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Spatial variability in porous aquifer properties,
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Abstract:

Natural porous formations are quite heterogeneous and of 8 complex nature, with highly variable geometrical
and hydraulic properties. They are often important water reserveirs, very vulnerable to contaminatioo by
agriculture or other pollution sources. Therefore, tracer tests under field conditions, simulating contamination
problents, have become of increasing imporlance.

This work was developed on 2 test site - Wilerwald [canton Bern, Swiss Plateau] - equipped to perform tracer
experiments on post glacial Holoceoe sandy gravels. Artificial tracer tests had already been made, but gave
results very inconsistent with what had beco expected :
- In wells lying just 7 meters apart, differences of several orders of magnitudes in arrival times as
well 35 in concentrations were observed!
- Simultanecusly, we repeatedly observed a deflection of the tracer, diverging from what was
considered the main direction of water flow.

In order 1o interpret solute transport in such formations, it is necessary to have sufficient information about
the aquifer, that is, aboul the mechanisms of flow and about its structure and permeability distribution.
Electromagnetical surveys® - Radio Magneiotelluric - Resistivity (RMT-R 12-240 kHz) and Very Low
Frequency - Electromagnetic (VLF-EM) were fundamental for collecting such detailed data, otherwise
impossible to obtain, by classical geoelectrics or drilling.

We discovered a paleochannel, responsible for the above-mentioned deflection, as well as significant
differences in resistivities (and consequently in permeabilities) around each piezometer, thus plausibly
explaining the erratic behaviour of the tracers.

In November 1992, the last tracer campaign using classical dyes (Naphtionate, Uranin and Amidorhodamine)
and bacteriophages, ance again confirmed the clectromagnetic conclusions. Almost daily observations of the
piezometric Ievel, performed simultaneously, exposed the spatial and temporal variations of the groundwater
level, induciop each time new directions and velocities of flow .

To interprct RMT-R raw data a new approach was used, based oo the indirect relationship between
resistivities and graio size distribution. This is a rapid method for determining both the horizontal and vertical
distribution of heterogeneities. It differentiates the vertical distribution of layers and resistivities, and also
defines the influence of the upper conductive layer on the resistivity data,

According 10 the prevailing  heteropeneities a regional flow system can thus be differentiated into Jocal
systems, each with p different flow-line patiern,  different residence time of the water, and consequently
different chemical propertics, The same applics to the test-site scale. Some chemical analyses (conductivity ,
nitrate, suiphate, chloride determinations and hardness )} were carried out : they showed only small differences
but quite significant ones.

The concentration of two water isotopes was measured
- oxygea |8, to evaluate the respective contributions of rain water and the river Emme to the
renewal of the water reserves.
- Tritium, to determine the residence-time of the water in the aquifer,

This work points out:
1} the real degree of heterogeneity of Wilerwald's quaternary formation,
2} the imporiance of this factor in the evaluation of hydraulic parameters,
3} its tmplications for transport processes,
4) and the importance of electromagnetical methods for hydrogeological studies.
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Résumé:

Les aquifires poreux en miliev alluvial sont caractérisés par des dépdts trés hétérogénes. Leurs propriciés
hydrautiques et géométriques sont souvent extrémement variables.

Par ailleurs, ils constituent des aquifres trés importants mais aussi trés vulnérables 3 l2 cootamination liées
aux activités agricoles et industriclles. Pour cefie raison, 'intérét de la réalisation d'essais de tragage, simulant
les problémes de contamination, a considérablement augmente .

Ce travail a été réalisé dans un champ expérimentat - Witerwald - [Canton de Berne, Plateau suisse] congu pour
effectucr des essais de tragage. L'aquifére y étant constitué par des graviers sablewx do Holocéne.
Les résultats des essais déja réalisés scmblaicnt contradictoires :
- Des différences en temps d'ammivée et aussi en concentration, parfois de plusieurs ordres de
grandeur ont ét¢ détectés dans des piézometres distants de 7 meétres!
- Simultanément il parait exister une déviatioo dun euage du traceur, s'éloignant de la direction

d'écoulement principal supposée.

Pour pouvoir interpréter les essais de tragage dans ces formations bétérogénes, il faut connaitre d'abord les
processus des écoulements souterrains, identifier 'aquifére, sa structure et ses paramétres physiques.

Nous avons réalisés des sondages électromagnétiques { Radio Magnetotelluric-Resitivité -RMT-R 12 a 240 kHz
et Very Low Frequency - Electromagnétique - VLF-EM- ) fondamentales pour I'aoquisition des donrnées
détaillés sur 1a Jithologic et 1a structure des dépdts. 11 est clair que cette partie constitee une phase importante
du travail.

Les principaux résultats ant permis de déceler :

- Ue paléochenal, responsable de 1a déviation dw aunage du traceur ;

- des différences significatives de résistivité constatfes eotre les piézométres, et qui scmbiaient

donner ung explication plausible 4 12 migration "aléatoire” du traceur.

Nous avons injecté différents traceurs oolorants traditionnelles (Uranin, Naphtionat et Amidorhodamin) ainsi
que des bactériopbages. Les résultats de ces essais ( demnicre campagne de novembre 1992 ) ainsi que des
mesures piézométriques presque journaliéres effectuées simultanément, nous ont permis de confirmer une fois
de plus les conclusions des méthodes électromagnétiques.

Par ailleurs les mesures piézométriques ont révélé l'extréme variabilité de situations possibles créant a chaque
fTois varigtions spatiaux ou temporetles locales de direction et vitesse de flux,

Pour mieux ioterpréter les données RMT-R, nous avons utilisé une souvelle approximation, basée sur la
relatinm indirecte entre la résistivité et la granulométrie. Cette méthode nous a permis de montrer 1a distribution
spatiale et verticale de Phétéropénéité, de relier rapidement les valeurs de résistivité et de 1a phase aux modéles
dcmphsmg;plwﬁlﬂeesetégalﬂmd'évﬂmr I'influence de 1a couche de couverture (existante ou non) sur
les valeurs mesurées.

Dans un systéme d'écoulement régional il est possible d'individualiser des systémes locaux avec des temps da
séjour d'eau différents et conséquemment des propriéiés chimiques distinctes, lides anx hétérogénéités
existantes. A I'échelle du site et du fait de 'héiérogéneité des phénomenes similaires peuvent exister. Ainsi, les
résultats des analyses chimiques de f'eau {conductivité, nitrates, sulfates, chlorures et dureté) ont révélé des
petites différences significatives.

Conjointement aous avons utilisé les techniques isotopiques, pour évaluer la coetribution des eaux de la riviére
et des eaux météoriques dans Ic renouvellement des réserves ( I' oxygéne- 18 ) et pour estimer le temps de
séjour des eaux dans I'aquifere (le tritium ),

Ce travail nous 3 permis de mettre ep évidence:
1)1e degré de I'héeérogéndité réelle de la formation quaternaire do site de Wilerwald,
2) l'importance de c¢ facteur dans P'évaluatios des paramétres hydrauliques,
3) les implications dans les processus de transport,
4) l'importance de la géophysique électromagnétique dans les études des &pits alluvionnaires
complexes.
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KurAssamg

Die porbsen Medicn sind sehr heterogeo nnd komplex und ihre hydraulischen Eigenschaften sind stark
wechselhaft. Gleichzeitig sind sic wichtige Wasser-Reserven, sehr empflindlich gegen landwirtschaftiische
oder industriclle Pollution. Tracer Tests kitmnen Kentaminationsprobleme simulieren, deswegen ist das
Interesse in den letzten Jahren dafiir stark pewachsen.

Diese Arbeit ist im Testfeld Wilerwald (Kanton Bern, Bernermitielland) durchgefithnt worden. Der  Aquifer
besteht aus holozaco sandigem Kies (jiingere Schottern). Kiinstliche Tracer wurden schon frither eingespeist,
doch die Resultate scheinten wiederspriichlich zu sein:

- Piezometer, welche nur 7 Meter vno cinander entfernt waren, wiesen extrem grosse Unterschiede in den
Durchgangskurven auf

- Gleichzeitig scheinten die Tracer immer wieder deflekticrt zu sein und zwar in Richtung West, weit von
der gedachie Hauptfliessrichiung abweichend.

Um die Stofftransport in solchen Formationen interpretierer zu kdnnen, ist es notwendiggeniigend
Informationea iber den Grundwasserkeiter, seine Strukiur und Durchlissigkeitsverteilung und dber dic
Fliessmechanismen zu haben. Elektromagnetische Methoden - Radiomagnetotellurische-Resistivitdt (RMT-R,
12-240 kHz) und Very Low Frequency- Electromagnetik (VLF-EM) sind deswegen durchgefithrt wordeo. Sie
etlaubten auch gine detailliente Aufnahme, die mit anderen Methoden sonst unmiglich o bekommyes ist,
Es wurde auch,

- Eine Paleorinne, di¢ verantwortlich ist fiir dic Tracer-Deflektion, entdeckt;

- Gleichzeitig sind bedeutende Unterschiede der Widerstandswerte (indirekte Durchlissigkeitswerte) bei
Jjedem Piezometer festgestelit worden.

Bei dem letzen Tracerversuch im November 1992 sind gleichzeitip die klassischen Tracer (Maphtionate,
Amidorkodamine G und Uranin) zusammen mit Bakteriophagen ¢ingespeist worden, diese bestitigien wieder
dic RMT-R Resultate.

Gleichzeitig sind tagliche Messungen des Grundwasserspicpels bei jedem Piczometer durchgefiihrt worden. Sie
haben wieder die starke riumliche und vertikale Verinderlichkeit dieser quartirea Formation, welche stindige
Verdnderungen der Fliessrichtungen und Fliessgeschwindigkeiten induzieren kénnen, bewiesen.

Eine seue approximative Methode, welche auf der Bezichung zwischen elektrischen Widerstand und der
Komgrissenverteilung beruht, wurde eingesetzt, um die RMT-R Daten anders interpretieren zu kbnnea. Die
vertikale und horizontale Heterngeneitiisverteilung worden damit schnell determiniert. Gleichzeitig konnte die
unregelmiissige Verteillung ciner obersten, undurchlissigen Schicht bestimmt werden.

Ein regionales Fliesssystem kann in mehrere lokale und intesmedidire Fliesssysteme differenziiert werden,
jedes mit bestimmteo Fliesslinienmuster, verschiedenen Verweilzeiten und entsprecheden chemischen
Eigenschafien, in Bezug auf dic herrschende Hetcrogeneitét. Dasselbe kann sich im kleinen Masssiab des
Versuchsfeldes wiederholen. Um das beweisen zu kdnnen, sind chemische Analysen durchgefiihrt worden :
( Leitfihigkeit, Nitrat, Sulfat, Chloride, und Harie) : sie zeigien Kleine aber bedeutende Unterschiede zwischen
den Piczometern.

Zwei Wasserisotopen sind auch gemessen worden : Sauerstoff-18 und Tritium. Das erste warde gebrancht, am
¢ine relative Komponententrennung - mit welcher der Prozent-Anteil von lokalem Regenwasser und Emme-
Wasser berechnet werden konnte, zu bestimmen. Tritium erlaubte eine relative Datierung des Grundwassers,

Diese Arbeit ermdglichte:

1) den reglen Veriinderlichkeitsgrad des Wilerwalds Grundwasserleiters zu beweisen,
2) die Wichtigkeit dieses Faktors fiir dic Ermitthung hydraulischer Parameter,

3) die Konzequenzen fiir die Stofftransportvorgange,

4) und dic Wichtigkeit der elektromagnetischen Methoden fiir dic Hydrogeologie.



Resumo:

Os meios porosos de natureza aluvial sdo caracterisados pela sua grande heterogeneidade ¢ pelas suas
propriedades hidriulicas ¢ geométricas apresentarem frequentemente grande variabilidade. Em  geral
comportam-s¢ como bons aquiferos, vulneriveis 3 contaminagfo associada as actividedes agricolas e
industriais. Por esse motivo, asnmulat;ﬁodcpmhlemasdcmwomuhlmndoensamswmmdoreséuma
técnica de crescente importincia,

Este trabatho desenrolou-se no campo experimental - Wilerwald - situado no cantBo de Berna, no planaito
suigo. Trata-se de uwm campo concebido para efectnar ensaios de tragadores. anmferoéconsuundopnr
cascalheiras e calhaus arenosos e siltosos , de oripem fluvio-glaciar holocénica.

Nesse campo §4 tinkam sido efectuados no;msadnensmosdestehpo.mresultadosemﬁoobudosmosuamm-
se contradictérios, em relagiio ao esperado, dade que:
- Em alguns piezometros distanciados apenas de sete metros, quer as diferengas de tempo de chegada quer as
de concentragdes obtidas eram por vezes de vérias ordens de magnitude!
- Ao mesmo tempo parecia existir sistematicamente um desvio da auvem de tragadores, afastando-se do que s¢
considerava ser a direcgdo de ¢scoamento principal.
De modo a ipterpretar os ensaios de tracadores em formagdes heteropéneas é pecessirio conhecer de antemo
05 Processos que regem o escoamento subterrineo, identificar a estrutura ¢ os parimetros fisicos do aquifero.

Para isso foram realizadas sondagens electromagnéticas (Radio-Magnetoteliricas- de resistividade RMT-R,
entre 12 a 240 kHz ¢ sondagens electromagnéticas de muito baixa frequéncia VLF-EM) que sfo furdamentais
no processo de aguisicio de dados mais pormenorizados sobre 3 litologia e estrytura dos depdsitos.

Como resuitado dessas aplicagdes foram individualisados :

- Um paleocanal, responsivel pelo desvio repetitivo das mivens de tragadores |

- diferencas significativas nas resistividade na vizinhancas dos piezdmetros que permifem explicar as

migracdes "errdticas” dos tracadores.

Na ultima campanha de novembro de 1992 foram injectados tragadores corantes tradicionais (Uranin,
Naphtionat ¢t Amidorhodamin) ¢ bacteridéfagos. Tanto os resultados obtidos nesses ensaios como as medigbes
observadas nos niveis piczométricos, efectuadas simultaneamente, confirmaram uma vez mais es conclusdes
dos métodos electromagnéticos.

Quase todas as medidas piezométricas observadas didriameate revelaram a extrema diversidade de situagdes,
contribuindo para as variaghes espaciais ¢ temporiis da direcglo ¢ da velocidade de fluxo,

Para melhor interpretar os dados de RMT-R , ensaion-s¢ novo método aproximativo, baseado na relagdo
indirecta existente entre a resistividade ¢ a granulometria. Os resultados evidenciam uma vez mais o gran de
heterogencidade do meio. Obteve-se de igual modo uma imagem da variabilidide espacial e vertical dos
terrenos, 20 MeTMO temPO que Se CORSeEuiy associar ripidamente aos valores de resistividade ¢ de desfasapem
modelos sedimcotégicos plausiveis. Foi possivel igualmente delinear 4reas contendo terrenos mais
desenvolvidos de cobertura siltosa, cuja natureza intrinseca se reflecte nos vatores de resistividade ¢ de fases
medidos.
Num sisterta de escoamento regional € possivel individualisar sistemas locais ¢ intermedidrios, cads qual
possnindo tempos de residéncia diferentes, ¢ consequentemente distintas propriedades quimicas ligadas as
heterogeneidades regionais existeotes. O mesmo pode ocorrer A escala do campo experimental. Para o constatar
foram reglizadas andlises quimicas das dguas . Os resultados das andlises ( conductividade, nitrates, sulfalos,
cloretos, ¢ de dureza) revelaram diferengas significativas embora pequenas.
As técnicas isotGpicas permitirAm grosso modo avaliar o tempo de permanéncia (tritium) € a contribuicio
relativa das dguas da chuva e do rio Emme (oxigénio-18) , para a renovagdo das reservas de agua subterrinea.
Com este trabalho foi possivel evidenciar:

1) o gran de heterogeneidade do Quaterndrio em Wilerwald,

2) a importincia deste factor na determinagio de pardmetros hidrinlicos,

3) as implicagdes no processo de transporte,

4) ¢ Onalmente a importincia dos métodos geofisicos electromagnéticos no estudo de depdsitos aluviais
complexos,
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Part 111 ; Local studies, field experiments and analyses
Fig. 19 a) & h). Map with location of the geophysical observatioa net: geoelectrics, VLF-EM, RMT-R, seismic.
Fig. 20 Location of the RMT-R profiles mentioned above



Fig. 21 Appareat resistivity contonr map obtained with 183 kHz, clearly indicating the existence of a higher
resistant channel (Rho >300 Ohm.ra) and its disposition relative to the net of observation wells.

Fig. 22 a) & b) RMT-R results: apparent resistivity map (183 kHz) and standard error maps.

Fig. 23 a) & b) RMT-R results: phase maps and standard error maps {existence of a structure oriented
northwards and bisecting the channel .

Fig. 24 Profiles passing through the C, D and F galleries, representing the Rho apparent values at Y1 (left axds)
and the phase values at Y2 (right axis).

Fig. 25 Histograms of the Rho ap values ( transformed into logarithms) - A bimodal distritutioa at 183 kHz.

Fig. 26 Hypothetical cumniative distribution curves of apparent resistivities values, representing:
1) an extremely homogeneous sediment where all the values arc the same,
2) a situalion of symmetrical distribution with a modal class, the case
of a relatively homogeneous deposit,
3) a very heterogencous deposit, where practically all classes are
represented.

Fig. 27 Cumulative percemt distribution curves. For the separating domains, please sec the text.

Fig. 28 100 Ohm.m separating borderiine, separating the more conductive NNE repion, detectable at all
frequencies.

Fig. 29 Possible models corresponding to the 5 classes illustrating that within each class, different situations
£an occur.

Fig. 30 Map of Classes : a trial to get a qualitative integrated information with the tho ap. values at three
depths, simultaneously reflecting the influence of the structure and nature of the materials (see text).

Fig. 31 Cumulative distribution curves of all Wilerwald values and of the 5 classes.

Fig, 32 Map with the results of RMT-R maltidirectional,

Fig. 33 Map showing the VLF-EM profiles inside the site, in correspondence with RMT-R results.
Fig, 34 Map of electrical soundings. The following features can be observed:

1) the siteation of D1, R, RP, F2 and F4 (confined),

2) the increased thickness of the silty clay layer in the east part of the site;
3) the aquifer thickness, greater in the channel (C7, D6), and also the
increase of resistivity values (increase of the gravel dimeasioas) there,

Fig. 35 Seismic results confirming the paleochannel.

Fig. 36 Grain size comulative distributioa curves of the samples taken from the borehole CD. The depth of the
sampie is indicated and is in meters. One can observe that aquifer curves reflect the heterogeneity of
the sediments (very inclined, alrnost horizontal carves). Soroe lenses have very distingunish curves
reflecting the more percent on the sand fraction. The passage to the aquitard (7) can be clearly seen
at 14.5 m depth. At 15 m depth the curve is dislocated toward the silt domain.

Fig. 37 Lithological log from the borehole CD.
Fig. 38 Schlumberger resistivity log of the borehole CD.

Fig. 39 Graphics representing the depth distribution of the resistance to penetration of the piczometers installed
i0 May 1992 for ground water level measurements. Forihe locatisation of the pezometers please regard Flig, A

Fig. 40 Representing some observation wells , during the tracer test performance (graphic below). The rain fall
events and their magnitudes are plotied on the graphic ahave.- to be compared with Fig. 38-2.

Fig. 41 Differences on head max. and minimal values, for the periods June-Sept. and Nov.-Dec. 92)

Fig. 42 Representing the Schlumberger information of the depth of the aquifer, of the humic layer and the
maximal and minimal water level (Nov.-Dec. 92). The piezometers DI, R1, F4, F2 and Rp arcia a
captive situation.

Fig. 43 Represents the depth of the ground water level relative to the observation wells.
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Fig. 44 Piczometric maps representing the three situations of the isohypsen during the tracer experiment
Nov./Dec 1992, 10 Nov. day of the injection; 16. Dec. last day of the experiment; 27 Nov. an
intermediate situation.

Fig. 45 Longitudinai profile along the line considered to be the main direction of water flow .

Fig. 46 Conductivity values for the C (a) and D gallery (b) with simultancous representation of the rainfail
events during 1992,

Fig. 47a) & b) Conductivity valuecs for the C (a) and D gallery (b) with simultaneous representation of the
rainfall events during during the tracer experiment at Nov. 1992,

Fig. 48 Conductivity and temperature profiles for the observation well B4 measured in Sept 1992 (a) and Nov
1992 (b) The profiic b2 is the same as b3, with only a different scale.

Fig. 49 Total hardness values (Dto) measured during June and September 1992

Fig. 50 Nitrates values for the C (a) and D galiery (b) with simultaneous represcntation of the rainfall events.
Fig. 51 Chlorides values for the C (a) and D gallery (b) with simultaneous representation of the rainfali events.
Fig. 52 Sntphates values for the C and D galleries with simultaneous representation of the rainfail events.

Fig. 53a) & b) Temperature values for the C (a) and D gallery (b) with simultanecus representation of the
rainfall events during July till Nov. 1992.

Fig. 54a) & b) Temperature vaiues for the C (a) and D gallery (b) with simultencous representation of the
rainfali events during during the tracer experiment at Nov. 1992,

Fig. 57(a) & (b) Tritium in precipitation (a) Tritium in the investigation area and exponential model output (b)

Fig. 58(a){(b) & (t) Oxygen-18 in Kleine Scheidegg and Grimsei (@) (Schotterer et al, 1993), in spring water
(b) and in precipitation Burgdorf (six months gliding means, 1984-1992,, Emme and Ziclebach (¢).

Fig. 59(a)&(b) Oxygen-18 in surface water and in the investigation area (a), and comparison of Oxygen-18 in
ground and surface water in Wilerwaid (b).

Fig. 58, Uranine, Lithium and Sulforhodamine B breakthrough curves at four chosen observation wells, D1 and
D7 set 50 meters apart (D gallery) and C7 and C8 (separated by only 7 meters (C gallery). The
contrasts between C8 and C7 are outstanding,

Fig. 59 Hand drawed apparent resistivity map and the Uranine breakthrough curves at four observation wells.

Fig. 60 Uranine breakthrough curves at 1988 (a) and 1993 (h). Both injection occurred at the 10th of
November.

Fig. 61 Peak concentrations at different observations well.

Fig. 62a) & b) Naphtionate breakthrough curves at the C gallery (a) and D gallery (b).
Fig. 63a) & b Amidorhodamine breakthrough curves at the C gallery (a) and D gallery (b).
Fig. G4a) & b Uranine breakthrough curves at the C gallery (a) and D gallery (b).

Part IV: Merdingen test site (Germany)

Fig. 65 Location of the Merdingen test sile.

Fig. 66 Merdingen test area showing the two sub-sites A and B.

Fig. 67 Map representing the RMT-R profiles and the measuring points

Fig. 68 Some profiles, showing the Rho apparent values at y1 (left axis) and the Phase values at y2 (right axis).

Fig. 69 Appareot resistivity contour map at 183 kHz, drawn by hand. The figure also shows:
1) the actual tracer path (arrows);
2} the piezometers which received the greatest amount of tracer.

Fig. 70 Histograms of the resistivitics and phases values
Fig. 71 Cumuiative frequency curves at the Merdingen test site



Fig. 723) & b RMT-R results: apparent resistivity map (183 kHz) and standard error maps.
Fig. 738) & b RMT-R results: phase map (183 kHz) and standard error maps.

Part V: Final conclasions

Fig. 7d 3D picture of the true resistivity distribution at the Wilerwald site ("picce of pie"). The smail
blocks diagrams showing qualitative models for chosen punctual RMT-R soundings
(sticks=penetration depihs),illustrate the variabitity of possible situations within the test area .
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and Schreider (1991).




Spatial variability in porous aquifer properties.

Synthetical approach by geophysics, tracer techmidques
and groundwater flow parameters,

I Part : Introduction

1. Generalities

1.1 Introduction

Tracer tests under field conditions in porous media, are a subject of great interest and actuality. They are used
to study the watcr flow, to determine aquifer parameters, mean residence times of water and to simulate
contamination problems. However, the interpretation of tracer tests, is not always an easy task, due to the
intrinsic heterogeneity of the porous media.

Wilerwald testsite was set up for tracer experiments io the aquifer, in the lower (unteres) Emme valley aquifer
composed of post-glacial Holocene sandy gravels.

This formation is an important water reserve, lying under fand intensively cultivated and pastured. The ground
water reserve is renewed, directly by the river Emme, or by infiltration. Therefore the system is vulnerable to
contaminations from agriculture or other pollution sources. In consequence, it is acocssary to study the
groundwater transport processes and to preserve water quality. For this reason, the Wasser- und
Energiewirtschaftsamt des Kantons Bern has been carrying out hydrogeological studies in this region for more
than 20 years.

The regional heterogencity of the aquifer was already known. Nevertheless, at the time of the installation of the
site, it was thought that because of its small dimensions the aquifer in Wilerwald could be considered ideal for
analytical modelling. This meant that it was supposed:

= homogeneous,

- of almost constant depth,

- with an uniform hydraulic gradient oriented towards North,

- steady-state flow conditions,

- 8 laminar and uniform flow,

- and with practically no human disturbance.

In short it was thought to possess the ideal characteristics for calibration of flow models and the acquisition of
transport parameters.

Soon after the first experiments (Sansoni,1987), it became obvious that the heterogeneity was a dominant
feature : not only the tracer transport did rot correspood to the theoretical predictions, but the results varied a
Jot from experiment to experiment, making them more difficult to interpret. It was important to discover the
reasons of this behaviour and try to improve the modelling techniques. This was initially to be my task.

A model is 2 simplified version of a real situation ,which is known through a limited number of punctal data.
The validity of a model is measured by its capacity to simulate the aquifer’s behaviour, and to answer specific
events (Fig, 1, after Kiraly, L.,1992). Despite the progress in modelling techniques, many problems still
remain. For example, how should one quantify the different parameters, define of boundary conditions, or the
relation between local and regionat scales?

Keywords :Porous aquifers, electromagnetics, heterogeneities, anisoiropy, piezometry, dyes, isolopes, water chemistry,
Swiss Plateau (Wilerwald), Upper Rhine valley (Merdingen,Germany),
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To model solute transport a number of steps must be followed (Fig 2):

hix,y,t)

," Cix,y,t}) =

Storativity

Flow Transport
Fquation Darcy's Eqnation
Law .- s

div (K grad h) divv {« ff grad C + v &)

- v=1/ng & J -
= §g 8hjdt - W ; = 6C/8L + Q.

: T i

H Specific Hydraulic MPorasity Nispersivity

Conductivily

{ Aquifer
Thickness

— Sources
& Sinks

= el
tn

< “ N
FORRLUT KRN

—-1 Sources
& Sinks

: hydrsulic conductivity tenser [I/T]

: hydreulfc hesd [L]

: specific storage [1[L]

: Injection or withdrawnl of a water volume per unit time and

per unit volume [1/T]

: pore velocity vector [L]T]

: effactive porosiey [ ]

: hydraulic gradient vector | |

: dispersion tensor {szTj

: concentration of the dissealved contaminant {ﬂ/L3}

: sources or sinks [M{IIT]

: gradient of A scalar A (grad A = GAf6x, B8A/Sy, BAfG2)

: divergence of & vector A (div A = 84, /6x + ﬁAyfﬁy + 8A,/8z)

Fig 2.- Organigram showing the main steps to be followed in a transport model (afer Gerlinger, K. in
Carvalho DilLA. 1992),




It is clear, that the identification of the aquifer, the degree of its heterogeneity, its structure and
individualisation of the main flow directions, constitute the fundamental basis of modelling.

Therefore the aim of this work changed. We now wanted:
1) to determing the actual degree of heterogeneity of this quaternary formation,
2} prove the importance of this factor in the evaluation of hydraulic parameters,
3) its consequences for transport processes,
4) and finally, show the importance of electromagnetical methods for hydrogeology.

1.2 Orientation of this work

Conceptuaily, local scales require 3-D models which in turn demand a detailed knowledge of the aquifer. This
isn't casy to obtain, due to the fimitations of ficld procedures.

Large scale multiwell pumping tests performed in the entire regioa will give vertical and horizoatal average
values of permeabilities. Single well pumping tests or hydraulic cooductivity tests carried out at the bottom of
cased boreholes can give ponctual information. These punctual valnes can be interpolated and used in modeis
to outline regions of equal permeability, This type of icformatioa did exist beforehand for the area, but wasn't
very useful for interpreting tracer experiments where each piezometer showed 2 totally differcnt breakihrough
curve, even those lying only 5 meters apart! (Fig. $8, Chapter 8),

Single well pumping tests were also performed at the Wilerwald teststte (Sansoni et al,1987), so information
about the permeability around each piezometer was available, assuming it was correct to suppose that the
installation procedurc "by penctration” did not compact the particles, thus diminishing the porosity around the
piczometers walls.

