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Abstract
The present study first describes the variations in concentrations of 12 chemical elements in groundwater relative to salin-
ity levels in Southern Quebec (Canada) groundwater systems, and then uses this data to develop an empirical predictive 
model for evaluating groundwater chemical composition relative to salinity levels. Data is drawn from a large groundwater 
chemistry database containing 2608 samples. Eight salinity classes were established from lowest to highest chloride (Cl) 
concentrations. Graphical analyses were applied to describe variations in major, minor, and trace element concentrations 
relative to salinity levels. Results show that the major elements were found to be dominant in the lower salinity classes, 
whereas Cl becomes dominant at the highest salinity classes. For each of the major elements, a transitional state was identi-
fied between domination of the major elements and domination of Cl. This transition occurred at a different level of salinity 
for each of the major elements. Except for Si, the minor elements Ba, B, and Sr generally increase relative to the increase of 
Cl. The highest Mn concentrations were found to be associated with only the highest levels of Cl, whereas F was observed 
to be more abundant than Mn. Based on this analysis of the data, a correlation table was established between salinity level 
and concentrations of the chemical constituents. We thus propose a predictive empirical model, identifying a profile of the 
chemical composition of groundwater relative to salinity levels, to help homeowners and groundwater managers evaluate 
groundwater quality before resorting to laborious and costly laboratory analyses.
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Introduction

The uncontrolled exploitation of groundwater in combina-
tion with other anthropogenic activities has led to a severe 
deterioration of groundwater quality throughout the world 
(Seddique et al. 2019; Zendehbad et al. 2019; Boumaiza 

et al. 2020a). Geogenic processes also exert a significant 
impact on groundwater quality (Swartz et al. 2004; Bondu 
et al. 2018). Programs have been implemented throughout 
the world, at local, regional, and national scales, to assess 
and monitor groundwater quality and to evaluate the poten-
tial for anthropogenic and/or natural groundwater con-
tamination (Leahy and Thompson 1994; Koreimann et al. 
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1996; Foster et al. 2006; Evans et al. 2012; Barbieri et al. 
2019; Ricolfi et al. 2020). In Canada, several regional stud-
ies have recently been conducted with the aim of assess-
ing the quality of groundwater in different provinces (e.g., 
Cui and Wei 2000; NBDE 2008; Kennedy and Drage 2009; 
Hamilton et al. 2015). In the Province of Quebec in Can-
ada, where more than 2 million people rely on groundwater 
for their drinking water supply (Larocque et al. 2018), the 
assessment of regional groundwater quality is supported 
by the Groundwater Knowledge Acquisition Program 
(Programme d’acquisition de connaissances sur les eaux 
souterraines, PACES). This program was implemented in 
2009 by the Quebec Ministry of the Environment (Ministère 
de l'Environnement et de la Lutte contre les Changements 
Climatiques, MELCC) to provide an integrated portrait of 
groundwater resources in Southern Quebec in terms of both 
quantity and quality, and to better protect and sustainably 
manage groundwater resources in Quebec (Rouleau et al. 
2012; Larocque et al. 2018; MELCC 2021). The multi-fac-
eted PACES program has developed alternative methods for 
assessing the vulnerability of aquifers, simulating ground-
water flow, numerically estimating groundwater travel times, 
quantifying groundwater recharge, characterizing the inter-
nal architecture of aquifers, evaluating specific aquifer prop-
erties, and understanding the chemical evolution of ground-
water within aquifers (Chesnaux et al. 2011; Boumaiza et al. 
2015 2017; Montcoudiol et al. 2015; Boumaiza et al. 2019 
2020c b 2021a 2021c 2021b 2022; Walter et al. 2017; Fer-
roud et al. 2018 2019; Nadeau et al. 2018; Chesnaux and 
Stumpp 2018; Labrecque et al. 2020).

The PACES program has provided insight into the wide 
variability of groundwater quality in Southern Quebec, in 
both shallow unconfined aquifers and deeper confined aqui-
fers. For example, concentrations of chloride (Cl) in ground-
water have ranged from values well below the detection limit 
(< 0.1 mg/L) to a very high value of 15,000 mg/L (MELCC 
2021). Saline water that is typically found in deeper aquifers 
(> 1000 m) is also found at shallow depths (< 100 m)—both 
in fractured rock and in unconsolidated aquifers—as the 
result of a long vertical upward flow through discontinui-
ties and faults (Rouleau et al. 2013; Wen et al. 2015). High 
Cl intake can cause high levels of Cl in the bloodstream, a 
condition called hyperchloremia. Furthermore, at relatively 
low concentrations, Cl can affect the taste of drinking water. 
In fact, when freshwater is mixed with saltwater in as low 
a proportion as 1% (corresponding to ≈250 mg/L of Cl), it 
becomes unfit for drinking (WHO 2017). Around the world, 
high salinity levels in groundwater have commonly been 
associated with high levels of numerous inorganic chemi-
cal constituents (Deng et al. 2009; Rango et al. 2013; Vikas 
et al. 2013; Avrahamov et al. 2014; Santucci et al. 2016; Elu-
malai et al. 2019) such as fluoride and boron; both of these 
can pose a health risk to humans at high concentrations. 

Fluoride is a known xenobiotic; its impact on human health 
occurs through fluorosis (Zango et al. 2019). Fluoride is 
suspected to be associated with other adverse health effects, 
including ligament calcification, liver and kidney dysfunc-
tion, developmental disorder in children, and neurological 
weakness (Ding et al. 2011; Yadav et al. 2019; Yang et al. 
2020). Exposure to large amounts of boron (approximately 
30 g of boric acid) over short periods of time can affect the 
stomach, intestines, liver, kidney, and brain and can eventu-
ally lead to death (ATSDR 2010).

In Quebec, a number of PACES-supported hydrogeo-
chemical studies have reported the presence of high con-
centrations of various chemical constituents in groundwater 
(Beaudry 2013; Blanchette et al. 2010; Bondu et al. 2018 
2020; Chaillou et al. 2018; Meyzonnat et al. 2016; Minet 
et al. 2017; Montcoudiol et al. 2015; Walter et al. 2019). 
To fill in some of the remaining knowledge gaps, further 
studies are needed to draw a comprehensive portrait of the 
variations in concentrations of the different mineral constitu-
ents in groundwater, in particular relative to salinity levels. 
Knowledge of salinity levels is helpful for characterizing the 
flow, chemical evolution, and mixing/migration patterns of 
groundwater within aquifer systems; it may also shed light 
on the vulnerability of groundwater to anthropogenic con-
tamination (Grassi and Netti 2000; Williams et al. 2000; 
Lazur et al. 2020; Mora et al. 2020). Accordingly, the first 
objective of the present study is to describe the variability of 
chemical composition of groundwater in Southern Quebec 
in regards to its salinity levels. In this study, “chemical com-
position” of groundwater designates the concentration of 
inorganic elements in groundwater, whereas the term “salin-
ity” refers to the Cl concentration (the terms “salinity” and 
“Cl concentration” are used interchangeably). Work on the 
first objective was based on the PACES groundwater chem-
istry database (MELCC 2021) which is comprised of data 
drawn from 2608 groundwater samples collected in sixteen 
regions of Southern Quebec. The PACES database includes 
chemical analyses of 40 inorganic constituents. However, 
the present study focuses on Cl concentrations with 12 other 
inorganic constituents  (HCO3

−,  SO4
2−,  Ca2+,  Mg2+,  Na+, 

 K+, B, Sr, Mn, Ba, Si, F) for which most measurements 
(> 50%) were reported above the detection limits of each 
inorganic element.

