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Abstract: 20 

The hydrogeology of the municipalized territory (13,210 km2) of the Saguenay-21 

Lac-Saint-Jean region (SLSJ) has been studied as part of the groundwater knowledge 22 

acquisition program entitled Programme d’acquisition de connaissances sur les eaux 23 

souterraines (PACES) launched in 2008 by the Government of Quebec, Canada. This study 24 

involved the collaboration of numerous contributors (municipal policymakers, government 25 

agencies, watershed organizations and universities) to meet the program’s multiple and 26 

wide-ranging requirements. The key deliverables included a numerical geodatabase, 38 27 

regional-scale maps and a scientific report, all elaborated after four years of data gathering 28 

and compilation, fieldwork and information synthesis. In addition, numerous collateral 29 

research projects were undertaken by undergraduate and graduate students. The results of 30 

the SLSJ-PACES project provided new insights into regional groundwater resources and 31 

led to a generalized conceptual model of regional hydrostratigraphic features and 32 

groundwater quality. This paper summarizes the particular aspects of the major aquifers in 33 

the SLSJ region as uncovered by PACES, and presents the emerging challenges for 34 

updating and improving the region’s hydrogeological knowledge and ensuring the 35 

sustainable management of regional groundwater resources. 36 

KEYWORDS: Regional Study. Hydrogeological mapping, Sustainable 37 

development, Aquifer characteristics, Groundwater quality 38 

Résumé: 39 

Le gouvernement du Québec, au Canada, a lancé un programme scientifique d'acquisition 40 

de connaissances sur les eaux souterraines intitulé le «Programme d'acquisition des 41 

connaissances sur les eaux souterraines» (PACES) visant à améliorer les connaissances sur 42 

les ressources en eaux souterraines. La région du Saguenay-Lac-Saint-Jean (SLSJ, Québec, 43 

Canada, 13 210 km2) est parmi les premières régions ayant bénéficiée de ce programme. 44 

Pour réaliser ce projet, plusieurs contributeurs (décideurs municipaux, organismes 45 

gouvernementaux, organisations de bassins versants et universités) ont collaboré afin de 46 

répondre aux exigences multiples et variées du projet PACES. Le livrable principal est 47 

constitué d’une géodatabase numérique, à laquelle s’ajoute 38 cartes d'échelle régionale, 48 
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et un rapport scientifique. Le tout a été livré après 4 ans de compilation, de levés sur le 49 

terrain et de synthèse des résultats. En outre, de nombreux projets de recherche parallèles 50 

ont été menés par des étudiants de premier cycle et des cycles supérieurs. Les résultats du 51 

projet PACES au SLSJ apportent de nouvelles perspectives sur les ressources en eaux 52 

souterraines à l'échelle régionale et soutiennent un modèle conceptuel généralisé des 53 

caractéristiques hydrostratigraphiques, de même que de la qualité des eaux souterraines 54 

pour la région. Cet article résume des aspects particuliers des principaux aquifères de la 55 

région SLSJ, et présente les défis qui émergent du PACES-SLSJ afin de maintenir les 56 

connaissances hydrogéologiques à jour et pour les rendre disponibles dans une optique de 57 

gestion durable des ressources en eaux souterraines. 58 

 59 

KEYWORDS: Étude régionale, Cartographie hydrogéologique, Développement 60 

durable, caractéristiques des aquifères, Qualité de l’eau souterraine. 61 

  62 
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Introduction 63 

Over the years, large amounts of data have been collected for many portions of the 64 

aquifer systems of the Saguenay-Lac-Saint-Jean (SLSJ) region, located in the central 65 

portion of Quebec, north of the St-Lawrence River (Figure 1). Discrete elements of 66 

hydrogeological data (from well logs, hydrogeological studies, etc.) acquired in the past 67 

and stored by various public and private organizations can remain largely underused and 68 

even lost unless they are collated and formatted into a database, making them accessible 69 

for hydrogeologists as well as water and land-use managers. Effective management of 70 

groundwater resources is hindered when limited access to usable data contributes to a poor 71 

understanding of existing hydrogeological features, related knowledge remains fragmented 72 

and available information is inadequate. Aware of these limitations, Ogunba (2012) 73 

recommended that water suppliers should consistently carry out comprehensive and 74 

sustained studies of groundwater. 75 

Figure 1. – Location of the Saguenay-Lac-Saint-Jean region and its principal 76 

physiographic features. The delineation of the study area is based on municipal 77 

boundaries. 78 

 Developing a groundwater database was the main objective of a project conducted 79 

from 2009 to 2013 across the municipalized territory (13,210 km2) of the Saguenay-Lac-80 

Saint-Jean region (SLSJ). Part of the Programme d’acquisition de connaissances sur les 81 

eaux souterraines (PACES) launched in 2008 by the Government of Quebec, Canada, the 82 

project was carried out by the Centre d’études sur les ressources minérales (CERM) of the 83 

Université du Québec à Chicoutimi (UQAC). Preliminary results of the PACES-SLSJ pro-84 

ject were reported by Rouleau et al. (2011) and the overall results were described in CERM-85 

PACES (2013). 86 

The PACES-SLSJ project produced many collateral research projects related to 87 

aquifer characterization, groundwater quality and protection at the local and regional scale. 88 