The results were aet clear enough to explain tracer behaviour, but already pointed out that the local degree of
heterogeneity had to be investigated further,

Since the site was designed to reproduce the natural situation of the flow field, the piczometers had small
diameters so as to avoid extra convection fluxes within them. This made it impossible to use other hydraulic
techniques (such as flow meters), which could have supplied useful information about the vertical distributioa
of perteabilities.

Botcholes give direct access to the aquifer, allowing the construction of logs, but their high cost reduces their
possibilitics of use. Furthermore they give no information about the lateral expansion of a lithological unity.
Once again, one is  in possession of punctual information, which cannot be easily interpolaic.

So, we made use of all the information available about the geology, geomorphology, local and regional
experiments. We also used indirect methods like geophysics or obtained punctual information, like ground-
resistanoe to penetration during the installation of the observation wells, to try to study the local transport
situation framed regionally.

The planning and conception of any site should always start with geophysical surveys, which will rapidly give
information about the geometry and distributios of propenties of the aquifer. This would then serve as a guide to
the best location for the observation network and for the drillings which have to be done,

In Wilerwald the geophysical methods were dong after. Bat they were vital for the significance of this work.



Among all the geophysical methods used, 1 would like lo point out the electromagnetic RMT (radio
magnetotelturics) methods, using the prototypes developed at the Centre dHydrogeologie de Neuchstel,

(L Miiller), and the VLF-EM.

The dense punctual information of the RMT-R, or the permanent recording of the VLF-EM will give a very
good picture of the geometry and composition of the aquifer. Contour maps can be drawn, giving a good
surface image of the distribution of apparent resistivity. Different profiles were also outlined and average values
of true resistivities were calculated and plotted. All this enable us to formulate plausible explanation of the
tracer's erratic behaviour in Wilerwald. The RMT-R and VLF-EM methods were also successfully applied at

the Merdingen testsite in Germany (Chap 9).

Classical Schlumberger soundings were performed, to evaluate the thickness of the upper bed. Situations of
oonfined waters and of free water table were detected, revealing not only one of the features affecting the water
level measurements and their interpretation, but also places where rainfall waters can directly recharge the
groundwater.

Geology, geomorphology, distribution of discharge and recharge areas, topography, all these factors condition
the flow system, and they are all interrelated.

As a consequence, regional flow systems can be devised into intermediate and local systemns, with different
flow-line patterns. Different residence times of water and consequently different chemical properties, can
coexist within the same aquifer and also at the test site scale. So it was also important to perform chemical and
isotopes analysis (Physikalisches Institot, Uni Bern).

This work is divided in 5 Parts. The first part is merely descriptive. It includes the introduction (Chapter 1}
and the presentation of the test site within its regional frame (Chapter 2). The second pant refers more
specifically to the works performed regionally (Ch. 3 ). The third deals with the works carmied out at the test-
site scale {Ch.4, 5 , 6, 7 & 8). In the next pant the results of the electromagnetic surveys made at the German
test site Merdingen are discussed separately (Ch.9). As this site is also a porous agquifer, they are interesting for
comparison. The fifth part contains the final conclusions. A resume of the principles of the electromagnetical
methods used and the kriging can be found in the Appendix, at the end of this volume. A very detailed
description of tracers and measuring techniques can be found in Geohydrologische Markicrungstechnik
{Kiiss,1992). For the flow and solute transport equations in porous media, the following authors are indicated:
Freeze & Cherry,1979; de Marsily,1981; Wang & Anderson,1982; Kiraly,1985&1992; Dagan,1989;
Klotz et a1,1988; Maloszewskd P.,1981; Cameron, D, R, Klute, A. ,1977; Bear,1979; Kinzelbach,W.,1986.



2. Presentation of the test site Wilerwald

2.1 Wilerwald: geographic location and site description

The Wilerwald test site is located 6 Km south of Solothurn, on the edge of the forest surrounding Wiler b.
Utzenstorf (Canton Bern) (Fig. 3).

The place was judiciously selected (Sansoni, Schudel & Wagner, 1987), so as (o dispose of an optimal test ficld
representing the Swiss Central Platcan aquifers while at the same time meeting the border conditions required by
analytical models, among others:

- a noa confined groundwater,

- a relation of width to length of aver 1:3,
- a depth of the aquifer of less than 15 m,
- stable flow conditions.

Good accessibility, a depth of the groundwater table oflms than Sm (pumping problems may occur if it is deeper
than 5m), a hydraulic conductivity between 102 and 10-3 ms, isotropy and homogeneity and no human
distarbance completed the criteria, and Wilerwald was thought to fulfitl them best.

After a pilot tracer test, twenty-one observation wells and an injection well were installed in three half-circles (C,
D and F) onented towards the main water flow (Fig. 3).

The wells, 1 1/2 inch in diameter and covering the whole aguifer thickness, were conceived in order to enable
water sampling at 3 different levels: 5, 8 and 11 m, with the help of an automatic sampling device (Sansoni et
all,198T). Iis conception can be seen in Fig, 4.

One borehole for the sedimentological characterization of the substrate was drilled in 1988, increasing the number
of observation wells. Finally, six piczometers (Fig. 3) were installed in May 1992, exclusively for measurements of
the groundwater level, in anticipation of their possible use in 2 numeric model.

2.2 Regional geology and hydrogeology - previous werks

The Wilerwald test site Lies in the large Emme valley, The aquifer (Fig. 5) is situated south of Gerlafingen berween
Oberburg and the Bern/Solothurn cantonal border, in the region called "Unteres Emmental” (WEA, 1981). It is
extremely heterogencous and anisofropic.

This aquifer consists of gravels, sometimes clean, sometimes sandy but onfy rarely silty and containing a variable
proportiou of pebbles, cobbles and even boulders. They can be differentiated into 3 units :

- Holocene sandy gravels (post-giacial Emmeschotier q);

- Wilrm sandy gravels (*Vorstossschotter” q4vsB and qévsW);

- Pre-Wisrm sandy gravels (" Aliere Emmeschotier”, q3s-4s).

In general it is a very permenble formation, with a widely variable thickness (from a few meters np to 50 m). lts
composition, structure and properties vary laterally and vertically very quickly, thus reflecting its geographical
situation (the floodplain of the actual river Emme, a sedimentary basin of the Alpine foreland in the Swiss Central
Plateau) and its quaternary genesls, with continuous alternation of erosion/sedimentation cycles.

According to Wanner (1981), (in Grundlagen fitr di¢ siedlungswasserwirtschafiliche Planung des Kantons Bern,
Teil I, Wasser- und Energie Wirtschafisamt des Kantons Bern, (WEA)), 1he aquifer is composed of 40 to 60%
quartzite, 30 (o 50% Flysch and calcarecus sandstones and 5 to 15% crystalline rocks.
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The aquifer is covered by alluvial sediments, made up of sand, silt, gravel and clay in varying proportions, and
sometimes by moraine relics. It overlays a very irregular Miocene surface of impervious mollassic marls m,
(Aquitanian), intensely eroded at some points (Fig. 5). This stratum functions as an aquitard.

.0.195 Sa.lmpling

L acustrine deposits &

Fig. 4. Vertical section showing a piezometer driven into the soil, and its division systemn, for the sampling at
three levels (5, 8 and 11 m) after Sansoni, Schudel & Wagner, (figure extracted from Leibnndgut Ch.,
1992).
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Some moraine relics may exist, interspersed between the Aquitanian and Holocene gravels, (gdmW, g4mB), and
the Jacustrice sediments (gdr). The thickness of the lacustrine sediments may even reach circa 75 meters. These
formations act as acuitards too.

The lateral limits of the aquifer are well established in the regions where it adjoins the molasse. Difficulties in
delimiting areas occur at the junctioos with the tributaries (Oesch, Limpach, Urtenen and Luterbach) and when
moraine deposits border the aquifer (as ia the case of South Burgdorf).

The Fig. 3 shows also the limits catchment basin of about 347 km? (after WEA), and those of the acquifer in the
area called Unteres Emmental, covering a surface of about 74 km?.

The following figure (Fig. 6) and Tabie 1, taken from WEA (1981), resume the maio characteristics of the units
found in the "Uoteres Emmental™:

Hydraulic
Designation Age Geological Unity Lithology Function
S ethuvial deponits Silt,Sand, gravel covermg deponits
and clay
-] suspenision debris Silt, Sand, pravel Origin of locet
and pebbles SORITCES
qs Emme's gravels gravels and sand aaquifer
I Wilrm's moaine I . vels, . . *
Hemw sand and silt hills, equilard in
the depressions
qdvsB :
qivsW Wikrm Vorstossschotter gravels and sand aquifer
olr Jacugtrme sedinents send, silt, clay aquitard
¢l Suayletten sand, silt, clay locol aquitard
qést Stauschetter gravels and sand ) local aquifer
g4z Pre-Witrm 's older gravels gravels and sand aquiker
m2 Burdigalion
Miocene sand, silt, marls aquitard
ml Aquitanian

Table 1 Main units found in the Unteres Emmental (WEA)Y:
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Fig. 6 Schematic profile representing the quaternary sedimeots found in the Emme Valley, after WEA (1981).

The following aquifer parameters were also calculated (afier WEA):

Geological unity Designation Permeability  (10° Storativity
3mis ) %
Post glacial Emme gs 6-20 7-14
gravel

Vorstossschotter qdv 1-4 5-10
Moraine gém ca.0, 5-9
suspensions debris gs 1-6
alluvial deposits a 1-6

Table 2 Hydrological caracterisation of the geological unitics

A permeability map (WEA) with the location of Wilerwald can he seen in Appendix 2. B (Fig 2B-1).

The groundwater is renewed by precipitation waters, as well ss by the infiltrated waters of the Emme and lateral
rivers. Studies carried out in the area and published by WEA, show the important contribution of the Emme to the
rengwal of the groundwater stock, The Emme water predominantly infiltrates the central part of the aquifer
(Burgdorf-Schalunen). i has a beneficial dilution effect, counterbalancing the increase in pollutioa due to the
infiltration of rainwater in regioas where soils are intensely cultivated.

i1



Fig. 7 Ground water isohypsen map, 1981 {WEA)
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Small rivers and channels can also infiitrate the aquifer, but their contribution is rather small as they predominantly
exfiltrate,
The figure above (Fig. 7) shows the exfiltration areas by means of straight parallel lines, also corresponding to
regions where the isolines are closer. One of these areas, 500 m north of the Wilerwald test site, is at the origin of
the Zielebach, a small tributary of the Emme,
The groundwater isohypsen map also shows irregularities in the spacing of the contour isolines. Besides the
reasons referred o just above, it is known from the literature that many other situations can be at the origin of the
smaller spacing of the isolines. If we are in the presence of a free nappe, this can be due to:

- the elevation of the aquifer substratum,

- the proximity of a river or stream, or

- to the passage to a less permeable medium.

H instead, one is in presence of a confined aquifer the following reasons can than play a role:
- a decrease of the aquifer thickness (because of the enfargement of the upper layer),
- or also the passage to a less permeable medium,

The variety of possible situations is huge in a heterogeneous medium. So this subject will indirectly be rediscussed
in Chapter 3.

2.3 Local characterization and previous works

2.3.1 General aspects

The aquifer at Wilerwald was thought to consist of post-glacial Holoceoe sandy gravels, interspersed between
alluvial sediments of low permeability and lacustrine sediments of variable thickness.

From the description of two boreholes (Wilerwald WIBO1 [609520/222425], S00m distant, and Burgerwald
WAB21 [610450/221440], 900 m distant), and the map of aquifer thicknesses (WEA, 1981), Sansooi et al. (1987)
assumed that the thickness of the aquifer was guite regular (approximately 15 m), and that its hydraulic gradient
decreased uniformely in direction of the north. Furthermore, it was assumed that the small dimensions of the test
area meam it would be refatively homogeneous, although the oppesite was already known to be true regionally. In
fact, an error of scale was made.

The groundwater level lay at about -3 + 0.5 m, with a northward gradient of about i = 4%, (Sansoni et al,1987).

The construction of the piezometric map (1986) showed that this assumption wasn't totally correct, because seme
irregularitied were found in the ischypsen map (Fig. 8). These irregulatrities were thought 10 be measurements
errors and therefore ommited (Sansoni et al,1987), (see Appendix 3. B, - Fig. 3B-1).

Small-well pumping tests were carried out at Wilerwald (Sansooi et al.,1987). Becaunse of the small diameter of
the holes, 1 inch tubes were used, for maximal pumping rates of 100 to 110 ¥min. The method used is described in
SNF (1984,). The pumping was performed in two steps: first was at the maxima! discharge rate till the water level
stabilized. Than the discharge was reduced approximately by half, till a second platean was reached. Shortly after
this, the pymping test was stopped. With the discharge, the head variation, the mean aquifer thickness, and the
piezometer's radius and length, the following permeabilities were caiculated, psing the method described in SNF
(1984,). Therefore, some information about the permeability around each piezometer did exist, if one was ready to
accept the assurnption that the installation procedure by penctration did not compact the partickes, which would
have diminished the porosity around the walls of the piezometers.

These results were nevertheless insufficient to explain tracer behaviour, but already pointed out that the local
degree of heterogeneity had to be investigated further.
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The Table 3 resames the maio parameters that were calculated by Sansoei et al. (1987) for the aguifer. One mmst
be aware that these authors concluded that the thickness of the aquifer was relatively constant over its whole area, a
fact which the RMT-R and VLF-EM results did not confirm, since they revealed the existence of a paleochennal. It
is probable that the driving in of the observation wells was halted whenever a sub-layer of finer material was
reached, because of the information given by ihe literature.

The small diameters of the piezometers made it difficult to use other hydraulic techniques, such as Aow meters,
which could have given information about the vertical distribution of permeabilitres.

After the pilot tracer-test, Sansoni et al. assumed for their modelling that the aquifer consisted of three distinct
flow domains of constant thickness and specific hydiaulic propertics (Maloszewski, 1981). So, they built the
special sampling apparatus for collecting samples at three different depths that has already been described in Fig, 4.

Ohs. wells Coordinates Thickness Transmissivity Permenhility
designation X Y (m] fm2/s) [ m2/d] fms]
EP1 509.781 222,017 231 5 TRE02 4995 6.21ED3
0 509.783 222.066 9,75 4.33E-03 374 4 44E-04
1 609.776 222 (65 11.61 3.02E02 2608 260E03
C2 609.770 222065 9.38 2.94E402 2537 I 1IEDD
3 609.766 222,064 7.76 3. 73E01 32249 4 RIEQ2
C4 609.761 222.062 9.38 652502 £633 6.95E-03
C5 609,757 222.060 %79 2.42E402 2089 2.4TE03
Cd 609,753 222,057 9.67 1.21E01 10444 1.25E-02
Lag) 609749 222.053 935 202502 1745 2.16E-03
C8 609,744 222.050 9382 197602 1703 2.01E03
CD{*) 609.749 222.083 1L00 1.74E-02 1503 1.59E-03
D7 609,720 222,095 97 2.54E402 2195 2.60E-03
D6 6£09.727 222.009 9.86 2.53E-02 2189 2.5TEA3
Ds 509.734 222.104 11.53 1.35E02 1156 1.17E-03
D4 609.743 222,109 988 T7IE4Q3 665 7.80E-04
D3 609.753 22211 10 THE03 650 T.99E-04
D2 609,762 222,113 2,95 6.23E-03 538 6.26E-04
bt 609771 222120 9.94 4.53E-03 396 461E-04
E4 609.724 222,135 13.99 3.06E-02 2647 2.19E-03
2 609,746 232.210 1G.35 4,20E-03 363 4.06E-04
F4 609704 222.20 10.42 6.25E-03 540 6.00E-04
Fé6 609,669 222.186 10.29 1.69E-02 1458 1.64E-03

(*) determined in 1992 under the same method

Tahle 3: Hydranlic parameters determined by Sansoni et al, 1987
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The chemical composition indicated the water was hard, Table 4 shows some chemical data of Wilerwald water
(Sansoni ef al, 1987; Migdefessel,]., 1990}

Parameter Holzacker* EP1
Total Hardness @] 27.8 28.6
Carbonate hardness [© f] 247 2.6
Cat [mgn) 104.6 -
MgZ* [mgfl] 4.2 -
Cl-  [mgfl] 9 12.9
NOy™ [mg/] 2 -
SOy~ [mg/] 12 14.6
NGy [mgh] < 0.0005 -
NHg* (mg/] <005 . ]
conductivity  [pS/cm) 480 545
pH 7.4 7.2-73
Bakteriology acceptable -

* 200 SW EPl-drinking water

- not performed

Table 4: Chemical analyses performed at the test site Wilerwald

2.3.2 Tracer tests

A preliminary (est was done ia May 1986 in order to verify the assumptions made regarding the direction of
groundwater flow and the flow velocity.

0,3 kg of uranine and 6 kg of naphtionate diluted in 70 1 of water-were injected simultaneously into the well EP1.
The main direction of transport was thought 1o pass between C4 and C5, with the quickest arrival of the tracer at
C4 and the bulk tracer transport al C5.

The horizontal and vertical heterogeneity was suggested by the considerable differences io the concentration
distribution at eack well and at different depths.

In the main test, the same authors wanted to compare uranine and naphtionate behaviour in field conditions, and at
the same time study aquifer parameters. 1 kg of uranine and 20 kg of naphtionate dissolved in 90 1 of water were
injected into each of the assumed layers of the aquifer. The mixed tracer solution was injected simultaneously at

the sampling levels of 5, 8 and 11 m (levels of the presumed layers) over a period of one hour (Leibundgut, 1992).

The assumption of a constant thickness and permeability for these three Iayers which would then result in layer-
specific flow and transport was evidently wrong: the results of both tracers showed irregularly localized
differences, oot only between the piezometers, but aiso vertically. (Leibandgut 1992).

Furthermore, the tracer uranine and the results from -11 m were singled out for the followiog conclusions:

- They observed that the maximal concentrations cocurred in the direction of C4, C3, €6, D5 and D6, while
in the F range there was no significant maximum, presumahly because the piezometers did not catch the
priacipal direction of flow.

- they noticed in the east part of the field, namely in the D} gallery, a remarkable delay in the flowing off of
the tracer, with the occurrence of relatively high concentrations even after 30 days.

- they concluded that the direction of water flow was situated between C4 and C5 and between D4 and DS.

Mean values of the aquifer parameters, of the coefficient of dispersion, and dispersivity, as well as a comparison

between both tracers can be found in Sanseai et al (1987). The utility of this information is rather questionable,
considering the absence of foundations for their hypothesis and the complexity of the field
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2.3.3 Interpretatinn of tracer tests : modelling essays - Sansoni (1988) and Schneider
(1991)

Initialty the Wilerwald test site was inteaded as a full-scale laboratory. In order words, an aquifer whose
parameters were very well known, where different experiments using atl kinds of tracers could be carried out, an
ideal site whose border conditions corresponded perfectly to those needed when using analytical models.

After the first series of experiments, the authors (Sansoni et al, 1988) idealized the aquifer, dividing it into three
distinct layers of constant thickness and specific hydraulic conductivities. The samples were taken at three levels
and they modelled the data obtained correspoadingly: the curve for each level was interpreted separately, assuming
that the tracer flowed independently in three distinct layers (flow domains) with constant and individual eransport
paramctess,

Three years later, J. Schneider (i» Leibundgut et al, 1992} re-analised the experiment and criticised its anthors
for haviog by their pre-suppositions excluded the possibility of vertical changes of cooductivity within each layer.
She proposed anolher analytical model, with no predefined number or thicknesses of the layers. Instead, she
assumed that if a tracer curve exhibited several peaks, each could be inferpreted as a flow through a distinct but
approxitnately parailei layers. Using the analytical solution developed by Zaber (1974), she came however to a
similar conclusion as Sansoni ct al, camely the existence of three layers. She admitted nevertheless that her
solutions should only be considered as approximations of the real situation.

The solation of an analytical model can only be formulated after having made some simplifying assumptions, in
general very restrictive © it is usually necessary to postulate that the medium is homogeneous and isotropic, with a
parallel flow of constant velocity, steady-state conditions and simple boundary conditions (infinite or semiinfinite
media).

Wilerwald is anything but homogencous, in all its aspects. In the course of this work, we discovered the existence
of lenses of different material, It is therefore erroneous to speak of continuous layers. Instead the aquifer is
composed of different pockets, containing varying proportions of finer sediments, and of palecchennals of virtually
clean gravels. One observes situations where the aquifer seems to be confined or semi-confined , and others of free
nappe. Different and constanlly changing hydraulic gradients exist within the site. The bydraulic mechanisms are
therefore still far from understood.

It is always possible to create a model from a set of data. The validity of the model is another question. It is
essential to start by investigating in depth the aquifer, its geometry, properties disiribution and its hydraulic
mechanisms. This is the subject of the following pages.

17



Part 11 : Regional studies

3. Regional studies
3.1 Identification and geometry of the aquifer
3.1.1 Literature Overview
3.1.2 Very Low Frequency Electromagnetic Surveys

3.1.3 Audio-Magneto-Tellury
3.2 Hydrodynamic aspects: piezometric observations
3.3 Hydrochemistry

3.4 Synthesis and conclusions




3. Regional studies

The aquifer has already been preseoted in general terms in Chapler 2, and its complexity discussed. In this chapter
we will start by focusing on this regional aspect, with some investigation into the literature available
(description of some bareholzs), and of an clectromagnetic survey (VLF-EM). Afer having examined the
ideotification and geometry of the aguifer, hydrodynamic aspects will be discussed with the intcrpretation of
daily observations of the water 1able evolution. Finally, some hydrochemical maps found in the literature which
were considered relevant will be briefly mentioned (WEA, 1981).

3.1 Identification and geometry of the aquifer.
3.1.1 Literature overview

The principle units found in the Uoteres Emmental are manifold, as was shown in Table 1.

Those units that can constitute aquifers are the ones designated as qs (post-Wurmian Emme gravels), qdvsB
and q4vsW (Wurmian gravels and sand, with the technical Swiss German name of Vorstossschotter), gdst
(Wurmian gravels and sand known as Stauschotter) and finally q3s-4s (pre-Wurmian older Emme gravels).
The permeability varies accordingly, the gs unit being much more permmeable than the Vorstossschotter.

Considering this complexity, we thought it of interest to show two profiles surrounding the Wilerwald test site
(Fig. 9). These profiles were adapted from WEA (1981, vol 1T}, The boreholes which were used 1o delimit
them are also outlined. Because of the heterogeneity of the zone, they are obviously insufficient to allow
conclusions about the geomeiry of the aquifer. So the information derived from these profiles may be erroneous
and must be treated with cantion. Nevertheless, they show the geological units referred to above and the
extremely diverse development of these formations,

We thought instead that the presentation of singte boreholes was much more suitable, Foreseeing their later use
in the hydrodynamic studies, we represented only the boreholes of the WEA observation wells (Fig. 16). One
observes that sometimes on¢ is in presence of more than one sub-acuifer, (from the lithological point of view),
4s in the boreheles WAB 06, WAB 23, WAR 57. The unit designated by g8  (Emme's gravels) is of irregular
thickness, and sometimes is inexistant as in WAB 25, near the Oesch river.

The Molasse (mq) is not always reached, such as in WAB 21 and WAB 23. Instead, WAB 21 and WAB 65
have the greatest development in gdr, the lacustrine unity, which acts as aquitard too. The groundwater level is
also represented in cach borehole core, revealing situations of free nappe (the great majority) and of confined
aquifer (as by WAB 25 and WAB 57).

Also from the WEA is the Map representing the aquifer thicknesses (Fig, 11). This Map was responsihle for
the mistaken idea that the aquifer thickness was of about 10 meters at Wilerwald and at the site of implantation
of the observation wells. It also provided a basis for the modelisation works done later on. And although the
number of boreholes is not that small, if one considers the whole area they are however insufficient, in view of
its heterogeneity. The information from this map should be used in parallel with geophysical surveys, such as
those methods which don't homogeneize the medium and whose density of information is high : VLF-EM
(Very Low Frequency - Electromagnetic Survey) and RMT-R (Radio-Magneto-Tellury) .

3.1.2 Very Low Frequency - Eleciromagnefic Snrvey

Very Low Frequency - Electromagnetic survey was performed surrounding and southwards the Wilerwald test
sife. 1t was our purpose to search for preferential ground water pathways and become an image of the regional
distribution of heterogeneitics.

The continucus recording of the cut-of-phase component by the VLF-EM technique was developed by L
Miiller (scc Appeundix 1-A). Its measuring device doesn't need any soil contact, so it was possible to be
installed in a car. This allowed us to perform relative long profiles in a short period of time.

We used the fact that the out-of phase component is very semsitive to lateral changes of the electrical
conductivity of the ground, in order 1o become a picture of the aquifer geometry and its filing. We based our
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Fig. 10 Regional map with the location of the drill cores of the stations used for 1992 piezometric head level
measurements (WEA) and drill cores logs (after WEA, 1981).
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investigations on the assumption that the good correspondence betweeo VLF-EM profiles and the RMT-R
conclusions would continue to exist in the surrounding area.

The next figure (Fig. 12) shows the designation and the localisation of the profiles in relation to the test site
Wilerwald (shadow area). The map used as a basis is the geological map 1:25000. According to its anthor
(Ledermaon, 1977) the Holocene gravels are covered by more than 2 meters of silt and silty clay sediments just
portherly from Wilerwald {dotted area ). Cover thickmesses of 1 meter were also found and are represented
by pointed areas .

Exsurgences are sipnalised by a &' . Boreholes referring the molasse depth are plotted as bigger points @ .
Smaller points « ioclude only the drilling depth, when the molasse wasn't attained.

We can represent the VLF-EM surveys as graphic profiles, or we can create gualitative classes , in order to
become a better idea of the regional heterogeneity distribution. Fig. 13 represents both, the VLF-EM
continuons recording of the out-of-phase overlaying a qualitative coloured map of classes, but also the altitude
contour line. The limits of these classes seem to suit our purposes but they are quite arbitrary;

1. Values laying between -2 % and +2 %d{represented with a white colour) seem to correspond to greater
homogeneity. They are more developed in the N/NNE area. When the amplitude of the outphase vertical
component has valucs very close to 0 % , this can be an intlication that a relative homogen region is been
inveslipated, (his can mean also that the underlying material has a predominance of fine sediments like the
lacustrine silts. This is the case of a regioa located SSE of Wilerwald, as for instance at profile P-12. The
description of the borehole Burgerwald, where 65 meters of Jacustrine sediments underlay the aquifer, can be
seen on the Mayp of Fig. 10.

2. According to test site observation, values situated below -2 % (blue and violet colours), seem fo coincide
with the presence of channels filled with gravels of big dimeosioos. This is the case of profile CD and Profile
11, situated southwards the test site, but mainly at P-19, where the values decrease below -4 %, having a great
lateral extension (ancient Emme bed?). This fact could be linked to the existence of a glacial channel described
by J. Wanoer ( jn WEA, 1981, vol. TII), which once flowed parallel from Kirchberg in the direction of
Koppigen, some kms eastward, because it is thinkable that the Emme did used these glacial pathways
directions, at least at the beginning of its installation.

Another feature is remarkable and very important : it is very interesting to notice the correspondence of these
paleochannels with the topographic Jines. Looking at the lines comtour, we can immediately observe that
depressions and small valleys are localised in regions with oegative values of the out-of-phase component (high
resistivities). This is even more outstanding considering the scale of the map and ¢he fact that the slopes are
very smooth. The actual surface is therefore still reflecting the ancieot ground of these paleochannels and these
are still today preferential ground water pathways.

3. There are also values situated over + 2 % and + 4 % (brown and green colours), The physical meaniog of
these values has to be proofed : it can probably correspond to the existence of areas where the totality of
sediments are much finer. Or it maybe due to existence of a covering silty/clay deposits of much greater
thicknesses.

It is to accent once more, how the aguifer varies laterally, in the scale of even less than tea meters, This
emphasises the strong degree of heterogeneity, and points out how difficult it is to extrapolate aay kind of
information, if we simply possess a sparse and punctual information, as just some boreholes, without the
complementary electromagnetic information.

Fig. 14 exemplifies a trial to interpolate aguifer thicknesses isolines by means of boreholes , in correspondence
to the VLF-EM profiles. The picture is cloquent by itself. It is oot compatible the existence of deep
paleochannels revealed by the VLF-EM survey, with the existence of a closed basin as it was once interpreted
and which is found in WEA hydrogeological Map of the acuifer thickness.

3.1.3 Audio-Magneto-Telluric Survey

The Burgerwald borehole was the second place {the first was Wilerwald) where an AMT survey was performed.
The borebole core description indicated a very thick Iaver (more than 65 m) of iacustrine sediments underlying
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the aquifer, The molasse wasn't reached at depths of about 88 m. The fine sediments, along with the Iocation of
the site - far from industrialized areas - were thought to be ideal to test this method, which uses the pertubations
of the Earth's natural magnetic field cavsed by tropical thunderstorms (see 4.1.1.D in chapter 4, for more
information), Nevertheless, the following information must be treated with care, as it is not very accurate
because of alf the interferences that are possible. .

