


UQAC

Université du Québec
a Chicoutimi

Approche hydr og®ophysi que pote@@islaquiféra d'un miieu dewdépot

quaternaire hétérogéne et anisotrope : exemple de la moraine de Saint -Narcisse

Par
Yan Lévesque

Sous la direction de M. Julien Walter et M. Romain Chesnaux

Th se pr®sent®e ~ |1 6Univer sdiaan®& due Qua®breec d'6 uth ipcroougtrial
conjointement avec | 6Universit® du Qu®bec Mont r ®:¢

Philosophiae Doctor (Ph.D.) en Sciences de |l a Terre et de | 06a
Jury :

Maxime Claprood, Professeur, Ph.D., UQAC, Président du Jury

Eric Rosa, Professeur, Ph.D., Université du Québec en Abitibi-Témiscamingue (UQAT), Membre
externe

Marie Larocque, Professeur, Ph.D., Université du Québec a Montréal (UQAM), Membre interne
Julien Walter, Professeur, Ph.D., UQAC, Directeur

Romain Chesnaux, Professeur, Ph.D., UQAC, Co-Directeur

Renée-Luce, Professeur, Ph.D., UQAC, Directricede!l 6 uni t ® des sciences

Québec, Canada

© Yan Lévesque, 2024

de | a T



RESUME

Les dépbts quaternaires hétérogenes et anisotropes tel que les moraines présentent une
importante variabilité spatiale de leur potentiel en eau souterraine. Bien qu'il existe des études
géologiques et hydrogéologiques sur ces dépbts, peu de méthodes efficaces permettent une
compréhension approfondie de leur potentiel en eau souterraine et de la circulation de I'eau au sein
de ces formations du Quaternaire. En effet, les milieux sédimentaires hétérogenes de sous-surface
sont composés d'une variété de sédiments tels que les tills, les argiles, les silts, les sables fins a
grossiers et les graviers, ce qui complexifie davantage la compréhension de leurs propriétés
hydrogéologiques et de leur potentiel en eau souterraine. La moraine de Saint-Narcisse constitue un
exemple d'environnement de dép6t quaternaire fortement hétérogéne et anisotrope, ce qui en fait un
cadre idéal pour ce projet de doctorat. La compréhension d e | 6hydrog®ol ogi e (st
piézométrie, propriétés hydrauliques, recharge) de tels dépbts quaternaires est limitée et nécessite
des efforts supplémentaires pour expliquer la compartimentalisation spatiale du potentiel en eau
souterraine au sein de certaines zones a l'intérieur dé udépbt quaternairet e | gudbune moraine

Pour répondre a cette exigence, le développement de nouvelles approches méthodologiques
et d'outils d'investigation novateurs est essentiel pour estimer plus précisément le potentiel en eau
souterraine des dépbts quaternaires. Les méthodologies utilisées pour générer chacun de ces outils
d'investigation sont diverses, mais l'intégration de données géophysiques, telles que les relevés TEM,
TRE et GPR, s'est avérée cruciale pour compléter les informations directes provenant des forages.
Cette intégration des données géophysiques a facilité la corrélation entre les données
stratigraphiques et piézométriques, ouvrant la voie a une modélisation numérique plus précise, ainsi
qu'a une caractérisation et une évaluation plus juste du potentiel en eau souterraine des aquiferes
granulaires régionaux. Ces méthodes géophysiques, surtout lorsqu'elles sont combinées, ont
démontré leur capacité a fournir un ensemble de données plus étendu et mieux réparti pour la
mod®Il i sat i orégionale.lCha@ue mé&Hode@ossede ses avantages et inconvénients, et leur
combinaison contribue indéniablement & réduire les erreurs potentielles liées aux données indirectes.

Les résultats et les contributions importantes de cette étude sont (1) Une corrélation entre
les données géophysiques, stratigraphiques et piézométriques, permettant ainsi la caractérisation
des aquiféres granulaires régionaux en termes de stratigraphie, de géométrie, d'épaisseur et
d'étendue. (2) Une charte des valeurs de résistivité électrique englobant des gammes de résistivité
applicables a quatorze catégories de sédiments, tant saturés que non saturés, dont sept n'ont pas
fait 'objet d'études antérieures. Les résultats de cette investigation fournissent aux scientifiques et
praticiens des données plus précises sur la résistivité électrique d'une gamme étendue de sédiments,
qu'ils soient saturés ou non saturés. (3) L'utilisation de données géophysiques avec des méthodes
combinées pour une évaluation plus juste des niveaux d'eau dans un aquifere non confiné en milieu
granulaire. Grace a une approche de modélisation discréte, cette étude démontre la comparabilité
entre les niveaux d'eau souterrains estimés par les méthodes géophysiques et ceux obtenus par
observation directe telles que les forages et les levés piézométriques. Les résultats soulignent la
complémentarité des données géophysiques avec les observations directes, fournissant ainsi des
informations hydrauliques supplémentaires pour les modélisateurs hydrologiques. (4) La calibration
des modeles numériques d'écoulement en recourant a des données géophysiques. Cette méthode
présente l'avantage d'optimiser les parameétres hydrauliques de maniere économique, rapide et
exhaustive. Suite a la calibration, le modélisateur est en mesure d'identifier de nouveaux parametres
hydraul i ques, m° me dans | es zones du mod |l e o% il n
améliorer la justesse et la fiabilité des modéles d'écoulement, tout en réduisant les colts et les délais
associés a la collecte de données.

L'expansion de ces outils dbéinvestigations =~ d'a
permettra une compréhension plus holistique des réserves d'eau souterraine, soutenant ainsi le
développement de stratégies de protection adaptées a chaque contexte géographique. Cette étude
met en évidence le role croissant de la géophysique dans la caractérisation des aquiferes et



I'évaluation de leur potentiel en eau souterraine, offrant une alternative peu colteuse, non

destructive, rapide, robuste et efficace par rapport aux méthodes d'observation directe. Bien que les

approches et les outils d'investigation utilisés dans cette thése ne soient pas originaux en eux-

m° me s , | eur combinaison sp®cifique po quaterhaibe®@stude du
novatrice, apportant wune nouvelle perspective ° | a
en nappe |ibre ™ | 6®chelle r®gionale.
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INTRODUCTION

En 2008, |l e Gouvernement du Qu®bec a d®ci d® d
ddacquisition de connaissances sur l es eaux sou
visaient a dresser un apercu réaliste et concret des ressources en eaux souterraines des
territoires municipalis®s du Qu®bec m®ridional d e
pérennité (Chesnaux et Elliott 2011, Cloutier et al. 2011, 2013, 2015, Ouellet et al. 2011,

Rouleau et al. 2012, Carrier et al. 2013, Larocque et al. 2015, Montcoudiol et al. 2015, Nadeau
et al. 2015, 2018, 2021, Laplante 2021, Walter et al. 2022, Delisle 2022, Gagné et al. 2022,
Larocque 2023). Depuis 2009, le PACES a permis de subventionner dix-huit projets sur le
territoire municipalisé du Québec, dont 13 ont été déja complétés et 5 autres ont été terminés
en 2022. A partir des données existantes et nouvellement acquises, le présent projet de
doctorat soO6ins re en partie dans | e-ciponsttgeum mme de

catalyseur pour la réalisationd 6 ®t udes plus approfondies afin dobéa

eaux souterraines et de développer des outils hydrogéologiques au Québec.

Dans | 0est,laglupariGlasmdépdtsade surface sont hérités de la derniere phase
de glaciation du Wisconsinien (entre ~ 24 et 14 ka BP). Durant cette glaciation, la calotte polaire
Laurentidienne (Laurentidian Ice Sheet : LIS) recouvrait la majeure partie du Canada et pouvait
méme atteindre des épaisseurs de 5 kms a certains endroits (Dyke et Prest 1987, Dyke 2004,
Evans 2005, Benn et Evans 2010, Margold et al. 2015, Stokes 2017, Lévesque et al. 2019,
Brouard et al. 2021, McMartin et al. 2021, Godbout et al. 2023). Cet inlandsis était une masse
de glace en mouvement qui broyait, arrachait et transportait la roche pour créer des dépots
glaciaires (c.-a-d. tills) constitués majoritairement de diamictons. Lors de ses avancées et ses
reculs dus aux variations climatiques, la LIS a laissé sur place de nombreuses moraines
frontales, sorte de longs cordons composés de sédiments quaternaires (p. ex., sédiments
fluvioglaciaires, juxtaglaciaires (tills de fond, tills d'ablation et de fusion), glaciomarins et
glaciolacustres) ~ onb&évaissees sut placelbrsaadu deenier cgcle deq u i

déglaciation (Evans 2005, Benn et Evans 2010, Landry et al. 2012).



Parmi les nombreuses moraines retrouvées au Québec, la moraine de Saint-Narcisse
constitue une des plus |l ongues moraines frontal es
territoire 7 -Bsthdansiledadre QUMPAQESIi2@L8-2022. Celle-c i dont | 60©ge
situe entre 12,7-12,4 cal. ka BP (Daigneault et Occhietti 2006) est une formation majeure qui

s 0®t enaht-Yiem@®&on au Qu®bec | usgOnfadouBtle eGleaésultat duL a c s

retrait de | dinlandsis apr s une p®r i(Raergetde refr
Occhietti 1988, 1999, Simard et al. 2003, Daigneault et Occhietti 2006, Occhietti 2007) et son

épaisseur peut atteindre jusqu'a 100 métres, méme si elle varie généralement entre 1 et 20

meétres localement (Occhietti 1977, 1980, 2007). Selon Occhietti (2007), la moraine de Saint-

Narcisse est composée de dépbts quaternaires tels que des dépdts glaciomarins proximaux,

des dépébts fluvioglaciaires et juxtaglaciaires, des tills et des argiles marines remaniées au

niveau de la basse vallée du Saint-Maurice (Parent et Occhietti 1988, 1999, Occhietti et al.

2001, Simard et al. 2003). Ces imbrications et ces superpositions de couches sédimentaires

ddédor i gi esmeuventadeverdr trés morcelées en profondeur et générer ainsi une

importante hétérogénéité dans | a mor ai ne, ce qui congbm ekauonne | &
souterraine. A l'intérieur de la moraine, les sédiments se caractérisent généralement par des

dépdts chaotiques glaciaires présentant localement un tri pauvre et donc, de faibles

conductivités hydrauliques et transmissivités. Des zones de sables et graviers bien triés ont

également été observées (Occhietti 1977, 2007, Girard 2001, Daigneault and Occhietti 2006)

et elles constituent des aquiféres potentiellement intéressants. Lorsqu'elles sont exposées a

la surface de la moraine, ces unités perméables peuvent également constituer des zones de

recharge (Fagnan 1998).

La moraine de Saint-Narcisse offre un cadre adéquat a ce projet doctoral. Ce site permet
de développer une approche méthodologique et des outils d 6 i n v e sadaptsau besain
de | 6 hy drpougniieux évajuer ée potentiel aquifere des milieux de dépbts quaternaires
fortement hétérogénes et anisotropes. Le potentiel aquifére, également appelé potentiel en

eau souterraine, référe a la capacité d'un milieu a se recharger, a fournir de I'eau par unité de



volume (c.-a-d., le coefficient d'emmagasinement), et a se laisser traverser par un fluide (c.-a-

d., la perméabilité intrinséque du milieu).

1) PROBLEMATIQUE

D0 a son potentiel aquifére, la moraine de Saint-Narcisse est localement exploitée a des fins

déali mentation en eau potabl e pa-Est(p.ley,sSaetur s mun
Narcisse, Saint-Prosper, Saint-Maurice, Sainte-Geneviéve-de-Batiscan). L6 i mport ant e
variabilité spatiale observée dans les dép6ts quaternaires (Occhietti 1977, 2007, Sharpe et al.

2003, Bajc et al. 2014, Burt 2018) am n e - s e demander comment I
| 6h®t ®r og®n®i t ® de ces ddqiéretdsd umaen tnrolrlad mte .| eC e d tee 1
spatiale en profondeur augmente la difficulté de compréhension du potentiel aquifére, de

m°® me que | 6absenc e ded paramaresmyaiogesiayiguesegsi contrblent les

vol umes d &e tgpe deddépdts quaternaires. De plus, cette forte variabilité spatiale
(hétérogénéité) des couches sédimentaires génére possiblement des e f f e tchelled 6 ®
prononcés, comme cela a été documenté par de nombreux auteurs (Schulzeaviakuch et

al. 1999, Vogel et Roth 2003, Nastev et al. 2004, Chapuis et al. 2005, Chesnaux et Elliot 2011).

Le gradient hydraulique et les tenseurs de perméabilité seront trés influencés par

| 6h®t ®r og®n®it® de | 6agqui fCetteehétérogéndité est @®ésente u r de |
localement en profondeur, mais latéralement, elle se manifeste également a I'échelle régionale

en raison de la compartimentalisation des dépots, entrainant ainsi une compartimentalisation

hydraulique a I'échelle régionale. L 6 ® v a | @ ka tapazité aghifére de la formation est donc

directement lice a | 6 ®v a | u apropriétés hylmgéologiques et a la compréhension du

contexte géomorphologique local lors de la mise en place des dépdts quaternaires

(Bajc et al. 2014, Richard et al. 2014, Arnaud et al. 2017).

Des approches fondamentalement différentes pour modéliser les relations hydro-
géophysiques, telles que la représentation de la variabilité et de l'incertitude des parametres

hydrauliques dans des aquiferes hétérogenes, impliquent I'application de techniques

3



géostatistiques. L'utilisation de ces méthodes est souvent essentielle pour optimiser les
informations disponibles et évaluer la variabilité et l'incertitude dans la modélisation de tout
type de réservoirs. Ces méthodes géostatistiques sont couramment appliquées aux champs
de parametres a grande échelle régionale dans les industries pétrolieres et minieres, et elles
se prétent naturellement a l'assimilation de données ayant différents degrés de résolution et

de fiabilité.

Contrairement aux expressions théoriques ou empiriques, les techniques statistiques sont plus
flexibles et nécessitent moins de connaissances géologiques préalables. Les méthodes
statistiques proposées pour définir des relations hydro-géophysiques complexes incluent les
modéles de régression linéaire normale (Chen et al. 2001), les réseaux de neurones atrtificiels
(Saemi et al. 2007, Karimpouli et al. 2010), l'intégration de données hydrologiques et
géophysiques a grande échelle, et les machines a vecteurs de support (Al-Anazi et Gates
2010, Helmy et al. 2010). L'approche stochastique est également bien adaptée pour modéliser
les parametres hydrologiques en intégrant différentes données géophysiques. Par exemple,
les méthodes de clustering (Paasche et al. 2006, Gloaguen et al. 2007), la simulation
bayésienne et les techniques de simulation conditionnelle (Tronicke et Holliger 2005, Ruggeri
etal. 2013a, 2013b, Nussbaumer et al. 2020, Santos et al. 2024) présentent le grand avantage
d'étre flexibles car elles ne nécessitent aucune relation pétrophysique préalable et permettent
I'intégration de toutes les données hydrogéologiques connues dans le modeéle. Dans ce projet
doctoral, nous n'avons pas recours aux technigues avancées de géostatistique, mais nous
restons conformes aux méthodes standards couramment utilisées via une relation

pétrophysique locale et empirique.

Le potenti el aquif re doéune mor a(Russell enal. ®O8 abor de¢
Sharpe et al. 2003, Bajc et al. 2014, Burt 2018, Légaré-Couture et al. 2018). Cependant, rares
sont les apports scientifiques quiontper mi s | aooat ®hsi doi aféeiestd AT aAlownes

avec une plus grande précision le potentiel aquifere réel de ce type de dépdt quaternaire

fortement hétérogénea | 6 ® c h e | IDes raci®ghewrécantes semblent s'engager dans
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cette direction en proposant de nouvelles méthodes et outils d'investigation pour évaluer plus
précisément le potentiel aquifere des dépbts quaternaires a I'échelle régionale (Sattel et
Kgotlhang 2004, Knight et al. 2018, Nadeau et al. 2015, 2018, 2021). Cependant, des efforts

supplémentaires sont nécessaires pour combler cette lacune.

