant waler zones in a karst aquifer are commoanly dead-end zones in karst channels.
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apparent velocity and lower than the modal velocity (Meus, 1994). However, harmonic
times have not been calculated for the tracer tests interpreted 3s part of this thesis.
Instead, the maximum, modal and mean transit time velocities have been used,
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Chapter 2

Quantitative interpretation of artificial tracer tests -

Experimental considerations

2.1. Site geography, geology and hydrogeology

Tracer tests were performed in karst aquifers in Switzerland (Figure 2.1) by the author at
both the test-site in Bure (Tabular Jura) and the water catchment basin of the Areuse
spring {(Folded Jura), and by Geologists-Hydrogeologists Consultants as part of their work to
outline groundwater protection zones and as part of other ongoing research work (Action
COST65, Program SPP Noiraigue, Ph.D. thasis of Attinger (1988) in the Alpstein, and
postgraduate diploma activities in hydrogeolagy).

The tracer experiments were done in water catchment basins of various sizes (<Skm? 5-
15km® and >75km?), in Karst aquifers of differant thickness (50m, 200, and 500m) and in
three different geological settings (Tabular Jura, Folded Jura and Alps (Helvetic zone).
They were also performed under different hydrologic conditions (rising limb, faliing limb
and base flow conditions).

Le Maita
Test-slte

Areuse +
Noirgigue basing

E TYabular Jura

[T} Fotded Jura

] Molasse Basin

Bl nepees of Preaips

£ crystalline  Massifs

Helvetlc nappes

Pennic nappes

m Austmalpin nappas and Southern Alps

A Laxse

] Rawilpass l

Figura 2.1.: Location of tracer test sites in Switzerland..

All tracer test data regarding injection’ point (nature, cocrdinates), sampled springs
{(coordinates, discharge), tracer (nature, quantity) and the calculated parameters (recovery
rate, velocity, gradient) are either in database 4D (Appendix II.8) or in the tables in
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appendices 1.3 to 11.5. Both data sources are complementary. In addition, the raw data
for all recovery curves (concentration versus time) are given in full in Appendix Il 7.

2.1.1. Water catchment basin of the Areuse spring

The water catchmant basin of the Areuse spring consists of two synclines, the Brévine
valley and the eastern part of the Verriéres valley. The Brévine valley (~1050 m. as.l)
consists of a large depression of about 85 km’® and is considered to be @ syncline polje
(BGrger, 1959). This valley is bordered to the NW and SE by two anticlines ranges, the
Grand-Taureau - Mont-Chételeu - Les Roussottes and the Crét-du-Cervelet - Grand-Som-
Martel, respectively (Figure 2.2). The Vemiéres valley (930 m. a.s.l.) stands between two
anticlinas ranges: Les Comées - Les Fantenettes in North and the Mant-des-Verriéres in
South (Tripet, 1972).

The water catchment basin boundaries were defined taking into account both the
geological structures and tracer test results (Barger, 1959; Miller et Zotl., 1980).

The upper Jurassic limestone {320 to 350 m of thickness) makes up the aquifer. The
Argovian marls-limestone complex, considered as relatively impervious, is a regional
aquiciude and underlies the aquifer. Therefore, the lower boundary of the basin
correspond to where this Argovian complex intersects with the outflow zone at the point it
emerges on the topagraphy.

The Areuse spring, also called “la Doux" spring {coord.: 534.225/195.450, ~750 m. a.sl)
is the major outflow from the basin. !t amergas in the upper Sequanian limestone at the
foot of a small cliff in the NW part of the St-Sulpice cirque. The mean annual discharge
of the Areuse spring is 4.68 m¥s. Discharges are recorded by limnigraph at the federal
station in St-Sulpice {(NE).

Two injection points were chosan: the Moulin du Lac des Tailléres swallowhole (coord.:
534.300/202.000, 1036 m. a.sl} loceted in the Brévine valley, and the Belle Perche
swallowhole (coord.: 528.800/195.320; 935 m. a.s.l) located in the eastem part of the
Vemeéres valley, The hydraulic connection with the spring of these points is well
documented.

« The Lac des Tailleres swallowhole has been the cbject of tracer expariments since the
end of last century (Desor, 1864 and Desor, 1904). This swallowhole is the single inlet
to Tailléres Lake {1.9km length, 200 to 300m width). Its substratum consists of clays
and till terrain above molasse sediments of Cretaceous age (Tripet, 1972). The
swallowhole was constructed in order to increase the storaga capacity of the lake and
to regulate the base flow discharge of Areuse spring. Currently, it is out of order.

¢ The Belle Perche is 3 swallowhole where a stream disappears throughout the yeer
draining water out of the upper peast fields. Tha mean annual discharge of the stream
is about 25)/s.

2.1.2 Water catchment basin of Noiraigue spring

The water catchment basin of the Noiraigue spring is a 70 km” “ Valiée des Ponts ™ area
located in the Swiss Jura mountains at an elevation ranging from 1000 to 1300 meters
(Figure 2.2.). The karst aquifer consists of @ 500 meter thick Upper Jurassic and Lower
Cretaceous limestone. These limestonas are folded into a single syncline pinched by two
anticlines characterized by @ faulty cantact. The Argovian marls make up the underlying
regional aquiclude.

The Nairaigue spring, the only autlet of the basin, is-at an elevation of about 740 m and
is directly related to a regional fault. The spring occurs in the Sequanian limestone in the
Neiraigue village at a distance of about 4 km from the principal swallowhole of the area.

Three hundred meters of Molasse sandstone caver the central part of the syncline. This
farmation is overlain by Quatamary deposits consisting of glacial till and post-glacial marl
deposits (Atteia and Kozal, 1995).
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Four swallowholes have been used as tracer injection’ paints; the Biad in Pont-de-Martel,
locaily refemed to as «of Veisinage » (coerd.: 545.700/204.880), Roche Berthoud
(coord.: 543.600/202.250), Brot-Dessus (coerd.:547.000/203.000) and ia Combe Varin
(coord..545.200/202.500).
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Figure 2.2.: Areuse and Noiraigue catehment map - location of injection points {modified from Tripet,
1972). .

2.1.3 Water catchment basin of La Milandnne, Bame, Saivu and La Font
springs

The Bure tast-site is locatad in Ajaia, in the nertham Switzerdand in the Tsbular Jura. The
Bure plateau belongs to the regional Ajoie plateau, an upper Jurassic sub-tabular
formation, which disappears to the North under the post-Eocene tarrain of the Sundgau.
To the south, the Ajoia plateau is avar thrust by the northern front-line of the Foided Jura.
The Bure plateau consists of sub-henzontal imestena layars of the Maim. A system of
fractures and faults exist throughout the sres.and asre related to tha Rhina graben
tactonics to the northeast and the Folded Jura to the south (Figure 2.3). The major
tectonics elemants are the vertical sub-meridian faults (tectonics systam in « keys of
keyboard »). Two other faults families are present at the plateau scale: N40 to N70° and
N130 to N150° (Turberg, 1993).

The basin is oniented North-South, with a surface of about 15km’ (Figure 2.4). Due to the
« keyboards' keys » structura, the outline of the water catchment of the Saivu-Bame-Font
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springs is complex. The basin boundaries have been approximately defined taking into
consideration the stratigraphy, tectonics and the tracer experiment results (Gretillat, 1992).
The water catchment of these springs includes the karst network of La Milandrine, that
drains the rainfall water of the Bure plateau. There is no surface drainage on the plateau.
Water infiltrates through the sail to recharge the aquifer, its less permeable fissured
limestone blocks and its more highly permeable network. An underground river, La
Milandrine, flows in the karst netwark . This underground stream drains or is drained by the
surrounding rock volume in accordance with the hydrological conditions.

~~ Major faull Silt and clay

4?, Milandrine o Spring
Cave

~ Front of the Foldad Jura overthrust

Figure 2.3: Tectonic setting of the Maira test site and of the La Font Saivu and Le Bama catchment
(after Jaannin, 1936).
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using artificial tracing tests analysis and
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Figure 2.4.: Exiract of the hydrogeological map of the Ajoie (Gretilfat, 1692).
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Quatemary deposits up to 20 meters thick cverlie the lAssertates and Nautilus limestones
of middle Sequanian age. These limestone average about 30 meters in thickness. The
underlying limestones are the Lower Sequanian/Rauracian reef limestones with thickness
from 60 to 80 meters. These limestone constitute the aquifer that overlies the Oxfordian
marls, the underlying aquitard {Jeannin, 1995) (Figure 2.5).
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Figure 2.5: NNE-SSW geological profiles with borehole locations (after Jeannin, 1935),
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The Maira site in Bure is in the upper part of the basin and is equipped with 2 dense
barehcle network. There are more than twenty boreholes in less than a square kilometer
and ten boreholes are located along two W-E profiles. The mean fracer distance between
profiles 1 and 2 and the sampling paints in the upper part of the karst network is 400m and
180m, respectively. The tracer distance to the La Font, La Bame and Le Saivu springs is
an average of 4500m mere than the previous tracer distance if the true length of the karst
network is taken into consideratian (Maréchal, 1994).

The ynsaturated zene extends to a depth of about 40 meters where the boreholes used in
the tracer network are locsted.

The injection point locations are 2ll shown an Figure 2.6. The majarity of the tracer
experiments have heen carried aut in the lower part of the boreholes. Salt was diluted in
3000 to 4000 litters of water was injected and the same amount of clean water was
injected to flush the tracer into the formation. The technique of injection for the -
bacteriophages inta the boreholes was similar. - .

Some surface points have also been used as tracer injection points, They are at a
naturally open holes in @ swallowhale (pt1), at the edge of 2 depression with about 30 cm
of overlying soils (pt6), and at an uncovered limestone in fault zones (pt 9., pt 3., pt 11).
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Figure 2.6.. Location of Bure site injection poinfs (boreholes, artificial holes and surface points) and
the network re!at:'onship‘ to the upper Milendrine sampling point.
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2.1.4 Various test sites in the Folded Jura and Tabular Jura

Some tracer tests had been made as part of work done by eithar by the Consuiting
Hydrogeolagists MFR SA (Delémont), or by Grefiltat when he designed the
hydrogeoclogical map of the Ajoie. They are listed in the hydrogeolegical map database
(Gretiliat, 1992).

Only the tracer test that was camied out in Courfaivre (JU, Folded Jura) is described here:

Courfaivre

The tracer test JU10 was done as part of the postgraduate work in hydrogeology by Alain
Hehl (1992). The injection point is located in a 30 ¢cm open fissure from which air flows
are routinely observed. This point is located in the Upper Malm limestone and is the
source area for the Chenal spring that was sampled.

The Chenal spring is known to be the cutlet of the aquifers that occur in the
Kimmeridgian limestone. The spring flows out where it is in contact with Quatemary rock
‘debri§. The aquifer is located in the Folded Jura. The sprng is situated to the north of
the Vellerat anticline; an anticline that is oriented east-west with a sub-horizontal axis.

2.1.5. Alps: Montana, Briinigpass and Alpstein

Montana :

Tracing tests of the Montana area were made by the Gaologists-Hydrogeologists F.
Clavien (Sion, VS} during the spring of 1990. The objective of their work was to outline
water protection zones for the water catchment basins of the Cry d'Er, Bella Lui and Petit
Bonvin springs.

Springs of the Montana area are all located in the Wildhorn nappe (Helvetic Zone). All
the injections took place in the Malm limestone. This karstified limestcne subsides to the
South. An important fold occurs in the area and the normal flank of this fold constitutes
the Petit Bonvin and Plumachit. The Mont-La Chaux, Belle Lui, Tubang and Grand
Bonvin mountains peaks are located on the inverse flank of the fold. The Mollens and
Icogne springs were used to camy out the tracer tests in the Tsa Plateau, Plumachit and
La Tsa Bonna (tracer leste ALP1, ALP2 and ALP3).

Briinigpass

The test (ALP5) was carried out as part of a hydrogeological study in the Brinigpass area
{National Roads, N8} by the Gaologists-Hydrogeotogists consulting company, Dr. von Moos
AG, Zirich (1981). This test taok place in the Dogger and Malm karst aquifer, which has a
complex tectonic structure. This aquifer is part of the Helevetic Wildhorn nappe.

The injection point is situated in the swallowhale of a small mountain lake, Alp Sewlisae,
?g%azr; of which is located 1060m from the sampled spring Sewliwal - OW4 (Wildberger,

Alpstein

The tracer tests ALP7 to ALP20 were carried out by Attinger (1988) in the Alpstein area, in
the northeast part of Switzerland, between the Rhine valley and Toggenburg. This area
was studied in order to determine the water calchment limits of the major springs basins,
the purpose of the Ph.D. work of Attinger.

The Alpstein geological setting is that the area is part of the S&ntis nappe (Helvetic Zone)
where there are strong tectonic influences. The northwest front of the Santis fold
overthrusts the sub-alpine molasse. A series of folds, overthrusts and minor faults exist
naarby (Heierli, 1984) (Figure 2.7).
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Figure 2.7. @ Geclogical profile of the Alpstein area (Heierli, 1984).

The springs used {or the tracer tests are located either in the well karstified Seewerkalk
(Turonian} or Schrattenkalk limestone {Barremian-Aptian), or in the Kieserkalk
(Hauterivian). Springs alsc come out of the highly fissured layers of the Valanginian. The
above-mentioned limestones are karstified with interlayers such as the marls of the
Drusberg layer {lower Barremian) and the Valanginian marle. These marl layers which are
about 500 meters thick constitute relatively low permeability hydrogeoiogical barriers.

2.2. Classical quantitative interpretation

The resuits of quantitative interpretation of the tracer tests using first, recovery rate and
velocities, and second, the general characteristics of the transfer functions as impulse
responses are presented and discussed in this section. The specific analysis of the
characteristics of the transfer functions as indicial responses is presented in Chapter 3.

2.2.1 Jura Tracer tests

2.2.1.1 The Tabular Jura (appendices 1.3, I1.6 and 11.7)

The recovery rate of these tracer tests varied between 1 % and 100% with an average of
about 35%.

The average recavery rate of the tracer tests conducted using the Saivu spring was 30%.
This recovery rate is believed to be lower than for the entire system. According to Jeannin
and Grasso (1994), a loss of the stream at the end of the karst netwark may tend to reduce
the Saivu discharge to about cne haif of the total karst system discharge. The stream is
beliaved to be connected to the Alleine river.

The tracer distance was celculeted as a direct line between the injection point and the
upper Milandrine sampling point. For the tracer tests that were sampled at the three major
springs of the Maira water catchment basin (Font, BAme and Saivu), the tracer distance
included the true length of the karst netwark. As for the true distance, the tracer distances
are believed to be 1.2 to 1.5 times longer than the direct straight line distance between
the two points (Appendix 11.3). Based on the results of the fractal dimensional analysis of
karst network (Jeannin, 1992}, this multiplication factor eappears to be in the sama range as
the fractzl dimension. For several karst gaileries in Switzerland, the fractal dimension is
between 1.02 to 1.12. For Bure, the dimension is 1.11 (Maréchal, 1994).
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The mean of all the modal velocities for the trocer tests were 102 (100)m/nh (true
distance) and 75 m/h {64), using the estimated tracer distance. The highest value for the
modal velocity was 500 m/h (250 m/h) whereas the lowest is about 15m/h.

The average of the mean transit velocity (calculated using the center of gravity (point) of
the impulse response) is 96.5 m/h (72.5 m/h) with standard deviations of 88 and 58,
respectively, and 117.5 m/h (86.4) for the +895% confidence interval and 75.5 m/h (58.6)
for the -95% confidence interval. The lowest velocily was 2.5 m/h and the highest
350m/h.

The mean transit velocity is generally lower than the modal velocity and this certainly
reflects the dispersion of the impulse response.

Some impulse responses of recovery curves that were the results from sampling at the
upper part of the Milandrine in the cave (T2 to T8, T11 to T156 and T19 to T25) are
presented on the Figure 2.8. These tracer tests were performed dunng the base flow to the
end of falling limb conditions. With the exception of the impulse responses of T23, T24
and T5 all the rest of the impulse responses do not have an amplitude higher than 0 0055
[min). Some responses have a similar shape in that they are only shifted along the time
axis. The transit time differs as a function of the digcharge values and the trecer distance.

Tracer tests T23, T24 and TS5 with their recovery rates higher than 50% and their mean
transit velocities greater than 70m/h characterize tracer-systems of high hydraulic
conductivity (Figure 2.8).

“1q°

[t/minute]

o 500 1000 1500 2000
[Time steps, 11stp=1mn)

Figure 2.8: Impulse responses (transfer functions) of tracer tests done in IMaira and sampled at tha
upper part of the Milandrine.

For the 14 impulse responses, three groups of impulse responses can be defined
qualitatively using recovering rate and apparent hydraulic conductivity of the tracer
system as two criteriz;

» The first group mc!udes the impulse responses that are very narrow and have a high
intensity [1.1 10% min-1]. They result in tracer curves with a recavery rate higher than
60%.. The apparent hydraulic conductivity of the tracer systems is high [T23, T24, T5].

+ In the second group, there are transfer functions with more than 60% recovery rates, but

2 The first number is the mean {eg. 100) and the number in brackets (eg (64)), is tha standard
deviation,
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from karst systems with a medium bhydraulic conductivity. The peak intensity of the
impulse responees are lawer than the first group and the curves are more énlarged
[T14, T20, T15, T2§).

+ In the third group, there are the transfer functions of tracer tests with 8 recovery rate
lower than 30% with curves that are spread out. These functions likely have to be
related to low hydraulic conductivity tracer systems (Doerfliger, 1984) [T12, T7, T6, T2,
T8, T19, T11).

All the times for tracer tests were noted on the hydrograph of the Bame, Saivu and Font
springs in order to compare impulse responses during their variable hydrological
conditions. The three rising limb, falling limb and base flow recession hydrological
canditions were taken into sccount in the analyses (Appendix 11.8).

2.2.1.2. The Folded Jura (Appendices 1.4 and 11.6)

The recovery rate for tracer tests in this region varied from 1 to 100% at the Areuse spring
with the recovery rate for canventional tracers not lower than 40%.

The recovery rates for classical tracer tests at the Noiraigue spring has been in the range
of 30 to 100%.

The maximum velocity range was from 2 to 200m/h (mean 70m/h; standard deviation: 67,
+85% confidence interval: 112.5; -95% confidence interval: 27.5); the modal velocities
varied betwean 2 and 140m/h (mean 53m/h; standard deviation: 52, +95% confidence
interval: 86.5; -95% confidence interval: 20). The mean fransit velocity was 42 m/h
(maximum 132m/h; minimum 1.5m/h and standard deviation 42.5, +95% confidence
interval: 69; -85% confidence interval: 15). All of these values wera calculated using an
estimated tracer distance.

Intensities of the impulse responses using conventional tracers (Figures 2.9 and 2.10) were
between 3.25 10° [min™'} and 0.05 10~ [min'). The impulse responses with & small
intensity are consistently related to tracer tests that were performed during base flow
conditions where there are characteristically low transit velocities. Shifting of responses to
the right along the time axis is related 1o the distance and the transit duration effects.

The responses of the NOIR1 tracer tests are differant from the NOIR2 tracer tests. For the
Areuse tracer expefiments, the only tracer tests carried out in 1993 have different
responses from the others showing an obvious difference of intensity.

It is difficult to determine a mean responee for the Foldad Jura aquifer when using as a
reference only the graphical representatian of the impulse responses.
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Figure 2.9.: Impulse responses of tracer tests at tha Areuse spring.
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Figure 2.10: impuise responses ofl tracer lests at the Noiraigue spring.
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2.2.2 Alps Tracer tests (Appendices 1.5 and 11.6)

Results of quantitative interpretation of tracer experiments are in Appendix [l.5. Recovery
curves of the tracer tests of the Alpstein and the hydrograph during the tracer breakthrough
are in Appendix I1.9.

The maan recovery rate of these eighteen tracer tests with tracer distances of from 1000 ta
7500 meters was 20%. The lowest recovery rate was about 1% and therefore has na
‘significance. The value of the recovery rate was taken into consideration when
interprating the impulsa responses (Figure 2.11).
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Figura 2.11.: Sitas of tracer tesis performed in the Alpstein with mean transit velocity and recovery
rate data.

The transit velocities (madal, mean transit and maximal) ware over a relatively wide range
of frem 5 to 360 m/h. .

Amang the impulse responses (using a 1 minute deconvoliution step), two groups of
impulse responses with different amplitudes were able to be distinguished. When the
recovery rate was higher than 70 percent, the impulse responses were narrow and their
peaks had a high intensity greater than 0.0015 [min-1]. The rest of the tracer fests had a
recovery rate lower than 15 percent with an essentially similar response intensity of
0.0005 [min™) (Doerfliger, 1994} (Figure 2.12).
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Figure 2.12.: Impuise rasponses of the Alpstein tracer tests using a one minufe ime step for
deconvoiution.
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Chapter 3

Variability of tracer test transfer functions

3.1. Introduction

The variability of transfer functions was studied in order fo characterize an environment
with a statistical transfer function. This environment caould be either the geological
cantext, the water catchment basin or a typical morphological sector of a water
catchment basin that is determined by the nature of the injection point.

Such a statistical transfer function could be used to simulate pollution in an
environmental audit, for example, using the convolution of a mean transfer function
[indicial response] with a fictitious input corresponding to 3 pollution point-source. The
confidence interval around the mean value is considerad to approach the probable emor.
In this manner, optimistic and pessimistic forecasting could be accomplished at lower
cost in the scope of hydrogealogical audits ar impact studies.

Simulating or accomplishing tracer experiments in karst aquifers requires information on
the discharge conditions as well as the hydrodynamic state of the sampled spring. A
tracer does not commonly migrate with water at the same velocity and with the same
transport parameter values and it's response also depends on the outlet discharge
intensity. It is usually necessary to confirm if the hydrodynamic conditions are absolutely
essential to characterize a transfer function. So the remaining question became: is it
possible to distinguish a typical mean transfer function according hydrodynamic
conditions for each geological contaxt group of tracer experiments or for all tracer tests ?

To study the varizbility of transfer functions, the results of 96 tracer experiments have been
used. 14 were done in the Swiss Alps, 12 in the Folded Jura and 70 in the Tabular Jura.
Each tracer experiment had been treated with the black-box model and the data or
simulated response was transformed into an impulse response and indicial response. The
data related to the tracer tests (included transfer functions) are in tabies in Appendixes 1.3
to IL.5.

Transfer function variability:

The first step was to approximata tha degree of vasiability that transfer functions could
have. This was done by using indicial tracer test responses that had been selected as a
function of their geological setting, the hydrolegical conditions that were in effect during
the tracer test (Figure 3.1), their water catchment size (Figure 3.2) and the hydraulic
conductivity of the tracer systern (Figure 3.3).

The vanability of the transfer function zround the 0.5 percentile is quite noticeable. The
transfer functions are more or less steep; the larger variability seems to be around the
upper part of the curve. But, to determine if there is a significant difference between the
means at the various gradient far each considered group, the interpretation of these plots
are too restrictive. The transfer functions plots for each group give just a qualitative
image. To distinguish the effect ameng groups, it is necessary to analyze the variance of
chosen parameters.

Transfer functions are expressed in terms of impulse responees or indicial responses.
Parameters suitable for a statistics analysis of an impulse response can be: Pearson
coefficient Bt, Fisher coefficient y (Skewness measurement), and Pearson coefficient B2
for the flattening degree of a curve. For indicial responses, the gradients at three specific
percentiies are used to distinguish the character of different responses. Responses are not
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similar when they clearly have a steeper or 2 fistter curve in the upper, middle or lower
part of it. Gradients at the percentiles sre proportional, by definition, to impulse response
intensity. The higher the gradient, the higher the intensity and vice-versa (Figure 3.4.).

To be practical, the gradient st three percentiles: 0.2, 0.5 and 0.8 was chosen as a
simplified way to compeare each condition s statistical value. Using the three percentile
values provided characleristics associated with the lower, middle and upper parts of the
indicial responge curve. The 0.2 and’0.8 percentilas are similar to the 0.841 and 0.159
Gaussian distribution percentiles. For Gaussian disiribution, the time st the 0.841 and
0.158 percentiles correspond to the time {35 (median time) plus or minus the standard
deviation, respectively. However, karst system transfer functions do not typically have to
Gaussian distribution. Instead, they are asymmetric due mainly to various retardation
factors (stagnation, adsorption).

The modsal velocity, calculated with the modal time of the impulse response, was also
taken into consideration in the variance analysis. Two parameters, gradient and modsl
velocity, were considered adequate to describe tracer test transfer function variability.
However, to simulste contaminant transport, considering only the modal velocity was
shown to be insufficient to determine the mean characteristics of the vanous fracer
experimants,
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Figure 3.1a. : Transfer function variability with geoiogical satting and hydrological conditions - (a)
indicial responses of Jura fracer tests related o hydrological conditions.
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Figure .3.1b. : Transfer function vanability with geolagical setting and hydrolegical condifions - (b)
indicial responses of Alps tracer tests relatad o hydrological conditians.
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Figure 3.2. : Transfer function variability with catchment size -
(a) indicial responses in catchment sizes less than 5 km®.
{b) indicial responses in catchment sizes from 5 km® to 15 km?.
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Figure 3.3. Transfer function variability with tracer system epparent hydraulic conductivity.
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Figure 3.4.. Reiation between the indicial response 0.2, 0.5 and 0.8 percentile gradients and the
intensity of the corresponding impulse response for 20%, 50% and 80% of the area under the curve.

3.2. Variance analysis - transfer functions for modal velocity
and gradient

A variance analysis was camied out on the moda! velocity and the 0.5 percentile gradient
to compare the following conditions pertinent to each tracer test geological setting,
hydrodynamic condilions, nature of injection point, catchment size, , the tracer distance
and the outlet discharge. These conditions were compared to determine if their mean
values {(gradient at 0.5 and modal velocity) were significantly different. The question to
answer was does the gradient at 0.5 and the modal velocity differ among these six test-
specific conditions.

Part |I: Vanability in fransfer functions derived from artificial tracer tests when interpreted with input-
response models '



Advances in karst groundwater protection strategy using artificlal tracing tests analysis and
multiattribute vulnarability mapping (EPIK method) 64

Each condition, referred to as tracer test parameters, was subdivided into various
categories as following :

CONOITION CATEGORY

1. Geological setting: - Alps
-Tabuilar Jura
- Folded Jura

2. Hydrologic conditions: - Base flow recession
- Rising limb
- Falling limb
3. Injection point nature: - Karst natwork
- Swallowhole
- Borehole
- Artificial hole (man-made pit or trench)
- Surface point (sinkhole, uncovered limastone)

4. Catchment size; -up fo 5km’
| - 5 t0 15 km®

- greater than 75 km?
5. Tracer distance: - up to 100m

- 100 1o 1000 m
- 1000 to 3000 m
- greater than 3000 m

6. Discharge voluma: -up to 100 lis
- 100 to 500 Ifs
- 500 to 1000 /s
- 1000 to 5000 I/s
- 5000 to 10000 Ifs

- greater than 10'000 lfs

A single factor variance analysis™ [ANOVA] was camried out on each group to determine if
the categories of each condition influenced the transfer functions. The questions
addressed from this perspective were, for example:

« Can we differentiate a transfer function developed for tracer tests in the Alps
from those derived from tests in the Jura?

s Do hydrelogical conditicns affect the transfer functions?

¥ ANOVA: Single factor variance analysis is a statistical method of testing the hypothesis that a
number of populations, as represented by samples, are identical. When severa! groups of data are
compared, ANOVA js used ta defermine if their means are significanily differert. Each group is
assumed to have a nommal distibution around its mean. ANl groups have the same variance (Helsel
and Hirsch, 1892).
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Single factor varianca analysis:

Varisnce analysis is a parameter test that determines whether each parameter's mean is
identical. This analysis was done on 2ll data using an analysis pregram called JMP™,

The varistion within a condition is estimated by the within-group or square of the mean
error (MSE, the error is treated as a eource in the variance gnalysis in the JMP program),
computed from the data. The variation between group means is estimated by the
treatmant maan square (MST, model as source in JMP).

The square of the error in the mean (MSE) is equivalent to the error or within-group sum of
equares divided by the number of degrees of freedom in the error (N-k):

2
i n
> v,
J=i =t

MSE =

N~k where N-k= error degrees of freedom.

The mean squares for treatment is equal to the treatment sum of squares divided by its
degree of freedom (k-1);

.
?Zn Yy
MST =

k-1 where k-1= treatment degrees of freedom,

The degree of freedom (DF) is the number of independent pieces of information used to
calculate the statistic.

When the trestment mean square (MST or model) is larger than the error mean squared as
measured by an F-test", the conclusion is that the group means are significantly different.
(Helsel and Hirsch, 1992)

In order to quantify the relative lmportance of “significant difference” between several
tracer test conditions, the value of Rsquare in the eummary of fit is used. When Rsquare™
is greater than or equal to 0.75, the difference is considered as highly significant.  When
Rsquare is greater than or equal to 0.25 and lower than 0.75, the difference is of medium
significance or moderately significant. Finally, when Rsquare is grester than or equal to
0.1 and lower to 0.25, the diffarence is of slightly significant or of low significanca.