The AMT resistivity log suggests that underneath a thinner and more resistant layer (200 Ohm.m for the first
15 m) there is a relatively thick layer of less resistant material (from 70 Ohm.m 1o 36 Ohm.m). The Aquitanian
could start at -130 m, coinciding 1o the very low values of resistivity measured there (18 Ohm.m). The same
layer was detected at Wilerwald (see Appendix 2A-1).

3.2 Hydrodynamic aspects:

Groundwater level measurements were performed at the Wilerwald iest site, first sporadically, but then quile
intensively curing the tracer test of November 1992. The daily changes and their relationship with the location
of the observation wells and with the rainfall events observed there were so interesting that we tried 1o see how
the regional net of observation wells responded during the same period and also in the coure of hailf a year.

One must be aware that the conclusions written below are based on the presuposition that the conditions are the
same for alt the measurements. That all the observation well tobes are perforated along their whole length, and
that mean poteotials are being compared. If this is not the case, and the tubes are only open at their extremities,
a variance in measurements depending on the depth of measurement and the heterogencity may be observed.

The regional net data was kindly provided by Mr Bader from the Wasser n.- Energie Wirtschafstamt des
Kantons Bern (WEA).

1992 was quite a rainy year. As one can sec on the diagram below (Fig, 15), it is difficult to find a dry period
longer than two weeks, except afler the 13th of December, where a dry period lasted 24 days (19 days in
December ples 5 more days at the beginning of January 1993). January 1992 presented 13 consecutive dry days,
followed by Apyil with 9 days. & continuous dry days were observed in May and July. This aspect is importan
for the interpretation of the aquifer’s responsc 1o rain cvents. Most of all so as to differcntiale the sudden
variation of the groundwater level afier precipitations from the cumulative one.

Annual precipitation, Oeschberg, Station Nr 8580 (482 m)
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Fig. 15. Annual Precipitation from January 1 1992 to January 31 1993, measured at the Oeschberg Station.

The Map of Fig. 16 presents the regional obsetvation net, the geological logs and the delta h calculated between
the grounwater's maximal level of November 9 1992 and the levels measured from the 9th of November till
the 16th of December 1992, The map also includes the information about the ground altitude, the day when the



maxiaial level oocurred, the exact diffference in cm and the minimal depth reached by the groundwater. The
Table 2B-1 (in Appendix 2B) gives all the levels during the period mentioned.

Minimal variations seem to be linked to exfiltration zones, es for instance at ZIB 01 and WAB 13. A central
area in the region where the deltas were higher than 100 ¢m appears. This includes the observations wells
designated as WAB 21, WAB 23, WAB 06, WAB 25 and WAB 65, A remarkably high rcsponse of 2.78 m was
observed at the piezometer WAB 57. 1t is also interesting to see that the date of the maximal level varies
accordingly. For deltas over 100 cm the maximal level occurred between the 12th and (he 16th of December.
The nearer the observation wells are to the Emme river, the later the maximal level seems to have been
reached

Fig. 17 gives the delta h of the observation wells situated nearest to Wilerwald and that of WAB 57, from Nov.
9 to Dec. 16 1992. ZIB 01, which is the well situated on the exfiltration zone cailed Zielebach, presents the
curve with the preatest variation. It seems to respond very quickly to rainfall, but the dissipation is also quick
(better transmission). On the contrary, WAB 57, presents a curve with a cumulative aspect. Looking back to the
map of Fig. 16 where the geological logs are plotted, it is clear thst this piezometer is the one with a situation
of confined aquifer. On the other hand,the literature states that its permeability was low or even impossible 1o
determine, Another situation of confined aquifer is foand at WAB 25 (h = 161 cm).

A possible reasoo for the higher deltas observed in the central part is that this region constitutes the main
drainage of Emme infiltration (WEA, 1981). This could explain the obscrvations made in piczometers
WAB 23, WAB 26 and WAB (6. There the aquifer is constituted of more than oone lithological unity
{sub-aquifer?).

Another possible reason for the higher delta h is the generally Iower permeability that some observatinn wells
show with respect to others {(ex. WAB 21, WAB 57). The groundwater of the Unteres Emmental is very much
influenced by the Emme infiltration. Some regions being less permeable than cthers, the energy will dissipate
morre slowly there. The incoming Emme infiltrate will be less easily transmitted, and consequenily a
cumulation is observed. Fig. 18 presents the groundwater level evolution of the piezometer WAB 57 in
comparison with the minfalls registered at Oeschberg. This illustrates the cumulative aspect clearly. In more
permeable regions, or aear exfiltrations zones, the incoming energy will instead be dissipated more rapidly.

A possible explanation for the ater date of maximal level which seems to characterize observation wells lying
near the river, could be the increasing discharge of the Emme (with the increasing discharpe of its tributaries).
Unfortunately there is no surperficial water station functioning in the vicinity.

3.3 Hydrochemistry
No chemical data was available for 1992, So only a small resume of the WEA's conclusions is presented here.

The importance of the Emme water infiliration can be clearly in the Appendix 2C ({maps of Fig. 2C-1,3)
& b)), corresponding to the conductivity isolines during a dry period and afier a rainfall. The main infiltration
of the Emme described abave, occurring in the central part of the zone, is made obwious by the lowering of the
conductivity values after the rain period.

The contribution of the Emme infiltration decreases with the increasing distance from the river. This is also
evident on the map of Fig. 2C-1 in Appendix 2C, where the mean annual oscillation of temperature is plotted.

3.4 Synthesis and Coaclusions

The literature overview made it clear that we are in the presence of a very complex aquifer, with extremely
variable geometry and lithology. It also pointed out that the Emme plays an imporiant role in the chemical
balance of the groundwater, and that the zone of influence of its infiltration is irregularly distributed. This is
due 1o differecces in permeability.

Regional piezometric observations showed the different responses of the aquifer to rain events. Higher

amplitude variations, and correspondly delays in reaching the maximal level, seem to correspond with lower
permeabilitics. Observation wells situated in exfiltration zones have smail amplitudes and very quick responses.
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WAB 57 - exemplifving the cumulative aspect referred above.

¥Fig . 18 Groundwater level evolution during about 6 months (May 22,1992 - Dec.31. 1992) for the observation wetl



Due to the great heterogeoeity of the zone, it is better to avoid interpolations based only on puntual informatioa.
Geophysical techniques which don't homogencize the medium, such as the electromagnetical VLF-EM and
RMT-T are therefore a pood complement.

About 10 VLF-EM surveys were made very rapidly (half-a-day), regionally and around the Wilerwald test site,
These continwously registered out-of-phase variations confirmed the extreme lateral variability of the
quaternary deposils. They also allowed to delineate preferential groundwater pathways - paleochannels filled
with coarse gravels. The location of these paleochannels corresponds to the actual topographic lines. The
present surface still reflects the ancient lie of the paleochannels.
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Part I1I : Local studies, field experiments and analyses.

This section describes all the experiments performed on the Wilerwald test site. Starting with those undertaken
in order to describe the aguifer, its geometry and distribution of properties, we will then focus en the
hydrodynamic aspects determined by periodical readings of the piezometric surface and pumping tests. Next,
the chemical analyses will be discussed, and finally the tracer tests that were performed in 1988 and 1992. To
interpret RMT-R raw data a new approach was used, based oo the indirect relationship between resistivities
and grain size distribartion. This is a rapid method for determining both the horizontal and vertical distribution
of heterogeneities. 1t differentiates the vertical distribution of layers and resistivities, and also defines the
infinence of the upper conductive layer on the resistivity data.

4, Identification and geometry of the aquifer
4.1 Geophysical methods

Electromagnetic methods constitute an indirect approach for estimating hydrogeological aquifer parameters
(lithology, thickness, permeability). Two complementary electromagnetic methods were used to reveal the
acquifer's heterogeneity and its structure at the local scale :
1) - RMT-R which uses the same principle s the VLF-R (Very Low Frequency-Resistivity) method,
but is extended to higher frequency ranges (240 kHz),
2)- and VLF-EM (Very Low Frequency - Electromagnetic).
The principies of the methods are given in Appendix 1-A.

4.1.1 FElectromagnetic methods
A. - RMT-R (Radio-Magnetctelluric-Resistivity):

The great advantage of the RMT-R method is that it allows 1o make as many measurements at any place and
time one thinks important, and this very rapidly and for a minimal cost. We thought that the variability of the
quaternary formation mentioned in the literature would also be found on the small scale of the Wilerwald tesi
site area. So as to be able to map it, about 600 RMT-R mnltifrequency and RMT-R multidirectional soundings
were made (sec Fig. 19-a).

A.1- RMT-R results
The site was divided into 30 profiles perpendicular (o the main direction of waterflow, as shown in Fig. 20.

The soundings were separated by 5 to 10 meters on average. (see Table 3A-1 in Appendix 3)

Three, sometimes four, frequency ranges were used: 183 kHz, 70 kHz (60 and 77.5), 19 kHz and 12 kHz, The
trapsmitters are all criented approximately in the same direction {N150°). The electrodes that measure the
electric component (see Appendix 1-A) were ajso aligned in this direction. The simultaneous use of different
frequencies, each one penetrating to a different depth, enables among others the calculation of actual
resistivities and of the local thickness of the aquifer, using the MT. Inversion procedure (Fischer et al, 1981,
Thiervin, 1990).

A lot of information can already be obtained simply with the analysis of the raw data;
The direct use of the apparent resistivity data allows the construction of Coatour Maps, which give a good
picture of the structure of the aquifer. These maps were first drawn by hand (Fig. 21), when the number of

points measured was not too large and then by computer, using the kriging method of interpolation (see A.2.1
in this chapter).
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— R

Fig, 20 Location of the RMT-R profiles mentioned above . o = RMT-R measuring points; 1...30
Profile number; C, D, F gallery names; EPy =  Iojection borehole .

The higher the resistivity values in nnconsolidated sediments, the more permeable those should be. Bearing this
in miod, 4 "channel” of a "meander”-like shape appears on the hand-drawn 183 kHz contour map. A quick look
of the map permits us to localize the piezometers concerned by this structure;

- C7 and C6 in the channel zoaoe,

- F4, F2 in a less permesble region, which circles the NE area of the test site

- and the injection point lyiog in a not so permeable zone. .

The maps done by kriging ( Fig. 22) complete the image : on the 183 kHz ore, the channel is seen to be
confluent with another one, but its contour diffuses to a greater depth and, al 19 kHz, the higher resistivity
values are to be found mainly o the southern edpe. The conductive zone, situated at the north-east end, is well
individualized (Rho approx. <50 Ohm.m at 183 and 70kHz, and < 100 Ohm.m at 19 kHz). This suggests a
sedimentation environment of lower energy, quite different from that of the deposits in the rest of the zone.

Not only does the apparent resistivity supply valuable ioformation concerning the structure, but so do the
dephasing values.

Contour maps of the dephasing values were also drawn. Their interpretation is unfortunately not so easy.

For instance, on the 183 kiHz dephasing maps, it is clear that there is some kind of a structure, with lower phase
values, oriented northwards and streiching diagonally across the map. It then appears fragmenied on the 60
kHz phase map and clearly moves aorth at deeper levels (19 kHz).

This structure, since it interrupts the paleochannel, seems contradictory with the other evidence of its existence,

This is difficult to understand. Besides, also considering at the Rho ap. values, it is clear that the region located
NNE is quite different {(much lower values of resistivity) than the one S, and shouldn't be gronped with it,
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A.2 - Methods of interpretation

A2.1.- Application of kriging te Wilerwald

At Wilerwald kriging was used only as an interpolation method for the drawing of contour maps. The different
variograms function were calculated for the resistivity at each frequency, for the logasithm of the resistivity
valees and for the phases. The variograms calculated for the four main directions were similar for all variables.

The theoretical model which fitted the experimental variogram was a spherical one. As there also was a nugget
effect, the following equations will define the variogram function:

T@)=®[EM“1(M)3]+C h<a
2a 2 a

yhy=w +C h>a
¥(0)=0 h=0
where,
C = the nugget value
@ = the sill
a = the range.
Wilerwald Statistics
183 kHz Rho ap. Log Rho ap. Phase
Varianee 438476 0.09 24
S 000 0,073 26
Range 03 km 0.26 Km 0.15 K
Nugget 3000 o0 u
Etd Dev. 1.1 0224 4380
Sample Sixe 475 &75 475
Min. # 1613 20
Max. 541 2733 Vi
70 Kz Riw ap. Log Rho ap, Phase
Variance GE19. 79 00346 ol
st 8100 0.049 R
Range 0.25Km 0.33Km .15 Km
Nugget 4000 0013 1
Std. Dev. 8238 0.185 3410
Sample Stze 475 475 47
Min. 62 1,792 30
Mas., 805 2906 L]
19 kHr Rbio ap. Log Rhoap, Phase
Varionce 3298 64 0.023 10.100
s 4000 D043 12.200
Range 03 Em 043 Kna 032 Km
Nugget 2000 0.015 2
Std. Dev, 141 0.167 3170
Sample Sixe 475 47 475
Min. 34 1.3% a8
Mex an 2630 (2]

Table 5 main characteristics of the kriging inierpolation functioa

The table above (Table 5) shows the main characteristics of the interpolation function. As the range varies
between 150m and 300m, the distance between sampling points shouldn't exceed these values. At
Wilerwald, the measuring points were 5 to 10 meters apart on average along each profile and up to 30 meters
distant between profiles, which seems very adequate. The standard errors (reliability of the estimation) are
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generally Jow, and the maps constantly show the same pattern - the highest standard errors are to be found at
the test site borders and they are function of the sample density. The presence of 2 nugget is maybe due {0
measurements errors but also due (o the limitations of the RMT-R method, which is unsensitive 0 micro-
structures, therefore indicating again, that one is in the presence of a highly heterogeneous aquifer.

The Table 3A-2 in Appendix 3 resumes the equations of the spherical functions.
With these functions Kriging Maps described in A.1 were drawed.

A.2.2 - Interpretation based on raw data:

The idea was fo see if it was possible o establish plausible spatial relationships withio the RMT-R raw data.
The aim was fo infer about the environment of deposition, by cxploring the feamres referred to this in ALY, such
as, the structural character of the phase information and the existence or not of an upper conductive layzr,
which influences the values of the Rhe ap,, etc.

This was done in several steps:

First, all the values of the resistivity Jogarithms, histograms were plotted for cach frequency. The resuits can be
seeo in Fig, 25. The effect wasn't as clear as had been hoped for, except for the higher frequencies, where a
bimodal distribution appeared (roare so at 183 kHz than at 70 kHz). It was also possible to gather some
information about the modal class (the most frequent one), about the number of classes (which indirectly
reflects the degree of selection in a population), and abont the symmetry of the class distribution. Unfortunately
the form of a histogram varies with the limits of the class ioterval that is chosen, making its utility limited.

The spatial distribution of resistivities is correlated with the sedimeot distribution. Besides, resistivities are also
indirectly related to the grain size distribution.

We made use of this similitude, trying to apply to the distribution of data measured by RMT-R the methods
used in prain-size analysis, which give a lot of information about the environment of deposition and its energy.
The aim was to see if it was possible to find a coherent method of analysis for the raw data, specially for field
cases like Wilerwald, where not much direct information is available,

In sedimentology, there is a well known method for studying a sediment sample, coosidered a priori to be
heterogeneous, using a very simple statistical treatment. The sediment is divided into artificial classes by means
of sieves of different diameters. Than, the weight of the population retrieved in each sieve is noted.

Histograms are seldom used in grain size analysis. Instead, they are transformed into comulative percentage
curves, which offer greater advantages. A cumulative curve always has the same form, independeatly of the
¢lass Iimits chosen. Furthermore, a lot of information can be extracted from such a curve. Acoording te the
selection degree (homogeneity), the form of the curve will vary from almost vertical o nearly herizontal, The
modal class will be situated on the steepest part of the curve (see the example in  Fig. 26), Erregularitics,
expressed by means of the curve's inclination, indicate secondary modal classes.

In this way, it is possible to conclude about the environment of deposition. A sample of dune sand, for instance,
haviog a high degree on selection, witl present an almost vertical shape, which would be expressed by very
small values of standard deviation. An environment of higher energy could also present a very good selection,
but the curve would be clearly displaced towards much larger diametess. Therefore, the difference with the
dune distribution would be reflected by a higher value of mean diameter. The asymmetry of 2 heterogeneous
sediment would signify the predominance of higher or lower values of diameters (also an environmeotal
indicator) .

Mean and standard deviation, asymmetry, eic., are calculated graphically from the cumulative curves. There
exist a Jot of procedures o calculate these parameters. The one given by Foelkh and Ward (1957) was preferred
bere, because it takes ioto account not only the central part of the curve, but also the tails, and that is very
important, considering the heterogeneity of the values.
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Some of the Felk and Ward parameters (Suguio, K.,1973) are listed below:
The mean diameter: Mz
Mz = P16+ ¢.:0 +84

The standard deviation:

ol - 984016  995-95
4 6.6

where, according to values, the sediment is classified, as following, if a ¢ scale (¢ = -logyd, d =diameter in
mm) is used :

oy Selectioo Degree io a grain size
analysis

< 035 very good selected
between 0.35 and 0.50 good selected
between 0.50 and 1.00 fairly selected
between 1.00 and 200 poorly selected
between 200 and 4.00 very poorly selected

> 4.00 extremely bad selected

Table 6 Selection degree in a grain size analysis afler Folk and Ward (1957)

and the asymmetry: Skl

_$16+484-2450 _45+495-2450
T 2(084-916) 295 - ¢5)

The following qualitative scale is used to describe the sediment;

SkI

Sky Asymmetry Degree
between -1.00 and  -0.30 very negative asymmetry
between 0.30 and -0.10 negative asymmetry
between <010 and  +0.10 approximately symmetric
between -1.00 and +0.30 positive asymmetry
between +0.30 and  +1.00 VEIy positive asymmetry

Table 7 Assimetry degree in a grain size analysis after Folk and Ward (1957)

As explained above, the idea was to adapt these priacipies to the RMT-R data.

The next figure ( Fig. 26) shows three hypothetical distribution curves of Rho data treated in this way, as well
as the informafion that can be deduced from the form of the curves.

The next step was to define classes of facies among the RMT-R data (475 measuring points, and three
frequencies), just as in sedimentology. 1f in 2 coastal sediment it is relatively easy to find facies of dune, beach
or lagoon for iostance, at Wilerwald, dve to the heterogeneity of the fluvio-glacial deposit, the situation was
more complicated, Besides, the RMT-R data not only give two dimeasional spatial informatioo about the
distribution of the resistivity data but also have a vertical comporent which must be taken into account.

Definition of facies and classes: just as for a grain size anatysis, the cumulative distribution curves of the
resistivity data (475 points) at each frequency were plotted on the same figure ( Fig. 7).
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Obscrving Fig, 27 it is obvious that the 183 kHz measurements are the anes which change the most. One can
distinguish 3 main zones:

- the left tail of the curves, values lower or equat to 1.8 (log 60 Ohm.m (log 60 Ohm.m = 1.8), where Rha
values for 183 kHz arc the lowest ones: Rho 183 <Rho 70 < Rho 19, :

- then follows an intermediate zone, where Rho ap. values for 183 kHz are lower than 70 kHz values and
higher than 19 kHz ones (in the 1.8-2 = 60-100 Ohm.m interval): Rho 183 < Rho 70; Rho 183 > Rho 19.

- and finally on the right tail, the 183 kHiz values are clearly higher than the others, till about 2.4 (= 250
Ohm.m), where the Rho values for 183 kHz are more or less equal the Rho ones for 70 kHz: Rho 183 > Rho 70
>Rho 19,

To find the physical meaning of the 60 Ohm.m, 100 Ohm.m and 250 Ohm.m, the kriging maps for the 3
frequencies were drawn. These revealed that 100 Ohm.m was definitely a frontier line, separating the NNE
region from the rest at all frequencies, and could also be used as a class separater { Fig. 28). For 250 Ohm.m,
the result wasn't as clear, except that, when used, it contributed to delimit spots where gravels are very clean
(with 2 very high porosity) and relatively big {pebbles and cobbles}.

Using these limits, the following classes were created:

Class | - Rho 183 kHz < Rho 70 kHz <Rho 19 kHz < 100 Ohm.m
Class 2 - Rho 183 kHz < Rho 70 kHz < Rho 19 kHz > 100 Ohm.m
Class 3 - Rho 183 kHz < Rho 70 kHz > Rho 19 kHz

Class 4 - Rho 183 kHz > Rho 70 kHz > Rho 19 kHz < 250 Ohm.m
Class 5 - Rho 183 kHz > Rho 70 kHz > Rho 19 kHz > 250 Ohm.m

Within each class many situations can exist. Possible situations corresponding to these classes are represented
in Fig. 29. And their spatial distribution can be seen on the Map of Fig. 30.

Class |: The values of the resistivity in the 200 kHz range are lower than in the other ranges. This is the
same as in class 2, only they are lower than 100 Ohm.m. As, for example, in the case of 92
Ohm.m,43°, 77 Ohm.m,50°; 89 Ohm.m,50°, it is also a C/R/C situation. A very thick conductive

" npper layer is followed by a resistive layer of smaller dimensions (sand, or sand and silt with smalt
gravels 7).

Class 2: this class is characterised by a very thick upper layer, which causes the resistivity and the phase
values to diminish in the 200 kHz range (for instance 150 Ohm,m,28°), Sometimes 2 higher
resistivity value in the 20 kHz range appears, indicating an increase of gravel dimensions with
depth,

Class 3: This is the typical case of the threc layer C/R/C mentioned in A 1. An exampie would be:
2250hm.m,39%, 292 Ohm.m,47°; 1400hm.m,54°,

Class 4: This class diverges from the 5th class because the Rho values at 183 kHz arc lower than those at 250
Ohm.m, meaning either that the dimensions of the gravels are smaller [for instance 125 Ohm.m and
43°}, or that there is an upper conductive layer which lowers the values [as in 150 Ohm.m;, 30°].Two
situations an: possible in this case.

-Either the resistivity values at 70 kHz are smaller than the ones a1 19 kHz, indicating the possible
existence of an intermediate conductive layer and an increase in size of the gravel at bigger depths.
An example would be: 172 Ohm.m,32°; 170 Ohm.m,37°%; 2120hm.m,51%,

<Or ¢lse, the 70 kHz resistivity values are higher than the 19 kHz ones. This could be explained by the
absence of the intermediate layer.

Ciass §: Clean gravels, pebbies and cobbles. The resistivity given at 183 kHz is high , and the phases very
near 1o 45°(absence of an upper conductive layer) . The depth penetration in the 200 kHz range is

deep = 20meters. At the range of 70 kHz it extends to about 32 meters and the phase 51¢, indicates
that the aquitard has already been reached. The resistivity value is lower becanse of that.

The classes were plottedt on a map, in order to see if it was possible to delineate sub-regions.
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Although the information of this map only has a qualitative value, it is interesting to note that class 1 appears
distinct from class 2. Its values are much lower than those of class 2 {ficer sediments), which reinforces the
idea that they shouldn't be interpreted as grouped together. such as in the Phase Contour Map ( Fig. 23).

Statistical treatment of the classes:

The cumulative curves of each class were plotted. The statistical information obtained by means of adapted
Folk and Ward parameters as written below ;

Rhol6+Rho50 + Rho84
3
_ Rhogd —Rhol6 Rho95-RhoS
: 4 6.6
si7 - RBO16+Rho84 - 21050  RhoS+ Rha95—2Rho30
2(Rho84-Rhol6) 2(Rho95-Rho%)

Mz =

al

Table 8 Folk and Ward parameters Folk and Ward (1957)

The next table (Table 9} resumes the Folk and Ward statistical parameters and the statemeots referred to
above.

183 kH: Class 1 Class 2 Class 3 Class 4 Clasge 5
. Mean Log 1.678 210 2.153 2.247 2.466
Mean ( Ohm.m ) 59 155 177 177 292
Skewness 0,435 G207 0.158 £.076 0.252
Standard deviation (.079 0.138 0.147 0.094 0.073
70 kHz Clasy 1 (lass 2 Class 3 Class 4 Class §
Mean Log 1.832 2218 2212 2192 2.1391
Mean { Ohmm ) 88 204 204 156 246
Skewness G006 0.203 0.133 0079 0.145
Standard deviation G081 (.147 0171 0.102 0.103
19 kHz Class 1 Class 2 Class 3 Class 4 Class §
Mean Log 1.20% 2.153 2.033 2.063 2225
Mean ( Ohm.m ) % 177 134 116 168
Skewness 0.044 0.087 0.11% .03 -0.005
Standard deviation 0.077 0.149 0.161 ¢.109 0.122

Table 9 Statistical parameters of the Rho appareot values (logarithms) calculed after Folk and Ward (1957)

Skewness represents the deviation between the mean and the median of a variable. Where both coincide, there

is no asymmetry. Positive asymmetries reflect the predominance of higher values of resistivity in the frequency
distribution.

The classification intervals aren't the same as in a grain size distribution , so the quality of the information one
¢an obtained from the parameters caiculated, can only serve for comparison.

Observing the three diagrams of Fig. 31 many considerations become apparent,
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- Class 5 and 1 appear well individualised at 183 kHz and 70kHz, but only class 1 remains clearly apart at
19 kHz,

- Class 1 has the lowest standard deviation values, representing a i‘aurly homogeneons sub-region of fine
material (of deep lacustrine origin?).

- Class 3 is relatively well selected (clean gravels). So is class 4, though its dimensions seem to be
smaller. Its distribution is almost parailel to that of class 5. And this sitnation is maintained at 70 kHz.

-Class 3 and 2 are not so well selected. Their dispersion of values is very similar, class 3 has slightly
higher resistivity values than class 2 . Both classes increase their values at 70 kHz, approaching class
5, which may imply that the channel is larger and the energy of transport higher, or simply that the
npper conductive layer no longer has any influence.

- At 19 kHz the situatioa changes, class 2 and 5 are aearer,class 2 having higher values. Class 5 is no
looger so well selected. Class | seems to increase its values a little,

- It is interesting to see that the other classes are betier differentiated at 183 kHz, practically coincide at
70 kHz (less influence of the upper layer) and than they become more separate again at 19 kHz. The
possible reasons for this are:

1. Either the 70 kHz data, representing older (deeper) sediments than the ones of 183 kiz, could
correspond to a period of higher energy of transpott. The distribotion curves are displaced
towards higher values of resistivity. The evolution of the curves also suggests that the bed of
tbe channe) has undergone several changes. At 19 kHz, the higher values of resislivity are to
be found in class 2.

2. Or the influence of the first conductive layer is greater in class 2 {thicker). The channel also
becomes less and less detectable with the lower frequencies of measurement, becanse a)the
wave has to cross more and more sediments, b} possible lenses of fine material exist and, the
influence of the more conductive bottom layer increases.

The same treaiment was applied to the phase values, 1t is ioteresting to see that class 2 is the one with lower
phase values at 183 kHz, As stated above, ong can connect this fact to the existence of a more developed
conductive upper fayer. Otherwise, all 4 classes present values characteristic of the C/R/C situation mentioned
inAl

In short, from the observation of the cumulative curves following conclusions may he stated:

- If the different frequency ranges describe sitnations at different depths (that is different ages), they can be
used as to express the evolution of the deposition environment.

Therefore one could infer that , there were two main regions at the beginning (at 19 kHz),
One represenied the more conductive NNE sediments. The other was not well differentiated at the time and
included all the other classes.

Than, the classes began to be progressively accentuated. From the siteation found at 70 kHz, where a higher
energy of transport maybe existed, due to the enlargement of the channel as seen on the apparent resistivity
map, till the situation reached at 183 kHz, where this higher energetic pathway (Channel) is restricted to
class 5.

These classes have the character of "sub regions”. Within each one a large range of values is possible,
reflecting micro-structures and small-scale heterogeneity.

- A totally different interpretation is also possible. The evolution of the classes would be related to the
influence of the upper layers or to the fact that with deeper depths the RMT-R information becomes less
accurate, becaunse the wave has to cross more and more sediments and the influence of the botiom layer
increases. This would make the channel, that was detected at 183 kHz, to disappear (interference of the bottom

laver).

Unfortunately both interpretations are only speculative, because no physical proofs exist, since no drillings were
made, to confirm.

A.2.3 - loterpretgtion based on MT, iaversion;
With the help of a MT. inversion program (Fischer & Le Quang, 1981) (such as the FITVLF2 or a two-layer

prograrg}, it is possibie 1o calculate the true resistivity of the stratum(a) and the thickness of the layer(s). Both
methods were used.

