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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 calibra-
tion chart of the sediments. Our TEM data, combined with piezometric mapping and the sedimen-
tary 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 ground-
water 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; sedi-
ments; aquifer; regional piezometry; groundwater potential 
 

1. Introduction 
Morainic complexes have a spatial arrangement and hydraulic characteristics (i.e., 

permeability, porosity, and particle size) that are favorable for groundwater storage [1,2]. 
Often located in northern environments and far from urban areas, moraines are some-
times difficult to access, and collecting data using conventional hydrogeological methods, 
such as boreholes and piezometers, can be challenging in these environments. Geophysi-
cal surveys can quickly investigate an accumulation of glacial sediments (e.g., a moraine) 
to efficaciously assess the internal dimensions and stratigraphic variability of any con-
tained aquifers. The transient electromagnetic (TEM) method applied to groundwater ex-
ploration 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 [3–5]. 
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In the province of Quebec, Canada, the deglacial period saw the formation of com-
plex 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 [6,7]. This vestige of the Younger Dryas cooling period (12.7–12.4 cal. ka 
BP; [7,8]) 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 com-
plex [6,7,9,10]; 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 sediments deposited by the Champlain Sea [6] during its in-
cursion 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 con-
nections 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 1), 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 con-
strained and documented, and no study has yet to investigate their spatial extent, thick-
ness, and location. Furthermore, the existing groundwater-related data have never been 
integrated into a regional-scale portrait of these morainic aquifers. The Saint-Narcisse mo-
rainic complex is mainly located in rural areas, and several sectors of the moraine are dif-
ficult 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. 

 
Figure 1. 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. 
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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 [11]. Several authors [12–17] have shown that different subsurface 
sedimentary layers can share a similar resistivity; therefore, there can be a possible over-
lap 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 al-
lows for the interpretation of the obtained electrical resistivity values for both unsaturated 
and saturated sediments. The chart also extends the interpretation of TEM results col-
lected during the field campaign to locations where no boreholes or piezometric observa-
tions are available (i.e., 27 stations). To characterize the Saint-Narcisse morainic aquifers 
at a regional scale, we then use TEM to collect geophysical data in support of hydrogeo-
logical 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 2019–2020 as part of the Groundwater 
Knowledge Acquisition Program (PACES; [18–20]), 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 long-term sustainability. 

2. Study Area and Geological Overview 
2.1. Basement Geology 

The study area is in the southeastern portion of the Mauricie region, situated between 
Montreal and Quebec City (Figure 1). This area, lying between the St. Lawrence Lowlands 
and the Grenville Province, consists mainly of a relatively flat topography where agricul-
ture is the main economic activity. The St. Lawrence Platform (i.e., St. Lawrence Low-
lands) 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 
[9,11,21,22]. This geological province is bounded to the northwest by the Precambrian Ca-
nadian 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 con-
sists mainly of high-grade igneous and metamorphic intrusive rocks [23]. The lithologic 
composition of the Grenville Province varies depending on the area; anorthosite, man-
gerite, charnockite, orthogneiss, paragneiss, migmatite, and marble are the main rocks 
found near the study area [11,22,24]. 

2.2. Quaternary Sediment Deposits 
Quaternary surface deposits in the Mauricie region (Figure 2) were mapped recently 

under the 2018–2021 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 shal-
low marine environments (i.e., distal and proximal glaciomarine deposits) in the study 
area. This marine transgression lasted about 2000 years (13–11.2 cal. ka BP) and reached 
an elevation of about 200 m asl (i.e., above present-day sea level; [25,26]). Isostatic rebound 
during the Holocene provoked a marine regression, and the Champlain Sea deposited 
regressive sands during its retreat. 
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Figure 2. Surface deposit map of Quaternary sediments from the southeastern Mauricie region. The four main hydrogeo-
logical contexts are identified: Laurentian Mountains, marine clay, Saint-Narcisse moraine, and St. Lawrence Lowlands. 

Saint-Narcisse Moraine 
During the last glacial period, the LIS covered most of Canada and attained a thick-

ness of 5 km in places [27–33]. This ice sheet crushed, removed, and transported rocks and 
sediments and produced glacial deposits composed mainly of diamicton (i.e., tills). Cli-
mate-related phases of LIS advance and retreat left behind numerous frontal moraines 
represented by long ridges composed of glacial sediments [32–34]. The Saint-Narcisse mo-
rainic complex is discontinuous but extends over more than 1400 km and is one of the 
longest documented frontal moraines in Canada [6]. The moraine can reach up to 100 m 
thick, although it generally varies locally between 1 and 20 m [9,35]. A variety of sedimen-
tary 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 depos-
its, as well as juxtaglacial and fluvioglacial deposits (i.e., ice-marginal outwash [7,9]). 

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 sedi-
ments and reworked the glacial tills put in place during deglaciation or the Younger Dryas 
readvance (YG; [6,7,25,26]). The till deposits were reworked by waves and currents to 
form visible terraces on the seaward side of the moraine (Figures 1 and 2). Therefore, these 
terraces are essentially composed of coastal and sublittoral sands deposited in the shal-
lowest 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 [7,8,11,26]. 
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Groundwater found in these areas is the main source of drinking water and is ex-
ploited 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 potential and delimit the 
aquifer’s boundaries. 

3. Materials and Methods 
3.1. 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 sec-
ondary electromagnetic field; this secondary field contains information regarding the un-
derground electrical properties and is detected by a receiving loop (Rx) on the surface 
connected to a receptor that measures the rate of decay of the electromagnetic field. The 
rate of decrease is then reversed in electrical resistivity [36,37]. This method does not in-
volve 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 moun-
tains; [38–41]). 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 [14,15]. 