In the SLSJ area, the wide diversity of geological units having specific hydrogeological 89 

properties is reflected by an equally diverse range of aquifer systems with contrasting 90 

characteristics. This paper presents a summary of the main results of the PACES-SLSJ 91 
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project and the related research projects. Topics dealing with groundwater resources and 92 

groundwater management that require further research and application are also identified. 93 

This paper summarizes the singular aspects of the hydrogeological features of the SLSJ 94 

region, and provides an overview of the comprehensive database in a geographic 95 

information system (GIS) and a conceptual regional-scale hydrogeological model. The 96 

presented results are derived from both the bedrock units and the surficial deposits, which 97 

cover much of the lowland area of the region. Interconnections between aquifers and a 98 

synthesis of the groundwater quality in the region are also highlighted. The discussion 99 

focuses on recommendations that have emerged from the PACES-SLSJ project that aim to 100 

enhance regional hydrogeological knowledge and to improve the sustainable management 101 

of groundwater resources. As with other PACES projects (MDDELCC 2017b), the 102 

comprehensive database and all deliverables of the PACES-SLSJ project have been 103 

transferred to the Quebec Ministry of Sustainable Development, Environment and the Fight 104 

against Climate Change (Ministère du Développement durable, de l’Environnement et de 105 

la Lutte contre les changements climatiques - MDDELCC) and to regional partners. 106 

Methodology 107 

The PACES-SLSJ project included three phases: (1) collection and digitization of 108 

existing data, (2) field work and data acquisition, and (3) synthesis of the results in the 109 

form of a numerical geodatabase, 38 regional-scale maps and a final scientific report. The 110 

project lasted four years (2009–2013). 111 

The initial phase led to the compilation and digitization of existing data from 1200 112 

borehole logs, 261 hydrochemical analyses, 548 grading curves, 63 piezometric maps, 11 113 

geophysical surveys, 39 direct-push stratigraphic soundings, 74 permeability tests, 171 114 

pumping tests and 50 stratigraphic cross-sections. 115 

Numerous approaches were used for the project’s second phase (CERM-PACES 116 

2013). Using various geophysical techniques, 31,701 m was surveyed using ground 117 

penetrating radar, 7565 m was surveyed using the time domain electromagnetic technique 118 

(TDEM) and 1750 m were surveyed using the resistivity technique. A detailed survey and 119 

analysis of fractures was conducted over a selected area that presented a high density of 120 
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crystalline rock outcrops (n = 224) in the centre of the SLSJ region. Geophysical logging 121 

(caliper, fluid temperature, rock and fluid resistivity, gamma radiation, acoustic televiewer) 122 

was conducted in 12 boreholes. A total of 345 stratigraphic profiles were mapped in gravel 123 

pits or along river banks. At 30 locations, direct-push stratigraphic sounding of surficial 124 

deposits was carried out to a maximum depth of 40 m. Piezometers (1” diameter) were 125 

installed at ten of these locations. Destructive drilling carried out in five other locations led 126 

to the installation of 13 more piezometers (2–6” diameter). Short-duration permeability 127 

tests were conducted at 165 boreholes pumped for groundwater sampling. A total of 161 128 

groundwater samples were collected from fractured-rock aquifers and 193 samples were 129 

collected from granular aquifers, mostly private wells; the samples were analyzed for 40 130 

hydrogeochemical parameters. 131 

A GIS-based comprehensive database was created. It includes all previously 132 

existing data and all data acquired by the PACES-SLSJ project. All data were then 133 

interpreted to address specific research questions and to produce PACES-SLSJ 134 

deliverables. The major findings of the project are presented in this paper. 135 

Geographic information system database 136 

A major output of the PACES-SLSJ project was the development of a 137 

comprehensive groundwater database generated through (1) the gathering of relevant 138 

sources of information related to groundwater, and (2) the application of a quality control 139 

process to screen the data for accuracy and quality (Chesnaux et al. 2011a). This 140 

hydrogeological database was implemented within a geographic information system (GIS) 141 

framework coupled to a relational database management system (RDBMS) as a file 142 

geodatabase using GIS (ESRI format) technology (Chesnaux et al. 2011a). Stratigraphic 143 

data stored within the spatial database was used for constructing 3D subsurface hydro-144 

structural models that supported the elaboration of many PACES project deliverables and 145 

provided a sound basis for a variety of subregional, geology-related projects (e.g. Rouleau 146 

et al. 2011; Chesnaux 2013; Richard et al. 2016a; Hudon-Gagnon et al. 2015; Foulon et al. 147 

2016; Chesnaux et al. 2017). 148 
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The SLSJ hydrogeological framework 149 

Another significant output of the PACES-SLSJ project was the creation of a 150 

schematic conceptual model of the main hydrogeological systems present in the SLSJ 151 

region (Figure 2). This model was derived from existing data that were integrated during 152 

the first year of the project. Regional physiography is strongly influenced by the Saguenay 153 

Graben that has protected parts of the Paleozoic sedimentary rock units from erosion and 154 

has controlled the formation of major granular deposits in the lowland areas. Aquifer 155 

systems in the SLSJ region are composed of geological units and structures ranging from 156 