Multipfe factor analysis
Multiple factor (multi-factor) variance analysis was 3aiso camied out. in these cases, two or

¥ JMP, software designed and written by John Sall, Katherine Ng and Michael Hecht, 1989-1997 -
version 2.0.4.

5 Test satistic F : F = MST/MSE

Decision rule: To reject Ho: the mean of every group is identical, compared to: 41 at laast one mean
differs

Reject Ho it F 2 F\_g 41 -k + the 1-o quantile fof an F distribution with k-1 and N-k degrees of
freedom; otharwisa do not reject Ho (Helsel and Hirsch, 1992).

" Rsquare measures the proporfion of the total variation accounted for by the model. The remaining
variation is atinbuted to random error. Rsquare is 1 if the model fits perfectly. Rsquare is 0 if the fit
is nb better than the mean. Using gquaniitics from the corresponding vanance analysis table, the
Rsquare for any interval response fit Is always calculated as the (sum of sguares for model )f{sum of
squares for C fotal) (JMP software).
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more variations in each of the test conditions, influences were simuitancously tested to
determine if either cause significant differences between ireatled parameters means.
Each parameter is assumed to hava 3 normal distribution araund its mean; all parameters
have the same variance. This analysis allows calculation of a whole-model test
considering the experimenta) values and the predicted ones and taking into consideration
influences of each considered graup. The significant difference is subordinated to the
results of the effect test: A prabability>F equal to 0.05 or lower than 0.05; this value is the
significance level «.

3.2.1. Results of the variance analysis

Results of the single factor variance analysis (with 0.2 and 0.8 percentiles shown as
additianal information) are summarised in Tables 3.1 and 3.2.

Rasults of the multi-factor variance analysis for the geological setting condition (Alps,
Tabular Jura and Folded Jura) and the injectian point, hydrological conditions,
catchment size, tracer distance and discharge volume are in Sections 3.2.1.1 to 3.2.1.3.
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Table 3.1. Significant and non significant differences of modal velocity means. Modaf velocily was
calculated using the approximale trocer distance for ali tracer tests, even if relativaly true distances
ara known for the major tracer tests that were camed out in the Maira test site in the Tabular Jura.
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Results in Tabla 3.1 illustrate that there are anly a few significant differances {(000):
injection point conditions cause diffarances in the Alps sefting. For these tracer tests, the
maan modal velocity was higher when the injection was diractly into the karst network
than when it was injected into a swallowhole as shown by tha significant difference in
madal velacity amplitudes.

About 50 percent of the differences are moderately significant (0. These are the cases
for the injection peint, the catchment size and the tracer distance conditions considering
all tracer tests.

About 50% of the differences amang the variad conditions are not signiﬁcaht {0).

Hydrological conditions result in no significant difference fer any of the geological
settings. Howevar, there was a low degree of significance among all the tracar test base
flow canditions and falling limb conditions.

Generally, the medal velocity, mean values, for significant class in considared groups,
vary between 22 to 242 m/h.
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Table 3.2.: Significant and non significant differences of means of gradient at 0.5 percentiles.
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Teble 3.2. shows there is no highly significant difference among any of the conditians and
their categories for the indicial 0.5 percenlile variance enalysis. For other reletionships,
about half of the differences are moderate and the other half of low significance. The low
significence is related principally to geological setting, hydrological conditions and
injection paint conditions, where as moderate significence characterizes the catchment
size, tracer distance and discharge rete conditions.

The hydrological conditions provoke na major difference within each class of the
geological context, contrary to the low degrae difference ameng all the fracer tests
between base flaw conditions end nising limb conditions.

Generally, the gradient at 0.5 percentile which represents the mean valugs, for significant
class of considered psrameters, varies between 65 with a slope of 0.46" to 88.4 degrees
with a slope of 0.028-.

Comments on variations in means of the 0.2 and 0.8 percentile gradients

The significant difierences for the gradient at 0.5 percentile are not exactly the same for
the gradient at 0.2 and at 0.8. There are essentially varations among the discharge and
the nature of the injection point conditions. A significant difference does exist for the
gradient at the 0.8 percentile between a discharge of less than 5000 Us and greater than
50'000 s for all conditions. In addition, there is no major difference among the
discharge paramefers for the gradients at 0.2 considering all tracer experiments and
tracers in the Jura gealogical setting.

Conceming tracer experiments in Jurg, significant differences disappear in the injection
point nature. there are no longer any more difference between borehole and artificial
hole for gradients at 0.8 end no longer any more difference between swallowhole and
borehale, between swellowhole / barehole and artificial hale /surface for gradients at 0.2
percentile.

Considering the tracer experiments carried out in the Tabufer Jure, an additional
difference appears between 100 and 500 I/s discharges for gradients at 0.8 percentile.

Considering ell tracer tests, the ANOVA on the value of the gradients at 0.5 and at 0.8
provide significant results for the hydrological conditions parameter when there is no
significant difference taking into account the values of the gradient at 0.2 percentile.

Generally the mean value of the gradient at 0.2 vary between 66.5 degrees- slope of 0.44
{Alps, tracer distance lower than 1000m) and 89.5 degrees - siope of 0.0088 - (all tracer
tests, tracer distance lower than 100m), when the mean value of the gradient at 0.8 very
between 50 - slope of 0.84 - (Folded Jurs, surface as injection point) and 88 degrees -
slape of 0.035 - (Jura, tracer distance Jower than 100m.).

3.2.1.1. Variance analysis on all tracer tests.

Among alt tracer tests (56 tracer tests), a low significant difference in the geological
context and in the hydrological conditions parameters eppears. The mean characteristic
values (modal velocity and gradients at given percentiles) of the transfer functions of
tracer experiments permit to distinguish the Alps transfer functions from the Jura wansfer
functions. The mean transfer function of the Tabular Jurs is not significantly different
than for the Folded Jura (Figure 3.5).

7 The stope at the given percentile is calculeted as the tengent of 8 fan8), where 8 = 90° - gradiant.
ffor gradient values close to 90 degrees, tan B tends low; for gradient values approaching 45 degrees,
tan § tends to 1)
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Figure 3.5: Vananca analysis of the geological context 0.5 percentile gradient.

Source Sum of Squares Mean square F ratio

Mode! 273.19 139.6 3.77

Enor 3443.74 37
Prob>F
0.0267

For the hydrological conditions, the base flow mean transfer function differs from both
the falllng llmb {gradient) or the rising limb {modal velocity). The nsing limb (gradient at
0.5 percentile) respectively the falling limb {modal velocity) transfer functions are rather
similar to the base flow mean transfer function (Figure 3.6.). The difference between base
flow and nising limb is nat significant (Prob>F higher than 0.05).
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Figure 3.6; Variance analysis of the hydrological conditions 0.5 percentile gradient.

Source Sum of Squares Mean square F ratio

Made! 177.2 i 88.6 2.32

Error 3545.74 38.12 Prob>F
0.1036
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Modarata differences In the injection point nature, catchment size, and tracer distance
occur for all tracer tests.

injection point transfer functians differ for tracer tests where the injection occurred directly
into the karst network and ather injection points for mean modal velocity. A significant
difference between transfer functions for boreholes and artificial hales also exists for
meda} velocity. Cancerning the gradient, a significant difference exists between tracer
tests camied out using an adificial hola and surface dispersion (including those where the
tracer was injected directly into a sinkhole or doline).

Catchment size has a major differance in mean value gradients between small, large and
medium size. Mean transfer functions of catchments up to 5km’ are similar those for sizes

larger than 75 km’. The catchment size does not respond independently of its geological
contaxt. Maost of the data from tracer tests carried out in the Folded Jura carrespond to

thase in catchment sizes greater than 75 kri’. However, no tracer tests have been done
in such a large catchment area in either .the Alps or Tabular Jura. Consequently, the
difference cbserved reflects mainly geclogical context and tracer system structure (cf.
Canclusian 3).

For tracer distance, there is a significant difference in the transfer function for peak
velocities betwean shart and long distances (up to 100m and greater than 3000m). Mean
gradient values for 1000m is different than upper 3000m. Most tracer distances larger
than 3000m are found in the Folded Jura graup although such distances occur alsa in the
Alps tracer tests.

Transfer functions can differentiate discharge rates for the up to 100 I/'s and 100 to 500
i/s using the modal velocity and far the 10°000 i/s and 50'000 I/s using gradiant values...

The multi-factor analyeis on the gradient at 0.5 gives a significant whale-model test
{Prab>F=0.0000; Rsquare=0.51) with the geclogical context, the injaction point nature
and the catchment size (respectively instaad of the catchment size, the discharge rate for
the modal velocity) as significantly different from each other and fram the tracer distance,
the hydrological canditions and the discharge rate groups (Table 3.3). Cansidering the
gradient at 0.2, the whole-model is significant with only for gealogical context and
calchment size. For the 0.8 gradient, the whale-madel is significant (Prob>F=0.0035) but
without a significant group.

Tahle 3.3.
Muitl-factor analysis for the 0.5 percanttile gradient and modal veloclty for all tracer
ests
Totality of tracers {Gradient at 0.5 Modal velocity
Prob >F Rsquare  |Prob >F Rsquare
Groups
0.51 0.47 (0.48)

injection 1@&9@3 0.00261{0:0025)]
lracer path distance 0.62 0.14 (0.13)
discharge 0.178 X0 0181{0.0615)
catchment size W 0-0085 0.148 (0.0065)
hydm!ogica! conditions 0.3841 0.3451 {0.5453
|geclogical context : W0 018 10:01831(G:0

A Prob>F of less than or equal to 0.05 is significant.
Values between the brackets ara for modal velocities calculated with true tracer distances.
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3.2.1.2. Variance analyaia on Alps tracer teats

As discussed above, hydrological conditions cannot be distinguished for their modal
velocity percentile gradient values. In the Alps, however, this lack of distinction is more
likely related to the larger numher of tracer tests done during rising or falling limbs (12)
compared te only two during hase flow.

In the Alps, the Injection point, catchment size and tracer dietance conditions resuit in
high to medium significant differences. Only the tracer distance shows a gradient value
of significant difference.

The injection point differentiates tracer tests started directly in the karst network or at
swallowholes from those beginning at the surface in dolines or sinkheles (Figure 3.7).
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Figure 3.7. : Variance analysis of the 0.5 gradient for tracer distarnce in the Alps.

Source
Model

Emor

Using the modal velocity, tracer tests in catchment sizes up skm” can be distinguished

Sum of Squarea

169.2
78.8

Mean square
84.86

7.16

from tracer tests in medium slze catechments (5 to 15 kmz).

The tracer path length has distinguishing transfer functions for both the modal velogcity
and the 0.2, 0.5 and 0.8 gradient percentiles. The mean transfer function for the 100 to
1000m length is significantly different than for a length greater than 3000m (Figure 3.8).
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Figure 3.8.: Vanance analysis of modal velocity for injection points in the Aips.

Saurce
Mode!
. Enror

f
y swallowhole
surface

network
Injection

h Pair
n's

Sum of Squares

66435.1
13514.1

Mean square
33217.6
1228.6

F ratio
11.8

Prob>F
0.0018

F ratia
27.04

Prob>F
0.0001
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Muhi-factor anslysis results for the 0.5 gradient and modal velocity, taking into account
the injection point, tracer distance, discharge, csatchment size and hydrological
conditions gre in Table 3.4.

Table 34
Multl-factor enelysis of the 0.5 gredient and modal velocity for tracer tests in the Alps
ALPS Gradient at 0.5 Medal velocity
Frob >F Rsguare b >F Rsquare
(Sroups
061 0.995|

¥njection
racer distance
discharge .
catchment size 0.087
lhydrological conditions 0.1775

Prob >F tower or equal to 0.05 is significant

Tracer distance is the single condition with significance for the 0.5 gradient, . For the
modal velocity, the tracer distance, injection point, catchment size and hydrological
conditions are significantly different.

Cénclusion
Fir

3.2.1.3. Jura tracer teat variance analyais results

The significant differences of tracer tests carried out in the Jura are in Tables 3.1 and 3.2.
These differences result from adding the differences of tracer experiments in the Tabular
Jura to those in the Folded Jura and therefore, no anaiysis is pertinent. Comments are
oriented to both the Folded Jurg 2nd the Tabular Jura settings.

In the Tabular and Folded Jura, as in the Alps, there is no significant difference as for the
various hydrological condilions. In Folded Jura lracer tests, three of 12 were done under
falling limb conditions. The catchment size is also critical and can induce an
insignificant difference. But in the Tabular Jura, even with 3 reasonable numbar of tests
in each hydrological condition category (base flow, falling and rising limbs), no
significant difference appears. A reason for this is discussed in Section 3.2.1.3.b.

2 ) Foldagd Jura

Within the three conditions, Injection point nature, water catchment basin curface and
discharge groups, some mean value differences at the 0.2, 0.5 and 0.8 gradient
percentiles are eignificant. On the contrary, there are only moderate differences for
discharge using the modal velocity.
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For the injection point condition, the transfer function is different if it is & sinkhole or a
surface point (Figure.3.9.).
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" Figure 3.8.: Injection point variance enalysis for the 0.5 gradient.

Source Suvm of Squares Mean square F ratio

Mode! 167.06 167.06 15.39

Error 108.5 10.85 Prob>
0.0028

Only one tracer test was carried out in a water catchment basin smaller than 10 km”,

Transfer functions for sizes greater than 75km” are different than the above mentioned
tracer test,

Finally, for discharge rates, thare are significant difference between transfer functions
resulting from tracer tests carried out with discharges of 1000 i/s and 10000 Us at tha
spring. In addition, there is a difference between tracer tests with a discharges less than
1’000 I/s and greater than 50°000 I/s.

The multi-factor analysis points out the significant importance of the injaction point and
the discharge to differentiate transfer functions. The whole-maodel test for the gradient at
the 0.2 percentile (Prob>F=0.039) is significant; the injection point (Prob>F=0.013) and
ghg )discharge (Prob>F=0.0178) are significantly different from other conditions (Table
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Teble 3.5.
Multi-factor variance analysis of the 0.5 gradient and modal velocity in the Folded Jura
Folded Jura Gradient ot 0.5 Modal valocity
Prob >F Rsquare Prob >F Rsquare
Groups _
0.87
injection ok s
tracer distance 0.62
discharge TR 0074
waftar caichment size 0.21
hydrological Q.59
conditions

Prob > F lower or equal to 0.05 is significant

b) Tabular Jura

There are only low degrees of difference for the injection point, catchment size, tracer
distance and discharge.

Transfer functions for tests beginning with the injection point directly into a borehole or
artificial hole are different from those with a sprinkled release onto the surface (Figure
3.10).
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Figure 3.10. : Venance analysis of the 0.5 gradient for injection points.

Source Sum of Squares Mean square F ratio

Mode! 410.8 205.4 5.5

Ermor 2509.37 37.4 Prob>F
: 0.006

For the injection point condition modal velocity, tests initiated in boreholes have different
mean values than thase in artificial haoles.

The injection points in the Tabular Jurz are either sinkholes or natural cellapse holes
{sinkhole point 1 in Bure), the edge of a depression with about 30 to 50 cm of brown soil in
a fault zone {point 6 in Bure), the edge of a fractured limestone outerep (point 3 in Bure),
direct on uncovered limestone (less then 10cm of soil} in a fault zone (point 8 and point
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11 in Bure) or uncovered limestone where nc major faults occur {point 9 in Bure). If we
compare tracer dsta from tests at point 1 (natural hole in the sinkhole located South of the
artificial entrance of the cave system, 20 m apart) to those in the Tabular Jurs, surface
peints appears to be significantly different only to those started in artificial holes. The
fransfer function 0.5 percentile gradient mean value is 76 for arificial holes and 83 for the
surface tests. Thera is no difference between the transfer functions for surface points and
bereholes. The modal velacity differs batween boraholes (82 m/h) and artificial holes
(30m/Mm). Surface points are generally located in fault zones and the soil with some 50cm
of thickness in a fault context does not modify the transfer function shape. The effect of
scil and impertance of the unsatursted zone is illustrated by a significant difference
between artificial hole and borehcle transfer functions.

Tracer tests can be differentisted relative to catehment size. There is a significant
difference between tests catchment sizes less than cr equal to skm- and those of middie
size from 5 to 15 km?., However, this size effect may be artificial as the majority of Tabular
Jura tests were in the same aquifar on the Bure Platesu in Ajoie. The tracer systems to
the upper Milandrine sampling point in the cave has a size of Skm’ and is mainly an
unsaturated subsystern (soll and more or less intensely fractured limestone) and a saturated

subsystem with drains. The tracer sysiems of 15km? size (La Bame, Le Saivu and La Fant
springs) consist of an unsaturated subsystem and a8 cansequent saturated system with some
5 km of channels. Thys, the major difference is due to the vanations in the ratic of the
unsaturated to saturated subsystem in the tracer systems. The systems with a size of 5km?
and 15km?2 are characterized by ratics of 1 to >1, and <1, respectively. Therefore, the
saturated subsystem is dominant (Figure 3.11).

1 l;‘ll‘rll l’lI :T—l 1 -I=111}j Llrl:!ail { UNSATUHATED
I\ TOETT] UNSATURATEO 2 LA ZONE
A ll.)ﬂl[ i ZONE . v s e
e : e | WATER SATURATEO
L 1 1 - Il. 1 H ] 1 17 sz
e e - s : ¥ + OPEN CHANNELS
LI Pl WATER SATURATEQ kL
1 ZONE
51 + OPEN CHANNELS
O —
5 km2's water catchment basin 16 km2's water caichment basin

nggre 3.11.: Relafive ratio of saturated (Channels) and unsaturated subsystems at a 5km2 and of 15
Km tracer systems in Bure,

The outlet diacharges of up ta 100 I/s ahd 100 to 500 I/s have differences in beth 3 mean
moda! velocity and 0.8 percentile mean gradient. For the 0.2 and 0.5 percentiles, there
is no difference.

For the tracer distance condition, the transfer functions for lengths less than 100 m are
able to be distinguished from thcse of between 100 to over 3000m. Results of tracer tests
injected in the open hole in the doline - sinkhole (about 25 m. from the sampling point in
the upper part of the cave) (Figure 3.12.} are different from the others. The injecticn peint
conditicns seem to be dominant in this case and therefore has an important potentiai
impact on vulnerability assessment.
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Table 3.6.
Tabular Jura tracer test multi-factor analysis of the 0.5 gradient and modal velocity
Tabular Jura Gradient at 0.5 Modal velocity
Prob >F Rsquare Prob >F Rsquare

Groups

0.53 0.477

(0.574)

injection 5 o 01 0.06 (0.019)
tracer distance 0.916 0.4 (0.178)
discharge 0. 00338 TR e
catchment size 01072 0.07 (0.65)
ydrological conditiens| 0.95 0.68 (0.89)

Prob>F less than or equal to 0.05 is significant.
Values between brackets correspend to modal velocity calculated with true distance.
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3.2.1.4. Apparent hydraulic conductivity variance analysis

The apparent K for the tracer system in the upper part of La Milandrine at the Bure test
site has been estimated using berehcle logs. Three groups have high, medium and low
hydraulic conductivity. Unfortunately, only two tracer tests ware done in low K systems.

Beoreholes MIL1, MIL7, MIL3, MIL6, FN2 and some surface releases (uncovered fractured
limestone, natural hole in doline) are at the entrance of a high K tracer system. Borehole
MIL1 had a fracture zene with cpen fissures at 30 m below ground surface (bgs). In
borahole MIL3, water flows from an cpen fracture at 35m bgs. Borehole MIL7 intersects a
cgvity. Berehole FN2 is relatively fissured in the lower part at depths between 30m and
40m bgs.

Bereholes MIL2, MIL5, MIL8, FN1, some surface points and artificial holes are at the
entrance of 3 medium K system. Borehole MIL2 has a zone of open fractures at 10 meters
in the epikarst. When performing tests, the tracer was injected at the bottem of the
borehele. The tracer mixture consisted of 3000 hiters of water with from 100 ta 500 kg of
NaCl and the systern was subsequently flushed with 3000 liters ¢f borehole water) . This
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barehale is considered to be of medium hydraulic conductivity since below a depth of
10m there is no intensively developed fracturing. Fractures are present almost ali along
the borehole. In borehole FN1, except opposite the more karstified sections considered
epikarst in the upper pant of the borehole fram 6m to 25m), there are few open fissures in
the berehole.

Boreholes NEB 9 and MIL4 are of low permeability. They do net intersect important
fractures. In MIL4, there are three fracture zones; ane at less than 10 meters, a2 second
between 10m and 15m and a third in the lower part near the contact between Rauracian
limestone and Liesberg layers.

Carrying out tracer tests in less permeable blocks with classical tracers is difficuit. During
high water levels, hydraulic gradients can be reversed. The tracer then can get trapped in
the low permeability blocks and it is subsequently released during the next low water level
when the block water drains into the karst network. Therefore, it is impertant to take
sampies during a long period of time, generally over 6 weeks. In theee situations, if the
tracer peak concentration on the bregkthrough curve is low; it ig difficult to perform
successful tfracer tests. Tracer concentrations of the water samples is closa to the
detection limit of the analysis method. A tracer test was dane in borehole MIL3 which has
iow permeability. A long injection time was used to aveid an overfiow of the tracer out
the barehale (6 hours). Unfortunately the sulfurhodamine G and the bacteriophages were
not detected aver the next six weeks.

The variance analysis points out that there is a relatively significant {percentile 0.5) to a
true significant difference (percentile 0.8) between the tracer of the medium and high
hydraulic conductivity classes st the 0.5 and 0.8 percentiie gradients (Prab >F=0.07,
0.028). The difference is net significant for the 0.2 percentile gradient.

3.3. Mean transfer functions

As long as groups {conditions + categeries) have significant differances in transfer
functions, 2 mean transfer function and a corresponding « 95% confidence intervals »
can be determined.

« For all tracer tests, mean transfer functions for tests in the Aips setting, the Tabular and
Folded Jurs (Figure 3.13.), the base flow and falling limb conditions (Figure 3.14.) can
be calculated using the time vaiue at each percentile of the curve (0.05, 0.1, 0.2 to
0.9, 0.95 and 1).

« If the mean transfer functions of the Alps and Jura tracer tests are dissimilar, their 95%
confidence intervals averlap. The time error'® of the Jura mean transfer function (+ or -
1500 minutes) is approximately twice that of the Alps (+ or - 700 minutes). The upper
part ot the Alps transfer function is less curved than that for the Jura (Figure 3.13.).

+ Rising and falling limb mean transfer functions are similer and there is no significant
difference. The base flow mean transfer function is dalayed along the time axis and its
upper part is more curved than those of the rising or falling limb. The mean transit
time is longer during base flow conditions and consequently the nsing and falling limb
mean transfer functions appear in pronty slong the time axis. The time error of the
base flow mean transfer function is about 1750 minutas.

® Time Error corresponds to the time intervall between the time at 50% percentile of the msan transfer
function and the time at 50% percentile of the « + or - 95% condidsnce intervails » functions.

Part H: Variability in transfer functions derived from artificial tracer tests when interpreted with input-
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Figure 3.13. : Alps and Jura tracer test maan transfar functions.
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Figura 3.14. Tracer test mean transfer functions under base flow, falling and rising iimb condifions.

« Within the Alps context, the tracar distance has anly low significance. A mean transfer
function can be calculated for 5000m and 10°000m tracer systems. The law
significance is illustrated on Figure 3.15. The main difference is in the 95%
confidence intervails; due to the stronger standard deviation around the mean and the
large time duration for the 10°000m tests, the time amors are twice the 5000 m time
errar argund the means (3'000 minutes instead of 1'500 minutes).

Fart Il: Varability in transfer functions derived from artificial tracer tasts when interpreted with input-
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Figure 3.15.: Alps lracer tests mean transfer functions for tracer system of 5000m and 10000m.

e In the Folded Jura, the differences among groups have low significance. However,
these results may be skewed as they are dependent upon the comparison of one tracer
test done with injection at the surface in 3 10 km?® basin, wﬂh other tests done using
swallowholes 3s injection points in basins larger than 75km?. In this case, it is not
appropriate to try to define differences in mean transfer functions for injection point

conditions.

e In the' Tabular Jura, mean transfer functions can be identified for the injection point,

catchment size and tracer system K.

Figure 3.16 shows that the mean transfer function is displaced zlong the time axis
for different types of injection points. The surface injection point mean transfer
function has a relatively staep curve that appears first with a average time ermors of
about 500 minutes. Second, the borehole mean transfer function has a 500
minute time error but is more curved in the upper part than those on the surface.
Arfificial hole mean transfer functions have large time errors of about 2600
minutes, Except for the position of the surface mean transfer function, the time
seguencing makes sense. As mentioned above, surface points used for tracer
expenments have 3 fast response and are all located in 3 high tectonics zone.
addition, they do not typically have a soil layer through which to travel prior to
entering the system. They are not representative of surface points in karst aquifers.
The structural setting of these points explaine why there is & fast response and a
steep transfer function. They refiect direct connection to the karst network, as for

example, a doline connected by a vertical shaft to the network.

The large time errors of the artificial hole mean transfer functions reflect the how
variable these tracer systems can be. Tracer transit time can be affected by

migration through the soil and the unssturated zone to the saturated zone.
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Figure 3.16.; Tabular Jura injection point mean transfer functions.

The eﬁect of the catchment size on mean transfer functions is in figure 3.17. The
5km’ transfer function is asymmetncal, steeper in the lower than the upper part and
the upper part is more curved. The time error is relatively small {100 minutes)
compared with that of the 15km? size {1000 minutes).

function is essentially symmetrical.

the curve,

these parameters are the most significant.

The explanation of transfer function asymmetry in this context was presented in
He did an analysis of dispersion at the la Milandrine test site
calculating it using the analytical solution of 3 one-dimensional model from Sauty
Tracer breskthrough curves at the upper Milandrine
sampling point have a distincl tailing effect. This effect is weak or completetly
absent on the tracer recovery curves at the eystem sprnings. The network variation
and the influx, causing dilution, are identified as the mechanisms responsible for
the shape of the breakthrough curve slong the Milandnne underground river.

Maréchal (1994).

and Kinzelbach, (1588).

The 15km® mean ftransfer
lts 0.5 percentile gradient is closer to €0 than
to 80 degrees, the value for the 5km? size. This major difference in the shape of
independent ol the time axis shlft is explained as above with the
compounds of the tracer systems. The 15km? transfer function is influenced by a
tong migration through the saturated subsystem of the fracer system. The tracer
travels in open channels of varying widths including through underground lakes
and inflows from connected and completely submerged drains.
and retardation that occur influence the transfer function due to adsorption on
clays in the aquifer and the effect of stagnant water zones...Transfer functions
which resuit from the black-box mode! do not give direct information as to which of

The dispersion
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Figure 3.17.: Tabular Jura mean transfer functions for 5 and 15km’ catchment sizes.

For the tracer system K, Figure 3.18 illustrates the changes along the time axis for
the two distinct mean transfer function in the Tabular Jura, mare specifically in the
upper part of the Milandring aquifer. They are similar time emors of 160 minutes
but the high K mean transfer function is steeper around the 0.5 percentile and less

curved in the upper part than the medium K mean transfer function.
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Figure 3.18.: Medium and high hydraufic conductivity mean transfer functions in the caichment basin
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3.4. Conclusions

Variations in transfer functians can be distinct and characteristic for tracer tests in karst
aquifers. Significant differences between characteristic conditions and categories classes
appear in the transfer functions.

Each type of injection point is characienstic with @ mean modal velocity associated with
each mean transfer function:

- artificial hoies: 34 m/h (30 m/h)®, [+95%: 58m/h ; -95%: 9.5m/h]
- boreholes: 110 m/h (82 mvh) | [+#95%: 139m/h ; -85%: 80m/h]
- surface; 117 (60 m/h) ; [+95%: 184 m/h : - 95%: S0m/h]

Tracer systemn K values have variable mean transfer functions. Their difference is
relatively small but accurs specifically in the curvature of the upper part. Less dispersion
and retardation occurs in moderate compared to high K systams due to tha tracer being
more trapped in fissures during its migration. Their related mean maodal velocities are
different:

- medium K: 35 m/h [+95%: 48: -95%: 22m/h]
- high K. 72 mvh [+85%: 83; -85%: 52 m/h]

Only among the gealogical context and hydrolagical conditions is there a law significant
difference. No madel characterizes either condition. Alps and Tabular Jura mean
transfer functions under base flow or falling limb conditions, respectively, cannot be
astimated. An Alps mean transter function was determined with a 95% confidence
interval and this relative steep function has a mean modal velocity of 114 m/h (180 mih
for +95%, 68 mvh for -95%). The Jura mean transfer function has a modal velacity is of 72
m/ (86m/h for +95% and 58 for -85%). The mean transfer function for the Jura includes a
large variation of transfer function shapes similar to those for the Alps. The effect of the
injaction point and tracer system K are able to be distinguished.