51



The FITVLF2 results were very complicated They suggested several sub-layers, sometimes with no lateral
continuity, because of the existence of an irregular npper layer and of lenses which are impossible to be detect
with the RMT-R survey. Not having che possibility to calibrate the results, we used the two-layers inversion,
knowing that this meant even more homogemsation was implicit.

An estimated true resistivity (Rhol} is obtained , using the values of Rho ap. and of the dephasing ¢ measured
with the highest frequency. This value is than supplied 10 the program, along with Rho ap, a corrected ¢ value
for the 20 kHz mnge (because 1t is known that the influence of the first layer diminishes the actual value of the
dephasing) and finally, the lowest frequency used. The 1-D inversion method then calculates the true resistivity
(Rho 2) of the more conchuctive bottom layer (aquitard) and the thickness of the upper laver (aquifer). It ignores
the upper conductive layer.

The aim was 16 oidain an image of the geometry and a distribution of 1tue resistivities for the satarated zone of

the aquifer. And so the construction of several profiles (Fig. 3A-2 in Appendix 3), and of a block diagram (Fig.
JA-3 in Appendis 3), a resistivity contour map (Fig. 3A-5 in Appendix 3) (Carvalbo Diil, in Steiner et al,1992)
{see alsn Fig. 74, in Chapter 10 ), and an aquitard's depth contour map (Fig. 3A-4 in Appendix 3) was possible.

These calculations are approximale because of several uncertainties, but useful when applied carefully
(Turberg,P.,1992).

Unfortunately, only one drilling was performed at the fest site. This does not reaily suffice 1o calibrate the
calculations. Added to this, the drilling itself wasn't deep erough to conclude whether the silty-clay evel found
at the bottom was contimrous downwards or not.

B. Multidirectiona! RMT-R

Multidirectional RMT-R is based on the anisotropy of the electrical properties of the sediment. (Fischer et al,
1983).

Its principles can be summarized as follows (Fischer et al, 1983).

= According to whether the alignement of a conductive body is perpendicular or parallel to the direction of the
emitter, a measurement will be said to be respectively in H-polarisation or E-polarisation.
- In the presence of a conductive body and when the measurement is made in E-polarisation, the resxslmty will
increase and the phase decrease.
- If the measurement is made in H-Polarisation, the opposile effect is to be expected, i.¢ a decrease of the
resistivity and an increase of the phase.
- In an isotropic medium all the measurements performed at the same poiot will be equal.
- If, instead of a conductive dyke, ouc bas a resistive one filled by more resisiani material (channel),
mesurements made parallel] to the dyke's direction will have the highest phase and lowest resistivities, just as in
the H-Polarisation. And the opposite will happen when the measurements are made perpeadicular to the
channel's direction.

Directional anisotropies of the deposits thal are detected will therefore also give informatioo on the
paleosedimentology. This was also tested at Wilerwald.
Emitters of the same frequency range (200 Ohm.m), situated ir the following directions were used : N-S (183
kHz), N40 (153 kHz), E-W (162 kHz) N130 (198 kiz).

Wilerwald was quite a complex case and presented deviations from the simple cases described above. This is
due to the fluvio-glacial character of these deposits. Parallel to the main direction of flow, elongated deposits of
fine material alternating with ones of coarser sediments were once thrown up. The influence of these elongated
lenses is apparently stronger than that of the coarser material, because the readings were often contrary to those
expected: the highest values of resistivities and the smallest phases were obtained on measurements performed
parallel to the channel,

Another aspect must be mentioned: a fhivio-glacial channel filled with loose sediments has a complicated
structure. Insiead of a clearly-shaped dyke, the pathways are tortuous, constantly changing direction. Therefore
onz can't really iolk about E- and H-pelarisation. The lowest phascs arc not always found with the highest
resistivities, and vioe-versa,
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Fig. 32 Map with the results of RMT-R multidirectional,

» Observation wells
¢ RMT-R measuring stations
/,+ delta ¢ ( for the exact value please see Tab.10 )

53




These measurements are presented in Table 10. The important observation to make is that most of the stations
are anisotropic. The fine elongated lenses do play a very important role in defining the electrical properties of
the aquifer. Therefore one can infer its influence on the water flow and on the existence of anisotropies of
permeability, not in accordance with the homogeneous laminar flow often said to be characteristic of porous
media.

On the map of Fig. 32 the differences between the highest and the lowest phase value were plotted in the
direction of the lowest phase value. As one can sec sometimes it corresponds o more than one direction (poinis
4,18, 20 etc).

M is ioteresting to observe the D gallery, situated close to the confluence of the two channels, which is followed
by strong anisotropies of convergent directions.

Direction NS N 40 EW N 130 Detta Phi
Frequeacy 183Kz 153{kHz 162|kHz 198]kHiz
Station Rhoa Phi Rhoa Phi Rhoa Phi Rhoa Phi | Phi max-
Nomber Phi min
1 362 33 351 0 270 %0 301 35 5|
2 204 38 192 40 1862 Ip 177 37 3
3 243 35 273 36 202 10 210 3 E]
) 108 £0 88 35 166 35 53 35 5
h) 163 35 144 38 230 36 179 33 5
& 143 36 143 38 47 38 148 36 2
7 144 33 733 34 130 39 734 34 2
8 143 35 158 35 133 30 138 ' 34 3
) 84 35 168 34 87 35 77 33 2
10 57 36 58 36 35 33 35 33 E
iF; 67 34 68 4 64 37 36 36 2
i2 70 34 73 33 73 35 57 35 2
i3 &0 34 66 34 &8 i) 6l 33 2
14 48 ag 18 as 38 34 51 40 6-
15 58 35 60 33 62 3 7 34 7
16 33 32 63 34 358 74 56 33 2
17 85 33 88 34 o3 36 81 34 3
18 135 37 158 35 i60 35 114 35 2
19 120 35 143 37 146 37 125 33 2
20 173 38 172 2 147 39 173 38 r]
2] 240 36 200 41 09 40 252 35 &
2 181 35 195 41 229 39 235 34 7
23 793 35 200 1 152 42 156 22 10
24 188 36 248 37 214 37 165 37 !
25 268 35 3¢ 37 233 36 243 35 2
26 199 35 202 ] 245 kL 224 37 4
27 143 39 94 38 165 40 125 a8 2
28 173 36 180 I8 142 42 162 40 &
29 150 M 256 33 284 36 199 28 5

Table 10: multidirectional RMT-R data. The position of the stations can be seea on the Map of Fig. 32.

C. VLF-EM - VYery Low Frequency - Electromagnetic survey
The continuous recording of the out-of-phase component by the VLF-EM technique was also tested by

walking, oa the Wilerwald test site. Fig. 19b) shows the VLF-EM profiles executed inside the testsite area. 1n
Fig. 33, one can see the VLF-EM continuously recorded profiles and the RMT-R 183 kHz contour map.
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As one can observe, the channel is also detected very clearly with the VLF-EM method, since it represents a
significant change in lateral electrical conductivity and Jayer thickness. The more conductive region is also
detected - the out-of-phase component increasing towards the positive values. Comparing these profiles with
the ones performed on the region ( Fig, 13), we see that the channels befong to those anomalies referred tn as
class -2 and ¢ This gives an idea of theorder of magnitude of the anomalies of class 4, found regionally near
the railroad.

The Centre d'Hydrogéologie de F'Université de Neuchitel now possesses modelling programs (Steiner et al,
1992) which allow the calculation of strata with different resistivities and thicknesses. However, we did not nse
these models. The main reason was the lack of direct information (00 boreholes), making it impossible to
calibrate the model. Secondly, the existence of lateral and vertical heterogeneities sometimes of metrical
dimensions, would make any modelling unrealistic.

D. Audio magneto-tellurics method:

Tropical thunderstorms cause perturbations of the Earth's natural magnetic ficld,creating electromagnetic
currents of much lower frequencies than those used with RMT. These frequencies range below 12 kHz {at
Wilerwald frequencies down to 35 Hz were used), reaching coosiderably greater investigatioo depths.
Uafortunately, some restrictions to the use of this method exist in highly industrialized countries, because of the
electromagnetical perturbations caused by the industries. One must to be located several kms away from such a
region. The more conductive the sediments, the lower the perturbations. Wilerwald being far enongh from an
industrial area, the NNE area of the test site was selected for this investigation. The Fig. 3A-1 in Appeodix 3
shows Lhe evolution of the resistivity according to depih, calculaied, as for the RMT-R, with the kelp of the
automatic 1D-MT inversion (Fischer et al, 1981).

We can see that below a more resistant superficial layer (300 Ohm.m) the resistivity diminishes to Iess than 50
Ohm.m (upto 26 m). A unit with resistivity values of about 70-80 Ohm.m follows at 20 meters depth { qér
lacustrine sediments 7). According to the findings from boreholes drilled in the zone, the aquitanian follows -
correspending maybe to the next values, at over 130 metres depth. A plausihle correspondence coutd be with
marls (Rho valuves of about 20-40 Ohm.m), fnllowed by sandstones (300 Ohm.m ?).

4.1.2 Electrical method : Schlumberger configuration

Schiumberger soundings were used to complete the gaps of the RMT soundings in the characterization of the
upper layer formied of humus and silty, sandy clay.

The maximal distance between electrodes was 35,6 meters (AB/2 = 17,8 m) at the most of the soundings (See
Fig. 193), which thus allowed a detailed characterizatioo of the first 6 to 8,5 meters depth. The two longer
profiles SE| (C7) and SEj (25m east from C0) had AB/2 equal to 70 meters. The accuracy of the geoelectrical
apparatus is better than 0.2 % of the resistivity value measured.

The true resistivities and the different depths of strata were calculated by inversion with a best-fit program
which uses the Gosh filters. The results transformed into resistivity logs are plotted on Fig. 34. It is interesting
to see that the thickness of the silty clay layer (Rho < 60 Ohm.m) clearly increased in the NNE arez

(F4,F2 R1,Rp, D1). It also shows the inflnence that this layer may have on the RMT-R measurements of the
183 kHz, considerably lowering the Rhoap and the phase values there. It also umderlines the confined situation
of the aquifer there, which will influence the interpretation of the measurements of the ground water level. The
thickness of this layer diminishes towards the channel, where it is substimted by a sandy stratum (C7, D6). The
thickness of the aquifer and the dimensions of the gravel, according to the higher values of resistivity, seemed
to increase in that directioo tco.

4.1.3 Seismic Surveys

Twn seismic surveys (profiles S1-S2 and §3-54, in Fig. 19a) were carried out, in order to check whether the
high resistance values were due to the existence of the loose-gravel channel, Similar values could be obfained in
the presence of 2 changing of facies in sandstones (such es a tertiary paleochannel filled with Nagelftuh).

The scismic profiles were oriented perpendicularly to the channel.
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Fig. 3¢ Map of electrical soundings, The following features can be observed:
1) the situation of D1, R1, RP, F2 and F4 (confined).
2) the increased thickness of the silty clay layer in the cast part of the site;
3) the aquifer thickness, greater in the channel (C7, D6), and also the increase of resistivity values
increase of the gravel dimensions) there, '
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The existence of the channel was proven by the refraction survey S3-34 (sce Fig. 35): the channel effect can be
seen by the loss of velocity up to the 12th geophone. The clean and coarser gravels have a higher porosity and a
lower density (looser material), so they functions as a vertical dike, attenuating the velocity.
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4.2 Local geological aspects: Borehole CD and resistance to penetration.

Only one borehole was drilled at the Wilerwald test site - the borehole CD {Fig. 3). According to the RMT
measurements it seems that the drilling reached the formation gdr (silt and clays). Nevertheless the possibility
that it could be an intercalaled finer lens cannot be excluded.

The drill core was submitted (0 a grain-size analysis. The samples were taken whenever a change in grain size
or colour occurred. The grain size cumulative distribution curves of the aquifer samples are given in Fig. 36.
The depth of cach sample is indicated. After 80 cm of silt and humus, there are 80 cm of silty sand, followed by
60 cm of light grey silty sand. Two main sandy lenses are evident at 12 and 6 m depth. At 7 meters there is a
snb-leve! distinct from the others (silty sand with gravels). The passage to the aquitard {7) begins at 14.5 m
depth: the curve at 15 mis clearly displaced into the silt domain and possesses greater homogeneity,

Cisr Silt Band Geaval Peobie Cadbis

4N
— e gk 3.0
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--------- o=l 8.0
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4

wool [-%-1-] H on io00
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Fig. 36 Grain size comulative distribution curves of the samples taken from the borehole
CD. The depth of the sample is indicated aod is in meters. One can observe that
aquifer curves reflect the heterogeneity of the sediments (very inclined, almost
horizontal curves). Some lenses have very distinguish curves reflecting the more
percent on the sand fraction. The passage to the aquitard (7) can be clearly seen at
14.5 m depth. At 15 m depth the curve is dislocated toward the silt domain.

The Fig. 37 shows the lithological log where all layers and lenses with their actual sizes are represented. At
the borehole CD the largest gravels were found from 3.7-6 meters (s2e also Fig. 36, »—3.8)

It is also of interest fo compare the lithological log with the Schlumberger log (Fig. 38). The higher resistivity
values correspond to the same depths mentioned abave, which is also an indicatioo of the validity of the
information given by the Schlumberger Jogs.

Six piezometers for measuring the groundwater level were installed in May 1992 (Fig. 3). These were metal
tubes perforated with very small orifices and penetrating on average 6 meters below surface. The resistance to
penetration during their installation was registered and can be seen in Fig, 39. It is interesting 10 see that the
graphic of R3 (situated about seven meters from CD), sitnates the more resistant level (consequently the coarser
one) between two and three meters deep, whereas at R4 (57 m downstream) the highest dimensioos were found
below 5 meters. The graphics only give a qualitative information. But clearly the small scale {order of
magnitude 10° m) of this great vertical variability.
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Lithological log from the borehole CD.
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Fig.38 Schiumberger resistivity log of the borehole CD

4.3 Synthesis and conclusions

The carried out RMT-R soundings were ideal, and this because of the density of measurements (~ 500 in the
test area), because of the its rapidity and versatility. At the same time the degree of information obtained is
quite etucidative - it yields a good picture of the aquifer, about its geometry and about its resistivity distribution,
related to permeability. We used manly three frequencies ; 183 kHz, 70 kHz and 19 kHz.

Kriging was used to construct the apparent resistivity maps for the three frequencies. Sintce the investigation
depth is a function of the frequency used and of the resistivity of the medinm, we obtained a representation of
the aquifer at three different depths. The map of 183 kHz showed the existence of a channel crossing the
abservation wells area and confluent to another nne situated further west. 1t affects the piezometers C7, C6, D7
and Dé more directly.
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Fig. 39 Graphics representing the depth distribution of the resistance t0 penetration of the piezometers installed in

3

May 1992 for groundwater level measuremerts. For the localisation of the piezometers please regard Fi
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The interpretatioo of the RMT-R raw data with the help of a new approach was utilised, based on the indirect
relationship between resistivities and grain size distribution, emphasize the beterogeneity. Instead of
individualising "well defined uniformed" smalil classes [ end np by emphasising ail the possible situations
within each class. We this method it was aiso possible to defincate the regions where an upper conductive layer
(impermeable) exists, defining zones of captive aquifer.

RMT-R multidirectional soundings were carried out, revealing the anisotropy of the medium, conditioned by
the existence of elongated deposits of fine material alterating with coarser sediments and parallel to the main
dircction of flow,

Very Low Frequency Electromagnetic (VLF-EM) surveys were done at the Wilerwald test area. The recording
profiles were placed over the RMT-R 183 kHz map, allowing to establish a relationship between the RMT-R
and the VLF-EM results.

Another electromagnetical method - AMT - was tested at the site .Because this method has great limitations in
industrialized countries, due 1o all possible interferences, the results should only be regarded as possible and as
a curiosity. Among them it seems that the very low resistant layer occurring at 130 m could carrespond 1o the
beginning of the aquitanian.

Schlumberger soundings were used to complete the gaps of the RMT soundings in the characterization of the
upper covering layer of the aquifer. They revealed the confined situation of the piezometers D1,R1, RP, F2 and
F4, the increase thickness of the npper silty-sand layer in the east part of the field and the increase on aquifer’s
thickness along the paleochannel.

Finally two seismic surveys confirmed the existence of the paleochannel.

The study of the single drill core CD allowed a detailed punctual sedimentological description. Together with
the indirect information given by the resistance to penetration registered during the piczometers installation,
we could determine the local existence of irregular lenses of finer material, These lenses seem to be irregular
distributed, indicating, definitely that we cannot talk about the existenoe of parallel continuous layers mainly in
flavio-glacial sediments,
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Part 111 : Local studies, field experiments and analyses
5. Local hydrodynamic aspects
5.1 Waorks performed

5.2 Conclusions aboyt local hydrodynamic aspects




5. Local hydrodynamic aspects
5.1 Experimental work

The study of the piezometric surface and its evolution can yield a lot of information about the flow of the aquifer
and the distribution of its properties. In arder to avoid misinterpretations, it is important that the conditions be the
same io all the observation wells, so that their information be comparable. In a heterogencous aguifer it is also
important that the observation well penetrates the whole thickness of the aquifer and that the tubes be perforaied
along their whole length. Only so can ane obtain a comparable mean potentials, This problem will be re-examined
later on.

Another important lesson learned at Wilerwald was the tremendous importance of the frequency of measurements.
At the beginning, we thought that a periodical observation of the groundwater level would be enough. Not
expecting great changes, we started with readings every 15 to 30 days. These results can be seen in Appendix 3 -
Fig. 3B-2. The Figure speaks for itself, Nothing can be said about the evolution of the groundwater level with
these measurements. One could erroneously infer the existence of a trend and than ¢ty (0 see if any law of reaction
could be stated that would agree with the existent beterogeneity. However, comparing the data with the rain events
(graphic above) onc comes to the conclusion that a lot of information was lost.

The idea to measure almost every day if possible came duning the last tracer experiment. We had planned to take
readings every week in order to control the local directions of water flow. (Fig. 40). Fortunately i1 rained a lot,
When after the first week very significant changes wem observed, we realised that it was itpportant to measure

them as frequently as possible.

1t is interesting to see that the piezometer which varies a 1oi and presents one of the greatest amplitudes of
variation is Rp, the anc situated in a less permeable region (D1 had the greatest amplitude). Remarkable also is the
comparison of the water-level situation of this piczometer between Fig, 3B-2 in Appendix 3 and Fig. 40. From the
lowest position (June-Sept.) it moves to an intermediate one, although it is situvated downstream from R4 .

Fig. 41 presents the difference between the maximal and minimal values at all the piezometers from June to Sept.,
and in Nov.-Dec. Both C0 and D1 are very conspicuous in the two graphics, but Rp only in Nov.-Dec. One possible
explanation is (o r¢late the greater amplitudes to the less permeable piezometer - i.c., slow dissipation of energy
because of the impediment to the water flow (see Chapter 3.2). Could the opposite reason be valid for D7? Beings
the main drainage the volume of water flowing is greater, But ip this case, why do C7 and D6 not present similar
profiles?So as t0 open up new possibilities of explanation, the main information from the Schlumberger survey was
plotied with the groundwater amplitude. Ti is clear that the piezometers DI, R1, F4, F2 and Rp are in a confined
situation. This should also piay a role on the values obtained, speciatly if the observation well docsn't traverse the
whole aquifer.

The condirions it: the observation wells are not all the same at Wilerwald. The six piezometers installed in May
1992 do not penetrate enough into the aquifer, as do the others. They reach circa 3 to 4 meters below the
groundwater level, so that one cannot be sure whether the water-head always corresponds fo the groundwater Jevel
and if it is ip equilibrium with the atmospheric pressure. In an keferogeneous and anisotropic aquifer the potential
measured at different levels will be different (Bouzelbondjen,1991). In arder to check the importance of this
factor, the maximal and miniroal depth of water level of all observation wells were plotied. Six piezometers stand
out: R2, F6, F4, F2, RP and R4. F6, F4 3nd F2, are complete observation wells, bridging the whole breadth of the
aquifer. R2 and F6 lie in a region whose surface is particularly depressed, no wonder that it is the one with the
water level nearest the surface. The others are in confined situations.

As for using other methods, it has already been hinted that the small diameter of the observation wells limited the
possibilities of performing pumping or flowmeter tests etc. at Wilerwaid.

On the other hand, these same small diameters can become an advantage, if one seeks to reproduce the natural
situation of the flow field, because the convection flux within the piezometers wilk be lowered.
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5.2, Conctlusions

According to the piezometry, local variations of flow can be created. Fig, 44 presents 3 situations observed during
the tracer test : on the day of injection (November 10), at the ¢nd of the test (Dec. 16) and oo an intermediate day
(Nov. 27). The depression observed around D1, at the beginning of the tracer test is remarkable. it will have an
important influgnce on the data collected during the tracer experiment. This figure also suggests the existence of a
time and space variability of the heads. Consequently, there are changes in the directions of flow, depending on
the prevailing gradients. This important aspect which must be taken into acoount in studies of solute transport.

Finally, Fig. 45 shows a longitudinal profile along thc "main direction of flow”, and how the groundwater levels
vary constantly, illustrating the variability of possible situations, due to the specific conditions in each observatioo
well.

In summaty, the following main conclusions can be retired from what is written above:

1. it is very important to follow the evolution of the groundwater level very closely (at least daily), and to do so
over a long period if one wants to be able to study the response of the aquifer to rain events.

2. Similar conditions should prevail in all the piezometers. One should not forget that in a heterogeneous
anisotropic aquifer the hydraulic potential variation with depth is uneveo and this can also have an influence on
the readings if the piezometer does not penetrate the whole breadth of the aquifer.

3. Higher amplitudes seem to be related to less permeable regions. However piezometers situated ja the channel
presented sometimes similar variations,

4. At Wilerwald one can find situations of free nappe as well as from confined ones. This should also inflnence the
readings made.
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Fig. 45 Longitudinal profile along the once (1986) considered to be the main direction of water flow,
showing the variability of the water level during one month,
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Part III: Local studies, field experiments and analyses

6. Chemical analyses
6.1 Analyses performed
1- Canductivity (K)
2- Hardness
3- Nitrates
4~ Chlorides
5- Sulphates
6- Temperature

6.2 Synthesis




6. Chemical analyses

In the summer of 92, chemical analyses were carried out in order to investigate the consequences of the
heterogeneity oo the chemical composition of the water.

We started with sporadical satmplings, on the erroneous assumption that the groundwater compoesition wouldn't
vary much over a period of 15 to 30 days. The results showed quitc the contrary. Later, in winter of 92

{ Nov./Dec.), duriog the last tracer experiment, daily measurements of the conductivity were carried ont, We also
intended to observe the changes in conductivity within each piezometer in correlation with the rainfall events.

We abserved that each piezometer reacted differently; but the reasons for this have to be investigated further. The
evolution of the values has a zigzap aspect. Nevertheless one must say that de daily delta values lay within the
measurement error mazgins. An example of this would be a change of one to 10 microsiemens observed over a
single day. But when this variation tends to grow, and after one week totalizes 27 microsicmens, then there should
be some foundation for ii(sce Fig 47(a) by C2).

There are important variations in certain chemical parameters, specially the hardness values (increasing by 100
mg/l) and the concentrations of nitrates (values oscillating between 15 and 115 mg/l). This nitrate variation is even
more important, since it far exceeds the established OMS norm (= 25 mg/1} and less so the Swiss one (=40 mg/l). It
is obviously due to over-fertilisation. Each culture has its own fertilising period which varies from field to field. [
obscrved that on the land distant circa 300 to 400 m from Wilerwald, a great area was fertilised at the end of May.
Table 11 shows the values measured in the summer of 1992:

Nitrates 11.06.92 20.07.92 06.08.92 19.08.92
jma/1]

CB 17.3 38 108.9 113

7 25.7 24.7 1089 1183
Cs 2.6 4.7 103.6 1139
[ -] 28% 253 - 113

Cq 283 246 . 1189
c3 26.2 249 1108 1082
c2 189 38 - 113.9
m 24 238 1113 1119
D& 273 3.5 - 112.6
D5 51 24 1123 1139
D4 26.2 238 - 1182
D3 21.7 3.7 - 1166
D2 232 3.7 - 1156
m 173 3 108.9 109

Table 11: Nitrate content a1 the Wilerwald test site (summer 1992)

A possible future investigation at this site would be to use these nitrate increases as tracers, It would be interesting
to follow the evolution of concentrations more systematicatly. The data about these observations is not sufficient 1o
draw detailed conclusions. It is interesting however to note that there are observations which seem to agree with
the geophysical ones. The nitrates arrived later in the piezometers lying in the less permeable part of the aquifer
{D1). They reached those on the left side earlier, (except for C8, situated on 2 less permeable lense). Nevertheless,
one must be prudent and not be too definite because i is clear thai too mucb is missing, in particular contimious
measurements and also information about the land uses and the fertilisers.

The content in nitrates of this aquifer (which is an important water reserve) is a serious problem that should be
iovestigated further and controlled, because of the health problems it may create. According to R. Blau et al.
{1981) (in "Grundlagen fiir die siedlungswasserwirtschaflicbe Planung des Kantons Bern, Hydrogeologie
Emmental, Teil I : Unteres Emmental. Wasser-u, Energiewirtschafisamt des Kantons Bern. (WEA)), the Unteres
Emmental was considered as having a low content in nitrates, between 19-28 mg/l, it being higher io the bordering
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regions, Values situated over the established norms had already been measured, and associaled with the use of
fertilisers. The regions most affected were those where the groundwater is predominantly renewed by rainfall-
infiltrated waters and by border-region tributaries. The influence of the Emme infiltration was considered
beneficial, lowering the concentration. Fig. 2C-3 in Appeodix 2 shows the spatial distribution of nitrates, during
the summer of 1971/72. Wilerwald was then situated between the 15 and the 20 mg/1 iseline.

The chemical measurements were done over (0o short a period. One comes therefore to the same conclusion as in
chapter 5. so as to be able 1o infer something aboul the groundwater reaction towards rainfall events, daily
measurements over a longer period of time should have beeo made.

6.1 Analyses performed

The composition of the water in Wilerwald is typical of a groundwater of the Alp-foreland sedimentary basin. It is
3 hard water (Carbonate hardness 2 150 mg/} of CaCOs), with an accentuated mean mineralisation, the
conductivity values oscillating between 400 and 600 pSem™! (at 20°C).

The physico-chemical parameters studied were: the conductivity, the temperature, the hardness and the chemical
contents in nitrates, sulphates, and chlorides. pH measurements were also carried cut in situ, but because of the
discrepancies observed (due 1o a failure of the measuring devices). They are not included here.

1- Conduetivity (K) [ pSem™1]:

The conductivity was measured in situ with a conductimeter. It reflects the totality of the dissolved ions in the
water solution, and depends on the water temperature. In order to make a comparative study, all the values were
corrected to the reference temperature of 20° C, accordiag to the following formula (Thierria,1990):

1
Kng = Krmpc -
20~ *Tmes. 10 022420 - Tmes)

where,
Tines = is the temperature of the measureraent {°C}
Kgp = the conductivity corrected at 20°C

Figs 46 a & b present the values of the conductivity measured at each observation well. The rainfall events are also
plotted, but for the whole year. It seems that there is a connection between the latter and the increase of the values
which is admissible. The direct infiltration of the rainwater is linked to an increase in dissolved ions. If the salt

- conteot of the land surface rises due to fertilisation, this will be even more pronounced. The delay between the
rainfall event and the increase of the values is not that evident. Besides, one is dealing with a phenomenon which
is not punctual but irregularly distrivbuted over a surface. Therefore one should observe 8 cumulative aspect: a local
infiltration of the rinwater and the lateral arrival of groundwater. This actually complicates the interpretation.

Figs 47 a & h present the daily observation of the conductivity values of mean samples of water at each
observation well. As stated at the beginning of this chapter, different responses at each observation well were
cbserved. The reasons are not yet clear, Other factors can influenoe the values. One is that the observation wells are
nol impermesble to rainwater. This fact is visible in the conductivity profiles. An example is given in Fig. 48 52
and 53 showing the same profile at different scales. 150 pS/cm was the value found at 3 meters depth for the
piezometer B4,

Other conductivity profiles are given at the end of this chapter. They show the irregular distribution of the

conductivity, a consequence of the vertical heterogeneity. Different pathways with different permeabilities may
resuit in differences of temperature and chemical compositioo.



Annual precipitation, Oeschherg, Station Mr 56BY {482 m)
1992

uer ez

| TegviLin

Teek M0

68K 04 6T

[ CO8MDLET

[ C68VObRS

[ ZESWOL'SH

[ ZEEOLR0

ol [ 2861 6082

_. 661 B0'EZ

2xid A 6L E0'8E

i 1 Z8ENEED
-4

[ To6L'DU'ED

| Z881 006

680

Conductivity C gallery

XI - Z881'B0'S1
: | E5ELB0PE

T t@6LB0'80

T TSELROPO

| T6S) 2098

| T883'L0'GE

o8} L0

40

881 Lo'Sh

—
I}
490 _...ﬁ..._....