Proterozoic to Quaternary in age (Rouleau et al. 2015). These include: (1) a Precambrian 157 

crystalline basement belonging to the Grenville Province, (2) the Saguenay Graben, a 158 

significant topographic E-W trending depression, (3) remnants of Ordovician sedimentary 159 

cover located in the lowlands, (4) Holocene glacial and proglacial deposits, and (5) marine, 160 

littoral and deltaic sediments related to the Laflamme Sea that inundated the lowlands at 161 

the end of the last glaciation, between 11,000 and 7000 years BP. Regional geomorphology 162 

and the graben (Figure 2) structure a drainage system from the highlands located to the 163 

north and south, toward the central surface water bodies and the surrounding lowlands, 164 

which include Lake Saint-Jean and the Saguenay plains, the main inhabited parts of the 165 

region. From a conceptual point of view, groundwater in the highlands infiltrates into a 166 

network of interconnected fractures and faults within the igneous and metamorphic rocks. 167 

In the lowlands, the groundwater discharges and flows dominantly into the permeable 168 

sediments. Lake Saint-Jean and the Saguenay River are the primary terminal discharge 169 

zones of the two regional groundwater flow systems (Figure 2). 170 

Figure 2. - Schematic block diagram of aquifer types identified in the Saguenay-Lac-171 

Saint-Jean region (CERM-PACES 2013). 172 

Bedrock aquifers 173 

Fractured-rock aquifers are mostly present within the crystalline Precambrian 174 

basement and the Ordovician sedimentary rock units (Figure 3) and are detailed below. 175 
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Precambrian rocks 176 

As outlined by Rouleau et al. (2013), the Grenville Province (Rivers et al. 1989; 177 

Hocq 1994; Davidson 1998) is the latest Precambrian geological province accreted to the 178 

south-eastern portion of the Canadian Shield. In the SLSJ region, rock units are mostly 179 

composed of amphibolite to granulite gneissic rocks intruded by AMCG (anorthosite, 180 

mangerite, charnockite, granite) suites of plutonic rocks. The Lac Saint-Jean anorthosite is 181 

the major mafic intrusion present in the area. 182 

A large amount of oxide minerals such as magnetite and ilmenite are present in the 183 

Grenvillian bedrock, especially in association with gabbroic phases. These minerals are 184 

also present in the Quaternary units deposited downstream by the ice sheet. The presence 185 

of magnetite can interfere with the use of the magnetic resonance sounding (MRS), an 186 

approach that has a proven track record in hydrogeology (Legchenko et al. 2002; Roy and 187 

Lubczynski 2003). MRS is very efficient in supplying highly relevant information related 188 

to the storage and flow properties of geological formations. As described by Roy et al. 189 

(2008, 2011a) and Menier et al. (2009), the wide distribution of magnetite constitutes a 190 

challenge when using the MRS technique in the Grenville Province. 191 

Ordovician sedimentary rock units 192 

Large remnants of mid-Ordovician sedimentary rock units, comprised of limestone 193 

and shale, uncomformably overlie the Precambrian bedrock. Two of these units are 194 

recognized: the 100 km2 Saint-Honoré and the 400 km2 Lac-Saint-Jean remnants. These 195 

units form a series of stratified sedimentary rocks, including siliciclastic strata, micritic 196 

limestones and highly fossiliferous alternating limestones and shales (Desbiens and 197 

Lespérance 1989). In the Saguenay area, the Ordovician sequence has a maximum 198 

thickness of 110 m in PACES-SLSJ boreholes (CERM-PACES 2013). These boreholes 199 

also revealed the presence of shale and limestone covered in places by 60 m of overburden. 200 

This new data doubles the known surface area of the Lac Saint-Jean remnant currently 201 

found on regional geological maps (Avramtchev 1993) that cover the areas to the north of 202 

Lake Saint-Jean (Figure 3). The calcareous units constitute an important exploitable 203 

aquifer, at least locally where karstic structures are observed, making this groundwater very 204 
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vulnerable to contamination. However, results from a few hydraulic tests in Ordovician 205 

limestone aquifers (presumably in non-karstic zones) indicate only a slightly higher 206 

average transmissivity value (9.5x10-5 m2/s) than that of Precambrian rocks (4.3x10-5 m2/s; 207 

Richard et al. 2011a, b). 208 

Figure 3. – Bedrock geology of the Saguenay-Lac-Saint-Jean region, showing 209 

important structural features (brittle and ductile main structures), as the major faults 210 

delimiting the graben and the local uplands within the graben. 211 

Faults and fractures network within the bedrock 212 

Crystalline rocks are usually marked by a low matrix permeability, however the 213 

locally well-developed fracture systems in the SLSJ region (Rouleau et al. 2013) present 214 

higher flow property values. The fault and fracture pattern shown in Figure 3 is interpreted 215 

from existing geological maps (Hébert and Lacoste 1995) and is mostly related to the 216 

formation of the graben. The main brittle fracture set in the region trends WNW-ESE; this 217 

set delineates the highlands to the north and south starting from the central lowlands. A 218 

second NNW-SSE fracture set is also recognized. 219 

The Grenvillian deformation is responsible for ductile NE trending shear zones and 220 