For this study, TEM data were collected over three months (summer 2020) and in-
volved 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 transmit-
ter and a 32II multifunction GDP-receiver [42] 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 × 20 m for the TEM transmitter. The pulse current in the generat-
ing loop was set at 3A, and the frequency of the filter was set at 32 Hz with a 50% duty 
cycle. The turn-off time was 1.5 μs with the damping resistor set at 250 Ω. The induced 
voltage was measured using a 5 × 5 m receiver loop (in-loop configuration). The NanoTEM 
equipment consisted of a high-speed sampling card with a fixed gain stage of Å~10. Data 
were stacked in 8 blocks of 4096 cycles each, giving a total of 32,768 stacks. This resulted 
in a noise level of approximately 10 μV/A. 

3.2. 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 soft-
ware packages. First, raw data are averaged using TEMAVG Zonge software [42,43]. This 
step also filters inconsistent data points (i.e., outliers), which must be deleted before the 
inversion (Figure 3). Because the magnetic field intensity decreases with depth, the am-
plitude of the 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 discontinu-
ous, 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 3) manually when processing data with 
TEMAVG to retain only high-quality data. Figure 3 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 3. (Left) Typical induced voltage decay from Line 2 (L2), Station 3. Measured data are shown as crosses and inver-
sion fitting as a black line. The noise level is approximately 25 μV/A. The inversion residual is 2.2. (Right) The obtained 
smooth-model TEM inversion. 

STEMINV software [42] 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 it-
erative Occam inversion scheme [44]. Calculations of maximum depth are given in the 
Zonge manual [42]. We used MODSECT software [42] for the final phase of data pro-
cessing to build a 2D model by using the 1D resistivity model acquired with STEMINV 
[43]. MODSECT interpolates vertical columns with Catmul–Rom splines and then inter-
polates across the model with splines to provide a 2D view from 1D data in order to vis-
ualize the geometry of the geoelectrical structure of each line (Figure 4). 
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Figure 4. The interpreted 2D Section L2 and stratigraphic cross-section YL071 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 (YL071). 
If no boreholes (or stratigraphic cross-sections) were acquired, the subsurface information is deduced from the calibration 
chart. 

3.3. TEM Calibration 
Indirect geophysical methods are a necessary complement to direct observations ob-

tained 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 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 compar-
ing the stratigraphic and piezometric information with the TEM results to obtain an equiv-
alence 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 bore-
holes, stratigraphic cross-sections, and piezometric surveys had been obtained previously. 
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3.3.1. 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 
St-Narcisse moraine. First, the boreholes (and/or stratigraphic cross-sections) must be pro-
jected 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 sta-
tion (Figure 1). 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 bore-
hole 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 satu-
rated sediments using static groundwater levels (water table position) to distinguish be-
tween an absence or presence of water. 

3.3.2. Groundwater Piezometric Map and the Saturated/Unsaturated Sediment Resistiv-
ity 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-satu-
rated or unsaturated. According to a previous study that estimated the depth of the top 
of the saturated zone [45], above and below the groundwater table, the resistivity values 
were associated, respectively, with unsaturated and saturated sediments. To build an in-
terpolated 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 data-
base contains borehole logs and piezometric survey information. We performed the inter-
polation using the ArcGIS software hosting the PACES groundwater geodatabase of the 
Mauricie region. Regional piezometry was defined using a total of 465 piezometric sur-
veys initially available from on and around the Saint-Narcisse moraine. The static ground-
water 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 validate the accu-
racy 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 [45–49]. 

𝑅𝑀𝑆 =  ൭1𝑛 ෍  (𝑚𝑜𝑑𝑒𝑙௜ − 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑௜ )ଶ௡
௜ୀଵ ൱ଵ/ଶ

 (1)
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The RMS parameter (Equation (1)) corresponds to the mean of the differences be-
tween 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 real-
ity. 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 re-
sults, we used 25 observation points (i.e., water table elevation) as a validation 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 equiva-
lent to 15% of the total well data set (170 wells). 

In addition to the piezometric map constructed from the interpolation of data avail-
able 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). 

4. Results 
4.1. Groundwater Piezometric Map 

The interpolated map of groundwater depth (i.e., piezometric map) of the Saint-Nar-
cisse moraine in the Mauricie region illustrates the sizable number of evenly distributed 
piezometric surveys. This distribution ensures a proper interpolation of static groundwa-
ter levels (Figure 5). Depending on the topographic elevation, the water table varies be-
tween 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 ground-
water 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 
(i.e., 1–2 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. 
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Figure 5. (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-Geneviève-de-Batiscan and St-Narcisse in Mauricie, Quebec. The water table elevations 
are expressed in meters above sea level for both figures.  
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4.2. TEM Calibration 
Figure 3 presents the induced voltage decay of Line 2, Station 3 (near YL071) and also 

represents the induced (and similar) voltage decay curves of Line 2, stations 1 and 2. Fig-
ure 4 (Section L2) illustrates the local surface deposit, the location of a stratigraphic cross-
section (YL071) 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 YL071 are 650–695 Ωm for unsaturated sand and gravel, 
465–625 Ωm, and for unsaturated fine to medium sand (Table S1 in the supplementary 
material). 

Figure 6 (Section L3) shows a 2D section and a borehole stratigraphy (F1-PACES) 
recovered from an unsaturated subsoil. This TEM line comprises two stations. The in-
duced voltage decay of Station 1, located near the borehole, shows a similar pattern as the 
induced voltage decay of Station 2 (Figure S1A in the supplementary material). 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 350–
405 Ωm for medium-to-coarse sand, 110–350 Ωm for fine to medium sand with silt and 
clay and 15–110 Ωm for clay in these unsaturated conditions (Table S1 in the supplemen-
tary material). The presence of a small 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 6. Interpreted 2D Section L3 and borehole F1-PACES collected near Saint-Maurice, 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. 

