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Abstract: The aim of this work is to gain a better understanding of the diversity of groundwater
resource quality in the Auvergne-Rhone-Alpes region (France) using the national Sise-Eaux database.
Three matrices were extracted, which included a hollow matrix (approximately 120,000 observa-
tions and 21 variables) and two complete matrices (8078 observations with 13 variables each and
150 observations with 20 variables each, respectively). The mapping of these parameters, the chemical
profiles of the water, and the characteristics of the variograms make it possible to estimate the impor-
tance of the temporal variance compared with the spatial variance. This distinction led to a typology
separating 4 groups of chemical parameters and 2 groups of bacteriological parameters, highlighting
the information redundancies linking several parameters. A PCA was used to considerably reduce
the size of the hyperspace of the data. The study of the factorial axes combined with their distribution
over the study area made it possible to discriminate and identify certain mechanisms for acquiring
the physico-chemical and bacteriological characteristics of groundwater, the importance of lithology,
the components of faecal contamination, and the role of environmental conditions. A typology of
the parameters by hierarchical clustering on the major part of the information makes it possible to
reduce the information to that carried by a few representative parameters. This work is a new step
in understanding the diversity of groundwater resources in general, with a view to more targeted
monitoring based on this diversity.

Keywords: water resource; groundwater quality; Sise-Eaux national database; Principal Component
Analysis; chemical parameters; bacteriological parameters; variogram; typology; France

1. Introduction

The sustainability of groundwater resources is not an intrinsic property of a physical
groundwater system, but rather a combination of its properties, its environment, and the
constraints exerted on it [1]. These constraints may be of anthropogenic origin (such as
water extraction or pollution) or natural (for example, climatic variations). The quality of
groundwater should be seen as a record of what is happening on the surface (livestock
farming, agricultural, or urban pollution), in the soil (filtration or not, changes in CO,
partial pressure and organic carbon, impact of soil bacteria), and in the deep circulation
(water—rock interaction). It is therefore a mine of information, incorporating everything
that happens upstream and throughout the catchment area [2,3]. Groundwater services
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are generally only associated with the extraction of groundwater (supply services), as
groundwater is considered to be of good quality because it is less exposed than surface
water to various forms of pollution. Unfortunately, this is less and less the case, as various
potential threats are becoming increasingly widespread throughout the world [4], and
groundwater resource sustainability is now placed in the spotlight [5-7].

Problems related to groundwater resources are generally associated with long-term
effects [8]. In this context, monitoring can provide essential data to characterise, analyse,
and record changes in aquifers, which can help us to better understand the complexity
and uncertainties associated with groundwater resources [9-11]. According to Daughney
et al. [12], the objectives of a regional or national groundwater monitoring network can be
summarised in 4 main points:

1.  Provide an overview of water quality at the appropriate scale (catchment, aquifer or
administrative boundaries, on a regional or national scale);