dominant rock fabrics (Hébert and Lacoste 1995) within the area. This dominant structural 221 

trend was reactivated locally during later brittle events and generated a strong anisotropic 222 

behaviour that influences underground water flow paths. The NE trending Saint-Fulgence 223 

deformation zone is a good example of this highly anisotropic area. 224 

 Brittle structures, such as faults and joints, increase the aquifer potential of the bed-225 

rock across the region. This factor was assessed in a structural hydrogeology study con-226 

ducted in the Kenogami Uplands. These uplands offer a high density of outcrops, mostly 227 

constituted of anorthosite. This structure separates the Lake Saint-Jean Lowlands to the 228 

west from the Saguenay Lowlands to the east (Pino et al. 2011; Pino 2012). The orientations 229 

of both main subvertical fracture sets identified in this outcrop-scale study are similar to 230 

the brittle fractures identified at the above-mentioned regional scale. The general trend of 231 

these fractures (NW-SE) is approximately normal to the major compressional component 232 
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(σ1, oriented NE) of the current regional stress field in eastern Canada, based on the litera-233 

ture review by Pino (2012). This factor may imply that the fractures of the two main sets 234 

would tend to close and be poorer water conductors due to the action of the current stress 235 

field, while the fractures of secondary sets, including a subhorizontal set, would tend to 236 

remain open. The effects of permeable structures at depth have also been demonstrated by 237 

geophysical logging in seven boreholes in the SLSJ region (Roy et al. 2011b). Neverthe-238 

less, a study based on piezometric data and an analytical model (Chesnaux 2013) suggested 239 

that groundwater recharge in the crystalline bedrock aquifer is quite low (about 3.5 mm/yr) 240 

although higher recharge values may occur locally around fault systems. 241 

The PACES-SLSJ study showed that the mean transmissivity (T) values for the 242 

bedrock aquifers were generally low with mean T values ranging from 3.9x10-5 m2/s to 243 

9.3x10-5 m2/s depending on rock type (Richard et al. 2011a,b; Richard et al. 2012a,b; 244 

Richard et al. 2016a), although much higher values (up to 10-2 m2/s) have been observed 245 

(Figure 4). These estimates are based on specific capacity data from 1305 wells in bedrock 246 

aquifers recorded within the Quebec hydrogeological information system (MDDELCC 247 

2017c). 248 

Figure 4. – Compiled and calculated Transmissivity in the fractured rock aquifers (adapted 249 

from CERM-PACES 2013). 250 

Mapping of bedrock topography 251 

The PACES-SLSJ project produced a map of the bedrock topography over the entire 252 

territory. This map is of hydrogeological interest, particularly in areas where thick surficial 253 

deposits cover the bedrock, as it provides valuable information on the thickness of granular 254 

aquifers, and may indicate the presence of buried valleys—some perhaps previously 255 

undetected—that are now filled up by granular aquifer material. Bedrock topography and 256 

the thickness of overlying layers of surficial deposits were determined through a large 257 

number (134) of stratigraphic cross-sections, distributed regularly over the territory, that 258 

were constructed from boreholes and sounding data (Figure 5a). An example of 259 

stratigraphic cross-sections is presented in Figure 5b. An original approach was developed 260 

for modeling complex bedrock topography, based on virtual data points along cross-261 
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sections that are added between boreholes where the stratigraphy has been observed 262 

(Chesnaux et al. 2017). This methodology is comprised of five steps: (1) gathering the 263 

maximum amount of relevant surface and subsurface data (from observation points), (2) 264 

determining the location of the stratigraphic sections to be constructed for interpreting 265 

bedrock topography, (3) selecting the most appropriate technique for interpolating the 266 

observed bedrock elevations that will be added into the dataset to be modeled, (4) 267 

increasing the quantity of modeling data by adding data elements based on geological 268 

interpretations of cross-sections, thus creating virtual boreholes that are inserted into the 269 

model alongside the original data, and (5) 3D numerical modeling of the bedrock 270 

topography with the use of the triangulated irregular network (TIN) interpolation method. 271 

The second step is the most critical for achieving relevant results as the quality of the 272 

interpretation conducted at this stage will greatly influence the results of the interpolation 273 

of the rock topography. Many quasi-regularly distributed data points are required to ensure 274 

a reliable model of bedrock topography using interpolation methods. 275 

Figure 5. (A) Position of the 134 cross-sections developed by interpreting local 276 

stratigraphic logs from boreholes and soundings. (B) An example of cross section: a) 277 

cross section location; b) cross section interpretation (Figure from Chesnaux et al. 278 

2017). 279 

Granular aquifers 280 

Surface topography and Quaternary granular deposits 281 

The regional physiography (Figure 1) is strongly influenced by the Saguenay 282 

Graben that has controlled the emplacement and the accumulation of Quaternary deposits 283 

(sand, gravel, clay-silt), which can reach up to 180 m in thickness in the central lowlands 284 

(CERM-PACES 2013; Figure 2), where the most populated areas are located. The map of 285 

surficial deposits is based on data from LaSalle and Tremblay (1978), updated by 286 