Figure 7 (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 ele-
vations (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 S1B). The manually acquired piezometric surveys and the interpo-
lated piezometric map (Figure 5) identify a water table at about 14 m depth. The electrical 
resistivity values for the stratigraphic units that make up the COMP016-18 section are 
460–720 Ωm for coarse unsaturated sand and gravel with boulders, 345–460 Ωm for me-
dium-to-coarse unsaturated sand, and 170–330 Ωm for fine to medium saturated sand 
(Table S1). 

 
Figure 7. Interpreted 2D Section L7 near Saint-Stanislas, Quebec. Stratigraphic cross-sections YL016 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 sedimen-
tary facies are deduced from the empirical and petrophysical relationship (i.e., the calibration chart). 
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Figure 8 (Section L10) reveals the local surface deposits of a 2D section with a bore-
hole (MAUR0345) to the northwest and a stratigraphic cross-section (YL080) taken from 
the side of a sandpit to the southeast. This 2D section was obtained using six TEM stations. 
Figure S1C presents a typical induced voltage decay profile from the sector. For this 2D 
section, which is more than 350 m in length, the water table is located at a depth of 14 m 
(Figure 5) to the northwest and increases slightly, by a few meters, to the southeast. The 
electrical resistivity values for the stratigraphic units that make up the YL080 cross-section 
(fine and medium-to-coarse unsaturated sand) are 380–550 Ωm in unsaturated conditions 
(Table S1). The electrical resistivity values recorded for borehole MAUR0345 are 400–835 
Ωm and 250–400 Ωm in unsaturated and saturated sand and gravel, respectively (Table 
S1). 

 
Figure 8. Interpreted 2D Section L10, stratigraphic cross-section YL080, and borehole MAUR0345 acquired near Notre-
Dame-du-Mont-Carmel, Quebec. The surface deposit elevation is obtained from lidar data. The 6 m variation of the water 
table height is probably due to a marked topographical variability of the bedrock surface as well as the regional topo-
graphic gradient, which increases rapidly toward the southeast. 

Figure 9 (Section L13) presents a 2D section obtained for a saturated subsoil. The 2D 
section is derived from three TEM stations and two boreholes (ME0704; P12) recovered 
near the village of Saint-Narcisse. The manually acquired piezometric surveys and the 
interpolated piezometric map place the water table near the surface at less than 2 m depth. 
Figure S1D exhibits a typical induced voltage decay profile obtained for this sector. The 
resistivity values for the stratigraphic units that make up the ME0704 borehole are 150–
230 Ωm for sand and gravel, 60–150 Ωm for sand and gravel with clay, and 40–60 Ωm for 
clay, all units in saturated conditions (Table S1). For the P12 drill site, the electrical resis-
tivity values are 110–150 Ωm for saturated sand. West of the 2D Section L13, a 10 m-thick 
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clay lens (at least) lies at a depth of about 20 m and reduces the electrical resistivity values 
considerably. 

 
Figure 9. Interpreted 2D Section L13 and borehole ME0704 acquired near Saint-Narcisse, Quebec. The surface deposit 
elevation is obtained from lidar data. 

Finally, Figure 10 (Section L17) reveals the local surface deposit of a 2D section ac-
quired from three TEM stations and the available borehole (ME0954), located on the north-
ern side of the moraine near the village of Saint-Narcisse. The induced voltage decay of 
Station 1, which is located near the borehole, is similar to that of stations 2 and 3. The 
water table is located at 8 m depth to the west and gradually approaches the surface, 
reaching a depth of less than 1 m on the eastern side of the section. The electrical resistivity 
values for the stratigraphic units that make up the ME0954 borehole are 300–415 Ωm in 
unsaturated sand and gravel, 180–300 Ωm in saturated sand and gravel, 110–180 Ωm in 
saturated sand, and 60–110 Ωm in saturated sand with clay (Table S1). Table S1 also details 
other nearby TEM stations (L6_ST5; L6_ST7; L15_ST1) having stratigraphic cross-sections 
that were used to create the resistivity chart. 
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Figure 10. Interpreted 2D Section L17 and borehole ME0954 acquired near Saint-Narcisse, Quebec. The surface deposit 
elevation is obtained from lidar data. 

Since TEM profiles are interpolations between 1D soundings, the limitations of this 
approach bear uncertainty related to the interpolation and the smoothing. In fact, it is 
challenging to determine precisely which types of sediment are found at depth (and be-
tween the stations) only with indirect measurement (i.e., geophysics). However, within a 
distance of 22 km (east–west) in the St-Narcisse moraine in Mauricie, 13 TEM stations out 
of the 40 stations available in this zone can be compared to boreholes or stratigraphic 
cross-sections nearby. In addition, the piezometric map also provides additional infor-
mation and allows us to validate the presence of saturated sediments, regardless of the 
shortcomings inherent to the inversion process (smoothing) and interpolation. Conse-
quently, this significant amount of field data (boreholes, stratigraphic cross-sections, and 
365 piezometric surveys) helps to decrease the uncertainty related to smoothing and in-
terpolation between TEM stations and greatly strengthen the stratigraphic interpretation. 
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Here are the guidelines and some thresholds used to globally delimit the units: At 
depth (at the base of Figures 4, 7–9 and 11, Figures S3 and S4), when the resistivity values 
are greater than 900 Ωm, we estimate that the bedrock is reached. Between 500 and 900 
Ωm, mainly tills (sand and gravel with pebbles/boulders) are overlying the bedrock, 
which is according to the literature [7–9]. On the surface, the resistivity values range be-
tween 400 and 850 Ωm, suggesting that there is a presence of unsaturated sand and gravel 
with pebbles/boulders or unsaturated sand. When the water table is reached, the resistiv-
ity decreases sharply along the entire length of the TEM sections, indicating saturated 
sediments. If the values range between 100 and 400 Ωm, it suggests saturated sand and 
gravel or saturated sand. In order to determine the sediment classes with the greatest pos-
sible accuracy, we also based our observations on the continuity of the surface layers that 
we observed during the fieldwork, but mainly on stratigraphic cross-sections and bore-
holes available near the TEM sections. We hypothesized that if the resistivity values are 
relatively constant with depth, the type of sediment will stay similar. For example, if un-
saturated sand is observed at the surface, and the resistivity values are relatively stable 
below the water table, the unsaturated sand is probably perpetuated at depth. When 
changes in resistivity are less gradual and more abrupt, there appears to be a change in 
sediment class that can be linked to a variation of porosity (and then a variation of water 
content) and so probably to heterogeneity. Alternatively, the low resistivity values can 
also be linked to a higher clay content within granular sediment. If the resistivity values 
are lower than 110, we mainly find clay or mixed clay. 