En outre, les modeles conceptuels hydrogéologiques construits sur les moraines
guébécoises, ontariennes et ailleurs dans le monde, se concentrent essentiellement sur
| 6aspect st (Rusgel efal 4998, Shanpeset al. 2003, Bajc et al. 2014, Burt 2018,

Légaré-Couture et al. 2018). Les parameétres hydrogéologiques qui contrdlent les volumes

déepukes directions dé®coul ement et Igeernané&c ani s me

sont souvent évalués de fagcon sommaire et basée sur une caractérisation globale des grands
aquiferes et aquitards présents (Occhietti 1977, 2007, Ross et al. 2005, Bajc et al. 2014,
Arnaud et al. 2017, Burt 2018, Légaré-Couture et al. 2018). Par exemple, la cartographie
hydrogéologique régionale de nombreuses entités géologiques telles que les moraines semble
souffrir doéun man glubea tdteda fdursRpotensals emeaud sonterraines et

des propriétés hydrogéologiques de leurs dépdts de surface et de sous-surface. En effet,

| 6utilisation du terme aquif re poararceetypesd ®plt s |

de dépbdtsnecontiennent pas n®cessairement une (soatpatfdist ® dobeal

asséchés et en réalité, leurs potentiels aquiféeres réels sont faibles, surtout si leurs recharges
sont limitées. Bien que certains auteurs aient décrit de maniére plus précise les dépbts de
surface etdesous-sur f ace doéune r ®gi on, aidruin eq u e gli
(Nadeau et al. 2015, 2018), de nombreux auteurs considérent les dépodts de sédiments
granulaires comme des systéemes aquiféres et décrivent I'ensemble d'une moraine comme un
aquiféere granulaire dans son ensemble, une généralisation souvent incorrecte (Barnett et al.
1998, Sharpe et al. 2003, Ross et al. 2005, Bajc et al. 2014, Arnaud et al. 2017, Burt 2018,
Légaré-Couture etal. 2018). D6 a u t r e ssuggérdntequertosit type de sédiments fins (c.-a-
d. silts et argiles) et glaciaires (c.-a-d. tills) sont des aquitards ou des aquicludes, et que toute
autre sorte de sédiments granulaires (c.-a-d. sables et graviers), de roches cristallines (c.-a-d.

ignées et métamorphiques) et méme tous types de sédiments indifférenciés sont

5
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automatiqguement classifiés comme étant des aquiféres (Barnett et al. 1998, Ross et al. 2005,
Bajc et al. 2014, Burt 2018). Par exemple, pour délimiter les entités hydrogéologiques, les
chercheurs ont élaboré des protocoles impliquant la simplification, parfois excessive, de
I'hétérogénéité naturelle des dépbts a une échelle sous-régionale, c'est-a-dire a I'échelle de
I'entité hydrogéologique. Cette homogénéisation est particulierement vraie pour les dépbts de
surface, d'autant plus que la légende actuelle des cartes produites par le ministére des
Ressources naturelles et de la Forét correspond a une légende basée sur la genése des
dépbdts (p. ex., glaciaire, fluvioglaciaire, glaciomarin) et n'est en aucun cas descriptive (c.-a-d.,

les caractéristiques physiques des dépbét s t e | gue |l e silt, I e sable, |

Cette classification, qui ne précise pas le niveau de capacité aquifére réel génere de
nombreuses contradictions. De plus, méme si les moraines sont souvent composées en
grande partie de tills, le terme de moraine ne se rapporte pas a une composition
granulométrique, mais plutot a la forme et a la genése du dépét (Evans 2005, Benn et Evans
2010, Landry et al. 2012). Cetypedeclassif i cat i on cartographique est,
notori ®t ® publ i que et couramment ut i l.iCGe® dans
simplifications ne reflétent malheureusement pas le potentiel réel en eaux souterraines de la

plupart, voire de la majorité des dépbts du Quaternaire.

Afin de déterminer la stratigraphie et d'évaluer le potentiel aquiféere des dépbts
morainiques, plusieurs études ont été réalisées dans le but de développer des modéles
conceptuels. Cependant, ces modéles présentent généralement des limitations en termes de
détails stratigraphiques et hydrogéol ogi ques, c¢ce qui rend difficile |
couches sédimentaires imbriquées en profondeur. Par conséquent, I'estimation du potentiel en
eau souterraine manque souvent de justesse et ne permet pas de déterminer la géométrie,
I'épaisseur et I'étendue de l'aquifere. Pour remédier & ces lacunes, de nouveaux outils
hydrogéologiques ainsi que de nouvelles méthodologies doivent étre développées. Ces
méthodes doivent impérativement permettre de générer des modélisations numériques

approfondies reposant sur un ensemble de données conséquent. Ces modélisations 3D



permettront d'améliorer la compréhension des caractéristiques stratigraphiques des dépdts
morainiques, de préciser les limites des couches sédimentaires imbriquées en profondeur et
d'obtenir une estimation plus précise du potentiel en eau souterraine. Ces nouvelles approches
contribueront a combler les lacunes existantes et a favoriser une meilleure exploration et

gestion des ressources aquifere (Nadeau et al. 2015, 2018, 2021, Knight et al. 2018).

La profondeur de la nappe (c-a-d., la piézométrie) est une autre donnée essentielle
rarement considérée. Une différenciation entre les sédiments saturés et non saturés est
pourtant essentielle afin de déterminer la profondeur de la nappe d'eau souterraine (et donc
de laquifere) a I'échelle régionale (Daigneault et Occhietti 2006, Occhietti 2007,
Bajc et al. 2014, Burt 2018, Légaré-Couture et al. 2018). Au Québec, la stratigraphie interne
de la moraine de Saint-Narcisse a été étudiée principalement par Occhietti et al. (1977, 1980,
2001, 2007), Daigneault et Occhietti (2006), Girard (2001), Parent et Occhietti (1988, 1999) et

Simard et al. (2003).

Bien qudil e X i s tmedélesrcenceptuels etidd rappcets geaogiques et
hydrogéologiques concernant les dépdts quaternaires, il existe peu dobéout il s d'inve:
spécialisés afin de mieux déterminer et comprendre leur potentiel aquifere™ | 6 ®c hel | e 1 ®gi ¢
leurs caractéristiqgues hydrogéologiques internes, ai nsi que | e chemi nemen

| 6int®rieur de ces d®plts f otbLacempehensiohd®@syddémeg nes e
aquifere des dépdts quaternaires et des moraines est déficiente et nécessite un effort

suppl ®ment aire afin de d®ter mi ner pes dépagsisani certai
de bons aquiferes (en ter me de recharge, coefficient d o e
spécifique) et perméabilité intrinséque)al or s que do6aut Cetsétudespropose sont p:
des méthodes de caractérisation hydrogéologique robustes conduisant a la modélisation

num®r i que des ®coul e me a mandré colit,dhh@amment énaitiisar® @i on a l

géophysique.



2) OBJECTIFS

Ce travail de recherche vise a améliorer la compréhension de la capacité aquifére au
sein d'un environnement de dépét quaternaire hétérogéne et a développer des outils
d'investigation spécialisés et de nouvelles méthodes de caractérisation des eaux souterraines

dans ces milieux. Afin d'y parvenir, les étapes et les objectifs suivants ont d( étre atteints :

1) Définir la stratigraphie et le contexte géologique du systeme aquifere de la

moraine de Saint-Narcisse.

2) Etablir des relations entre les propriétés hydrogéologiques de la moraine et les

caractéristiques physiques du sol en ayant recours a des techniques de mesures indirectes.

3) Acquérir une meilleure compréhension des unités hydrogéologiques, du potentiel
en eau souterraine et des propriétés hydrauliques des systémes aquiféeres dans des
environnements de dépbts quaternaires hétérogénes et anisotropes en utilisant de nouveaux

outils d'investigation.

4) Elaborer des approches innovantes de modélisation numérique qui intégrent les
données géophysiques afin d'améliorer la caractérisation et I'évaluation du potentiel en eau

souterraine d'un aquifére granulaire régional.

En atteignant ces objectifs, cette recherche permettra d'améliorer la compréhension des
ressources en eau souterraine au sein des dépdts quaternaires hétérogenes, et fournira des
informations précieuses pour une gestion durable et une utilisation optimale de ces systemes

aquiferes.

L 6 o b jprencipalidd cette these est donc de développer une approche méthodologique
afin dbéestimer | e pot ent igudternaire bétéfogeneest adisotmope.
Afin d'y parvenir, plusieurs outils d'investigation pour déterminer le potentiel en eau souterraine

ont été développés. Ces outils sont basés essentiellement sur une approche géophysique



couplée avec des données de forages et des données piézométriques. Des modeles
numériques en trois dimensions ont également été développés et mis a contribution afin de

développer ces nouveaux outils.

Ces outils d'investigation comprennent (1) une approche hydrogéophysique qui permet
de corréler les informations stratigraphiques et piézométriques, et de caractériser les aquiferes
granulaires régionaux en termes de stratigraphie, de géométrie, d'épaisseur et d'étendue;
(2) une charte des valeurs de résistivité électrique applicables a quatorze classes de sédiments
saturés etnonsaturésdans | 6 e s t; (3iune apmache deamodélisation discrete qui
me t de | 6avant Il "utilisation de donn®es g®ophys
niveaux d'eau dans un aquifere granulaire a nappe libre. Les résultats suggérant que les
niveaux d'eau souterraines estimés a l'aide des méthodes géophysiques sont comparables a
ceux déterminés par observation directe dans des forages et lors des levés piézomeétriques.
(4) une approche de calibrationdes mod | es num®riques do®coul emer
géophysiques. Les approches 3 et 4 fournissent des informations hydrauliques
supplémentaires aux modélisateurs hydrogéologiques et permettent d'optimiser des

parameétres hydrauligues a moindre co(t et avec une acquisition de données plus rapide et

plus compléte comparativement aux forages.

3) STRUCTURE DE LA THESE

Le contenu de cette thése est organisé en cing chapitres. Le chapitre 1 vise a présenter
une vue d'ensemble générale du projet d'acquisition de connaissances sur les eaux
souterraines (PACES) réalisé sur le territoire de I'est de la Mauricie. Il donne un apercu général
de la région d'étude, ainsi que des outils d'investigation et des méthodologies qui sont
proposés dans les quatre autres articles produits dans le cadre de ce doctorat. Ce chapitre

fournit donc des informations substantielles sur la caractérisation des aquiferes et de leurs



environnements géologiques, afin de mieux gérer et protéger les ressources en eaux
souterraines.

Le chapitre 2 constitue le premier outil d'investigation développé dans cette approche
méthodologique visant a améliorer I'évaluation du potentiel aquifere dans des milieux de
dépdts quaternaires hétérogénes et anisotropes. Etant donné que les contextes géologiques
qui ont des lacunes en termes d'informations stratigraphiques et piézométriques sont
initialement difficiles a cartographier sur le plan hydrogéologique, ce chapitre propose une
approche permettant de caractériser un aquifere régional en utilisant des données
géophysiques (Transient ElectroMagnetic surveys - levés électromagnétiques transitoires
(TEM)). Cette approche permet de corréler les informations stratigraphiques et piézométriques
et de caractériser les aquiféres granulaires régionaux en termes de stratigraphie, de géométrie,
d'épaisseur et d'étendue.

Le chapitre 3 constitue le deuxieme outil d'investigation développé dans cette
approche méthodologique. Il propose une charte des valeurs de résistivité électrique
comprenant des plages de résistivité applicables a quatorze catégories de sédiments saturés
et non saturés au Québec, dont sept, a notre connaissance, n'ont pas été incluses dans des
études antérieures. Parmi ces classes de sédiments nouvellement considérées, nous trouvons
les argiles limoneuses, les argiles avec du sable/gravier/cailloux, les silts argileux non saturés
avec du sable, les sables limoneux saturés et non saturés, ainsi que les sables argileux saturés
et non saturés avec du gravier. Les résultats de cette étude fournissent aux scientifiques et
aux praticiens des caractéristiques précises de la résistivité électrique d'une vaste gamme de
sédiments saturés et non saturés. Ces informations permettent une évaluation plus précise
des ressources en eau souterraine, offrant ainsi des avantages importants pour les études
hydrogéologiques et la gestion des ressources en eau.

Le chapitre 4 de cette thése constitue le troisieme outil d'investigation et met en avant
I'utilisation de données géophysiques pour une détermination précise des niveaux d'eau dans
un aquifére granulaire a nappe libre. Grace a une approche de modélisation discréte, cette

N

étude suggere que les niveaux d'eau souterraines estimés a l'aide des méthodes
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géophysiques sont comparables a ceux obtenus par observation directe. Les résultats mettent
en évidence comment les données géophysiques peuvent compléter les observations directes,
telles que les forages et les levés piézométriques, afin de fournir des informations hydrauliques
supplémentaires aux modélisateurs hydrologiques.

Le chapitre 5 constitue le quatriéme outil d'investigation, proposant une approche
novatrice pour la calibration des modéles numériques dé ® ¢ o u | enmidisarit des données
géophysiques. Cette approche offre I'avantage d'optimiser les paramétres hydrauliques a
moindre codt et avec une acquisition de données plus rapide et plus exhaustive. Aprés la
calibration, le modélisateur est également en mesure d'identifier plus aisément de nouveaux
parameétres hydrauliques dans les zones du modeéle qui en avait aucun. Cette méthode permet
ainsi d'améliorer la précision et la fiabilité des modéeles d'écoulement tout en réduisant les colts
et les délais associés a la collecte de données.

Les chapitres quatre et cing apportent des contributions précieuses a la communauté
des modélisateurs en hydrogéologie en proposant de nouveaux outils pour améliorer les
modéles numériques d'écoulement a I'échelle régionale. Ces outils sont cruciaux pour une
gestion appropriée des ressources en eau souterraine, tant au Québec et au Canada qu'a
I'échelle mondiale. Ainsi, les méthodes géophysiques se présentent comme une alternative
peu codteuse, non destructive, rapide, robuste et efficace par rapport aux méthodes
d'observation directes. Elles permettent de caractériser avec précision les niveaux d'eau, les
dimensions internes et la variabilité stratigraphique des aquiféres non confinés dans des
régions ou les données sont limitées. En conséquence, les méthodes géophysiques offrent
une évaluation plus précise des ressources en eau souterraine, tout en étant rapides et plus
économiques par rapport aux méthodes traditionnelles. Ces avancées contribuent ainsi a une
meilleure gestion des ressources en eau souterraine, en particulier dans les régions ou les
données sont rares ou limitées.

Les chapitres 1,2,3,4et 5 font | 6objet de gontpréséngat i ons
dans cette th se saentfiques évalmes pades paird. i d_ 16 eag(chapitel e 1

1) a été publié dans la Revue canadienne des ressources hydriques (Canadian Water

11



Resources Journal i IF: 2)le 26 juillet2023.Ldar t i cl e 2 ( ¢ h adagnslamewe 2)

Geosciences (IF : 3,03) en octobre 2021. L 6 a r 3 (chapitre 3) a été publié dans la revue
Environmental Earth Sciences (IF : 3,15) le ler juin 2023. L drticle quatre (chapitre 4) a été
publié dans la revue Hydrogeology Journal (IF : 3,18) en janvier 2023.Fi nal ement ,
(chapitres 5) sera soumis prochainement dans la revue Environmental Earth Sciences (IF :

3,15).
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CHAPITRE 1
MULTITECHNIQUE APPROACH FOR CHARACTERIZING THE HYDROGEOLOGY OF
AQUIFER SYSTEMS: APPLICATION TO THE MAURICIE REGION OF QUEBEC,

CANADA

Le chapitre 1 de cette these est présenté sous forme d'article scientifique et vise a
dresser un portrait général du projet d'acquisition de connaissances sur les eaux souterraines
(PACES) réalisé sur le territoire de I'est de la Mauricie. Le PACES a permis de développer des
méthodes de caractérisation des eaux souterraines pour fournir un apercu global de la
ressource en eau dans l'est de la Mauricie. Il a notamment contribué de maniére significative
a l'accroissement des connaissances sur les eaux souterraines de la province de Québec en
développant de nouveaux outils et de nouvelles méthodes d'investigation. Celles-ci fournissent
des informations sur les unités hydrogéologiques, permettant ainsi d'établir un profil des

principaux parametres hydrauliques caractérisant les aquiféres présents sur le territoire.

Ce chapitre donne donc un apercu général de la région d'étude, ainsi que des outils et
des méthodologies qui sont proposés dans les quatre autres articles produits dans le cadre de
ce doctorat. Ce chapitre fournit donc des informations substantielles sur la caractérisation des
aquiferes et de leurs environnements géologiques, afin de mieux gérer et protéger les

ressources en eaux souterraines au Québec et au Canada.

Le présent article a été soumis dans la Revue canadienne des ressources hydriques
(Canadian Water Resources Journal i IF : 2) le 24 novembre 2022 et publié le 26 juillet 2023.

https://doi.org/10.1080/07011784.2023.2234864
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1.1 ABSTRACT

The Groundwater Knowl edge Acqui sition
connaissances sur les eaux souterraines, PACES) in eastern Mauricie, Québec, aimed to
develop multiple groundwater characterization methods and provided a more comprehensive
portrait of this resource across the region. The proper management and protection of regional
groundwater require an accurate characterization and detailed description of regional aquifers.