Daigneault et al. (2011). 287 

The Quaternary granular deposits include glacial, glaciofluvial and post-glacial 288 

prograding alluvial and delta plains sediments. These sediments are deposited across the 289 
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lowlands and on the bedrock uplands and plateaus. In glaciofluvial deposits, such as eskers 290 

and kames, in many places the fine particles have been washed out during the 291 

sedimentation process, resulting in permeable granular aquifers. In some locations, these 292 

granular units are unconfined whereas in other sites they are confined by extensive units of 293 

Laflamme Sea marine silt or clay. The Laflamme Sea deposited a clay-silt layer that is 294 

thickest in its central part, with sandy material around its edges. Rivers that discharged into 295 

the Laflamme Sea formed deltas and deltaic plains, which are today partly covered by more 296 

recent alluvium. These deposits are present on both sides of the graben, as rivers were then 297 

flowing both from the north and south toward the Laflamme Sea. 298 

The deposits making up the granular aquifers present generally complex and 299 

heterogeneous internal structures due to sedimentation processes that were highly variable 300 

in space and time. The determination of hydrofacies provides a valuable approach to this 301 

complexity problem. Hydrofacies are defined as homogeneous sedimentological units, 302 

formed under characteristic conditions that lead to particular hydraulic properties 303 

(Anderson 1989; Klingbeil et al. 1999). This approach has proven relevant to the 304 

hydrogeological characterization of the Saint-Honoré granular aquifer system (Boumaiza 305 

2008; Boumaiza et al. 2017). It was also useful for developing a conceptual 306 

hydrostratigraphic model that provided accurate numerical groundwater flow simulations 307 

over selected portions of the region (Hudon-Gagnon et al. 2011; Hudon-Gagnon et al. 308 

2015). 309 

Quaternary aquifers and municipal groundwater supply 310 

Most municipalities (about 40) in the study region that use groundwater for their 311 

drinking water supply are pumping water from wells drilled into Quaternary granular 312 

aquifers. The Quaternary units presenting the highest aquifer potential include (1) 313 

proglacial deposits left behind during the retreat of the Wisconsinan ice sheet, and (2) post-314 

glacial deposits within deltas and deltaic plains that were formed along the coast of the 315 

Laflamme Sea. These permeable granular deposits also facilitate groundwater recharge, 316 

increasing groundwater flux within underlying bedrock aquifers; this type of indirect 317 
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recharge is suggested by observed cases of interconnection between fractured bedrock and 318 

granular aquifers. 319 

The proglacial sediments presenting the highest aquifer potential were deposited 320 

through glaciofluvial processes, forming structures such as eskers, kames and lateral 321 

moraines. Figure 7 shows that large glaciofluvial deposits (shown in orange) are located 322 

along the normal faults delineating the graben to the north and south. In many locations, 323 

these earlier Quaternary deposits are covered by more recent layers of post-glacial marine 324 

clay-silt or sandy deltaic deposits. In Figure 7 such superposing layers, including the areas 325 

where a glaciofluvial aquifer is confined by a clay-silt upper layer, are indicated by a 326 

hatched pattern. The presence as well as the extent of such confined aquifers is better 327 

known thanks to the creation of several stratigraphic sections (Figure 5). The proglacial 328 

aquifers are characterized by T values averaging between 1.5x10−4 and 1.8x10−3 m2/s 329 

(Richard et al. 2016a), depending on test type and duration, as estimated from the results 330 

of 244 tests including data obtained prior to and during PACES. 331 

Figure 6. - Compiled and calculated transmissivity in the granular aquifers (adapted from 332 

CERM-PACES 2013). Main granular aquifers in the Saguenay-Lac-Saint-Jean 333 

region, forming either free-surface aquifers shown in yellow and orange, or confined 334 

aquifers indicated by hatching. 335 

Post-glacial granular sediments constitute relatively productive unconfined 336 

aquifers. The Saint-Honoré aquifer described by Tremblay (2005), Tremblay and Rouleau 337 

(2004), and Boumaiza (2008) is an example of a paleodeltaic aquifer that was created by a 338 

south-flowing river that discharged into the Laflamme Sea. Deltaic and shore deposits 339 

compose the major regional water table aquifers and exhibit variable T values ranging from 340 

10−5 m2/s to 10−2 m2/s (Chesnaux et al. 2011b; CERM-PACES 2013) as represented in 341 

Figure 7. 342 

Interconnection between fractured bedrock and granular aquifers 343 

The superposition of granular aquifers over bedrock may lead to a natural 344 

groundwater flux between aquifers and to wells pumping water simultaneously from both 345 



 14 

types of aquifer (Chesnaux and Elliott 2011). These two factors are often not considered in 346 

groundwater studies although they may affect significantly groundwater quality and 347 

resource assessment. Cases of hydraulic interconnection between fractured bedrock and 348 

overlying granular aquifers have been observed in numerous boreholes throughout the 349 

SLSJ region. These connections could be natural and related to the presence of fractures in 350 

the top layer of the bedrock (Chesnaux and Elliott 2011), or they could be due to defective 351 

borehole seals at the interface between the bedrock and the granular aquifer (Richard et al. 352 

2013; Richard et al. 2014). 353 

One of the bedrock sites investigated by Richard et al. (2014) presented a natural 354 

hydraulic connection with the overlying granular aquifer caused by the weathered surface 355 

of the uppermost bedrock. Another site presented an artificial hydraulic connection 356 

between the bedrock and the granular aquifer created by an improperly sealed casing 357 