§90
L 31
§70
860
000
§40
530
20
§10
§00
440

wifg

< Cd

Ce cH cC4 X C3 W2
Conductlvity D gailery

c7

Ccg

BBV M EQ
ToGH LT
2 1% 14 H
2. 1% 151
esLaLal
zesLaV el
ZetH'abeD
E8GHOLED

TEEVLO'0R

o8I0
88V 20"k

* D1 F4

D3 *xD2

D4
(!

* 05 &

De

o o7

Fig. 46 Conductivity values for the C (a) and D (b) galleries with simultaneous representation of the rainfall
events during 1992,




Oeschberg Station Nr 6580

$ #3223 32 8 3 3 23 §8§8::3
£ ¢ ¢ d ¢ 3 € ¢ ¥ g g & I %
[ 't -+ +-+— 4 -I-- k| | { v | 1
ol i | i"pE =
106 - .. .. e e
E 16 e R
T 20
=
E 26 i [
43 -

Conductivity C gallery

S/em

+\+ ' :
S
N

2§ ¥ B g EENEE ¥EOROEOEOEOGE
— ¢D X— 6 —8— (7T —a— (8
—t—C5 —X%—C4 —8m— (3 —Oo— (C2

Fig. 47a  Conductivity values for the C gailery with simuitancous representation of the rainfalt events during the
tracer experiment at Nov, 1992, 7




Oeschberg Station Nr 6580

AON ‘gz
AON V2
AON ‘€2
AON ZX
AON 42
AON 07
AON 6}
AON ‘61
AON *2)
~ON B}
AON ‘8l
AON ‘pb
AON °TH
AON ‘TH
AONLL
AON ‘0L

AON 80

Conductivity D gallery

0 +—i

.
ﬂ“ ___
_ ._ _ _
_ . _ _
s ﬂ- ‘ o s o
- o~ ~ -~ - -

(W] jeyuey

68l 0T

1 CEELH'YE

C8EL°LLET

CEOLLLTT

- T66L°LLLE

T Ze8L H 0T

1 teal L9l

1 ek H 8k

1 88k M LE

[ T66L'L 8L

TEEL LB

T E66L°HL'PL

TEBL'LLT)

TEEL'LTE

TEEL'WVLE

CEEL'HHOL

z66L°LL'60

X

D7

I
Lt

D6 —e— D5 —— D4

—a— D

—+— D3 —x— D2

Fig. 47b  Conductivity values for the D gallery with simultaneous representation of the rainfall events during the

73

tracer experiment at Nov. 1992.



B4 -17.Sept. 1992 B4 -17. Sept. 1992
- [=] - W o
oi%md&f-ﬁs;-z-g-:x-:}:::e@%é@
+ + + + t - b | D " +
-1 A - —
— —2 T — '2
% 3 5 N I
_4... . —,
£ 5 E -5 |/
5 -6
g 7 §- 7 ] \>
Q 3 o -8 g—
-g | - - B Vi .
B T 1) e—— . -
Temperature profile °C Conductivity profile
a. az
B4 -20.Nov. 1992 B4- 20. Nov. 1992
S 32 3TS 5322 B32888288¢8¢8¢28¢8
D ' S 1 T .
-1 -1
— 2 - - 21
g . S e —— IS _,._-Ja A —
4 - 5 4
£ o
£ 5 — e SR T TS PON SR
E -8 s 5 -6 I
8 -7 -% 7 2
-8 Q O T VU /
-8 I’v -8 e = {
-10 BT 1 SN
Temperature profile °C Canductvity profile
b.1 b.2
B4- 20. Nov. 1992
S § §$ 8 88 8 8 8
Dlﬂ uy "] uy wn w uwy 1=}
_1 VU -
5 -2
£ 3
_.—I——'-'-_-—-_‘-:-—
£ 5 /
’E. .;s e —
g )
p——
- T <ot R
-10 L
Canductivity profile
b.3
Fig. 48  Conductivity profiles for the observation well B4 measured in Sept. 1992 (a) and Nov. 1992 (h2+b3). The

profile b2 is the same as b3, with only a different scale.

74




2- Hardness

The hardness of 2 water represents the sum of the concentrations in metallic cations (excepting the hydrogen ion
and the alkaline metals).

Different kinds of hardness can be defined (Rodier,1984):

Total hardness (Dfa) or hydrotimetric titer (Tyyy - the sum of calcium and magnesia concentrations.
Calcium hardoess (Ca')- expressing the global content in calcium salts.

Magnesiom hardoess (Mg*+)- corresponding to the global content in magnesium salts.

Carbooate hardness- the content in calcium and magnesium bicarbonate and carbonate. This hardness is
either equal to T o if Ty is greater than T o, or equal to Ty if T is greater than Ty,

Note: T g¢ is the comptete alkalimetric titer, i.c. the total content of hydroxides, alkaline and alkaline-carth
carbonatcs and bicarbonates.

When the hardness is essentially due to the prescnce of Ca*+aad Mg+, because the content of the other bivalent
cations is lower than 0.02 mval/l and its contribution lower than 0,5 %, the following relation holds valid (after
Thierrio, 1990);

Dta [mg/l CaCOxz]=2.497s Ca*™* [mg/l]+ 4.117 « Mg™™ [mgrl}

The total and carbonate hardness the Wilerwald water samples were calculated in the laboratory by
complexometric titration with EDTA. Sometimes it was possible to determine the calcium and magnesium
hardnesses. The hardness values can be seen in Tables 3C2-3a, 3C2-3h, 3C2-3¢ and 3C2-3d (Appendix 3).

Fig. 49 shows the tcmporal variation of the total hardnesses. As was written for the conductivity, there is an
increase in hardness and it seems to be linked to the infiltration of raiowaters. This may be explained by a local
factor. The decomposition of the vegetal cover (the site is situated in a forest) can liberate carbon dioxide in great
quantities. The rain reacting with it, produces carbonic acid which will then dissolve the carbonate rocks during its
infiltration (Rodier,1984), and thus contribute to the variations observed. Another possibility could be the use of
acidifying fertilisers which wouid also dissolve the carbonate sediments below, and cause the values to increase.

3- Nitrates

Al the forms of nitrogen, ammonia and nitrite can be axidised into nitrates. Great changes in groundwater content
are often observed in intensely cultivated regions.

As Fig, 50 shows, a great increase was observed soon after the July rain period, possibly linked to the use of
fertilisers, As wriflen above, these nitrates inputs could be used as a tracer. The few results which were measered
do probahly reflect the geophysical observations, because the times of arrival seem to correspond with the
permeabilities indirectly inferred from the geophysical measurements.

The determination of the nitrate conteat was done with specific ionic electrodes (Orion Research, 1981).
The results can be seent in Table 11 at the beginniog of this chapter.

4- Chlorides

The chloride content was low, oscillating between 8 and 18 mg/] 2t the time of its measurement. Fig. 51 shows the
temporal variation of rainfall and of chioride coment for the galleries C and D.

Like the nitrates, they seem to increase after the rain period. Nevertheless the variations are not so significant, the
values lying far below the OMS norms (250 mg/l for the €1 ~ ). The European Community recommends a

maximal content of 25 mg/1 for a water of good quality.

The chloride determination was done using a specific ionic electrode too. Table 12 shows the results of
themeasurements.
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Chlorides 11.06.1992 20,07.1992 06.08.1992 19.08.1992
[mg)

Fa Y3 ; 123

F6 8.6 79 132

E4 86 6.7 131

» 87 79 16.8 158

DS 87 85 17

D5 8.6 $ 18 132

D4 8.5 9 15

D3 7 23 12.4

2 8.5 71 142

Dt 8.1 6.1 16 172

D 16.5

s 8.7 67 19 158

o 9 83 192 16.6

o6 89 19 17.5 15.5

cs 8.7 2.6 15.5

C4 87 9.1 15.5

c3 8.5 26 152 158

a 86 6.7 155

Exune 38 55 8.5 "

Zielchach 8.5 8.5 M1 1

Table 12 Chlorides concentrations
5- Sulphates
Sulphates 11,06,1992 20.07.1992 06,08.1992 19.08.1992 17.09,1992 26.09.1992
'"—u%%"l‘ ET; 652 557
¥ 131 7.95 3.84

E4 611 701 739 105
D7 3.87 6.81 9.14 &7 J 108
DS .11 .36 376 1.2
) 465 584 103 Yy 109
D4 569 1743 8.54 109
D3 404 628 &.11 104
s 351 631 7.58 107
D 481 7.5 10.5 10 1.8
o 3.51 733 876 8.18 1.3 105
o1 6.89 77 96 7.82 10.5 103
6 9.09 7.41 9.42 .94 108 932
cs 67 213 108 349
c4 9.62 669 £.18 108 8.04
o 7.5 7 965 911 107 893
« 13 736 9.6 13 837
Erme 378 479 67 59 10.7 928
Zielehach 392 703 t14 9.49 (14

Table 13 Suiphate concentrations
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Fig. 52 Sulphate values forthe C (a) and D {b) galleries with simultaneous representation of the rainfall events.
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The concentralions in sulphates are low in the region. The small variations seem also to be linked 1o the rainfall
infiltration (Fig. 52).
They were determined by the turbidometric method. The concentrations observed can be scen above in Table 13.

6- Temperature

Temperature measuremeots were performed at the same time as the conductivity measuremeots, allowing the same
graphics and profiles to be oilt. In gencral the gronndwater temperature is lower than the air temperature in
summer and higher in winter. Oscillations in groundwater temperature can therefore have different origins, Mean
annual temperature oscillations and the influence of the Emme, were discussed in Chapter 3 (Fig, 2C-2 in
Appeodix 2). Wilerwald lay between the 3% and the 5° isodelta line.

As Figs, 53(a) & (b) and 54(a) & {b) show, the temperature oscillation in sammer was rejatively small (maximum
2 degrees), and seems to be linked to water infiltration too. once more, one must keep in mind that these values are
punctual and sporadic. Oscillations of 4° were observed during the daily observations pcrformed in winter. Here
the effect of the infilirated rainwater seems to be the opposite, contributing 1o the loweriog of the groundwater
tempzrature. There are specific reactions within each piezometer, thongh they are not easily imerpretable,

Temperature profiles can be seen al Fig. 48 and in the Appendix 3C2-4 till 3C2-11. The differences io
temperature are nevertheless low (1 degree), this also lies within the measuremeat error.

6.2 Synthesis

A highly heterogeneous aquifer, studied on such a small scale, needs more detailed data, and long-term and very
frequent investigations. The chemical anatyses performed were rather restricted, both in number and in observation -
time. They were nevertheless very interesting.

They showed that the whole system is very corplex, and that many factors may play a role. Lateral and vertical
inputs exist. The influence of the particular situation around each piezometer is great (existence or not of an
impermeable cover layer, local distribution of permeabilitics, _..). And the role of the regional frame is all but
secondary,

It would be interesting to follow the evolution of theses chemical parameters during a longer period of time.
However, some of the observation wells shonld be then impermeabilized, in order to avoid the mixture with direct
rainwaters.

The results of the chemical analyses revealed two important aspects:

1. A local specified response at and within each piezometer, which is due to the local heterogeneity. The number of
cbservations is 10 small to build any theory.

2. An important infiltration of rainwater which can periodically deteriorate the quality of the water. This
worsening scems 10 follow rainfalls occurring after fertilisatioo of the neighbouring lands.

The results of the nitrate analyses revealed that the system is in potential danger, considering the increase in values
observed. On the other hand, the nitrates can be used as a tracer. 1t seems that the increase follows a logical
distribotion sequence, convergent with the geophysical observations - the quickest arrival observed io the
piczometers fying in or near the palenchannel (C7 and D6),

The convergence of the different methods used in this study is again a very important conclusion.
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Part 11 : Local studies, field experiments and analyses

7. Isotope hydrology in Wilerwald
7.1 Tritlum .(3'1)

7.2 _Oxygen-18 (1%0)




7 Isotope hydrology in Wilerwald

Stable and radioactive isotopes are well established tools to investigate the hydrolegical system (Fritz &
Fontes, 1986, IAEA,1987)

In the Wilerwald area two isotopes of the water molecule were used, the radioactive tritinm and the stable
isotope oxygeu-18. Since these isotopes are build into the water molecule, they trace the surface and the
subsurface water flow, in & more or less ideal manner.

The purpose of the isotope measurements was to gef an estimation of the subsurface residence time (radioactive
tritinm) and 1o obtain additional information abaut 1he contribution of the local infilirated rainfail and of water
from the Emme river (with the help of oxygen-18).

7.1 Tritium (3H)

The radioactive tritium has an half life time of 12.43 years.  Its conceniration is usvally given in TU (Tritiun
Units; 1 TU = one Tritiom atom in 10'® hydrogen atoms.

Natural tritium is produced by the interaction of cosmic rays with oxygen and nitragen atoms at the higher
levels of the atmosphere. This natral production is latitude dependent. Before 1952, the found annual
production was less then 10 TU, iw the mid latitades of the northern hemisphere . Tritium concentration levels
in the atmosphere, increased during the period of auclear weapon tests, between 1952 and 1963, where they
reach maxirmun values up to 6-thousands TU. Some nuclear industries, reactors and military labours can glso
contribute to the atmospheric leve) of tritium,

The study and interpretation of tritium converges mainly on the possihility to calculate the mean residence time
of water. The commeon model hypothesis used for this purpose is the one that admits an exponential age
distribution (Siegenthaler, 1972), where

| 1m0
gN=—¢
T g(T) = relative abundance of water of age T

Tjp = mean residence time of water
The model is based on the assumption that:

- the mixture of the rain infilwating water and aquifer water
is instantaneous and perfect,

- the aquifer permeability is uniform and input equals output,

- there is uo by-pass in the systems, i.e. there are no
different water components such as mixtures of surface and
groundwater,

Allowing for these considerations, the mean age of a groundwater can be obtained by comparing the integrated
input concentrations of precipitation with the output concentrations of a spring or well water, The solution of
the equation thee is:
[ - +]
AT =] 1Ty o "N e A(T- tyoc™
=0

where,

A(T)= Tritium activity relative to a date T in the aquifer output
Ag(T-1)= Tritium activity in raiowater

A =In2MYT 112 = padicactive disintegration-rate constant
T1/2 = haif-dife of tritium (12.43 + 0,5 years).

Il
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The model is limited o priori by its own presuppositions. Natural conditions are always too complex to fit the
theoretical considerations, and a porous aquifer is almosi always very heterogeneouns, with highly variable
permeabilities. This is even accentuated in the case of the Emme aquifer (and therefore Wilerwald), because of
its fluvio-glacial origin. A noo-captive (free nappe) aquifer like io the Uoteres Emmental is therefore a
complex system. Waters aix: direct raiafall infiltration, with infiltration of Emnte water, and of other surface
waters. This made the discrimination of the different contributions difficuli. Even surface waters represent
mixtures of water: direct rainwater precipitated over the whole basin and of elder ground waters.

Also, depending on the basin, industrialised regions may coatribute to the tritium inputs (Schotterer et al,
1993).

The qualitative information given by the expoeential model nevertheless constitutes an important complement
to the hydrological studies. The comparison of residence times of the different water components can be used as
an indicator of the heterogeneity, pointing out the areas drained fastest, or those where the rainfall infiltration
represents an important factor. It may also indicate the areas that should be investigated morc closely in the
future,

In Fig. 55a are plotted the mean yearly tritium values of some sites in Switzerland from 1985 to 1992,
(Schotterer et al 1993). These values are nol affected by industrialised tritium and represent the depletion of
the stratospheric tritium reservoir filled by the nuclear weapon tests. The difference in concentrations north and
south of the Alps (Santis, Guttanen and Locarno) can be explained by the higher content in direct marine
moisture containing very little tritium on the sonthern side. '

In Fig.55h the mean writium values of the waters of the investigation area are plotted in the context of the
theoretical output based on the exponential model for different residence times, The input data for the
exponential model are taken from the IAEA Jsotope in Precipitation Network (JAEA, 1992) and from 1972
onwards from Stations in Switzerland, sampled and measured at the Physics Institute of the University of Bern.

Based on these assumptions the mean age is situated between 6 and 8 years, the surface water having the
shortest residence time, and the water from the observation wells the longest. The age distribution of the
different water types scems reasenahle, thongh the range of ages must be seen as an upper limit,

Besides, one must not forget to take into acoount the seasonal variation of the precipitation (from 10 to 3¢ TU).
A direct influence of summer rainfall could therefore be mistaken for a higher residence time,

The following general statemenis can be made.

The river Emme is the youngest water. 1t is a mixture of young surface water and older groundwater, mixed
in varying quantities, depending oe the hydrological situation at the moment of the sampling,

Zielebach has a slightly higher residence time than the Emme but is younger than the groundwater. This is
possibly due to the fact that Zielebach represents probably a drainage system of the Emme river, situated oo
the coctiovation of a palecchannel, where the water passes relative quick. A direct connection to the Emme
could not be proven yet. In addition, some admixtures of surface water cannot be excleded.

The groundwater within the site, sampled at various piezometric wells (see Tahle 3C3 in Appendix 3) has
generally higher tritium values which indicates also a higher age distributiea. It is interesting to see again
that the piczometers C7 Jaying on the paleochannel has in the mean Jower tritivm values and seems yonnger
than D1, for instance. Depending on the existence and distribution of a loamy and more impermeable
covering layer, the local rain waters willi move slower or faster into the groundwater, leading to
differentiation in age. This irregular distribution and development of the loamy layer is supported by the
Schlumberger soundings (Fig, 34). For instance, the aquifer is covered by a thick impermeable layer at D1,
which probably represents a batrier, hindering the local infiltration of rainwater, On the other hand, the
electromagnetic methods suggest a generally lower permeability there, which could be associated with
slower drainage, and consequently with the elder age found there.

Schlumberger soundings and RMT results (Fig. 21) revealed the existence of a paltecchannel at C7 (faster
drainage). Added to this, it seems that the aquifer is covered by coarser sediments (sand layer) there, The
tritinm values suggest an increasing residence time from C7 in the direction of D1. One must not forget that
these conclusions are based on values close the margin of error, though they seem logical and repeat the
pattern of the chemical and geophysical conclusions.
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As was stated in Chapter 6, a prolonged study of the daily variations at chosen observation wells would bring
more information and this we suggest as a follow-up investigation.

7.2- Oxygen-18 (180)

The relative abundance of 180/150 varies today between 188-202- 10-3. Measurements of this isotope am
expressed as relative deviations from the standard mean ocean-water valne (SMOW) in per mile -130:

]30[ l6()(smnp] 'B)— ISWIS(XSMOW)

18 =
6">0[%0] = ISOIIG(XSMOW)

x 1090

The 180/160 relation is of first order, linked to temperature, In the seasonal course of a year, positive air
temperatures lead 1o more: positive 8180 values in precipitation, lower air temperature leads to more negative
values,

Because of the different molecular weight of szo and Hy 160 | a fractionating occurs whenever evaporation
or condensation takes F]ace: the sea water vapour conltent is lower than that of the sea water itself, while
rainwater is richer in 180 than vapour from which precipitation occurs, due 10 the condensation. Successive
condensations of the same moisture source result in a lowering of its isotope content : ar oceanic mass of
vapour will be more and more depleted in its isolope content by raia out, as it moves towards the contineat.
This is called the continental effect.

The temperature dependence of 3180 can be used for hydrological purposes. Since the temperatuse is related to
the allitude, one can estimate the mean altitude of the recharge area of aquifers, by the oxygen-18 content of a
spring , for example. The aHitude gradieat in the Swiss Plateau is today ~ 0.2 % /100 m, In this context, one
must also to be aware that the monthly mean values in precipitation vary by up 10 15 % It is equally imporiant
to note that the yearly changes in oxygen-18 are very often 1 to 2 per mil. Changing climate conditions, such as
the increasing air temperatures of the eightics led to a higher oxygen-18 content. Groundwater was thea traced
by its increasing oxygen-18 cooteat which would reflect the changing climatic conditioo (Schetterer, 93,
IAEA).

This is illustrated in Fig. 562 and Fig. 56k ; the variation of oxygen-18 duc to changing atmaspheric
conditions is rellected also in spring water.

One must take this fact into account in the case of the measurements made in the Wilerwald area. Io Fig. 36¢
Oxygen-18 in the monthly precipitation at Burgdorf is plotted with the values from the Emme and the
Ziclchach. Several facts can be noted:

The seasonal variation in oxygen-18 seen in the precipitation is displaced by several months in the Emme
river. This time-lag is interpreted as mainty due to the contribution of the snow melting in the higher
regions.

In the water of the Zielebach these seasonal variations are practically absent. The general tread towards
lower values in oxygen-18 is due to the fact that this system contains older water components from the
precipitation of the years before - another proof for the longer residence time compared (o the river Emme.

In figures 57a and 57b this situatior. is enlarged. Ziclebach and all the groundwaters at Wilerwald generally
have higher Oxygen-18 values than the river Emme, since the recharge area of the Iatter is about 400 to 500 m
higher on average. This should be reflected in the local groundwater by an oxygen-18 valuc about 1 % higher
(corresponding to an oxygea-18/altitude ratio of about 0.2 % per 100 m in altitude difference of the recharge
area),

Since the investigated water componeats have different residence times and therefore coatain different portions
of past precipitations, one cannot calculate the proportion of the Emme water and of the local groundwater
exactly from the present data. In addition, the aquifer should be very well mixed to allow such calculations.
Nevertheless, the comparison of the values within the site, with the ones from the Zielebach, the Emme and the

k9
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rainfall (local waters) aliows rongh estimations based 0o a local 8 180 content of ~9.6 %. and ~ 10.6 % for the
Emme river respectively . _ y

From this, one can estimate Zielebach contains 40 % Emme water and this amount decreases for to~ 20 % in
the low permeability regions. Nevertheless one should be aware that the reliability of these calculations is
restricted by the assumptions mentioned before.

Zielebach seems to be nearer to the Emme water. If this corresponds to a higher proportion of Emme water this
would support the hypothesis written above, i.c. that the Zielebach represents a possible drainage system of the
Emme river, sifuated on the continuation of a paleochannel, where the water moves relatively quickly.

On the other hand, groundwater samples always gave higher values, mainly in the regions with low
permeabilities (D). This could mean that the proportion of local water is greater than the proportion of Emme
water. But also that the residenoe time ( according to the general trend towards lower values in O-18 observed
in the last years ) is greater and changes from piezometer to piczometer - another argument for the great
wvariability of this porous formation.
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Part I11: Local studies, field experiments and analyses

8 Artificial trecers: experiments performed in 1988 and 1992, Differences and
analogies

8.1 1988 Tracer lest
8.2 1992 Tracer test

8.3 Conclusions about the tracer results of 1992




8 - Artificial tracers: experiments performed in 1988 and 1992, Differences and
analogies

8.1. - Tracer test of 1988

The disparity of the results obtained by Sansecy et al (1987), led us to choose another criterion for comparisoo.
Instead of the sampling at each level, we tried to compare each observation well at just oee level of the aquifer -
the 8m one (between the former 6 and 10 meters sampling levels). The injection borehole was also prepared in
order (o allow injection at that level. Only the weils C6, D2, D4 and E4 were also sampied at the three levels.
The 8-meter level sampling was done automatically with the help of a programmable sampling device. At the
beginning, right after the injection, samples were taken every half-hour, then, after the peak, progressively less
frequently.

In November 88, 0.5 Kg Uranine, 9.9 kg Sulforhodamine B and 25 kg of Lithium chloride were diloted in 60 1
of water and 20 1 of ethylenglycol and injected. The injection rate was of 1,2 1 per mioute. 60 | of water were
used for the spill.

With such quantities, the experiment was necessarily a loog-term ooe, with all the problems this involved. Not
only did the heterogeneity play a important role ie the results cbtained, but also the hydrodynamic situation,
which changed a lot during the experiment. This resulted in noe-stationarity conditions, which complicated the
calculations oace more.

Uranine and Sulforhodamine B were analysed with a fluorescence spectrometer {Perkin Etmer model 3000).
Lithium was analysed by Mr. W. Kiss (Umkirch , Germany), with a Zeiss flame-absorption spectrometer.

The results were quite different from the first series. C7 was the well reached fastest by all the tracers. All three
concentration peaks were measured oe the day of the injection.

The highest concentrations were detected ie C4, C6, D6 and D7. In the F gallery, F6 received ten times more
tracer than F4.

There was also a vertical difference in the cotcentrations measured at three levels, but with no obvious trend:
C6 and D4 showed higher concentrations at 4 meters, the others at 11 meters.

Lithium was not always present in the samples. It did not reappear ie F4, D1 and D5 at all, showing another
important feature influencing solute transport: the nature of the tracer and its interaction with the substrate.

Fig. 58 shows four chosen observation welis and the breakthrongh curves for the three tracers injected. It is
difficalt to imagine such discrepancies without having to admit a permeability difference due to an unequal
distribution of finer sediments. This could explain the difference between D1 and D7, separated by 50 meters.
But it is more difficult to explain the differences between C7 and C8 which are only set 7 meters apart.

Tracers are used for the siudy of the water flow, to calculate mean resideoce times of water, and fo determine
aquifer parameters such as porosities, permeabilities, etc. The analvtical interpretations are based oo models
which admit the bomogeneity and the stationarity of the system. This constibutes ac a priori limitatioe of these
methods. Furthermore, it is perhaps oot absolntely correct to assume that the equation of dispersion which was
determined in the laboratory holds under field conditions, considering both that the big difference in the
dispersioa coefficients determined at either scale, and the huge variability of the natural medium.

That is why one is often faced with the question of which model] is best suited or calculates more significant
aquifer parameters, and finds oneself incapable of answering it. Tahle 14 shows a trial made to calculate
transport parameters using the conservative tracer Uranine, It is useless to try and interpret such sesults, or
decide which method is most suitable, if one's knowledge about the acquifer is very limited.

For the cumerical model, knowledge about the aquifer's properties, geometry and boundary cooditions are
important, and nothing can be done before one is in possession of this ioformation.

However, tracers are a powerful too! for the study of the aquifer, revealing important aspects which influence

solute transport. They are a prien good indicators of its heterogencity and anisotropy. The performance of the
RMT-R surveys contributed to validate this point of view. The correspondence betweea the tracer
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breakthrough-curves and the distribution of structure and resistivities (an indirect measure of the permeability)
revealed by the RMT-R survey is remarkable (Fig. 59).

Because of what has been said above, only maximal concentrations and their corresponding times are given in
Table 15, as a simple comparative ¢riterion between observation wells,

8.2. - Tracer test performed in 1992

Following the conclusions of the 1988 tracer experiment, another strategy was iried for the last experiment.

Two simultanecus injection points were used, so as to study the influenice on the results, both of the location of
the injection point, and of the distribution of permeabilities. The tracers were injected in the well B4, which is
12,5 meters distant from the C gallery, and 62,5 m from the D gallery. This injection lasted 20 minutes. The
second injection was made at EP1, over one bour. The following tracers were used:

-ALB4:
Naphtionate (1 Kg diluted in 10 litres of water),
Amidorhodamine G (300 g diluted in 3 litres),
Bacteriophage f1 (960, ml at a concentratioo of 1 . 101!-Ph/ml),
Bacteriophage T7 (2.280 litre of a 3.9 . 1010 Ph/ml)

-ALEP]:
100 g of Uranine,
2260 ml of the Bacillus subtilis phage PM7a (7.7 - 107 Ph/ml),
2340 ml of phage VHSa of the marine bacteria Vibrio harveyi, (3.2 - 1019 Ph/ml).

For both injections the method developed by Mr W, Kiiss (1992 & 1993) was used Water is pumped at the
injection point from a depth of 0.5 m below the water table. 1t is mixed with different tracers aboveground and
re-injected at a depth of 9 meters.

Instead of just one fixed sampiing-level, we tried 1o obtaie mixed samples of the whole water column at each
well. This was done because we knew from the peophysical surveys (sce chapter 4), that the vertical
distribution of permeabilities was specific to each well.

Every well was therefore equipped with a 10 m-loag PVC tube connected to a small vacunm pump. Each tube
was weighted at its extremity. The tube was lowered regularly by hand, 1ill the maximal depth was reached.
The regnlarity of the procedure was controlied by maintaining an equal level within the PVC tube while
pumping, As soon as the bottom was reached, the pump was turned off, the fube removed and its content
emptied into a plastic container. Each observatioa well was equipped with its own container. This operation
was done twice, in order to rinse the sampling apparatus and stir the water before taking the sample.

With the withdrawal of the three-level sampling device, il became possible to make parallel measurements of
the ptezometric lovel. As already written in chapter 5, we were surprised by the variability of situations which
occurred during the experiment, simultancously inflaencing the local directions of flow and transport.

Another important aspect of this experiment was the simultancous injectioo of bacteriophages, with
unexpectedly higher comparative velocitics of migration (Rossi, P. et al, 1993).