For mast conditions, significant differences occurred for the 0.5 and 0.8 percentile
gradients, whereas thare was no difference for gradients at the 0.2 percentile. This points
aut the effect of tailing in tracer experiments csused due to retardation factars in
heterogeneous enviranments (decay, adsorption, immobile water) (Biver & Meus, 1992).
The hydrological condition is not as significant in determining the mean transter functian
for given geolagical conditions. Distinguishing amang the different genlagical contexts
has to be related to, first, the number of tests in each genlogical cantext and, second, to
the existence of other parameters such as the karst network development (length,
conneclivity), the unsaturated 2one (espegially for surface or dofine injection points).
Unfortunately, these parameters are difficult to datermina.

The catchment size is significant for all tracer tests independent of their geological
setting or just for the Tabular Jura tracer experiments. This size effact is influenced by the
compounds of the tracer system. This reflects the difference in ratio of unsaturated and
saturated conditions in the tracer subsystem.

There is no similar statistical behavior of madal velocity and gradient. This is due to.
various impulse responges having the same madal time. The slape of the corresponding
indicial responses varies according to tracer distance (from 20m to 6000m).

'® The value between the brackels is colculated with the true and measured tracing distance.

£art 11 Vanability in transfer functions derived from artificial tracer tests when interpreted with input-
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Chapter 4

Comparing breakthrough curves and transfer functions
for microbiological (bacteriophages) and conventional

tracers

Tracer tests were conducted simultaneously with microbiological (bacteriophages) and
chemical (fluorescent dyes or salf) tracers. They were repeated several times at three test
sites in the Tabular and Folded Jura.

The objective of using microbiological tracers was to be able to interpret their response in
terms of transfer functions using the model, DYEBCOX. The classical tracer results were
considered as the standard for comparing the transfer functions.

About 20 tracer tests were completed in the following test sites: the Maira test site (11
simple or multi-tracer tests, repeated), the catchment of the Areuse spring (3 repeated
multi-tracer tests) and the catchment of the Noiraigue spring (2 simple repeated tracer
tests).

Seven bacteriophages {(Appendix 1.10) were used for these tracer tests. Swallowholes,
dolines or boreholes with high to medium hydraulic conductivity conditions were chosen
as injection points.

4.1 Tests with fluorescent, salt and bacteriophage tracers

4.1.1. Tracer tests in the Maira test-site

Two injection points were used in addition to MIL9 borehole where the tracer test was
negative.

The first injection point was a naturally occurring open hole at the flat bottom of a2 doline
located in the upper part of the explored karst network. It is about 20 meters from the
sampling point in the cave. Borehole MIL3 at a distance of 450m from the sampling
point was the secand injection point. Chemical tracers and bacteriophages were injected
simultaneously several times (Figure 4.1.)

Part II: Varability in transfer functions derived from adificial tracer tests when interpreted with input-
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Figure 4.1 Maira test sita injection and sampiing points.

Part II: Variability in transfar functions derived from artificial tracer tests when intarpreted with input-
respense medels



Advances in karst groundwater protection strategy using artificial tracing tests analysis and
muttiatt_ribute vulnerability mapping (EPIK method} §7

Borehole MILE is lacated in a black of low permeability. The hydraulic gradient can
reverse at high water level stages such as occurred during the tracer test attempt. This
reversal could explain why the tracer was never cbserved at the sampling paints during the
following six weeks. In additicn, the tracer did net show up during sampling in the
subsequent 7 days when base flow conditions develaped. Either the tracer never reached
the sampling paint ar its concentration was s low it was not able to be detected.

Table 4.1
Tracer teats at the Maira teat aite
Designation Injection point Tracer Quantity Recovery rate | Discharge
(kg or ptu) {I/min)
T43 doline pt1 M40/ 7.2E+10 pfu 13% A000
2.11.94 NaCl 150 kg 31%
T44 borehole MILY Napthionate 2 kg 0% 3900
12.12.94 H6M 6.27E+08 pfu 0%
T45 doline pt1 H40/1 4.03E+10 pfu 2% 15210
[12.12.94 NacCl 250 kg 30%
T47 | borehole MIL3 H40/1 5.93E+11 piu 40% 4065
18.1.95 H6/1 1.45E+12 pfu 8%
| NaCl 250 kg 70% _
T50 borehale MIL3 MH40/1 7.26E+12 pfu 100% 5237
4.4.95 H6/1 441E+12 plu | 23%
- NaCl 300 kg 96%
T51 borehole MIL3 H8/1 5.43E+12 pfu 3% 1796
4.5.95 H4/4 3.63E+11 plu | 6%
H40/1 1.57E+13 pfu 40%
| NacCl 250 kg_ 65%
T53 borehole MIL3 H2/1 2.01E+12 pfu 0% 2700
21.6.95 ™ B.35E+13 pfu | 2%
B H4/4 5.04E+13kg  }23%
T54 doline pt1 Psi2 1.27E+12 pfu 5% 2700
21.6.95 M40/ 3.31E+13 pfu 18% _
T55 borehole MIL3 M40/ 9.3E+12 piu 60% a73
21.8.95 T7 5.11E+13 pfu | 0.5% _
T56 doline pt1 f1 4.26E+13 pfu 0.75% a73
21.8.95 Psf2 3.32E+12 pfu 21%
T57 borehola MIL3 f1 68.5E+12 pfu 0.5% 4000
21,995 7 3.88E+13 pfu 1.3%
: H&/M 4.1E+12 pfu 15%
H40/1 8.958E+12 pfu 74%
uranine 0.15kg 94%

All tracer tasts were dene during base flow recession to end of falling limb pericds under
relative similar hydralegical conditions{Figure 4.2.).
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Figure 4.2.; Hydrograph of the Milandnne (upper part of tha underground karstic network) showing
tracer test activities,
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4.1.2. Tracer tests in the Areuse catchment

Four multi-tracer tests were done (Table 4.2). Samples were taken from the Areuse spring
in all cases. The two injection points used were the swallowhole of the Moulin du Lac,
Lac des Tailléres, in the La Brévine valley (direct distance to the spring: 6.15km) and the
swallowhole of the Belle Perche in les Verréres (3.6 km away from the spring). The last
swallowhole is recharged by a small stream, le Bied, draining water from a peat zone
(Figure 4.3).

el ¥ Injection point
= @ spring
—>» Connection

Figure 4.3. Map of the infection points and Areuse spnng.

Part 1l: Variability in transfer functions derived trom artificial tracer tests when interpreted with nput-
response models



Advances in karst groundwater protection strategy using artificial tracing tests analysis and
multisttribute vuinerability mapping (EPIK methad) 90

Three af the four tracer tests were done during low water canditions. The fourth, "Areuse
2* accurred during @ series of rising imbs (Figure 4.4.). In addition, the breakthrough
curves of this tracer test possess several iregularities. Cansequently, this tracer test was
deemed inappropriate to be interpreted by deconvolution. Adsorption and variations in
discharge rate can cause irregular conditions because: :

- the tracer is trapped either in the epikarst ar in the unsaturated zane and becomes
remabilized after rainfall when infiltration from the rain reaches the aquifer.

- the tracer is adsorbed on colloids or aguifer matenals.

- water level variations in @ perchad aquifer oceurs at the level of the epikarst and cauld
ramabilize the trapped tracer in the unsaturated zone.

The bactenophage f1 breakthrough curve (Areuse0) was nat interpreted in terms of transfer
functions because its recovery rate was less than 1%. The few phages per ml {maximum
6) increased oscillations resulting in a "low number effect”. The error in phage
concentration is probably on the order of the background noise of 1 to 2 coliphages per
ml., as the hast bacteria of {1 is an Escherichia coli, bacteria that can be in the natural
environment due to agriculture activities in the catchment.

Table 4.2.
Tracar tests in the Areuse basin
Designation Injection point Tracer Quantity Recovery rate | Discharge
(kg or pfu) {}imin)
Areuge 4 Lac des Uranine Skg 40% 70'800
Tailléres
(Rossi , 1994) H6&/1 1.49E+15 pfu 1%
H40/1 S.18E+15 pfu 21%
f1 2.15E+15 pfu 0.15%
Areuse 1 La_c des Uranine 5kg 56% 600000
21.2.1995 Taeres | Haort 1.683E+14 phu 51%
Psf2 1.174E+13 pfu 10%
HB/M1 5.714E+13 pfu 25%
Belle Perche | Sulfo. Gextra | 8kg 50%
swallowhole M2/ 2.597E+13 pfu 4.5%
H4/4 4 477E+14 plu 10%
Areuse 2 Lac des Uranine 5kg 100% 200'000
31.7.1995 Tailares HE/ 32E+13 phu
H4i4 8.45E+13 pfu 2.5%
Balle Perche Sulfo G. extrs ?920kg 12%
swallowhole H40/1 592E+14 pfu 1%
Areuse 3 Lac des Uranine Skg 99% 80°000
30.10.1995 Teilléres HE/1 3.09E+13 pfu 16%
swallowhole H4/4 3.25E+14 pfu 10%
Sulfo G extra 7.920kg 37%
P
S e | Haon 3.86E+14 plu 13%
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Figure 4.4.: Areuse spring tracer fests and hydrograph

4.1.3. Tracer tests in the Noiraigue basin

Two tracer experiments using bacteriophages and duasyn were carried out in the summer
and fall 1995 as part of Madule 2 of the SPP Environment program (Atteia et al., 1996).
The injection point was a swallowhole located about 0.7 km from the Noiraigue spring
(Figure 4.5.).

Table 4.3.
Tracer tests in the Noiraigue spring basin
Designation Injection point Tracer Quantity Reccvery Mean
(kg or pfu) rate diecherge
{lI!min}

NOIR1 Swallowhole Brot| Duasyn 2.8kg 85% 607000
28.7.1995 Dessus Ha/d 368E+13pfu | 51%
(Gogniat, 1995)
NQOIR2 Swallowhole Brot] Duasyn 3kg 98% 84'000
20.9.1995 Dessus Ha/4 166E+14 pfu | 34%
(Gogniat, 1995)

Tracer tests were carried out in low water conditions. The tracers were recovered during
falling limb conditions or sometimes at the end of the tracer migration in small rising
limbs. For this reason, the mean discharge had be used to interpret the tests in terms of
transfer functions. The recovery rates, besides, are calculated integrating the tatal
discharge curve.

Part Il: Variability in transfer functions derived from artificial tracer tests when interpreted with input-
response models
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Figure 4.5.: Map of the Noiraigue spring basin with it5 injection points(Atteia et al., 1996).

4.2. Quantitative interpretation

4.2.1. Classical quantitative interpretation

Recaovery rates and both maximum and mean velocities were calculated from the
breakthrough curves and the discharge data (Appendix 11.11). These results are
summarised in Appendix 11.10.

4.2.1.1. Tracer recovery rate

The recovery rate shows varations for different tracers during the same test. The
microbiologica! tracers (phages) have systematically lower recovery rates than chemical
tracers. This is due to the adsorption processes thst are different for phages than for
chemical tracers. The recovery rates also differ among the phages themselves: H40/1 and
H4/4 have higher recovery rates than H8/1, H2/1, Psf2, f1 and T7. Each phage, as a
function of its structure, has 2 specific adsorption behavior that has bean detarmined in
the iaboratory (Rossi, 1994):

« HE6M has a type QEA (Quasi-Equilibrium-Adsorption) behavior regarding the
adsorption (Grant et al., 1993); the specific conditions (nature of particles in
suspension that can provoke the adsorption) are described in Appendix 1.2
The H6/1 phage behaves generally the same as H40/1 and H4/4. Therefore,

Part N: Variability in transter functions derived trom artificial tracer tests when interpreted with input-
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the percentage of active and viruent HE/1 phages after 180 minutes
{(bacteriophages in @ water solution with Ca-Montmonllonite and separately with
Attapulgite) is less than 10% than for H40/1.

o Psf2, T7 and f1 have prnncipally QEARI (Quasi-equilibrium - adsorption and
reduced inactivation) and QEASS (Quasi-equilibrium - adsorption and surface
sink) (f1 with the Attapulgite) when in contact with some colloids. The
percentage of phages (Psf2 and f1) that are still virulent after 180 minutes is
lowered to 20%, whereas it is about 70% for T7.

o This phage adsorption behavior for colloids is certainly different in situ in the
karst tracer system. The suspended particles in the water are numerous and the
contact time is commonly longer than 180 minutes. The transit time of the
tracer tests varied from one hour to tens of days.

¢ The recovery rales also dapend on the discharge conditions during the tracer
experiment. In function of the hydrological conditions, divergence or trapping
of the tracer can be affective. Recovery rates during “Areusel” were in general,
lowar (including the fluorescent dyes) than Areuse2 where the discharge was
1.5 times higher. Consequently the transit imes were longer for the "Areuse 1°
test. Recovery started after 3 to 4 days and 11 days for the Areuse 1 and Areuse
2 tests, respectively.

Recovery rates of tests dane simultaneously using phages and salt (Maira test site) were
not affected. Tracer tests T45 and T54 have a difference of up to two in their recovery
rates (with and without sait). However, since the discharge conditions differed, it is not @
canclusive result. Some consistent tests could document with certainty the influence of
the salt on phage recovery rates. Marine phages, when they are injected simultaneously
with salt, are centrifuged in order to avoid any further phage production with the host
bacteria. These bacteria in some salty water could remain active longer.

4.2.1.2. Characteristic velocities

Maximum and maan tranait velocities are similar for the microbioclogical and chemical
tracers.. The difference of less than 15 percent is principally due fo 1) the sampling
frequency difference (every 5 to 15 minutes for the electrical conductivity of the water
(NaCl) and typically every 30 to 45 minutes for the phages, 60 minutes at the Maira test
site) and 2) the extrapolation between measurements (in Appendix 11.12). The difference
is greater if the mean transit velacity, calculated at the impulse response center of gravity,
is used. This difference reflects wvarisbility in dispersion for the chemical and
microbiological tracers. In general, the mean velocity of salt and fluorescent tracers is
lower than for phages. The bacteriophage dispersion is less due to that the smaller size of
the bacteriophages (in Appendix 11.12).

4.2.2. Transfer functions

Phages and chemical tracer tests are interpreted in terms of transfer functions. Both
impulse and indicial response are analyzed by deconvolution as described in Part I.

Certain phage breakthrough curves appear to have oscillations. The H6/1 breakthrough
curve in the Areuse 3 test is @ good example (Appendix 11.11). This oscillating efiect was
observed to be stronger for the H8/1 than the H4/1 phages when they were injected
simultaneously in the Lac des Tailleres swallowhole. The H6/1 phage maximum
concentration at the outiet was lower than for the H4/4 phage (14 vs. 90 per ml). No
oscillations were observed on the uranine breskthrough curve injected simultanecusly with
the H6/1 and H4/4 phages. The oscillations on the phage breakthrough curves increase
due to the low number effect and therefore may be ardificial. The phage low recovery
rate is directly relasted to phage inactivation by adsorption or mechanical effects
(turbulent flows). In the case above, the oscillations cannot relate to the hydraulic
phenomena such as divergence within the karst network, or water ievel variations in the
epikarst. If these hydraulic phenomena occur, oscillations wauld also occur in fluorescent
tracer breakthrough curve and this was not the case.
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Due to the oscillating effect it is necessary to proceed to some curve fitting before to
execute the deconvalution operation.

4.2.2.1, Impuise responses

impulse responses sometimes have irregular breakthrough curves and in these cases the
deconvolution process increases them. Before conducting a deconvolution of the
impulse response breakthrough curve, 3 fitting takes place (mabile mean or in the majority
of the case, manual redraw). The phage impulse response and the chemical tracers
transfer functions are not similar. These differences are shown on figures 4.5 and 4.8,
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Figure 4.6.; Impulse responsas of the TS50 tracer test in the MIL3 borehols at Le Maira (JU) with marine
phages H40/1, HE/1 and NaCf salt. _
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There are differences in the beginning of the rising limb of the impulsa response, in the
intensity. The difference in the beginning of the impulse response is caused principally
by unequal tracer sampling frequencies. Sampling with a too large time interval gives
curves which do not have adequate data, in the case of rapid transit, t0 get more than one
maasured point before the maximum concentration is observed. The T47 test at Bure
(borehole MIL3) is a good example in that the sampling for the phage was done with a 45
to 90 minute frequency, whereas the electrical conductivity of the water was recorded

every 15 minutes (Figure 4.9. ).
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Figure 4.9.; Impulse responses of the T47 tracer tests at Le Maira (JU) with marine phages H40/1 amd
He/t and NaCl sait.
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Due to this sampling frequency difference, the phage impulse response begins almost
directly from the start, whereas the salt response appears to be delayed by 170 minutes.
The early phage detection modifies the intensity and increases the duration of the phage
impulse respanse. A similar effect can be observed with test T51 which was performed in
the same borehole as far test T47. The maximum concentration peak is not the same.
The H6/1 phage impulse response shape is bi-modal, whereas both the H40/1 and the salt
impulse responses have one peak.

4.2.2.2. Indicial responses

Tracer test indicial responses of in Figures 4.10 to 4.12. They are plotted as a function of
their test site and for the Maira test site, as a function of their injection point (MIL3
borehole and point 1).

The 0.2, 0.5 and 0.8 percentiles gradients were calculated and they are relative values
without any explicit physical meaning. They ara principally dependent on dispersion,
adsarption and stagnant water effect in the tracer system.

» At Mafra, in genersl, the mean gradient at the 0.2, 0.5 and 0.8 percentiles are 86, 85.5
and 72.4, respectively. The phage and salt difference at the given percentilas
averages only 0 to 5 percent, with exceptions of 25 to 37 percent for the T43, T50 and
T51 tests at the 0.2 and 0.8 percentiles.

o At Areuse in general, the mean gradient at 0.2, 0.5 and 0.8 percentiles are 867
(86.5)%" 84 (85), and 78 (79), respectively. The percentile gradients do not differ by
more than 10 percent for the phages and fluorescent dyes. The largest differences
occur in the 0.8 percentile gradient. A difference also exists among the fluorescent
dyes. The injection conditions may influence this difference. The injection duration
is not always the same for the dyes and phagas.

The Areuss indicial responses are generally similar for all tracers. At this site, the
sampling frequency was idantical far the tracers in all cases. In addition, both tracers
had similar analytical accuracy.

» Al Nolraigue, for the NOIR1 and NOIR2 tests, the difference among the percentile
gradients is less than 5%. Qne exception was that the duasyn 0.8 percentile gradient
for NOIR2 was lawer than for the phages. As at Areuse, the sampling frequency was
similar and therefore cannot be used to explain the difference in gradient The
gifference may be due to higher dispersion of the other fluorescent dye compared to

uasyn.

4.3. Perspectives and comments

It is possible to interpret phage respanses in a similar way to classical fiuorescent dyes, in
terms of transfer functions, even if they have raoovery rates consistently 30 to 50 percent
less than chemical tracers.

Phages, due to their size and structure, behave like a vertebrate pathagenic virus and
bacteria. The transfer functions derived from phage responses have the same error as
contaminants.

PArguse - Lac des Tailléres swallowhole
“Arpuse - Belie Perche swallowhole
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Figures 4.10.; Indicial responses for iracer tests parformed f[a] from the MIL3 borehole during falling
timb period, fb] from the MIL3 borehole in a base flow recession, and fcj from Point 1 injection,

1.00€+00
9.00€.01
8.00E-01
TAH0E.01
4.00E.0r
5.00E.0t
4.00E-04
J.0QE.0%
2.00E.00
1.0dE-01
0.00E-00

," T57 1
Vi 157 T7

¥ + + + ——t t
0 200 100 &00 0o t000 1200  1ad0 16Q0  1BOO
Time afle Injeclion dale {minutes}

Ta7 1 A0 e
1.80€.00

5 .00E D1
B.00ED1
T.O00ED1
&.00€.01
5.00€E-01
4.Q0E-01
A00E-Ds
200E-01

1.00E 01

0.00E-00 +* y + 1
800 1090 1200 1400 %00

Time alyer impection care (minuies)

1O0E00 T %y - el e e e

£.00C-01 ¥
15457012

Toaman
£.00€-01 %

4.00E01 ¥+

200800 £

0.GOE 00 $= + - + b - + {
4 200 400 §00 800 1000 1200 1400

Time afiel Injaclion date (minuten)

Part |I: Variability in trensfer functions deriveg from artificial tracer tests when interpreted with input-

response models

g7



Advances in karst groundwater protection strategy using adificial tracing tests analysis and
multiattribute vulnerability mapping (EPIK methed)

1.0 -
ARENOVOIU ARENOVEIS
IV
[a] 0B ARENOVES
0.6
0.4-
~,
AREFEVRILH
0.2
oo 3 T T T i
4] 200 A0 201] BOO L]
Time howrs
4
2
‘.0-! o
YRR
0.6 ;
Q.44 :
oo T T T 1
i} 5 0 150 200
[ ] Time howrs
1.0y
Uramine
0.8+
0.6
08—
1
0.2+ s
‘:‘;l
0.0 T T 1 )
4] 200 40 B F-Lili] 1000
Time hours

Figure 4.11.: Indicial responses for Lreuse (Folded Jura) tracer tests during base flow recession : [a]
tesi 1883 (Fabruary and November), [b} Taill 1 test and [c] Taili3 test,

Part II: Variability in transfer functions derived from attificial tracer tests when intarprated with input-
response models



Advences in karst groundwater proiection strategy using adificial tracing tests analysis and
multiattribute vulnerability mapping (EPIK method)

§
2
&
£ nomes NOJR2H4
1.0 N 7 e s
f
0.8~ ;
I,‘Normm NOIRID
0.6 !
0.4- ~
NOIRIU
!
0.2+
.'!II
0.04== i ] T 1
0 400 600 800 1000
Time howrs

Figure 4.12.; indicial responses for Noiralgue (Foided Jura) tracer fests dunng in falling fimb conditions.

The major difference between phage and classical dyes transfer functions concerns
principally the 0.8 percentile gradients. This is due to 1) the concentration efror on the
racovery curve, and 2) differences in specific adsorption processes and dispersion.
Phages, because of their size, have lower dispersion during transport than fluorescent dyes

or salt.

Phage recovery curve irregularities resulting from number and adsorption effects can be
adjusted manually by digitizing or automatically by mobile mean. [n this way, important
oscillations can be aveoided after the decanvolution operatian.

According to faboratory inactivation tests (phage solutions in contact with clays,
agitation), more than 90% of phages are inactiveted safter three hours (Rassi, 1994).
Recovery rates after several hours to several days of underground transit in water prove that
in the natural environment phages are more resistant to this type of inactivation. Some
phages, when adsorbed on colloids, become lemporarily protected and consequently
retain their virulence, This effect may be due to the flow regimes in karst aquifers which
aoccur under both laminar and turbulent conditions.

Marine bacteriophages are good potential tracers in karst environments. The problem of
retained background levels of moderate binlogical activity is avoided. These background
levels can distort microbiological tracer recovery curves for phagee such as T7 and f1,
Escherichia coli vinons, particularly when T7 and f1 have low concentrations.
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Chapter 5.

Interpretation of repeated tracer tests with the CONVOX
mode}

5.1. Introduction

« The transfer of water, on one hand, snd the transport of tracer on the other hand, are
connacted by refetions thet sre nsither simple nor necessarily unique when the discharge
fluciuates » Guizerix, Margrite, Molinan et al., 1970 {free translstion).

In order to test tracer system invanance, repeated tracer tests are performed under various
discharges.

Five different racer-systems were considered: three of them are located in the Maira test
site [point 1 (natural hole in a sinkhole (dolfine)), boreholes MIL3 and MIL7] and two in the
Areuse catchment [Lac des Tailleres swallowhole and Belle Perche swallowhole]. Tracer
tests were thus made from 3 to 8 times in the same injection peint either in the Maira test
site or in the Areuse catchment.

The veriance analysis of 0.2, 0.5 and 0.8 percentile gradients of the indicial responses
allows study of the variability of the tracer tests done several times with the same injection
point. This answers the question: Are the gradients significantly different from one test to
another considering the discharge of the sampling point ?

Certain of these repeated tracer expenments were interpreted with the CONVOX mode! of
Dzikowski (cf. chapter 2., Part |}. Simulating the transfer function (impulse function or
RTD) ot & tracer test for given conditions (discharge, mass flux) from a reference test allow
us to obtain information about the tracer system by comparing the result of the simulation
and an experimental transfer function. In order to fit the simulated response to the
experimental respense, the concept of a dilution rate is introduced. Comparing the
simulated and experimental curves shows that variance can exist in the tracer-system for
different discharges. This is impertant to know to answer the following two questions: Is the
tracer-system always the same under verious hydrological conditions, under various
discharges? and, Does the system possess a constant water volume or & variable water
volume when it is carrying the tracer ?

Part H: Variability in transfer functions derived from artificial tracer tests when interpreted with input-
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5.2. Statistical analysis on repested tracer tests

The gradient was calculated at the 0.2, 0.5 and 0.8 percentiles of the transfer functions
for the repeated tracer tests. A classical statistical analysis on these values was carried
out. The results are in the following table 5.1.

Tehle 5.1.
Statistics of the 0.2, 0.5 and 0.8 percentile gradients for the repeated test transfer
functions
Maira Pt1 minimum maximum mean etd.
Deviation
gradient at 0.2 | 88 - 0,035 90-0 89.25 - 0.013] 0.98
gradient at 0.5 | 87 - 0.052 90-4 884 - 0028 11.37
radient at 0.8 | 86 - 0,07 90 -0 B78-0.03¢ |1.7
Maira MIL3
gradientat 0.2 | 81- 0,76 87 - 0.052 85.2- 0.084 |18
gradient at 0.5 180-0.77 87 - 0.052 83.7-0.11 2.3
gradient at 0.6 |68- 0.4 82-0.14 77.1-0.23 54
Maira MIL7 :
gradient at 0.2 | 82 - 0.14 89-0017 87.5-004 |28
gradient at 0.5 | 85.5- 0.08 88 - 0.035 871- 005 0.9
| _ gradient 8t 0.8 [74-0.23 88 - 0.035 82.7-0.13 532
Belle Perche
swallowhole
gradient at 0.2 | 80- 0.17 86 - 0.035 84 - 0.10 5
gradientat 0.5 |78 - 0.27 88 - 0.035 83-0.12 7
gradient at 0.8 | 70- 0.36 85 - 0.087 87.5-0.044 |10.6
Lac Tailleres
swallowhole —
gradient at 0.2 [82-0.14 8d - 0.017 86 -0.07 3.5
gradient 5t 0.5 | 83-0.12 87 - 0.052 85 - 0.088 2
gradient at 0.8 {80-0.17 §2-0.14 81.3-0.15 1.2

0.017 vaiue of the slope calcutated from the fang Of where a is equal to B¢ - gradient vahie.

The transfer functions on Figure 5.1 shows that there was good reproducibility among the
tests in surface point 1, borehole MIL3 and beorehole MIL7 in the Maira test site that were
repeated several times, The standard deviation values show the greatest variability at the
0.8 percentile gradient.
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Figure 5.1 fa]: Trensfer funcfions - fndicial responses - of repeated fracer lests in three different
tracer-systems in the Maira fest site: surface point 1. _
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Figure 5.1 [bj.: Transfar functions - indicial rasponses - of repealed tracer tests in three different
tracer-systams in the Maira fest site : borehole MIL3.
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Figure 5.1.fcj: Transfer functions - indicial responses - of repeaied fracer lests in three differant
tracer-systems in the Maira test site: borahole MIL7.

The repeated tracer tests were performed under similar base flow recession hydrological
conditions. The only factor able to influence the variability of the gradient is the
discharge. There was no significant difference ‘among the gradient values over the
discharge range that appeared as a result of the variance analysis.
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Systematic study of repeated tracer tests (24 times) had been camied out in the Mendip
Hills, Somerset by Stanton & Smart (1981). They showed that time is inversely
proportional to the mean discharge of the spring. The higher the discharge, the shorter
the time, as implicitly expected.

Figures 5.2 and 5.3 shows that for the repeated tests in the MIL3 and MIL7 borehole there
is 8 dramatically decreasing modal time when discharge increases. When the discharge
is higher than 50 Ifs, the madal time is in the same range of values. For the repeated
tracer tests in the Areuse catchment or from surface point 1 in Le Maira test site, the
number of repested tracer test is too small to definitively establish this relationship (less
than 5 repeated tests).
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Figure 5.2: Reiation belween moda! time and discharge rate for repeated lests in borahole MIL3.
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Figure 5.3' Relation befween modal time and discharge rafe for repeated tests in borehole MIL7.

The relstion between the discharge rate at the spring and the gradient of the transfer
function at the given percentiles is nat very obvious. It appears that the gradient at 0.5
percentile is proportional to the discharge. The higher the gradient, the highar the
discharge. In other words, the higher the discharge, the higher the maximal intensity of
the impulse response, the lower the dispersion {Figures 5.4, 5.5). For the other repeated
tests, the variation of the discharge is too small to definitively establish this relationship
(Figure 5.6). For the repeated tracer test in both the barehole MIL3 and the surface point
1, the discharge range is from 20 to 90 l/s, when for the repeated tests in the borehole
MIL7 the discharge range is from 20 to 250 ls.
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Figure 5.4. : Plot gradient values at 0.2, 0.5 and 0.8 percentile versus discherge for the repeated
tracer tests performed in the borahola MILY in tha Maira last-site.
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Figure 5.5. : Plot gradient values ot 0.5 percentile versus discharge for the repeated tracer tasts
performed in the Lac des Tailléres swallowhole.
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Figura 5.6, : Plot gradient valves at 0.5 percentile versus discharge for the repeated tracaer (ests
performed in the borehola MIL3 in the Maira test-site
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5.3. Interpretation of the repeated tracer tests with CONVOX
5.3.1. Results

{(a) Areuse water catchment - Lac des Tailléres swallowhole

The uranine test in the tracer-system Lac des Tailleres swallowhole - Areuse spring was
carried out in February and November 1993 under different discharge leveis. The impulse
response of the Noveamber 1993 test was simulated, using as reference, the February 1993
results.