(Chesnaux and Richard 2015; Richard et al. 2016b). These connections present a risk of 358 

cross-contamination between aquifer units as demonstrated by Chesnaux et al. (2012) who 359 

used numerical simulations motivated by PACES-SLSJ observations. Moreover, a regional 360 

analysis has shown that all types of hydraulic connections lead to erroneous interpretations 361 

of the hydraulic properties of the individual components of the aquifer system. Indeed, a 362 

significant proportion of the individual hydraulic tests results are influenced by other 363 

aquifer units beyond the unit being tested, a factor generally not identified and therefore 364 

not considered in the characterization of aquifer systems. This has implications for the 365 

assessment and protection of groundwater resources, and may result in the inaccurate 366 

definition of well-capture areas and contamination risk. The hydraulic and chemical 367 

consequences of hydraulic connections were also investigated numerically by Chesnaux et 368 

al. (2012). 369 

Along the flow lines from the highlands to discharge areas, a portion of the 370 

groundwater crosses from one type of aquifer to another. This includes the transfer of 371 

groundwater from fractured bedrock to granular aquifers (Richard et al. 2014) during which 372 

multiple sequences of geochemical processes affect the composition, properties and quality 373 

of the groundwater. 374 
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Groundwater geochemistry 375 

The geochemical characteristics of groundwater were investigated by analyzing 376 

354 samples collected the summer of 2010 and 2011, from mostly private-use water wells 377 

for single homes (Walter et al. 2011; Walter et al. 2013; CERM-PACES 2013; Walter et al. 378 

2014). The sampled wells were uniformly distributed over the study region (Figure 8). 379 

Among the samples, 161 were collected from Quaternary granular aquifers and 193 were 380 

obtained from fractured bedrock aquifers. Combining aquifer types and the two identified 381 

water types ((Na-Ca)-HCO3; (Na-Ca)-Cl) yielded four groups of samples. The number of 382 

samples considered in each group (Table 1) excluded samples that failed an ionic balance 383 

validity test. At a regional scale, there was no clear association identified between the 384 

regional geology and groundwater chemistry (Walter et al. 2017). 385 

Groundwater in the SLSJ region is generally lightly mineralized and of good 386 

quality. However, Table 2 shows that the conductivity of water can vary from very low 387 

values (4 μS/cm) to values suggesting a brackish end-member (10,140 μS/cm). Samples 388 

having a higher conductivity mostly correspond to (Na-Ca)-Cl-type groundwater (Table 1). 389 

Table 1. Number of groundwater samples by aquifer type and water type 390 

Table 2. Descriptive statistics for groundwater chemistry 391 

According to Dessureault (1975), the regional marine clay aquitard is responsible 392 

for the presence of brackish groundwater in the confined Quaternary sediments. This 393 

observation was later supported by Roy et al. (2011c). Walter (2010) also identified 394 

brackish groundwater in the bedrock at shallow depths (<100 m), but suggested that the 395 

region’s graben morphology was responsible for the long residence time of the regional-396 

scale flow system that converges toward Lake Saint-Jean and the Saguenay River. These 397 

observations agree with the Tóth (1999) model, in which the salinity of groundwater 398 

increases with the scale of the flow system (i.e. fresh groundwater in a local-scale system, 399 

fresh to brackish in an intermediate-scale system, and brackish to brine in a regional-scale 400 

system). 401 
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Walter et al. (2017) proposed two processes to explain the evolution of groundwater 402 

chemistry in the SLSJ region (Figure 7): (1) evolution due to water/rock interactions, and 403 

(2) evolution of recharge groundwater due to water/clay interactions and groundwater 404 

mixing. The first process is specific to fractured-rock aquifers. Water/clay interactions 405 

account for a combination of processes, namely ion exchange and/or the leaching of 406 

saltwater trapped in the regional aquitard (Walter et al. 2017). A mixing with fossil 407 

seawater present in the aquifer might also increase groundwater salinity. 408 

Figure 7. Generalized cross-section showing the different salinization pathways 409 

occurring in the SLSJ region. Bedrock groundwater evolves from Ca,Na-HCO3 in 410 

unconfined environments to Ca,Na-Cl (Cluster 3) in rock-dominated environments 411 

due to interactions with basement fluids (water-rock interactions) along the graben 412 

fault system (groundwater flow line). The groundwater in the granular aquifers 413 

evolves from the recharge groundwater (Ca-HCO3) by Ca2+water-Na+mineral ion 414 

exchange process in a confined environment (Na-HCO3) and through possible mixing 415 

with the Laflamme seawater end-member (Na-Cl). This latter evolution might also be 416 

observed in bedrock aquifers where confining conditions prevail (Figure from Walter 417 

et al. 2017). 418 

In some wells, the concentrations for some elements fell beyond the limits of 419 

provincial requirements (Quebec Government 2017) or federal guidelines (Health Canada 420 

2014) on drinking water quality: fluoride (>1.5 mg/L), barium (>1 mg/L), manganese 421 