Nevertheless, it is not yet possible to answer the questions asked or present a transport model. It rained a lot
and very irregularly during the whole experiment. This non-stationarity aspect made it once mom impossible to
use analytical transport models, and loo compiex the use of a numerical one. However, the positive aspect is
that it emphasised the multitude of possible hydrodynamic situations conditioning the solute transport.

Another problem must be mentioned. Except for the injection, when we were helped by Mr W. Kiss (Umkirch,
Germany), the team consisted only of two persons - Mr P. Rossi (Lab. de Microbiologie, Uni Neuchiitei) and
myself. The sample procedure was quite siow, and a complete series of samplings {aboul 15 observation weils)
became a two-hour procedure. This was certainly a disadvantage at the beginning of the experiment. [am
convinced that we probably missed the Uranine peak at the observation well C7. If one observes its
breakthrongh curve (Fig, 60b), one notices that this observation well received only a very small quantity of
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C7 . Uranine breakthrough curve 1588
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Fig. 60 "Uranine breakthrough curves in 1988 (a) and 1993 (b). Both injection were done on November the 10th.
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tracer, but it was the ooe where the tracer arrived lirst (first detectioo 3 hours afer injection). Another peak
occurred ten days later. This theory is also supported by the piczometric map of the 10th of November

(Fig. 44)

1t is curious to compare this breakthrough curve with the ong from the experiment of 1988 (Fig. 60a), where
the sampling was carried out every half-hour at the beginaing. T am almost sure that one is in the presence of a
similar pattern, admitting the differences io concentrations {there was also a difference in injection
concentration), the missiog in-between samples and, of course, the difference in the hydrodynamic conditions,

1n general, the higher concentrations of Naphtionate and Amidorhodamioe G measured at C6, C5, and further
down at D6 and D7, confirmed that the tracer teods to be deflected towards the west side of the field. This was
also the case for the bacieriophages (Pierre Rossi et al, 1993). Another feature was also discovered: a
particular piezometric situation existed in the east part of the field on injectioo day, mainly at D1, where an
head "depression”™ was detected. This depression could be easily ioterpreted as 3 measurement error, but the
detection of a surprisingly high coocentration of the tracer Naphtionate (less sorptive than the
Amidorhodamine G),(Carvalho Dill in Pierre Rossi et al, 1993), and also of bacteriophages , confirmed that it
was not a mistake. This situation influenced the tracers injected at B4 the most, since that well is nearer, and is
particularly evident for the Naphtionate. By the time the Uranine arrived, the situation was probably dlffercnl,
more in the direction of D3, if one considers the results obtained there,

Fig. 61 shows the histograms of the higher conceotrations (peaks) in the C and D galleries. Figs. 62a & b, 63n
& b and 642 & b) present all the tracer breakthrough curves in the two galleries. Table 16 shows the peak
concentrations and corresponding titnes for each piczometer.

8.3.- Conclusions about the tracer results of 1992

Tracer transport seems (o be conditioned by the distribution of permeabilities revealed by the RMT-R survey.
This means that there is a heavier transport towards the paleochannel. The tracer is "pushed” in that direction
and its path inflects towards NW. In this experimeot the piezometers C6 and C5 as well as D7 and D6 received
the greatest quantity of Amidorhodamine G and Naphtionate injected at B4, This effect of the channel was also
observable in the experiment of 1988, where the fastest peak occurred at C7 and great quantities of tracers
reached D6 and D7,

Penmneability is directly linked 1o the grain-size distribution and the selection degree of a sediment. In the
channel ( where the degree of selection is higher and there is a lower perceotage of fine material) the sorptioo
of teacer is practically inexistent. In the eastern part of the site, which has a higher proportion of fine
sediments, the ioteractions between tracers and the substrate are greater. This is clearly shown by the very low
concentrations of Amidorhodamine, (Fig. 63) detected in the eastern observation wells (C2,D1,D2). And it was
already noticeable with the Sulforhodamine and Lithivm during the 1988 experiment (Fig. 58).

The nature of the tracer is very important, just as the differences between the different tracers injected.
Naphtionate, the least sorptive tracer, was nevertheless detected at D1 (the least permeable well) emphasising
another factar as important as the permeability distribution: the role of the particular hydrodynamic condition
{ in this case the head depression that was also measured at D1). Hydrodynamics are also related to the
permeabilities distribution. But in this case the coincident depressions detected at C7 (paleochannel) and D1
( less permeable) are apparently contradictory, and serve to underline the complexity of the pheromenon.

The choice of injection point plays an important role. We observed a seemingly contradictory result - the tracer
Uranine did arrived in great quantities at the piezometers C5 and C4 but also at D3 (1), followed by D4 and D2.
This is certainly due to the piezometric situation mentioned above. The paleochannel being farther from the
piezometer EP1 than from B4, its influence is not as great and the tracer injected at EP] was deflected more
towards the eastern part of the field. Because of the distance, it reached the D gallety days after the Naphtionate
and Amidorhodamine did, probably when the "depression” at D1 did not exist any more,

99



g A

Na- Naphtionate : C gallery, Nov/Dec. 1992,

< 5000 +
E
8
o 4000 +
2
8
€ 3000 |
=
-]
-
3
=
-]
&)
—{r {—+
0 20 40 60 80 100

Time (hours)
Fig.62a Naphtionate breakthrough curves at the C gallery.

—F——(C8
—t—C7

Ccs
—X=— C5b
—e—C4
—&——C3
—— C2

———CD

Concentration { microgramm /| }

Na - Naphtionate : D gallery

0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

Time (hours)
Fig. 62b Naphtionate breakthrough curves at the D gailery

100




Concentration { microgramm /1)

1

1600

5

1200 +
1000
800

200

Amidorhodamine G : C gallery

X
1

]

0 20 40 60 80 10 12 14 16 18 20 22 24 26 28 30
0 0 0 0 00 0 0 000

Time (hours)
Fig. 63a Amidorhodamine G breakthrough curves at the C gallery.

—t—270F7

—X——C5
—&—— Cé4
—A— (3
—e—— (2

—0O——CD

Concentration { microgramm /1)

Z

-}
[=]

24

th
(=1

&

30

Amidorhodamine G : D gallary

20 40 60 80 100 120 140 160 180 200 220 240 260 280 300
Time (hours)

—X— D7
—F— D8

D5
—X— D4
—e— D3
—&— D2

—+— D

Fig. 63b Amidorhodamine G breakthrough curves at the D gallery

101




Uranine : C gallery, Nov/Dec. 1992.
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In summary, we can conchixie that the experiment of 1992 emphasised the following main aspects :
1~ the role of the distribution of permeabilities, detected by the radiomagnetotelluric surveys.

2- the variability of the hydrodynamic situations in space and time, that condition the direction and velocities
of flow and transport over short periods of time.

3- the influence of the tracer's nature and of its interactions with the medium. A particularly curious and
unexpected transport result must be pointed out - the bacteriophages injected simultaneously were
transported more rapidly than the chemical tracers (Pierre Rossi et al, 1993). Like the chemical tracers,
they were also selectively pushed towards the west part of the field at very great velocities, Forwards
investigations are being carried out by Mr. Pierre Rossi.
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Part IV : Merdingen test site (Germany)

9. Merdingen

9.1 Description of the site.

The Merdingen test site is situated in the Upper Rhine Valley, some 15 km north-west of Freiburg, between the
Kaiserstuhl and the Tuniberg (Fig. 65), where the Rhine once flowed.

1t has been used as a test site since 1978 (Kiiss,1990). it is composed of two ficlds, with axes paraliel to the
direction of ground-water flow, oriented towards NE:

- a western field (A), the older one, where the observation wells, including 5 triple boreholes are disposed in
halfcircles, at a distance of 6.25, 12, 25, 50 100 and 200 meters from the injection borehole;

- an eastern field (B), circa 40 meters distant from the axis of field A, with boreholes arranged in rows
perpendicular to its axis.

Today the site (Fig. 66) is also equipped with 130 flat wells less than 5 meters deep, made of rammed 1 1/2
ioches steeltubes, with perforations along their lower part. Only the five triple boreholes (site A) penctrate
deeper (about 10 meters), with filter ranges of 1-2, 4-5 and 9-10 meters. Most of these wells were sct up by Mr.
and Mrs, Kass.

9.2 Geology and Hydrology

The Upper Rhine Vafley is a Tertiary Rift System, where the Rhine has flowed sintce the beginning of the
Quaternary. Up to the Ptincene young sediments of the Graben flanks filled the basin. After the breakthrough of
the river Rhine, the deposits came form the Alpine area,

The Quaternary sediments began with sequences of sand and silt, followed by sand and gravels which have
intercalations of a few silt and clay layers, responsible for the subdivisioo of the aquifer into sub-aquifers.

The upper aquifer is the one where the site is installed. 1t is composed of sands and gravels dating from the
Pleistocens and the Holocene. Its thickness is about 20 to 25 meters, It is covered by one meter thick layer
composed of dark clays, rich in humus and of lighter clays. Undemneath the aquifer there is another clay layer.
The permeability (kg) varies from 5x10~3 up to 2x10™ m/s. (Carvalho Dill ¢t al, 1992).

A peoelectrical profile performed some 50 m east to the ¢est field in S-N direction, detected an irregular
stratification of the uppermost layer with a high resistivity, i.c. with a good permeability, between 300 and %00
Ohm.m. Downwards the resistivity of the layers diminished. The range of permeabilities < 100 Ohm.m may be
the bottom layer out of strongly impermeable material rich in clay which rises towards north (NLfB 1981).
The fields (mainly corn) two hundred meters upstream obviously influence the water quality on the site (for
instance the nitrate concentrations have values varying from 100 mg/], io the saturated zone to 300 mg/] in the
unsaturated one),

Table 17 (page 109) , represents the hydrochemicat data from the Merdingen test site (Carvalbo Rill ¢t al,

1992). The analysis were performed bty W. Kilss, the isotopes by D.Rank, It is a hydrogencarbonated water,
with about 700 mg/1 total amount of dissolved componeots.
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Depth (m) 1-2 45 9-10 Rainwarer
Temperarure (°C) 120 122 11.9

Conductivity (15 - em™/20°C) 705 693 698 15.3
pH 7.19 719 724 6.91
Eh (V) 509 514 529

Hardness, votal (meg/1) 7.5t 744 744

Na* (mg/1) 16.6 165 16.5 2.05
K* (mg/) 2.11 258 237 2.28
Li* 1.7 49 86

S (ugA) 271 266 275

ClI™ {mg/1) 356 337 335

NO, (mg/l} 43 38 37

SO, (mg/h) 45.0 455 457

O, {mgM) 23 57 46

0: {% saturation) 28 54 43

CO, {mg/l) 20 22 22

SH(T.U) 455 452 414 12.6
51O (% SMOW) ~3.50 -8.56 -8.55 -11.41

Table 17 Hydrochemical data for the groundwater in the testfield Merdingen (extracted from Kass in,
Carvalho Dill e all,1992)

The ground water table is situated at depths of 1.5 meters. Its gradient is of about 0.05 % towards NE. The
lowest and highest level of the water were detected at 189,47 m on Sepi.12, 1991, and at 190,87 m on May 30,
1983 respectively.

9.3 Electromagnetic surveys:
9.3.1 RMT-R

About 30 tracing (ests were carried out from 1979 10 1992. These tests were mainly done to determine the
applicability of different tracers in pore ground water. All these tracer experiments had something in commeon:
the tracer cloud, did not disperse around the main direction of water flow, as theoretically it should Instead a
shifi to the left was clearly seen at the very beginning of its transport, between the two injection points E and
the 25 m profile line, followed by an inflexion to NE, which was observed at both sides of the field.

Besides, the tracer seemed to vanish at the profile line 50 m, reappearing again at 100 m (Kiss,1992),

9.3.1.1 Performance and results

To investigate possible reasoos for this mysterious behaviour, RMT-R surveys were performed. The 224 points
measured were distributed along 21 profiles Fig. 67. The plotted resistivitics (y1) and dephasing values (y2)
were made as at Wilerwald, without transforming the resistivity values into logarithms, The first difference to
be seen, if we compare ¥ig. 68 with Fig. 24, is the constant parallelism of the resistivity lines, the values at 183 kiHz
being always higher than those al 70 kHz, and these always higher than those at 19 kHz. Already the values of
the phases at 183 kHz are near 45° or even superior. This indicates a relatively small influence of the upper
conductive layer which is thinner, and the presence of a resistant and relatively less heterogeneous layer than at
Wilerwald which corresponds to the aquifer. The first frequency used practically travelled through the whole
acquifer thickness (17 m). In the downsiream profiles it seems that the thickness of the aquifer diminishes, as
indicated by the phase values, which are of almost 50°. The values at 70 kHz are generally lower than those af
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than those at 183 kHz, because of the influsnce of the conductive Jower layer. The profiles suggest the existence
of elongated alternating structures of low and high apparent Tesistivities.
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Fig. 66 Merdingen test area showing the two sub-sites A and B.

LikeatWilemald,theconstmcﬁonofContourMspsalmdygiwagoodpictureofthestruewmoftheaquifer.
These maps were first drawn by hand (Fig, 69). After a second campaign, interpolation using the Kriging method
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was used to create six resistivity and phase maps, which will be discussed further on.

Looking at the hand~irawn 183-kHz contour map, one eotices the marked elongated orientation of the
resistivities. This could be the cause of the deflection of tracer transport at the very beginning of its movement,
between both injectionpoints (E) and the 25 m profile lioe, followed by an inflexion to the right, which can be
observed at both sides of the field. This agrees with the results of the tracer experiments carvied out at
Merdingen since 1979, .

The reasons for the disappearance of the tracer at SO m is not clear. It is important not to forget that these
resistivity valoes, and consequeotly the permeabilities, correspond to the whole soil column, and that the
heterogeneous distribution of permeabilities with depth is oot taken into account. Possibly the tracer is being
pushed towards the higher permeabilities, plunging into deeper ground below the depth of the piezometers, and
cannot therefore be detected. Bul the reappearance at lower depths would be another enigma. This subject will
be discussed further on.

Fig. 67 Map representing the RMT-R profiles and the measuring points
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For the location of the profiles, please see Fig. 67 on page 111.
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9.3.1.2 - Interpretation based on raw data ;

The same method of interpretation of the raw data as at Wilerwald was tried.

First, ali the values of the logarithms of resistivity, histograms were ploted for each frequency. The resuits can
be seen in Fig, 79. _

We can observe that with increasing depths of investigation, the apparent resistivity values become lower and
the phases higher.

This fact was also confirmed when the cumulative frequency curves (Fig. 71) were drawn. The influence of the
conductive bottom layer seem already to become apparent. The curves are obviously less tilted than the ones at
Wilerwald, which is clearly a consequence of the higher selectivity of this deposit. This fact is in accordance
with the geneslsofthjssed:mnx because the Rhine obviously hadgreatertransportencrgy This can be seen
in the curves, and the lower values of the standard deviation (o).

At 183 kHz, (depth of investigation ~ 17 m), 45.5 % of the deposit have resistivity valies between 200 and 250
Ohm.m. At 70 kHz, (depth of investigation = 24 m), 40.6 % of the values are situated between 160 and 200
Ohm.m. The diminishing percentage maybe explained by the variation in depth of the bottom layer detected by
the electrical profile (NLfB 1981). At 19 kHz (depth of investigation = 36 m), 47 % of the values are sifuated
between 80 and 100 Ohm.n. Comparing with Wilerwald, it is interesting to see that all the values belong to the
4ih (79.5%) and 5th classes (20.5%), i ¢., Rho 183 kiz > Rho 70 kHz > 19 kHz, pointing out the higher degree
of homogencity and the fairly constant conditions of genesis.

Fig. 69 Apparent resistivity contour map at 183 kHz, drawn by hand. The figurc also shows. 1) the actual
' tracer path (arrows). 2) the piezometers which received the greatest aniount of tracer.
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9.3.1.3 Kriging at Merdingen

The more homogeneous character of the Merdingen sediments is once more made clear by the values compiied
from the variogram functions. The variogram functions at each frequency were estimated for the resistivities
values and for the logarithm of resistivities. Comparing with Wilerwald, one sees that the range is practically
the same, varying between 190 m and 300 m, but that the sample variance and consequently the sill (o priori
variance) are particularly low. The almost total absence of nugget effect can be attributed to the greater
homogencity already mentioned above,

Again, higher standard errors are found at the edges of the zone and in regions where the density of
measurements is relatively low.

This homogeneity shows up very clearly in the contour maps of resistivities (Fig. 72a & b). All reveal the same
structure of elonpated and inflected domains of relatively higher resistivity. Only the lateral regions vary
somewhat more (se¢ also Fig. 73a & b). This seems to be related to the lower phase values observed, at 60 kHz
for the right side and at 19 kHz for the left side, maybe due to the depth or nature of the aquitard - it seems that
the aquitard is situated at lower depths at the right side.

This occurs in the vicinity of the 50 m piezometer-profile line (sub-sitz B), suggesting that the disappearance of
the tracer could be linked tfo its deflection toward the lefi side of the area, At 100 m the resistivity values
increase again, consequently the reappearance there is logical.

It is also interesting fo see that the resistivity values at 200 kHz are generally higher than at 70 kHz, indicating
that the humus cover layer isn't too important (relatively thin) and/or also that the aquifer is slightly shallower
(20 m} than at Wilerwald. This is confirmed by the phase values which are already equal or higher to 45° int the
206 kHz range.

Merdingen Statistics
183 kHz Rho ap. | Log Rho ap. Phase
Variance 160953 0.00638 3.20

sm 1900 0.008 5

Range 02 Km 0.25 Km 0.2
Nugget 900 0.0038 11
Sed. Dev, 40.12 0.080 0.120
Sample Size 224 224 24

Min 114 2.050 42

Mar 353 2.550 53
70 kifz Rho ap. Log Rho ap. Phase
Varlance 1214.52 0.00728 5.426
sm 1600 0.009 6.6
Range 03 Km 03 Km 0.19 Km
Nugget 830 0.0055 3.4
Std. Dev. 34.85 0.0853 5.41
Sample Size 224 224 224
Min 93 1.9%0 42
Max 292 2.470 59
1% kHx Rho np. Log Rho ap. Phasc
Vartatice 305.067 0.00518 1.58
sim 430 0.0064 2.450
Range 0.2Km 0.21 Km 0265 Km
Nugget 320 0.004 0.3
5¢d. Dev. 19.88 0.073 1.260
Sample Size 224 224 224
Min 63 .80 59
Max 227 2.360 65

Table 18 : main charactenstics of the kriging interpolation fimction
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9.3.2 Vecy Low Frequency - Eleciromagnetic Surveys

The lateral changes in resistivities are not so strong bere, so the continuous recording of the out-of-phase
component of the VLF-EM technique did not show any remarkable regions. Only a trend is visible, a decrease
towards the castern part of the site and at the south, as well as some "depressions” whenever relatively higher
values of resistivity exist.

9.4 Synthesis and Conclusions

With the clectromagnetic survey performed at Mexdingen it was our intentioo to find an explanation of the
tracer behaviour - a dellection at the beginning of its transport, the disappearance at the 50 m piczometer-line
and the reappearance at 100 min field B.

Simultancousty the possibility to compare two test sites installed in porous sediments was at hand.

As to the tracers behaviour, the RMT-R results revealed the existence of more resistant elongated pockets
inflecting towards the right in the vicinity of both injection points.

This aspect seems to be continuous at all depths, since it appears at all the frequency ranges.

The reasons of the tracer disappearance at 50 m in the field B could be the following. One notices oe Fig. 72,
that there is a gencral loweriag of the resistivity values there, and that the phases maps (Fig. 73) revealed that
the aquitard is deeper on the central right side. The appareat resistivity contour maps indicates that there is
then again an increase of the resistivities values at 100 m. So it is possibie that the tracer is deviated at 50 m
towards the lefi side of the field, and later towards the right side. However, the other explanation, presupposing
the existence of a thinner layer of higher resistivity (not detected by the RMT-R) at depths not reached by the
observation wells and where the tracer would be channeiied, cannot be totatly excluded. Its reappearance at a
greater/lesser depth would be then explained in terms of vertical upwards flow components.

Merdingen preseats a higher degree of homogeneity than Wilerwald. This was revealed not only by the RMT-R

surveys, but also by the VLF-EM. This fact is in accordance with the genesis of these sediments and greater
transport energy of the Rhine.
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Part V : Final Conclusions

10. Quick overview

The Wilerwald aquifer was once considered to be a homogeneous porons medium. This small area was
idealised, for modelling purposes, as having an uniform thickness of 10 meters, & mean hydraulic conductivity
of ~ 2.4-10°3 m/s, with a mean hydraulic gradicnt of 0.4 % oriented towards N and undisturbed. Like almost
all porous media, its flow was considered to be laminar, with constant and low velocity,

Initially the Wilerwald test site was intended as a full-scale laboratory. In order words, an aquifer whose
parameters were very well kmown, where different experiments using all kinds of tracers could be carried out.
A site where the ideal border conditioos needed in the use of analytical models were available,

This work began with the issues involved in modelling, Modelling is of great demand in science today. Any
model, is a simplified versiop of reality. Therefore the choice of simplifying assumptions will condition
absolutely its capacity to simulate the aquifer behaviour, i, its validity.

The results of the first tracer tests, soon after the site's installation, pointed out that the use of analytical models
was going to be problematical. Analytical models ere in general very restrictive : they usually require a
homogeneous and isotropic mediom, with a paratle]l flow of constant velocity, steady-state conditions and
simple boundary conditions (infinite or semi-infinitc media).

Conceptually locat scales require 3-D models.
A numerical model {a flow model or transport model) intends o simulate an aqulfers behaviour by describing:

-the staie of the system : its geometry (form and limits), its physical properties (permeability, transmissivity,
storativity) and the boundary conditions,

-the staie variables : (heads, chemical composition. . ),

-the laws linking thesc paramneters and the system's reaction fowards external action (by the resolution of
differential equations which describes the water movement or solule iransport throngh it).

Modelling techniques have improved a great deal in the past years, bot oid problems still remain to be solved
The quantification of the different parameters needed to define the system are subject to the uncertainties of the
measuring techniques. Interpolating scattered and punctual data obtained from a very variable medium often
does not reflect the heterogeneity of the medium.

This work is concerned with definieg the points listed above and points out some practical problems one is
confronted with during the acquisitioe and interpretation of data.

Clearly, it is impossible (o describe the peometry of the aquifer and study its properties in the site, withoui first
aoquiring some knowledge of iis regional context.

The literatare overview made it clear that we are in the presence of a very complex aquifer, with extremely
varigble geometry and litology. h also pointed cut that the Emme plays an important role in the chemical
balance of the groundwater, and that the zone of influence of its infiltration is irrcpularly distributed, due 1o
differences in permeability.

Because of the great heterogencity of the zone, interpolations based only on punctual information must be
avoided. Geophysical technigoes which don't homogenise the mediom, such as the electromagnetical VLF-EM
and RMT-T were therefore very suitable and helped the interpretation of values.

The VLF-EM method is very sensible to lateral changes in acquifer properties. About 10 VLF-EM surveys were
made very rapidly, around the Wilerwald test site. The continvously regisiered out-of-phase variations
confimmed the extreme variability of these quaternary deposits. They also allowed 1o delineate preferential
groumndwater pathways - paleochannels filled with clean coarse gravels (and also, pebbles and cobbles).
1t was also interesting to find that the location of these paleochannels corresponds to the depressions of the
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actnal topographic lines. Therefore it scems that the present surface still reflects the ancieot lie of the
palecchannels,

Piezometric observations in the region were related to the geological aspecis and showed how differemily the
aquifer can react to rain events. Higher amplitude variations, and correspondingly delays in reaching the
maximal level, seemed 1o coincide with lower permeabilities. Besides, 2 cumulative phenomenon appeared to
occur in those wells. Observation wells sitwated in exfiltration zones generally had small amplitedes and very
guick responses.

*Nature's fractal geometry® is the best way of describing what is to be expected in the small scale of Wilerwald.
Had thisconcept been thought before, scale errors and false interpretatioo would have been avoided.

i is importamt to aveid interpolations based on scattered punctual measurements, even at the site scale. The
RMT-R soundings were ideal, because of the density of measurements (~ 500 in the test area), and this because
of the rapidity and versatility of the method At the same time, the degree of information obtained is guite
revealing - it yields a good picture of the aquifer, about its peometry and about its resistivity distribution,
related to the permeability. Three frequencies allowing to investigate the aquifer a1 three depths were used: 183
kHz, 76 kHz and 19 kHz. They were a good compiement of the hydrogeological studies carried out.

Kriging was considered the best method of interpolation to construct the apparent resistivity maps for the three
frequencies. Since the investigation depth is a functioo of the frequency used and of the resistivity of the
medium, the result is practically a representation of the aquifer at three different depths. The map of 183 kHz
showed the existence of a channel crossing the net of observation wells area and confluent with another one
situated further west. 1t affected the piezometers C7, C6, D7 and Dé more directly.

This channel's resistivity is situated between 250 and 500 Ohm.m. This, according to the water's clectrical
conductivity and to an empirical relationship, valid for lhe Swiss Plateau, seems to correspond to clean gravels,
sometimes pebbles and cobbles with a permeabitity of 1073 to 10°2 nws. The existence in the north cast part of 3
region of lower resistivities (and therefore of lower permeabilities) is detected at all frequencies. One is thus in
presence of a very well individualised region of lower energy - according to the higher percentage of finer
material.

To interpret RMT-R raw data a new approach was wilised, based on the indirect relationship between
resistivities and graio size distribution. Sedimentologists usually infer about the environment of deposition of a
sediment by analysing the prain-size distribution corves. The idea was to use a similar procedure. We hoped in
that way to individualise small well defined and uniformed classes. Instead, we ended up emphasising the
contrary, ie., all the possible situations within each class, cootributing to accentuate the degree of
heterogeneity in Wilerwald once more. I¢ also permitted us to delimit the regions where an upper conductive
layer (impermeable) existed, creating zones of captive aquifer.

RMT-R multidirectional soundings were carried out, revealing the anisotropy of the medium, conditioned by
the existence of elongated deposits of fine material alternating with coarser sediments and parallel to the main
direction of flow.

Very Low Frequency Electromagnetic (VLF-EM) surveys were done in the Wilerwald test area. The profiles
recorded were placed over the RMT-R 183 kHz map, so as to establish a relationship betweeo the RMT-R and
the VLF-EM resuits. Based on the hypothesis thal this relationship would be valid for the regions around the
site, we derived the above-mentioned regionzl conclusions.

Another electromagnetical method - AMT - was tested at the site and regionally. Because this method has great
limitations in industrialised countrics, due to all the possible interferences, the resaits shoukd only be
considered qualitatively and as curiositics. The layer of very low resistance detected at -130 m in both surveys
could correspond to the beginning of the aquitanian.

Schlumberger soundings were used to compiete the gaps of the RMT soundings in the characterization of the
upper covering layer of the aquifer. They revealed the confined situation of the piezometers D1 R1, RP, ¥2 and
F4, the increased thickness of the upper silty-sand layer in the east part of the field and the increase of the
aquifer's thickness along the palcochannel.

Finally two seismic surveys confirmed the existence of the paleochannel.
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The study of the single drill core CD allowed & detailed punctual sedimentological description. Together with
the indirect information giveo by the resistance to penctration registered during the installation of the
piezometers, we thus determined the existence of local lenses of finer material. These lenses seemed to be
irregularly distributed, definitely indicating that it is wrong to think that fluvio-glacial sedimeets consist of
mainly parallel continuons layers.

The study of the piezometric surface and its evolution yielded a lot of information about the flow within the
aquifer. Sporadic measurements were not significant. Instead they can Jead to false interpretations. It was
essential to make them as frequently as possible. Similar corditions should prevail in all piezometers if one
wants 1o interpret the readings correctly. We are dealing with a heterogeneous and anisotropic aquifer of
variable thickness and vertical changes in permeability - the hydrauvlic potential can vary with the depih.
Situations of free nappe and confined ones can also influence the readings.

The daily observations showed how the hydraulic pojentials vary in space and (ime. Afier 2 rainfall , the
response of each piezometer was slightly different and tended to increase in amplitude. In general, as obscrved
regionally, the piczometers with a lower permeability, showed greater ampiitude variations, This was
interpreled as an accumulation due to a slower dissipation of energy. Nevertheless, some apparemtly
contradictory features, at D7,C7 and D6, show that one is dealing with a very complex phenomenon, which
needs more prolonged observations, before any definite conclusions ¢an be written.

Depending op the prevailing heterogencities, a regional flow system can thus be divided into local systems,
each with a different flow-line pattern, a different residence time of the water, and consequently different
chemical properties. The same applies (o the test-site scale. Some chemical analyses (conductivity , nitrate,
sulphate, chloride determinations and hardness } were cartied out.