2. Identify trends in quality as early as possible;

3. Link observed pollution patterns to land use in order to identify likely sources;

4. Guide and support the design and implementation of programs of measures by
providing appropriate data.

The concept of water quality is already complex in itself, as it involves a variety of
assessment methods: microbiological, radiological, organic or inorganic chemical aspects,
etc., each of these fields having its own mechanisms for acquiring quality and its own
scales of spatial variability. The majority of data on changes in groundwater quantity
and quality are dispersed, and major characteristics such as heavy metals and organic
compounds are often even absent. These are constraints for the scientists and institutions
responsible for maintaining the quality of the resource [13,14]. However, in France, the
Regional Health Agencies have been concentrating a large amount of information on the
quality of water resources for over 30 years in a national database [15,16] that is still seldom
used by scientists: the Sise-Eaux database (https://data.eaufrance.fr/concept/sise-eaux,
accessed on 15 March 2021). On a regional scale (around 75,000 km?), due to the size of the
areas concerned, there is a high probability of the existence of a wide diversity of natural
environments, including lithological, geomorphological, pedological, and altitudinal, and
each of these environments may present its own specificity in terms of the mechanisms that
can affect a given quality parameter. In such a context, it is difficult to define a relevant scale
for surveillance and appropriate monitoring of groundwater quality by health agencies. In
recent years, our research group has focused on finding such a scale. Initial work carried
out in the Provence-Alpes-Cote d’Azur region highlighted the fact that the heterogeneity of
natural environments on a regional scale masks some of the major processes involved in
acquiring quality [17]. The development of groups of homogeneous groundwater bodies
after reducing the dimensionality of the data hyperspace has considerably improved this
point [18], but the presence of extreme values in the dataset exaggerates the impact of
certain parameters, which was resolved by logarithmic conditioning of the data [19,20].
Discriminating spatial and temporal variance has made it possible to highlight seasonal
mechanisms or long-term trends [20-22]. Finally, quantification of the information initially
contained in the datasets and lost when grouped into homogeneous bodies of water made
it possible to validate the proposed analysis method [23,24] on the scale of small to large
regions (8000 to 80,000 km?). The grouping method works on regions of variable size, i.e.,
medium-sized and fairly contrasted (Provence-Alpes-Cote d’Azur) or larger but moderately
contrasted (Occitanie) from a lithological, altitudinal, environmental, or land-use point
of view. In this context, the aim of this work is twofold. Firstly, to give continuity to the
development of this procedure for analysing data from the Sise-Eaux database by testing it
on a large and highly contrasting region—the Auvergne-Rhéne-Alpes region. In addition,
efforts to date have focused on identifying and understanding the mechanisms by which
water characteristics are acquired, with a view to condensing the information conveyed by
the database. This concentration of information highlights a redundancy of information
within the microbiological and physico-chemical quality parameters. The second aspect is
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therefore to establish a typology of quality parameters based on structures or associations
between these parameters, which differ in terms of spatial range, seasonality, or long-term
behaviour [20], the ultimate aim being to facilitate quality surveillance and monitoring by
the Regional Health Agencies.

2. Materials and Methods
2.1. Auvergne-Rhéne-Alpes Region

Auvergne-Rhone-Alpes (whose administrative capital is Lyon) is located in the south-
east quarter of France, covering an area of 69,711 km? and with a population of around
8 million. It is bordered by five other administrative regions: Bourgogne-Franche-Comté to
the north, Centre-Val de Loire to the north-west, Nouvelle-Aquitaine to the west, Occitanie
to the south-west, and Provence-Alpes-Cote d’Azur to the south-east (Figure 1). It also
borders Italy to the east and Switzerland to the north-east. The region has a complex
geology, being located on three major structural units: the Massif Central, the Alps, and
the Rhone corridor. To the east, the Alps, with several peaks over 4000 m, are criss-crossed
by deep valleys and bordered by the limestone Pre-Alps. Their fragmentation, like the
numerous faults that run through them, bears witness to the tectonic upheavals associated
with the uplifting of the Alps and their westward thrusting. Further west, the eastern
edge of the Massif Central is made up of primary rocks in a horst position dominating the
grabens of the Rhone and Sadne valleys, the Forez plain (Loire valley), and the Limagne
plain (Allier valley), filled in by Tertiary and Quaternary sediments. The extreme south-
west of the region is marked by the volcanic terrain of the Cantal and the Chaine des Puits.
This geological complexity gives the region a wealth of mineral resources, including coal
(Saint-Etienne coalfield), metals, uranium, kaolin, and alluvial deposits, some of which
have been mined for a very long time. The management of former metals (silver lead,
cadmium, etc.) or uranium production sites is often a major environmental health issue
for the areas concerned. The region also has a diverse climate, with an oceanic climate in
the north-west, a semi-continental climate in the centre, a mountainous climate in the west,
east and north-east, and a Mediterranean climate in the centre-south. Finally, the region
straddles three river basins: Adour-Garonne in the south-west, Loire-Bretagne in the north
and north-west, and Rhone-Méditerranée.