(>0.05 mg/L), iron (>0.3 mg/L) and aluminum (>0.1 mg/L) (CERM-PACES 2013) (Table 422 

2). 423 

Approximately 20% of the sampled wells had groundwater fluoride levels above 424 

World Health Organization (WHO 2004) standards (Walter 2011; CERM-PACES 2013). 425 

Exposure to excessive levels of fluoride can cause fluorosis, a very dangerous and often 426 

deadly condition (Edmunds and Smedley 2013). In the study area, the source of fluoride 427 

has not yet been identified, but preliminary observations indicate that groundwater with a 428 

high fluoride content is collected more often in fractured-rock aquifers than in granular 429 

aquifers. 430 
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Figure 8. – Relative proportion of the major cations (calcium and sodium) in the collected 431 

groundwater in (a) the bedrock aquifers, and (b) the granular aquifers. 432 

Discussion 433 

Through the PACES program, the Government of Quebec, has mandated the 434 

regional scientific community to provide scientific background data to policymakers 435 

responsible for ensuring the protection of groundwater and the sustainability of its supply 436 

(Chesnaux et al. 2011a). To this end, the PACES-SLSJ project has characterized the 437 

hydrogeological systems across the large 13,210 km2 municipalized portion of the region. 438 

Multiple actions must now be taken to ensure that groundwater is truly considered in water 439 

and land management policies. Most of the points addressed in this discussion relate to the 440 

updating and transfer of knowledge from the scientists producing the data 441 

(hydrogeologists, various experts and researchers) to the various end-users, including 442 

municipal policymakers, governmental agencies, watershed agencies and consultants. 443 

Achieving the full benefit of the PACES project requires action, including a continual 444 

updating of the database, an on-going monitoring of groundwater quality, an assurance of 445 

proper protection to vulnerable aquifers and a development of the capacity of land-use and 446 

water managers to make full use of the groundwater database. 447 

Database updating 448 

The PACES project in the SLSJ region has yielded a very comprehensive database 449 

detailing the regional aquifer systems and groundwater. This database is designed to answer 450 

the needs of groundwater management at the regional level. The high density of data 451 

observation points also makes the database useful for local or subregional applications. 452 

These applications may be required to address geotechnical or groundwater-related 453 

problems (Foulon et al. 2016), and include field activities such as borehole drilling, 454 

geotechnical sounding and geophysical surveys. The resultant data from these activities 455 

must be integrated into the database, to maintain its relevance for future use and to provide 456 

solutions to a variety of problems involving groundwater quality, its management and its 457 

protection. 458 
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Groundwater quality 459 

The geochemical data obtained by the PACES-SLSJ project revealed that water in 460 

a significant proportion of private wells had concentrations for some elements that 461 

approached or exceeded threshold levels for drinking water quality. This was particularly 462 

true for fluoride and manganese. Moreover, resampling from selected wells has shown 463 

cases where the water content of regulated substances, such as fluoride, can fall below 464 

drinking water standards one year, then fall above drinking water standards the following 465 

year (CERM-PACES 2013). More extensive groundwater sampling of private wells would 466 

yield a more valid baseline of groundwater quality. This baseline could then be used in 467 

health-related studies and to identify wells that should be sampled on a regular basis to 468 

ensure a better monitoring of groundwater chemical conditions. 469 

Groundwater protection 470 

Some of the major aquifers composed of proglacial or glaciofluvial granular 471 

deposits are currently being pumped for private or municipal water supply. The exploitation 472 

of these aquifers for public drinking water supply indirectly provides these wells and the 473 

groundwater they produce with statutory protection against contamination (MDDELCC 474 

2017a, b, c). However, this protection is only local, limited to the capture zones of the 475 

pumping wells. Larger portions of these granular aquifers are not contained within the 476 

capture zones of existing pumping wells and are therefore not legally protected, even in 477 

areas where the aquifer is exposed at the surface and the groundwater is deemed to be 478 

vulnerable to contamination. This lack of protection of highly valuable aquifers may 479 

jeopardize future water supplies. The database constructed by the PACES-SLSJ project 480 

represents a good starting point to define the extent of the regional aquifers that require 481 

protection even if they are not currently exploited for water supply. These groundwater 482 

reservoirs are important components of the regional natural ecosystems and are vital 483 

resources for future human generations. 484 



 19 

Groundwater flow in a graben environment 485 

The graben morphology controlled the incursion of the Laflamme Sea after the 486 

retreat of the Laurentide Ice Sheet. Thick accumulations of marine sediment across the 487 

lowlands act as a confining layer for some underlying aquifers. Groundwater in the 488 

southern portion of the region has a greater calcium content, while groundwater in the 489 

northern portion is dominated by sodium (Figure 8). This observation is true for both 490 

fractured-rock (Figure 8a) and granular aquifers (Figure 8b). The dissolution of calcite 491 

and/or Ca-plagioclase minerals controls the chemical background of recharge groundwater 492 

in the region and explains its calcium content (Walter et al. 2017). Ca2+
water-Na+

mineral ion 493 

exchange results in the transformation of Ca-HCO3 to Na-HCO3 due to a salinization path 494 

within the confined aquifers that are in contact with the regional aquitard and that possibly 495 

undergo groundwater mixing with the Laflamme Sea end-member (Walter et al. 2017). 496 