In Quebec, it is the legal responsibility of homeowners 
whose residence is not connected to a municipal water sup-
ply (i.e., those who have their own well) to ensure the quality 
of their groundwater; however, homeowners are not always 
able to assess groundwater quality and undertake long-term 
monitoring owing to limited knowledge or financial means 
(Bondu et al. 2020). The second objective of the present 
study is therefore to develop an empirical groundwater 
predictive model, to help gain preliminary insight into the 
quality of groundwater; such information could be used to 
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support a decision to avoid or pursue expensive chemical 
analyses. The first objective, describing the variations in 
chemical concentrations and salinity levels in groundwater 
in Southern Quebec, is used to achieve the second objec-
tive, which consists of developing an empirical predictive 
groundwater quality model that establishes a relationship 
between the chemical composition of groundwater and its 
salinity level. More specifically, by linking Cl to electrical 
conductivity (EC), the model determines the Cl concentra-
tion of groundwater based on the value of its EC, which can 
easily be measured in-situ. The relationship between Cl and 
EC is established according to an empirical equation that 
was developed for this study using the PACES groundwater 
chemistry data. Determining the salinity level then makes 
it possible to predict the relative concentrations of the 12 
studied chemical constituents influencing the quality of 
groundwater. Assuming that PACES groundwater samples 
were collected under equilibrium conditions, the resulting 
predictive model thus provides an empirical quantification, 
in effect a “profile,” of the chemical composition of ground-
water. Studies of groundwater systems may include hydro-
chemistry numerical models, which require thermodynamic 

parameterization including aquifer mineralogy. Such studies 
are extremely complex to conduct over large territories such 
as Southern Quebec (100,000  km2). An empirical predictive 
model such as the one proposed in the present study may 
help draw a profile of groundwater quality and provide a 
useful step in integrating and summarizing groundwater data 
collected over large geographic areas. The predictive model 
is also a helpful tool to qualitatively monitor groundwater 
quality, to provide a portrait of the chemical evolution of 
groundwater, and to manage groundwater in regard to its 
salinity level.

Study area

Location, climate, and bedrock basement

The study area encompasses sixteen administrative regions 
of Southern Quebec, Canada, covering 100,000   km2 
(indexed as 1 to 16 in Fig. 1a). Southern Quebec, which 
has a humid northern climate, experiences rainy events over 
the summer-fall seasons (from May to October), and heavy 

Fig. 1  a Location of the investigated study area in Quebec, Canada. The numbers 1–16 indicate the sub-regions of the study area. b Geological 
provinces and c surficial deposits (Bondu et al. 2020)
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snow accumulation during the winter-early spring seasons 
(from November to March), with complete snowmelt occur-
ring in April/May. The mean annual rainfall captured over 
Southern Quebec is approximately 900 mm, with a mean 
annual snow accumulation equivalent to 290 mm of water. 
The average monthly temperatures range from − 16 °C in 
January to + 18 °C in July (Government of Canada 2021). 
The bedrock geology of the study area belongs to four geo-
logical provinces (Fig. 1b): (i) the Archean Abitibi green-
stone belonging to the Southern part of the Archean Supe-
rior Province (~ 4.3 to 2.5 billion years); (ii) the Grenville 
Province (~ 2.7 billion to 600 million years), which occupies 
a large portion of Southern Quebec; (iii) the St. Lawrence 
Platform (~ 570 to 430 million years) extending in a north-
eastern orientation on both sides of the St. Lawrence River; 
and (iv) the Appalachian Province (~ 480 million years) 
in the southeastern part of the study area. Following the 
Wisconsin glacial retreat, when the glaciers deposited large 
accumulations of Quaternary deposits (Fig. 1c), southern 
Quebec was invaded by post-glacial seas and proglacial 
lakes. These deposits are mainly composed of boulders, 
gravel, sand, and clay-silt, with thicknesses ranging from 
several meters to tens of meters (Bolduc and Ross 2001; 
CERM-PACES 2013). The supply of drinking water in 
urbanized areas is usually drawn from unconsolidated aqui-
fers composed of granular sediments, rather than bedrock 
aquifers (Dessureault 1975; Chaillou et al. 2018; Rey et al. 
2018). However, in rural areas, where single-family dwell-
ings largely rely on private domestic wells, bedrock aquifers 
are the major source of drinking water (Montcoudiol et al. 
2015; Meyzonnat et al. 2016; Walter et al. 2018).

Hydrogeological and hydrogeochemical 
background

The coarse-grained sediment aquifers of the study area are 
commonly covered by glaciomarine and glaciolacustrine 
silt–clay deposits, forming confined aquifer systems (Dessu-
reault 1975; Lamothe and St-Jacques 2014; Thibaudeau and 
Veillette 2005). Granular sediments are also encountered in 
unconfined situations, as is the case with the major valleys 
of the Saguenay-Lac-Saint-Jean Highlands, which were not 
covered by fine sediments by the invading Laflamme Sea 
(Walter et al. 2018 2017). Under the unconsolidated aquifers, 
the basement rocks are characterized by heterogeneous low 
permeabilities ranging from  10−9 to  10−4 m/s, wherein the 
groundwater flow is dominant in the fracture networks and 
bedding planes of the upper part (50–60 m) of the bedrock 
aquifers (McCormack and Therrien 2013; Rouleau et al. 
2013; Benoit et al. 2014; Richard et al. 2016; Ladevèze et al. 
2019). The bedrock aquifer systems are partly covered by silt 
and clay sediments, as in the case of glaciomarine clays in 
the St. Lawrence Lowlands, creating confining conditions 

for the bedrock aquifer systems (Lamothe 1989; Meyzon-
nat et al. 2016). In the Appalachian Highlands, however, 
surficial granular sediments are thin; therefore, unconfined 
conditions prevail for most of the fractured bedrock aqui-
fer systems (Lefebvre et al. 2015). Recharge of the bedrock 
aquifer systems and the of the deeper unconsolidated aqui-
fer systems occurs mostly in the unconfined areas typically 
found in highlands (Meinken and Stober 1997; Cloutier et al. 
2006; Chesnaux 2013; Montcoudiol et al. 2015; Walter et al. 
2017; Beaudry et al. 2018; Walter 2018).