4.3. Compilation and Calibration Chart 
Table 1 and Figure 11 lists the electrical resistivity values obtained for each type of 

unsaturated and saturated Quaternary sediment found in the Saint-Narcisse moraine. 
Seven sediment classes are represented in the calibration chart: (1) unsaturated sand, (2) 
saturated sand, (3) unsaturated sand and gravel with pebbles/boulders, (4) saturated sand 
and gravel, (5) unsaturated sand, sand, and gravel (all with clay), (6) saturated sand, sand 
and gravel (all with clay), and (7) clay. When the sediments are saturated with water or 
contain clay, resistivity values are low and generally less than 400 Ωm; clay sediments 
produce the overall lowest values and reach a maximum resistivity of 110 Ωm. Resistivity 
values for clay usually vary between 15 and 110 Ωm (Table S1; Figure 11). As the propor-
tion of sand and gravel to clay increases, so does resistivity. For the unsaturated sand with 
clay, the resistivity varies with a correspondingly low resistivity, ranging between 110 and 
350 Ωm (unsaturated) and 60 and 360 Ωm (saturated). In comparison, unsaturated and 
saturated sands have a resistivity range of 345–650 Ωm and 110–330 Ωm, respectively 
(Figure 11). The potential increase in resistivity from saturated to unsaturated sand can 
reach up to 88% at maximum values (345–650 Ωm). Unsaturated and saturated sand and 
gravel with pebbles/boulders produce respective resistivity ranges of 370–835 Ωm and 
150–400 Ωm (Figure 11). The potential increase from saturated to unsaturated sand and 
gravel can reach up to 109% (400–835 Ωm). 

Table 1. Measured electrical resistivity of Quaternary sediments in the Saint-Narcisse moraine, east-
ern Mauricie, Quebec, Canada. 

Sediment Class 
(Unsaturated and Saturated) 

Electrical Resistivity 
(ohm.m) 

Unsaturated sand  345–650 
Saturated sand 110–330 

Unsaturated sand and gravel with pebbles/boulders 370–835 
Saturated sand and gravel 150–400 

Unsaturated sand with clay 110–350 
Saturated sand; Sand and gravel; (with clay) 60–165 

Clay <110 
Bedrock >1000 
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Figure 11. Interpreted 2D Section L8 near Saint-Narcisse and Saint-Geneviève-de-Batiscan, Quebec. The surface deposit 
elevation is obtained from lidar data. 

4.4. TEM Results 
4.4.1. Western Sector (Notre-Dame-du-Mont-Carmel) 

Figure 1 shows the location of three 2D TEM sections in the western portion of the 
study area (Figures 4 and 8, Figure S3). From the produced calibration chart, Figure 8 (2D 
Section L10) shows saturated sand and saturated sand and gravel at a depth of 10 to 15 m. 
The thickness of this water-saturated zone varies between 25 and 35 m and extends over 
a length of approximately 350 m. A layer of saturated sand and gravel overlies the bedrock 
in this area. Further southeast, about 2.5 km from Section L10, the 2D Section L9 (Figure 
S3) also shows the presence of saturated sand at about 15 m depth. This layer of saturated 
sand varies between 30 and 50 m thick and extends more than 1 km from east to west. The 
observations from borehole ME1843 and the calibration chart show that the sediments 
found in L9 are, from top to bottom, sand and gravel interspersed with fine to medium 
sandy facies and then sand and gravel, pebbles, and boulders overlying the bedrock. From 
the stratigraphic section YL071 and the calibration chart (Figure 4), Section L2, situated 3 
km northeast of Section L9, also shows the presence of saturated sand (as observed for 
sections L9 and L10) at about 10 to 15 m depth, which juxtaposes a layer of saturated sand 
and gravel overlying the bedrock. In Section L2, the thickness of the saturated granular 
sediments varies between 35 and 45 m and extends (east–west) over a distance of 75 m. 

  

Stations

NW

Elevation (m
)

1 742 3

Water table
Saturated sand

NanoTEM stations

Resistivity contour lines

Projected sedimentary facies

Saturated sand and gravel

Unsaturated sand

160 m

SE

Unsaturated sand

Saturated sand and 
gravel (Till ?)

Saturated sand

Unsaturated sand 

Saturated sand

L8

5 6

Bedrock

Bedrock

Saturated sand and 
gravel (Till ?)