The seawater could be trapped in the regional aquitard (solute diffusion) or may be stagnant 497 

(mixing) in some portions of the aquifer (Cloutier et al. 2010). 498 

Consequently, Figure 8 suggests that in the SLSJ region, the transit time from 499 

recharge to discharge areas is shorter in the south than in the north. This suggests that the 500 

southern fault of the graben might be sufficiently permeable to allow only minor changes 501 

in the chemical content of groundwater and might cause a rapid discharge of groundwater 502 

from the bedrock to the major proglacial aquifers located at the foot of the southern wall 503 

of the graben. 504 

Expertise required of groundwater database users 505 

The database developed by the PACES-SLSJ project has been transferred to the 506 

Quebec Ministère du Développement durable, de l’Environnement et de la Lutte contre les 507 

changements climatiques (MDDELCC 2017a) and to regional partners, as requested for all 508 

PACES projects (MDDELCC 2017b). The maximal exploitation of the database requires 509 

users having an adequate expertise in hydrogeology and GIS. These skilled users will not 510 

only allow for the database to be fully exploited and refined, yet will offer a means of 511 

training future hydrogeologists. The database represents not only a resource to be used by 512 

territorial managers and government, but also serves as an important and continually 513 
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evolving link between the scientific community, government, regional and municipal 514 

authorities and, ultimately, the population that relies upon groundwater resources. 515 

Conclusion 516 

The complex geological history of the SLSJ region explains the spatial 517 

heterogeneity observed in the regional hydrogeology. Confined and unconfined aquifers 518 

located in both fractured-rock and Quaternary deposits combine locally to form 519 

multilayered aquifers. Glaciofluvial sediments are characterized by a transmissivity (T) of 520 

10−4 to 10−3 m2/s and, as a consequence, are favoured as sources of municipal water supply. 521 

These reservoirs are frequently covered by a marine clay-silt aquitard, but are also 522 

occasionally unconfined at higher elevations that were not inundated by the Laflamme Sea. 523 

Deltaic and shore deposits exhibit variable T values ranging from 10−5 m2/s to 10−2 m2/s 524 

and constitute the major regional water table aquifers. Fractured-rock aquifers exhibit 525 

relatively low T values (10−6 to 10−2 m2/s). The regional-scale deformation zones can give 526 

rise to local maximum T values of 10−3 m2/s. 527 

The chemical composition of groundwater varies markedly across the study area. 528 

Although groundwater in the SLSJ area is largely of good quality, there are areas of 529 

brackish groundwater and water containing trace element concentrations, such as fluoride 530 

(>1.5 mg/L), barium (>1 mg/L), manganese (>0.05 mg/L), iron (>0.3 mg/L) and aluminum 531 

(>0.1 mg/L) that are above provincial and federal drinking water quality standards 532 

The PACES-SLSJ project revealed the presence of a limestone unit scattered across 533 

the region that offers a new target for potential water supply. Furthermore, numerous 534 

unexplored, confined glaciofluvial aquifers were identified through the compilation and 535 

construction of stratigraphic cross-sections developed in the framework of the PACES-536 

SLSJ project,. These aquifers may represent major groundwater reservoirs. 537 

The PACES-SLSJ project highlighted the regional consequences of graben 538 

morphology on groundwater resources. The configuration of the Saguenay Graben exerted 539 

a major control over the accumulation profiles of granular deposits, thereby impacting the 540 

presence of confined and/or unconfined porous aquifers in the lowlands. These 541 
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multilayered deposits may be unconnected or highly interconnected. Graben morphology 542 

is also responsible for the degradation of groundwater quality by increasing groundwater 543 

salinity along a regional-scale flow system that converges toward Lake Saint-Jean and the 544 

Saguenay River. This may also be the origin of the brackish groundwater found in some 545 

confined granular aquifers. On the other hand, in some locations of the study area, brittle 546 

structures associated with the graben are sufficiently permeable to allow only a slight 547 

modification of the chemical content of groundwater and may cause a rapid discharge of 548 

groundwater from the bedrock to the proglacial aquifers located at the foot of the graben 549 

faults in the lowlands. 550 

The PACES-SLSJ project produced a conceptual model of regional hydrogeology. 551 

This model can serve as a solid basis for future hydrogeological investigations at a local or 552 

regional scale. Across the SLSJ region, new, relevant and accurate data (well drilling, 553 

pumping tests, groundwater quality tests, etc.) are constantly being generated by consulting 554 

firms, government agencies and others. These data should improve the accuracy of this 555 

generalized regional hydrostratigraphic model. These data must also continue to be 556 

incorporated into the regional geodatabase to ensure that this important output of the 557 

PACES-SLSJ project remains current and relevant for future projects involving regional 558 

water resources. 559 

The results of the PACES-SLSJ project should support land-use planning efforts 560 

that consider the protection and sustainable development of groundwater resources. Much 561 

work remains to ensure a sustainable management of Quebec’s groundwater resources. The 562 

protection of water resources starts with an efficient transfer of knowledge to decision- and 563 

policymakers. This is particularly so in a context of climate change that will have a 564 

significant impact on regional hydrological systems (Trainer et al. 2010). 565 
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