In the highland recharge areas, groundwater is character-
ized by low mineralization, a slightly acidic to near neutral 
pH and oxidizing redox potential, in which the dominant 
water type is Ca-HCO3. This is consistent with water that 
has recently infiltrated into the subsurface, whose features 
are governed by weathering of silicate (Ca-feldspar, particu-
larly) (Beaudry et al. 2018; Chaillou et al. 2018; Ghesquière 
et al. 2015). This groundwater type evolves to Na-HCO3 dur-
ing subsurface migration and interacts with the post-glacial 
marine clay (Montcoudiol et al. 2015; Walter et al. 2019); 
it can be found in the semi-confined to confined aquifers 
under reducing conditions, as identified, for example, in 
the confined aquifers of south-western Quebec (Meyzon-
nat et al. 2016), and in the confined bedrock aquifers of the 
Saguenay-Lac-Saint-Jean region (Walter et al. 2017). The 
chemistry of groundwater tends to evolve further toward 
modern seawater-like compositions, i.e., Na-Cl-rich (Wal-
ter et al. 2017). This Na-Cl water type—characterized by 
high total dissolved solids, alkaline pH and mildly reduc-
ing to reducing redox potential—mainly occurs in confined 
unconsolidated/bedrock aquifers, and is widely prevalent in 
the study area (Cloutier et al. 2008 2010; Ghesquière et al. 
2015; Lefebvre et al. 2015; Montcoudiol et al. 2015).

Materials and methods

Data overview

The PACES database contains data drawn from a total of 
2608 groundwater samples collected from private, munici-
pal, and observation wells during the summer periods as 
part of the 2009–2015 PACES Program; 893 samples were 
collected from unconsolidated aquifers and 1678 groundwa-
ter samples were obtained from bedrock aquifers (37 of the 
208 samples originated from an unknown aquifer type). All 
groundwater samples collected in the PACES Program were 
analyzed by an accredited commercial laboratory (Bureau 
Veritas Laboratories) in compliance with the standard pro-
cedures of Quebec’s Ministry of the Environment (CEAEQ 
2021). Laboratory analyses targeted major elements (Cl, 
 HCO3,  SO4, Ca, Mg, Na, K) and some minor and trace ele-
ments (B, Sr, Mn, Ba, Si, F). Alkalinity (as  CaCO3) and 
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 HCO3 were determined by volumetric titration to pH 4.5 
using a Mantech (Guelph, ON) PC-Titrate auto-analyzer. 
The anions  SO4 and Cl were measured using a Dionex 
(Sunnyvale, CA) ICS-1600 ion chromatograph. Major cati-
ons (Ca, Mg, Na, K), and minor/trace elements (Si, B, Ba, 
Mn, Sr) were analyzed by inductively coupled plasma mass 
spectrometry (ICP-MS) using an Agilent (Santa Clara, CA) 
7700X ICP-MS. Fluoride (F) was measured using a fluoride 
ion-selective electrode (a complete description of each ana-
lytical method employed is available in CEAEQ (2021)). In 
the present study, values below the detection limit for each 
of the 13 selected chemical constituents were not included in 
the statistical analyses, to avoid including unreliable values 
in the statistical analysis. Quality-Assurance/Quality-Con-
trol programs were implemented that considered both field 
and laboratory procedures—in compliance with the stand-
ard procedures of Quebec’s Ministry of the Environment 
(CEAEQ 2021)—with the calculation of ionic balance, for 
which a value of ± 10% is considered acceptable (Hounslow 
1995). The procedures included field and transport blanks, 
which were performed to evaluate a potential contamination 
from the field and/or during transportation of groundwater 
samples. Furthermore, field procedures included the collec-
tion of duplicate groundwater samples (DGSs) correspond-
ing to 10% of the total collected groundwater samples. The 
DGSs were collected at the same time as the initial ground-
water samples (IGSs), from same sampling origin, and sent 
to the laboratory under different identifications that those 
of the IGSs. Further, the collected DGSs were analyzed for 
selected inorganic elements, while their results were com-
pared to those of the IGSs. Similar procedures were per-
formed by the laboratory, which performed twice analyses 
for 10% of the total received IGSs, in order to evaluate the 
replicability of the analysis procedure. The standard devia-
tion (STD) between DGS and IGS results was calculated. 
The STD was generally considered acceptable at ≤ 10%. 
When a STD > 10% was noted, the results were considered 
only as estimates of the actual concentration. However, when 
the chemical results show relatively low values, i.e., ≤ 5 
times the detection limit, the STD cannot be significantly 
evaluated. Quality-Assurance/Quality-Control results indi-
cated STD values within 10%, confirming the replicability 
of the analyses, while the analytical results were validated 
by testing the ionic balance, for which values of ± 10% were 
obtained overall.

Determination of salinity classes

To discuss the variations in chemical composition of 
groundwater in terms of its Cl levels, classes of salinity were 
determined. The Cl concentrations of the groundwater sam-
ples range from 0.003 to 423 meq/L (0.1 to 15,000 mg/L). 
The inflection points on the cumulative density curve of Cl 

concentrations (i.e., plotting the probability of a sample con-
centration relative to a sample set) are considered to be the 
thresholds limiting the different salinity classes (Oberhe-
lman and Peterson 2020). Because the present study did not 
aim to determine salinity classes by distinguishing between 
aquifer types or even geological provinces, all 2608 ground-
water samples were considered in this analysis, regardless of 
their underlying lithology or aquifer type.

Statistical analysis

Within each salinity class, the concentrations of each chemi-
cal constituent are presented in a box-and-whisker diagram 
(boxplot), which includes the statistical upper quartile (Q3; 
50–75% above the median) and the lower quartile (Q1; the 
lowest 25% of numbers), the median, the maximum (ele-
vated), and minimum (lower) concentrations of each chemi-
cal constituent. For each of the 12 investigated chemical con-
stituents, the boxplot results—relative to salinity class—are 
described. Furthermore, the median value of each boxplot is 
used for determining the trend of the variation in the chemi-
cal concentration of groundwater; the Mann–Kendall test 
(Mann 1945; Kendall 1975), integrated into the XLSTAT 
software (Addinsoft 2021), was used for this purpose. The 
null hypothesis  (H0) of the Mann–Kendall test indicates no 
trend, whereas the alternate hypothesis (Ha) indicates either 
an upward or a downward trend. A positive Kendall   cor-
responds to an upward trend, whereas a negative Kendall  
indicates a downward trend (Pohlert 2020).