50 

55 

60

65 

70 

75 

80 

85 

90 

35 

40 

45 

25 

30 

20

15

50 

55 

60

65 

70 

75 

80 

85 

90 

35 

40 

45 

25 

30 

20

15

100 

1000 Residual
Station 1: 2.37     Station 5: 1.64
Station 2: 1.98     Station 6: 1.77
Station 3: 2.44     Station 7: 1.39
Station 4: 1.93

Resistivity
ohm-m



Geosciences 2021, 11, 415 18 of 27 
 

 

4.4.2. Central Sector (Saint-Narcisse) 
Six 2D TEM sections (Figures 9, 10, 11, S4, and S6A-B; sections L13, L17, L8, L14, L15, 

and L16) lie within the central zone of the moraine, situated southeast of the village of 
Saint-Narcisse and west of the Batiscan River (Figures 1 and 2). The four stations of the 
2D Section L16 (Figure S6B) attain a depth of about 76 m without reaching bedrock. The 
produced calibration chart (Table 1) indicates the presence of saturated granular sediment 
from the top to the bottom of Section L16, containing (1) fine to coarse saturated sand 
(western side) and saturated sand and gravel (eastern side); (2) saturated sand with clay; 
and (3) saturated sand or saturated sand and gravel. The saturated sediment in L16 has a 
lateral east–west extension of 200 m (length of Section L16) and a thickness varying be-
tween 66 and 76 m. The subsurface layers exposed in Section L16 appear very similar to 
those of the 2D Section L15 (Figure S6A), located approximately 300 m to the north (Figure 
1). Section L15 comprises three stations, and the calibration chart indicates the presence 
of >87 m thick, saturated sand over a distance of at least 200 m (east–west). The main 
difference relative to Section L16 is that the resistivity values in Section L15 increase at 
about 35 m depth. This increase suggests the presence of saturated sand and gravel be-
tween 35 and 80 m depth. At 2.5 km northeast of sections L15 and L16 lies the 2D Section 
L13 (Figure 9), which comprises three stations. Similar to sections L15 and L16, Section 
L13 also shows the presence of saturated sediment. Boreholes ME0704 and P12 and the 
calibration chart indicate that the Section L13 sediments are, from top to bottom, saturated 
sand (east) and saturated sand and gravel (west) at the surface. On the western side of 
Section L13, between 15 and 35 m depth, a clay lens drags down the resistivity values to 
40 Ωm. Around the clay lens on the eastern side of Section L13, the resistivity is higher, 
and the borehole ME0704 shows the presence of sand and gravel mixed with clay. The 
higher resistivity values at the base of Section L13 (Figure 9) are associated with saturated 
sand and gravel, pebbles, and boulders. Here, the saturated granular sediment (i.e., sand, 
sand, and gravel) varies in thickness from 25 to 70 m with an extension (east–west) over 
nearly 1 km. The variations in bedrock topography for Section L13 generate a larger range 
in the aquifer thickness. The 2D cross-sections of sections L17 and L14 (Figure 10 and Fig-
ure S4) are located about 1.5 km northeast of Section L13 in the north-central part of the 
moraine. Sections L17 and L14 comprise four and three stations, respectively, with respec-
tive lengths of 500 m and 200 m. Borehole ME0954 and the calibration chart indicate that 
these two sections are composed of sand and gravel with variable amounts of clay and 
sandy facies at depth, 50 to 80 m depth for Section L17 and 42 to 75 m depth for Section 
L14. These two sections contain saturated granular sediments (from top to bottom: sand 
and gravel with clay, sand with clay, sand, sand, and gravel) with a thickness varying 
between 31 and 94 m. The thickness of the sediments depends mainly on the topographic 
undulations of the bedrock. The two combined lines indicate saturated sediment extend-
ing over nearly 700 m along an east–west axis. Finally, the 2D Section L8 (Figure 11) is 
located 2.5 km south of sections L14 and L17. Section L8 comprises seven stations, totaling 
600 m in a north–south axis. According to the calibration chart, this section shows the 
bedrock overlain by sand and gravel and sandy facies (saturated and unsaturated). The 
saturated sediment varies in thickness from 25 to 35 m and extends over 600 m (i.e., the 
full length of Section L8). In the central sector of the moraine, these six 2D sections (L8, 
L13, L14, L15, L16, and L17) have a total length of 2.5 km and cover an area of approxi-
mately 21 km2 (Figures 1 and 11). Typical induced voltage decay profiles (1D smooth in-
version model) obtained for each section are available in the Supplementary Materials 
(Figures S1D, S2A–D and S5A–B). 

5. Discussion 
5.1. Sedimentary Facies Resistivity 

Variation in electrical resistivity relates to the electrical resistivity of water being 
much lower than that of soils [50–52], and resistivity is much lower for sediments having 
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a high water content [16,53]. The circulation of the electric current in the basement, how-
ever, takes place mainly by volume conduction (or electrolytic conduction) through the 
pore water of these formations [50,53]. Thus, the conduction of an electric current occurs 
primarily through the water contained in the pores or at the interface between the miner-
als and the pore water (surface electrical conductivity). 

The calibrated chart highlights that electrical resistivity values for unsaturated sand 
and sand and gravel with pebbles/boulders are much higher, potentially up to 97% higher 
than for these same sediments when saturated. Clay has a low resistance to the passage of 
an electric current, and the resistivity values are low to very low. If clay horizons are found 
within sand or sand and gravel facies, the resistivity can decrease to 60 Ωm (Table 1). Low 
resistivity is a function of surface conduction from the higher clay mineral concentrations 
(Reynolds 2011). In contrast, sand/gravel/pebbles are much less conductive and provide 
greater resistance to the passage of an electric current. Grain size and even grain shape 
can also alter the bulk electrical and dielectric behaviors, thus affecting resistivity values 
[16,54]. 