(a) (b)

Figure 1. (a) Physical setting of the study area, (b) location of the 6336 sampling points.
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2.2. The Sise-Eaux Database

The Sise-Eaux database (https://data.eaufrance.fr/concept/sise-eaux, accessed on 15
March 2021) records the quality of surface water and groundwater intended for human
consumption. It is essentially supplied with the results of health inspections carried out
by the Regional Health Agencies (ARS) [15,16] on water points supplying local commu-
nities. On a national scale, approximately 32,000 water catchments (96% groundwater
and 4% surface water) are monitored more or less regularly as required. The database
covers both untreated water, known as “raw water” taken from the catchment or borehole,
and treated water, i.e., disinfected through chlorination or another process, and possibly
decanted or filtered. In this work, only untreated raw water was used. The water samples
were collected and analysed by the ARS service provider laboratories, approved by the
Ministry of Health, and have all the international certifications for analytical quality. For
each sample collected, the number of parameters analysed varies depending on whether
it is a simple control (few parameters measured, i.e., faecal bacteriology and major ions),
more targeted monitoring (a few additional parameters), or a complete analysis when it
is the first time it has been analysed (with several hundred parameters including pesti-
cides, metals, metalloids, trace elements, and more complete bacteriology). As a result,
groundwater data extractions from this database generate hollow matrices. Extraction for
the period from July 1990 to September 2020 for the entire Auvergne-Rhéne-Alpes region
yielded a hollow matrix of 114,033 observations (water samples) on which 21 parameters
were measured, namely major ions, electrical conductivity at 25 °C (EC), pH at sample
temperature, NO3, NO2, Fe, Mn, As, Enterococcus (Ent.), Escherichia coli (E. coli), Aerobic
bacteria revivable at 22 °C—72 h (Aer.22) and at 37 °C—24 h (Aer.37), total coliforms (Col.),
sulphite-reducing bacteria, and spores (SO3red). This matrix involves 6336 geo-referenced
sampling points, i.e., an average of 18 water samples analysed per sampling point. As some
of the following calculations could not be carried out on a hollow matrix, two full matrices
were generated, on the one hand by eliminating infrequently analysed parameters and
maximising the number of observations, and on the other hand by eliminating observations
with few analysed parameters and maximising the number of parameters. The first is
a full matrix (matrix M1) comprising 8078 observations and 13 parameters (major ions,
EC, NOs, Ent., E. coli, pH, Fe), and the second (matrix M2) comprises 150 observations
and 20 parameters. The 7 additional parameters were SOsred, Aer.22, Aer.37, Col., NO;,
As, Mn. In the following, a distinction will be made between the levels analysed in the
samples collected and the variable representing these values, e.g., NOj is the parameter
representing nitrate ion levels NO; ™.

2.3. Data Conditioning

Previous work on extractions from the Sise-Eaux database highlighted the need for a
logarithmic transformation of the data [19] using the formula y = log10 (x + DL), where x
and DL represent the measurement of the physico-chemical or bacteriological parameter
X and its detection limit, respectively. Only the pH, which already corresponds to the
log transformation of H3O* chemical activity, was kept unconditioned. The aim of this
log transformation was to bring the distributions of each parameter closer to a normal
distribution, but, above all, to limit the weight of extreme values likely to mask, during
analysis, certain processes responsible for the variability of water quality within the data
set [20,22]. In addition, as electrical conductivity is strongly correlated with dissolved ionic
charge, and therefore with anionic and cationic charge, the ratios of major ions to electrical
conductivity (Na*/CE, C1~ /CE, etc.) were calculated and mapped in order to represent
the spatial distribution of the anionic and cationic profiles of the waters. For the sake of
consistency with the logarithmic conditioning of the data, the log (X/EC) variables, with X
major ion, will be used to visualise the groundwater chemical profile.
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2.4. Principal Component Analysis

A principal component analysis (PCA) was performed on the log-transformed data
and on the full matrix with the aim of reducing the dimension of the data hyperspace [17]
and identifying and classifying the sources of variability within the dataset [25]. The PCA
was based on the correlation matrix, thus considering reduced-centred variables, which
makes it possible to integrate parameters of very diverse natures and units. In addition,
it was performed by diagonalizing the correlation matrix. In this condition, the factorial
axes are orthogonal to each other, and therefore theoretically associated with independent
processes responsible for the variability of water quality. Factorial axes accounting for
around 90% of the information were retained. The remaining factorial axes, which explain
a small percentage of the variance and are generally considered statistical noise [26], were
eliminated.

2.5. Parameters Hierarchical Clustering

Unsupervised agglomerative hierarchical clustering (AHC) [27,28] was carried out on
bacteriological and physico-chemical parameters on the basis of the first factorial axes of the
PCA in order to understand the diversity and similarities in the distribution of parameters
on a regional scale.