In order to have an optimal simulation of the transfer function, following dats related to
the dilution rate are considered:

Qs/Qreal = 0.88 (a) or 0.8 (b) for the reference test.

Qs/Qreal = 0.96 (a): constant discharge (mean value of the discharge) for the simulated
response.

0.7 (b). variable discharge versus time (discharge tydrograph) for the
simulated response.

The data of the simulation are in the following table 5.2.

Table 5.2. _
Data for the refarence test and simulated response
Injected mass Discharge Ditution rate
Reference test 3.8 kg (recovered mass} | 51°000 I/min 0.88 {e)
Arefev93fiuo 0.8 ()
Simulated test 2 kg (recovered mass) as | 70800 l/min (a} 0.96 (a)
(experimental response: instantaneous injection history of discharge|0.7 (b)
Arenova3flucy during the recovery
duration {b)

Figure 5.7 shows the difference between the two simulated curves (g) and (b) and the
experimental response. The experimental curve shows an abrupt falling limb after the
peak, resulting in an interruption of sampling due to freezing. But, the second peak of the
experimental curve and the consequently longer tdiling effect are not present on the
simulated curves. '
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Figure 5.7.: Simulated (a and b) and experimemal curves of the Arenov93fluo lracer tgst using as
reference test Arefev93fluo - Areuse sprirg.

(b) Maira test site

b.1. Borehole MIL3 as entrance of the tracer eystem MiL3-upper Milandrine

Three tests T47, 760 and T51 are considered using test T47 a8 reference test The
responses corresponding o the initial conditions of tracer tests TS0 and T51 were
simulated. The data of the optimal simulations are in the table 5.3.;
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Table 5.3.
Data for the MIL3 barehola tracer test aimulations
Mass injected Discharge Dilution rabe
Reference test 173 kg 4065 I/min 1
T47 amont
Simulated test 288kg during 10 minutes | 5238 I/'min 1
(experimantal test T50) in 3 successive
injections
Reference test 173 kg 40865 /min a) 0.85
T47 amont b) 0.95
¢ 1
Simulated test 163 kg during 2 minutes | 1796 I/fmin a) 0.55
{experimental test T51) in 2 injections. ) b)0.8
¢)0.85 with a mass of
90kg during 2min.

Figures 5.8 and 5.9 show a difference essentially in the falling limb of the curves. The
simuiated curve has either @ too abrupt falling limb or the smallest gradient in comparisen
to the experimental curve. The amplitude of the simulated curves is in the same range of
the =xperimental one.

For a discharge rate in the same range as the reference test, no extra dilution is required
in order to simulate the TS50 tracer test. The tracer-system appears to be invariant under
this condition. But for smaller discharges on the order of one-half of the reference
discharge, it is necessary to take into consideration a dilution rate in order to fit the
simulated curve to the T51 expenmental curve.

. T50 exparimental

1ftime * 107

Time steps (;lntstp=1mn)

Figure 5.8.; Simulated and experimental impulse responsa of the TS0 tracer test using T47 as a
reference.
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Figum 5.9.: Simulated and expenimental impulse rasponse of the T57 tracer test using T47 as a

reference.

b.2. Borehole MIL7 as entrance of the tracer system MIL7-upper Milandrine

Three tests T24, T23 and T40 were simulated using the T40 test as 2 reference. The dats
of the optimal simulations are in Table §.4.

Table &.4.
Data for the MIL7 borehole tracer test simulations
Mass injected Discharge Cilution rate
Reference test 495 kg 14°408 L/min 1
T48 amaont
Simulated test 50 kg during § minutes 1518 Vmin 0.2
Seﬁerimantal test 1"23!
Reference test 485kg 14°408 Vmin 2)0.85
T48 amont b) 0.95
__ c) 1
Simulated test 30 kg during 50 minutes | 1380 I/min 0.28
sexgarimental test T24! instead of 39.5k
Reference test 485 kg 14’408 Vmin 1
T48 amont -
Simulated test 54 kg durng three| 1512 Vmin 0.05
{experimental test T40} injections of 3 minutes
{instead of B0 kq)

Figures 5.10, 5.11 and 5.12 show that if the amplitude of the curves are simulated well,

the tail effect and the less abrupt end of the falling limb of the experimental curves differ
only slightly from the simulated one. The derivation is more different in the case of the
simulation of the T40 test.
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Figure 5.10.: Simufated end experimental impuise response of the T23 iracer tast using T48 as e
reference.
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Figure 5.11.: Simulated and experimental impulse response of the T24 tracer test T24 using T48 as 2
reference.
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Figure 5.12. Simuiated and exparimental impuise response of the T40 tracer fest using T48 as a
reference. '
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If the T23 experimental test is simulated correctly with a dilution rate of 0.2, for @ similer
discharge range, it is necessary to use a dilution rate of 0.05 and to lower the value of the
recovered mass in order to simulate the T40 tracer test.

b.3. Surface point 1 ae entrance of tha tracer system point 1-upper Milandrine

The tracer experiment T45amont was simulated using the tracer test T4damont as the
reference test. The data of the best simulstion sre in Table 5.5.

Table §.5.
Data for the Surface Point 1 tracer test simulation
Mass injected Discharge Dilution rate
Reference test 48.5 kg 3900 I/min 1
T43amont
Simulated fest 34 kg during 20minutes | 1413Q I/min 1
(exparimental test T45) ;i::) gnsfaa?igggeg kgt}ime

Figure 5.13 shows the difficulty associsted with attempting to simulate @ multi-peaked
curve. The long tail of the T45amont experimental curve T45 amont was not able to be
matched. The two major peaks were taken into account with the simulated curve.

745 simulated

e 1.50E+04
f 1.00E T45 experiment
£
2 5008403
0.00E+00
50 100 150 240
-5.00E+03

Time steps {1tstp=1mn)

F{?ure 5.13.; Simulated and experimental impulse response of the T45 tracer tast using T43 as a
reiamnnce.

5.3.2. Comments

With these transfer function simulation examples of various discharge conditions, it is
apparent that the water volume is rarely constant. The tracer-system is not invariant
under various discharges at the outlet. For the simulated curve to match the experimental
one, it is necessary to introduce a dilution rate.
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Under different hydrological conditions, the tracer system can be the same or it can vary.
The variation can be related t0 volume. However, changes in volume do not necessarily
represent a different or new tracer system, pacticularly if the system has an unsaturated
component as part of the karst network (Figure 5.14.).

water unsaturated

TRACING-SYSTEM TRACING-SYSTEM
FOR DISCHARGE O1 AND Q2 FOR DISCHARGE Q3
(A) (B)

Figure 5.14. The veriance of a fracer-system as & result of varous discharges, (Qi): schematic
ilustration of the real fracer-system.

In order to have a satisfying simulation, an input function that was often different from an
impulse had to be considered.

In some cases, simulation required considering additional dilution rates and modifying the
amount of mass injected.

in the four various tracer-systems considered, it appears clear that it is difficult to fit all the
curve. The tail, according to the reference curve, is usually under estimated or non
existent. The double peaked nature of the curve is simulated using a double peaked input
function. Generally, we assume that a double peaked curve is due to either variable
discharge during the recovery period or to the structure of the tracer-system. For the
structural reason, one path is considered more or less sinuous and there is one or more
connections in the high permeable volume of the tracer-system.

5.4. Conclusions )

If repeated tracer tests demonstrate vaniability, it is characterized by a low to insignificant
degree especially for the 0.2 and 0.5 gradients. The variability of the 0.8 gradient is
directly linked to the difficulty of fitting the tail of the impulse response with the CONVOX
model. This reflects the variance of the tracer system. The injection procedures were
identical for all tracer iests as wera the varistion of the tracer dispersion and retardation
factors.

The CONVOX model of the reference response allows transforming the reference response
using experimental data from at least two tracer tests.

It was assumed that the tracer system does not depend upon the hydrodynamic conditions.
For variable or constant water volume, the tracer system is considered to be the same.
Based on the above results, we conclude that the tracer system is not the same under
vanous discharge rate. Moreaver, when taking into-account a dilution rate that accounts
for the variable water volume of the system, it appears necessary fo add a dilution effect
on the injected mass. This reflects the variance of the tracer-system. Under various
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discharge rates, the flow systems are modified and the tracer-system is different. This was
verified using simulation tests of tracer tests from the Areuse and the Milandrine
catchments.

The tracer system of aﬁ experiment done under given discharges is far from being unique.
It is necessary to conduct @ number of repeated tracer tests in order to determine over
which discharge ranges the tracer system is not changeable.

The use of this kind of model for pollutant simulation is therefore limited or requires an
adequate number of tracer tests to datermine the discharge range for which the
simuiations are realistic.
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Chapter 6

Summary of the results

1. Companng Iransfer functions from tracer tests performed in varnous karst aquifers has
been done for the first time. A variability in transfer functions indeed exists. This
variability principally reflects the two- and three-dimensional heterogeneity of physical
parameters inherent in karst aquifers.

2. Mean ftransfer funclions from the Alps frem the Jura can be distinguished without
considering hydrological conditions. In ihese cases, the transfer functions are
dependent upon the 1) injection point, and 2) structure, i.e. ratio of unsaturated to
saturated conditions. Therefore, transfer functions for typical injection conditions ¢an
be used to evaluate vulnerability zones or delineate realistic groundwater protection
areas.

3. Although hydrological conditions are not significant, it is still important to identify at
what point on the hydrograph, the tracer recovery pericd occurs. Tracer test data for
all geclogical settings were available for the most part for tests done during base flow
recession.

It is possible to interpret bacteriophages in terms of transfer functions. This is true despite
the fact that their recovery rates are consistently lower than those of classical tracers. The
major difference between phage and classical tracer transfer functions is the degree of
dispersion and the adsorption. The adsorption of the phages on particles in the aquifer
and the dispersion of phages are lower than for classical dyes, due to their size.

5. Transfer functions determined for tracer tests that were repeated under essentially the
same conditions show only a smal variability for the 0.8 percentile gradient. This
variability is linked to the difficulty o fit the entire, particularly the tail of the curve
using the CONVOX model. Those differences reflect the variance within the tracer
system. The system influenced during a tracer test under a given discharge can
change from one test to another. It is still necessery to repeat tracer tests to determine
in which discharge range the tracer-system is invariant.

6. There is legal requirement to determine protection zones. The typical way of doing
this relies heevily on tracer test breakthrough curves. However, due 1o limited funding,
there are rarely an adequate number of tests to adequalely perform this evaluation.
Therefore, there is typically a large error in the interpretation. This error is consequently
related to transfer functions. In order to increase the feasibility of effective use of transfer
functions, we recommend the use of a field fluorometer or conductivity meter for salt
tracers. Two preliminary comparison tests of the manually sampled recovery curve and
recovery curves that result from a continuous record of fluorescence are very promising.
The difference in the amplitude of the maximum concentration peak is less than 5%
compared to laboratory analysis. We used a prototype flusrometer developed by Schnegg
and Costa of the Institute of Geclogy, University of Neuchatel.
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Part Il

Intrinsic vulnerability mapping of karst aquifers
based on a multiattribute approach - the EPIK

| method -

Chapter 1

Swiss water protection law .

Water quality problems from agriculture and to a lesser extent industrial contaminants occur oo
frequently during the year, in karst watercatchment. A new approach of outlining the protection
zones in karst areas has been developed tc improve this situation, and to assist enforcing the new
Water Protection Law. The approach was developed with cooparation among tha Swiss National
Hydrolegical and Geological Survay (SNHGS) of the Federal Office of the Environment, Forasts and
Landscape (FOEFL), another unit of the FOEFL and Hydrogeology Center of the University of
Neuchétal. This appreach, an overday index mathod which takes into account the particular
hydrogeologicat behavior of karst aquifers, is the result of this thesis research work. This new
approach, specitically dedicated fo cafchmants in karst environments, is explained in Part [Il.

1.1. Water protection

The new federal law on protection of water came into effect in November, 1992. The basis for
surface and subsurface water protection in this law (Leaux, 814.20) gives more emphasis to the
quanfitative protection of natural waters than the previous iaw Preventive measures are particularly
preterred for quality issues.

Protecting subsurfece water for quslity purposes requires, in particular, outlining groundwater
protection zones. Guidelines for dalineation of protection zones for groundwater in different
hydrogeological settings (porous media, fissured aquifers and karst aquiters) were detined in the
seventies, and revised in the eighties. New guidelines end reguiations to implement the new law
are still in pragress. The multiattribute overlay method « EPIK » has been developed to apply this
new law in karst environments.
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1.2. Definition of protection zones in karst terrain

1.2.1. Introduction

In Europe, many karst areas provide water supply resaurcas which play an important role for the
development of large regions. Abaut 35 percent of Eurgpe is made up of carbanate rock outcrops.

In Switzerland, karst areas correspond mainly ta: Jura (Tabular and Folded Jura, fram Geneva to
Basel), narthem slopes of the Alps including the Prealps and, some areas in the sauth-eastern part
of Switzertand (Austroalpine damain) (Tripet et zl, 1995). These regions commonly have
agricultural and forestry activities and are centers of important tourism and industrial development.
Mast of their water supplies are provided by karst subsurface water in the form of springs and
capture structures such as wells or water galleries. About 15 percent of groundwater used far water
supply is provided from karst areas in Switzerland.

Karst waters represent an important natural resource which needs protection. Protection zonas are
definad 1o reach certain qualitative pratection goals.

1.2.2. Protection zones: definition and restrictions

According to the Water Protection Law and related regulstions, three different zones have to be
outlined in the water calchment of a water supply:

« 2Zone 51: This zone has 12 1) protect the supply source agsinst damage and 2) prevent any
diract pollutant penetratian into the subsuriace water flowing to the source. Far this reason,
supply sources such as wells or springs and distances of from 5m to 10m around the source and
infiltration points {swallowholes, fissured zanes) are defined as zone S1.

« Zone S2: This zone has to 1) provide 2 sufficient protection against microbiatagical
{bacteria, viruses) and non-degradable contaminants and 2} allow enough time for emergency
actian in the case of an accidental spill.

In accardance with 1982 guidelines tor outlining protection zanes, sll areas of 2 water catchment
where rapid surtace water infiltration could reach the supply source in a short period of time (few
days) are to ba cansiderad as zone S2.

+ Zone 53: This zone should provide additianal safety. It cauld in many casss, correspond to
the rest ot the catchment not covered by zanes S1 and S2. This is s buffer zone between
zones S1, S2 and the adjacent so-called protection sectors or perimetars. Generaily, the S3
Zones corresponds ta the rest of the catchment.

If, under present regulations, protection of the whaole catchment area is not required, in many cases
the whola caichmeant is associated with zones S1, S2 and $3. In the case where there is a
protective cover of low permeability and cansiderable thickness, such areas could be unger less
land use restriction as persistant and mobile contaminants may not reach the saurce as easily, for
example, runctf and loss into a swallowhole. This questian is currently under discussian.

Particuler lend use restrictions are assigned ta the three zanes. In S1, no activity is allowed except
the growth of natural grass without fertilizers. The S1 zone is physically delineated with fences end
is commonly the property of the water supply egency. In S2, construction activities, among others,
are not allowed and there are restrictions regarding agricultural and forestry such as the limited use
of fertilizers and other chemicals. In S3, industrial plants are subject to restrictions. Quarrying end
waste disposal are not allowed in any of the three zones (Tripet et al, 1995; Coertliger & Zwsahlen,
1985). - :

To date, protection zones for all Swiss karst areas heve been defined eccording ta the existing
guidelines. Despite this important step, these current prolection zones pravide incomplete
protection due partly to the inadequate hydrogealogical foundation upon which they were defined.
In general, §1 and S2 zones usually do not encompass a wide enaugh area whereas the S3 zone is
commonty oo extensive (gimost over all the catchment) (Doerfliger & Zwahlen, 1995). To develop a
new approcach to outline realistic and effective groundwater protection zones in a Karst
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environment, economic cansiderations also needed to be taken into account. The mulii-attribute
approach has to be able to be used cost-effectively by consulting geologists under contract to local
communities or the state. Relatively straightforward methods are required for them to be able to
determine the attributes in the field and within a reasonable time according the catchment size.,
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method.
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Chapter 2

The vulnerability mapping concept

Vulnerability definition

The tarm vulnerability was used in the sixties in France, intraduced as a scientific term in
hydrogeological iiterature by Margat and Albinet (1971). In the seventies, several vuinerability maps
were established in various European countries.

Vulnarability has been used as cartain zonas were more sensitive than other to the contaminant
intiltration to tha subsurface waters. In technical iitereture, several definitions of vuinerability exist.
In the framework of this thesis, the vulnerability term is defined, distinguishing the intrinsic and the
spegcific vulnerability, as fallowing:

intrinsie vuinerabillty reprasanta the inherent hydrogeological and geological
characleriatica which determine the senaitivity of groundwater to contamination
by human activitiea.

This definition is in agreement with the definition of Foster (1987) and Daly et al. (1994), as reportad
in the COST action €5 final report (1985). A delfinition of aquifer vulnerability is proposed by Foster
and Hirata (1988) and Adams and Foster (1992} as in Robins et al., (1994):

* Aquiter vuinerabillty is a function of the intrinsic properties of the overiying
acil and rock ceolumn or unsaturated zone of the aquifer, with the riak of|
groundwater poliution dependent on the interaction of the “natural” aquifer
vuinerabllity and the subsurface contaminant load imposed by human activity. ”

The contaminant’ load imposed by human activity can be due to localized releases from sources
such as hazardous waste disposal sifes, municipal landfills, underground storage tanks, gas and oil
pipelines [point-source] and to substances released at or naar tha soil surface in a dispersed
mannar such as fertilizers and pesticides [non-point sources].

Intrinsic (also called general or natural) vulnerability refars essentially to risks associated with nan-
point sources. Point-sources can be put on a potential pollution risk map, and cormbining such a
map with a vulnerability map of a catchment provides an excellent tao! for the groundwatar manager
and water protection officials. - -

Imtrinsic vuinerability, as opposed to specific vulnerability, considers al kind of contaminants.
Specitic vulnerability is defined tor a givan contaminant that is characterized through particular
properties, that could be diffarent from one contaminant ta ancther. The assessment of specific
vulnerability requires consideration of the charactenstics of the aquifer relative to the contaminant
and the contaminant itsalt, in addition to intrinsic hydrogeological and gealogical charactaristics.

Tha approach daveloped in this thesis contributes 1o outlining protection zones in karst aquifers
considering only intrinsic vulnerability. Specific vulnarability is not included. Intrinsic vulnerability to

' Contaminant: All undesirable solutes not usually present in water, introduced inta the hydrologic
environment ere referred to es contaminants regardiess of ‘whether or not the cancentration is hammful to
heaith. The term pollutant, is reserved for ceses where contaminant concenlration aitsin cnitical levels that
are considarad 1o be abjectionabla (after Freaze & Cheny, 1979).
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a contaminant in a typical pallution scenario has no precise meaning following Andersen & Gosk
(1987) and Adams and Foster (1992). Instead, thay suggest carrying out specific vulnerability
mapping for individual contaminants.

However, the concept of intrinsic vulnerability is necessary to provide as much as possible
unbiased infarmation, the basis to proceed to protection zones autlining in karst aquifer. That is the
first step needed to outline protection zanes.

As wulnerability is not a physical property, it cannot ba measured; it has to be assessed. The
assessment of the vulnerability reflects the probability that cantamination will easily occur in an
aquiter. In this sense, the wulnerability assessment is a predictive statement such a weather
farecast is (CTAGWA, 1993),

2.2. Vulnerability and karst fissured aquifers

Karst aquifers are charactenzed by dual porosity/pemmeability environment with a highly
hatarogeneous structure with higher conductivity in underground channels surrounded by lower
conductivity blocks. Recharge from the surface is either diffuse or concentrated (Doerfliger &
Zwabhlen, 1995). Consequently, karst aquifers possass a particular hydraulic behavior generating
springs with strong flood peaks of short duration followed by lower flow rate, long duration
depletion curves (Tnpet et al., 1995).

Consequently, the floods caused by rapid infiltration concentrated within very permeable areas are
swift end vialent and the filtration and euto-purification processes da not have enaugh fime to
develop as they do in the interstitial porosity aquifers {Doerdliger & Zwahlen, 1995).

There is & high range of flow velocities as datarmined from to dye tracer experiments in karst
aquifer. Due to the hydraulic conductivity structure heterageneity in particuler, the residence time
of groundwater is not a simple function of the distance betwean a given point of the catchment and
the spring. Variability of the transfer functions (Fart I) also illustrated the important spatial
heterogeneity of karst aquiters physical characteristics. Therefore, concentric protection zones
used for water supplies in porous media are not appropriate to karst aquifers (Tripet et al., 1995) and
an input-response or black-box model is also inappropriata to deal with this spatial heteraganeity. A
single mean transfer function is nat representative of an entire catchment.

Becausa of karst recharga and subsurface heterogeneity, parts of a catchmant will be mare
sensitive to cantaminants than others leading to variable degrees of vulnershility. Determining
these degrees within ane catchment is tha goal of the vulnerability concapt.

The vulnerability concept is therefore based on a conceptual parametric model of the karst aquifer
(Part 1, Section 2.2).

2.3. Overlay method : multi-attribute and index mapping

2.3.1. Overview of vulnerability mapping

Groundwater vulnerability maps are classified as interpretative groundwater pmtection maps
(Zaporozec, 1989). As apposed to hydmgealogical maps, these vulnerability maps da nat show
the elements of a groundwater system. They only show some specific charactaristics of alemants
related to vulnerability in the subsurface (Vrba and Zaporozec, 1994).

Groundwater vulnerability maps are used for groundwater protection planning and decision-making.

2.3.2. Summary of overlay methods

The vulnerability assessment approach is illustrated with the four phases shown on the flow diagram
in Figure 2.1,

The first phase of the essessment is to define ralevant attributes corresponding to those
parameters in the cancepiual madei that represent the hydrogeological characteristics of a given
setting, in this case, karst. The second phase is ta use indirect and direct mathods in the fiald to
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determina tha range ot attribute values and Y0 establish representative afiribute maps. In phase
three, a GIS system is used to overiay and apply weighting of the attnibutes. The fourth phase is to
validate the vuinerability maps and to translate them into groundwater protection maps.

Vuinerability maps are usually based on evaluating conditions which take into account geology,
hydrology, and sail characteristics {(Part 2, Figure 1}.

The basic sttributes that should be known to assess groundwater vuinerabi!ity ol any
hydrogeological aetting are subdivided in parameters according 1o Vrba & Zaporozec (1994) in the
Table 2.1.

Table 2.1.
Attributes of groundwester intrinaic vuinerability and their parameters
Primary importance
Attribuies
Racharge Sail Unseturated Zone [Satureted Zone
Peremeters
Principat - net annual recharge | - texture - thickness - lithalogy
- annual precipitation | - structure - lithology - thickness
- thicknass .| - water travel time - efficient porosity
- organic matter « hydraulic
content conductivity
- ciay content - groundwater fiow
- permeability direction
- age and rasidence
time
Supplementary | - evapatranspiration - Catian exchange - weathering rate - storage capacity
- air temperatura capacity - permeability - transmissivity
- carbonate cantent

These atiributes are of pnmary importance whereas others such as topography, underlying
geological unit of aquifer, contact with surface and sea water ara ot secondary importance (Vrba and
Zaporozec, 1994).

Vulnerability is assessed by overlaying the various attribute maps and using a waighting system
{Part 3, Figure 2.1). such as a hierarchical system, parametric systern, analog ar numerical models.
These above listed methods are part of the assessment:

Higrarchical systems: are established for tha hydrogeological complex and to set (HCS) methods
of assessing groundwater vulnerability. It is 2 system besed on comparing a given area to criteria
representing vulnerability conditions in other areas, such as other catchments or aquiter systems.
This method is usad commonly to evaluate vuinerability of various hydrogeological settings at a
medium to large scele, covering canton or national temitories. This method results in a relatively
qualitative assessment {Civita, 1990b).

Part |1I: Intrinsic vulnerability mapping of karst aquifers based on a multiattribute approach - the EPIK
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GENERAL GOAL:
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Figure 2.1. : General flow diagram describing the vulnerability assessment procedurs using an overlay
method
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The parametric system method includes (Vrba and Zaporozec, 1994) .

+ the matrix eyatem: this system uses st lsast two categeries of attributes subdivided ina cenain
number of parameters. The two attributes and their parameters are the two compeunds Xn, Ym
of a matrix NxM. N is the number of parameters of X, M the number of Y, respectively. The
combination of X, and Y,, provide a relative degree of vulnerability {frcm extreme to low through
high and moderate, for example).

« the rating system: this system is derived from the 'Le Grand system' (Le Grand, 1984 and
1983). A range is sttributed to sny parameter judged adequate to take intc account in the
vulnerabllity assassment. The range is divided, according to the variation interval ot sach
parameter. From any point of the assessed area, the rating points are totalad. The final score is
subdivided into segments fromn a minimum value to a maximum one, expressing & reletive
degras of vulnerability.

¢ the point count system models: these models are also called * paramstar weighting and
rating methods ". They differ from the rating system in that, in addition to a rating, a multiplier
retlecting a relative importance weight, is assigned to each parameter. The ratings for each class
or interval of given attribute are multiplied by the weight related to the attribute and then the
products are added up to amive at a finat score. The higher or lower the score, the greater the
vulnerability of the area is, depending of the sense of the weighting and rating systems. At the
end, the final numerical score range is assigned to classes of different degrees of vuinerability
(extreme, high, moderate, low, for example). One of the first point count system models called
DRASTIC was davalopad by Aller et al., (1987) for the US Environmental Protection Agancy.
This acronym takes its initials from seven parameters., Each parameter is given a double rating
from 1 to 10 and from 1to 5. The lirst cne assigns 8 relative weight inside the parameter set. For
this purpose, the most significant parameters have weight ot 5, the least significant, 1. The
second assigns a valus between 1 and 10 o each given interval of each parameter. Ths
resulting index is made up of the sum of product ratings weighing the seven parameters. The
higher the DRASTIC index, the grester the vulnerability. This method provides a ralativa
evaluation and as for other methods, the DRASTIC does not provide an absolute answer.

This point count system model was chosen for the EPIK method and is developed in Chapter 5
(Part 1lI).

- Analog_reiations and numerical models: these techniques sre based on complex or simple
mathematics resuiting in a vulnerability index. Cemplex model technigues can be used but have
the problem of gathering all the data needed. As Le Grand (1983) stated, “.... mathematical
appreaches appear 1o be suited tor advanced stages of contaminant studies and for long-term
formal studies, but not for preliminary stages or places where data sre scarce. "

2.4. Use of a geographical information system

Groundwater vulnerability maps are mainly a static representation of different parameters, reflecting
a temporary siluation (Barrocu at al., 1993), Vulnerability maps can be made by manually overlaying
single infarmation coverage (paper and transpareni papers) and more recently by using a database
ool the Geographical Information system (GIS). GIS has been demeonstrated as an effective
mathod for a wide varniety of mapping, planning and management needs. It is a powerlul tool that
integrates data and analysis of data.

Any data can be digitized and stored in tha computer. Data can be put into vector format {polygons)
manually, semi-automatically using a digitizing tablet, and automatically with a scanning system
incorparating line-following software (Vrba and Zaporozec, 1994).

Vector tormat can be transformed into raster foermat. In raster format, a value or a ¢ode can be
assigned at each pixel belonging 1o each pelygon. The size of the pixel is defined in relstion ta ihe
scale of the map and with the accuracy of the availability of data. The use ot a oo small pixel size can
induce a false sccuracy of the data whereas information can disappear if the pixel size is tco large. I
the sdequate pixel size is too large for certain morphological teatures characterizing a given
parameter, a second overlaid grid with smaller pixel size can be displayed for such data.

Part lIl: (n¥rinsic vulnerability mapping ol karst aquifers based on a multiaitribute approach - the EPIK
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GIS allows integrating data from different sources such as remote sensing images and numarical
topographical models. I easily allows vulnerability map updeting and combining vaficus weights,
thereby comparing different scenarios of vulnerability maps. GIS is without doubt a useful toof to
outline protaction zones from vulnerability maps although it requires development time 1o use it.

in this thesis, IDRISI for Windows (idrisi, 1987-1995, J.R. Eastman, Clerk University) on Personal
Computer was used. This geogrephic information and image processing schtware system was
developed by the Graduste School of Geography at Clark University ((JSA).

The selection of scale is an important point. The scele has to be 10'000 to 5000 to use
groundwater vulnerability maps as the basic information to outline protection zones in catchments
of epring or wells. In Switzerland, the protection zones are presented on 1:5'000 lend pancel maps.