Development and validation of the predictive 
model

We propose a groundwater predictive model able to deter-
mine the chemical profile of groundwater. This proposed 
predictive model may be a helpful tool for homeowners and/
or groundwater managers to gain insight into the quality of a 
groundwater via a simple and direct measurement of its EC. 
This predictive model can also be used to screen groundwa-
ter samples in order to determine which among them may 
require more comprehensive chemical analyses; such early 
determination may help avoid unnecessary testing, which 
tends to be costly and time-consuming. The model achieves 
this discrimination based on the identification of the salinity 
class of a groundwater sample. The salinity class for a given 
groundwater sample can be determined from the direct in-
situ measurement of the groundwater EC, using an equation 
proposed in the present study that establishes a link between 
the Cl concentration and the EC (EC data is included in 
the PACES chemical database). The predictive model con-
tains a series of chemical constituents; to each of these cor-
responds a representative value according to each salinity 
class. The representative value of each chemical constituent 
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was established through a boxplot statistical analysis. The 
median values of the boxplot were adopted for the proposed 
model, rather than the outlier values, as the median values 
are more representative of a dataset.

The validation of the proposed predictive model was 
carried out by comparing the established median value of 
each of the 12 chemical constituents in the predictive model 
against equivalent control values drawn from another data 
source (i.e., other groundwater samples collected during 
the PACES Program that were not a part of the 2009–2015 
PACES data used in the present study but taken from the 
2018–2022 PACES Projects). Validation was a three-step 
process. Firstly, the Cl concentrations in groundwater sam-
ples from the control data were determined by using an 
equation linking the Cl concentration to the EC, which was 
measured in situ. Secondly, the control groundwater samples 
were classified and grouped according to their salinity level 
determined from their calculated Cl concentration. Thirdly, 
the median value—of each of the 12 chemical constituents—
of each determined salinity class (actual value) is compared 
to the chemical constituent value of the predictive model 
(predicted value). Here, the correlation between the actual 
and predicted values is used to judge the predictive model 
efficiency.

Description of results

Salinity classes

Based on the inflection points in the cumulative density 
curve of Cl in groundwater, six salinity intervals were ini-
tially established (Fig. 2a). However, because the Cl interval 
from 12.4 to 423 meq/L (i.e., 440 to 15,000 mg/L) was very 
large in terms of Cl concentration, it was refined by graphi-
cally detecting sub-inflection points (Fig. 2b). The inflection 
points are represented as points connecting different slopes 
on the cumulative density curve. Thus, a total of eight salin-
ity classes were considered for the present study (Table 1).

Distribution of the chemical constituents 
within salinity classes

Distribution of major anions

The boxplot statistical distribution of  HCO3 and  SO4 con-
centrations, from the dataset of 2608 groundwater samples, 
is shown in Figs. 3 a and b, respectively. The median  HCO3 
concentrations overall revealed an increasing trend that 
was confirmed by a positive Kendall  with p value < 0.05 
(see supplementary material). The median  HCO3 values 
show an increase starting from 0.9 meq/L (53 mg/L) at 
salinity class 1 (Cl < 0.005 meq/L) to a value of 6.1 meq/L 

(374 mg/L) at salinity class 6 (Cl = 12.4–45.1 meq/L) 
(Fig. 3a). However, for Cl > 45.1 meq/L, the median  HCO3 
concentrations show a decrease relative to the increase in 
Cl concentration (Fig. 3a). In Fig. 3a, the median  HCO3 
concentrations in salinity classes 1–4 (Cl < 1.4 meq/L; i.e., 
50 mg/L) are greater than the corresponding Cl concentra-
tions, suggesting a dominance of  HCO3 in salinity classes 
1–4 (dominance of chemical element compared to another 
one means here that its concentration is greater than that 
of the compared element). Conversely, for Cl concentra-
tions > 12.4 meq/L (> 440 mg/L) in salinity classes 6–8, 
the median  HCO3 concentrations are lower than the cor-
responding Cl concentrations of classes 6–8. This observa-
tion suggests a dominance of Cl for the samples belonging 
to these classes 6–8. Salinity class 5 (Cl = 1.4–12.4 meq/L) 
represents a transition from  HCO3-dominant to Cl-dom-
inant; it has a median  HCO3 concentration of 4.3 meq/L 
(262 mg/L), which is within the Cl variation interval of 
salinity class 5 (Cl = 1.4–12.4 meq/L), confirming a tran-
sitional state from  HCO3-dominant to Cl-dominant. The 
interquartile interval of  HCO3 (i.e., difference between 
the lower and upper quartiles) progressively increases 
through salinity classes 1–8 (except class 7), suggesting 
an increasing variation in  HCO3 concentration relative to 
the increase in Cl concentration.

Unlike  HCO3, the median  SO4 concentration (Fig. 3b) 
consistently increases through the eight salinity classes; this 
is also confirmed by a positive Kendall  with p value < –0.05 
(see supplementary material). The greatest  SO4 increase 
between salinity classes was observed between classes 7 
(Cl = 45.1–118.5 meq/L) and 8 (Cl > 118.5 meq/L), with 
a median  SO4 concentration increasing from 2.5 meq/L 
(120 mg/L) to 35 meq/L (1700 mg/L). The  SO4 interquartile 
interval (Fig. 3b) progressively increases from salinity class 
1 to 8, suggesting that the variability of  SO4 concentrations 
is in correlation with the increase in Cl concentrations. In 
salinity class 8, the maximum/minimum  SO4 concentrations 
(i.e., the whisker outlier values) are close to the first and 
third quartiles (Fig. 3b). This indicates that, despite hav-
ing the largest interquartile interval, class 8 has a narrow 
variation of  SO4 relative to interquartile interval limits. The 
median  SO4 concentrations through salinity classes 1–2 are 
greater than the corresponding Cl concentrations of classes 
1–2, suggesting  SO4 dominance over Cl in salinity classes 
1–2 (Fig. 3b). In contrast, for Cl concentrations > 1.4 meq/L 
(> 50 mg/L), corresponding to salinity classes 5–8, the 
median  SO4 concentrations are lower than the corresponding 
median Cl concentrations. This suggests that Cl is dominant 
over  SO4 in salinity classes 5–8. Salinity classes 3 and 4 cor-
respond to median  SO4 concentrations of 0.2 and 0.4 meq/L, 
which are within the Cl variation interval of salinity classes 
3 (Cl = 0.02–0.3 meq/L) and 4 (Cl = 0.3–1.4 meq/L). For 
this reason, salinity classes 3 and 4 may be considered as 
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transitional between groundwater dominated by  SO4 to 
groundwater dominated by Cl.

Distribution of major cations

Figures 4a–d show that the concentrations of each of the 
major cations increase as Cl concentration increases; an 
observation confirmed with a positive Kendall  (see sup-
plementary material). In Fig.  4a, groundwater samples 
through salinity classes 1–4 are dominated by Ca, as Ca 
median values (0.8, 1, 1.5, and 2 meq/L) are greater than 
the Cl concentration corresponding to salinity classes 1–4. 