The greater resistivity associated with increased grain size is visible, for example, at 
the base of several 2D sections of the Saint-Narcisse moraine (sections L2, L7, L8, L9, L10, 
L13, L14, and L17). During deglaciation, juxtaglacial and fluvioglacial deposits (e.g., ice-
marginal outwash) generated by the melting ice were superimposed onto the glacial till 
sequence left by the passage of the LIS [7,9]. Fine-grained sediments (e.g., clay and silt) 
have high conductivity and low resistance to the passage of electric currents; resistivity 
increases as sediment grain size coarsens. The calibration chart reflects these particle size 
changes; therefore, the chart links the sedimentary facies (i.e., clay, sand, sand, and 
gravel), the associated electrical resistivity, and water content. Although overlap exists in 
the distributions between sediment classes and making the interpretation quite difficult, 
some of the resistivity ranges are well separated (Figure 12). In particular, saturated and 
unsaturated sediment shows very little overlap for the same category of sediment (i.e., 
saturated and unsaturated sand; saturated and unsaturated sand and gravel; Figure 12), 
which means that TEM is able to accurately identify the presence of water, except when 
there is a significant amount of clay mixed with the granular sediment, which drags down 
the resistivity. It is also challenging to discriminate between sand and gravel and the sand 
due to their close range of resistivity. Although these two categories show substantial 
overlap (Figure 12) and illustrate an inherent lack of the chart, the main objective of this 
study is to determine the presence of water (saturated sediment) with the greatest possible 
precision in order to identify potential aquifers. Consequently, even if these two sediment 
classes share similar resistivity values, they have a common characteristic, which is to be 
lithological units of high permeability that can be crossed by water and possibly act as a 
reservoir. In fact, the presence of saturated and unsaturated granular sediments (i.e., be-
low and above the water table), regardless of their granulometric size, can be validated 
with relative precision by the piezometric contour map (Figure 5), the boreholes, and the 
stratigraphic cross-sections. Indeed, even if there is an overlap between these categories 
of sediments and the TEM profiles are interpolations between 1D soundings and bears 
uncertainty related to these interpolations, the direct data (i.e., piezometric map built with 
465 piezometric surveys, the boreholes, and the stratigraphic cross-sections) strengthen 
the stratigraphic interpretation and thus reduce the erroneous hypotheses linked to 
smoothing, interpolations and overlaps. Moreover, the ultimate goal of this study is es-
sential to identify the presence of underground water and its spatial continuity. 
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Figure 12. Respective resistivity for the seven sediment classes proposed in the calibration chart. 
They are deduced from borehole logs to display the minimum and maximum values for each satu-
rated and unsaturated sediment. The horizontal axis represents each of the boreholes and strati-
graphic cross-sections and their associated facies. The bedrock is not considered in this figure. 

5.2. Relationship between the Calibration Chart and the TEM Sections 
Geophysical data provide an effective alternative to borehole surveys for character-

izing the internal structures of deposits. The extrapolation of geophysical results over the 
entire study area requires creating a calibration chart to relate obtained electrical resistiv-
ity values to various unsaturated and saturated sediments. Once the calibration is 
achieved, however, multiple TEM profiles can be obtained in a short time span, and the 
stratigraphy of a large area can be evaluated. An equivalent characterization using bore-
holes is often impractical given the time-consuming and expensive nature of borehole 
drilling campaigns. Furthermore, cores are generally limited in number with considerable 
spacing between sites, making correlations between boreholes difficult. 

The developed electrical resistivity chart (Table 1) allows us to use all collected 2D 
TEM sections west of the Batiscan River. Several 2D sections (Figure 13, Figures S3 and 
S6A,B; sections L8, L9, L15, and L16) cannot be associated with any stratigraphic cross-
sections, boreholes, or piezometric surveys, but nonetheless, provide valuable infor-
mation regarding the geometry and extension of groundwater tables at the regional scale. 
These TEM sections, which can be linked to the other TEM sections used to build the cal-
ibration chart (Figures 4 and 8–10, Figure S4; sections L2, L10, L13, L17, and L14), therefore 
provide additional stratigraphic information and permit the assessment of a much larger 
zone of the Saint-Narcisse moraine. The linking of sedimentology and geophysical data 
provides much insight in regard to the scale, arrangement, and granulometry of the sedi-
ment facies and their associated hydrogeological properties. The geophysical results of 
our study can support hydrogeological inferences of aquifer thickness, variation, and con-
tinuity. 
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Figure 13. Regional topography of the study area and location of TEM stations, boreholes, stratigraphic cross-sections, 
and piezometric surveys acquired on the Saint-Narcisse moraine, Quebec. The black lines delimit two large unconfined 
regional aquifers west of Notre-Dame-du-Mont-Carmel and southeast of Saint-Narcisse. 

5.3. Hydrogeological Exploration Targets 
5.3.1. Western Sector (Notre-Dame-du-Mont-Carmel) 

Three 2D TEM sections (sections L2, L9, and L10) have a total length of 1.4 km and 
are spread over an area of approximately 11 km2 east of Notre-Dame du Mont Carmel 
(Figure 13). These TEM sections share a similar sediment architecture and several other 
geological similarities; thus, we can assume a stratigraphic continuity and a hydraulic 
connection between these sections. For these three sections, we observed that (1) the bed-
rock is located between 45 and 65 m for each of the 14 TEM stations; (2) a few meters of 
glacial till (i.e., sand and gravel) overlie the bedrock; (3) 5 to 15 m of unsaturated granular 
sediments, mainly sand/sand and gravel, are deposited over the surface of the moraine; 
(4) small amounts of clay are intermixed with the granular sediment. Greater amounts of 
clay would provide a natural impermeable barrier and increase the heterogeneity of the 
environment, thereby reducing the hydraulic connections at local and regional scales; and 
(5) the thickness of the water-saturated granular sediment varies between 30 and 60 m, 
the changes in sediment thickness being related to variations in local bedrock topography. 