As scale defines the accuracy of available data requirements, the minimum and maximum size of the
pixels used in GIS is pertinent. A 20m to 50m pixel cize seems reascnable.

2.5. The EPIK method - an overlay index muiti-attribute
method

The new method proposed to assess vulnerability of the springs or water catchments is a multi-
attnbute methed called EPIK. The acronym EPIK is for the four attributes taken into considaration:
Epikerst, Protective cover, Infiltration conditions and Karst netwark (Doerfliger & Zwshlen, 1995).

These attributes correspond to four specific karst system characteristics related to the parametric
conceptual modal (Section 2.2, Pert ). With this method, the sensitivity of the underground water
in karst areas can be evaluated in 3 comprehensive yet objective manner. Determining the various
parameters of gach etiribute is performed with the help of several methods - direct or indiract, Iocal
or global - such as tracer tests, geophysics, geomorphologic studies, hydrograph analysis,
auguring or back hoe pits, and air phota interpretation.

First, the limits of the water supply source catchment ares are determined. Then, the four following
steps ere dane: (1) epikarst mapping, (2) protective cover mapping, (3), infiltration condition
mapping, (4]} characterization of the karst natwork development end calculating an attribute which is
representative of the entire catchment.

Using GIS, the weighting of the varicus ieyers can be performed easily (Chapter 4). A validation
operation is undertaken to avoid errors or inappropriste vulnerability degrees. To validate the
weighting system, detailed geophysics or tracer experiments for example, may be done. Thisis
complex process that can be based on exparimental assumptions. The assumptions may be
reisted to use of a cheracteristic transfer functions in different settings.

Two-examples in the St-Imier (BE) test site and Maira-Bure (JU) illustrate the EPIK method with its
limits, edvantages and disedvantages {chapter 5).

The last oparation consists of establishing a retationship between the vulnerabllity degree end the
detined protection zenes (Chapter 6).

Part lll: Intrinsic vulnerability mapping of karst aquifers based on a multiattribute approach - the EPIK
method., :
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The epikarst, due fo the pecularities of the hydraulic conductivity structure at the top of a karst
massif is characterized by two major features: waler storage and flow concentration (Klimchouk,
1995). The karst aquiter has essentially continuous layers whose initial high hydraulic conductivity
decreeses rapidly with depth {Drogue, 1992). Therefore, beneath the apikarst, the rock mass has
lower permesbility so that its infiltration is easier than its drainage. After heavy rainfalls, this zone
often resembles a large reservoir where the water is temporarily stored (Willams, 1983). Mangin
{1973,1975} defined it as e possible temporary perched aquifer with a base that is a leaky capillary
barrier. It has slow percolation into tight fissures and rapid drainage via connecied pipes eccording
to Ford & Wiliems (1289). On the basis of field measurements, the epikarst recherges the iess
permeable fissured regions of the karst aquiter during low water periods and during minor water
level rises. The epikarst only contributes directly to the underground conduit drainage sysfem
during times of high water {Smart & Friedrich, 1886).

Water flow within the epikarst has a laleral component moving through fracturas towerds vartical
pipes and a vertical component with slow percolation into smalt fissures and rapld drainage through
vertical pipea (Ford & Williems, 1989).

The epikarst exists in bare and covered karst regions but is noi necessanly a continuous “layer”
according fo the ebove authers.,

Does the epikarst exist in all kerst aquifers ?

Epikarst underlies unconeolidsted soils. Absent this soil, epikarst morphological features ere
essentially "Karrenfields” (German) or “lapi&” (French).

Epikarst results from major fraciuring and extreme westhering. The development of en epikarst is
certainly related to the presence of a soil cover which supplies needed CO, The importance of the
soll has aiready been demonstrated relative o increased subsurace weathering {Autert, 1969,
Nicod, 1990).

According to Williems, (1985), epikarst mechanisms (water stoerage end flow concentrstion) are
responsible for initiating closed depressions at the surtace. Spalial variability of fractures and their
associated hydraulic conductivity develop fram tectonic end lithology influences. Weter in the
epikarst drsins to preferential vertical pipes connected to the karst aquifer network. Preferentizl
weathering occurs eround these vertical pipes due o the drawdown cone in the epikarst water
fable. As the water surface is lowered, the drawdown cone tends to distort the topographic
expression and solution dolines develop (Klimchouk, 1835) (Photo 3.2, Figura 3.2 a+b).

The presence of an epikarst zone under a unconsolidated soil may be associated with uneven
landscape commonly depicted by 2 succession of discrdered bumps and hollows such as sinkhole
[dolines] fields, or aligned dolines. Sinkholes, however, are not always synonymous with epikarst.
Sinkholes may elsc resulf from subsidence or collapse processes unrelated to epikerst
mechanisms.

To understand solution doline development, we could assume that the eplkarst may be present
under soil even if no typical morphological features are present (in a tabular zone for exampie)
(Figure.3.2.a Williams, 1983). It the sail controls the infiltration rate of water recharging the epikarst,
the nalure and thickness of the soil should permmit determining it the epikarst is present.  Soil
fhickness is regulated by how fissurad the limestone is. Thin soils have high fissuring, the karst has
rapid flow and extreme weethering occurs. Thick soile have low fissuring where the karst has low
tlow and moderate weathering accurs (Gaiffe & Buckert, 1990). In addition, the physical condition
of the limestone banks relates to the type of soil (Gaiffe & Schmitt, 1980).

- highly fractured end crushed limestones induce black and rocky sail, (humo-calcic: thin soil, low
wafer content),

- flag limestones favor development of brown soil.
- karrentields are covered partially with organic detritus (iitho-caicic soils).

Part II: Intrinsic vulnerability mapping of karst aquifars based on a multiatiribute approach - the EPIK
method.
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Figure 3.2.: A: Subcutaneous storage, lateral subsurface flow to zones of high permeability . B: the eveolution
of soiution dolines (Williams, 1983}
Therefore, in covered tabular karst aquifers, the soil nature and thickness may be & clue to
determine if an epikarst exists.
If, according to the above authors, the epikarst is not uniform at the top of karst aquifers, it may be
difficuli 10 categorize the epikarst zone if it is:
- well developed and connected to the karst network,
- developed but not connected to the network by e vertical pipe
-.absent. : :
To distinguish between the first and the second parameters may require tracer tests. First, this is
not an easy method to map this category and it is costly. Second, it may stil be difficult to
determine, even based on research, a set of typical reference transfer tunctions and associated
parameters to uniguely characterize it. i
For this reason and to address these difficulties, we subdivided the epikarst into three classes by
indirectly clessifying related types of geomorphologic features which are easy to map:
E, - Swallowholes and ciosed depressions where a stream disappears:

- Sinkholes or dolines (from all kinds of genesis})

- Shafts

- Karrenfialds

- Cuestas .

- Quicraps with high fracturing {along roads or railways/artificial outcrops
in quarries)

E; - Intermediary zones in the alignment of dolines
- Dry valleys '
E; - The rest of the catchment

Part ML Intrinsic vulnerability mapping ot karst aquiters based on a multiatiribute approach - the EPIK
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Comments.

Dry valleys in karst are elongated valleys at the bottorn of which there may be dolines, shafts and
caves. In such vallays, there are no permanent watarcourses and rarely intarmittant rivers because
the karstification process has been stronger and faster than the valley formation process (Bonacci,
1987). The dry valleys are related to a high karstification zone as the water is directly fosl from the
stream. According to various authors (Bonacci, 1987, Ford and Wiliams, 1988, BOgli, 1980)
however, the dry valley is not definitely related to the epikarst.

As there is no more watercourse in a dry vallay, tha water fiow disappears into the karst
underground due to a highly karstified substructure. Does this zone uniformly match the valley
form? It is rather difficuit to answer this question. Consequently we assume dry valleys should ba
classified as E,.

b) assessment methods:

Mapping the three classes E1 to E3 is aquivalent to mapping the individual geomorphologic
features of interest. In order to do this, we first used topographic maps (1:25'000, 1:10°000 or
1:5'000) to idantify and outiine these features. Intempretation ot aerial photographs aflowed us to
confirm and delineate the observed objects directly on topographic maps. Obsarvaed intersactions
of lineaaments from aerial photographs or from remote sensing analysis (Landsat photo analyzed
with GIS) may correspond 1o highly fractured sectors. I no typical geomorphologic features are
associated to these sectors, they could ba mapped as E; rather than E,. These methods are used
10 evaluate the epikarst attribute and its classes and ara supplemented by field verification.

¢) perspectives

Mapping tha gaomormphologic features associated with the epikarst is a simplification ot epikarst
mapping. Some parts of the watershed (parts) that do not have these particular morphological
features could also be associatad with epikarst. If any of these parts have a litho-calcic soil less than
10cm, they snould be classified as E, or when in doubt as E;.

i the RMT-R? geophysical method permits detining the conductive zones, it is necassary to
associate this information with specific scil investigations to identity if the epikarst is present when
its typical morphological features are absent (Vaiga, 1995). These detailad surveys inciuding
geophysics and soil profiles cannot be periormed over large areas or the whole catchment tor
practical reasons (time, cost).

Anothar geophysical method such as the radar’ should be tested at different test sites in further

work to determine the image of the thickness of the soil and of the extent of fissure developmant in
the first 5m ot the top limestone layer.

Geophysica! methods are focused methads that could be used to ¢confirm or discount tha presence
of an epikarst.

* AMT-R geophysical method: g radiomagnetoteliuric mothed to determine the apparent resistivily using very
low frequency (12 to 240 Hz). The electrical field Ex and the magnetic field Hy are measurad using a set of two
electrades and an antenne 10 receive an emitted frequency. The measured apparent resistivily corresponds
to the mean resistivity of a sector of the terrain whose thickness depends of the used frequency (F)
[P(m} = 503 {pa/F) "] and of the true resistivity of the lerrain. The phase, a measure of the difference
between the electricel and magnetic compounds of the signel gives information about the anisotropy of the
environmerd. If the value is equal to 45 degrees, there is no enisotropy; if the value is lower than 45 degrees,
a conductive layer is at the surface of a double layer mode! and if the value /s higher than 45 degrees, a
rosistant leyer is ef the surfacs (Turberg, 1933).

* Georadar: the redar signal of 80 to 1000 Mhz pene}rares into the ground and is refiected. It permils, using
the same principle as the seismic method, obtaining a reflection image of the subsoil and ground
(Huggenberger P., 1992).

Pant [ll: Intrinsic vulinerability mapping of karst aquifers based on a multiattribute approach - the EFIK
method.
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3.3. Attribute P: Protective cover

a)definition and classes

For this attribute, we include both the soil and other geological overburden such as gquatemary
deposits (glacial 1, sii, loess, rocks debris,....), and other non-karst fayers, for exampie, Clay and
sandstone.

The upper unconsolideted overburden of the equifer is commonly reganded as one of the most
important ettributes when assessing groundwater vuinerability. The soil end other geological layers
have attenustion capscity (Zaporozec, 1985) due to specific parameters such as texture/structure,
thickness, content of organic matter and clay minerals, degree of water ssturation and hydraulic
conductivity. These soll parameters are related to physical, chemical end biological properties that
allow attenuation (natural protective filter, reterdation, degradation of contaminants).

The content of the organic matter and clay minerals of a sol is regrouped under the parameter
Cation exchange capacity (CEC). This capecity is important for ion contaminants, especially heavy
metals. CEC refiects the soils ability to be retard contaminant migration to the water table (Susis et
al,, 1990). The CEC value is characteristic of the amount of clays, silts and organic matter in a soil.
The organic matter is important in contaminant retardation.

The hydraulic conductivity of a soil is also an important parameter. It changes with the degree of
water saturation of a soil. t correlated 10 the abiity of the soil to be peneiraied by water and/or 8
contaminent under 2 hydreulic gradient.

intuitively, the thickness of a soil is an important property when assessing groundwater vuinerability.
The thinner the soil, the greater the vulnerability.

Soils are classified sccording te pedologic standerds (AFES/INRA; 1992). More than thirty different
types of soil have been differentiated. In temperate climates, for simplicity, we consider 9 major soil
types thet occur in the karst aquifers of the Jura, Prealps and Alps.

These soils range from high stone content to high cley/sitts to orgenic metter. They ara the
following:
PEYROSOL: mineral Scil with stone (soil particles larger than 2mm in diamster or
langest dimension: Xp horizon") layers (stone content greater than 40 parcent of
the total), or with small stones layers (stone content less than 40 percent: Xc¢
horizon).
LITHOSOL: lithe-calgic seil with humus on the karrenfields (A or O, 8 « 10cm,
R}.
RENDISOL end RENDOSOL: calcic and carbonate soils, without S horizon
{mineral harizen = rock weathering herizen} or other layere under the A horizon
{(organc-mineral horizon) {evt, O, A, then C or M or H].
CALCOSOL: calcarsous brown scil (A hcrizon above Asca trensition, Sca
compact, silt-clay, homogeneous, brown or light brown, no stones, C).

* Brief review of the terminology of soil horizons (AFES,INRA, 1882):

Holorganic horizone: H peat / O surface organic horizon other than peat.

Crgeno-mineral horizons: A organo-mineral topsoil: Aca A calcareous, Aci A non calcarecus, Ado
A dolomtitic, Ah A rich in organic matter (>8 percent C arganic), An Anmoer (hydromorph conditions),

Mineral horizons: 8: rock weathering horizon, on the bottam of the horizen A, but with a differant
structure. E: Eluvial horizon (material remaved), hellpoor in clay content and/or in organic matter and/or in
metal oxides. Briffuviat horizon or weathered subsoif (malanial washed in). G:gley horizon with hydromomhic
traces. X: horizon with a content of soil particles higher than 2em, higher than 60 percent of the total,

Substratum: C: deep mineral horizon, with impertant fragmeniation or geochemical aharation. M: soft
geological material. R: hard geological material.

Part {fl: Intrinsic vulnerability mapping of karst aquifers based on a multiattribute approach - the EPIK
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CALCISOL: calcic (non calcarecus) brown soil (A hernizon with o.m., aggregates
structure, dark brewn, silt, ne stones, S polyhedrsl structure, light brown to
ocher, C or M or R).

BRUNISOL: brown soit (A horizon, dark brown, aggregate structure, roots zone, 8
herizon: light brown, polyhedral structure, silty).

NEOLUVISOL: brown washed out soil (A dark brown, aggregate structure, roots,
E light color, poor in oum. or cigy, light ochre, B rich in clays , darker ochre, C
altered limastona ancompassad in some clay).

REDUCTISOL: organic soil with gley with silt and clays and Fe-reduction.
Hydromorphy {A brown, aggregate structure with spets of Fe-reduction,
temperary hydromorph zone, roots; Go oxidized horizon with rust spots, silt-clay;
Gr grey-green clay horizen, permanent water ievel).

HISTOSOL: (undrained organic matter that has ramained wet within at least 20 cm
of the surfaca) - organic hydromorph scil such as peat {soil that overlays not
diractly the limastone).

This classitication is not ralated to organic mattar content, taxture or hydraulic conductivity.

Consequently, two “Brunisols”, for example, do not necessarly have the same hydraulic
conductivity or the same CEC valua.

First, the parameters such as CEC and hydraulic conductivity are often related to each other. Ifa soil
is rich in clay content, its CEC is high end its hydraulic conductivity is low. [n addition, this kind of soil
is commonly deposited in areas with great thickness.

Second, if the seil usually forms a continuous layer, its parameters such as thickness, CEC, end
hydraulic conductivity vary spatially. Detarmining the CEC value even experimentally and the value
of hydraulic conductivity require identity of tha soil categories. f no data are available on the
catchment being studied, this necessitates considerable work with three parameter values naeding
to be estimated (CEC, Hydraulic conductivity and thickness). These represent three potential
sources of error.

Third, it hee to be understood that a complete pedological study with soils and related parameters
maps is not common in Switzerdand. In order to get such CEC or hydraulic conductivity maps based
on even an extrapolation of experimental values for reference soils, it is necessary to map the
various soil catagories. This requires considerable time and a cost investmant that is commonly not
possible as part of the typical scope of outlining groundwater protection zones.

For these reasons, we consider only the thickness of the seil as the basic parameter available at a
reasonable cost {o assess the inirinsic vulnerability of a karst catchment,

We diffarentiate two cases, both according to the presence of gaclogical layers overlying the
limestone and their hydraulic conductivity. To be canservative, we consider three classes with the
boundary range of 20cm, 100cm and higher, instead of tha 10cm and S0cm and highar values
described pravicusly (Tache et al., 1995).

A. Soil lying directly on fimestone or on large detritus layers that have a high
hydraulic conductivity. (e.g. rocke debris, lateral glecial till) '

P, - 0-20cmotsail
P, - 20-100cm of soil
P; - >100cm of soil

B. Low parmeability geologic overiying layers with or without soil (E.g. lake
silts, clays)

P, - >100 cm of soil and/or overlying geological layers with low permeability.

P, -> 100 cm ot soil with & thick ovarlying geologic layer of low permeability
(necessary to check, with for example boreholes, holes with hand or motor
auger}

Part lil: Intrinsic vuinerability mapping of karst aquifers based on a2 multiattribute approach - the EPIK
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b) sssessment methods:

From published materials (geological maps, geological and regional studies), we can outline the
sactor with and without soil, and the seciors with or without overlying geological layers. Aerial
photographs and satellite imagery are helpfui to evaluate soil presence, and probably the thickness
(scele of sizes) if supplemented with field verification.

With a hand auger, the thickness is measured directly in the field. | the catchment is not large, it
may be possible to perform auger holes on a regular grid. if the catchment is large, the mesh size
has 1o be bigger and it may be necessary o assurne similar attributes for similar morphology. This
would mean that for a measured thicknass at one point, the same thickness is given insida a square
of 100m if the point is surrounded by the same morphology.

t) perspectives:

For further method development, it would be useful o perform geostatistical methods such as
kriging on the attribute P data,

3.4. Attribute I: Infiltration conditions

a)definition and clasaes

Infiltration conditions concern the type of recharge to the karst squiter. They do not include the
recharge in termn of quantity (annual mean recharge, efficient precipitation) or in terms of spatial
variability. As described in Part |, diffuse and concentrated recharge have specific consequences in
term of groundwater vulnerability. Thus we differentiate classes from diffuse to concentrated
infiltration conditions, and an intermediate case where runoff may be imporiant.

The runoff coefficient depends on the slope and its vegetation. According fo various runoff
coefficient values from Sautier (1984)(Tsble 3.2.), we consider intuitive theoretical runoft
coefficient boundary limits of 0.22 end 0.34 for meadows and pesturas, and cultivated fieids,
respectively. This limit corresponds to a baundary slope of 25 and 10 parcant for the meadows and
pastures, and cultivated fields, respectively (with cultivation in the siope direction). We have no
scientific argument for this limit.

Table 3.2
Runotf coelflcient values for representative Swiaa cases. Runoff coelficient is a
function of slope and vegetativa cover (Sautier, 1984).

Slope % Forest Meadows -Pastures Culttvated fizlds in the slope

We differentiata four classes from |, to |, from higher to.lower vuinerability, and two cases A and B,
representing the location of the swallowhole in a stream being either inside (A) or outside (B) the
watar catchment area.

Part [I: Intrinsic vulnerability mapping of karst aquiters based on a multiattribute approach - the EPIK
method.
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Figure 3.4 !Infiitration condilions for terrain with high runoff from the slopes into low lying area.
(Tache et al., 1996).

b) assessment methods

Obtaining the deta to clessify aach sector of the catchment requires studying topagraphic maps and
is technically damanding in comparison 1a date tar classifying the apikarst or sail thicknass. The use
of a geographic information system (GIS) is necessary ta detarmina the critical slope and low
topography zanas.

¢) perspectives

To assess groundwalter vulnarability of karst resources, it may be important ta cansider the
racharge, particulerly it vulnerability to draught in addition to contaminants is to be avaluated.
Therefare, recharge may be judged on the basis of field measuremenis derived from the water
balence equstian.

Spatiai variability of precipitatian could be cansidered, affecting an additianal coefficient in the
weighling systam, according ta maximum and minimum pracipitation intansities and corraspanding
infiltration paints (diffuse, intermediate ar cancantratad). Ta determine statistical values, cantour
maps af long tarm precipitalion data would be useful.

3.5. Attribute K: Karst network development

a)definition and classes

A karst netwark or cave system is a natwark af solution openings greater than 5mm ta 15mm in
diamater or width. This siza is tha effectiva minimum eperture for turbulant flow althaugh that will
not necessanly occur as soan as tha minimum value is attained. A cave, according to the
Intemational Speleolagical Union is a natural undarground opening in rock that is large enough far
human entry. Solution cave systems are complex landfarms. They occur in a great variety at three-
dimensional patferns in rock blocks. They are affected by hydrochamical factors depandent upon
lithologic, tectanic, climatic, biolagic end pedalogic conditions and by extemal water base level
controls (Fard & Williams, 1989). They are more or less developed and connectad.

In arder to appreciate the contrast between the cave system and the surrounded less permeable
biacks, we cansider the karst netwark develapmant ar nature and axtent af cannectivity of karst
aquilers. There is a relation batwaen the degree al the karst network development and tha number
ol outlets of tha studiad karst system. A sysiem with a well developed karst netwark may passess
one and only ana spring, whareas a systam with a poarly developed natwark may often heve
sevaral outlets. This is not e generzl law and is based an tha assumption of the hierarchy of the
karst natwork (Mangin, 1975).

-
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We differentiate three classes:
K, - Presence of a well develaped karst network (network with decimeter to
meter size channels that are rarely filed but well connected).

K, - Presence of a poorly developed karst network (drain network, or poorly
connected or filled network, or network with decimeter or smaller sized
openings).

K, - Presence of a joint karst spring (outlet of 3 karst aquifer in porous terrain with
a possitile filter effect). Non karst fissured aquifer.

b) sssessment methods:

Features such as vertical shafts or open cavities leading 1o a speleclogical maze are not always
found at the surface in all karst catchments. In this case, indiract methods related to analysis ot
hydrograph data could be used to agsess network connectivity.

We can determine the reaction time of the aquifer based on the total flood hydragraph when a
minimum of two floods events have baen recorded continuously and the precipitation and the
spatial variability ot the catchment are known. f we obearva a rapid response - rising limb of high
intensity (at least twice the base discharge), we may suppose that there is a karst network. As rapid
respanse, we understand, for example, a response in a3 time interval of fram 6 to 12 hours
(according the size of the catchment), after a high precipitation intensity (> 15mm). For season,
climete end elevation reasons, this intensity can not be take into consideration for the precipitation
occurring in July, August and September for the sites located between 300 and 1700m (s.s.l) and
in December till March for the sites located between 1700 and 3000m. (a.5.1.).

Bakalowicz & Mangin (1980) point out that karst aquifers eppear heterogeneous, but the
heterageneity is not the result of a randam juxtaposition of different types of voids. I stems from
the distribution of voids around a drainage axis, eccording to a certain hierarchy. Considering the
karst drainage system as characterized by an impulse function that transforms the input -
precipitation - to hydrograph responses at springs, they claim that by analysis of this function we cen
idantify the connectivity of the network: analysis of flood and hase flow recession. Mangin (1982b)
defined different types of karst systems using spectral and correlation enalysis (Figure 3.5).
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Figura 3.5 : Classification of karst systams from the results of correlation and spectral analysis of four karst
systems, studied in detaif and used as references (Mangin, 1982b).
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Well drained aquifers react rapidly and their response to an infiltration event dissipates quickly
leaving little inertial capacity internally. Because the respense reactions ere complete in relativaly
short periods of fime, there is virtually no lasting ‘memory efiect’. The shape of the impulse
response is very sharp and not spread out. By contrast, poorly drained systems retain inertia and
can have mamory effects from previous event. In this case; the shepe of the impulse response is

reunded and spread cut (Mangin, 1994).

A clessification of karst systems from the results of recession curves analysis was built by Mangin
(1875) using two variables k and |, with k the ratic between the maximum dynamic volume obtained
during the langest event periad and the annual average volume releted to the event duraticn.

Y
V.

whera Vd = dynamic volume (avent volume}, Vi=annual flow volume normalized to the event
duration.

| corresponds to the velue of the fellowing function:

1_
™= T +2: , for t=2dayatter the maximum of the rising limb.

Based on the study of 60 different sysiems, five principal karst systems were differantiated (Figure
3.6):

i:k<0.1,i<025 well karstified downstream system, wel! deveioped speleological

network

U: 0.1 <k <0.5, i <0.25 well karstified upsiream system laading downsiream to a
ierge flooded karst (case of systarms which have evolved).

lil: k <0.5, 0.25 < i < 0.8, system more karstifiod upstream than downstream with a
delay in its input

IV k < 0.8, i > 0.5, zone of complex Systems {composites}

V: k > 0.8, non-kaist systems,
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Figure 3.6 * Classification of Karst systems basad on the rasults of recession curves analysis (Mangin, 1975).
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Class K, may be refated to cases |, I and IH, class K, Yo case IV and class K, to case V.

Comments: this method requires a long duration hydrograph of at least one entire cycle. The
classification of karst systems based on the results of recession curves analysis may vary for the
sarne aquifer, as for various recession curves, according to Grassa & Jeannin (1994), the parameter

i may vary considerably. The decreasing limb is influenced by varation in precipitation, degree of

aquifer saturation before the rising fimb and catchment size.

Artificial tracer tests may provide useful information about the existence of a karst network. The
transit velocity is calculated from the first amival or modal times, according to the hydrodynamic
conditions. From a swallowhole connected to the karst network, the mean transii velocity is in the
range of 15m/h and greater for low water and 75 to 100m/h and greater for high water. These
velocities imply the existence of a karst netwark. Consequently, with iracer test lechniques, it is
possible to ditterentiate between K, K, and K.

The weter quality variation afler heavy rains (after snow melt or heavy starms in summer) may also
give infermation identifying the presence of e karst network. It the water quality or chemical content
varies rapidly after precipitation, it may imply a cavity system (K, or K,). But, in contrast, if the water
quality is stable, we cannot conclude that there is no karst network.

Speleological data may also be localized within e cetchment. Therefore, it is necessaty to
differentiate between the active and inactive cave system pars on cave system map.

However, it is not as easy to differentiate class K1 from class K2 using the same assessment
method.

Remarks

The role of the four aftributes is clear. However, how to assign the attributes 1o the given indices it
less clear perticularly for the epikarst.

The epikarst is a signiticant attribute in term of vulnerability assessment in a karst environment. 1t
may temporerily collect contaminants and release them either directly in e vertical pipe connecled to
the karst network or slowly through cracks of the low permeability blocks. Unforiunately, at this time,
it is not possible with the existing technology in epikarst or geophysics to differentiste the presence
or absence of an epikarst in a tabular zone. To simplify characterizing the epikarst using
geomorphologic features, it is easy and feasible to carry out epikarst mapping in a karst cetchment.
In addition, zanes without the distinctively characteristic marphology should be examined on the
basis of 2eral or Landsat photographs anelysis. The zone where lineaments intersect should
prebably be mapped in E2. Further developments on epikarst investigation methods should be
camed out.

The protective cover is an important aliribute characterized only by its thickness. Mapping the CEC
and hydraulic conductivity parameters even if it required more time, commonly results in a more
pertinent prolection factor in a part with the same cover thickness. Further scientific research
should be conducted, independent of ecangmic reasons, to determine the importence of these
parameters to vulnerability assessment and to guarantee better groundwater protection. To date,
mapping the thickness of the protective cover is feasible and without major problems.

For infiltration conditions, they are determined relatively easily from topogrephical maps and
numerical elevation models using a GIS. The present weekness of this attribute could be the
arbitrary slope percent differentiating L from l,. I available precipitation data allows e large spetiel
vanability in the concemed catchment 1o be determined, it may be possible 10 use this parameter
sttributing lass weight in |, end |, sectors as opposed ta the |, secior.
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The karst network development reflects the general sensitivity of the karst catchment. The
classification of a karst aguiter from its hydrograph appears critical. It is rather difficult to differentiate
K, trom K, and may not be achievable .

The four atiributes do not specifically take into acecount the depth of the water table. However, the
depth does not seem relevant to karst squifers because fast and direct recharge from runoff may be
highly localized through sinkholes or swallowholes which have no effective liltration capacity (Ray at
al., 1983).

Summary of the EPIK approach attributes (Figure 3.7 and Table
3.3)
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Figure 3.7 :The karst aquifer mode! with its various attributes.
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Table 3.3.

Attribute characteristics summary.

Karst morphology ralated
to epikarst.

Absence of a karst
morphalogy.

=

Swallowhotes - sinkheoles or dolines - Kamenfields - cuestas -

Intermediate zones betwean the aligned dolines - dry vallays.

The rest of the calchmeni.

A. Soil lying directly on the aquiler
limestone tayers or on some high
permeability grob detritus layers *

B. Soil tying on low
permeability gealogical
layers **

Absence of proteclive
cover

Major prolective cover

0 - 20 cm ot soil on layers
that have a thickness
smatler than 1m.

0 - 20 cm of soil

20 - 100 cm of s0il on
fayers that have a
thickness smaller than
im.

20 - 100 cm of soil

> 100 cm of soil or
presence of low
permeability overlying
geoclogical layers.