Fig. 2  Cumulative density 
curves for the Cl concentra-
tion in groundwater. In (a), the 
data are expressed by log scale 
because the interval of cumula-
tive density values is too large 
from 0.00001 to 100; whereas 
in (b), the data are expressed by 
a linear scale as the cumulative 
density is small (from 30 to 
100) compared to that illus-
trated in (a)
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Table 1  Thresholds of salinity classes of the PACES dataset

Salinity class Interval (meq/L) Interval (mg/L) Samples (n)

1  < 0.005  < 0.16 25
2 0.005–0.02 0.16–0.8 260
3 0.02–0.3 0.8–10 978
4 0.3–1.4 10–50 775
5 1.4–12.4 50–440 429
6 12.4–45.1 440–1,600 57
7 45.1–118.5 1,600–4,200 14
8  > 118.5  > 4,200 11
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Inversely, classes 6–8 are found to be dominated by Cl. 
Salinity class 5 corresponds to a median Ca concentration 
of 2.3 meq/L, which is within the Cl variation interval of 
salinity class 5 (Cl = 1.4–12.4 mg/L). Hence, salinity class 5 
corresponds to a transition between groundwater dominated 
by Ca to groundwater dominated by Cl. The median Mg 
values (Fig. 4b) are observed to overlap the Cl concentra-
tion in salinity classes 1–3; therefore, there is a tendency 
for dominance of magnesian water types in these salinity 
classes 1–3. Salinity class 4 corresponds to a median Mg 
concentration of 0.7 meq/L, which is within the Cl varia-
tion interval of salinity class 4 (Cl = 0.3–1.4 meq/L). This 
suggests that salinity class 4 also represents a transition. 
Indeed, Cl concentrations in classes 5–8 are greater than the 

corresponding median Mg concentrations, suggesting, in this 
case, the dominance of Cl over Mg.

The median K values (Fig. 4d) show that groundwater 
samples in salinity classes 1–2 are dominated by potassic 
water type, as K median values are greater than Cl con-
centration, corresponding to salinity classes 1–2. Inversely, 
classes 4–8 have Cl concentrations greater than K concen-
trations, suggesting Cl water type dominance across these 
classes. Salinity class 3 corresponds to a median K con-
centration of 0.04 meq/L, which is within the Cl variation 
interval of salinity class 3 (Cl = 0.02–0.3 mg/L); therefore, 
salinity class 3 corresponds to a transition between ground-
water dominated by K to groundwater dominated by Cl. 
In Fig. 4c, the median Na concentrations through classes 

Fig. 3  Boxplot distribution 
of major anions over the Cl 
classes: a  HCO3 and b  SO4
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1 (Na = 0.07 meq/L) and 2 (Na = 0.16 meq/L) are found 
to be greater than the corresponding Cl concentrations of 
classes 1 (Cl < 0.005 meq/L) and 2 (Cl = 0.005–0.02 meq/L), 
respectively. Hence, Na is dominant over classes 1–2. For 
Cl concentrations > 118.5 meq/L (class 8), the median Na 
concentration (173.3 meq/L) is greater than 118.5 meq/L. 
However, this does not indicate that Na is dominant with 
respect to Cl, as class 8 includes Cl concentrations even 
greater than 173.3 meq/L, and appropriately suggests that 
Cl is dominant over Na in this salinity class 8. Classes 3–7 
correspond to median Na concentrations that are within the 
Cl variation interval of the corresponding salinity classes. 
Hence, classes 3–7 constitute a transition from groundwater 
dominated by Na to groundwater dominated by Cl.

In this study, median Ca concentrations (Fig. 4a) are 
observed to be higher than median Na concentrations 
(Fig. 4c) for Cl concentrations < 1.4 meq/L (< 50 mg/L), i.e., 
over classes 1–4. For Cl > 1.4 meq/L (i.e., over classes 5–8), 
Na concentrations become inversely dominant over Ca. The 
median Ca concentration corresponding to salinity class 6 
(1.6 meq/L) was found to be slightly lower than that of the 
preceding class 5 (2.3 meq/L). The Na concentrations over 
classes 5–6 increase substantially from 3.8 to 21.8 meq/L. 

As Na concentrations are dominant over Ca concentrations 
in the highest salinity classes (classes 5–8), groundwater 
samples having the highest salinity are generally of the 
Na-Cl water type.

Distribution of minor elements B, Ba, Sr, and Si

The boxplot statistical distributions of the four minor ele-
ments B, Ba, Sr, and Si, relative to the Cl concentration (in 
mg/L), are shown in Fig. 5a–d, respectively. Boron, Ba, and 
Sr concentrations generally increase as the Cl concentra-
tion increases. This observation is confirmed through the 
positive Kendall  presented in the supplementary material. 
Strontium shows the most pronounced increase in concentra-
tion, with median values ranging from 0.04 (salinity class 
1: Cl < 0.16 mg/L) to 18 mg/L (class 8: Cl > 4200 mg/L). It 
appears that relative to the increase in Cl, there is a no regu-
lar enrichment of Ba and B compared to Sr. The median Ba 
concentrations in salinity classes 1–5 (median Ba = 0.007, 
0.016, 0.04, 0.07, and 0.1 mg/L) are comparable to median 
B concentrations in each corresponding class (median 
B = 0.007, 0.014, 0.03, 0.04, and 0.1 mg/L). In salinity 
classes 6–7 (Cl 440–4200 mg/L), median B concentrations 
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Fig. 4  Boxplot distribution of major cations over the Cl classes: a Ca, b Mg, c Na, and d K
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(median B = 0.35 and 0.66 mg/L) are higher than Ba (median 
Ba = 0.18 and 0.22 mg/L). For the highest Cl concentration 
class (class 8: Cl > 4200 mg/L), the median Ba concentra-
tion (2 mg/L) is found to be higher than the B concentration 
(1.3 mg/L). Also, the maximum Ba concentration (12 mg/L) 
is observed to be significantly higher than the maximum B 
concentration (3.5 mg/L). B is dominant over Ba in ground-
water samples having a Cl concentration ranging from 440 to 
4200 mg/L, whereas Ba becomes dominant over B when the 
Cl concentration in groundwater is > 4200 mg/L. Through 
salinity classes 1 − 7, the median Si concentrations show 
a very slight variation ranging from 6 to 9 mg/L (Fig. 5d), 
suggesting that Si has limited sensitivity to salinity vari-
ation. Indeed, the Mann-Kandel result related to Si (see 
supplementary material) indicates that the Si trend is not 
statistically significant with a p value of 0.105 greater than 
the confidence level of 0.05.