Here, a comprehensive summary is presented, showcasing the amalgamation of specialized
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investigation tools and diverse groundwater characterization methods developed throughout
the Eastern Mauricie PACES project. This holistic approach unveils valuable insights into
hydrogeological units while identifying the crucial parameters that define the regional aquifers.
Information related to groundwater surface or subsurface distribution is presented through
comprehensive thematic maps, stratigraphic sections, 3D fence diagrams, novel geophysical
techniques, conceptual models, and numerical modeling. Integrating a comprehensive spatially
referenced database, targeted subregional studies, and peer-reviewed research has
significantly enhanced our understanding of regional groundwater. This paper offers
substantial information on regional aquifers and their surrounding geology. The approach
developed during the eastern Maurice PACES project will serve to better manage and protect

groundwater resources in Québec and elsewhere.

Le projet d'acquisition de connaissances sur les eaux souterraines (PACES) réalisé
sur le territoire de I'est de la Mauricie a permis de développer des méthodes de caractérisation
des eaux souterraines pour fournir un portrait global de cette ressource. Afin de mieux gérer
et protéger les eaux souterraines du territoired e | 6 est de | a Mauri ci

®valuation des aquif res r®gionaux s'i mpos
la Mauricie a contribué de maniere significative a I'accroissement des connaissances sur les
eaux souterraines de la province de Québec en développant de nouveaux outils et de
nouvelles méthodes d'investigation qui fournissent des informations adéquates sur les unités
hydrogéologiques, permettant ainsi d'établir un profil des principaux parametres caractérisant
les aquiféres présents sur le territoire. Les principaux résultats du PACES fournissent des
informations adéquates sur la distribution des eaux souterraines en surface et en sous-surface,
tels que des cartes thématiques, des sections stratigraphiques, des diagrammes barrieres, des
nouvelles techniques de géophysique, des modéles conceptuels et des modélisations
numériques. Grace a une base de données géospatiale et des recherches collatérales, ce

document fournit des informations substantielles sur la caractérisation des aquiféres et leurs

environnements géologiques pour mieux gérer et protéger les ressources en eaux souterraines
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au Québec et au Canada. Cet article résume également les principaux résultats du projet et
les particularités des principaux aquif r es de | a r ®gion de | 06est
Keywords: eastern Mauricie, geospatial database, groundwater resources,

investigation tools and methods, thematic maps

1.2 INTRODUCTION

In southern Québec, groundwater supplies 90% of the municipal territory, where over
two million people rely on groundwater for their drinking water supply (Larocque et al. 2018).
As this resource is vulnerable to contamination, a wide-scale integrated portrait of existing
groundwater resources is essential to ensure effective and sustainable groundwater
management. Nonetheless, information related to groundwater system functioning and the
quantity and quality of groundwater within aquifers has remained fragmentary over a large part
of the province of Québec, Canada. To address this critical information gap in southern
Québec, the Québec Ministry of the Environment (Ministére de I'Environnement et de la Lutte

contre les Changements Climatiques, MELCC) implemented the Groundwater Knowledge

de | a

Acquisition Program (Pr ogr amme dbéacqui sition de connaissance

PACES) in 2008. Québec universities undertook the multifaceted PACES program to develop
multiple approaches to investigate groundwater and aquifers and provide an integrated portrait
of groundwater resources for 13 inhabited territories in Québec (Chesnaux et al. 2011,
Cloutier et al. 2011, 2013, Rouleau et al. 2012, Gogorza et al. 2012, Larocque et al. 2015,
Montcoudiol et al. 2015, Nadeau et al. 2015, 2018, 2021, Turgeon et al. 2018,
Walter et al. 2018, 2022, Ferroud 2018, Ferroud et al. 2019, Boumaiza et al. 2020, 2022,
Labrecque et al. 2020, Laplante 2021, Delisle 2022, Gagné et al. 2022, Larocque 2023). The
hydrogeol ogy research group of the Centre

the Université du Québec a Chicoutimi (UQAC) was mandated by the MELCC to acquire and
consolidate knowledge relating to the groundwater resources of the municipal territories of
Lanaudiére, the eastern Mauricie, and central North Shore (CERM-PACES 2022b; 2022a;

Lambert et al. 2022). This project was undertaken between 2018 and 2022. These studied
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territories, when combined with territories under the mandate of other hydrogeology research
groups, completed the portrait of groundwater resource knowledge for the municipal territories
of Québec. In this paper, the key findings and outcomes of the eastern Mauricie portion of this
PACES project are presented; the full results for this and the two other regions (Lanaudiere
and central North Shore) are described in the CERM-PACES final report (Lambert et al. 2022).
The characteristics and distribution in eastern Mauricie were partially known through previous
hydrogeological studies. Various public and private organizations had stored hydrogeological
data (e.g., well logs, borehole data as mainly logs and stratigraphic descriptions),
hydrogeological studies, and geophysical data) acquired from private consulting firms,
municipalities, and government agencies. These data had already been exploited; however,
they remained largely underused, and their difficult access for hydrogeologists and land-use
managers prevented the comprehensive knowledge of regional hydrogeological units and their
subsurface distribution in eastern Mauricie. Consequently, several hydrogeological studies had
limited application at a regional scale because they were local in scope and scale (Denis 1974,
Occhietti 1977, 2007, Occhietti et al. 1982, McCormack 1983). These past studies often noted
the good aquifer potential of the surficial and near-surface sediments in the eastern Mauricie
region, but they sometimes lacked a solid database or specialized tools to characterize and
locate these regional aquifers with greater accuracy (Denis 1974, McCormack 1983,
Légaré Couture et al. 2018). Despite these preliminary attempts to map and characterize
regional aquifers, there remained a lack of data, tools, and comprehensive knowledge to better
assess the groundwater resources in eastern Mauricie. To effectively manage and protect
groundwater resources in the region, it was determined that a more thorough characterization
and assessment of regional aquifers were needed. The primary objectives of the eastern
Mauricie PACES project were to (1) develop and optimize a comprehensive geospatial
groundwater database; and (2) produce a combination of specialized investigation tools and
multiple groundwater characterization methods to provide adequate information for better

assessing hydrogeological units and their surface or subsurface distribution. These
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approaches included comprehensive thematic maps, geophysical methods, stratigraphic

sections, 3D fence diagram, conceptual models, and numerical modelling.

In this paper, the developed regional geospatial database is described. Implemented
within a geographic information system (GIS), this database holds thematic maps containing
geographical, geological, and hydrogeological information in a homogeneous and continuous
format for the entire eastern Mauricie region. This database integrates existing data from public
and private organizations. It set up a profile of the main parameters characterizing groundwater
(e.g., hydraulic conductivity, transmissivity, recharge, porosity, piezometry, geochemistry,
geological environment) and provides fundamental information for a variety of subregional
projects and collateral research related to aquifer characterization (e.g., the protection,
potential, and quality of groundwater resources) in eastern Mauricie (Tremblay et al. 2021; Abi
et al. 2022; Boumaiza et al. 2022; Lévesque, Walter, and Chesnaux 2021;
Lévesque, Chesnaux, and Walter 2023a; Lévesque et al. 2023b). This paper also presents the
specialized investigation tools and diverse groundwater characterization methods developed
throughout the eastern Mauricie PACES project for improving the identification and
characterization of hydrogeological units to manage groundwater resources more effectively.
Finally, the projectds main results and the singl
eastern Mauricie are discussed. Hydrogeological data corresponding to all the technical
information characterizing groundwater in terms of quantity and quality (e.g.,

hydrogeochemistry, geophysics, piezometry) are also highlighted.

1.3 STUDY AREA

1.3.1 LOCATION AND HYDROGRAPHY OVERVIEW

The municipal territory of eastern Mauricie covers a region of approximately 6,000 km?2,
extending 37 km from northeast to southwest and approximately 158 km north to south

(Figure 1). The regional population is 37,179 inhabitants. Regional topography may be divided
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into three zones differing in altitude and landforms: the Laurentian Highlands (1801 617 m asl),
the Piedmont (807 180 m asl), and the Saint Lawrence Lowlands (<80 m asl). A dense network
of lakes and water bodies characterizes the region's hydrography. The main rivers follow an
Ni S axis and are tributaries along the northern shore of the Saint Lawrence River (i.e.,
Batiscan, Saint-Maurice, and Loup rivers). Wetlands are common in eastern Mauricie areas
and cover 4% of the region. Eastern Mauricie is mostly rural, containing small towns and
villages, rather than major urban centers. The pumping tests, groundwater samples, and
piezometric surveys conducted within the context of the PACES program originate primarily
from individual private wells. Among the industrial activities, several quarries and sand pits are

exploited throughout the region.

Elevation (m)

f— High

gg] Study area

Lakes and rivers

- St-Narcisse
Moraine

125 25 50 km

FIGURE 1: Location of the eastern Mauricie region, Québec, and its principal physiographic
features. The delineation of the study area is adapted from CERM-PACES (2022) (Lambert
et al., 2022; pages 44 and 98).

1.3.2 GEOLOGICAL OVERVIEW AND BASEMENT GEOLOGY

The geology of the eastern Mauricie is characterized by rock outcrops and a variety of
Quaternary surface deposits (Gadd and Karrow 1960; Gadd and Goldthwait 1971;

Occhietti 2007; Occhietti et al. 1982; Lasalle and Chagnon 1968). The main lithological units
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of the region are (1) the crystalline rocks of the Grenville Province of the Canadian Shield (i.e.,
high-grade igneous and intrusive metamorphic rocks: metasedimentary, metavolcanic, felsic
intrusive ; Rivers, Gool, and Connelly 1993), mainly found in the highlands and underneath
Piedmont, and (2) the stratified Paleozoic sedimentary rocks of the Saint Lawrence Platform,
dominating the lowlands. Most of the platform is buried under the surface sediments and
marine clay related to the incursion of the Champlain Sea during the last deglaciation. The
rocks of the Saint Lawrence Platform are composed mainly of Ordovician carbonate (Trenton
Group) but also include shale, mudstone (Utica and Lorraine groups), and Ordovician
sandstone (Black River Group) deposited in a marine environment (Légaré-Couture et al. 2018;
Globensky 1987; Occhietti 1977; Douglas et al. 1970; Occhietti 1980; Simard, Occhietti, and
Robert 2003). Mudstone and shale are sedimentary rocks of very fine grain size and therefore
have low permeability. Moreover, the water that passes into the shale is of poor drinking quality
because these rocks often contain natural gas and oil (Légaré-Couture et al. 2018; Globensky

1987).

The Saint Lawrence Platform overlays the crystalline rock formations of the Canadian
Shield and is bounded to the southeast by the Appalachians and to the northwest by the
Precambrian Canadian Shield (Figure 1). The sedimentary rocks of the Saint Lawrence
Platform lie in angular unconformity or in normal fault contact on the Precambrian basement

and generally have good permeability, adding to the permeability of the fracture network.

During the Paleozoic, t he ¢ ont-grabennnear lthe Gainf t 6 s

Lawrence River. This rifting produced a set of NE-SW-oriented normal faults, such as the Saint-
Maurice and the Saint-Prosper faults that cross the study area (Figure 2). The Saint-Prosper
fault marks the contact between the Precambrian and the Ordovician rocks in the Saint
Lawrence Lowlands (Figure 2). Brittle structures, such as faults and joints, increase the aquifer
potential of the bedrock (Abi et al. 2022; Walter et al. 2018; Richard et al. 2014;
Roy et al. 2011). Finally, the limestones vary in their permeability depending on the fracturing

or karstification of the rock.
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Figure 2: The thickness of unconsolidated deposits in eastern Mauricie, Québec, the main
regional faults, and the location of the Saint-Narcisse Moraine (in red). Adapted from CERM-
PACES 2022 (Lambert et al., 2022; page 68; CERM-PACESa; page 16).

The Piedmont region is characterized by a combination of features from the Highlands
(i.e., Precambrian rocks of the Canadian Shield) and the Saint Lawrence Lowlands (i.e.,
Paleozoic sedimentary rocks). It exhibits uplifts of the bedrock, resulting in the exposure of
crystalline basement rocks. The northern boundary of the Piedmont is located at the base of
the high-relief features of the Highlands. This significant slope break represents the expression
of the Saint. Lawrence half-graben. In the southern part of Piedmont, there is a noticeable
topographic threshold consisting of numerous rock outcrops and the accumulation of till,
particularly near the municipalities of Saint-Tite and Saint-Adelphe. Southern Piedmont is
predominantly composed of the Saint-Narcisse moraine. However, in the eastern and central
parts of Piedmont in Mauricie, it occasionally borders the Saint-Prosper fault, juxtaposing the

crystalline rocks of the Grenville Province and the sedimentary rocks of the Saint Lawrence
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Platform. This contrast in contact between these two significant geological provinces partly

explains the variations in topography along the southern boundary of Piedmont.

1.3.3 QUATERNARY SEDIMENTARY DEPOSITS

During the last glacial maximum (LGM), the Laurentide Ice Sheet (LIS) covered most of
Canada (Dyke and Prest 1987; Lévesque et al. 2019; Brouard et al. 2021, McMartin et al. 2021,
Godbout et al. 2023) and produced extensive glacial deposits such as diamicton (i.e., till) and
glaciofluvial, glaciolacustrine, and glaciomarine sediments. The Saint Lawrence Platform is
generally covered by a thick layer of these Quaternary sediments (i.e., clay, sand, gravel, and
till) of varying nature, that overlie the crystalline and sedimentary bedrock. The main
Quaternary sedimentary units found in eastern Mauricie are glacial sediments (till, moraine),
glaciofluvial sediments, glaciolacustrine and lacustrine sediments (fine to medium deposits
associated with former or current lakes), glaciomarine sediments (littoral or deltaic deposits
and seabed), and alluvial sediments associated with present-day rivers. During deglaciation,
the marine transgression and incursion of the Champlain Sea flooded the valleys in the
lowlands and led to deposits that reflect both shallow and deep marine environments (i.e.,
proximal and distal glaciomarine deposits). Isostatic rebound during the Holocene triggered a
marine regression, and the Champlain Sea deposited regressive sand during its retreat (Parent
and Occhietti 1999; 1988). This glaciation and the ensuing marine transgression and
regression deposited an accumulation of varied unconsolidated sediments onto the bedrock,
deposits that vary in their permeability. In the lowlands, sediment thickness can reach 130 m,
and these thicker deposits are located mainly along the Saint-Narcisse Moraine, surrounding
it (Lévesque, Walter, and Chesnaux 2021). In the highlands, the valleys contain much thinner
deposits, generally between 10 and 40 m thick, although deposits can sometimes locally reach

over 100 m thick in deeply buried valleys, particularly along the Croche River sector (Figure 2).
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1.3.4 THE SAINT-NARCISSE MORAINE

The discontinuous Saint-Narcisse frontal Moraine is remarkably well preserved and is
one of Can adadrented ramtgl ensraines (Daigneault and Occhietti 2006). Like
many moraines in eastern Canada, the Saint-Narcisse Moraine was left behind during the last
deglaciation and reflected the climate-related phases of LIS advance and retreat (Benn and
Evans 2010; Evans 2005; Landry et al. 2012). The Saint-Narcisse Moraine in eastern Mauricie
is at the interface between Piedmont and the Saint Lawrence Lowlands (Figure 1) and extends
over 35 km across the study area. The moraine varies between 1 and 40 m thick locally, with
some regions reaching a thickness of 130m (Figure 2; Occhietti 1977; Tricart 1983; Lévesque
et al. 2021). The uplift of the bedrock at the border of Piedmont and the Saint Lawrence
Lowlands facilitated the deposition of the Saint-Narcisse Moraine in this region by the
Laurentide ice sheet during the Younger Dryas period. This moraine rests atop a higher
elevation of bedrock relative to that in the southern region (Figure 3). This topographical
difference favored a greater depth of material and, thus, the significant accumulation of
sediment in some of the areas to the south of the moraine. During deglaciation, the Champlain
Sea deposited significant amounts of sediment, including regressive sands and clays, in these
southern areas of the moraine (Figure 3). The formation of marine terraces and the significant
variation in relief between the Precambriani Paleozoic bedrock are faulti controlled in this
region (Castonguay et al. 2006; Clark and Globensky 1975; Globensky 1987,

Clark and Globensky 1976; Nadeau and Brouillette 1995).
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Figure 3: Conceptual section of the major geomorphological and geological units of eastern
Mauricie, Québec (adapted from CERM-PACES 2022; Lambert et al., 2022; page 102).