= 100 cm of soil

- > 100 ¢m of soil and thick
detritus layers of very low
hydraulic canductivity
(point-information needs
to be checked).

Concentrated infiltration

Diffuse infillration

Perennial or temparary loss streams - Perennial or temporary
stream feeding a swallowhate or a sinkhole (doline) - infiltrating
surface stream - watar catchment areas of the above mentioned
streams {including 1he artificial drainage systam).

Water catchment areas of the siream, mentioned under 1, (without
adificial drainage system) whose slope is higher than 10 percent {or
cultivated areas and 25 percent for meadows and pastures.

Water caichment areas of the stream, mentioned under |+ (without
arlificial drainage system) whose slope is lower than 10 percent for
cultivated areas and 25 percent for meadows and pastures -low
tapographic zones collecting the runaff water and slopes feeding
those law areas (slope higher than 10 percent tor cultivated sectors
and than 25 percent for meadows and pasiures).

The rest of the catchment.

High developed karst
network

Karst network with meter io decimeter sized conduits that are
weakly plugged and well connecied.

Low ¢eveloped karst
netwark

Karst network with drains or conduils that are badly connected or
even padially plugged up, or also with a size in the decimeler range
or even less,

Joint karst network

Qutlet in porous media with a possible filfer effect - non karst but
fissured aquifer.

*Examples :rock debns, fateral glaciai fills.

Examples : fake sit, clays.

Fart |l Intrinsic vulnerability mapping ot karst aquifers based on a multiatiribute approach - the EFIK
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Chapter 4

Evaluation of the protection factor

In order to quantitatively evaluate the vulnerability degree or the protection factor of each cell or
pixel at a site, a numerical rating based con points has been set up using the EPIK ettributes. The
system contains two major parls: weighling and rating.

The protection factor is calculated with the tollowing basic formula and the values are added:

Fo=(a-E)+ (B-P) + {y- 1)+ (8-K)

To assign e weighting value to o, B, v, 8 and to rate i--k-l, we canied out several tests despite the
inherent difficulties of precisely valideting the assigned weighting.

What is an adequate value for each given attribute?
Intuitively, according the definition of the aftributes, a swallowhole, uncovered karst and
concentrated infiltration are the worst vulnerability ceses.
We also took into consideration the following:
* A sinkhole covered with thick soil (E,-P,) is more vulnerable than flag limestone with e thin
overlying sail cover (Es-P;)
» A stream sinking into @ swellowhole {1,) has e high degree of vulnerability, independent ot the
protective cover.
» A dryvalley (E,) is as vuinerable as a fow topographical point where runoff collects.
The goal of testing different weighting and rating approaches was to find a convenient system.
Preterence was given to establishing a linear weighting which would more clearly identify each
attributes contribution to the resulting protection factor.
First, we considered asimple additive model with all ettributes assigned the same weight. In this
case, the index value of each attribute corresponds to the assigned weight. The lower the value of

the index, the higher the contaminent potential (Table 4.1). In this firs! test, we do not take into
consideration the influence of the K attribute.

Table 4.1.
Results of adding linear weights using Fp= Ej + Pj + Ik + K|
=1 =2 - 1,=3 l=4
E=1 [E=2 |Ex=3 |E=1 |E=2 |E&=3 JE=1 {E=2 |E=3 |E=1 |E=2 |E;=3

P=1 |3 4 5 4 5 6 5 6 7 6 7 8
P=2 14 5 & 5 6 7 6 7 g 7 g
P=3 1|5 _ 6 7 6 7 8 7 g g 8 9 10
P=4 |6 7 8 7 [) 9 8 9 10 g 10 11

The lower the protection factor (Fp), the lower the groundwater protection. The groundwater

vulnerability maps prepared for part of St-Imier and for the entire Bure site using this approach, we
note the tollowing:

L}

Part 1i{: intrinsic vulnerability mapping of karst aquifers based en a multiattribute approach - the EPIK
method.


















Advances in karst groundwater protection strategy using artificial tracer tests and multiatiribute vulnerability
mapping - the EPIK mathad.

Chapter 5

Vuln'erability mapping at two Swiss Jura sites

For both sites, we purposely did not map the torested areas. We decided that forests can be
directly assigned to groundwater protection zone §2 as no thick protective cover is present in
these areas. However, this may not be true in all cases.

5.1. Catchment of the springs of St-Imier

The springs used by the small town of StImier (Jura Bemois, Switzerland) provides a typical
exampie, that occurs all foo irequently, of how inappropriete it is lo delineate groundweter
protection 2zones in karst envionments according to the actusl practical guidelines
(FOEFL, 1977).

5.1.1. Geography, geology and hydrogeology

The catchment of the springs of La Raissette, La Grende Dou and Le Torrent has an area of about

140 km?2 and is located in the western part of Switzerland in cantons Bem and Neuchétel. The
springs are used fo supply water to different townships including St-Imier.

Geclogically, the ares is part of the folded Jura (Figures 5.1, 5.2). The aquifer is in Sequanian to
Portlandian age (Malm) limestones which range in thickness trom 200m to 400m. The underlying
aquiclude is Argovien marl. Structurelly, the spring cetchment extends from the northem side ot
the Gumigel - Chasseral anticline to the seuthem flank ot the Montagne du Droit - Mont-Soleil -
Mont-Crosin anticline both of which have 8 SW-NE direction.

In the 1980's, protection zones were established only on the northern part ot the catchment
(Schindter, 1988). Their limits (Figure 5.3) were based on practical instructions prepared
specifically for this pumose by the Federal Office of Environment, Ferests and Landscape (FOEFL,
1977). An 83 protection zone covers essentialiy all the area that was considered.

However, despite establishing the protection areas, poliution from liquid manure cocurs typically
four times e yeer following snow melt and violent thunderstorms with heavy rainfall.

5.1.2. Mapping the E, P and | attributes

We used varicus assessment methods to map eech of the three attributes (Figures 6.4. to 5.8). For
each attribule, we focused on the southern part o! the catchment between coordinates
566.000/219.000, 568.000/219.000 and 565.000/221.000, §68.000/221.000 (Figures 5.5, 6.7
and 5.9).

a) Comments on the Epikarst map

The epikarst attribute was mapped according to definition. Topographicel maps and aetial
photographs were used with field verification done in some areas.

Part Il Intrinsic vulnerability mapping of karst aquifers based on a multiattribute approach - tha EPIK
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The Raissette spring chemical end bacteriological analysis are sparse being done only ance a
month, independent of hydrological conditions. Therefore, it is difficult to estimate the degree of
karst development.

There have been 18 tracer tests done in the catchment but most of the data is incomplete releted
to for example, recovery rate, hydrological conditions, and so farth. However, we were able to
conclude that:

- the maxirmum welocities range from 17 to 76 mvh in low to mediurn water stage.

- although no transter functions were calculated, there is a reletively namow breakthrough curve
peak decreasing over the following 5 days.

Consequently, the St-imier springs catchment could be either in K, or K, but definitively not K.
Distinguishing between K, end K, is atbitrary. However, to develop & stricter groundwater policy,
we assigned K, to the whele cetchment. This may not however, heve en influence on the resuiting
vulnerability map in relation to the protection factor value.

Part I: Intrinsic vuinerability mapping of karst aquifers based on a multiattribule approach - the EPIK
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5.1.4. The reeulting vuinerability map of St-Imier

We obiained the vulnerability map by overlaying the three aftribute maps and caiculating the
protection factar with the equetion (chepter 4) for each catchment “cell’ {20m x 20m) (Figures 5.11
end 5.12). These maps (Tache et al., 1996} illustrate:

- swaliowholes are the points with the highest degree ot vuinerability/lowest degree of protection
(9/29).

- karrenfields loceted in forested areas (specifically zores next to major roads) without protective
cover are alsa particulatly vutnerable (15/29), as are sinkholes (dolines) (16/29 1o 20/29).

- the dry velieys, low lying araas and siopes with runcff to these zenes have a moderate vuinerability
{21 to 26) and are consistently less vulnerable then sinkhales and karrenfieids.

- the highest values (26 to 29) correspond to zones where no attributes have medium to high
vuinerability. Some cases era borderline: E,-P,-1, (26), Ei-P,-1, 27 ).

5.1.5. Validation of vulnerability zonea at St-Imier

A multi-tracer test (2.5.1995) and geophysics were done at four sites to validate the vuirerebility
results. One site had high vuinerability {Fp=17), two medium wuinerability (Fp=22 and 20) and cne
low vulnerability (F= 25). (Table 5.1).

We expect similer normalized response from the two injections in areas ot medium vuinerability with
a relatively ebrupt 0.5 perceritile gradient. For injection in high vuinerability areas, the normalized
response shouid be more abrupt at the 0.5 percentile then for the medium case. Finally, the
respanse in low vulnerabiiity zones should have a slope at the 0.5 percentiie that tends to 1 (0 is
vertical) (cf. Part ll, Chapter 3).

Geophysics should provide infarmation about fracture intensity end the nature and extent of the
epikarst.

Table 5.1.
Validation test data at four aitee at St-lmier

Sector Coord.xy | Potection | Main features of the site Infiltration test | Tracer {type and | Geophysical

Z factor quantily) investigation
Commoret (1) 570.4007 | 2027 artificial hole{im) into the| 1 5 19-Bmys Ha/4 yes: VLF-R

225.000; limestone 1 (Porchet) bacteriophages

™% 3m3oiwaier | 28410 piu

1min 3 hours

L'Assesseur (2) | 362.8007 | 1827 sinknole (diam. 10m., depth| gmdin 40 HA40H no: high voltage
: 22200, 2m) minutes bacteriophages | line in vicinity

11 4321014 piy
La Juillarde 560.525( | 23127 artficial hole (diam. 1m |33 Uranine 10kg | no:  because of
lEmbossu {3) | 217.550; depth 0.8m): soil , limesione 9, busied water and

1088 ek 1m”In 3 howrs electrical conits.
Creux-Joly (4) | 560.2007 | 15727 collapse sinkhole (diam 20m, | 5 12 in 15 Duasyn 10kg | yes: VLF-R

219.200; depth 0m) bottom covered | minites mutti-directional:

1089 partialy with snow woo

debris and other garbage)
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Table 5.3.
Tracer test results
Tracar Jinjaction site | Springs Maximum velocity . | Modal velocity (m/h) | Recovery rate %
(mvh}
(1) Cormoret - H4/4 | La Raissette 16m/h (22h) 11mvh (33h) 30 percent
phages La Borcairde
(2) L'Assesseur - Tarrent 22 m/ (326h) 19mvh (380h) 0.5 parcant
H40/1 phages Pefite & Granda Dou higher concentration
- AR not caleulatad
(3} La Juillarde - - - - -
uranine
{4} Craux-~Joly - . . - -
duasyn

Two of the four tracer tests were positive: H4/4 and H40/1, The tracers experiments with uranine in
~la Juillarde and with duasyn in le Creux-Joly were both negative as neither dye was detected at the
Springs.

The bacteriophage H4/4 eppesred at Raissette spring after about 22 hours with 3 maximum
concentration peak after 33 hours (Figure 5.13). i was found in some of the Borcairde spring
samples efter less than 48 hours but with lower concentrations. The recovery rate was lower then
50 percent possible due to tracer retention in the unsaturated zone or Ihe existence of outlets that
were not sempled (for example: outlets into Tertiary layers in the valley). This rapid reaction of the
La Raissette spring to the tracer injection suggests good connectivity in the karst network and a
connaction between a hypothetical epikarst end this network. Therelore, it was appropriate 1o
assign E, for the epikarst in this area,

The bacteriophege H40/1 eppesred at Torrent spring after sbout 324 hours, with 8 maximum peak
around 380 hours (Figure 5.14). 1t was detected in higher concentration at both the Petite and
Grande Dou springs but since the sampling was done only twice & day it was not passible 1o draw e
recovery curve. The bacteriophages did not emerge at the Raissette spring. The tracer system
may vary with the water level and hydrologicel conditions go,tracers injected in the south-west part
of the catchment may arrive at the Raissette spring.
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Figure 5.13: Bacteriophage H4/4 racovery curve at the Raissette spring (Doerfliger et al., 1995)
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The recovery rate of the H40/ bacteriophage at the Torrent spring wes less then 1 percent. Such a
low recovery rate may be the result of the following conditions:

1. A large tracer amount was recovered at the Petite and Grande Dou springs, but since the
discharge level was not measured, an accurate racovery rate was not eble to be calculated.

2. A ralatively long transit time and the relatively high ambient temperstura at the Raissetta
spring may éftect the virulence of the becteriophages.

3. ‘A large amount of the tracer may have been trapped in the unsaturated zone which extends
to thickness of 100m.
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Figure 5.14: Bacteriophage H40/1 recovery curve at tha Torrant spring (Doerfiiger at al.,, 1395},

No uranine was detected in the samplers at the various springs. This tracer was injected with only
3m® ina low permeability artificial hole. The tracer may have been trapped in the unsaturated zone.
lts racovery appears to have been diffused over along time period with low concentrations. This
injection point is located above an overthrust fault that may modify the flow system into the Tertiary
layers. Finally, sluminum sulfate is edded deily to the water at the Raissstte and this may heva
masked the uranine concentration. This negstive result does not modify assigning low vulnerability
to this area. In order to disprove or confirm such hypothesis, edditional tracer tasts in high water
level conditions with sufficient flushing water should be done.

Sevaral reasons exist for the negative tracer test with duasyn in the collapsed sinkhole (Creux-Joly):

1. The guantity of duasyn (10kg) was insufficient and therafore the major cancentration at the
springs was below the detection leval.

2. The injection peint is located in an anga whera the weter catchment limit is unconfirmed. tt may
be connected to the water caichment ot the Seyon in Canton Neuchétel .

3. The trecer was trapped in the unsaturated or saturated zones,

It is difficult to clearly understand what occurred based solely on the tests done to date. This
apparently vuinerable catchment should be the object of additional work. A tracer test should be
done during high water lavel conditions and with a mare appropriate tracer amount.

Pant lIl: Intrinsic vulnerability mapping of karst aquiters based on a multiatiribute approach - the EPIK
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b) geophysical investigations
The radio-magnetotelluric (VLF-R) method was used at the sarme two areas.

On the Creux-Joly site, multi-directional measurements spaced at 10m inlervals were done in
profiles about 15m apart (Appendix i11.5).

A north-south structure is clear from the resistivity map (Figure 5.15), specifically in the southern
part of the area. This structure is perpendicular to the Pontins anticline axis. A preferential N-S
tractura direction corresponds to the direction ot the maximum resistivity.

In the high resistivity zone, the preferential fracture orientation tends to be E-W. This orientation is
related to a secondary E-W fracturing that affects the filling material of the majar tectanic activity.

The major N-S tectonic activity was also visible on the resistivity protiles whatever the emiffer
direction or the frequency (Figure 5.16.). A conductive zone centered on measurament station 11
was surrounded by resistant zones, typical of a frectured zone. The sinkhole was located next to
this tectonic activity and is certainly associated with it.

In Cormoret, the resutt of the geophysical measurernents was completely different. No preferential
direction of fractures was noticeable as the apparent resistivity and the phase were relatively
homoganeous, Their vaniations were not significant (Figure 5.17) (Coertliger et al., 1995).

¢) conclusions

The two bactericphage tracer tests had the expected results with their relatively high maximum and
modal velociti=s. Assigning the hydrological conditions 3 medium vulngrability is justified.

Figure 5.18 shows the impulse responses of these two trecer experiments. The Hé/4 tracer test
has a more abrupt peak than the H40/1 one and is less affected by dispersion (qualitatively} as the
tracar distanca was different.

Figure 5.19 shows the nommalized rasponses of the same tests. The two responses had a steep
gradient at tha 0.5 percentiles. Thay are relatively similar and representative of consistent
vulnerability as it is the case according to the vulnerability mapping.

Part lli: Intrinsic vulnerability mapping of karst aquilers based on a multiattribute approach - the EPIK
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Figure 5.18: impuise responses of the H4/4 and H40/1 tracer experimeni (Doerfliger et al., 1995).
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Figure 5.19: Normalized responses of the H4/4 and H4(/T tracer experiments (Doerfliger et al, 18395).

The situation that occurred where two other tracers were not recovered at the springs is
symptomatic of the ditficulty mapping the catchment boundaries in karst environments.

The geophysical investigations allowed us to damonstrate fractured zones when these zones are
characterized by an readily recognizable resistivity contrast with the surrounding layers. This is the
case at Creux-Joly with a 20/27 protection factor where the resistant limestone layers are located
next to a conductive fractured zone.

On the other hand, being conclusive is difficult when the geophysical measurements do not have
sufficient resistivity contrast. Such a situation does not mean, however, that there is no fracturing or
no epikarst. Geophysics may ba "blind" to secondary fracturing in some cases as was
demonstrated at Cormoret. |n spite ot an injection peint located in an homogenous zone of
apparent resistivity, the tracer rapidly reached the spring. We had previously suspected that 3
connection existed between tractures end epikarst and the karst network that feeds the Raissette
spring (Doerfiiger et al., 1995),
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From these findings, the following major conclusions mey be drawn:

1. A result from only one method st 3 site is not sufficient to confirm the attributes of this site in
order to define the dagree of vulnerability. A negative tracer test in a high vulnerability zone
may not modify its attributes but requires further tracer tests in high water conditions.

2. Tracer tests permit improved delineation of the catchment (e.g. Cormoret} but a negative
result should not result in the exclusion of this point from the catchment. However, a
sinkhole will always remain a particularly vulnerable peint for karst groundwater.

3. Even if areas of major tectonic activity are well investigated by geophysics methods such as
VLF-R, it is difficult to conclusively distinguish varying degrees of fracture intensity from, or
the presence of, en epikarst {Doerfliger et ai., 1995).

4, Itis difficult to callbrate the vulnerability weighting system. However, the results of calibration
using four sites should be adequate when thase sites are representative of the rest of the
catchment.

5.2. La Font, Le Saivu and La Bama catchment

The gecgraphy, geology and hydrogeoclogy of this catchment was presented in Chapter 2.1.3. of
Part ll. The waters of La Font and La Saivu are used partially as artificial recharge 10 the alluvial
aquifer of L'Allaine. Major pollution sources ere the agriculture naturai or arfificial fertiizers, two
dump sites in the township of Bure and oil spills from sccidents.

Part of the catchment is located in France and as we did not have access to a topographic map of
this part, we concentrated cur effort on the part within Switzerland.

As for vulnerability mapping at St-imier, the forested areas are directly assigned to the S2
groundwater pratection category.

52.1. E, P and | attributes of La Font, Le Saivu and La Bame
catchment

a) Comments on the Epikarst map

The sinkholes and karrenfields have been assigned to E,, dry valleys to E,. The rest of the
cetchment is assigned E, (Figure 5.20).

Seven boreholes were performed as part of the COST 85 Action in the upper pan of the karst
aquifer (5to 15 m). Based on this data, the epikarst appears to have a thickness from 2 to 9m. Its
thickness varies from 2 o 9m between two boreholes Sm apart. Three of these boreholes are
iocated north of the sinkhole near coordinate 257.000/567.000 next to the artificial shaft used 10
acgess to the karst network of La Milandrine. The others are situated in the 2one between the two
major aligned sinkholes near coordinates 256.800/567.100.

Using logs of borehales drilled along the future N16 expressway, it appeers that there is an
epparent epikarst as the upper par is vanably fissured. But it is difficult o quantify the intensity of
epikarst development and the kind of connections that may exist with the karst network. At the
present time, the morphological approach to the epikarst does not contradict the information trom
the boreholes. Boreholes in the 2ones of the major doiines have a high degree of fracturing in their
upper pans. Some boreholes in the forested areas north of the major sinkholes (around
258.000/567.000) have a high fractured upper zone as epikarst. Thig is in spite of the fact that they
are not associated with speciiic momhologicel features such as sinkholes or dry velieys (NEB 18,
NEB 19, NEB 17 tor example, Figure §.21 and Table 5.4.). But, they ere situated on a surtace
manifestation of 8 major regional tault, in the extension of the alignment of two major sinkholes.
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Table 5.4.
Epikarat characteristica_uaing boreholes log
Borehole | coord. X coond. y elevation epikarst comments
cota — {m. a.sl)
VGG 566609 259272 411.2 extremely fractured limestone to 6.5m
VGCs 566672 259124 4447 highly Fracires rock to 4m with silt-gravel matix
[VGCE___ [ 566734 259032 455.2 medium fraclured rock
[WEBTS 1566623 258784 4716 medium fraciured reck _
| NEB16 566905 258590 486.2 medim to highty fractured rock, with marts from a karst filling
NEE17 566533 258377 490.1 medium fractured rock
NEB1& SQ7O1S 25806¢ 519.1 highly fracured rock iith vertical fractures 1o 6 m.
| NEB19 547064 25789: 529.1 highly fractured sock, sub harizontal bo ablique fractures
| NEB2O 567084 257685 540.7 weathering evidence to 2.4m
NEEX 567101 257505 518.4 highly weathered chalky fimestone to Z.15m. then extremely fractured rock |
[NEEZZ___ [ 567152 257404 5135 % 510,10, highty weathered fimestone
NEEG ab69E4 237366 634.8 megium fractured rack
NEE10 367141 257332 515.7 medium fractured rock
[REE? 556875 257258 517.3 medium o highly fracured roek
| NEE11 567251 257151 521.7 mediurn 1o highty fractured rock to 4m, karst features at -6m.
[NEB3 566985 257149 529.3 mecium o hghly fractured rock
NEEZS 567215 257015 529.5 highty to extreme fractured rock
NEB12 567300 256986 538.7 medium frectured rock
MiL4 567078 256870 523.7 fissurad mestone (withou! other information)
NEBS 566971 256850 523.0 medium fraciured rock
MILS 566954 756635 530.7 fissured Fmestone (without other nformation)
| MIL2 567056 256566 521.0 fissured limestone (without other information
(M3 557056 256583 520.9 fissured imestone (without other information)
FN2 567102 256678 §23.7 fissured fmesione t 10m, then limestone with seil-filed fissures
FNi 567178 256538 $26.5 medium fractured rock
C0B4 367457 256520 530 4 no observation regaming the fissuring
COBS 567496 256300 535.4 mediym fractured rock
[ DMFT 567589 256016 540.4 Glay limestone
DMF2 367646 298777 542.9 highly fractured rock to 12m.

b} Comments on the Protective cover map

Some 90 holes drilled with a hand-auger were done to evaluate the thickness of the protective
cover, including soil and quatemary layers such as loess.

The guatemary layers ware not diffarentisted from soil as they are essentially loess. No area was
mapped as P4 although local loess layers can be up to 10m thick based on borehele logs.
Extrapolating from these data had ambiguous results (Table 5.5.)

It appears that there is a large variabllity in the thickness and it is necessary to be aware that there
are limits associated with extrapolating the data from the hand-suger holes. The resulting map ot
the protective cover atiribute has inaccurate limits between aach class.

A singla area if the northarn part of tha catchmant is classifiad as P1 and more than half of the
catchment is classitied as P2 (Figure 5.22).
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Table 5.5.
Protective cover_and _ita_thicknesa derived from boreholes.
Borehole | coord. X coord. ¥ elavation Thick. Other | Thickness Lithology
code _ {m. a.5.)) $0il {m) layer {m)
V&G4 566609 259272 4112 1.6 1.8 dirt and Kess
VGC5 566672 259124 44,7 0.5 0.5 dirt and loess
VGCE 566734 258032 455.2 0.8 09 dirt and bess
HEB1S 666823 258?34 4716 1.00 1.00 dirt and foess
N ECE N P L (X 07 |dnendceyeh
Egi? 566955 258377 490.1 24 2.1 girt and clay sift {leess)
NEB18 567015 258088 51914 0.30 350 38 dirt above calcareous gravel from the
Rauracian
NEB1S 567064 257694 529.1 0.40 1.50 18 dn_ above  calcareous  gravel
_ _ {weathering zone)
| NEB20 567084 257685 540.7 0.3 0.3 dirt with cakareous gravel
NEB21 567101 257505 518.4 0.6 1.00 1.6 dint and loess and calc. gravel.
_N_.EBZZ 567152 257194 513.% 0.9 0.9 dirt and calc, gravel. in st matter.
=D 566984 257368 2348 2.5 235 dirt and ciay it
EB10 55?14_1 257322 518.7 1.3 1.3 it and clay si
_NiB? 556875 257258 517.3 5,75 5.7% dirt and glay st
[NEBTI 567251 257 151 5217 15 15 dirt and clay sil
NEEZ 566985 257149 5353 0.4 04 it _
'EBZEI 53_72_15 ?5?0‘]_§ 529.9 0.7 0.7 dirt and ciay _sil
_EB‘ 2 567300 25598_6 238.7 0.6 (.5 dint and clay sil
L4 567078 256870 523.7 0.3 0.3 clay dit
NEES 566971 256850 520 1.6 16 dirt and clay silt
MIL 566954 256635 530.7 (.2 0.2 dirt
MIL2 567056 256588 5214 2.5 2.5 dirt
MIL3 567056 2555_83 520.8 3.2 32 Clay dirt
FN2 587102 256578 52317 0.25 2.00 2.25 dirt on bicdetridal !mestone in sit
et
FNA 567178 256530 526.5 55 55 ditand ciay sit
COB4 452?457 256320 530.4 1.3 1.3 dirt and clay sifl
COBS 567495 256300 535.4 0.7 0.7 loess .
DWF1 557_589 256016 540.4 1.4 1.4 dut and clay Sit {ipess) _
DMF2 567646 255777 542.9 6.9 3.4 10.3 dirt on loess 1o 6.9m.then sit gravel.

c) Comments on the Infiltration conditions map

As there is no stream nor losing stream in the catchmant, the only difference to be made was
between araas of I, and |, With & numerical elevation model and aerial photographs (1:10'000 and
1:25'000), the ), and |, classes of the infiltration conditions were mapped taking into &ccount the
slope intensity higher than 10 percent as major lialds are potentially cuitivatad (Figure 5.23).

5.2.2. Characterization of the Milandrine aquifer karst network
development

The Kkarst nelwork of the Milandrine aquifer or of the catchment of the La Font, Le Saivu and La
Bame springs exist with 9km of cavities mappad by the Jura Speleological club (Figure 5.24).
According to Maréchal (1994) the fractal dimension of the Milandrine karst network is lower than 2,
corresponding to low complaxity and density. The total cross sactional area of all network conduits
rangas from 0.04 to 126 m?% The highest value corresponds to 8 large room with a ceiling collapse.
Commonly, the sizes are from 2to 4 m%. Nommally it would be tha sections between 2 and 0.05 m®
that are rather difficult to measure as well as to explore. Plotting the sections and the sum of the
length of tha gelleries whose sections are higher than the vanious measured sections on log-log
paper allows extrapolation of the real extension of the karst network (Curl, 1986, Maréchal, 1994).
This leeds to 43 km tots! length for the galleries. The explored part of the karst network has a tree-
lka structure that is nof well developed. From this viewpoint, the karst network development is
assigned to K,.
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Figure 5.21.: Location of major boreholes in La Font, Le Saivu and La Bame catchment (Doerfliger et al.,
1995},
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Figure 5.24.: Karst network of La Mifandrine - plan map (Grasso & Jeannin, 1934).

Part lil; Intrinsic vulnerability mapping of karst aquifers based on a multiattribute approach - the EPIK

mathod.

172



Advances in karst groundwater protaction strategy using artificial tracer tests and multiattribute vulnerability

mapping - the EPIK mathod. 173

ETEE 110 TR : i a %
?600 I l : | i i i l E
= 10 =
< 500 i ! | E
< Efficient infitrations 20
400 ' 30 §
= "I, Dischame Miandrine L
- 40 =
5 500 ‘ . =
e I
2200 i !_
o | |
= : i
Q100 .L M L j l il | (I} l

j ‘J l e o : A opss

e Bl G R T g (- ;":#}..u. Jéi';l.ll - .- W
1.91.90 1.01.91 1.01.92 01.01.83

Figure 5.25.: Relation Efficiant precipitation and discharge of the upper Milandrine (Grasse & Jeannin, 1995).
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Figure 5.26.: Classification of the upper part of the La Milandrine hydrograph for different cycles (after Mangin
(1975) { in Grasso and Jeannin, 1984)).
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5.2.3. Vulnerability map for La Font, Le Saivu and La Bame
catchment

As there are no swallowheles or surface streams in the catchment, the sinkholes are the least
protected points. Their pratection factor ranges from 17/29 for the dolines loceted at the teot of
steep slopes to 20/29 for those with low refief. Although there is 8 major pratective cover with more
than 1m of soil (P,), the sinkhele that is diractly connected to the karst network (567.000/257.000}
has low pretection. 1t is apparently cne of the most vulnerable points in the whole catchment.

The dry valleys that are both clearly evident on topographic maps {22/29) and have thick protective
cover (26/279 have medium vulnerability.

Finally the zones with a protection factor that is higher than 26 (27 to 29) correspond to the less
vulnerable araas (E, - P, - 1,) for example (Figure 5.27) (Tache et al., 1996).