2.6. Variograms and Kriging

In order to retain as much information as possible for the mapping of each parameter,
the hollow matrix was used for the calculations. By way of indication, the number of
analysed water samples used to calculate variograms and maps for major elements, EC,
E.coli, and Enterococcus varies between 35,000 and 40,000 data per parameter. This number
decreases slightly for nitrates, metals (Fe, Mn), and coliform, revivable, and sulphite-
reducing bacteria. Variograms measure the change in semi-variance between pairs of
points as a function of the distance separating them [29]. However, in the dataset extracted,
samples were taken at different points and on different dates, thus including spatial and
temporal variability [20]. In this context, the variograms were calculated in two ways, i.e.,
using all the data (VarTot), or using the mean values at each sampling point (VarMean).
In the second case, the variograms reflect a semi-variance less influenced by temporal
variability than in the first. However, the VarMean variograms calculated in this way
inevitably include a proportion of temporal variability, albeit reduced, because the sampling
was spread over 30 years and was not synchronous at the various points. Raw and
directional variograms with a rotation step of 15° were calculated to detect any anisotropy
in the distribution of parameter values. Two directions were selected, corresponding to the
maximisation of the differences between the directional variograms and the orthogonal
direction. Kriging maps were calculated after fitting standard functions to the experimental
variograms using the best linear unbiased estimator.

3. Results
3.1. Parameters and Chemical Profiles Distribution

Maps of some major parameters (EC, E. coli, Fe, NO3) are shown in Figure 2. These
maps, calculated on the basis of several tens of thousands of data points (VarTot), show
contrasting but different areas within the region studied, depending on the parameters
considered.
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Figure 2. Distribution maps for parameters (a) EC (proportional to the sum of major ions), (b) E.coli
(representing faecal contamination), (c) Fe (trace metal element), and (d) NOs (sensitive to agricultural
pollution). All the maps were drawn using the variogram calculated on all the data (VarTot). Units
are uS cm~! for EC, mg 171 for major ions, nitrates and traces, and number of cells per 100 mL
for bacteria.

The maps of the chemical profiles are shown in Figure 3. The sodium chloride profile
predominated over the whole of the Massif Central block and was weak in the Alpine part
and as far as the Rhone corridor. This contrast was more marked for sodium (Figure 3a)
than for chloride (Figure 3b). The Rhodanian corridor showed intermediate values. On the
other hand, calcic carbonate facies predominated in the Pre-Alps, Alps, and Jura, which are
essentially made up of calcareous rocks (limestone and marly limestone) from the Mesozoic
(mainly Jurassic and Cretaceous), as well as in the alluvial valleys that drain the Alps
(including the Rhone corridor) and are made up of calcareous sediments. These chemical
facies also had high values in the valleys of the Massif Central, where the water mineral
load was higher than in the surrounding mountains, namely the Monts du Lyonnais, Forez,
Maconnais, and Beaujolais. The sulphate facies showed higher values in the Cretaceous
sedimentary zones of the Alps and Pre-Alps, consisting of marl and marly limestone
containing sedimentary pyrites. To a lesser extent, fairly high values were detected in the
collapse basins, particularly in Limagne, where the slopes contain primary formations rich
in sulphides and sulphates.
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Figure 3. Map of chemical profiles for major ions, normalised by electrical conductivity, (a) Na/EC,
(b) C1/EC, (¢) HCO3/EC, (d) Ca/EC, (e) Mg/EC and (f) SO,/EC.