According to Occhietti (1977, 2007), the stratigraphic sections of the moraine comprise
a variety of sedimentary facies, including till wedges, subglacial till from the last glaciation,
proximal and distal glaciomarine deposits, as well as glaciofluvial and ice-marginal outwash
deposits. In low-lying areas around the moraine, the Champlain Sea deposited a thick layer of
clay covered by regressive sands during its retreat. Consequently, this imposing glacial
sediment complex is partially confined on its sides by clay, thus retaining water inside the
moraine. At higher elevations, such as along the sides and on top of the moraine, the
Champlain Sea left behind proximal glaciomarine sediments and reworked the glacial tills
deposited during the Younger Dryas readvance (Daigneault and Occhietti 2006; Occhietti
2007; Parent and Occhietti 1988, 1999). As a result of wave and current reworking, visible
terraces formed on the seaward side of the moraine, mainly composed of coastal and sublittoral
sands deposited in the shallow areas of the Champlain Sea and glaciofluvial sediments from
small and large deltas in the valleys at the mouths of rivers flowing into the Champlain Sea

(Parent and Occhietti 1988; Occhietti 2007; Occhietti et al. 2001). Locally, nhumerous well-
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sorted sand and gravel areas have been observed in the moraine; these deposits constitute
potential aquifers (Lévesque, Walter, and Chesnaux 2021). When exposed at the surface,
these permeable units can also serve as recharge areas for the moraine and the underlying
rocky aquifers. The importance of the local aquifer capacity is evidenced by the surrounding
municipalities (e.g., Saint-Narcisse, Saint-Prosper-de-Champlain, Saint-Maurice, Sainte-

Geneviéve-de-Batiscan) that exploit the moraine locally to supply drinking water.

1.4 MATERIALS AND METHODS

The PACES project in eastern Mauricie included specific research phases: (1) collection
of existing data and their integration into a geospatial database; (2) fieldwork and data

acquisition and (3) data integration and interpretation (including a regional synthesis).

Initial phase: collecting existing information

The initial phase focused on the inventory, collection, evaluation, digitization, and
archiving of existing data into a GIS-based comprehensive database; this existing information
included 414 stratigraphic descriptions, 250 chemical analysis results, 117 hydraulic property
estimates, 25 piezometric maps, and 5 stratigraphic descriptions of outcrops (i.e., lithological
logs) stratigraphic cross-sections(CERM-PACES 2022b). This phase concluded with drafting
a summary report of the existing information, identifying missing data, and planning the work
required to fill these information gaps. This geospatial database was implemented within a GIS
framework coupled to a relational database management system (RDBMS; Chesnhaux et al.
2011); it contained information related to 7,112 points corresponding to data from existing
databases, hydrogeological reports owned and hosted by municipalities in eastern Mauricie,
and data acquired as part of the eastern Mauricie PACES. These data, originating from a wide
range of sources and methods, varied in their format and quality levels and required much time
and effort to gather and integrate into a common database. Building this database also required
a rigorous method for digitizing and archiving data and applying quality control to screen the

data to ensure accuracy and quality.
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The transmissivity (T), hydraulic conductivity (K), and storage coefficient (S) values
applied to estimate the hydraulic properties of aquifers in eastern Mauricie were derived from
interpreting pumping tests available in hydrogeological consultant reports. A total of 198 reports
were collected, digitized, and archived in the georeferenced database. These reports are now
easily accessible and contain data covering the fields of (1) hydrogeology (e.g., water research,
drinking water supply, wells construction, water quality, chemical analysis, water production,
and water level monitoring in wells), (2) geotechnics (e.g., bank stability, construction of various
infrastructure), and (3) environment (e.g., studies of contaminated land, dry material deposits,
waste snow dumps). All data was processed to standardize the units. All transmissivity values
were converted to m?/s, hydraulic conductivity values were standardized to m/s, whereas
storage remained dimensionless. A total of 117 hydraulic property data points were extracted
from the consultantsbd reports: 10 hydraulic
95 transmissivity values (57 estimates in granular deposits and 38 in fractured rock), and
12 storage values (9 estimates in granular deposits and 3 in fractured rock). Hydraulic
properties were grouped into two categories according to geology: granular aquifers
(Quaternary sediment deposits) and fractured rock aquifers (crystalline and sedimentary

rocks).

Second phase: fieldwork to acquire additional information

The second phase involved the fieldwork collection of additional or missing information
and integrating these new data into the developed database (CERM-PACES 2022b). These
new data included 106 hydrogeochemical samples, 114 lithological logs derived from
stratigraphic descriptions of outcrops obtained through field campaigns (mainly from
sand/gravel pits), 1 rotosonic drilled borehole, and 258 geophysical surveys using multiple
geophysical techniques, including transient electromagnetic (TEM), electrical resistivity (ERT),
and ground-penetrating radar (GPR) methods, and 147 groundwater outcrops (i.e., springs).
In addition, one permanent piezometer was installed near the village of Saint-Maurice at a

depth of 12 m.
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The geochemical characteristics of groundwater were investigated by analyzing
106 samples collected between 2019 and 2021. A total of 91 domestic wells and 13 springs
were sampled. Twenty-eight of these wells are in the Laurentian Highlands (77 % of the
territory), and the remaining 63 wells are randomly distributed between Piedmont (14 % of the
territory) with 40 wells and the Saint Lawrence Lowlands (9 % of the territory) with 23 wells.
The collection and analysis of groundwater samples aimed to quantitatively assess the
inorganic chemistry of the water, particularly the parameters defining its potability according to
the regulations respecting drinking water quali't

guidelines for drinking water quality.

Geophysical surveys used by PACES in eastern Mauricie included non-invasive
methods based on electromagnetic waves (i.e., GPR and TEM) and the intrinsic resistance of
electric current flow (i.e., ERT). Geophysical approaches provided an excellent complement to
direct observations (e.g., borehole logs, lithological logs (stratigraphic descriptions of
outcrops), piezometric surveys in wells), and they provided an effective alternative to boreholes
for characterizing the internal structures of deposits, the water table, and flow directions. For
this study, 134 TEM induction surveys, 27 ERT surveys (~6 km), and 97 GPR surveys (~22 km)
were collected in southeastern Mauricie. The surveys were conducted within or in proximity to
the Saint-Narcisse Moraine. Two methods confirmed the validity of our geophysical results (see
Lévesque et al. (2021, 2023a): 1) comparison with lithological logs (n=114) acquired during
field campaigns, boreholes (n=94), and piezometric surveys (n=170) near the surveys to
figround trutho the geophysical interpretation; a
surveys, multiple geophysical methods were conducted to validate our observation. Combining
multiple geophysical approaches significantly diminished uncertainty because each method
possesses its unique strengths and limitations, and by combining methods, the weaknesses of
one method can be compensated by the strengths of another (Lévesque, Chesnaux, and

Walter 2023a).
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The main objective of this geophysical campaign was to determine the stratigraphy and
architecture of the Saint-Narcisse Moraine sediments, correlate the stratigraphic and
piezometric information, and characterize the granular aquifers of the moraine in terms of
stratigraphy, geometry, thickness, and extent (Lévesque, Walter, and Chesnaux 2021;
Lévesque, Chesnaux, and Walter 2023a; Lévesque et al. 2023b). The geophysical data
acquired during PACES aimed to develop a methodological approach and a hydrogeophysical
tool to better assess the aquifer potential of a heterogeneous glacial deposit environment. The

geospatial database led to producing two field reports and six technical reports

(https://cerm.ugac.ca/paces/).

Third phase: data integration, analysis, and interpreta  tion

The final phase involved integrating and analyzing all existing and newly collected data
to produce hydrogeological maps, an atlas, and a final report. This phase synthesized
information as 30 thematic maps of natural and human environments distinguished by
geological context (i.e., bedrock and unconsolidated deposits). A total of 44 regional
stratigraphic sections were created using geomatic tools to map bedrock topography, the
sedimentary deposit thickness, the main aquifersélimits, and the study area®& hydrogeological

contexts.

1.4.1 STRATIGRAPHIC SECTIONS

The production of 44 stratigraphic sections (CERM-PACES 2022b) was derived from
533 stratigraphic descriptions (414 borehs
initial and second phases. The process for producing these sections involved six steps: 1) data
simplification; 2) source data identification; 3) mapping of selected stations in a cross-sectional
view; 4) interpretation of geological units in the sections; 5) completion of the stratigraphic
sections; and 6) generation of fence diagrams. Because the objectives of the stratigraphic
sections were to delimit the regional aquifers and determine the thickness of the deposits
across the territory, the source data from cartography and boreholes were simplified. For the

eastern Mauricie region, the basement geology was simplified into two major units: the
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crystalline rocks of the Canadian Shield and the Ordovician sedimentary rocks of the Saint
Lawrence Platform. Unconsolidated deposits were also simplified according to their grain size.
Six distinct units are found in the eastern Mauricie region: 1) till; 2) glaciofluvial gravel and
sand; 3) glaciomarine, marine, and lacustrine clay and silt deposited in deep water;
4) glaciolacustrine, glaciomarine, and marine sand and undifferentiated gravel sediments;
5) locally deposited silty sand; and 6) organic sediments in thin layers at the surface. These

simplifications allowed identifying the primary regional stratigraphic contexts.

The selection of control points i boreholes and lithological logs 7 for the stratigraphic
sections was performed manually in the ArcMap interface of ArcGIS software. The stations
were selected according to various criteria, such as their proximity to the stratigraphic section,
depth, bedrock presence, and consistency with the nearby stations. The selected points
(stratigraphic descriptions) were then projected into a cross-sectional view using the
functionalities of the Subsurface Analyst Module of the Arc Hydro Groundwater software. A
GIS-based template was established using ArcGIS software to enhance the interpretability of
the geological units in the section view. This template incorporated a digital elevation model, a
Quaternary geology map, a geological bedrock map including the main regional faults, and a
sectional view that displayed the topographic surface, rock outcrops, stratigraphic descriptions
with their simplified stratigraphy, preliminary rock topography, main hydrography, and points of
intersection with other stratigraphic sections. Once all stratigraphic sections had been digitized,
they were projected into a 3D environment using the Subsurface Analyst Module of Arc Hydro

Groundwater software to create regional-scale fence diagrams.

1.4.2 THEMATIC MAPS

The third phase also saw the production of maps that presented an initial version of
regional piezometry, the preferential zones of recharge, and the vulnerability of the regional

aquifers. Some of these maps provided a first glimpse of groundwater use and quality. A
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conceptual model was also created to improve the environmental context of the eastern
Mauricie region (Figure 3). The insight provided by this conceptual model regarding the
geological and environmental context made it easier to produce a series of results, such as
stratigraphic sections and fence diagrams, and validate the relevance of several thematic
maps. Regional piezometry was estimated from elevations recorded in the hydrographic
network. The elevation measurements were extracted from a digital elevation model (DEM)
from the Québec topographic database (BDTQ) and were converted to point data using
ArcMap (ArcGIS). Moreover, new piezometric data was acquired through groundwater
pumping tests carried out during field work in existing wells. Regional piezometry was derived
by interpolating the elevation of hydraulic head values, also known as the potentiometric
surface, using the ftopo to rasteromethod in ArcMap (ArcGIS). By using the surface topography
and piezometry values, the relative depth of the water table was determined by subtracting the
land surface elevation from the piezometry. In the following section, we highlight the key

findings of the PACES and some singular aspects of the hydrogeological features in eastern

Mauricie.
1.5 RESULTS
1.5.1 SPATIAL REFERENCE DATABASE
The geospati al dat abaseds archit ec t(CERM-

PACES 2022b). It was first developed and implemented during the previous PACES projects
(i.e., PACES-CHCN (Charlevoix and Haute-Cdte-Nord) and PACES-SLSJ (Saguenay-Lac-
Saint-Jean)) which ran from 2009 to 2013 (Chesnaux et al. 2011; Walter et al. 2018). This
architecture was repeated to store the PACES-LAMEMCN project data (Lanaudiére and
eastern Mauricie region); it has since been highly upgraded and modified from the previous
database to fulfill the projectds new and

of a data repository, characterized by a central table having several linked tables, enhances
data exploitation through a client interface such as a geographic information system (GIS). The

need for an optimized data repository architecture is to facilitate data exploitation via a GIS
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capable of efficiently managing and preserving a large volume of groundwater information. In
the optimized structure, the data were implemented into an Esri geodatabase file, which offers

several advantages over the traditional shapefile format (as done in previous projects):

1. The storage of all layers in a single structure, which simplifies data management;

2. The geodatabase, consisting of only one file per layer, as opposed to the shapefile,
which comprises four to six files, thereby reducing the risk of data loss if one file is

damaged;

3. The reduction in data storage space, with the data stored in a geodatabase occupying

approximately one-third of the space occupied by data stored in a shapefile;

4. The improvement in query performance and speed, even for extensive data sets,

because of its data structure with spatial and attribute indexes;

5. The capability of referencing raster data in a geodatabase (mosaic dataset) i not

supported by the shapefile i which only supports vector data;

6. The availability of attribute domains allows defining a range of potential values for a
field in the attribute table; this ensures data integrity by preventing the entry of values

that do not conform with the attribute rules.

These features ensure the accuracy and security of the groundwater information,
allowing for quick and reliable responses to various data requests within a GIS environment.
Knowl edge of the regionds aquifer systems resides
report s, analyses by eastern Mauricie municipal.@i
difficult to access. This comprehensive groundwater database has gathered all these relevant

sources of groundwater-related information.
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The PACES geospatial database contains the source data (the data used for the
analysis and creation of the maps) and all analysis and cartographic results. The PACES
geospatial database gathered data from 13,870 stations distributed throughout the region:
6,758 bedrock outcrops and 6,718 previously documented stations, mainly from the
Hydrogeological Information System (HIS), the Ministry of Transport du Québec (MTQ), the
Geomining Information System (SIGEOM), neighbouring PACES projects, and consultant
reports obtained from municipalities, e.g., boreholes, pumping tests, geophysical surveys,
piezometric surveys, geochemical data, hydraulic properties, and lithological logs derived from
stratigraphic descriptions of outcrops. Another 625 stations were acquired through diverse

fieldworks, as discussed in description of

These 13,870 stations are derived from a wide range of data and are evenly distributed
across the regions of Highlands, Piedmont, and Saint Lawrence Lowlands within the Mauricie
territory. For instance, several of these stations have been localized in thematic maps of the
groundwater knowledge acquisition project® summary report in Mauricie® eastern
municipalized territory (Lambert et al., 2022). These include among others: (1) 104 stations
sampled for hydrogeochemical parameters within different types of aquifers (i.e., fractured rock
or granular deposits; page 24); (2) 104 stations indicating the type of water catchment (i.e.,
springs, tubular and surface wells, gelignite; page 25); (3) 37 pumping test stations conducted
during the field campaign in the summer of 2019 (page 27); (4) 56 field surveys (i.e., water
table, outcrops, bedrock outcrops, chemical analysis results) carried out as part of the PACES
to address research project objectives (page 28); (5) 28 quarry and mine location (page 65);
(6) 2,657 stations indicating rock depth (page 82); (7) 6,758 stations indicating rock outcrops
(page 83); (8) 121 stations providing hydraulic property data (i.e., hydraulic conductivity,
transmissivity, storativity) extracted from consultant reports (page 114); (9) 121 stations
indicating groundwater samples for isotopic analysis from private wells (page 177); (10) 3

rainfall measurement stations (page 178).
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1.5.2 STRATIGRAPHIC SECTIONS

Another significant output of the eastern Maurice PACES campaign was the production
of 44 stratigraphic sections (Figures 4 and 5) derived from 533 stratigraphic descriptions. The
objective of having stratigraphic sections distributed regularly over the region is to delineate
bedrock topography and the thickness of overlying layers of surficial deposits to characterize
regional aquifers across the region (Walter et al. 2018). The elements found in the stratigraphic
sections were (1) the projected boreholes with their simplified stratigraphy; (2) the interpreted
geological units; (3) the interpreted major faults; (4) land surface topography with only the
extent of organic deposits; (5) the main hydrography and name of the watercourses; and (6) the
intersection points of intersection with the other stratigraphic sections. It is important to note
that stratigraphic sections do not replace key lithological information (i.e., in situ data and
studies) because the accuracy and the precision of the information contained in these
stratigraphic sections depend on the quality and quantity of information available at the regional
scale.

Stratigraphic
sections
gﬂ Study area
X

Lakes and rivers

Figure 4: (left) Location of the 44 stratigraphic sections interpreted over the entire study area
in the eastern Mauricie region, Québec and (right) their representation in the form of fence
diagrams. The stratigraphic Section #9 (see Figure 5) is represented by the red line. (adapted
from CERM-PACES 2022; Lambert et al., 2022; pages 74 and 81).
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1.5.3 FENCE DIAGRAMS

The 3D fence diagrams illustrate the lateral continuity of unconsolidated units observed
in the 2D stratigraphic sections and provide more information related to the main regional
stratigraphic context (Figure 4). The stacking and sequence of the stratigraphic units of

unconsolidated deposits were then translated into hydrogeological contexts.
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Figure 5: Stratigraphy of Section #9 (adapted from CERM-PACES 2022; Lambert et al.,
2022; pages 80 and 100).