Distribution of trace elements Mn and F

Two trace chemical elements are considered in the present 
study, Mn and F, because elevated concentrations of these 
elements in groundwater can exert a significant impact on 

the quality and drinkability of groundwater with regards 
to human health. In several studies conducted in Southern 
Quebec, concentrations of Mn and F in groundwater have 
exceeded Canadian standards for drinking water (accept-
able limits are Mn = 0.12 mg/L; F = 1.5 mg/L) (Mont-
coudiol et al. 2015; Saby et al. 2016; Walter et al. 2017; 
Bondu et al. 2020; Health Canada 2020). In this study, 
the median Mn concentrations are lower than 0.1 mg/L 
for groundwater Cl concentrations < 4200 mg/L (classes 
1–7), and the lowest/highest Mn median concentrations 
are observed for the lowest/highest Cl concentrations 
(Fig. 6a). The median Mn concentration is observed to be 
generally constant (0.02 mg/L) over salinity classes 1–6, 
while in classes 7–8, median Mn concentrations increase 
to reach a value of 0.4 mg/L. The increase in Mn con-
centration is mostly limited to high Cl concentrations, 
which may explain the modest trend of Mn concentra-
tions with p value of 0.048 (see supplementary material). 
For Cl concentrations < 50 mg/L (classes 1–4), the Mn 
concentration of groundwater samples in the  3rd quartile 
(Fig. 6a) is above the maximum acceptable level of Mn 
in drinking water (0.12 mg/L), whereas the 1st quartile 
groundwater samples have Mn concentrations below the 
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Fig. 5  Boxplot distribution of minor elements over the Cl classes: a B, b Ba, c Sr, d Si
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acceptable limit (Fig. 6a). Median F concentrations range 
from 0.1–0.8 mg/L, and do not exceed 1 mg/L through all 
salinity classes (Fig. 6b). Median F concentrations over 
salinity classes 1–4 (Cl = 0.16–50 mg/L) do not show sig-
nificant variation, with a value of 0.2 mg/L. Subsequently, 
the median F concentrations increase as Cl concentrations 
increase, reaching a value of 0.8 mg/L in saline class 8 
(Cl > 4200 mg/L), justifying the positive F-Kendall  with 
a p value < 0.05 (see supplementary material). In Fig. 6b, 
the 3rd quartile groundwater samples show F concen-
trations below the Canadian drinking water standard of 
1.5 mg/L through all the salinity classes, except salinity 

class 6 (Cl = 440–1600 mg/L) for which the 1st quartile 
groundwater samples are below the standard of 1.5 mg/L.

Presentation and validation of the proposed 
empirical predictive model

To propose an empirical predictive model of the concentra-
tions of the chemical constituents in groundwater relative 
to the concentrations of Cl, the median values (expressed 
in mg/L) of the 12 chemical constituents investigated in 
this study were considered. Table 2 summarizes the median 

Fig. 6  Boxplot distribution of 
trace elements a Mn and b F in 
the Cl classes. The red line indi-
cates the maximum acceptable 
concentrations of these elements 
in Canadian drinking water
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concentrations of these chemical constituents relative to 
the Cl concentration expressed in mg/L (salinity classes). 
Table 2 constitutes the predictive model that makes it pos-
sible to determine the chemical profile of groundwater rela-
tive to the Cl level. This predictive model is proposed to 
help homeowners/groundwater managers gain valuable 
insight regarding groundwater quality prior to costly labo-
ratory analyses. To apply the predictive model to a given 
groundwater sample, the methodology, first, consists of 
determining the EC of the groundwater sample; this is eas-
ily done in situ in the field. Secondly, based on the value of 
the groundwater EC, calculate the value of groundwater Cl 
concentration using an equation linking Cl to EC. Equa-
tions linking Cl to EC have been proposed in the literature 
(e.g., Howard and Haynes 1993; Meriano 2007). Following 
a similar approach, the best relationship according to the 
Southern Quebec groundwater database employed in this 
study is Cl = 0.0047 ×  EC1.4273 (equation developed based 
on the fitted linear relationship of Cl in mg/L with EC in μS/
cm). Once the Cl concentration of groundwater sample is 
calculated from the EC, thirdly, the use of Table 2 allows to 
determine the salinity class, corresponding to the determined 
Cl concentration, to which a groundwater sample belongs. 
Knowing the salinity class makes it possible to determine 
the chemical profile of a groundwater sample by predict-
ing the relative concentrations of the chemical constituents. 
Figure 7 summarizes the successive steps of the proposed 
survey methodology approach. In certain situations, this 
model may provide preliminary information on groundwater 
that either makes it possible to avoid resorting to laboratory 

chemical analyses, or on the contrary, indicates the need to 
proceed with further analyses. The predictive model pro-
posed in the present study was developed using data drawn 
from the PACES groundwater chemistry and may, therefore, 
be appropriately applied to the regions of Southern Quebec. 
However, the methodology used to develop this predictive 
model may be applied to datasets drawn from other ground-
water databases, to predict groundwater chemical profile in 
other regions. In the present study, the groundwater pre-
dictive model is limited to 12 inorganic chemical constitu-
ents  (HCO3,  SO4, Ca, Mg, Na, K, Ba, B, Sr, Si, Mn, and 

Table 2  Predictive model to determine groundwater chemical profile based on salinity level: correlation between the salinity levels of groundwa-
ter and the concentrations of 12 chemical constituents (developed using the 2009–2015 PACES Program data)

*Drinking water limit concentration in mg/L (WHO 2017; Government of Canada 2021)

Salinity class

1 2 3 4 5 6 7 8

Cl concentration (mg/L)

Group Element Stand. *  < 0.16 0.16–0.8 0.8–10 10–50 50–440 440–1600 1600–4200  > 4200

Anions HCO3 200 53 95 134 202 261 374 278 235
SO4 200 6 7 10 20 29 50 120 1700

Cations Ca 75 15 21 28 39 45 32 135 300
Mg 30 2 3 5 9 13 27 100 294
Na 200 2 4 6 18 88 500 1400 3981
K 12 0.75 0.90 1.40 2.05 2.80 11 45 85

Minor and trace 
elements

B 5 0.007 0.014 0.025 0.04 0.1 0.35 0.66 1.3
Ba 1 0.007 0.016 0.038 0.072 0.11 0.18 0.22 2
Sr 7 0.04 0.12 0.18 0.31 0.51 1.3 4.3 17.8
Si – 6.2 6.6 6.2 6.3 6.2 6.4 7.05 9.15
Mn 0.12 0.0155 0.025 0.019 0.024 0.026 0.025 0.083 0.41
F 1.5 0.1 0.2 0.2 0.2 0.4 0.8 0.8 0.7

Collecting groundwater sample

Measuring the in-situ electrical 

conductivity of groundwater

Calculating groundwater Cl concentration from the 

measured electrical conductivity 

Determining groundwater salinity class corresponding to the 

calculated Cl concentration 

Determining the chemical profile of a groundwater sample by predicting the 

concentrations of its chemical constituents

Fig. 7  Successive steps of the proposed survey methodology 
approach
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F), but can be extended in other studies to other chemical 
constituents.