3.2. Diversity of Variograms

Representative examples of the diversity of variograms obtained are shown in Figure 4.
Several types can be observed. In the case of calcium, carbonates (Figure 4a), sulphates,
and pH, the variograms showed a range greater than 100 km and a weak nugget effect,
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i.e., low variability at short distances. For these parameters, the VarMean (calculated from
the mean at each sampling point) and VarTot (calculated from all the data) variograms
are superimposed (see Figure 4a), reflecting the low temporal variability. For the other
major ions (Na (Figure 4b), Cl, K, Mg, SO4) and for EC (Figure 4c), the range was also
large, between 80 and 120 km, and the nugget effect was moderate—of the order of 1/3
of the sill. However, the two variograms (VarTot and VarMean) were not superimposed,
with VarMean being generally 1/3 lower than VarTot. For all the major ions, there was
very marked anisotropy between the north-south direction and its east-west perpendicular,
corresponding to the lowest and highest semi-variance, respectively (Figure 5). In the
east-west direction, the range was of the order of 80 km, whereas it was not reached in the
north-south variogram (>150 km).
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Figure 4. Examples of the different types of variograms obtained for major ions (a,b), electrical
conductivity (c), trace metals (d), bacteriological parameters (e), and nitrates (f). For all the graphs,
the black lines and symbols represent the variogram calculated using all the data (VarTot), and the
red lines and symbols represent the variogram calculated using the mean of the parameter at each
measurement point (VarMean).

For metals (Figure 4d), bacteria characteristic of faecal contamination (Escherichia coli
and Enterococci, Figure 4e), revivable bacteria, and sulphite-reducing bacteria, the nugget
effect was significant and accounted for most of the maximum semi-variance. The range
of the variograms was short—of the order of 10 km up to an initial plateau. There was a
very pronounced gap between VarTot and VarMean, reflecting strong temporal variability.
Finally, for nitrates (Figure 4f), the range was of the order of 10 km until an initial plateau,
then around 60 km to reach maximum semi-variance, and the temporal variability was
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moderate. For this parameter, the shape of the variograms was intermediate between those
representing major ions and trace ions.

Ca

0.5 4

0.4 A

0.3 A —@— North-South

=@ East-West

Semi variance

0.2 4

0+ T T T
0 50 100 150

Distance (Km)

Figure 5. North-south and east-west directional variograms for calcium ion in groundwater.

3.3. PCA Performed on Matrix M1

The distribution of factorial axis inertia is shown in Table 1, and the contributions of
bacteriological and physico-chemical parameters to the first six factorial axes in Table 2 and
Figure 6 for score plots PC1-PC2 and PC3-PC4.

Table 1. Inertia of factorial axes (PCA performed on matrix M1).

PC1 PC2 PC3 PC4 PC5 PCeé PC7

Eigenvalue 4.71 2.78 1.86 0.91 0.71 0.62 0.41
Variability (%) 36.23 21.41 14.33 6.96 5.44 473 3.16
Cumulative % 36.23 57.64 71.97 78.93 84.37 89.1 92.26

Table 2. Contributions of the various bacteriological and physico-chemical parameters to the first six
factorial axes (Major contributions are in bold).

PC1 PC2 PC3 PC4 PC5 PCe
Ent. —0.334 0.657 —0.579 —0.084 —0.254 —0.104
E. coli —0.324 0.655 —0.594 —0.092 —0.241 —0.099
EC 0.956 —0.085 —-0.132 —0.074 —0.023 0.060
H+ —0.602 0.080 0.598 —0.166 0.049 —0.023
K 0.060 0.657 0.334 0.479 —0.005 0.200
Na 0.314 0.676 0.390 0.112 0.133 -0.377
Ca 0.929 —0.181 —0.189 —0.109 —0.019 0.070
Mg 0.646 0.168 0.006 0.580 -0.176 —0.004
Cl 0.547 0.614 0.315 -0.297 0.062 -0.141
SOy 0.784 0.184 —0.090 —0.225 0.266 —-0.197
HCOs3 0.878 —0.215 —-0.213 0.049 —0.059 0.044
Fe —0.084 0.620 -0.322 —0.049 0.504 0.458

NO3 0.379 0.343 0.494 —0.350 —0.448 0.364
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Figure 6. PCA performed on the M1 matrix (8078 observations and 13 parameters). Distribution of
parameters on score plots (a) PC1-PC2 and (b) PC3-PC4.

The first factorial axis accounted for 36% of the total variance and had a high eigen-
value of 4.71, meaning that this principal component carried almost as much information
as 5 of the 13 initial parameters. The reduction in dimension was therefore very strong at
this level, and even more remarkable if we consider the first factorial plan (PC1-PC2, 58%
of the total variance). The first seven factorial axes accounted for 92% of the total variability,
i.e., of the information contained in the dataset.