1.5.4 EASTERN MAURICIE HYDROGEOLOGICAL FRAMEWORK

The limits of aquifer systems and their hydrogeological contexts in eastern Mauricie were
establishedt hr ough fi el dwor k descr i be.dheyane ihditaorspfr oj ect 6
groundwater and can define future investigation targets, such as drilling, stratigraphic
interpretations, piezometric surveys, and pumping tests. However, delineation of the territorial
aquifers occurred at a regional scale, and even if thematic maps provide good insight into the
hydrogeological context, they cannot replace local studies. Further investigation must obtain
information on the parameters that characterize each aquifer within the region. The major
aquifer systems (confined and unconfined) in the Mauricie region are composed of geological
units dating from the Proterozoic to the Quaternary. These units include (1) the Precambrian

crystalline basement of the Grenville Province, covering 61% of the region, mainly in the
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highlands; (2) a silty layer deposited in a lacustrine environment, covering 5% of the region; (3)
a | ayer of Champlain Sea marine clay deposited d
last glaciation (i.e., between 13 and 11.2 cal. ka BP), covers 18% of the region; (4) Holocene
glacial and proglacial deposits, mainly permeable granular deposits of glaciofluvial (e.g., Saint-
Narcisse Moraine, deltaic, and glaciolacustrine origin), covering 7% of the region; (5) the
Ordovician sedimentary basement located in the lowlands, covering 2% of the region, and
(6) glaciomarine proximal, littoral, and deltaic sediments related to the Champlain Sea,

covering 7% of the region.

The major hydrogeological context, stratigraphic sections, and regional-scale fence
diagrams across the region led to a conceptual section that illustrates the depositional

sequence of the various geological units and the

1.5.5 REGIONAL PIEZOMETRY AND RECHARGING ZONES
The piezometric map developed for the PACES revealed a shallow groundwater depth
(Figure 6A), particularly in the lowlands (01 20 m from the surface). The mainstream flow
direction is from north to south toward the Saint Maurice River and, ultimately, the Saint

Lawrence River (Figure 6B).
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Figure 6: A) Groundwater depth (to the first aquifer encountered from the surface); B) main
directions of regional groundwater flow (red arrows) in the eastern Mauricie region, Québec
(CERM-PACES 2022; Lambert et al., 2022; pages 123-124).

Boumaiza et al. (2020) calculated the recharge in similar hydrogeological context for the
SLSJ region using a water budget approach (Steenhuis and Van der Molen 1986), which
considers that the difference between the input and output fluxes of water in the aquifer system

is equal to the change in water storage (Boumaiza et al. 2022; Boumaiza et al. 2020). Applying

Boumaiza et al.ds (2020) approach, the groundwat e

estimated for mapping recharge at regional scale (Figure 7). Estimated vertical inflow from
rainfall and snowmelt, surface runoff (RuS), and actual evapotranspiration (AET) were the
parameters to calculate the regional recharge. These parameters are well constrained in the
study area because of the expertise acquired in previous PACES-related work in other regions
(i.e., Saguenay-Lac-Saint-Jean, Charlevoix, Céte-Nord; Chesnaux et al. 2011a; Chesnaux and

Elliott 2011; Walter et al. 2018).
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Figure 7: Recharge rates within the eastern Mauricie territory of Québec (CERM-PACES
2022; Lambert et al., 2022; page 133). Recharge was calculated using a water budget
approach. This method considers that the difference between the input and output fluxes of
water in the aquifer system is equal to the change in water storage. The estimated vertical
inflow from rainfall and snowmelt, surface runoff (RuS), and actual evapotranspiration (AET)
were used as key parameters to determine the recharge.

1.5.6 BEDROCK AQUIFERS

The brittle and ductile faults and the lineaments were interpreted across the region
(Figure 2). The fracturing of crystalline bedrock can be very heterogeneous and variable, and
in eastern Mauricie, aquifers in fractured environments can be highly permeable in some places
and almost impermeable in others. They are exploited by a few municipalities such as Saint-
Stanislas and Saint-Genevieve-de-Batiscan. Significant variations in the rock topography in
eastern Mauricie are also suitable for marked accumulations of granular sediments (i.e., deeply

buried valleys).
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Even if the average annual precipitation is 752 mm/year, the PACES project in eastern
Mauricie found that groundwater recharge in the crystalline bedrock aquifer and sedimentary
rocks were very low (~81 mml/y), although recharge values varied locally (Figure 7). The
transmissivity (T) and the storage coefficient (S) of fractured bedrock aquifers (i.e., sedimentary

and crystalline rocks) in eastern Mauricie are summarized in Table 1.

TABLE 1: Summary of the regional statistics for hydraulic properties. These values were
generated using data collected from consultant reports.

. - . . Number of
Aquifers Minimum Maximum Mean Median samples
o Granular 2.2x10* 9.1x10?2 23x108% | 24x108 35
Transmissivity Fractured
T (m?/s) 40x105 31x108% | 21x104 | 17x10* 15
bedrock
Hydraulic Granular 6.1 x10° 48x10°% | 42x10%| 6.6x104 8
conductivity K Fractured
(m/s) bedrock N/A N/A N/A N/A N/A
Granular 2.2x10° 1.1x10° 25x108% | 6.6x108 7
SO Fractured
coefficient S 22x10° 1.6 x 10 2 6.1x104 | 1.1x103 3
bedrock

1.5.7 GRANULAR AQUIFERS

The Quaternary surface deposits in the eastern Mauricie (mapped during the PACES
project of eastern Mauricie (Figure 8)) are mainly related to the last glaciation (i.e., Wisconsinan
glaciation) and Holocene deglaciation. These deposits frequently exceed 100 m in thickness
in eastern Mauricie. The mapbs representation

from overlying units (Figure 8).
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Figure 8: Quaternary surficial deposits overlying the eastern Mauricie region, Québec. This
map was produced by combining the 1:50,000-scale maps created as part of the mapping
work of UQAC and Université Laval (Brouard et al., 2021). A literature review of the regional
stratigraphy of Quaternary deposits was carried out by LaSalle (1985). Adapted from CERM-
PACES 2022; CERM-PACESa; page 12.

Over most of the lowlands, the region is generally covered by a thick layer of Quaternary
sediments (i.e., clay, sand, gravel, and till) of various origins, overlying the bedrock. These
units (1i 4) are: 1) eolian, alluvial, lacustrine, and coastal sediments on the surface. These
sediments are grouped as surficial undifferentiated granular sediments and are mainly
composed of sand and gravelly sand. These granular formations are permeable and constitute
excellent unconfined aquifers; 2) fine sediments related to the Champlain Sea below the
surface sediments. These sediments comprise mainly clay and silt and are much less
permeable than the granular units. Therefore, they constitute a confinement layer. This
impermeable unit also acts as a chronostratigraphic marker, distinguishing between the upper
aquifers (e.g., unconfined aquifer, and the lower aquifers; Figure 3). Beneath the clays are
glaciofluvial and glaciolacustrine sediments deposited during the last glacial advance or retreat.

These sediments of glacial origin can outcrop at the surface or be covered by clays and/or
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surface sand. Glaciofluvial sediments include proglacial and juxtaglacial (i.e., ice marginal)
sediments, such as the Saint-Narcisse frontal Moraine (Figure 9). These very permeable
sediments comprise mainly gravel, sand, and boulders in varying proportions with a high
recharge potential and can be excellent aquifers when they have a sufficient deposit thickness
over extensive areas. Lévesque et al. (2021) revealed large unconfined granular aquifers
overlying the bedrock and the compartmentalization of an extensive aquifer system in the
eastern Mauricie (Figure 9). These Saint-Narcisse Moraine aquifers sometimes extend laterally
for over 12 km, with granular deposits reaching a thickness greater than 94 m (Lévesque,
Walter, and Chesnaux 2021). However, despite the marked sediment heterogeneity, the
distinctive character of this frontal moraine lies in the presence of a large amount of well-sorted
sand and gravel. The compartmentalization of the aquifers is caused primarily by finer
sediments deposited by the Champlain Sea at lower elevations (Occhietti 1980, 1977, 2007,
Parent and Occhietti 1988; Daigneault and Occhietti 2006; Figure 9). These impermeable
sediments function as a natural barrier, separating the aquifers from each other and enhancing
the discontinuous nature of the Saint-Narcisse frontal Moraine. The presence of a continuous
coarse-grained aquifer in the Saint-Narcisse Moraine, consisting mainly of sand and sand-
gravel, is described through the use of boreholes combined with transient electromagnetic
(TEM) surveys, a sediment resistivity calibration chart (as presented in Lévesque, Walter, and
Chesnaux 2021), and a 3D geological model and a 3D flow model (as detailed in Lévesque,
Chesnaux, and Walter 2023a). Several municipalities in eastern Mauricie extract groundwater
from the sand and gravel of glaciofluvial formations (e.g., Saint-Prosper-de-Champlain, Sainte-
Genevieve-de-Batiscan, Saint-Narcisse, Saint-Adelphe; Figure 9). The LIS also left glacial
deposits on top of the bedrock, including diamicton (i.e., till). According to the PACES regional
interpretation, a thin layer of continuous till is presumed over almost all of the region (Figure 8).
This layer is mainly composed of diamicton and is considered low permeability; therefore, flow
can occur between two aquifers through this layer. However, this layer does not have aquifer

potential.
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Figure 9: Boreholes, springs, municipal and private wells, geophysical surveys, and
piezometric surveys located along the Saint-Narcisse Moraine, Québec. The red lines
represent geophysical surveys, while the pale blue-pink line represents geophysical data
collected using ground-penetrating radar (GPR), as depicted in figures 10 and 11. The
delimitation of the aquifer system is based on Lévesque et al. (2021, 2023a)

Ther egi ondés relief strongly influenced t
by lineaments composed of ridges and depressions oriented mainly N7 S, NNET SSW, and NEi
SW. For example, glaciofluvial deposits were deposited in valleys, thalwegs, and slopes
(Prichonnet, Doiron, and Cloutier 1982). In the highlands, these deposits are outcropping and
fill the valleys; however in Piedmont and the Saint Lawrence Lowlands, they are covered by
clayey Champlain Sea sediments, which can be overlain by deltaic, lacustrine, alluvial, and

eolian sediments locally.

The hydraulic conductivity, the transmissivity and the storage coefficient of the granular
aquifers in eastern Mauricie are summarized in Table 1. These hydraulic conductivity and
transmissivity values correspond well to the range of medium sand to fine gravel and are

sufficiently high enough to form suitable aquifers.
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1.5.8 RESEARCH CONTRIBUTIONS

Geophysics

The primary objective of geophysical surveys during the PACES project in eastern
Mauricie was to determine the stratigraphy and architecture of the moraine sediments and
characterize the granular aquifers of the moraine in terms of stratigraphy, geometry, thickness,
and extent. The performed geophysical surveys consisted mainly of acquiring a fine-scale
knowledge of the Saint-Narcisse Moraine stratigraphy and understanding its role in the regional
groundwater flow system. GPR uses radiowave reflections to detect the water table (Reynolds
2011; Neal 2004) and provides quite accurate results (approximately to the metre). The water
table surface is evident on radargrams as a continuous, horizontal reflector with a large
amplitude (Figure 10). The radargrams also sometimes revealed paleoriver channels
(Figure 10) or oblique reflectors associated with interfaces between sandy layers of different
grain sizes or clayey and sandy sediments (Figure 11). These oblique reflections indicate the
apparent flow directions at the origin of these structures (Cojan and Renard 2013). Figures 10
and 11 suggest that the current trend is established from north to south. The collected TEM
and ERT data also identified a clear groundwater table elevation and bedrock depth when the

survey penetrated sufficiently deep into the unconsolidated sediments.
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Figure 10: Example of geophysical data collected using ground-penetrating radar (GPR) in
eastern Mauricie, Québec. These radargrams (GPR09-13) were acquired along the Saint-
Narcisse Moraine with a MALA GX (Ground Explorer) system. The black dashed lines show a
paleoriver channel on GPRO09 and the water table surface, clearly evident on GPR13 as a
continuous, horizontal reflector with a large amplitude. See Figure 9 for the transect locations.

Lévesque et al. (2021) proposed an approach for characterizing regional aquifers in
remote territories through transient electromagnetic (TEM) surveys. TEM data combined with
piezometric mapping and the sedimentary records from boreholes and lithological logs
revealed the presence of two large unconfined granular aquifers overlying the bedrock within
the Saint-Narcisse Moraine. These compartmentalized aquifers extended over 12 km east to

west across southeastern Mauricie and varied between 25 and >94 m thick.

Finally, coupling the collected ERT, TEM, and GPR data produced accurate estimates
of groundwater levels. Lévesque et al. (2023a, b) demonstrated the usefulness of geophysical
data, i.e., indirect measurements, to bring additional hydraulic information and complement
direct observations (i.e., boreholes, piezometric surveys) for accurately assessing water levels
and validating numerical regional groundwater flow models, especially in areas with limited
direct piezometric information. Given that, groundwater flow models are now standard items
for visualizing flow scenarios through the subsurface to adequately manage groundwater

resources and improve the protection of aquifers (Hudon-Gagnon et al. 2015;
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Calvache et al. 2009; Preisig, Cornaton, and Perrochet 2014; Cui et al. 2021), this contribution
provides the groundwater modeling community an interesting additional tool.

GPRO02
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Figure 11: Example of geophysical data collected using ground-penetrating radar (GPR) in
eastern Mauricie, Québec. This radargram (GPR02) was acquired along the Saint-Narcisse
Moraine with a MALA GX (Ground Explorer) system. The multiple oblique southward-dipping

reflectors are evident in the radargram. See Figure 9 for the transect locations.

Groundwater geochemistry

In the Saint Lawrence Lowlands, 30% of samples exceeded the new drinking standards
(https://www.legisquebec.gouv.qc.ca), and excessive fluoride concentrations were ubiquitous
in these samples. Among 94 samples, 129 aesthetic objectives (EO) exceedances were
identified, including aluminum (3 exceedances), chloride (5), copper (1), estimated hardness
(2), iron (11), estimated total dissolved solids (TDS; 8), manganese (40), sodium (4), pH (50),
and sulphide (5). The concentrations of some of these elements fell beyond federal (i.e., the
maximum acceptable concentrations (MAC) of Health Canada) or provincial (i.e., maximum
concentration (CM) for the RQEP) guidelines/recommendations for drinking water quality (see
Table 2 for examples of these exceedances). Table 2 shows parameters whose concentrations
are higher than the standards, such as fluoride (>1.5 mg/L), manganese (>0.12 mg/L), but also
less commonly copper (>2 mg/L) and lead (>0.005 mg/L). Tremblay et al. (2021) showed that
manganese exceedances were generally located 40 to 700 m from a swamp, marsh, or
wetland. The presence of organic matter decreases the oxygen levels in groundwater, creating
a reductive environment that accelerates the solubilization of manganese

(Tremblay et al. 2021). The high fluoride concentrations are usually found in deep wells and
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are likely related to local bedrock. Indeed, the Grenville Province has a high fluoride
concentration because of its high tonalitic and trondhjemitic gneiss composition
(Nadeau and Brouillette 1995; Bédard 1971; Béland and Bergeron 1959).

Table 2: Descriptive statistics for groundwater chemistry; fluoride (>1.5 mg/L), manganese

(>0.12 mg/L), copper (>2 mg/L), and lead (>0.005 mg/L) of samples collected from eastern
Mauricie, Québec.

. Number of
Number | Number FERT samples
Paramet Detectio | Minimum Q1- Media Q3- Maximu Acceptable X
of of S 2 - exceeding
er . ) n limit 25% n 75% m Concentratio N
analysis' | detection MAC) drinking
ns ( standards
Cu
(mg/l) 94 74 0.0005 | 0.00025 | 0.0007| 0.0026| 0.01 5.1 2 1
F
(mg/l) 94 94 0.01 0.016 0.058 | 0.13 | 0.728 7.3 1.5 11
Mn
(mg/l) 94 85 0.0004 | 0.0002 |0.0016] 0.012 | 0.072 0.41 0.12 15
Pb 0.0000 0.000
(mg/l) 94 62 0.0001 | 0.00005 5 0.0002| 5 0.27 0.005 1
1A total of 104 wells or resurgences were sampled, but only 94 samples respecting electroneutrality (EN) were
evaluated.