The validation of the predictive model (Table 2) was 
undertaken by applying the established salinity classes 
to an independent dataset. The objective of the validation 
was to verify whether the concentrations predicted by the 
model for a given groundwater samples match the actual 
concentrations that were measured. For this purpose, we 
used the results of an independent chemical analysis of 313 
groundwater samples drawn from a different dataset than 
the dataset used to develop the predictive model. These 
independent groundwater samples were collected from the 
Mauricie-2 and Lanaudière regions belonging to Southern 
Quebec (Tremblay et al. 2021) and analyzed for different 
inorganic constituents including the 12 elements: Ca, Mg, 
Na, K,  HCO3,  SO4, B, Sr, Mn, Ba, Si, and F. The valida-
tion approach started by categorizing the 313 groundwater 
samples according to their Cl concentration into one of the 
8 predetermined salinity classes indicated in Table 1. The 

Cl concentrations of these independent groundwater samples 
ranged from 0.17 to 2200 mg/L, and they were accordingly 
classified as follows: class 2: n = 53; class 3: n = 96; class 
4: n = 92; class 5: n = 63; class 6: n = 9, class 7: n = 1; class 
8: n = 1 (there was no sample in class 1). As classes 7 and 
8 contained only one value, they were excluded from the 
validation process. For groundwater samples in each of the 
5 retained salinity classes (2–6), the median of each chemi-
cal constituent was calculated (measured concentration) 
and correlated to the predicted concentrations presented in 
Table 2. The relationship between the measured and pre-
dicted concentrations in Fig. 8 showed a strong correlation 
coefficient (R = 0.95; p value < 0.05 according to the Ken-
dall statistical test). This high level of correlation indicates 
that the proposed predictive model was able to consistently 
predict the approximate concentrations, i.e., the chemical 
profile of all 12 of the studied chemical constituents.

Discussion

Table 3 summarizes the distribution of dominant chemical 
elements within each salinity class. This table shows the 
transitions identified between the dominant chemical ele-
ments relative to Cl, as are the variable salinities at which 
major elements are dominant. In the present study, the dis-
tribution of chemical elements throughout the 8 salinity 
classes is further distinguished by comparing the dominant 
elements in the salinity classes using a Piper plot. Mg and K 
transitions are found in the moderate salinity classes 3 and 4, 
respectively (Table 3), but given the high Mg concentration 
over K concentration (10–15 times in meq/L), magnesium 
salt is dominant over potassium salt. However, Mg-Cl is not 
expected to be the dominant water type as the Piper diagram 
(Fig. 9) shows that most groundwater samples from classes 
6–8, with 25% of samples from class 5, are dominated by 
Na-Cl water type, explained by the abundance of Na over 
Mg concentration. The transition, from Na dominant to 
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Fig. 8  Correlation between the predicted and measured concentra-
tions (the 60 points in this figure represent 12 chemical constituents 
over 5 salinity classes of 313 groundwater samples)

Table 3  Distribution of 
dominant chemical elements in 
the 8 salinity classes

*Dominant water types are identified from Figure 7
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Cl dominant groundwater, was observed over classes 3–7 
(Table 3). The Piper plot (Fig. 9) shows that samples from 
this transition distinguish two main water types. Here, 87% 
of samples from class 3 and 73% of samples from class 4 
are overall dominated by a Ca-HCO3 water type, whereas 
most samples from classes 6 (87%) and 7 (85%), as well 
as 25% from class 5, are generally dominated by a Na-Cl 
water type (Fig. 9). The presence of a Ca-HCO3 water type 
within this transition is related to the high concentration of 
Ca compared to Na in classes 3 and 4. In classes 5, 6, and 
7, the dominance of Na concentration over Ca concentra-
tion explains the occurrence of a Na-Cl water type. Identify-
ing class 5 as transition from  HCO3 and Ca dominant to Cl 

dominant appears to be logical, as the preceding classes 1–4 
are dominated by a Ca-HCO3 water type, whereas classes 
6–8 are dominated by a Na-Cl water type (Fig. 9).

An increase of the concentrations of the major elements 
 (HCO3,  SO4, Ca, Mg, Na, and K) and some minor chemi-
cal constituents (Ba, B, and Sr) relative to the increase in 
Cl concentration is observed in the PACES data. Similarly, 
Mora et al. (2020), who studied the dynamics of major 
and trace elements along the groundwater flow path of the 
sedimentary Todos Santos aquifer in Baja California Sur 
(Mexico), found that the major and minor elements exhib-
ited increasing trends relative to the increase in Cl concen-
tration. The results from the present study—showing that 

Fig. 9  Piper plot of groundwater samples by distinguishing their salinity classes
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major elements, relative to the increase of Cl, were found 
to be dominant in the lower salinity classes, whereas the 
Cl becomes dominant in the highest salinity classes—are 
also consistent with the observations of Hanor (1994), who 
underlined that lower-salinity water often contains  HCO3 
and  SO4 as dominant anions, whereas Cl makes up over 95% 
by mass of the anions in groundwater exhibiting a salinity 
greater than 10,000 mg/L. In the present study, as observed 
in the Todos Santos aquifer by Mora et al. (2020), the minor 
elements Si and F vary conservatively relative to the increase 
in Cl concentration. Cation exchange processes appeared to 
be responsible for the increase in Na and K relative to the 
increase in Cl concentrations in Todos Santos, whereas the 
increases in  HCO3,  SO4, and B were associated with the 
release of these elements due to carbonate mineral weather-
ing (Mora et al. 2020). Numerous experimental studies have 
led to the understanding that certain geochemical processes 
govern the concentrations of chemical elements in ground-
water relative to the increase in Cl concentration (Amrhein 
et al. 1992; Paalman et al. 1994; Sun et al. 2015). In the pre-
sent study, the transition from Ca-dominant water to Cl-dom-
inant water was observed at salinity class 5, i.e., in water that 
exhibits a Cl concentration of approximately 1.4–12.4 meq/L 
(10–50 mg/L). The decrease in Ca concentrations in salinity 
classes 5–6 suggests the involvement of high Cl concen-
tration in causing the Ca-HCO3-dominant groundwater to 
become Na-Cl-dominant groundwater (Moore et al. 2017). 
Such a process will lead to a decrease in Ca concentration. 
However, the high concentrations of Ca observed in classes 
7–8, compared to the other salinity classes 1–6, can also 
result from incongruent weathering reactions (Wigley 1973). 
Like Ca, the other chemical constituents such as B, Ba, Sr, 
and Mg may also increase in concentration in groundwa-
ter during cation exchange (Charette and Sholkovitz 2006; 
Mahlknecht et al. 2017). Silica in groundwater is exclusively 
derived from water–rock interaction; the groundwater dis-
solves the silica through weathering of silicate minerals in 
rocks and sediments (Khan et al. 2015). The most common 
Si-bearing minerals are plagioclase, feldspars, and quartz 
(Miretzky and Alicia Fernàdez 2004). Analysis of cuttings 
from drilling wells in the study area shows that silicate rocks 
(e.g., granite and gneiss) are rich in plagioclase-feldspar 
minerals (Montcoudiol et al. 2015). This suggests initially 
that Si-groundwater in the study area may have originated 
from the weathering of silicate rocks. However, over the 
study area, Si concentrations in groundwater were found to 
be limited to a maximum of 24 mg/L; this relatively low 
concentration (1–30 mg/L) implies less water–rock interac-
tion (Khan and Umar 2010). Silica can exist in solution as 
chemically unreactive stable species, usually showing no 
affinity for other major dissolved constituents (Haines and 
Lloyd 1985). This may explain why, through salinity classes 
1–7 in the present study, the median Si concentrations show 