Previous studies have demonstrated that the sector of the moraine near Notre-Dame-
du-Mont-Carmel (Figure 1) is composed primarily of granular sediments overlying bed-
rock, a continuity of the stratigraphic units, and the presence of extensive unconfined re-
gional aquifers [7,11,35,55]. These Quaternary sequences consist of subglacial or melt-out 
till (i.e., mainly sand and gravel) deposited during the last glaciation and the Saint-Nar-
cisse readvance, proximal and distal glaciomarine deposits (mainly fine, medium, and 
coarse sands lay down by the Champlain Sea), as well as juxtaglacial and fluvioglacial 
deposits [7,9]. The saturated sediment and the water table elevation (Figure 5) also suggest 
a continuity of stratigraphic units and a hydraulic connection in this sector of the moraine. 
When we compare the piezometric contour of Figure 5 with the decrease in resistivity 
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values associated with saturated sediments for each TEM section, the depth generally cor-
relates within 1 to 3 m. The drop in resistivity values is caused by the transition from 
unsaturated to saturated sediment at the top of the groundwater table. This strong corre-
lation combined with a low RMS (i.e., 2.96 m), associated with a high-quality model, sug-
gests that the piezometric map is representative of reality and that a hydraulic connection 
does exist between the TEM lines (i.e., sections L2, L9, and L10) in the sector of Notre-
Dame-du-Mont-Carmel. In this case, the piezometric contours reflect the continuity of the 
water table elevation as well as the saturated sediments between the TEM sections. By 
correlating sections L2, L9, and L10 and assuming that the areas where no geophysical 
data have been collected have such continuity for their stratigraphic units, we can deduce, 
as Légaré-Couture et al. (2018) hypothesized previously, that an unconfined aquifer co-
vers the entire area northeast of Notre-Dame-du-Mont-Carmel (Figure 13). This large aq-
uifer has a lateral extension of more than 6 km, a thickness varying from 30 to 60 m, and 
a depth between 5 and 15 m from the surface. 

5.3.2. Central Sector (Saint-Narcisse) 
These six 2D TEM sections of this part of the morainic complex (i.e., sections L8, L13, 

L14, L15, L16, and L17) have a total length of 2.7 km and are spread over an area of ap-
proximately 19.5 km2 southeast of the village of Saint-Narcisse (Figure 13). Except for Sec-
tion L8, few unsaturated sediments are recorded within these TEM sections, and the water 
table is near the surface, generally varying between 1 and 5 m depth. The bedrock is much 
deeper here than around the Notre-Dame-du-Mont-Carmel area, sometimes even up to 
94 m (sections L15, L16, and L17) below the surface. This observation also agrees with 
previous studies, which sometimes locate the bedrock under the moraine as much as 100 
m below present sea level [11]. This regional configuration (a deep bedrock and a shallow 
water level) and the substantial thicknesses of granular sediment deposits (i.e., sand, sand 
and gravel, sand and gravel with clay) into a series of bedrock depressions observed along 
the Saint-Narcisse moraine are suitable for creating unconfined aquifers. Moreover, ac-
cording to previous studies, the thickest deposits can reach 150 m in south Mauricie [11]. 
The water-saturated sediments in the central section of the moraine are therefore quite 
thick, varying from 30 to over 94 m in thickness. The low amount of clay intermixed with 
the granular sediment observed in the TEM sections of this area of the moraine also sug-
gests a suitable hydraulic connection owing to the absence of impermeable barriers at the 
local and regional scales. The Quaternary sequences and the type of sediment deposited 
within the central section of Saint-Narcisse moraine are similar to those within the Notre-
Dame-du-Mont-Carmel area (i.e., subglacial or melt-out till, proximal and distal glacio-
marine deposits, juxtaglacial and fluvioglacial deposits). In addition, the piezometric con-
tour of Figure 5 is also well correlated with the decreased resistivity associated with satu-
rated sediments for each of the TEM sections. This drop in resistivity is caused by the 
transition from unsaturated to saturated sediment at the top of the groundwater table. In 
the Notre-Dame-du-Mont-Carmel sector, the strong correlation between the piezometric 
contour and the TEM sections, as well as a low RMS, also suggests that the produced 
piezometric map is representative of the actual regional stratigraphy and sediments. Con-
sequently, a hydraulic connection owing to the continuity of the stratigraphic units does 
exist between the TEM sections in this area of the moraine located southeast of the village 
of Saint-Narcisse. Here, the piezometric contour reflects the continuity of the water table 
elevation and the saturated sediments between the TEM sections. Finally, by correlating 
these six TEM sections (i.e., sections L8, L13, L14, L15, L16, and L17) and assuming that 
the areas characterized by an absence of collected geophysical data show a continuity of 
their stratigraphic units, it is possible to identify a vast unconfined aquifer in the central 
sector of the moraine (Figure 13). From these assumptions, this aquifer covers an area of 
more than 6.5 × 3.0 km (>19.5 km2), varies between 25 and more than 94 m thick (depend-
ing on the sector), and is usually found within 1 to 2 m of the surface of the moraine. 
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5.3.3. Compartmentalization of the Aquifers 
The Saint-Narcisse moraine in the Mauricie region contains thick layers of well-

sorted sand and gravel deposits and holds two large unconfined aquifers overlying the 
bedrock. According to Légaré et al. (2018), although the hydrostratigraphy of the moraine 
is complex, it nonetheless contains a large regional unconfined aquifer within the surface 
sands. The Saint-Narcisse moraine has hydrogeological conditions favorable for ground-
water extraction, and most municipalities located along the moraine and on the adjacent 
marine clay plain (e.g., Saint-Narcisse, Saint-Prosper, Saint-Maurice, Notre-Dame-du-
Mont-Carmel, and Sainte-Geneviève-de-Batiscan) already draw their drinking water from 
this aquifer [11], which attests to the aquifer capacity of these sectors. Previous studies 
have hypothesized the presence of these large regional aquifers on the basis of the large 
quantity of granular sediments at the moraine’s surface [11,46,56].  