2 A concentration equal to half the detection limit wassidered for the undetected elements.

1.6 DISCUSSION

The UQAC-led PACES project in eastern Mauricie characterized the hydrogeological
systems across this 6 000 km2 territoryéos
and newly collected hydrogeological information resulted in the production of thematic maps of
aquifer boundaries and hydrogeological contexts of groundwater in this region. The produced
cartographic data and the integration of the third dimension from 2D results are some of the
original elements of this PACES campaign. The third dimension was incorporated by creating
various fence diagrams, a simplified conceptual model, and geological and numerical flow
models of the Saint-Narcisse Moraine unconfined aquifer, between the Batiscan and Croche
rivers (Lévesque, Chesnaux, and Walter 2023a; CERM-PACES 2022b; 2022a). These novel
approaches provide new perspectives for applied hydrogeology at local and regional scales.
Moreover, conceptual models can provide important insight into the regional stratigraphic and
hydrogeological contexts and often allow obtaining a better overview of the regional

environment. The stratigraphic context, such as bedrock elevation, the presence of thick clay
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layers at depth or regressive sands at the surface, and the presence of thick till layers overlying
the bedrock, often enables validating thematic maps, including the thickness of Quaternary
sediments in certain areas, the piezometric map of eastern Mauricie, and the regional
distribution of confined and unconfined aquifers. This section focuses on recommendations
resulting from the analyses of the hydrogeological information collected during this PACES
project to improve the sustainable management of groundwater resources and enhance
regional hydrogeological knowledge among the scientific community, governmental agencies,

municipal policymakers, and consultants from watershed agencies and private firms.

1.6.1 QUATERNARY SURFACE DEPOSITS AND THEIR GROUNDWATER
POTENTIAL

The eastern Mauricie municipal territory is characterized by several substantial surface
accumulations (e.g., sand, gravel, and sandy gravel) of glacial or postglacial origin, exhibiting
a high groundwater potential. Many of these deposits exceed a thickness of 100 m. Morainic
complexes such as the Saint-Narcisse Moraine have spatial arrangements and hydraulic
characteristics (i.e., particle size, porosity, and permeability) that favour groundwater storage
(Parriaux and Nicoud 1993; Burt 2018). Previous studies in the Mauricie region had suggested
the presence of large regional granular aquifers within the Saint-Narcisse Moraine based on
the large quantity of granular sediments at its surface (Grenier and Denis 1974; McCormack
1983; Légaré-Couture et al. 2018; Légaré-Couture 2013; Leblanc et al. 2013). Lévesque et al.
(2021) confirmed this potential by providing precise information on regional stratigraphy and
the moraine aquifersd geometry, thickness, and
from boreholes, piezometric mapping, and geophysical data revealed a multikilometer,
compartmentalized morainic aquifer system overlying the bedrock. Lévesque et al. (2021)
identified the need for more detailed studies in glacial deposits to better assess their

underestimated groundwater resources.

Compared with the Saint-Narcisse Moraine, Ontario's large moraines, including the
Waterloo, Orangeville, Dorchester, Paris, and Oak Ridges moraines, also hold significant

53



importance as drinking water sources for several municipalities. These moraines are widely
recognized as some of Canada's largest drinking water aquifers. In order to better understand
and manage these valuable resources have been characterized by the creation of conceptual
models relying on a robust data set (Barnett et al. 1998, Sharpe et al. 2003, Bajc et al. 2014,
Burt 2018). In Northern Québec, the Harricana-Lake McConnell interlobate glaciofluvial
complex and the Sakami frontal moraine represent also two of the largest moraines found in
Canada. These moraines exhibit substantial accumulations of granular sediment, primarily
composed of sand with a large amount of gravel (Veillette 1983; Hardy 1982; Hillaire-Marcel,
Occhietti, and Vincent 1981). The Harricana-Lake McConnell morainic complex is a relatively
continuous and linear accumulation of stratified sand and gravel (Brennand and Shaw 1996).
The Sakami moraine consists predominantly of fluvioglacial and proglacial materials with
thicknesses reaching up to 40 meters. It is mainly composed of well-sorted sands and gravels
deposited by glacial meltwater. Unlike the moraines in Ontario, these extensive northern
moraines supply water to few municipalities due to their location in sparsely populated areas.
However, they exhibit similar groundwater potential due to the significant amount of granular

materials.

While moraines generally do not serve as significant aquifers in various northern regions
worldwide, including Canada, Russia, and Scandinavia, there are exceptions to this rule,
particularly with large frontal and interlobate moraines such as Saint-Narcisse, Waterloo, Oak
Ridges, Orangeville, Sakami, and the Harricana-Lake McConnell morainic complex. These
moraines display characteristics that enable them to store and transmit substantial amounts of

groundwater. Ontario's and Qu®becbs extensive int
by granular sediments at the surface and subsurface, exhibit comparable sedimentary and
hydraulic properties to the Saint-Narcisse frontal Moraine (Burt 2018; Bajc, Russell, and
Sharpe 2014; Parriaux and Nicoud 1993; Barnett et al. 1998; Lévesque, Chesnaux, and Walter
2023; Lévesque, Walter, and Chesnaux 2021; Légaré-Couture et al. 2018; Hardy 1982;
Brennand and Shaw 1996; Hillaire-Marcel, Occhietti, and Vincent 1981; Veillette 1983). In

these contexts, the hydraulic characteristics are mainly attributed to the significant abundance
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of coarse-grained sediments, encompassing a range of sand and gravel sizes (from fine to
coarse), which exhibit high hydraulic conductivity and transmissivity values. These granular
sediments contribute to forming suitable aquifers for groundwater storage and flow. The flow
of groundwater, as well as its recharge and storage within these formations, is controlled by
various factors such as morphology, grain size, porosity, water-holding capacity, internal
sedimentary structures, and permeability (Parriaux and Nicoud 1993). However, these
characteristics can vary among moraines due to differences in their formation processes (i.e.,
genesis), local glacial history, and the specific sediments they contain (Landry et al. 2012; Benn

and Evans 2010; Evans 2005).

Managing water resources in these settings poses particular challenges. While
interlobate and frontal moraines share similar characteristics, the sedimentary architecture,
aquifer distribution, and potential can vary locally. The approach employed in this study for
characterization can be applied in such complex settings to make evidence-based water
management decisions tailored to the unique glacial context of each location. The Saint-
Narcisse, Waterloo, Orangeville, Dorchester, Oak Ridges, Sakami, and Harricana-Lake
McConnell moraines are examples of extensive deposits of granular sediment with favorable
spatial arrangements and hydraulic characteristics that facilitate groundwater storage. These
moraines are typically composed of sand and gravel, with stones and occasional boulders,
favoring high effective porosity and significant storage capacities (Burt 2018; Bajc, Russell, and
Sharpe 2014; Parriaux and Nicoud 1993; Barnett et al. 1998; Lévesque, Walter, and Chesnaux
2021; Lévesque, Chesnaux, and Walter 2023a). The permeability of these moraines is
generally high, although it can be reduced by the presence of interbedded sedimentary layers
or impermeable sections that compartmentalize the aquifers vertically (i.e., aquitard) and

sometimes horizontally (Lévesque, Walter, and Chesnaux 2021).
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1.6.2 Protecting and monitoring groundwater quality: ensuring the safety and

sustainability of aquifers

The samples with the highest proportion of EO exceedances were in the lowlands; for
example, 43% exceeded the aesthetic criteria for manganese (0,02 mg/L), and 16% exceeded
the value of 0.12 mg/L recommended by Health Canada. Twenty-seven of these samples are
in the Saint Lawrence Lowlands, and the remaining 67 are in the Piedmont and the Laurentian
Highlands. The parameters characterizing water quality within the framework of the PACES on
eastern Mauricie are essentially physical and chemical. However, even if overall the
parameters analyzed reveal suitable quality groundwater (as nearly 73% of the samples
acquired in the region do not exceed drinking water standard thresholds), they are incomplete
to qualify the potability of the water. Indeed, among the chemical parameters, cyanide and
mercury were not analyzed, and no microbiological parameters were analyzed. Furthermore,
local studies are required to clarify the risks of anthropogenic or natural contamination because
of the vulnerability of groundwater in specific sectors. These contaminations are generally
associated with significant accumulations of surface sand. For example, the Saint-Maurice
valley has been identified as a fjord-like valley related to the Champlain Sea lying north of the
study area (Parent and Occhietti 1988); consequently, some salinity is anticipated in the
granular aquifers at the bottom of the Saint-Maurice valley. Increasing our knowledge of
groundwater quality to protect public health in eastern Mauricie requires establishing an
extensive groundwater sampling of private wells to better access and monitor the groundwater
chemical conditions across this region. This campaign could identify more problematic wells
and regions in eastern Mauricie with regular sampling of the wells. Autonomous septic systems
near private wells also pose major health risk challenges in the province of Québec. Viruses in
sewage are the pathogenic organisms that pose the most significant risk of gastroenteric

infection to citizens of isolated residences.

The vulnerability of groundwater to surface contamination for the region of eastern

Mauricie can be defined according to the DRASTIC method (US EPA; Aller 1985), which
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provides an overview of the vulnerability of groundwater to contamination. The most vulnerable
sectors to groundwater contamination in the study area correspond to deposits of glaciofluvial,
glaciolacustrine, and glaciomarine origin (Figures 8 and 12) because these granular deposits
are exposed at the surface. Moreover, large portions of these unconfined granular aquifers are
not contained within the capture zones of existing pumping wells. Therefore, they are not
protected because groundwater exploitation for public drinking water supply indirectly protects
against contamination. This lack of protection may jeopardize precious aquifers in eastern

Mauricie.

Vulnerability of the aquifers located
closest to the surface

DRASTIC rating
B Not vulnerable

] Minimally vulnerable
] Maderately vulnerable
B vuinerable

- Highly vulnerable

:'5‘ Study area

2> Lakes and rivers

0 10 20 km
[

Figure 12: DRASTIC rating of aquifer vulnerability in eastern Mauricie, Québec, for aquifers
closest to the surface. The most vulnerable sectors correspond to deposits of fluvioglacial,
glaciolacustrine, and glaciomarine origin, mainly located in the lowlands (adapted from
CERM-PACES 2022; Lambert et al., 2022; pages 142-143).
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The results obtained by the PACES project provide a baseline knowledge of water
quality at the regional scale. A sampling and monitoring program would permit tracking the
possible evolution (degradation?) of regional drinking water quality. The data acquired, listed,
and mapped during this project provide a good starting point for defining the regional aquifers
that most require protection and establishing a management plan to protect drinking water
resources in eastern Mauricie. This is particularly important for identifying sectors where water
supply is not currently exploited and/or is of lower quality relative to standards and

recommendations set by Québec and Health Canada.

1.6.4 THE NEED FOR FURTHER GROUNDWATER KNOWLEDGE
ACQUISITION AND DATABASE MANAGEMENT

Before PACES, little information on groundwater was available across the province of
Québec. After more than a decade of research on groundwater and related fields (e.g.,
geotechnics, geological basement, geophysics), high-quality hydrogeological information is
available and accessible for a vast territory across southern Québec. The PACES project in
eastern Mauricie has significantly increased knowledge of regional groundwater resources and
established a comprehensive spatially referenced groundwater database detailing regional
aquifer systems and groundwater within the region. The high density of data observation points
in the database is suited to answer groundwater management needs for local or regional
applications. Several applications can be made from the contained data to address
geotechnical or groundwater-related problems, such as work on seismic risks (Salsabili et al.
2021Db; Richer et al. 2023), landslide risk zoning from the Québec Ministry of Transport (MTQ),
water research (Lévesque, Walter, and Chesnaux 2021), groundwater quality (Tremblay et al.
2021), and specific methodologies to develop regional 3D modelling (Salsabili et al. 20214a;
Lévesque, Chesnaux, and Walter 2023a; Boumaiza et al. 2022; Boumaiza et al. 2021;

Boumaiza et al. 2022; Boumaiza et al. 2021a; Boumaiza, Walter, et al. 2021).

However, the significant volume of current and future groundwater-related information
in Québec poses challenges for decision-makers and policymakers, such as data access and
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management, as well as understanding the diverse groundwater data. Moreover, regional
water practitioners do not always have the expertise to understand the advanced concepts
associated with groundwater. The data, as currently produced within the framework of the
various PACES, are not sufficiently adapted to the needs of regional water practitioners, and
they must be interpreted and combined to create valuable knowledge that can be used for
(1) land-use planning; (2) ensuring the sustainability of the groundwater resource;
(3) developing the groundwater resource; and (4) addressing conflicts of use between different
economic and municipal activities. Technical tools alone are insufficient for fully utilizing this
knowledge, and it is necessary to complement these tools with personalized guidance from a
groundwater expert. The databases produced by the participating universities and provided to
the Québec MELCC contain immense volumes of information. The challenge is to take
advantage of this new knowledge by integrating it into territorial planning at different scales.
According to Lavoie (2013) and Mayrand (2021), the challenges could initially be grouped into
seven themes: raising awareness of local and regional practitioners, training of basic
knowledge in hydrogeology, ensuring the effective and appropriate dissemination of results,
popularizing new knowledge, clarifying groundwater protection mechanisms, and identifying
the roles and responsibilities of the various regional practitioners. Finally, there must be the
manifestation of a strong political will for the sustainable management of water resources

(Lavoie, Joerin, and Rodriguez 2014; Mayrand 2021).

Across Québec, it is essential to continue gaining knowledge related to groundwater,
including updating the existing groundwater databases. Government agencies, municipalities,
and consulting firms continually produce new, relevant, and accurate data (e.g., well drilling,
piezometric surveys, pumping tests, geophysical surveys, and groundwater quality tests).
These data must be integrated into the established databases as they are produced to ensure
they remain current and relevant for future projects involving the management and protection
of water resources. Several organizations can be responsible for updating these data and
providing the governance of these databases. These organizations include government

agencies, consultants, regional county municipalities (RCM), one or a consortium of
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universities, and watershed organizations (organismes de bassins versants du Québec, OBV).
However, without a clear and strong political will, the protection and sustainable management
of groundwater are not assured. This should manifest itself through specific mandates, the
availability of the necessary resources, and the creation of specific tools to ensure the

sustainability of this essential resource.

Canada and other countries provide diverse solutions and methods to enhance
accessibility and autonomy in accessing databases and facilitate information exchange among
regional decision-makers and policymakers in water resources management. For instance,
notable examples include the databases of TRCA in the Greater Toronto Region, Ontario,
Canada (https://trca.ca/conservation); AGS, Alberta, Canada (https://ags.aer.ca/); InfoTerre-
BRGM, France (https://infoterre.brgm.fr); Bundesanstalt fur Gewasserkunde, Germany
(https:/imwww.bafg.de/de/home/homepage); us Geological Survey, USA
(https://www.usgs.gov/); IGME, Spain (https://igme.maps.arcgis.com/home/gallery); eHYD,
Czech Republic (https:/lehyd.gv.at/#); and OFEV, Switzerland

(https://s.geo.admin.ch/9b181a62f6).

These databases are often attached to energy, mines, or sustainable development
ministries, with little or no involvement from the academic sector. All these databases have the
same objective: me s Wherutlsey sesk o aequirp geodciantific data (i.e.,
researchers, professionals, the general population, and government agencies) and protect
groundwater resources. The private sector sometimes agrees to share its information with the
public sector to create global databases, but this collaboration often makes the database
inaccessible to the general public. However, access to data is essential, which is why many
countries have established strict regulations to implement systems capable of collecting
groundwater information and establishing global databases with guarantees of easy access

(for some examples, see the databases references above).
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1.7 CONCLUSION

The eastern Mauricie PACES project has contributed significantly to increasing
knowledge of regional groundwater resources by (1) integrating existing data from regional
partners and recently collected data within a geospatial groundwater database; (2) establishing
a profile of the main parameters characterizing groundwater resources; (3) developing a
combination of specialized investigation tools and multiple groundwater characterization
methods to provide detailed information about hydrogeological units and their surface and
subsurface distribution; and (4) mapping aquifer environments and the main parameters that
characterize these aquifers and their geological environments. The PACES geodatabase for
the eastern Mauricie region also provides substantial information for diverse related research
and subregional projects related to aquifer characterization, such as the protection and the

quality of groundwater in eastern Mauricie.

Although the results of the PACES for the eastern Mauricie region are significant,
knowledge acquisition is an evolving process, and it remains that a project of this sort offers
only an initial portrait of the regional groundwater resources and does not provide more precise
information, such as the available and exploitable groundwater volumes. However, at a more
local scale, these estimates should be more manageable by accessing the data now collected

and easily accessible in a database.