a very slight variation ranging from 6 to 9 mg/L. Stron-
tium is a common trace element in most rocks and can be 
released into groundwater through the weathering pro-
cess as well as through the dissolution process, given its 
high solubility (Luczaj and Masarik 2015; Middelburg 
et al. 1988; Moldovanyi et al. 1990). Strontium concentra-
tions are generally low in ultrabasic rocks and sandstones, 
but high concentrations have been found in carbonate rocks 
(~ 600 ppm), evaporite media such as gypsum and anhydrite 
(~ 3500 ppm), crystalline structures of feldspar plagioclase 
minerals and carbonate fossils (~ 10,000 ppm) (Beaucaire 
and Michard 1982; Franklyn et al. 1991; Kinsman 1969). It 
is noteworthy that rocks of the study area may contain high 
concentrations of Sr that contribute Sr to groundwater over 
all salinity levels. Nonetheless, the observed increase in Sr 
concentration, relative to the increase of Cl, is significantly 
higher than would be expected if weathering and/or dissolu-
tion processes were the only sources of Sr. The increase in 
Sr relative to the increase in salinity may therefore also be 
linked to other mechanisms occurring simultaneously. Sr 
can occur in combination with Ca and Ba minerals, while 
Ba-rich groundwater generally contains significant concen-
trations of Sr (Bondu et al. 2020). On the other hand, Sr can 
have several anthropogenic sources such as glass products 
(e.g., ceramics), fly ash from industrial waste coal burn-
ing, landfill leachate, and carbonate or phosphate fertiliz-
ers (Musgrove 2021). Other geochemical processes such as 
sorption/desorption, co-precipitation of minerals and min-
eral dissolution can also take place during the increase in 
salinity, by involving an increasing/decreasing fraction of 
the concentrations in major, minor and trace elements (Rus-
sak et al. 2016).

Conclusion

The present study provides a quantitative portrait of the 
variation in the concentrations of certain chemical constitu-
ents in groundwater relative to the salinity level in South-
ern Quebec aquifers (Canada). It also proposes a predictive 
model to determine the chemical profile of groundwater 
based on the Cl concentration level. This study makes use 
of a groundwater chemistry database containing data drawn 
from 2608 groundwater samples from 16 Southern Que-
bec regions covering a total surface area of approximately 
100,000  km2. The groundwater samples were collected from 
private, municipal, and observation wells installed both in 
bedrock and unconsolidated aquifers. This study considers 
12 selected inorganic chemical constituents including major, 
minor, and trace elements (i.e.,  HCO3,  SO4, Ca, Mg, Na, K, 
Ba, B, Sr, Si, Mn, and F). Based on the cumulative density 
curve of Cl concentrations in the groundwater samples, eight 
salinity classes were established. Graphical analyses were 
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then applied to document the variations in the concentrations 
of these chemical constituents throughout the established 
salinity classes. The results show that the concentrations 
of chemical constituents increase as the Cl concentration 
increases; this finding is consistent with those of other stud-
ies undertaken elsewhere under different contexts. On the 
other hand, results show that the salinity of these ground-
waters is largely controlled by Cl concentrations, although 
at low salinity, all of the major elements are important con-
tributors. Concentrations of Ba, B, and Sr increase with 
increasing Cl concentrations, whereas Si exhibits only lim-
ited increases in concentration with increasing salinity. The 
highest Mn and F concentrations are associated with the 
highest Cl concentrations. High concentrations of Mn and 
F, which in many cases exceed regulatory limits, constitute 
a serious issue in the management of drinking water qual-
ity in Southern Quebec’s aquifers. Determining the origin 
of salinity over the study area is beyond the scope of the 
present study. However, given the observed increase of con-
centrations of chemical constituents relative to the increase 
of salinity, effective and sustainable groundwater resources 
management over the study area may depend on strategies 
that include the identification of the origins of groundwater 
salinity. Further studies investigating the sources of ground-
water salinity at a regional scale are encouraged.

A predictive model of the major, minor, and trace ground-
water chemical constituents, relative to the Cl level, is pro-
posed to help homeowners/groundwater managers gain 
valuable insight in regard to groundwater quality prior to 
costly laboratory analyses. The proposed predictive model 
was based on the 2009–2015 PACES groundwater chemistry 
data covering the regions of Southern Quebec, wherein the 
correlation between EC and Cl was identified as follows: 
Cl = 0.0047 ×  EC1.4273. The model could be further refined, 
and the uncertainty reduced by developing knowledge of 
the geochemical relationships within individual geologic 
regions, if necessary. The methodology established here for 
elaborating the predictive model in the present study could 
be adapted readily to other groundwater chemistry databases 
in other regions around the world. In the present study, an 
empirical predictive model of groundwater quality is pro-
posed to determine the chemical profile of a groundwater 
by predicting the relative concentrations of a set of chemical 
constituents. This study was limited to 12 inorganic chemi-
cal constituents, including some major elements as well 
as some minor and trace elements. However, it should be 
noted that a comprehensive prediction of groundwater qual-
ity would require the consideration of additional comple-
mentary chemical constituents of groundwater, in particu-
lar those that have severe adverse health effects. This study 
was based on the PACES groundwater chemistry database, 
which is comprised of data drawn from 2608 groundwater 
samples collected in sixteen regions of Southern Quebec. 

The sixteen regions selected for PACES comprise the more 
densely inhabited regions of the province of Quebec. Conse-
quently, complementary groundwater chemistry data drawn 
from other Southern Quebec regions would be valuable for 
future similar studies.
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