We started with sporadical samplings, on the erroneous assumption that the groundwater composilion wounldn't
vary much over a peried of 15 to 30 days. The resulis showed quite the contrary. Later, in the winter of 92
{ Nov./Dec.}, during the last tracer experiment, daily measurements of the conductivity were carried out. We
observed that each piezometer reacted differently; but the reasons for this have to be investigated farther. Just
as for the observations of the piezometric level, daily evolution was quite smali, lying within 1he measuremeot
error margins. However, these small variations can become significant, showing with time that they were
founded.

There were important variations in certain chemical parameters, specially the hardness values {increasing by
100 mg/1} and the concentrations of nitrates (values oscillating between 15 and 115 mg/1). Both can have an
agricultural origin. It is obvious for the nitrates. The carbonate values also, if acidifyiog fertilisers are used,
dissolving the carbonate sediments below. Arother possible explanation for the carbonate increase calls into
play a Jocal factor: decomposition of the vegetal cover (the site is situated in a forest).

The nitratc variation must be (aken seriously because the values measured (over 100 mg/l) show that this
importani water reserve is poientially in danger,

The contents in the radioactive isotope tritium and the stable water- isotope oxygen-18 were followed at the test site, at
the river Emme, a1 the natursl source of the Zielebach and aiso in the precipitation over Burgdosf. The tritium made it
possible to give a relative age to these systems. The mean age of the groundwater sampled at the site is higher than the
one sampled at the source and clearly older than the Emme. The Emme has the youngest water, though it secems to
correspond to a mixture of young surface waters and older groundwater, mixed in variable quantities, depending on
the actual hydrological situation at the moment of the sampling. Within the site it scems that there is an increase of
ages from C7 to D1. This agrees with the geophysical conclusions : C7 is the piezometer situated in the channel,
covered by & sand laver, These observations are appareatty confirmed by (he oxygen-18,

All the tracer tests carried out indicated that the aquifer was very heterogeneous, since the very beginning, Like ali the
other hydrogeological observations, the interpretation of these experiments is impossible if one does not know
anything about the aquifer, its geometry and permeability distribution and about the hydrodynamic sitwation. As a
consequence of Wilerwald's heteropeneity and anisotropy, each experiment is a unique case,

However, some general siaternents may be made:

There is a tendency of the tracer to be deflect and pushed towards the palecchanne] and to “aveid” less permeable
regions.

This aspect is more pronounced if, depending on the character of the tracer, interactions with the matrix exist, - this
explains the low concentrations always obtained a1 D1 and D2 with the more sorptive tracers.
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The hydrautic situation at the moment of the experiment is very important. Duriog the last experiment, daily
cbservations of the piezometric level showed the response of the aquifer to rainfall events. Observed variations
of gradients and flow directions pointed out how fundameotal these simultaneons measurements are, for the
comprehension of solute transport.

In summary :
Two main aspects were revealed by this work.

The first concerns the ideotification of the aquifer and of its geometry at regional and local scales.
Electromagnetical methods, were fundamental for the definitioo of the heterogencity, though the detailed
vertical individualisation of small fenses, was only possihle with the help of the borehole and the resistance to
penetration tests. Piezometry and tracers (natural, dyes and water chemistry) all contribote to the global
knowledge of the aquifer, its heterogeneity and anisotropy.

Interpolations based on scattered punctual informatioo shonld always be avoided. Electromagnetical surveys
{(RMT-R and VLF-EM) are a very pood complement and are fundamental for the interpretation of this data. -
The utility of these methods was also confirmed at the Merdingen test site.

Besides, as one is dealing with highly variable media, more detailed information in space and time is needed.
Small variations must also be taken into account, instead of considering then as useless because they might lie
within the error margins.

The second aspect concemns the interconnections between all the methods used in this study for the
comprehension of the aquifer. All of them yielded logical and convergent results, though sometimes within the
"error margins”. Two seem to be indispensable for the comprehension of the others : once again the electro-
magnetical methods, becanse they define the geometry and distribution of some of the properties, and the
piezometry, which translates the hydrodynamic situation conditioning the flow and transport.

It is ¢lear that my work is just a small contribution to the knowledge of this system. All the elements I studied
are still far from understood. Moch remains to be investigated, about the vertical distribution of hydraulic
potentials, the permeabilities and about the border condittons, before one can model at this scale. For this,
lazger borcholes (of about 4 1/2 inches) and bridging the whote breadth of the aquifer should be installed. This
would permit the use of flow-meters. i would be interesting to installed at least eight at the borders of the site -
boundary conditions -, and a new injection borehole, for the knowledge of the conditions at the moment of the
injection, and maybe situated direct in the channel.

The Wilerwald test site ended up being a true study of nature. 1t is anything but homogenous or isotropic
(Fig. 74). Palcochanncls with practically clean gravels coexist with elongated pockets of different
permeabilities . The aguifer is sometimes free sometimes confined, with constant chaoges of hydrautic
gradients, directioos and flow velocities, In short, it is a complex flow network,

A fascinating living system lies under the forest surrounding Wiler b. Utzenstorf, waiting for further
investigation.
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Appendix 1:

A : Geophysical methods used:
Electromagnetic methods: RMT-R, VLF-EM; seismic and electric methods

B Applied geostatistic :

Theory of the regionalized variables

Variogram

Kriging
Fig. 1A-1 Principles of the electromagnetic methods : (a) VLF-EM, (b) RMT-R.
Fig.1B-1 Some models of variograms after Dellomme,(1978).




A. Methods used :
1. Geophysics

The following description concerns the electromagnetic methods used io this work, since they are quite exclusive and
barely known. A complete description of the seismic and electric methods can be found at Telord & all (1976),
Parasnis (1979), etc. :

1.1 Electromagoetic methods :

Two electromagnetic methods were applied in Wilerwald lestsite : Radio Magnetotelluric-Resistivity (RMT-R)and
VLF-EM (Very Low Frequency-Electromagnetic). The radio-magnetotelluric method is an extension to higher
frequencics of the VLF-R traditional method (Fischer et al,1983,1987; Keller & Frischknecht, 1976, Parasnis ,1979
and TFelford et al, 1976). These methods were developed by Mr LMIUGller (1982,1983,1984,1992) and the measuring
devices are prototypes constructed by Mr L Miilier and J. Dupperex.

Both methods use VLF emitters Fig. 1A-1a) & b), powerful radio antennae transmitting in a low frequency range:
12- 24 kHz. The RMT-R Method had extended its frequencies to higher levels up to 240 kHz.

Those waves travel not only through the air but also currepts flow in the ground inducing there secondary
electromagnetic fields. At any point in space , the total cleciromagnetic field is the sum of the primary ficld and the
secondary field. Therefore, the resultant field, differ from the primary field in intensity, phase and direction.

The principle of both methods consists of measuring these induction effects. Both methods differ io the process of
measuring them.

1.1.1- VLF-EM
‘The VLF-EM method measures 3 parameters of the VLF magnetic field Fig. 1A-1a)

1. The horizontal amplitude vector Hy (primary field), which is perpendicular to a line joining the receiver and the
VLF station;

2. The amplitude of the component of the vertical resultant ficld vector, which is 90° out-of-phase {vertical) with the
horizontal vector;

3. Tke amplitude of the vertical field vector which is in-phase with the horizontal vector,

The vertical components are expressed as a percentage of the horizontal vector and are very sensitive to conductive
anomalies. Thus it indicates lateral changings in conductivity,

The VLF-EM techiique allows the coatinuous recording of the out-of-phase component which is very sensitive to
lateral changes of the electrical conductivity of the ground. The method is relative new, for hydrogeological survey. It
was developed by Mr. L Miiller,

The measuricg device is composed by two orthogonal coils, functioning as a T - Antennze. One coil is kept vertical
(the longest one) and measures the vertical component which is in-phase and out-of-phase. The other coil catches and
measures the horizontal amplituds vector Hy, the reference primary field,

A description of the method , as well as program for modelling, alowing the calculation of strata with different

resistivities and thicknesses, can be found in Steiner et al,(1992), and Turberg,(1992).
Technical data can be seen at 1.1.3 (2. Magnetic device).
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Fig. 1A-1 Principles of the electromagnetic : methods : (a) VLF-EM, (b) RMT-R

1.1.2- RMT-R

The resultant electro- magnetic field to be measured has two components: a magnetic and an clectric component. The
magnetic component is measured with a coil Fig. 1A-1b) and compared with the electric component measured
between two ground electrodes spaced 5 meters. These are placed perpendicularly to the magnetic field, i. ¢ in the
direction of the emitter. Technicat data can be seen at 1.1.3 (. Resistivity device).

The apparent resistivity (p,) of the strata between the two points serving to measure Ey, can be obtained, according to
the following relation:

=Exy2._ 1

P Hy 2rFuo

where,
pa apparent resistivity, is given in ohm meters
Ex the electric component of the resultant ficld, given in volt/meters
Hy the magnetic component of the resultant ficld, given in ampere/meters
F (emitter's frequency) is given in Herz(Hz)
po  (electromagnetic permeability of the vacuum) is giver in henry/meters.
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Each type of sediment possesses different electrical characterist. The resistivity is therefore a good indicator of the type
of sediment we want to investigate.

The dephasing is the second parameter to be measured and it complements the information of the resistivity because of
it structural character. At the air, the electric and the magnetic fields are orthogonal and the dephasing therefore
equal to 90°, The electric component of the resnltant field, leads thc magnetic one (Fischer, 1985). At the interface of
the an homogencous half-space the phasc of the electric field leads the phase of the magnetic field by 45°. If instead of
the homogeneous half-space, we have a stratified formation, following situations may oocur:
- If we have the situation of a conductor sheath lying over a resistant one , the dephasing will be less than 45°.(see
example ot Wilerwald, Cap. 4)
- If we have the inverse situation, 2 resistant layer over a conductor, the dephasing will be greater than 45° (ex
Merdingen, Cap. 6).

Because of the finite conductivity of the sediments, the incident wave is absorbed. and the amplitude of the waves
decreases exponential (Parasnis) in traversing the conductors. Another magnitude can be defined : the skin depth. 1i is
the depth at which the amplitude of tbe electromagnetic signal is attenuated by a factor of 1/e (=0.368).

’pa'
=5 _—
03 F

Where,
P = skin depth or penetration depth, in meters,
pa = apparent resistivity (ohm.m)
F = frequency used (Herz)

The investigation depth is therefore a function of the resistivity of the strata and of the frexquency used.
Knowing the apparcnt resistivity and the dephasing it is possible to estimate the true resistivity and the thickness of
the strata, using any classical MT. Inversion (Fischer et al, 1981).

L.1.3 Technical description of the elctromagnetic devices

The devices used in this work are prototypes. Because they are very adequate for scientific investigation, and
particularly for hydrogeology I thonght 1o be of interest to include an overview of {he technical characterists of the
devices.

The techaical description were kindly yield by Mr. L Miiller.
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Complete VERY LOW FREQUENCY ELECTROMAGNETIC system :
Technical Description:

The system measures with (wo separate devices both VLF-magnetic and electric field parameters: horizonial
amplitude, vertical inphase component, vertical quadrature component, apparent resistivity and phase angle.

1. Resistivity device:

Manual tuning in the range 12.0 to 240 kHz, with 3 bandwidth of 100 Hz. Four frequencies can be preselected
by keyboard for sequential measurements. Very good signal filtering with narrow bandpass, low pass and sharp cot
-off high pass filters. Minimal received field is better as 50 nA/m.

Accuracy is+ 1 % of the measured apparent resistivity and + 0.2 % of the phase angle, by manual nulling of the
signal ia the carphone.

Qutput for recorder or datalogger 0~-200 mV. Simultancous digital display of the resistivity and phase.

Three resistivity range : 0-200 Ohm.m; 0-2000 Ohm.m; 0-20000 Ohm.m. Two capacitive electrodes. Electrode
spacing 5 m. Magnetic sensor diameter 40 cm.

Power : 1 external 12 V DC rechargeable scaled lead-battery, 2 Ah, Weighl : Console with magnetic sensor and
electrodes 7 kg, Operating temperature range : —-5° C —+ 50° C.

2. Magmetic device:

The measured magnetic field compodents are : horizontal amplitude, vertical inphase component and vertical
quadrature {outphase) component. Permanent and simultaneous digital disptay all these parameters. Vertical
components are displayed as a percentage of horizontal component and are related in phase to the horizontal
cormponent.

The range is + 150 % with exceptional good resolution of 0.1 % Qutput : Simultaneous permaneut recording of
all parameters are possible on analog chart recorder or datalogger (0-200 mV). Airbone, waterborne possibiiity with
permanent recording of data,

Two {orthagonal) receiver coils detect the horizontal vector of the primary VLF field and the vertical compooents
of the secoodary field.

Weight: 8 kg. Operatiog temperatuse range and power supply is the same as by the resistivity device.

Table 1A-1 Technical description of the electromagnetic devices (I. Miiller)
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B. Geostatistics - Kriging and Variogram analysis for RMT-R raw data

To be able to judge about the spatial variation of the RMT-R parameters at different depths of penctration,
contour maps where dtawn using the kriging method as an interpolator tool.

Kriging is considered the best linear unbiased estimator and it is very often used when outlining conlour maps.
To use this technique. one needs information aboul the spatial distribution of the variable (the data) and about
its structure. This method was developed by the mining industty G. Matheran and later adapted 1o
hydrogeology by Delhomme.

Kriging is based on the following considerations:

All earth variables have a double and complementary nature; they possess a greal spatial variability (local
random erratic behaviour), but, at the same time, this variability is not accidental - these variables have a a
spatial correlation. In other words, the phenomen is said to be structured.

Because of this structure, they were called "Regionalised variables" by Matheron. The details of the theory and
the developments of kriging equations can be found in Matkeron (1971), Journel and Hoijhregls (1978) and
Guillaume (1977). The applications of the regionalised variables in Hydrology are 1o be found in de Marsily
{1981), Dethomme (1978 and 1976), Ahmed (1987}, elc.

The structural model needed is the co-variance function or the variance of the increment between two points.
This is called the variogram.

This essential tool for the siructural analysis of 2 variable gives information about the structure. The variogram
assumes the second order stationary for the increment (h) (the distance between two points Xj-X3), i.¢.;

The increment Z(x+h)-Z(x) has an expected value equal to zero and a variance independent of x.

This is given by the following equation:
4 E{Z(x+h)- Z(x)] = 0

The semi-variogram y(h)= % var[Z(x+h)- Z(x)], therefore represents the average of the quadratic increment
between two points, separated by the distance h.

var|Z{x+h)Y- Z(x)] = 2y(h)

The behaviour of 2 variogram function must be studied around the origin (small distances) and at infinity (big
distances).

At the origin it is important to see whether there is a discontinuity. If would mean the existence of micro-
structures smaller than the distance between the measuring points, or measuring errors. This is called the
nuggel effect.

A pure nugget effect corresponds {0 a purely random case, or total absence of structure: there is no correlation,
whatever the distance.

It is also importani to see whether the variogram is derivable ((he graph is then parabolic at the origin, like a
regular variable) or continuous (corresponding to a less regular variable),

At infinity the variogram may increase unlimitedly, or it may stabilise around 2 limit called si//, The sill value

is, a priori, equal to the data value variance. The range can be defined as the distance at which the correlation
reaches zero.
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Fig.1B-1 Some models of variograms after Delhomme(1978).

In practice one starts by eslimating {he experimeotal variogram of the data sample. After this, a model - linear,
exponential, gaussian or spherical - with well-defined equations (Delhomme,1978) must be fitted to the
variogram. This is done by tnial, introducing different sill, range and nugget values, or the slope and exponent
of a linear function, etc. This operation provides the equations of the variogram function.

Variograms can also be used to check the anisotropy of the phenomena. This is done by comparing the
variogram's behaviour in different directions.
Once the variogram function has been defined, it may be used for interpolation purposes (kriging methods).

Kriging is an exact interpolator and has the great advantage of informing about the reliability of the estimation,
therefore standard-errors maps should always accompany the contour maps calcuiated,
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Appendix 2: regional

Fig. 2A-1 Log of the AMT true resistivities at the Burgerwald borehole, determined with MT inversion.
Fig. 2B-1 Map with the distribution of permeability (WEA, 1981) and the location of Wilerwald

test site
Fig, 2B-2 Map with discharging and recharging areas (WEA, 1981).

Fig. 2C-1 Map with distribution of conductivity adapted from WEA (1981) for the dry period (7.12.1978})
and after rain fall event (21.2.1979).1t is visible the importance of the Emme water infiltration
lowering the conductivity values mainly in the region where the main infiltration takes place.

Fig. 2C-2 Map of disiribution of the middle annual temperature oscilation isolines, taken 0,5 m under the
ground the water level, for the period 1976-1979,adapied from WEA (1981).

Fig, 2C-3 Nitrate distribution map (1971/1972) retired from WEA (1981).




AMT - Berehole Burgerwald

Depth [m]

:

425 |

0 60 100 150 200 250

Rho vaiues [Oﬁm.m]

Fig. 2A-1 Log of the AMT true resistivities calculed with MT at the
Butgerwald borehole .
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Table 2B-1 Groundwater level evolution for the period Nov. 9th till Dec. 16th.
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Appeadix 3A : local studies (Wilerwald and Merdingen)
Fig. 3A-1 Resulis of the AMT survey (lrue resistivilies Jat Wilerwald testsitc (NNE region) determined by
MT inversion
Fig. 3A-2 Longitudinal profiles showing the change in geometry and the true resistivity values variability.

Fig. 3A-3 Block diagram pointing out the geometry of the aquifer between the injection point and the C & D
galleries.

Fig. 3A-4 Map with the aquitard's isolines.
Fig. 3A-5 True resistivity contour map, calcolated with the MT. inversion (Fischer et al, 1981).

Fig. 3A-6 VLF-EM profiles inside the Merdingen testsite, illustrating the greater degree in homogeneity
(compared with Wilerwald).

Fig. 3A-7 Block diagram from Merdingen ( based on MT inversion ) showing the geometry of the aquifer in
relation to the two subsites palleries.

Table 3A-1 RMT-R measurements
Table 3A-2 Wilerwald's equations of the spherical functions (variogram).
Table 3A-3 Merdingen's equations of the spherical functions (variogram).
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Fig. 3A-1 Results of the AMT survey at Wilerwald test site (NNE region):
a resistant layer (aquifer) of about 5 meters, followed by the
lacustrine unity (?) g4r. The passage to the aquitanian is
probably localised at -130 m depth. These results have to be
taken with prudence because of the extreme sensibility of this
method towards electromagnetic interferences occurring in
high industrialised countries.
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Fig. 3A-2 Longitudinal profiles showing the change in geometry and the true resistivity
values variability. EP1 (injection borehole), C7 and D7 = observation wells
more affected by the channel, D1 lying on the more conductive part of the site
(for the location of the wells, please se¢ Fig. 3.
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Fig . 3A-6 VLF-EM profiles inside the Merdingen test site , illustrating the greater degree in homogeneity
(when compared with Wilerwald - Fig.33)
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Table 3A-1 RMT-R measurements
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Table 3A-2

Wilerwald

1) Rho 183 kHz

¥(hy = sooou-l_l.__ Jﬂ-)d]]+3ooo h<0.3Km

6) Log Rho 19 kHz
¥h)= 11000 h>0.3Km

Y¥(h)= omsui-u?-zﬁ—Lq]wmsn«cmsm
2) Rho 70 kHz
¥(h) = SIOU[{B—LL l l L3+ 400; h$0.25Km ¥(h) = 0.06 h>045Km

2 0.25 202

7) Phase 183 kHz
y(h) = 12100 h>025Km

y(h) = 26[-;5—’1— “" PIF1l h<015Km
3) Rho 19 kHz
y(h) = 4000[iﬂ-— |h| 13]1+2000 h$0.3Km ¥ehy =37 h>0.15Km

8) Phase 70 kHz
¥(h) = 6000 h>0.3Km

3 -

y(h) = 33[:-j—|-0 T J—LD Pl h<015Km
4)Log Rho 183 kHz
y(h)=00?5[[3J—|--—¢J—|—)31]+001 h £0.26 Km y(h) = 34 h>0.15Km

20.26 2 0.26

9) Phase 19 kHz

1(h) = 0.085 h>0.26 Km

T(h)-lzzlgol—”—%rJ—F’]]n h0.22Km
5) Log Rho 70 kHz
Y(h) =0.045 [{ 3J—'— > 0'“3' PI+ 0.015h <033 Km Y(hy = 142 h>0.22Km

y(h}=0.064 h>033 Km
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Table 3A-3

Merdingen

1) Rho 183 &z

Tm)"lm[[—«lh—z--z- ! l PI+900 h$0.200Km
Y¥{h) = 2800 h > 0.200 Km

2) Rho 70 kHz

van=1600p2 L~ 2 Plap as6  hs0.300km

2 a 2 @
¥(h) = 2450 h > 0.300 Km
3) Rho 19 kHz

m)-430n3j—-|- -2-<-0|-?31|+m 1 £0.200 Km

¥(h) = 750 h>0.200 Km

4) Log Rho 183 kHz

= 0.008 3l _ J—L3 0.0038 h <0.25 Km
YOy = 00082 5% T 2 s

1h)=0.0118 h>035Km

5) Log Rho 70 kHz

¥(h) = 0009[12 E!Ji N EJ-anooss h £0.300 Km

¥(h) =0.0145 h >0.300 Km
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6) Log Rhao 19 kHz

Yih) = 0.0064(§ _:!T 3 -5—2]?3 J+0.004 1 5 <0210 Km

¥(hy = 6.0104 h >0.210 Km
7) Phase 183 kHz
0 L A
5 + 1.1 h£0.250 Km
10y =S ——- - zz“ﬁ’n
¥h)=4.1 h>0.25) Km

8) Phase 70 kHz

Wl _ 2 Jlﬁ3]|+34 h50.190 Km

£
ﬂh)sﬂ?@lg 2019

yh) =10 h>0.190 Km

9) Phase 19 kHz

) = 2.45(= L —I-)3]]+os h <0.265 Km

2 0. 265 2026

1(h) = 2.95 1> 0.265 Km




Appendix 3B Local hydrauﬁc aspects

Fig. 3B-1 Piczometric maps drawed by Sansoni et al, 1987,
Fig. 3B-2 Scattered groundwater level measuremends at some chosen piezometers,

Tahle 3B-1 Goundwater level measurements al the Wilerwald testsite.
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Table 3B-1 Goundwater level measurements at the Wilerwald testsite.
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Table 3B-1 Goundwater level measurerhents at the Wilerwald testsite.
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Table 3C Chemical, Isotopes and Tracer Results

Table 3C2-1 Conductivity measurements at the test site Wilerwald.
Table 3C2-2 Groundwater temperature measurements at the test site Wilerwald.

Table 3C2-3 Total hardness (a) Carbonate hardness (b) Calcium hardness (€) and Magnesium hardness
values (d) (test site Wilerwald).

Table 3C24 Conductivity and temperature profiles measured in the observation wells: C2, C3, C4, C5.
Table 3C2-5 Conductivity and temperature profiles measured in the observation well : C6.

Table 3C2-6 Conductivity and temperature profiles measured in the observation wells: C7.

Table 3C2-7 Conductivity and temperaturc profiles measured in the observation wells: C8.

Table 3C2-8 Conductivity and tcmperature profiles measured in the observatioo wells: D1, D2, D3, D4,
Tabje 3C2-9 Conduclivity and temperature profiles measured in the observation wells: D5, E4, F4, F6.
Table 3C2-10 Conductivity and temperature profiles measured ia the cbservation wells: D6.

Table 3C2-13 Conductivity and temperature profiles measured in the observation wells: D7,

Table 3C3 Isotopes analyses (O-18 and tritinm) performed at the site, Emme and Burgdorf's precipitation.
Table 3C4-1 Na-Naphtionate results - 1992 tracer cxperiment.

Table 3C4-2 Amidorhodamine G results - 1992 tracer experitaent .

Table 3C4-3 Uranine results - 1992 wracer experiment .

Table 3C4-4 Na-Naphtionate breakthrough curves at the observation wells C8, C7, C6 & C5.

Table 3C4-5 Na-Naphtionate breakthrough curves at the observation welis C4, C3, C3 & (D.

Table 3C4-6 Na-Naphtionate breakthrough curves at the observation wells D7, D6, D5 & D4

Table 3C4-8 Na-Naphtionate breakthrough curves al the abservatioo wells D3, D2, & D1.

Table 3C49 Amidorhodamine G breakthrongh curves at the observation wells C8, C7, C6 & C5.

Table 3C4-10 Amidorhodamine G breakthrough curves at the observation wells C4, C3, C3 & CD.
Table 3C4-11 Amidorhodamine G breakthrough curves at the observation wells D7, D6, D5 & IM4.

Table 3C4-12 Amidorhodamine G breakthrough curves at the observation wells D3, D2, & D1.

Table 3C4-13 Uranine breakthrongh curves at the observatioo wells C8, C7, C6 & C5.

Table 3C4-14 Uranine breakthrough curves at the observatioo wells C4, C3, C3 & CD.

Table 3C4-15 Uranine breakthrongh curves at the observation wells D7, D6, D5 & D4,

Table 3C4-16 Uranine breakthrough curves at the observatiop welis D3, D2, & D1.