The main singular features of aquifer systems in eastern Mauricie are:

A Several large-scale accumulations of unconsolidated surface deposits, such as sand,

gravel, and clay, sometimes reach thicknesses exceeding 100 m;

A Granular deposits of glacial or postglacial origin are the main aquifer type exploited for

drinking water supply by municipalities;

A Several sectors in the region are likely to have significant aquifer reservoirs that have

not yet been exploited, in particular, the Saint-Narcisse Moraine and the Piedmont regions;
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A Surface sands of deltaic origin have heterogeneous granulometric and hydraulic
characteristics favorable to groundwater and are also exploited to supply drinking water to

municipalities;

A The piezometric map developed in this project indicates the shallow groundwater depth

in the St Lawrence Lowlands (i.e., 01 20 m from the surface);

A The bedrock has a highly spatially variable topography. Therefore, the deep valleys in
eastern Mauricie can contain substantial granular accumulations (i.e., deeply buried
valleys), and the interpretation of the stratigraphic sections presented in this study could

help to locate these valleys;

A Groundwater in eastern Mauricie is of good quality; 73% of the collected samples taken
in the region had no exceedance of drinking water standards. However, 43% of the
samples exceeded the aesthetic criteria, and 16% exceeded the new potability
recommendations of Health Canada for manganese. Fluoride exceedance is also

ubiquitous in the lowlands sector of the study area.

Following PACES, it is essential to continue acquiring groundwater-related information
and monitoring groundwater quality, including updating the spatially referenced groundwater
database that could be improved in a targeted way, starting with exploited groundwater or the
aquifers identified as more vulnerable. More information is required regarding the parameters
characterizing each aquifer in the region, such as hydraulic properties, hydrogeochemistry,
piezometry, and recharge, to ensure the proper protection of vulnerable aquifers. Land-use
and water managers (i.e., governmental agencies, watershed agencies, municipal
policymakers, and consultants) must apply the information compiled in this database to ensure

the sustainability and protection of this water resource.

Gathering groundwater information, mapping groundwater reservoirs, and establishing a

spatially referenced groundwater database can be implemented for areas around the globe,
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irrespective of geographical location, climatic conditions, or hydrological characteristics. These
areas may include regions characterized by cold weather, such as polar and temperate
climates, as well as warmer tropical and arid regions. Protecting and preserving the world's
groundwater resources is a critical and even essential objective, which can be favored by
characterizing aquifers. This characterization involves assessing the hydraulic properties,
hydrogeochemistry, piezometry, and recharge to ensure the proper protection of vulnerable

aquifers.
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CHAPITRE 2
TRANSIENT ELECTROMAGNETIC (TEM) SURVEYS AS A FIRST APPROACH FOR
CHARACTERIZING A REGIONAL AQUIFER: THE CASE OF THE SAINT -NARCISSE MORAINE,

QUEBEC, CANADA

Le chapitre 2 de cette these est présenté sous la forme d'un article scientifique. Il s'agit du
premier outil d'investigation développé dans notre approche méthodologique pour mieux évaluer le
potentiel aquifére d'un milieu de dépdt quaternaire hétérogéne et anisotrope. Etant donné que les
contextes géologiques qui manquent d'informations stratigraphiques et piézométriques sont difficiles
a cartographier initialement en termes d'hydrogéologie, ce chapitre propose une approche pour
caractériser un aquifére régional en utilisant des données géophysiques (Transient ElectroMagnetic
surveys - levés électromagnétiques transitoires (TEM)) en support aux autres données
conventionnelles dbéacqui si t.iCetre apprechadpermeat @eacrréler les
informations stratigraphiques et piézométriques, et de caractériser les aquiféres granulaires

régionaux en termes de stratigraphie, de géométrie, d'épaisseur et d'étendue.

Dans cette étude, les données TEM, combinées a la cartographie piézométrique et aux
enregistrements sédimentaires des forages et des coupes stratigraphiques, ont révélé la
compartimentation d'un systéme morainique de plusieurs kilométres et ont indiqué la présence de
deux grands aquiféres granulaires a nappe libre recouvrant le substratum rocheux. Ces aquiferes
s'étendent sur plus de 12 km d'est en ouest a travers la zone d'étude et ont une épaisseur comprise
entre 25 et >94 m. La méthode TEM fournit des informations critiques sur les eaux souterraines a
une échelle régionale en acquérant des données a partir de plusieurs stations dans un court laps de

temps a un degré non possible avec d'autres méthodologies existantes.

Le présent article a été soumis dans la revue Geosciences (IF : 3,03) le 17 ao(t 2021 et publié
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2.1 ABSTRACT

Geological contexts that lack minimal stratigraphic and piezometric information can be
challenging to produce an initial hydrogeological map in remote territories. This study proposes an
approach to characterize a regional aquifer using transient electromagnetic (TEM) surveys. Given the
presence of randomly dispersed boreholes, the Saint-Narcisse moraine in the Mauricie region of
Quebec (Canada) is an appropriate site for collecting the required geophysical data, correlating the
stratigraphic and piezometric information, and characterizing regional granular aquifers in terms of
stratigraphy, geometry, thickness, and extent. In order to use all TEM results (i.e., 47 stations)
acquired in the moraine area, we also correlated 13 TEM stations, 7 boreholes, and 6 stratigraphic
cross-sections to derive an empirical and local petrophysical relationship and to establish a calibration
chart of the sediments. Our TEM data, combined with piezometric mapping and the sedimentary
records from boreholes and stratigraphic cross-sections, revealed the compartmentalization of a
multi-kilometer morainic system and indicated the presence of two large unconfined granular aquifers
overlying the bedrock. These aquifers extend more than 12 km east to west across the study area

and are between 25 and >94 m thick. The TEM method provides critical information on groundwater
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at a regional scale by acquiring information from multiple stations within a short time span to a degree
not possible with other existing methodologies.
Keywords: Transient electromagnetic surveys (TEM); Saint-Narcisse moraine; stratigraphy;

sediments; aquifer; regional piezometry; groundwater potential

2.2 INTRODUCTION

Morainic complexes have a spatial arrangement and hydraulic characteristics (i.e.,
permeability, porosity, and particle size) that are favorable for groundwater storage (Parriaux and
Nicoud 1993, Burt 2018). Often located in northern environments and far from urban areas, moraines
are sometimes difficult to access, and collecting data using conventional hydrogeological methods,
such as boreholes and piezometers, can be challenging in these environments. Geophysical surveys
can quickly investigate an accumulation of glacial sediments (e.g., a moraine) to efficaciously assess
the internal dimensions and stratigraphic variability of any contained aquifers. The transient
electromagnetic (TEM) method applied to groundwater exploration provides a non-invasive,
inexpensive, and effective means of characterizing the internal structure of moraine deposits and
delineating the geometrical features of various hydrogeological targets (Schrott et al. 2003,

Sass 2006, McClymont et al. 2010).

In the province of Quebec, Canada, the deglacial period saw the formation of complex
granular aquifers, such as those associated with the Saint-Narcisse morainic complex. This deposit
is a major Quaternary formation that stretches along the southern margin of the Canadian Shield and
extends from the town of Saint-Siméon in Quebec to the Great Lakes in Ontario
(Daigneault and Occhietti 2006, Occhietti 2007). This vestige of the Younger Dryas cooling period
(12.771 12.4 cal. ka BP; (Occhietti et al. 2001, Occhietti 2007)) was deposited during a readvance of
the Laurentide ice sheet (LIS). Thick layers of well-sorted sands and gravels have been observed at
the surface of this morainic complex (Occhietti 1977, 2007, Girard 2001, Daigneault and Occhietti
2006); these deposits represent potential aquifers. The overall extent of the Saint-Narcisse morainic

complex is not continuous and is frequently interrupted by multiple sections composed of finer
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sediments deposited by the Champlain Sea (Daigneault and Occhietti 2006) during its incursion into
the isostatically depressed region following the retreat of the LIS. These less permeable sediments
(i.e., clay and silt) act as natural impermeable barriers that limit connections between granular
aquifers, create a discontinuity of the stratigraphic units within the moraine, and compartmentalize

any contained aquifers.

In the Mauricie region of Quebec, Canada (Figure 13), municipalities have collected
hydrogeological data (e.g., borehole logs, pumping tests, and piezometric surveys) from around the
moraine. Nonetheless, the distribution of these aquifers remains poorly constrained and documented,
and no study has yet to investigate their spatial extent, thickness, and location. Furthermore, the
existing groundwater-related data have never been integrated into a regional-scale portrait of these
morainic aquifers. The Saint-Narcisse morainic complex is mainly located in rural areas, and several
sectors of the moraine are difficult to access and are thus characterized by a lack of data. Here, we
aim to improve the existing stratigraphic data by establishing: (1) the simplified architecture of the

deposits; (2) the groundwater elevation; and (3) the depth of the bedrock.
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Figure 13: Regional topography of the study area and location of TEM 2D sections, boreholes,
stratigraphic cross-sections, and piezometric surveys acquired from the Saint-Narcisse moraine.
(Top left) General map spanning over the region of the Mauricie in the Province of Québec in
Canada. The red rectangle represents the study area.

The electrical resistivity values of the Saint-Narcisse moraine deposits are unknown, and
establishing a correlation between the stratigraphy and the geophysical response is not
straightforward (Légaré-Couture et al. 2018). Several authors (Palacky 1987, 1993, Sorensen et al.
2000, Danielsen et al. 2003, Reynolds 2011, Goldman and Kafri 2020) have shown that different
subsurface sedimentary layers can share a similar resistivity; therefore, there can be a possible
overlap between different stratigraphic units and electrical resistivity values. To circumvent this
overlap problem and efficaciously use the TEM approach, we develop, in an initial step, a calibration
chart of electrical resistivity values associated with each sediment class typically found within the
Saint-Narcisse moraine in the Mauricie region. This chart allows for the interpretation of the obtained
electrical resistivity values for both unsaturated and saturated sediments. The chart also extends the
interpretation of TEM results collected during the field campaign to locations where no boreholes or

piezometric observations are available (i.e., 27 stations). To characterize the Saint-Narcisse morainic
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aquifers at a regional scale, we then use TEM to collect geophysical data in support of
hydrogeological mapping to (1) improve the understanding of the sediment architecture within the
moraine and (2) delineate the spatial extent of the Saint-Narcisse moraine aquifers in the Mauricie
region. This study was conducted in 201971 2020 as part of the Groundwater Knowledge Acquisition
Program (PACES; (Chesnaux et al. 2011, Larocque et al. 2015, Walter et al. 2018)), sponsored by
the Quebec Ministry of the Environment (MDDELCC). The various PACES projects aim to produce a
realistic portrait of existing groundwater resources of the municipalized territories of southern Quebec

to protect these aquifers and ensure their longterm sustainability.

2.3 STUDY AREA AND GEOLOGICAL OVERVIEW
2.3.1 BASEMENT GEOLOGY

The study area is in the southeastern portion of the Mauricie region, situated between
Montreal and Quebec City (Figure 13). This area, lying between the St. Lawrence Lowlands and the
Grenville Province, consists mainly of a relatively flat topography where agriculture is the main
economic activity. The St. Lawrence Platform (i.e., St. Lawrence Lowlands) lies to the south of the
moraine and is composed of Paleozoic sedimentary rocks, which are covered by a thick layer of
Quaternary sediments. These sedimentary rocks are composed mainly of Ordovician sandstone
(Black River group), carbonate (Trenton group), and shales (Utica and Lorraine groups) deposited in
a marine environment (Douglas et al. 1970, Occhietti 1977, Globensky 1987,
Légaré-Couture et al. 2018). This geological province is bounded to the northwest by the
Precambrian Canadian Shield and to the southeast by the Appalachians. The Grenville Province, the
youngest province of this Precambrian shield, lies to the north of the study area and consists mainly
of high-grade igneous and metamorphic intrusive rocks (Rivers et al. 1993). The lithologic
composition of the Grenville Province varies depending on the area; anorthosite, mangerite,
charnockite, orthogneiss, paragneiss, migmatite, and marble are the main rocks found near the study

area (Nadeau and Brouillette n.d., Globensky 1987, Légaré-Couture et al. 2018).
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2.3.2 QUATERNARY SEDIMENT DEPOSITS

Quaternary surface deposits in the Mauricie region (Figure 14) were mapped recently under
the 20181 2021 PACES project directed by the University of Quebec at Chicoutimi (UQAC). Most
Quaternary deposits associated with the Saint-Narcisse moraine relate to the last glaciation (i.e.,
Wisconsinan glaciation) and were deposited during deglaciation. The isostatic depression caused by
the LIS, combined with a rapid global rise in sea level, led to a marine transgression and the incursion
of the Champlain Sea into the region. The sea flooded the valleys of the lowlands and led to deposits
reflecting both deep and shallow marine environments (i.e., distal and proximal glacio-marine
deposits) in the study area. This marine transgression lasted about 2000 years (131 11.2 cal. ka BP)
and reached an elevation of about 200 m asl (i.e., above present-day sea level; (Parent and Occhietti
1988, 1999)). Isostatic rebound during the Holocene provoked a marine regression, and the

Champlain Sea deposited regressive sands during its retreat.
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Figure 14: Surface deposit map of Quaternary sediments from the southeastern Mauricie region.
The four main hydrogeological contexts are identified: Laurentian Mountains, marine clay, Saint-
Narcisse moraine, and St. Lawrence Lowlands.

2.3.2 SAINT-NARCISSE MORAINE

During the last glacial period, the LIS covered most of Canada and attained a thickness of 5
km in places (Dyke and Prest 1987, Evans 2005, Benn and Evans 2010, Dietrich et al. 2010, Margold
et al. 2015, Stokes 2017, Lévesque et al. 2019). This ice sheet crushed, removed, and transported
rocks and sediments and produced glacial deposits composed mainly of diamicton (i.e., tills). Climate-
related phases of LIS advance and retreat left behind numerous frontal moraines represented by long
ridges composed of glacial sediments (Evans 2005, Benn and Evans 2010, Landry et al. 2012). The
Saint-Narcisse morainic complex is discontinuous but extends over more than 1,400 km and is one
of the longest documented frontal moraines in Canada (Daigneault and Occhietti 2006). The moraine

can reach up to 100 m thick, although it generally varies locally between 1 and 20 m (Occhietti 1977,

79



Tricart 1983). A variety of sedimentary facies make up the stratigraphic sections of this moraine: till
wedges, subglacial or melt-out till deposited during the last glaciation, proximal and distal
glaciomarine deposits, as well as juxtaglacial and fluvioglacial deposits (i.e., ice-marginal outwash
(Occhietti 1977, 2007)).

In low-lying areas, the Champlain Sea event deposited a thick layer of clay covered by
regressive sands deposited during the marine regression. At higher elevations (e.g., the sides and
top of the moraine), the Champlain Sea deposited proximal glaciomarine sediments and reworked
the glacial tills put in place during deglaciation or the Younger Dryas readvance (YG; (Parent and
Occhietti 1988, 1999, Daigneault and Occhietti 2006, Occhietti 2007)). The till deposits were reworked
by waves and currents to form visible terraces on the seaward side of the moraine
(Figures 13 and 14). Therefore, these terraces are essentially composed of coastal and sublittoral
sands deposited in the shallowest areas of the Champlain Sea and by fluvioglacial sediments of small
and large deltas that formed in the valleys at the mouths of rivers entering the Champlain Sea
(Parent and Occhietti 1988, Occhietti et al. 2001, Occhietti 2007, Légaré-Couture et al. 2018).

Groundwater found in these areas is the main source of drinking water and is exploited locally
to supply several municipalities (e.g., Saint-Narcisse, Saint-Prosper, and Saint-Maurice), which
attests to the local aquifer capacity of the moraine. It is therefore possible to deduce that there is likely
a high groundwater potential in this area of the Saint-Narcisse morainic complex. Our goal is to

validate this potenti al and delimit the aquif

2.4 MATERIALS AND METHODS
2.4.1 TEM FIELD SETUP
TEM measurements are performed using loops of electrical wire deployed on the ground. A
time-varying current is injected into a transmitter loop (Tx), which induces a primary electromagnetic
field into the subsoil. This initial electromagnetic field interacts with the subsurface geological
materials to produce an electric current that induces a secondary electromagnetic field; this
secondary field contains information regarding the underground electrical properties and is detected

by a receiving loop (Rx) on the surface connected to a receptor that measures the rate of decay of
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the electromagnetic field. The rate of decrease is then reversed in electrical resistivity (Nabighian and
Macnae 1991, Fitterman and Labson 2005). This method does not involve direct electrical contact
with the ground (i.e., electrodes) and produces results for a range of depths, from a few to several
hundred meters. The advantages of this method are numerous. It is inexpensive, non-destructive,
fast, robust, and ensures efficient operations within various environmental conditions (e.g., swamps,
coastal areas, forests, and mountains; (Fitterman and Stewart 1986, Kafri et al. 1997, Parsekian et
al. 2015, Kalisperi et al. 2018)). On the other hand, it has the disadvantage of being sensitive to
proximity interference (buried or not), such as the presence of metal pipes, cables, fences, and power

lines (Sorensen et al. 2000, Danielsen et al. 2003).