5.2.4. Validation testa on vulnerability zones in the La Font, Le
Saivu and La Bame catchment.

Carrying out validetian tests on zones of varying vulnerability in this caichment refers to the use of
available data from tracer tests (Part I) and fram geophysical investigstions (Turberg, 1993,
Veigs,1995). Transter functions are useful in such tests.

Concerning tracer tests, we considered cnly these deone from the surface, as tracer tests in
boreholes only partially retliect groundwater vulnerability. Transfer to the unsaturated zone is very
often subtracted.

The spplicable tracing tests sre: T1amont (srificisl hole), T2amont (artificial hole)}, T30amont,
T34zmont, T35amont, T8%9emont and T41amont (Figure 528). They are loceted in the
preferentially high vulnerability zones with values of protection factor ranging fram 17 to 20. The
tracer tests T39amont and T34amant ere located in zanes protection tactors of 27. Tracer test T35
was in @ border zene between & 25 sector and e 17 sector. For these tests, we expect to have
steep normalized responses, except for the T39amont and T34amont. They sre situsted in fault
zones or on the border of such e tectonics accident zaone according to the geolagical medel
rasulting of radié-magnetotelluric investigations carried out by Turberg ,1993. Tracer tests T1 and
T2 are situated side by side in 3 canductive zone corresponding to a major North-South fault.

The highest vulnerability zone (protection value 15) sra validated with very steep normalized
respenses as shown in figure 5.28 (T41). This corresponds to an injection in the still active
sinkhole (regular hole epening by collapsing of the soil) near the artificial entrance to the Milandrine
underground network. The normafized respanses of the T1 and T2 tests have s gradient at 0.5
percentite that tends mere to 60 degrees than 90 degress as test T41 does. This raflects transit
through the fault zone characterized with karst clay providing a good contrast of resistivity. The
same phenomens prabably influences the nermakized responses of test T35 end T30, whose
injection points are locsted along the same N-S fault zone. These rasults do not contradict medium
vulnerability designation.

The normalized respanses of the tests T34 and T39, injected in low vulnerability zenes (using the
EPIK apprasch), shauld have 8 slops at 0.5 percentile that tends more to 60 degrees (1) than 90
degrees (0). However, the opposite was observed as shown an Figure 5.28. Near this majar fault
Zone, the epikarst is certainly developed even if ne epecific morpholegicsl festures are evident. A
Zzone of 100 to 200m te each side of this zene should be assigned E, or E, for the Epikarst
sftribute.

Cnly one tracing test was dene inta s surfece peint in a low vulnerability area (29); this eres is
charaecterized with red ciay seil thicker than 1m. Unlertunately, there was no tracer recovery at the
upper Milandrine measurement paint.
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Chapter 6

From vulinerability maps to protection zones maps

6.1. Introduction

A vulnerability map is used to outline the groundwater protection zones according to their
definition. Taking into account the degree of the karst network development, for each case we can
suggest possible equivalents between the vulnerability vaiues and groundwater protection zones.

6.2. Groundwater protection maps of St-Imiar and Le Maira-
Bure

6.2.1. Groundwater protection at Si-lmier (Tache et al., 1996).

The foliowing relstionships have been developed between the attributes and groundwater
protection zones:

- swallowholes and losing streams supplying them have to be designated S1 (protection factor from
9 and 20).

- groundweter protection areas S1 or S2 are aftributed to sinkholes, karrenfieids and cuestas
(protection factor from 15 to 20).

- zones with E2 or I3 heve to be essigned groundwater protection S2 (protection tactor from 18 to
27},

Teking into consideration that the karst network development is well developed (K1), we suggest
assigning the following protection factors to the protection zones:

S1= protection factors between 9 end 19
S2= protection factors between 20 and 25
S83= protection factors betwean 26 and 29

We also considered some additional restrictions such es the sectors in |1 heva to be attributed to 81
independently of their protection tactor higher than 19 (e.g. Losing stream and ifs banks,
protection tactor of 20},

Figure 6.1 shows the great majonity ot sinkholes, karrenfields and cuestas 2re in S1 zone and the
most sectors in E2 or I3 are in S2 zone. The iow vuinerability ereas are generally characterized by a
thick protective cover end are located away from concentrated intiitration zones or strong karst
features. They are logically in S3.

Figure 6.1 makes it possible to visualize the proposed limits of the protection zones S1 through S3
of the catchment. The comparison between the previous protection zones end the present ones
show that the EPK-derived protection zones S1 and S2 are clearty more abundant at the scale of
the besin in comparison to Figure 5.3. This should eliow implementing more effective restrictions
with regard to the land use.
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6.2.2. Groundwater protection of Le Saivu, La Fomt and Béame
catchment (Tache et al., 1996).

As the karst network is well developed (K1), the major sinkhole connected to the Milandrina
(protection factor of 17) has fo be listed as a 51 groundwatar protection zone.

The dry vaileys that are generally connected to the low topographical zones and the slopes whose
runoff water is supplied to them {protaction factor between 22 and 26) have to be listed as S2.

The sectors with a protection factor higher than 26 should be listed as 83.

According to thasa observations, tha equivalanca groundwater protection zones - vulnerability
classes afe listed as tollowing (Figure §.2);

81 = protection factor equal to 19
52 = protection factor between 20 and 28
53 = protection factor between 28 and 31.

6.3. Conclusions

From vulnerability maps, it is possibla to outline groundwater protection zones taking into sccount
statements regarding the goals of the groundwater protection zone to be attained. The statemants
are the following:

S1 at least swallowholes and losing streams,

51 or 82 : sinkholes, karrenfields and cuestas

52 preferred to 53 for areas with E2 or I3

AS tor protection valuas higher than 28, assuming the presence of P4,

According to the two above examples of groundwater protection maps established from EPIK
vulnerability maps, thera is no automatic correlation between protaction factors and S protection
zones. The protection factors assigned to each S zone do not differ markedly in the two examplas.
The difference refers to natural conditions in that particular karst anvironment {loosing streams) that
influences the protection factor (low and high iimit of the range). At present, using the above
rasults, the correlation is:

51 = protection tactor lowar than 18 £2

82 = protection factor between 19 £2and24 2
53 = protaction factor between 25 +2 and 29

AS = protection factor higher than 29

Furthermore, there is a distinct advantage in not having an automated approach to correlate the
protection factors and zones. Using site-specitic fiald verification results in a more meaningtul |
validity in the vulnerability of aach catchment part.

Finally the Karst network development degree attribute may also influence this equivalence. This
was the case in the two above examples where the K attribute was K1. However, further tests on
other karst hydrogeological settings will justify the need for this attribute.
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Chapter 7

Comments and conclusion

The use of attributes that taka into account how a karst aquifer functions, such as the epikarst
through its morphological festures, the protective cover, the infiltration conditions end the
deveiopment of the karst network, makas it possibie to obtain maps that represent the vuinerabiity
ot karst catchment (Doerfiiger & Zwahlen, 1895). The EPIK method allows outiining pratection
zonas that are consistent with the hydrogaological behaviar of karst aquiters. If proves that it is
teasible to contribute to a better protection of karst groundwater.

Nevertheless, although tha concept underlying these new vulnerability maps is becoming clearer
foday, further deveiopments are still needed to fully appreciate its pertinence, specilically
regarding the epikarst and the protective cover attributes. The epikarst is still tha mathod’s weak
point.

The usa ot a geographic intormation systam {GIS) for the examples ot St-Imier and Bure has also
made it possibie to test the sensitivity ot the various weighting systems and to simplify synthesis of
vulnerability maps.

Validating vuinerabiiity zones remains difficult. For future research, in order to evsiuate the
sensitivity of the weighting systems, specific distribution curvas for each atiribute by class shouid
be estabiished and also generslly spplied to the catchment. This may indicste if it is appliceble to
the overall spatial hateroganeity and ba & means to vaiidate the weighting system. The validstion
require turther improvements and a mare scientific basis.

Vuinersbility mapping combined wifh potential hazard mapping of & catchment will provide
appropriate tools to outline tha protection zones and astablish appropriate corrasponding
reguistions.

Part lll: Intrinsic vulnerability mapping of karst aquifers based on a multiattribute approach - the EPIK
method.



Advances in karst groundwater protection strategy using artificial tracer tests end muiltiattribute
vulnerability mapping - the EPIK. method. 182

Part 1I): Intrinsic vulnerahility mapping of karst aquifers based on a multiattribute approach - the EPIK
method.



Advances in karst groundwaler prolection using artificial tracer tests analysis and muliiattribute vulnerability
mapping {EPIK method) 183

General conclusions

Karst aquifers are characterized by a highly heterogeneous structure with diffuse or concentrated
surface recharge. Therefare, contaminants may be released as point-sources or diffusely inio the
karst aquifer with various censequences that affect aquiter water quality.

Tharatare, karst aquifers requires a specific graundwater protection stratagy. The results of this
study contribute {0 the development of ihis strategy and are presented in this section.

Further parspectives ara also suggested for interpreling artificial tracer tests and vulnerability
mapping in karst envircnment.

The contribution of tracer test input-response interpre-
tation to karst groundwater protection :

Cen we forecast the effectea of point-source contamination using transter
functions?

Prelicninary remarks: only artificial tracers considered as ideal tracers were used to determine the
transfer functions. In karst aquifers, uranine and sulfurhodamine G extra are relatively ideal.
Bacteriophages behave differently accarding 1o their different siructures and can be adsorbed.
Thus, the transfer functions also rellect tha processes of advection and dispersion which can be
applicabia to cantaminants such as hydrocarbons and pesticides. Heavy metals are sensitive to the
sarption and to degradation. Therefore, transiar functions follow the warst case scenaria of paint-
saurce cantamination in karst aquifers. Our study of transfer function variability is not exhaustive.
Tracer fests are not adequate enough tc allow a goad statistical distribution. However, within the
scope af hydragedlagical impact assessments, the statistical ssmple size and distribution are often
much worse due to lack of funding to develop gaad hydrogeological infarmation.

« From an econcmic viewpaint, we would like to determine the characteristic mean transier
tunctions far a catchment identified by soma dafined paramaters such as size, meaan transit
distance, degree of karst system development, aquifer thickness, nature of the injection site and
hydralagical canditions. But, such functions da nat exist! No significant differences betwean
these parameters exist Nevertheless, meen transfer functions from tracer tests which
correspand ta geclagical contexts ar injection point types can be ditterentiated. Karst aquiters
in the Jura and in the Alps have different historical development {Jeannin, 1996), and their is a
significant difference evident in their transfer functions. .

From experimental tracer 1ests, mean transier functions with 95 percent confidence intervals
were calculated far the Alps, the Jura, varicus injection paints in the Tabular Jura and iar different
hydraulic canductivity. The mean transfer function were treated as normatized responses ta
abtain their carresponding impulse responses.

Transfer functions are principally influenced by type of injection site. The Alps and Jura
geoloagical cantext mean transier tunctions do not have a representative and meaningful
breakthraugh curves far e given input function for ail passible iocations and aquifers. We
established limitatians in the use of these mean transfer tunctions for contaminant simulations
based on & mathernatical convoiution operatian.
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For the Alps mean transfer function, it can be manipulated by convolution to simulate a forecast
only for the effect of an accidental injection from a gwaltowhole. In this case, the spring is on
averaga S000 metars away from the injection point in well karstified aquifers of ahout 500m_in
thickness. The mean discharge of the spring is 300'000 ¥min. The hydrological conditions are in
base flow’s recession. Based on the experimental resulis, this mean transfer function does not
allow input-response transport simulation in fracer system when tha release occurs from a
borehole or sinkhole. For smaller distances, we also cannct racommend the application of a
mean fransfer function. The results of the simulafion of an input equal fo a mass of 750kq
injected during 15 minutes (right triangle as input shape) are in Figure 1.
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Figure 1.: Simulated breakthrough curves obtained by convolution of the Aips mean impulse response with
the input function. {alpmoudput: recovery curve with mean impulse response; alp+-95%outpul recovery
curve with the +or-95% confidence interval impuise response).

Figure 1. shows that from 2 pessimistic viewpaint, it & necessary o double the peak
concentration. The three curves give fheir maximum time and modal time, the time o react to a
cordaminant release and if necessary, immediately turn off the watar supply.

Far the Jura, the mean transfer is calculated with e large number ot experimental transfer
functions. The simulated recovery curve for the same mass injected as was the case in the Alps
has an error ot 10%. This IS considered to represent the response ot a contammant injectad o

distance oi Iess than 3_0_0_0_91 and a dascharge rate about g_s_o_o_lm (Frgure 2) But fhese
resulting curves tor an equivalent discharge are not the same as from tracer tests performed in &
swallewhole with a distance of more than 5000m from the spring done in either the Tabular or
Folded Jura. The peak concentration, the maximum time and the modal fime can be campletely
different.
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Figure 2.: Simulated breakthrough curves obtained by convolution of Jura mean impuise response with the
input function. (juramout: recovery curve with mean impulse rasponse; jura+25%output recovery curve
with +or-95% confidence imterval impuise response).

The results of simulation of a8 mass of 750kg injected during 15 minutes into a borehole of
medium ta high hydraulic conductivity or into an arfificial hole with 8 mean discharge of 3600 Vmin
and mean tracar distance of 1000m are in Figures 3 and 4. Based an the experimental results of
tracer tests using surface injection points, it appears inappropriate to simulate injection from such
a surface paint. The experimental surface points are very specific to a local context such as at
Bure which lies directly in connectian to a major regional fault system.

The simulations provide results for various confidence intervals of the mean gradient values at
each 0.1 percentile that may be interpreted as a potential recovery curve with the abave
conditions. As a safety factor far water protection, we suggest considering the -95% recavery
curve with the highest concentration peak as the case suitable for prediction.
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Figure 3.. Simulated breskthrough curves oblained by convoiution of the artificial hole and borehole mean
impuise response with an input function. (artificislhole mout and borehole mout: recovery curve with the
mean impulse response; arlificial hole or borehole +-95%output recovery curve with the +or-95%

confidence interval impulse respanse).
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Figure 4.: Simulated breakihrough curves oblained by convolution of tha High and medium hydreulic
conductivity mean impulse response with an input function in the Tabular Jura. (Highconvuctivitymout or
Mediumeonductivitymout: recovery curve with the mean impulse response; High or mediumconouctivity
+ang -25%output recovery curves with the +0r-95% configence intervals impulss response).

« Transfer function varigbility within_a caichment is_jmpartant and depends principally on the
injectian site, thet is, the proximity of the injection paint to the karst netwark. This refers elso to

the degree of develapment of the karst netwark.

¢+ The vulnerability mapping of karst catchments based an a multi-attribute approach - the EPIK
method - provides pratectian areas of vadable vulnerability degree. Besed an the exparimental
transter tunctidns, characteristic transfer functions may be associated with each area.
Theoreticaily, wa assume that a low vulnerability area carresponds to a lower slope in the
narmalized responses af a tracer test (= low peak cancentratian and long racovery periad). In
cantrast, higher vulnerability degrees have steeper narmalized responses (=high peaak
concentration and short recavery period). Based on the experimental transfer functions, typical
transter functions resulting trom various injection points may be drawn to characterize a
vulnerability range area (Figure 5). The maan transfer functions of tracer tests that were done
using anificial hales and in medium hydraulic canductivity result in & goad simulation of what
shaould be seen tor the nommalized response of tracer tests in medium vulnerability zones. The
typical transter tunctions af high vulnerability zones are for transfer tunctions af a tracer injected
inta a surface paint that is direcly connected to the karst netwark or to & high hydraulic
canductivity environment from a barehale. This knowledge, even if intuitively predictable, may
benefit qualitatively predicting the recovery curve of planned tracer test done as part of
vulnerability area validation.

Validation of a tow vulnerability areas with a tracer experiments appears difficult and may not be
passible. Injectian of a tracer by spraying onta the surface requires similar equipment used by
Flury et al, 1993 to study the pesticide transport throuah unsaturated field scils, namely air-lifted
sprinklers in a square ot 1m x 1m surraunded on three sites by woad partitians. The expected
recovery response may have a low peak concentratian and a lang low duration. [tis difficult in this
situation ta determing the right injection canditions (tracer quantity, water dilution valume for
Hushing, injection duration) ta gbtain a concentration above the detection limit.
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The link n i Inerabili may als¢ be used as a instructive

ool to axplain the vulnerability of some hydrogeoiogical seftings in @ karst environment to
planners and decision makers.
» |tis not necessary 1o carry out numerous tracer tests in the same karst aquifer in order to perform

statistical tests. At thg scale of a ka@j calchmenis, tracer tests gre not the single tool used to

wlth its phgsmal pa@mgte@ spahal heterogeneny For cntlcai areas, 1racer tesls should Ilkely be

performed. However, in as part of hydrogeologicsi impact assessments, it remains useful fo carry
out at least three repetitive tracer tests under various and widely contrasting hydrological
conditions ta define characteristic transfer functions which can be used to establish realistic and
effactive contaminant predictions.
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Figure 5.: Possible relationships between typical hydrogeclogical settings of varfeus vulnerability degrees and
the normalized responses of artificial tracer tests.
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Contribution to defining karst groundwater protection
zones from a multi-attribute vulnerability approach:

Is it possible to prepare vulnerability maps, within a realistic timeframe and for
reasonable cost, that define groundwater protection zones with complex karst
atructures?

Preliminary remarks.

- Saveral cases of karst catchment protection zone mapping show that the classical manner of
proceeding based on outlining different patential contaminant travel timelines is not appropriate to
karst environmants.

- it is difficult, perhaps not even feasible, to véﬁfy a graundwater protection zone as it includes
enlorcement of ragulations by the designated authority and public awareness of karst groundwater.

= Qutlining karst groundwater protection zones using as a tool the multi-attribute appreach of
vulnarability mapping is feasible within a reasonable tima. The rasulting maps of groundwater
protection zones are mare substantial than maps based on equal travel time lines used typically
for porous media aquifers.

+ Vulnersbility maps can be made that reflect the specitic hydrogeological behavior of karst (duality:
hydraulic conductivity and recharge) and take into consideration aftributes such as the epikarst,
the protective cover, the infiltration conditions and tha karst network development. Howaver,

. characterization of these affributes reqguires improvement. The method is limited by first, the lack
of appropriate instrumantation or methods needed to adequalely investigate some of the
parameters {(epikarsi, protective cover and karst network) and second, the difficulty in validating a
weighting system.

-The epikarst needs further development work lrom geophysics, satelliie imagery to
identify and map the apikarst and also mora detailed hydrodynamic data.

-EPIK stresses the protective role of the cover (averlying soil or geological layers)
assuming that tha cover has a considarable protaction against all kinds of contaminant
transter 1o the groundwater. In future, managers of karst groundwater catchments will
more and mare have to face the contaminanmt problems and it will ba necessary in
further focus the research on the role of the cover regarding various types of
contaminants such as heavy metals, organic chemicals, fertilizers, pesticides, bactena
and viruses and the adsorption-desorption, advection, diffusion processes which
occur and vary according to contaminant type and soil nature.,

-The quantitativa aspect of recharga frem the Infiltration conditions affribute could
possibly be treated taking into consideration the spatial varabilty in addition to its
different categories.

+ IS is a useful tool to use for multi-attribute mapping. However additional iests are naeded to
determine a8 more appropriate weighting system and to accomplish vulnerability mapping on the
two catchments in Swiss Jura. Assessing infittration conditions mapping as a function of slope is
an essential contribution that needs o b done.

+ Weighting and integrating indices of key attributes into a protection factor represents a logical
procedure. It may, however, result in a simplistic index that is less distinciive than desired
(Bengtsson and Rossen, 1995). Validation of vulnerability zones is not obvious and remains as
the weakness of tha method. Tha indax should at least take into account an error factor.

« Distribution curves of vulnerability zones could ba established and compared to a reference
curve based on catchment map vulnerability zanes. This could lead to 2 general understanding
of the impantance of high vulnerability zones in the whole eatchment.
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e The probabilfy of a specific contaminant effecting groundwater quality above an existing
compliance levels (required level for drinking water) could be assessed taking into account the
characteristics of the contaminants, the cover, the presence of the epikarst and the general karst
network development. Such an approach, using the Bayesian statistic has already been carried
out in porous media taking into consideration retention time {Bengtsson & Rossen, 19985).

e From vulnerability maps, it is possible to outline groundwater protection zones taking into
consideration the goals to be obteined with such zones, as required in the state water @aw. No
automiatic correlation of groundwater protection zones is suggested trom the vuinerability map.
However, the ranges of protection factor assigned to each S groundwater protection zones are
not too different for the two examples. Developing 2 correlation between protection factor and
zones by field validation allows a betier estimation of vulnerability degree assigned to each part of
the catchment.

¢ The EPIK method can result in objective vulnerability maps that define groundwater protection
zones in karst catchments. However, their acceptance and the regulatary restrictions associsted
with each protection zones will not be effective without increased public swareness. Educational
programs are needed that explain the value of water and how karst aguiters behave. The public
tergeted for these educational programs may be broad-based, but in pasticuler should include
planners and decision makers in water management.

Benefits of this study to the knowledge of the karst
Hydrogeology

¢ The interpretation of fracer {ests in terms of transfer lunctions based on an input-response model
supports determinisfic approach fo karst aquifers. Transfer funclion variability and the related
transit velocity shows that the velocity within the network conduits is less variable than the
velocity between low permeable blocks and the network. For barehole injection paints, hydraulic
conductivity is the major parameter that atfects the transter function.

« Typical transfer lunctions of arificial tracer experiments depend upon the injection conditions
including the nature of the injection point. I the hydraulic conductivity of the tracer-system and
fhe ratio of the unsaturated:saturated zones influence the transfer function, it seems complex
and difficult to determine with a general law these parameters from the transfer functions. At the
scale of the La Font, Le Saivu and La Bame catchment, we were able to distinguish characteristic
mean transfer tunctions for s high hydraulic conductivity tracer sysfem, medium hydraulic
conductivity tracer system, artificial hole's injection paint, borehole injection point and surface
injection point. In general, we considered that the hydrogeological conditions may also have
influenced these {ypical transter functions. But due fo lack of data, we cannot prove it. There is
no established relationship between the structure of the karst aquifer and the response of tracer
experiments.

» The transfer functions studied as part of this thesis are in some cases close to 3 theoretical curve
of 1-D transport equation. With further developmant, it would likely be possible to detine from
experimental curves, a "velocity" and "dispersion” that would be interpreted specifically 1o the
karst environment. By knowing reasonable values of velocity and dispersion of a tracer
transported in 8 karst network, it may be possible to calculate a value for transport in the network.

¢ A 1D numerical transport analytical solution {appendix GC 1) was used to simulate mass
transport in water for various sefs of velocity, dispersivity and tracer distance. This illustrated
the effect of these parameters on the transler functions. For 8 given tracer distance and
dispersivity, the higher the velocity, the steeper the transter function or sigmoidal curve. The
effect ot the dispersivity is stronger on the sigmoidal curve when the velocity is small. For a
given velocily, increasing dispersivity independently of the tracer distance results in a
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dacreased slope mainly around the 0.5 and 0.8 percentiles of the sigmoidal curve. f
dispersivity and velocity both influence the shape of the curve, the tracer disfance is also
affected. For curves simulated with the same velocity and dispersivity, the grester the tracer
distance, the more the sigmoidal curve moves away from vertical. A simple 1D transport
analytical solution shows the multiple effect of three basic parameters on the fracer recovery
curves and their transfer funclions.

This kind of simulation illustrates that the complexity of transport in s karst tracer system needs
to include the processes of exchange {adsorption, immabile weafer efiect, dilution by
additiona! water sources).

o Transfar function simulstions of repeated karst Jura tracer tests using CONVOX (Dzikowski,
1902) showed that inveriance of tracer systems is relstively sensitive fo variation of discharge and
to variation of general hydrological conditions.

» All results emphasize the importance of hydrodynamic and patticularly transport relationships
between surface injection sile and karst network. This relaticn depends on the degree of
connectivity snd development of the network. This has been demonsirated from a hydraulic
point of view (Jeannin, 1996). This assumption should also be integrated in the EPIK approsch
in future davelocpments as the transfer functions already corroborate it.

Further developments in karst hydrogeology mey be necessary to work on the evoiution of
pertinent groundwater protecfion strategy:

-Inferpretation of tracer tests in karst aquiters in terms of aquifer structure. With a tracer test
performed in a sinkhcle for example, we could determine what tracer system structure exists: the
degree of karst network development (density, connectivity], ratic of karst network 1o low
permeability blocks. The use of numerical transpon simulation models may contribute as a first
step. The second step would integrate the experimental date of tracer tests (comparison 1o
experimental recavery curves and transfer functions). Simulations may be computerized from
two kinds of models: a double porosity reservoir mode) (Tha double reservoir model had been
developed for hydraulic purpese by Kiraly (in Burger, 1983)) and 52D or 3D ministic' medel
with finife elements of a theoretical karst aquifer encompassing 1D karsf network. Differant sels
of tracer simulations with various injection points (sinkhole, swallowhole, karst network), various
karst network geomelry, densily, conneclivity and hydraulic conductivity may be computerized.
Resulting recovery curves may be inferprated into transfer functions by deconvolution. As the
simulated transfer functions would be relsted to known parameters, they could be ranked into
classes related to the various simulation sets. Comparing the theoretical transfer functions with
the experimental functicns, fracer tests may be interpreted in terms of karst aquifer structure and
hydrological conditions. Such @n approach has slready been pertormed to understand the
hydraulic transfer fungtion of karst aquifer (Eisenlohr, 1994). 1t was also used to show the effect
of dilution con fracer tests by simulation of tracer tests in a theoretic karst squiter (FE) by Rossier
and Kiraly, 1992,

! Considering a theoretical 2D datarministic numeric model (FE) with an 1D karst naetwork allows simulating
tracer tests with the knowledge cof the physical parameters fields (hydraulic conductivily field, storage
coefficient fiald), the geometry of tha karst network (densily, connectivity degrea) and the boundary
conditions (hydraulic potential, impervieus boundaiy). Hydraufic conductivity is attributed to the karst network
(two different conductivities may be given considering the developing of the network: higher hydraulic
conductivity to the major channels and lower conductivity for the mincr channels) and to the iow permeabifity
blocks.
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- theory of the genesis of the karst network (chemical and physical precesses, statistic approach)
continuing the major works of Ford (1965, 19€8, 1971}, Ewers (1982), Mandelbrot (1983),Curl

(1986), Ford & Williams (1986) and Jaguet & Jeannin (1994},

- development and hydrodynamics functioning of the epikarst continuing after Williams (1983},
Smart & Friedrich (1986}, Drogue (1974).

- correspondence of the mean trensfer funclions to specific conteminents based on field or
laboratory experiments of contaminant transfer in various conditions relsted to the real
envirgnment.
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APPENDIX I.1

DYEBOX numerical code - Fortran 77
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APPENDIX II.1

Chemical tracers
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Appendix Il.1.: Chemical tracers (fluorescent dyes, salt)
a) type and characteriatics of uaed trecers

The fluorescent tracers

These tracers are subdivided in two groups: the Xanthenes group (green to red tluorescent dye)
within the uranine, the duasine, the eosine and the rhodamines and the group of olhe_er fluorescent
dye compounds with blue to green dominani colour, with, for exemple, the sodium napthionate.

These chamical substances, organic molecules, are made of simple-double ce-ordinate bonds. Once
they are in a solute, they can adsorb the energy as light and emit another by molecular excitation. The
emitted light by fluorescence has a larger well length than the excitted one. Each substance or tracer is
characterised by some specific spectrum of emission end adsarption (Allemann et al., 1991).

Major cheracteristics

URANINE

Technical designation: Acid Yellow 73

Synonym: sodium fluoresceins

Chemical name: dinatric spiro [isobenzofuran - 1(3H4),9' & [9H) xanthen] - 3- one, 3',8' - dihydroxy] salt.

Chemical farmula: CogH1gOsNep

Molar mass: 376, 28

Excitation frequency: 491 nm

Emission frequency: 512 nm

Fluorescence {uranine as reference): 100%

Comments. The term of fluorescein sensu strictum is very ofien abusively used, and principally in the
- american litterature as it is mentioned by Quinlan (1989). The fluorescein s.s. has not the same

chemical formula; the ion Na is absent in benefitto 2 H.

The uranine when it is concentrated is of the unfluorescent dark red colour. Afier a strong dilution, 3
decreasing of the fluorescence progressively appears beceuse of the ion Na dissociation of the
® Uranine * ions group.

In accord with Kass, 1984, the various colours of the uranine correspond fo the following
concentration ranges:

1E-1 mg/l red
1E-2 mgh red green
1 E-3mgh yellow green

1E-4t0tE-Smgh  green
1E-5ta1E-8 mg/l  faint green

1E-8 mg/ eye visible detection limit
Toxicity : LD50 (mgrkg): 6271 for rats (Smart, 1982}
4740 tor mice (Lutty ,1979)
LC50 {mg/l) 1372 (85h) for Rainbow truits (Marking, 1969)

2269 (96h) for “ cat fish " (Marking, 1969)
= 752 (240) \or the carps (Benoit-Guyod, 1979)
non carcinogenic and non mutagen (Smart, 1982)

Recavering rate: very good in karstic environment

Appendix (1.1,
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EOSIN

Technicsl designation: Acid Red 87

Synonym:Yeliow eosine, Eosine G, Eosine ¥S, ...