CHEMICAL TABLES



Table 3C2-1 Conductivity Results
jScm~1 [20.07.92[06.08.92[19.08.92]17.09.92]26.09.92[09.11.92]12.13.92]13.11.92 14.11.92
F6 503 563 596 - - 588 - - -
F4 472 567 591 - - 545 - - -
E4 481 525 548 - - 531 - - -
D7 498 552 582 - - 537 581 579 579 580
D5 488 553 580 - 538 582 579 579 579
D5 495 563 593 - 550 596 577 577 576
D4 491 555 583 - 539 579 570 574 572
D3 496 535 558 - 514 547 539 543 544
D2 484 536 559 - 513 5489 548 548§ 548
D1 488 547 573 - 526 559 561 577 561
cD - - 585 - 543 - 589 588 589
cs 496 553 563 584 535 964 574 574 574
c? 493 551 581 584 534 577 577 578 578
cs 489 550 580 577 529 580 575 576 577
cs 489 548 565 573 525 569 567 566 568
cd 493 555 585 588 536 5587 581 581 580
c3 503 556 588 589 542 591 589 590 592
c2 489 569 581 563 517 578 579 580 583
EP1 - - - 562 521 - - - -
Emmsa - 363 306 - - - - - -
Zielebach - 534 560 - - - - - -
pScm-1 ]16.11.92[37.11.9218.11.92]19.11.92[20.11.92]23.11.92]25.11.92
D? 579 581 583 581 584 €84 -
D6 581 583 583 583 583 596 -
D3 %55 574 584 579 582 587 -
1Y ] 569 570 573 574 575 577 -
D3 550 544 547 549 551 551 ~
D2 545 548 548 546 549 547 -
13 8 579 565 556 575 565 862 -
cp 590 596 558 598 599 600 -
cs 576 582 583 577 583 584 587
c? 576 579 579 581 582 585 587
cé 573 579 580 578 582 584 586
c5 562 567 570 565 572 570 573
C4 579 587 589 586 550 590 $69
ca 594 595 595 595 596 599 599
c2 578 594 600 601 604 605 -
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Table 3C2-2

Temperatura measurements

[°c1 20.07.92(06.08.92119.08.92(17.09.92[26.09.92|09.11.92]12.11.92|113.11.92114.11.92
F6 10 10.7 10.3 - - - - - -
F4 9.6 9.8 1.1 - - 9.7 - - -
E4 11.3 10 10.3 - - - - - -
D? 11 10.3 10.8 - 10.3 10.1 ) 8.8
DS 10.2 10.4 10.9 - 10.5 9.9 8.9 9 8.7
D5 10.9 10.5 11.1 - 10.9 10.3 9 9 8.5
D4 10.9 10.2 10.6 - 10.6 10.2 8.7 9.1 8.5
D3 11.2 10 10.4 - 10 9.6 8.5 8.7 8
D2 10.5 10.2 10.2 - 10.2 9.5 8.3 8.4 7.8
D1 10.3 9.7 9.9 - 9.7 9.7 8.9 8.7 7.9
cD - - i1.2 - 10.¢6 10.3 9.1 8.2 8.5
Cé 11 10.4 10.7 10.2 10.7 10.5 8.5 9.3 B.5
(o4 4 10.8 10.1 10.7 10.7 1G.5 9.9 9.1 2.1 8.6
CB 10.6 10.1 10.8 10.6 14 10.1 9 9.3 8.8
c5 10.6 1¢.1 10.8 10.7 9.9 10 8.5 8.8 8.4
C4 10.5 10.2 10.8 10.9 10.2 10.1 o 9.1 8
C3 10.6 10.2 10.8 11 10.4 10.3 9 9 7.8
C2 1¢6.3 10.4 11 10.7 10.2 10 8.9 9 g.8
EP1 - - - 10.9 10 - - - -
Emme - 21.2 24.2 - - - - -
Zielebach - 9.7 13.3 - - - - - -
[°C] 16.11.92(17.11.92{168.11.92(19.11.92(20.11.92|23.11.92{25,11.92
F6 -~ - - - - - =
F4 - - - - - - -
E4 - - - - - - -
D? 9.5 8.5 8.9 9.6 9.1 9.8 -
D& 9.5 8.6 8.7 9.4 9.4 9.8 -
Dg 9.2 8.9 9.6 9.4 9.2 9.6 -
D4 9.2 9 9.8 9.6 9.1 9.7 -
D3 9.2 B.6 9.4 9.3 8.8 9.5 -
D2 8.9 8.5 8.2 9.1 8.8 9.3 -
D1 8.2 8.7 6.4 a,2 8.9 9.6 -
cD 9.3 8.9 8.7 8.5 9 8.9 -
Cé 9.5 8.7 8.8 9.2 9.4 9.9 9.3
C? 9.3 9 a 9.3 9.3 9.9 9.4
Cc6 9.6 8.8 g 9.6 9.3 10.1 9.6
cs 9.1 8.5 8.5 a.2 8.9 a,7 9
C4 9.3 8.5 @ 9.3 9.3 9.8 9.3
cC3 9.7 B.8 9.2 9.5 9.1 9.9 9.4
c2 9.4 g 9.2 a.4 9.1 a.,7 -
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Table 3C2-3a Total hardness

Total

11.6.1992}(20.07.1992/06.08.1992|19.08.1992)17.09,1992|26.09,1952
hardneas |[(mg CaCly/1] | {m3 CaCO4/1} | [mg CaCl4/1] | img CaCO4/1) | Img CaCOy/1) [img Callq/1]
Emme 98,49 206,98 181,14 132,29 - 190,85
2ielebach ;15,62 282,5 290,9 284,66 - 281,87
Fd 113,79 - - 305,77 - -
Fé 107,1 270,14 - 307,86 - -
E4 153,31 237,14 - 276, 36 - 273,22
D7 144,23 280,2 294,72 297,1 - 294,19
D6 2990,9 282,2 - 294,22 - 295,6
DS 135,16 288 259,03 304,45 - 300
D4 255,3 283,9 - 294,23 - 294,46
D2 139,11 260,2 - 283,87 - 279,86
Dz 105,49 282,4 - 282,75 - 279, 5
Dl 135,32 285,3 303,05 289,67 - 285,6
c8 248,32 265,1 293,68 298,61 354,39 295,496
c? 132,01 287,5 295,45 295,03 297,15 293,25
Cce 193,68 225,1 294,18 294,41 293,08 291,086
cs 211,13 229,6 - 296,47 290,63 288,4
oF| 269,1 282,5 - 304,28 300,51 294,1
c3 103,19 243,6 297,15 299,69 289,7 289,1
c2 119,4 249, 4 - 297,03 265,46 280,44
CD - - - 297,06 - 298,4
EP1 - - - - 301,42 283,21
Table 3C2-3b Carbonate hardness
Carbonate | 11.6.1992|20.07.1952(06.08.1992(19.08.1992]17.09.1992(|26.09,1992
Bardnesa |(mg Calldq/1]1| [mg CaCO,/1] | img CaCOL/1)§(mg CaCly/1)| (mg CaCO./Ll] | Img CaCO,/1})
Emme 124,3 239,5 211,46 160, 8 - 187,86
Zielebach 130,1 292,46 301,4 295 - 258, 9
F4 136,5 - - 31z,9 - -
Fé 128,7 278, 6 - 315,14 - -
E4 174,2 243,1 - 287,3 - 253,5
D7 164,4 286, & 294,4 304,1 - 272,2
Dé 305,8 289,3 - 301,7 - 72,4
DS 147,9 292,48 312,9 315,59 - 278,2
D4 265,9 289,2 - 303,48 - 268,56
| 1K 154,9 265 - 293,7 - 261,9
D2 123,9 288,4 - 292,7 - 259,06
D1 158 290,9 313,5 299 - 261,7
c8 230,5 269 305,6 303,2 287,14 276,17
c7 143, 4 295, %9 297.3 304 278,3 272,8
C6 205 233,3 304,6 303,7 273,4 268,7
cS 136 237,13 - 308,7 273 267,86
cq 278,5 289,5 - 311,7 282,6 272,6
c3 108,8 250,7 309,1 309,6 280,48 265,4
c2 138, 6 255,2 306,7 266,3 259,48
<D - - - 309, 4 275,3
EP1 - - - - 276,86 262,77
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Table 3C2-3c Calcium hardness

Calcium | 11.6.1992(20.07.1992|06.08.1992(19.08.1992[17.09.1992(26.09.1992
hardness | Ca**(mg/1) | Ca**[mg/1] | Ca**{mg/1] | Ca** (mg/1] { Ca** [mg/1] | Ca** [mg/1]
Erme 30,1 - 60,83 20,09 - 63,92
Zielebach 32,06 - 103,06 99,19 - 99,27
F4 31,45 - - 109, 98 - -
Fé 30,589 - - 110,16 - -
E4 49,67 - - 96, 64 - 95,77
D7 45, 64 - 109, 99 105,26 - -
Dé - - 104, 2 - -
D5 40,13 - 105, 96 107, 96 - -
D4 - - - 104, 37 - -
D3 44,58 - - 99,09 - -
D2 29,67 - - 99,45 - -
D1 43,386 - 108,5 102,65 - -
c8 74,53 - 104, 14 106,09 128, 33 105, 18
c7 39,65 - 103, 65 104,39 105, 4 104,14
C6 61,94 - 104, 66 104, 28 103,93 103,15
c5 32,79 - - 105,17 102, 93 -
c4 - - - 108, 03 106,26 -
c3 27,13 - 105,32 106, 37 - -
c2 37,35 - - 104, 9 10,7 98,44
cD - - - 105,33 - -
EP1 - - - - 106,32 99,69

Table 3C2-3d Magnesium hardness

Magnesium | 11.6.1992[20.07.1992(06.08.1992[19.08.1992(17.09.1992[{26.09.1992

hardness |Mg*[mg/1] [Mg**[mg/1) |Mg** [mg/1] [Mg** [mg/1] | Mg+ (mg/1] |Mg* (mg/1]
Erme 5,65 - 7,07 7,79 - 7,57

Zielebach 6,62 - 7,94 8,92 - 8,14
F4 6,55 - - 7,49 - -
F6 7,44 - - 7,89 - -
E4 7,08 - - 8,45 - 8,22
D7 7,33 - 4,8 8,25 - -
D6 - - - 9,2 - -
D5 8,47 - 8,28 9,4 - -
D4 - - - 8,1 - -
D3 6,72 - - 8,79 - -
D2 7,69 - - 8,3 - -
D1 6,53 - 7,73 €,04 - -
cs 15,07 - 8,1 8,12 8,16 8
c7 7,99 - 8,83 8,28 6,18 ]
c6 9,44 - 7,91 8,19 8,15 8,07
c5 31,4 - - 8,16 8,1 -
c4 - - - 8,32 8, 47 -
c3 8,6 - 8,23 8,21 - -
c2 6,32 - - 8,46 8,19 8,35
CD - - - 8,2 - -
EP1 - - - - 8,66 8,14
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Temperature profile °C
Tahle 3C24 Conductivity and temperature profiles measured in the observation wells; C2, C3, C4, C5.
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Table 3C2-5 Conductivity and temperature profiles measured in the observation weli : C6.
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Table 3C2-6 Conductivity and temperature profiles measured in the observation wells: C7.
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Table 3C2-9 Conductivity and temperature profiles measured in the observation wells: D5, E4, F4, F6.
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Table 3C2-10 Conductivity and temperature profiles measured in the observation wells: D6,

176



Depth (meters)

D7 -17.Sept. 1992

. &N g = 0 O M~
S o a2 e e g gcg
() ; " o+ + -
-1
T 5 - F
g 4 o £
E s A £
] — :
< a
o -7 8
© 8
9
-10
Temperature profile °C
al
D7 -16.Nav, 1992
- N ™M % o W~
m - - - - - ry
oz =z @ € ¢ € € ¢ ¢ ¢
0 + +
4
_2 ai—
-3 ST E
-4 ]
5 L, _ E
]
3 :
8
.9 —
-10
Temperature profile °C
b.A
A
:
&
[-%
&

D7 - 17. Sept. 1992

o [ =T~ = ] 2 = = = =
N« o W W NN n W n Wy

480
492
518
520

Conductivity profile

az

D7 - 16. Nov, 1992

RELTEERUREEES

-1

bbb

570
572
574

Conductivity profile

b.2

D7 - 16. Nov. 1992

5 6 B8 &8 8 8

N L
VT

ConducHvity profile
b.3

Table 3C2-11 Conductivity and temperature profiles measured in the obscrvation wells: D7,
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EmtnDat TU LErr 180 BE 18 O (SMOW)

Emme 11.03.01 26.7 13.1 -11.43 -11.27
Ziglebach 11.03.91 273 131 -10.09 985
Wilerwald C2 4m . 11.03.91 -9.79 -9 63
Wilerwald C2 8m 11.03.91 -992 -9.76
Wilerwzld C5 8m 11.03.91 : -9.94 -9.78
Wilarwald C7 4m 11.03.91 325 3.2 -9.75 -9.59
Wilerwald C7 8m 11.03.91 26.0 £27 -9.81 -0.85
Wilerwald D1 4m 11.03.91 -9.85 -9.89
Wilerwald D1 8m 11.03.91 280 +27 -10.00 -9.84
Wilerwalg D4 8m 11.03.91 -9.91 9.75
Wilerwald D7 8m 11.03.81 -9.79 -9.63
Wilerwald D7 4m 11.03.91 -9.78 -9.62
Wilerwald E4 8m 11.03.91 -9.84 -9.68
Wilerwald F4 8m 11.03.91 -10.01 -9.85
Wilerwald F8 8m 11.03.91 29.9 +2.7 -9.83 -9.87
Emme 09.05.91 17.4 128 -11.27 -11.11
Zielebach 09.05.91 219 +28 -10.07 -9.91
Emme 14.09.91 24.9 28 -10.26 -10.10
Ziglebach . 14.09.91 -10.17 -10.01
Zielebach Pumpwerk 14.09.91 -10.19 -10.03
Ziglebach 14,09.91 282 131 -10.18 -10.02
Wilerwald D1 4m 14.09.91 -9.80 -9.64
Wilerwald D1 4m nach 10Min pumpen 14.09.91 -9.92 -9.76
Wilerwald D1 11m 14.09.91 -10.30 -10.14
Wilarwald D7 11m 14.09.91 -10.08 -9.9Q
Wilerwald D7 11m nach 10Min pumpen 14.09.91 353 £3.0 -10.15 -9.99
Wilerwald D7 4m 14.09.91 : -10.07 -9.91
Wilerwald D7 4m nach 10Min pumpen 14.09.91 -10.15 -9.99
Emme  Asfligen 05.12.91 282 134 -10.59 -10.43
Zielebach 05.12.91 230 £32 -10.38 -10.22
Wilerwald C4 4m - 051291 ' -10.20 ~10.04
Wilarwald C4 Bm 05.12.91 -10.38 -10.22
Wilerwald D1 4m 051291 -9.78 -0.62
Wilerwald D1 8m 05.12.91 -10.29 -10.13
Wilarwald D7 4m 05.12.91 -10.18 -10.02
Wilerwald D7 8m 05.12.91 -10.21 -10.05
Emme 20.03.92 17.3 3.0 -11.07 -10.91
Zielebach 20.03.92 258 3.4 -10.50 -10.34
Wilerwald C4 4m 20.03.92 ~10.31 -10.15
Wilerwzaig C4 11m 20.03.92 1043 -10.27
Wilerwald C7 11m 20.03.92 -10.25 -10.09
Wilerwald D1 4m 20.03.92 -10.14 -9.98
Wilerwald D1 8m 20.03.92 -10.39 <1023
Wilerwald D7 8m 20.03.92 -10.29 -10.13
Emme 11.04.92 25.7 3.3 «11.21 -11.05
Zlalebach 11.04,92 219 31 -10.52 -10.38
Wilerwald C4  4m 11.04.92 -10.25 -10.09
Wilarweld C4 11m 11.04.92 -10.42 -10.26
Wilerwald C7 8m 11.04 .92 -10.37 -10.21
Wilerwald D1 4m 11.04.92 -10.25 -10.09
Wilerwald D1 8m 11.04.92 _ -10.42 -10.26
Wilarwald D7 8m 11.04,92 -10.28 -10.12
Emme . 140592 18.0 $3.2 -11.26 -11.10
Zielabach 14.05.92 235 133 -10.51 -10.35

Table 3C3 Isotopes analyses (O-18 and tritium} performed at the site, Emme and Burgdorf's precipitation.
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Wilerwald C4 11m
Wilerweld C 4 4m
Wilerwald C7 8m
Wilerwald D1 4m
Wilerwald D1 6m
Wilerwald D7 8m
Emme

Zielebach
Wilerweld C2 8m
Wilerwald C3 8m
Wilerwaid C 4 8m
Wilerwald C5 8m
Wilerwald C6 8m
Wilerwald C7 8m
Wilerwald C & 8m
Wilerwald D1 8m
Wilerwsld D 2 Bm
Wilerwald D 368m
Wilerwald D 4 8m
Wilerwald D S 8m
Wilerwald D6 8m
Wilerwald D 7 6m
Wilerwald E4 8m
Wilerweld F 4 8m
Wilerwald F§ 8m
Wilerwald G 2
Wilerwald C 3
Wilerwsld C 4
Wilerwald C 5
Wilerwald C 6
Wilerwald C7
Wilerwald C 6
Wilerwald D 1
Wilerwald D 2
Wilerwald D3
Wilerwald D 4
Wilerwald D5
Wilerwald D6
Wilerwald D7
Wilerwald E 4
Wilerwald F 4
Wilerwald F6
Emme

Zielabach

Emme

Zielebach
Wilerwald C 4
Wilerwald C7
Wilerwald C 8
Wilerwald D 1
Wilerwald D7
Emme

Ziglebach
Wilerwald C2

Table 3C3 Isotopes analyses {O-18 and tritium) performed at the site, Emme and Burgdorf’s precipitation.

EntnDat

14.05.92
14,05.92
14.05.92
14.05.92
14.05.92
14.05.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
$1.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
11.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.056.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
12.06.92
24.06.92
24.06.92
26.06.92
26,06.92
26.06.92
26.06.92
26,06.92
26.06.92
26.06.92
20.07.92
20.07.92
20.07.92
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TU 1Err

265 132
26.0 £3.2

24.0 £33
298 134
20.1 £3.3
18.7 3.1

252432
21.0 £3.0

180 GE

-10.41
-10.32
-10.36
-10.23
-10.39
-10.35
-11.08
-10.47
-10.38
-10.40
-10.39
-10.45
-10.39
-10.39
-10.39
-10.31
-10.39
-10.34
-10.38
-10.39
-10.33
-10.34
-10.19
-10.48
-10.38
-10.28
-10.38
-10.35
-10.36
-10.45
-10.43
-10.39
-10.32
-10.36
-10.38
-10.28
-10.36
-10.37
-10.36
-10.50
-10.32
-10.61
-10.73
-10.47
-10.83
-10.46
-10.35
-10.35
-10.38
-10.29
-10.44
-10.81
-10.51
-10.46

12 O (SMOW)

-10.25
-10.16
-10.20
-10.07
-10.23
-10.19
-10.93
-10.31
-10.22
-10.24
-10.23
-10.29
-10.23
-10.23
-10.23
-10.15
-10.23
-10.18
-10.22
-10.23
-10.17
-10.18
-10.03
-10.30
-10.22
-10.12
-10.22
-10.19
-10.20
-10.29
-10.27
-10.23
-10.96
-10.22
-10.22
-10.13
-10.20
-10.21
-10.22
-10.34
-10.16
-10.45
-10.57
-10.31
-10.67
-10.30
-10.19
-10.19
-10.22
-10.13
-10.28
-10.65
-10.35
-10.30



EntnDat TU tEmr 180 BE 180 (SMOW)

Wilerwald C 3 20.07.92 10.41 -10.2%
Wilerwald C 4 20.07.92 -10.50 -10.34
Wilerwald C § . 20.07.92 -10.47 -10.31
Wilerwald C6 20.07.92 -10.580 -10.34
Wilerwald C 7 20.07.92 -10.48 -10.32
Wilerwald C8 20.07.92 -10.47 -10.31
Wilsrwald D1 20.07.92 -10.43 -10.27
Wilerwald D 2 20.07.92 -10.42 -10.26
Wilarwald D 3 20.07.92 -10.44 -10.28
Wilerwald D 4 20.07.92 -10.44 -10.28
Wilerwald D & 20.07.92 -10.40 -10.24
Wilerwald D 6 20.07.92 -10.42 -10.26
Wilerwald D7 2007.92 -10.39 -10.23
Wilerwald E 4 20.07.92 -10.45 -10.29
Wilerwald F 4 20.07.92 -1045 -10.29
Wilarweld F B 20.07.92 -10.41 -10.25
EmMme 06.08.92 252 134 -10.58 -10.39
Ziglabach - 08.08.92 27.8 $3.2 -10.44 -10.28
Wilerwald C 2 06.08.92 -1042 -10.26
Wilerwald C3 06.08.92 -10.43 -10.27
Witarwald C 4 : 06.08.92 -10.53 -10.37
Wilerwald C § " 08.08.92 -10.82 -10.36
Wilarwald C 6 06.08.92 -10.46 -10.30
Wilarwald C7 06.08.92 -10.47 -10.31
Wilerwald C 8 06.08.92 ’ -10.55 -10.3%
Wilarwald D 1 06.08.92 -10.32 -10.16
Wilerwald D 2 06.08.92 -10.46 -10.30
Wilerwald D 3 06.08.92 -10.48 -10.32
Wilerwald D 4 06.08.92 -10.40 -10.24
Wilerwald D& 06.08.92 -10.41 -10.25
Wilerwald D 6 06.08.92 -10.48 -10.32
Wilerwald D 7 06.08.92 -10.54 -10.38
Wilerwald E ¢ 06.08.92 -10.53 -10.37
Wilerwald F 4 C6.08.92 ' -10.36 -10.20
Wilerwald F 6 06.08.92 -10.37 -10.21
Emme 18.08.92 229 433 -10.51 -10.35
Zislabach 19.08.92 23.4 3.1 -10.51 -10.35
Wilerwald C 2 19.08.92 -10.48 -10.30
Wilarwald C 3 19.08.92 -10.47 -10.31
Wilerwald C 4 19.08.92 -10.47 -10.31
Wilerwald C 5 15.08.92 -10.48 -10.30
Wilarwald C 6 19.08.92 -10.44 -10.28
Wilerweld C 7 19.08.92 -10.45 -10.29
Wilarwald C8 19.08.92 -10.50 -10.34
Wilarwald C/d 19.08.92 ’ -10.52 -10.36
Wilerwald D 1 19.08.92 -10.39 10.23
Wilerwald D2 15.08.92 -10.51 -10.35
Wilarwald D 3 19.08.92 -10.585 -10.38
Wilerwald D 4 19.08.92 -10.43 10.27
Wilerwald D § 19.08.92 -10.41 -10.28
Wilerwald D6 19.08.92 -10.46 -10.30
Wilarwald D 7 19.08.92 1047 -10.31
Wilerwald E 4 . 15.08.92 -10.56 -10.40
Wilerwald F 4 19.08.92 -10.37 -10.21

Table 3C3 Isotopes analyses (O-18 and tritium) performed at the site, Emme and Burgdorf's precipitation.
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EntnDat TU +Err 180BE 18 O (SMOW)

Wilerwald F 6 19.08.92 -10.46 -10.30
Emme 26.09.92 258 +3.1 -10.46 -10.30
Zielabach 26.08.32 218 130 -10.55 -10.39
Wilerwald C 2 26.09.92 -10.49 -10.33
Wilerwald C 3 26.09.92 -10.45 -10.29
Wilerwald C 4 26.09.92 -10.50 -10.34
Wilerwald C5 26.09.92 -10.47 -10.31
Wilerwald C6 25.09.92 -10.45 -10.29
Wilerwald C 7 26.09.92 -10.44 -10.28
Wilerwald C 8 26.09.92 -10.47 -10.31
Wilerwald C/d 26.09.92 -10.47 -10.31
Wilarwald D 1 26.09.92 -10.43 -10.27
Wilerwald D 2 26.09.92 -10.54 -10.38
Wilerwald D 3 26.09.92 -10.59 -10.43
Wilerwald D 4 26.09.92 -10.43 -10.27
Wilerweld D 5 26.09.92 -10.36 -10.20
Wilerwald D 7 26.09.92 <10.48 «10.32
Wilarwald D& 26.09.92 -10.48 -10.32
Wilerweld E4 26.09.92 -10.59 -10.43
Wilerwald EP1 26.09.92 -10.40 -10.24
Wilerwald F4 26.09.92 -10.61 -10.45
Emme 09.11.92 20.2 £3.1 -10.85 -10.69
Ziglebach 09.11.92 185 129 -10.61 -10.45
Wilerweld C 2 09.11.92 -10.54 -10.38
Wilerweld C 3 09.11.92 -10.50 -10.34
Wilerweld C 4 09.11.92 -10.51 -10.35
Wilerwald C 5 09.11.92 -10.57 -10.41
Wilarwald C & 09.11.92 -10.54 -10.38
Wilerwald C 7 09.11.92 -10.54 -10.38
Wilerwald C 8 09.11.92 -10.54 -10.38
Wilerwald C/d 09.11.92 -10.51 -10.35
Wilerwaid D 1 09.11.92 -10.53 -10.37
Wilarwald D 2 09.11.92 -10.62 -10.46
Wilerwald D 3 09.11.92 «10.64 -10.48
Wilarwald D 4 09.11.92 -10.51 -10.35
Wilerwald D5 09.11.92 -10.54 +10.38
Wilerwald D7 09.11.92 10.55 -10.39
Wilerwald Dg 09.11.92 -10.56 -10.40
Wilerwald E4 09.11.92 -10.73 -10.57
Wilarwald EP1 09.11.92 -10.54 +10.38
Wilerweld Fa 09.11.92 -10.71 -10.55
Wilarwald F& 08.11.92 -10.53 -10.37
Emme 25.11.92 17.4 +3.0 -10.92 -10.76
Zialebach 25.11.92 191 3.0 -10.66 -10.50
Wilerwald C2 26.11.92 -10.44 -10.28
Wilerwald C3 25.11.92 -10.50 -10.34
wilerwald C 4 25.11.92 -10.48 -10.32
Wilerwald C5 25.11.92 -10.50 -10.34
Wilerwald C6 25.11.92 -10.53 -10.37
Wilerwald C7 26.11.92 -10.45 -10.28
Wilarwald C8 25.11.92 -10.43 1027
Wilerwald C/o 25.11.92 -10.43 -10.27
Wilerwald D 1 25.11.92 -10.47 -10.31
Wilgrwald D 2 25.11.92 10.57 <10.41

Table 3C3 Isotopes analyses (O-18 and tritium) performed at the site, Emme and Burgdorf's precipitation.
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EntnDat TU tErr 180 BE 18 O (SMOW)

Wilerwald D 3 26.11.92 -10.59 -10.43
Wilerwald D 4 256.11.82 -10.49 -10.33
Wilerwald D 5 . 25.11.92 -10.43 -10.27
Wilerwald D7 25.11.92 -10.45 -10.29
Wilerwald D6 25.11.92 -10.46 -10.30
Wilerweld E4 26.11.92 -10.57 -10.41
Wilerwald EP1 25.11.92 -10.49 -10.33
Wilerwaid F4 2511.92 -10.65 -10.49
Wilerwald F6 25.11.92 -10.48 -10.30
Emme 10.12.92 186 128 -10.90 -10.74
Zielebach 10.12.92 212 3.0 -10.68 -10.52
Wilerwald C 2 , 10.12.92 -10.43 -10.27
Wilerwald C 3 101292 -10.40 -10.24
Wilerwald C 4 10.12.92 -10.45 -10.29
Wilerwald C5 10:12.92 -1050 -10.34
Wilerwald C 6 10.12.92 -10.44 -10.28
Wilerwald C 7 10.12.92 -10.47 -10.31
Wilerwald C 8 10.12.92 -10.58 -10.42
Wilerwald C/d 10.12.92 -10.42 -10.26
Wilerweld D 1 10.12.92 -10.63 -10.47
Wilerwald D2 10.12.92 -10.69 -10.53
Wilerwald D 3 10.12.92 -10.60 -10.44
Wilorwald D4 10.12.92 -10.52 -10.36
Wilerwald D 5 10.12.892 -10.43 -10.27
Wilerwald D7 10.12.92 -10.40 -10.24
Wilerwald D8 10.12.92 -10.41 -10.25
Wilerwald E4 10.12.92 -10.51 -10.35
Wilerwald EP1 10.12.92 -10.42 -10.26
Wilerwald F4 10.12.92 -10.66 -10.50
Wilerwald F8 10.12.92 -10.41 -10.25

Table 3C3 Tsotopes analyses (O-18 and tritium) performed at the site, Emme and Burgdorf's precipitation.
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1992 TRACER EXPERIMENT RESULTS
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- 1992 tracer experiment .
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Table 3C4-12 Amidorhodamine G breakthrough curves at the observation wells D3, D2, & DI.

Amidorhodamine G : D gallery
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Spatial variability in porous aquifer properties.
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and groumdwater flow parameters.®
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133p., 74fig., 18 tabl., 3 append.
Abstract

Natural porous formations are guite heterogeneous and of a complex nature, with highly variable peometrical and hydraulic
properties. They are often important water reservoirs, very vulnerabie to contamination by agriculture or other pollution
sources. Therefore, tracer tests under field conditions, simulating contaminatien problems, have become of increasing
importance.

This work was developed on a test site - Wilerwald [canton Bern, Swiss Plateau] - equipped to perform tracer
experiments on posi glacial Holocene sandy gravels. Artificial u'acer tests had already been made, but gave results very
inconsistent with what had been expected
- In wells lving just 7 meters apart, differences of several orders of magnitudes in arrival times as well as in
concentrations were tbserved!
- Simultaneously, we repeatedly observed a deflecticn of the tracer, diverging from what was considered the main
direction of water flow.

In order to interpret solute transport in such formations, it is necessary to have sufficient information about the aquifer,
that is, about the mechanisms of Bow and about its structure and permeabdility distribution. Electromagnetical surveys* -
Radio Magnetoteiluric - Resistivity (RMT-R 12-240 kHz) and Very Low Frequency - Electromagnetic (VLF-EM) weré
fundamental for coilecting such detailed data, otherwise impossible to obtain, by classical geoelectrics or drilling.

We discovered a paieochannel, responsible for the above-mentioned deflection, as well as significant differences in
resistivities (and consequently in permesbilities) arcund each piezometer, thus plausihly explaining the erratic behaviour of
the tracers.

In November 1992, the last tracer campaign using classical dyes (Naphtionate, Uranin and Amidorhodamine) and
bacteriophages, once again confirmed the electromagnetic conclusions. Almost daily observations of the piezometric level,
performed simulianeously, exposed the spatial and temporal variations of the groundwater level, inducing each time new
directions and velocities of flow.

To interpret RMT-R raw data a new approach was used, based on the indirect relationship between resistivities and grain
size distribution. This is a rapid method for determining both the horizontal and vertical distribution of heterogeneities. It
differentiates the vertical distribution of layers and remstmues, and also defines the influence of the upper conductive
layer on the resistivity data.

According to the prevailing hete,rogeneiti_es a regional flow system can thus be differentiaied into local systems, each with
a different flow-line pattemn, a different residence time, of the water, and consequently different chemical properties. The
same applies to the test-sile scale, Some chemical analyses (conductivity , mitrate, sulphate, chloride determinations and
hardness ) were carried out : they showed only small differences hut quite significant ones.

The concentration of two water isotopes was meastred
- oxygen 18, to evaluate the respective contributions of rmnwaterandthcnverEmmetothe
renewal ofthe water reserves,
- Tritiom, to determine the residence-time of the water in the aquifer.

This work points cut:
1) the r¢al degree of heterogeneity of Wilerwald's quaternary formetion,
2) the importance of this factor in the evaluation of hydraulic parameters,
3) its implications for transport processes,
4) and the importance of electromagnetical methods for hydrogeological studies.

K

Porous aquifers, eleciromagnetics, heterogencities, piezometry, dyes, isotopes, waler chemistry, Swiss Plateau (Wilerwald),
Upper Rhine Valley (Merdingen, Germany).

*Thesis presented to the Science Faculty of the University of Neuchittel, for the gradé ofDocteur és Sciences, st November the 5 th, 1992,