For this study, TEM data were collected over three months (summer 2020) and involved
47 TEM surveys acquired at 12 locations across the Saint-Narcisse moraine in the Mauricie region.
The TEM instrument used for this study consisted of an NT-32 transmitter and a 321l multifunction
GDP-receiver (Maclnnes and Raymond 2001) and included a portable battery-operated transmitter-
receiver (TX-RX) console. For this series of soundings, we used a square-sized loop configuration of

20 x 20 m for the TEM transmitter. The pulse current in the generating loop was set at 3A, and the

frequency of the filter was set at 32 Hz with a 50% duty cycle. Theturn-of f t i me was 1.5 ¢
damping resistor set at 250 q. The induced veltage
loop configuration). The NanoTEM equipment consisted of a high-speed sampling card with a fixed
gain stage of A~10. Data were stacked in 8 blocks of 4096 cycles each, giving a total of 32,768 stacks.
This resulted in a noise | evel of approximately 10

2.4.2 TEM DATA INVERSION

Once the resistivity data were acquired, our main goal was to deduce the subsurface
resistivity distribution by inverting the data. Converting the TEM signals into an electrical resistivity
model of the ground involves three processing steps relying on different software packages. First,
raw data are averaged using TEMAVG Zonge software (Maclnnes and Raymond 2001, 2005). This
step also filters inconsistent data points (i.e., outliers), which must be deleted before the inversion

(Figure 15). Because the magnetic field intensity decreases with depth, the amplitude of the
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measured data decreases over time, with time playing the role of pseudo-depth. Here, the results are
represented by a variation of the apparent resistivity. When the noise level (distortion) increases and
the decay rate of the signal becomes discontinuous, the variations of the induced voltage (i.e., dB/dt)
increase greatly, and the obtained results are no longer reliable. It is therefore necessary to remove
these inconsistent data points (i.e., outliers; red crosses on Figure 15) manually when processing
data with TEMAVG to retain only high-quality data. Figure 15 provides an overview of the acquired
data and shows measured raw data (as crosses), the residual number, the inversion best fit (black

line), and the corresponding resistivity model.
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Figure 15: (Left) Typical induced voltage decay from Line 2 (L2), Station 3. Measured data are
shown as crosses and inversion fitting as a black line. The noise level is approximately 25 € V/A.
The inversion residual is 2.2. (Right) The obtained smooth-model TEM inversion.

STEMINV software (Maclnnes and Raymond 2001) is used for inversion in order to develop
a 1D inversion model of the transient EM sounding curves. After importing the data file containing the
measured sounding curve from TEMAVG, we used the software to generates a consistent 1D

smoothed inversion model of electrical resistivity versus depth on the basis of the iterative Occam

82



inversion scheme (Constable and Parker 1987). Calculations of maximum depth are given in the
Zonge manual (Maclnnes and Raymond 2001). We used MODSECT software (Maclnnes and
Raymond 2001) for the final phase of data processing to build a 2D model by using the 1D resistivity
model acquired with STEMINV (Maclnnes and Raymond 2005). MODSECT interpolates vertical
columns with Catmuli Rom splines and then interpolates across the model with splines to provide a
2D view from 1D data in order to visualize the geometry of the geoelectrical structure of each line

(Figure 16).
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Figure 16: The interpreted 2D Section L2 and stratigraphic cross-section YLO71 taken near Notre-
Dame-du-Mont-Carmel, Quebec. The surface deposit elevation is obtained from lidar data. The blue
dashed line represents the projected water table from direct observations in the field. The legend
indicates only those sediments observed directly in the area (YLO71). If no boreholes (or
stratigraphic cross-sections) were acquired, the subsurface information is deduced from the

2.4.3 TEM CALIBRATION

calibration chart.

Indirect geophysical methods are a necessary complement to direct observations obtained

through borehole logs, stratigraphic cross-sections, and piezometric surveys. These direct

measurements are used to calibrate the geophysical results, thereby allowing the extrapolation of all
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TEM results (i.e., 40 stations) over a larger study area, even for areas lacking nearby sites where
data were acquired directly. This calibration involves comparing the stratigraphic and piezometric
information with the TEM results to obtain an equivalence of the electrical resistivity values for the
unsaturated and saturated sediments of the study area. We selected TEM stations (1D resistivity
models) near sites where boreholes, stratigraphic cross-sections, and piezometric surveys had been

obtained previously.

2.4.4 STRATIGRAPHIC CALIBRATION

For the calibration, 13 TEM stations, 7 boreholes, and 6 stratigraphic cross-sections acquired
from various locations across the moraine were correlated to derive an empirical and local
petrophysical relationship to establish a resistivity chart of the sediments for the Saint-Narcisse
moraine. First, the boreholes (and/or stratigraphic cross-sections) must be projected and compared
to the nearest TEM station (i.e., co-located data) in areas considered to be representative of the
moraine sediments. The selected boreholes and stratigraphic cross-sections were mainly located
within a radius of 100 m from, at a minimum, one station (Figure 13). The contribution of the
stratigraphic cross-sections is substantial because they were detailed from sand pits, and their
associated TEM stations were set near the same position at a higher elevation. The electrical
resistivity values can thus be directly associated with the various sediment facies of these
stratigraphic cross-sections. In order to derive this calibration chart, we associated each class of
sediment derived from borehole logs and stratigraphic cross-sections to an electrical resistivity value
of a nearby TEM station. In addition, to create this chart, the calibration was based on unsaturated or
saturated sediments using static groundwater levels (water table position) to distinguish between an
absence or presence of water. However, the determination of the water table using the TEM method
relies on identifying significant electrical resistivity contrasts between saturated and unsaturated
sediments. Consequently, determining the elevation of the water table from the resistivity contrasts
obtained in TEM and ERT surveys introduces a degree of uncertainty regarding its precise location.
This uncertainty can range from decimeters to, in some instances, even meters. These variations are

inherent to the nature of the geophysical methods employed, which, although powerful for estimating
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piezometric levels, exhibit resolution limits that must be carefully considered in the interpretation of

the data.

2.4.5 GROUNDWATER PIEZOMETRIC MAP AND THE SATURATED /
UNSATURATED SEDIMENT RESISTIVITY CHART

To associate electrical resistivity values with water-saturated sediments, we had to estimate
the piezometric level of groundwater. A piezometric map was therefore created to determine whether
the sediments used to create the resistivity chart were water-saturated or unsaturated. According to
a previous study that estimated the depth of the top of the saturated zone (Dewar and Knight 2020),
above and below the groundwater table, the resistivity values were associated, respectively, with
unsaturated and saturated sediments. To build an interpolated groundwater-depth map (i.e.,
piezometric map) for the Saint-Narcisse moraine in the Mauricie region, we gathered and compiled
all existing pertinent data; such a database contains borehole logs and piezometric survey
information. We performed the interpolation using the ArcGIS software hosting the PACES
groundwater geodatabase of the Mauricie region. Regional piezometry was defined using a total of
465 piezometric surveys initially available from on and around the Saint-Narcisse moraine. The static
groundwater levels (water table position) were obtained from 170 wells located in the unconfined
granular aquifers of the moraine area. In addition, 295 surface surveys were taken using the water
levels of several streams and rivers flowing across the moraine. These streams and rivers constrain
the water table height because the unconfined aquifers are in direct hydraulic contact with surface
waters. Although groundwater levels fluctuate over time, we assume that these fluctuations are
negligible at a regional scale. To test the accuracy of the initial data set and the piezometric map, we
calculated a root mean square error (RMS; Equation 1). The RMS acts as an indicator of modeling
quality in terms of the spatial distribution and density of the observed data, as well as model precision
and accuracy (McCormack 1983, Zimmerman et al. 1999, Wise 2000, Jones et al. 2003, Dewar and

Knight 2020).

T
YO Y g d€QQE i Q1 1'QQ (1)
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The RMS parameter (Equation (1)) corresponds to the mean of the differences between the
observed (i.e., water table elevation) and interpolated values, in this case, the isopiestic lines. The
RMS value indicates the reliability of the model in representing reality. A reliable model, in terms of
accuracy and precision, will generate a lower RMS value. Thus, the lower the difference between the
modeled and observed water table values, the more accurate the model output in representing reality.
To assess the accuracy of the results, we used 25 observation points (i.e., water table elevation) as
a verification data set to perform cross-validation and to calculate the RMS. These points, distributed
regularly over the entire study area, were randomly extracted from the data set. They were equivalent

to 15% of the total well data set (170 wells).

In addition to the piezometric map constructed from the interpolation of data available in the
regional database, we undertook direct surveys of the groundwater table where possible. These direct
records of the groundwater table correspond to observations of springs or the emergence of free

water at the surface of areas exploited for aggregates (sand/gravel pits).

2.5 RESULTS

2.5.1 GROUNDWATER PIEZOMETRIC MAP

The interpolated map of groundwater depth (i.e., piezometric map) of the Saint-Narcisse
moraine in the Mauricie region illustrates the sizable number of evenly distributed piezometric
surveys. This distribution ensures a proper interpolation of static groundwater levels (Figure 17).
Depending on the topographic elevation, the water table varies between 0 and 20 m below the ground
surface. For the piezometric map, the calculated RMS value is 2.96 m, a relatively low value indicating
a high-quality model. Above the groundwater table, resistivity values are high and associated with
unsaturated sediments, whereas below the water table, the sediments are saturated, and the
associated resistivity values are much lower. The transition between the vadose zone and the

saturated zone via the capillary fringe generates variable saturation gradients but on a very thin layer
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(i.e., 11 2 m). As we cannot expect a resolution better than a few meters from TDEM data, the capillary

fringe is not considered at a regional scale.

1 1 0 03 06 12 1.8
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# : TEM stations ¥r : Boreholes and stratigraphics sections — Isopieze

(b)

Figure 17: (a) Interpolated water table elevation and regional piezometry of the eastern Saint-
Narcisse moraine near Notre-Dame-du-Mont-Carmel in Mauricie, Quebec; (b) interpolated water
table elevation and regional piezometry of the central Saint-Narcisse moraine near Ste-Genevieve-
de-Batiscan and Saint-Narcisse in Mauricie, Quebec. The water table elevations are expressed in
meters above sea level for both figures.
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2.5.2 TEM CALIBRATION

Figure 15 presents the induced voltage decay of Line 2, Station 3 (near YLO71) and also

represents the induced (and similar) voltage decay curves of Line 2, stations 1 and 2. Figure 16

(Section L2) illustrates the local surface deposit, the location of a stratigraphic cross-section (YL0O71)

taken on the side of a sandpit, and the 2D section obtained on the basis of three TEM stations. The

manually acquired piezometric surveys and piezometric map identify the water table at about 11 m

depth. The electrical resistivity values associated with stratigraphic cross-section YLO71 are

650-695q m f

(Table 3).

or

unsaturat ediG2amdqm,ndamgd afveerl ,umMswaet ur at ed

Table 3: TEM stations, with all nearby boreholes and stratigraphic sections, and their associated
electrical resistivity values. Depths are identified by parentheses. The blue color in the electrical
resistivity column represents the approximate depths at which which the water table has been
reached. The water table has been determined by 1) in situ observations and 2) use of the

piezometric map

Stratigraphic Electrical Elevation Water
TEM Boreholes segtioﬁs resistivity m) table
stations (Ohm.m) (m)
YLO71
L2_ST3 — (0-5) sand and gravel (0-5) 625695 5[87%3137 11
(5-11) fineto medium sand (5-11) 465625 )
F1-PACES
0-6) medium to 0-6) 350405
asmy oo T
— (6-12) fine to medium (6-12) 116350 11'4 : water
sand with silt and clay
(12-46) clay (12-46) 15110
L6 ST5 e YLO57 ST5: 120 No
— (0-3): sand and gravel (0-3) 610620 YLO57: 120 water
YLO19 . (0-3) no data ST7: 120 No
L6 _ST7 — (0-9): sand and gravel witt (3-9) 430745 YLO019: 123 water
boulders
COMP016-18
(0-11): sand and grave (0-11)46G720
with pebbles and boulders ST1: 139
L7 ST1 — (11-16): medium to coarse (11-16) 345460 COMP01618: 18
sand (16-18) 176330 139
(16-18): fine to medium
sand
ME1843
(0-13): fine to coarse (0-13) 546910 Not
L9 ST5 sand and gravel . ST5: 180 availabl
- (13-27): sand (13-27) 215540 ME1843: 180 e in situ
(27-30); gravel and (27-30) 200215
clay (till)
MAURO0345 ST1-2: 140
L10_ST12 (0-19): sand and grave — (0-14) 406835 MAURO0345: 14
(14-19) 250400 140
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ST5: 146

L10_ST5 — (0-12): fineto coarse sand (0-12) 380550 YLO8O: 146 14
MEOQ704
(0-8): sand and gravel (0-8) 150230 ST1: 118
L13_ST1 (8_-19). sand and grave — (8-19) 66150 MEO954: 118 1-2
with clay
(19-27): clay (19-27) 4060
P12 ST3:118
L13_ST3  (59): sand (09)7110750  P12: 118 12
ME1615
(0-13): sand and (0-3): 360-390
gravel (3-13): 165360 ST1: 115
L15 ST1 (13-38): sand and (13-38): 80165 MEi615' 114 2-3
gravel with clay (38-50): 150 '
(38-50): sand and 285
gravel
ME0954 (0-2): no data
(0-8): sand and gravel (2-8): 300415
L17 ST1 (8-13): sand and grave (8-13): 186300 ST1: 116 8
- (13-17): sand (1317): 110 MEQ954: 118
(17-27): sand with 180

clay

(17-27): 60110

Figure 18 (Section L3) shows a 2D section and a borehole stratigraphy (F1-PACES)

recovered from an unsaturated subsoil. This TEM line comprises two stations. The induced voltage

decay of Station 1, located near the borehole, shows a similar pattern as the induced voltage decay

of Station 2 (Figure 19). Here, the water table is not attained by the borehole, and a thick layer of clay

is found at 12 to 46 m depth. The resistivity values for the stratigraphic units of the F1-PACES

borehole are 35014 0 5

andclayand 151110 qgm

qm f o tocoamedsand,hl0i3 5 0

qm

for fii

ne

(o]

medi

um

t hese 3)nfhearesancesofaeshallc ondi t i

amount of silt and clay in fine to medium sand at 6 to 12 m depth decreases the electrical resistivity

values considerably.
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Figure 18: Interpreted 2D Section L3 and borehole F1-PACES collected near Saint-Maurice,

500 m

Projected well logs Residual

[ Medium to coarse dry sand Station 1: 1.22

 — Fi_ne t9 medium dry sand Station 2: 0.97
with silt and clay

3 Clay

West

115
110
105

100

w
wn

90

8s

80

75

70

65

60

55

S0

(w) uoneasg

Resistivity
ohm-m

1000

100

Quebec. The surface deposit elevation is obtained from lidar data. At the site, no groundwater was
observed, and the basement was completely dry and mainly composed of clay.
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Figure 19: (Left side) Typical induced voltage decay from Line 3 (L3), Station 1. Measured data are
shown as crosses and inversion fitting as a black line. Noise level is approximately 10 ¢V/A. The
inversion residual is 1.22. (Right side) The obtained smooth model TEM inversion.

Figure 20 (Section L7) presents a 2D section, and two stratigraphic sections (YL016 and
YL018) collected on the side of a sandpit. These two sections are located at different elevations
(129 and 134 m, respectively) and can be superimposed to create a composite (COMP016-18). This
section was acquired on top of a sandpit with three TEM stations. The induced voltage decay of
Station 1 (located near YL071) is similar to other stations on this 2D section (Figure 21). The manually
acquired piezometric surveys and the interpolated piezometric map (Figure 17) identify a water table
at about 14 m depth. The electrical resistivity values for the stratigraphic units that make up the
COMPO016-18 section are 4601720 g m f e wnsaturatadr seand and gravel with boulders,
345-46 0 gm f o tocoamsaunsaturated sand, and 170330 gm f or fine t

sand (Table 3).
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Figure 20: Interpreted 2D Section L7 near Saint-Stanislas, Quebec. Stratigraphic cross-sections
YLO16 and YL018 have been Scheme 016. The surface deposit elevation is obtained from lidar
data. The blue dashed line represents the projected water table from direct observations in the field.
The legend indicates only the sediments observed in situ. The deeper sedimentary facies are
deduced from the empirical and petrophysical relationship (i.e., the calibration chart).
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