Chemiczl name: spiro [isobenzofuran - 1(3H),9’ 3 [9H] xenthen] - 3- one,2',4',5°,7" - tetrebromo - 3',6’ -
dibydroxy - dinetrium sail.

Chemical formuls: CogHgOs BrgNap

Molar mass: 691.88

Excitation frequency: 516 nm

Emission frequency: 538 nm

Fluorescence {urenine as reference}: 18%

Toxicity : LDsp (mg/ka): > 1000 for rats {Smart, 1982)
> 550 for mice {Lutty ,1978}
LCrg (mg/) > 138 (24h) for carps (Benoit-Guyod, 1979}

uncertain carcinogenic property and not to exclude the mutagen property
Recovering rate: good in karstic and porous medis environment

Cemments: The eosine is 3 little bit more sbsorbed than the ursnine; its fluorescence is less function
of the pH value than the uranine. As very sensitive to the light, the eosine is not used as surface water
tracer.

AMIDORHODAMINE G
Technical designation: Acid Red 50
Synonym: sulforhodsmine G extrs (Hoechst), Amidorhodamine
Chemical name: Xanthylium, 9 - (2, 4-disulfophenyl} -3,6 - bis (ethylanmino) - 2,7 - dimethyl-Natrium.
Chamical formula: Ca5H307 N2S2Ne
Molar mass: 552.59
Excitetion frequency: 530 nm
Emission frequency: 551 nm
Ffuorescence (uranine es reference): 14%
Toxicity : LDsg (mg/ka): > 10000 for rats (Smant, 1982)
LCs0 (mgM) > 88 (24h) for carps (Benoit-Guyod, 1979)
no available data concerning the mutagen and carcinogenic properties.
Recovering rate: good in karstic environment; bad in porous medie environment; high interaction with
clays and humus.

Comments: This substence is relstively eesy to distinguish from the uranine by spectrofluometry in
comparison to the eosine. It is siso characterized by 8 good stability to light and pH.

DUASYN
Technical designation:Acid yellow 245 (liquid)
Synonym:duasyn-flugrescenzgetb T filissig
Chemical neme: -
Chemical formula: -
Molsr mass: -
Excitation frequency: 446 nm
Emission frequency: 480 nm
Fluorascence {uranine es referencej: -
Toxicity : LD5sg {mg/ka): > 2000 for rats
no available data conceming the mutagen and carcinogenic properties.
Recovering rate: good in karstic and porous media environment

Appendix 1.1,
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SODIUM NAPHTIONATE

Technical designation: Sodium napthionate

Synonym: naphtosodium acid

Chemical name: 4 - Aminonaphtalin - 1- sulfonacid, Natrium sak.

Chemical formula; C1gH8073NSNa

Molsr mass: 245.23

Excitation trequency: 320 nm

Emission frequency: 430 nm

Fluorescence (uranine as reference}): 8%

Toxicity : . LDsg (mg/kg): no avsilable data in specitic litterature
no available data concaming the mutagen and carcinogenic properties.

Recovering rate: good in karstic anvironmant; but prudance is necessary in dealing with high organic
matiar content water: the natural fluorescence of high organic matter water is similar to napthionate.

Comments. Tha napthionate is a grey pink powder, its intansity is 14 time less than the uranine. It is
necessary to inject ganerally 20 times the uraning quantity for a given experiment. One major
incavenient is the interference of the emission frequency of the organic matter, naturally in water.
Consequently, the napthionate peak can be masked; without a density spectrum at the corresponding
frequency interval, aragnic matter can be identified as naphtionate.

General comments for the fluorescent tracers

Under the used concentrations for the tracing tests {more often less than 10ma/l), the fluorescent
tracers do not induce some toxicity proofs or mutagen or teratogen properties. Meanwhile, it is
necassary in handling tha tracers to protect hands and breath paths {(nose and mouth) as the
substances ara generally powder conditioning; this powder is extremly volatila_ It is also necessary to
undertaka the psycological effect of a rad ar grean colour of the water an the peaple, even if it is not
dangerous.

The salls

On the test sita of La Milandrine - Bure, livestock sait has been used; it is pink coloured NaCl salt. [t
provides good results in the tracar experiments and is determined by measuring the electrical
conductivity of watar. it is a easy and relatively accured mean.

In karstic environment, the natural alectrical conductivity changes with the discharge varistions, the
hydrodynamic state of the aquifer. it is necessary to keep in mind the existence of this natural process
bafore any interpretation of salt breakthrough curves. When the conductivity background is not
steady, but is aftectad by high variations, it is uselese to interprete such a response. It is necessary to
aocopg::lish such salt tracer axperiments whan the hydrodynamic conditions are as stabla as far as
possible.

Angther disadvantage is the quantity of salt to be injected; to provoke an significant increase of the
elecrical conduclivity of the water, it is necessary to use a large quantity. In the test-site of Bure, we
used 100 to 500 kg per tracer tests for. mean discharge of 35l/s and smali distances (less than 500
metres )for the upstresm point in the cave and less than 5000 metres for the downstream point at the
springs).

Injection of salt induces an increasing of watar density; @ mattar ot avoiding that the salt solution get
stratitied in the lowest part of the aquifer, the salt is diluted in large quantities of water (seversl cubic
metres) and just after the salt injection, a water flush is accompfished.

Some charactaristics of the Sodium chlorine:
NaCl: sodium chlorine
Molar mass: 58.44
The solubility varies in tunction of the temperature:
- 356 gfl for 0°C
- 356.6 g/ for 5°C
- 357 g/l for 10°C
Toxicity:  LDsq tor rats (cral): 3000 mg/kg
For fisches and fish eggs: till 10°000 mg/l (Schapearclaus, 1954).
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APPENDIX 1.2

Analytical principles for fluorescent and chemical
tracers
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Appendix Il.2.:Analytical principles for fluorescent and
chemical tracers

The fluorescent tracers are analysed either by spectrometry or by liquid chromafography (HPLC).
Under this appendix, only the principle of the spectrometry will be briefly developed. For more details
concerning the principles, the limits and advantagee end disadventages of the methods, many
references such as Kass {1994), Mdaghr Aleoui A., (1992), Behrens H. (1988) and Lutz et al., (1988)
are available.

Principles of the spectrometer

The principles of the specirometer used in the CHYN Jaboratory fo determine the water ssmples
concentration are the following:

a light source, a xenon tube, characterised with a large well lengths renge spectrum, is filttered in order
thet only the light whose well length corresponds to the excitstion well length of the given fluorescent
tracer get through it. Tha so filtered light gets through & small tank containing the weter sample with the
supposed fracer. The water solution emits by fluorescence & light characterised by its higher well
length. This light is directed to the photoelectrical cell. The resulting photoelectric energy is measured
sfter amplification, by a galvanometer (Allernan and Mdaghri Alaoui, 1991).

The spectrometer LS-5P-PE {Perkin E!mer) used in the Centre of Hydrogeolagy Labaratory allows to
meaesure light intensities for ell the spectrum in funcfion of the well length. This is accomplished by
simple or double scanning. A simple scanning consists in daing either an excitation spectrum or an
emission specfrum. In the first case, the emission well length stays constant, when in the second case,
the excitatian of the sample is camed out with a given well length.

In the case of the double scanning, the well length interval between the excitation and the emission
remains fixed when one accomplishes a spectrum scanning. The resulting peak has a maximal intensity
and corresponds to the well length of the enalysed fracer.

The scanning permits fo identify the concentration background and to enswre that the induced
fluorescence by the organic matter does nof correspond to the tracer. The organic meatter in the water
induces some fluorescent peaks in the UV and particutarly masks the presence of naphtionate. In the
cases of high concentration of organic matter in the water, the use of napthionate as fracer is strongly
inadvisable.

Detection limits for different tracers:
uranine: 0.01 to 0.001 ppb
sulforhadamine G extra: 0.02 ppb
naphtionate : 0.1ppb

eosine: 0.25 ppb

Interference between' fracers {(Alleman & Mdaghri Alaoui A., 1991):

Saltarkidamine O
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Figure 1.: Spectre of major fiuorescent dyes used in hydrogaoiogy
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The eosin can interferad with the uranine signal; for this reason it is nacessary to saparate the two
signals modifying the pH or using tha HPLC.

The sulfarhodamine G extra doas not intarfarad with the uranine. Therefora if there is high
concentration of uranine in comparisen to sulforhodamine G, its response can be modifiad.

Limits of the methods:

The spectrometar permits to obtain good results whose reproducibility is lass than those ot tha liquid
chromatography (HPLC). The interference quastions can be solved due to tha medification of the pH
(acidification); the presence ot uranine in highar concentration than a secend one whose well langth is
close to, induces difficultias to distinguish specific spectrum. [t is abvious that a clear saparation of tha
various tracer is produced by HPLC. This mathod shows more advantages, as on the other hand it
allows a lower detection limit than tha spectrometar doas. Therafore, it is necessary to be critical to the
vary low concentration around the datection limits and their signiticanca. It the spectrometer is in sama
way disadvantageous, it has an unegligible advantage: analysas costs ane obviousty lower than those
of tha HPLC.

Field conductivimeter

The tracing tests carried out with sodium chlorine as tracer had been measured simply with the use of
an electrical conductivity / temperalure probe connecied 1o 2 data taker; the fraquancy of valua
recording can be set In tunction ot the tracing tasts. The transiation of the measures in electrical
canductivity, correctad at 20 or 25°C in salt concentration is dona on the baais of a calibration
accomplished on various samplas by Jeannin. In function of the instrumants, on ugas tha corralation
factor of 1.57 or 1.72, empirically datarminad in situ.

.Accarding to the tests, tha measurement tima staps are set an 5, 15 to 30 minutas, till excaptionally 60
minutas.
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APPENDIX 11.3

Table of tracer tests data performed in Tabular
Jura
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APPENDIX 11.4

Table of tracer tests data performed in the
Folded Jura

Appendix
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APPENDIX I1.5

Table of tracer tests data performed in the Alps

Appendix
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APPENDIX 1.6

Database files of tracer tests

Appendix
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APPENDIX 1.7

Datafiles of breakthrough curves of tracer tests
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APPENDIX I1.8

Hydrogramms of the Milandrine, the Font, the
Bame and the Saivu with tracer tests events
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APPENDIX I1.9

Tracer tests breakthrough curves of the
Alpstein with discharge level
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APPENDIX 11.10

Microbiological tracers
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Advances in karst groundwater protection strategy from tracer tests analysis and multiattributes vuinerability
mapping (EPIK melhad)

Appendix [1.10.

Microbiological tracers

a } why microbiological tracers ?

The use of bacteriophages as artificial tracers for surface and subsurface waters dates back
to 1972 (Winpenny et al.). In the 1980's, the Microbiology Laboratory assaciated to the
Centre of Hydrogeology of the University of Neuchétel had accomplished eeveral encouraging
experiments, A detailad research on the use of the bacteriophages at biological tracers has
been undertaken by Rossi (1994).

The bacteriophages, bacteria viruses, are nm range of size and are not dangerous for the
Environment. They, thus, tan be used a artificial tracars. Thasa biological tracers are inert
arganisms; thair impact on tha environment is insignificant.

The bacteriophages as all viruses, are not able to selt - multiply; they do need to physically
get intagrated to a spacitic host-bactaria, whose mataboliem is misappropriated to the
benefit ot the intracellular multiplication. Thay possess a capside - head - containing the
genetic code. Soma phages have a tail (more or less long and flexibla, sometimes retractile)
on whosa aextremity ara iocated tha specific racognition sites ot the host call {Rossi, 1995).
The bacteriophages raspond to the expected characteristics of an artificial tracer for the
subsurface water; according to Keswick et al., 1982, they are the tollowing:

Tabfe 1
Characteristics of bacteriophages .
= thay are not pathogeneous (i.e. not able 10 induce diseases for human beings,
animals or plants)
= they are not presant naturally in the subsurface waters or at least &re
distinguished with the present micra-organisms.
= they do not modify the subsurface water flaw systems.

* they ara stable in the traced environment tor a time period relatively long (till 1
to 2 months)

* due to their density, they behave as water molacules. The salacted bacteriophages
interact only weakly with the environment (adsorption, absorption, destruction
and inactlvation)

* the detection limit is low ( < 1 plu* / ml)

» they do not react with other organisme that occur in tha aquiler and do nat inducs
any modificationa of the environment or of the organisms properties; their host-
bactafiz are not present in the tracad environmant

* In the case of multitracing exparimants, thay are easily idantiliable individually,
as they possess their own specific hast-bacteria.

* pfu: plaqua forming units is equivalent to the virus or bacteriophage per mi.

An interesting advantage is specially for the use of tracers in urban environment, due to the
fact that the bacteriophages are unseen at the outlet of the tracing system.

For several years, the laboratory of Microbiology of the university of Neuchéatel has
devaloped tha production and analyses methodology of various bacteriophages, testing in
particular their physic-chemical properties (electric charga, adsorption, mechanical
resistance). Saveral exparimanis in porous and karstic fissured aquiter had been carried out
and had givan some vary positive results that had encouraged the hydrogeologists to usa this
type of tracer (Rossi, 1994).

The isolation and production technolagy of tha seven phages had baen davelapad taking into
considaration the physiological properties of the host-bacteria and the physic-chemical
characteristics of the phages. Among these savan virions, four had been isolated out of marine
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environments (Atlantic ocean and North sea). None of them are naturally found in the
aquifars. .

Soma toxicity tests on trout and daphnies and their eggs had baen carried out after a tracing
experiment accomplishad in a rivar - tha Arausa (NE) - by Rosei (1995): all of tham wara
negative. No fish were dead, after bathing in bacteriophages solutions with 10, 3, 1 and 0.3
per thousand and for tasts duration of 24 to 96 hours.

b) used bacteriophages: physic-chemical characteristica

Thea seven different bacteriophages had been usad in some double and repaated tracing tests in
Bure, Areuse-Brévina and Noiraigue watercatichmant basins. Tha scientific denomination and
the name of the host-bacteria are in the following tabie:

Table 2.3.1.

Bacteriophages and host-bacteria listings .

Bacteriophages Host bacteria (ATCC)

f1 Escherichia coli K12 (ATCC 157686)

T7 _ Escherichia coli B (ATCC 113083)
H40/1 HA40 Bacterial strains not vet registered
H&/1 H© Bactarial strains not yat registered
H4/4 H4 Bacterial strains not yet registered
H2/1 H2 Bacterial sirains not vet registered
Psf2 Pseudomonas fluocrescens (ATCC 27663)

ATCC: American Type Culture Collaction

- The bactariophagas H4/4, H6/1, H40/1 and H2/1 are marine bactariophage; thay were
isolated during marine expleration campaigns in the Atlantic by K. Moebus (Moebus K.,
Hermann F., 1987; Moebus K., Nattkemper H., 1989, Moabus K., 1989,. Moebus K., 1992).
H40/1 belongs to tha Siphoviridae family. It has an icosahedral head and a flexible
noncontractila tail. H6/1 is an icosahedron without a tail, it is membar of the Leviviridae
tamily.

The bacteriophage Psi2 belongs to the Siphoviridae family of the type B1; its head is
polyhadral (icosahadron) and its tail flexibla and noncontractile. It was isolated from wastar
water of the water treatment plant.

The phages T7 and f1 belong 10 the collections of the Laboratory of Microbiology of the
Univarsity of Neuchéatal. Thay possass the same host-bactaria Escherichia coli, but balong to
two different morphological groups. T7 is a phage of small size; it is member of the
Podoviridae family characterised by a polyhadral haad and a smali noncontractila tail. The
phage f1 is a filament shape phage ot the Inoviridae family (Ackarmann and DuBow, 1987).
The structure of the bacteriophages induce an inferaction with their environment. In the
more common valua of pH of karstic groundwater, they are strongly negativaly chargad.

Two phenomenons may be ditferentiated: the inactivatlon of phages due to the agitation of
tha tracing system (turbulent flows, torrential or laminar), and the adaarption.

The adsorption according Lipson et al, 1985, is a reversible process. It is characterised by a
dynamic equilibrium, astablishad batwaan tha phage population and the adsorption sites
(suspended particles, aquifer material). This equilibrium is called Quaei-Equilibrium
Adsorption (QEA) by Grant et al. (1993). From theoretical cases, three stages can be
differentiatad:

*  Quasi-Equilibrium Adsorptionn (QEA): the phage is not influancad by the prasence
of adsorbent material. Adsorption, if it occurs, is irreversible. The adsorption on
the particle does not influence the virulence of the bactariophage.

s Quasi-Equilibrium Adsorption and Reduced Inactivation (QEARI): the adsorption of
virusas on colloids or on substrate inducee a protector effact (reducad
inactivation).
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» Quasi-Equilibrium Adsorption and Surface Sink {QEASS):the solid surfaca acts as a
trap for the viruses. The inactivation rate ot adsorbed phages is higher than that of
tha fraa-floating phage. Several authors had shawn that a great percentage of
adsorbed phages cn particles retain their virulenca (Paymant at al., 1974, Lipson

and Stolzky, 1983).

Figure 1: Quasi-Equilibrium adsorption (modified aftar Grant at al., 1993). Open circles:
Inactivation reaction; Filled circles: Inactivation and adsorption raaction (in Rossi, 1994).

According to tha work of Rossi on the processes study on same phages usad as artificial

thecratical model of the phages behaviour.

In this figure a homogenous population of phages iz subdivided into several Iracrions

? Wirukars phage iy Lopasion
@
¥ coatndshage

tracers in karstic environment, the following comments can be made:

* More than 90% ot phagas (f1, Pef2, H40/1 et T7) raact in similar manner to tha
inactivation by shaking : they are inactivated in great rate after 180 minutes ot strong
shaking. This inactivation follows a decreasing exponantial law. This rapid dacreasing is
tunction of physical factors such as the temperature; it is independent therefore ot the pH
and of the ionic concantrations. The phaga H6/1 is an axception: it is mora rasistant.

» Afier accomplishing experiments ot adsorption with the phage T7, ona deducas that the
phaga T7 gats adsorbed on the positively chargad sitas of tha clays. The physic-parametars
{pH, ionic concentration} and the presence of organic matter infiluence strongly the
adsorption. The experiments with other phagas give avidence that phagas react aach
specifically and differantly to a particular adsorbent. This behaviour allows to distinguish

three types of phages categorias according to Grant et al., (1993):

*« Psf2, H40/1, H4/4 and HE/1 do not react practically to colloids minerals in
laboratory. They have a behaviour of QEA or QEARI type, depending on the natura of

the colloids. They are the best potential tracers.
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* f1 is the only one that behaves under the QEASS iype. Adsorbed on mineral
suspended material, it loses its virulence. This can be explained by iis filament
morphology.

* The bacteriophage T7 has a behaviour of QEARI type. It reacts strongly with the
mineral colloids. A great number of phages are inactivated quickly after a first
stage of reaction. The reaction produces consaquently a strong protection of the
phage regarding the inactivation.

¢) phages production and analyses principles

Production

It is necessary to produce suspensions of phages in large quantities; the suspensions contain
in average 10*'® phages. This means a production of 10 litres of phages in order to achieve
some long distance tracing experiments (5 to 10 km) and of 1 to 2 litras for kilometre range
distance. The production can ba mada in Petri dishes or in liquid phase, as it is described by
Rossi (1994),

Analysea

The analyse is carried out under two phases. The first one consists in the test of the presence
or the absence of the phages in the water samples. It gives a good estimation ot the dilution’s
order to be accomplished in the second phase. This sacond phasa is about the accurate counting
of phages {Rossi, 1994}.
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APPENDIX 11.11

Breakthrough curves of bacteriophages tracer
tests
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APPENDIX [1.12

Table of tracer tests with phages
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APPENDIX GC.1.

Theoretical background of the 1D numerical
analytical transport method - various cases of
1D transport simulation
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Appendix GC.1.

Thecretical background of the 10 numerical anzalytical transport model
{Mermoud, 1882).

The purpasa of a dispersion-advection madel is to find analytical salutions for various initiel
and boundary conditions of the fallowing equation:

C
%:a az_z _(ﬁ) (1)
at ok

The solution of this equation (1) considering fixed flux conditions {step injection] in the case
of an ane-dimensionnal semi-infiniyt enviranment is written as follawing:

oo ) o D (o Byl 52

whith C= cancentration [kg/m’)
X= distance from the arigin [m]
t= time [s]
= flow velocity [m/s]
o= dispersivity [m]

C°=(?](Le,lm) g/ m

AM
where T= fixed mass flux [kg/s]

Clx, t)= -—exp(za]

L = "widness " of the aquifer [m]
@ = "thicknass * of the aquifar [m)
m, = efficiant parasity [1]
u= flow wvelacity [m/s]

with the tollowing initiel cenditions:

Cu—(au§]=cou when 120

the tallawing tlux canditians:
C(w,!)=0 when t20

1

Various cases of 1D transport simulation

The various cases of simulation prasented herebelow, take inty account coherant valuas of
dispersivity, flow velacity end tracing distance with tracing tests performed in Karstic
envirgnment.

The considered dispersivity veluas are in the renge 1 to 100m. Some measured velues of
dispersivity fram the interpratation of tracing tests carried out in Belgium karstic aquifers,
with disparsion-edvection madels (Seuty, 1988) and with an ADTS madel (diffusian,
exchange with immobile weter, without absorption) {Raven et al., 1988) are in the range 2
to 200m (Meus, 1994). Accarding Rassier et el, 1992 these valuas of dispersivity,
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resulting of computering such models, are affected of a scale effect and are quite often
overestimated, as the models do not consider the hydraulic source term. Newrethless, these
values give the scale of sizes of plausible dispersivity values in a karsiic environment. They
are the following: 1m (a1), 5m (a2}, 10m (@3), 50m (xd) and 100m (a5). .

The flow velocities sre choosen from the mean transit velocities of tracing tests carried out
in low and high discharge rates in karstic aquifers. The scale of sizes of these velocities is
similar than those measured within a karstic aquifer - narrow pass, small waterpathways,
large rooms - for some tracing tests in the Milandrine and in the Hdélloch karstic aystem

(Bagli, 1980 ).

We hold the following values for the velocity:

V, = 0.0015m/a ; V,= 0.003m/s; V,=0.007m/s; V,=0.08m/s; V;=0.1m/s.

The tracing distances are also plausible distances with the experimental situstions: 20m,
200m and 5000m. _

Other parameters remain fixed for al simulations:

Go= fixed mass flux when x=0 is 50 kg/m® (for example, the section can be 2m x 1m and the
efficient porosity between 0.5 to 5).

Duration of the simulatian: 20 hours = 72°000 secands.

Table 1
1D simulations eases
Co= 50 kg/m3 ; d1=20m; Tbegin=0seec; Tend =72'000sec.

Flow valocity | Dispersivity Disparsivity Disparsivity Dispersivity Disparslvity
[mis] al 1m a2 Sm xd 10m ad 50m a8 100m
V1=0.0015 Tavidial Tavidia2 Tavidiag Tavidla4 Tavidiag
V2= 0.003 Tav2d1a1 Tav2dia2 Tav2diald Tav2d1a4d Tava2dias
V3= 0.007 Tav3d1al Tav3dia2 Tav3d1a3 Tav3diad Tavadias
V4= 0.03 - Tavddia2 Tav4d1a3 Tavddiad Tavddia$
V5= 0.1 - TavSdia2 TavSdia3 TavSdiad TavSd1as
Table 2

1D simulationa caaes
Co= 50 kglma ; d2=200m; Tbegin=0aac; Tend =72'000sec.

Flow velocity Disparsivity Tlspersivity Dlsperslvity Dispersivity T Dispersivity
[m/s] ol 1m «2 8m o3 10m a4 50m «s 100m
V1=0.001% - Tavid2a2 Tavid2a3d Tavid2ad Tavid2ab
V2= 0.003 - Tav2d2a2 Tav2d2a3 Tev2d2a4 Tav2d2a5s
V3= 0.007 Tav3d2a1 Tav3d2a2 Tavaid2a3 Tavid2a4 Tav3d2a5
V4= 0.03 Tav4d2ai Tav4d2a2 Tav4d2a3 Tav4ad2a4 Tav4d2a5
V5= 0.1 Tavsd2al ‘| Tavsd2a2 Tav5d2a3 Tavsd2a4 TavSd2a5
Table 3

1D simulations ecases
Co=_50 kg/m3 ; d3=5000m; Tbegin=0sec; Tend =72'000sec.

Flow velacity | Dispersivity Dispersivity Dispersivity Dispersivity Dispersivity
[m/s] al 1m a2 5m o3 10m ad 50m a5 100m

V1=0.0015 - - - - .

V2= 0.003

V3= 0.007 - - . - -

V4= 0.03 - - - - -

V5= 0.1 - - - | TavBdZa4 Tav5d3ab
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Karst groundwater protection 15 & major issue in environmental concemn st the end of the 20th century. Karst
areas provide large quantities of water for water supply at springs and wells in Eurepe as well as in
Switzerland. Karst environment can be troublesome water sources in certain cases, due either to an accident
in a vary sensitive srea of also to inappropriate protection zones and corresponding regulations,

Karst aguifers ere characterized generally by on the one hand, highly heterogeneous structure with the
existence of 8 high hydraulic conductivity karst network more or less connected, developed and surrounded
by an important volume of fissured rocks with a low hydraulic conductivity. On the other hand, diffuse and
concentrated infiltration with limited filtering and auto-purification action of the contaminants occurs.

In matter of karst groundwater protection, therefore, specific strategy has to be developed as required by the
Federal QOffice of the Environment, Forest and Landscape and the dependent Swiss National Hydrological
and Geological survey. Twa approaches referring fo specific conceptual models had been used In the
framework of this thesis in order to answer to the following questions on the one hand: does exist @ mean
transfer function based on artlficial tracer tests, lhat characlerizes a given water catchment basin or a part of
it and can we use this transfer function fo establish some contaminant predicting scheme in the framework of
& hydrogeological impact assessment ? And on the cther hand, 10 suggest an zppropriated method to outline
the groundwater protecticn zones of karst water catchmerit basin, as concentric protection zones are not
suitable in karst environment due to its specific hydrological features.

Considering the tracing-system (tracing pathway} as an input-response model (black box model}, artificial
tracer tests are interpreted in terms of transfer functions - impulse response and / or indicial response. The
transfer function as impulse response is oblained by deconvolution of the tracer breskthrough curve by its
corresponding input function. The indicial response carresponds t¢ the canvolution of the impulse response
by a step-unit function. In order to determine mean transfer function to specific parts of a water catchment
basin or the whole water catchment basin, @ study of variability of the transfer functions by variance and
multivariance analyses on the gradients at given percentiles of the indicial response and on the modal
velocily based on around 100 srtificial tracer tests (flucrescent dyes, NaCl salf) caried out in various karst
aquifers in Switzerland (Tabular and Folded Jura, Alps (Helvetic realm)) and in various hydrological conditions
has been led lo, delermine the validity of a mean iransfer function. The following parameiers had been taken
into consideration in the variance analysis: geological context, water catchment size, injection site’s nature,
hydrological conditions, tracing distanca and discharge level.

Results of this variability study show that mean transfer functions for a water calchment basin do nol exist |
No significant difference of the considered parameters is relevant. Nevertheless, mean transfar funclions
from tracer tesls corresponding 1o a given geological conlext or to a given injection point's nature can be
differentiated. The validity of the transfer functions intra-water catchment basin is important and depends
principally to ihe injection sites. At tha ecale of a water calchment basin, tracer tests are not the single tool
used to protect the groundwater: a multiatiribute approach has to be applied to assess the vulnerability.

In order 1o owtline groundwater prolection zones ol a water catchment basin an input-responsa method for
tracing-pathway charscterizing is nol sufficient. An original mulliattribute approach based on a parametric
cancepiual medel of the karst aquifer, the EPIK method has been specifically developad for oullining and
rating the water catchmant basin taking into account the groundwaler sensitivity to all kinds of contaminants.
EPIK for Epikarst, Prolactive cover, Infillration conditions and Karst network development has been applied
on two test-sites in tha Swiss Jura (St-lmier's springs waler calchment basin in the Folded Jurs and the Font,
Saivu and Bame's water catchmenl basin in the Tabular Jura (Bure)) to assess the vulnerability, The resutting
vulnerability maps were the basis for outlining the groundwaler protection zones according to the Swiss water
and environment regulations.

By applying this methed on these two test-sites using & GIS, it appears thal outlining karst groundwater
protection zones from the mublisttribute vulnerability mapping is feasible in a reasonable lime invest. If the
weighling of key attribute inte prolection factor appears to be logical, the obtained values may dangerously
hide the weskness of the method in a simple index. Although lhe concept underlying these new vulnerability
mapping approach is clear nowadays, further developments are slill needed to appreciate fully ils pertinence,
specifically regarding the epikerst, the protective cover attributes and 1he validation of the weighting system
that is still problematic. On critical points in & waler catchment basin, tracer tests may be carried out,

In the framework of hydrological impact assessment, it remains useful fo carry out repeated tracer tests, ot
leasi three, in various andfor extreme hydrological conditions to define characteristic transfer functions, used
o eslablish contaminani torecasting.