Our study validates the presence of these aquifers (Figure 13) and goes further by 
providing precise information related to regional stratigraphy and the aquifers’ geometry, 
thickness, and extension. This study also suggests compartmentalization of the aquifers 
and a discontinuity of the stratigraphic units within the Saint-Narcisse moraine in the 
area. This compartmentalization separates the aquifers from each other and is mainly pro-
duced by the presence of less permeable sediments, as the discontinuous nature of the 
moraine is frequently interrupted by multiple sections composed of finer sediments de-
posited by the Champlain Sea [6]. Both granular aquifers (Figure 13), from the surface, do 
not appear to be connected hydraulically because of the presence of these low-permeabil-
ity barriers (e.g., mud units; Figure 6) that limit groundwater flow between this pair of 
highly conductive bodies [7,11,35,55,56]. 

6. Conclusions 
The TEM method used in this study of the Saint-Narcisse moraine in the Mauricie 

region of Quebec revealed the compartmentalization of a multi-kilometer morainic sys-
tem. Mud units deposited by the Champlain Sea during the deglacial marine incursion 
act as impermeable barriers to create a discontinuity of the stratigraphic granular units 
within the moraine and the compartmentalization of its contained aquifers. TEM demon-
strated its utility for investigating the stratigraphic nature and the production of initial 
hydrogeological maps of other remote territories and geological contexts that lack mini-
mal stratigraphic and piezometric information. To use all TEM results acquired for this 
study, we built an electrical resistivity calibration chart for saturated and unsaturated 
Quaternary sediments applying specifically to the St-Narcisse moraine in eastern Mau-
ricie. The procedure can also be used in various environments if there are enough data. 
This chart links granulometric facies (i.e., clay, sand, sand, and gravel) and their respective 
electrical resistivity and water content. Once calibrated and applied to several TEM pro-
files along the Saint-Narcisse moraine, the chart helped identify two large unconfined 
granular aquifers overlying the bedrock west of the Batiscan River. Within the study area, 
these aquifers extend for a minimum distance of 12 km (east–west) and vary in thickness 
between 25 and more than 94 m. The TEM approach offers a relatively fast, simple, inex-
pensive, non-destructive, and effective means of acquiring valuable groundwater-related 
information to help municipalities and local entrepreneurs manage regional groundwater 
and ensure its preservation. Our findings highlight the need for more detailed studies of 
the Saint-Narcisse morainic complex to better assess its groundwater resources. Greater 
details regarding this pair of identified aquifers can be obtained using direct approaches, 
including pumping tests, boreholes, and a more detailed hydrogeological mapping of tar-
geted areas. 

Supplementary Materials: The following are available online at www.mdpi.com/article/10.3390/ge-
osciences11100415/s1, Table S1. 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 the water table has 
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been reached. The water table has been determined by 1) in situ observations and 2) use of the pie-
zometric map; Figure S1. A. Left: Typical induced voltage decay from Line 3 (L3), Station 1. Meas-
ured data are shown as crosses and inversion fitting as a black line. Noise level is approximately 10 
μV/A. The inversion residual is 1.22. B. Left: Typical induced voltage decay from Line 7 (L7), Station 
1. Measured data are shown as crosses and inversion fitting as a black line. Noise level is approxi-
mately 10 μV/A. The inversion residual is 2.32. C. Left: Typical induced voltage decay from Line 10 
(L10), Station 1. Measured data are shown as crosses and inversion fitting as a black line. Noise level 
is approximately 10 μV/A. The inversion residual is 2.35. D. Left: Typical induced voltage decay 
from Line 13 (L13), Station 1. Measured data are shown as crosses and inversion fitting as a black 
line. Noise level is approximately 25 μV/A. The inversion residual is 0.82. Right for Figure S1A-D: 
The obtained smooth model TEM inversion; Figure S2. A. Left: Typical induced voltage decay from 
Line 17 (L17), Station 1. Measured data are shown as crosses and inversion fitting as a black line. 
Noise level is approximately 8 μV/A. The inversion residual is 0.78. B. Left: Typical induced voltage 
decay from Line 9 (L9), Station 1. Measured data are shown as crosses and inversion fitting as a 
black line. Noise level is approximately 30 μV/A. The inversion residual is 1.66. C. Left: Typical 
induced voltage decay from Line 8 (L8), Station 5. Measured data are shown as crosses and inversion 
fitting as a black line. Noise level is approximately 9 μV/A. The inversion residual is 1.64. D. Left: 
Typical induced voltage decay from Line 14 (L14), Station 2. Measured data are shown as crosses 
and inversion fitting as a black line. Noise level is approximately 10 μV/A. The inversion residual is 
0.78. Right for Figure S2A-D: The obtained smooth model TEM inversion; Figure S3. Interpreted 
2D Section L9 and borehole ME1843 near Notre-Dame-du-Mont-Carmel, Quebec. The surface de-
posit elevation is obtained from lidar data. The blue dashed line represents the projected water table, 
and all direct observations have been acquired in the field; Figure S4. Interpreted 2D Section L14 
near Saint-Narcisse, Quebec. The surface deposit elevation is obtained from lidar data; Figure S5. 
A. Left: Typical induced voltage decay from Line 15 (L15), Station 1. Measured data are shown as 
crosses and inversion fitting as a black line. Noise level is approximately 30 μV/A. The inversion 
residual is 0.95. B. Left: Typical induced voltage decay from Line 16 (L16), Station 3. Measured data 
are shown as crosses and inversion fitting as a black line. Noise level is approximately 15 μV/A. The 
inversion residual is 0.49. Right for Figure S5A-B: The obtained smooth model TEM inversion; Fig-
ure S6. A. Interpreted 2D Section L15 near Saint-Narcisse, Quebec. B. Interpreted 2D Section L16 
near Saint-Narcisse, located approximately 300 m further south of L15. The surface deposit elevation 
of both sections was obtained from lidar data. 
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