The distribution of the first four factorial axes is shown in Figure 7. The first factorial
axis (PC1) was clearly driven by electrical conductivity and major ions (except K). This axis
reflected the mineral load of groundwater. On this axis, water with faecal contamination
appeared to be diluted water. High values were found in the Rhone corridor, the northern
part of the Allier valley, the whole of the Pre-Alps, and the Jura, and lower values in the
whole of the Massif Central (Cantal, Monts du Forez, etc.) and the Alps. The second
factorial axis (PC2), which carries 21.4% of the information, was positively scored by the
parameters Na, Cl, and K, by faecal contamination, iron, and secondarily by the presence
of nitrates, conditions which were opposed to a calcareous carbonate chemical profile.
In other words, this factorial axis reflects, on the one hand, the fairly widespread faecal
contamination associated with high levels of nitrates present in the Massif Central and more
particularly in the Loire and Allier valleys and, on the other hand, the low and medium
mountain areas of the Alps, which showed frequent but scattered faecal contamination.
These first two factorial axes presented a marked anisotropy (not shown) between the more
homogeneous north-south direction and the more heterogeneous east-west direction. The
third factorial axis accounted for 14.3% of the variance. It differentiates between water that
is vulnerable to faecal contamination, with a carbonate and iron-rich chemical profile, and
water with a Na—K—Cl chemical profile, rich in nitrates. The fourth factorial axis accounted
for only 7% of the variance. This was the first axis not affected by faecal contamination.
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Figure 7. Distribution of the first four factorial axes in the Auvergne-Rhone-Alpes region, (a) PC1,
(b) PC2, (c) PC3 and (d) PC4.

3.4. Subsection

The result of the clustering of bacteriological and physico-chemical parameters carried
out on the basis of the first 6 factorial axes of the PCA (matrix M1) is presented in Figure 8.
Four groups of parameters were observed, namely (1) the major ions Ca, HCO3, and, SO4
and electrical conductivity, (2) bacteriological parameters and iron, (3) pH, an isolated
parameter, then (4) the other major ions (Cl, Mg, K, Na) with nitrates.

Na :l
K
Mg
NO, :l
Cl
H+
E.coli

Ent. |
Fe

Ca
EC ?}7
HCO,

S0,

0 0.5 1 1.5 2 25 3 3.5
Dissimilarity

Figure 8. Clustering of parameters obtained by unsupervised AHC on the basis of the first 5 PCs
(matrix M1).
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The dendrogram obtained by the same treatment from the M2 matrix (150 observations
and 20 parameters) immediately separated the bacteriological parameters from the chemical
parameters. Within the latter, four groups of parameters were identified (Figure 9), broadly
similar to those obtained with the M1 matrix:

1.  Major elements of lithological origin and electrical conductivity (EC, Ca, HCO3, SO4);
2. Kand Mg, which are related to this first group but showed a certain dissimilarity;

3. Elements involved in redox processes (Fe, Mn, NO;, As);

4 Na, Cl, NO3, and H+, which may be of mixed origin, both natural and anthropogenic.

Ca
EC
HCO3
S04
Mg

NO2
As

Mn

Fe

Cl

Na
NO3
H+
E.coli
Col.
Ent.
Aer.37
Aer.22
SO3red

T Tfuf

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Dissimilarity

o

Figure 9. Clustering of parameters obtained by unsupervised AHC from PCA performed on M2
matrix (150 observations and 20 parameters).

Two groups made up the bacteriological parameter branch, namely faecal pollution
indicators grouped with total coliforms, and revivable bacteria with sulphite-reducing
bacteria, these two groups being discriminated very early in the tree structure, for a
dissimilarity of 0.55.

4. Discussion

The distribution of the inertia of the factorial axes shows complex information within
the full matrix M1. At least 7 PCs are necessary to explain more than 90% of the variance,
i.e., more than 90% of the information contained in the database. This can be explained
by the great diversity of natural environments in this large region (diversity of altitudes,
lithologies, types of groundwater resources, climate, and human activities), but also by the
diversity of mechanisms involved in inducing spatial and temporal variations in water
quality. An attempt should be made to identify these mechanisms, bearing in mind that
it is difficult to identify a mechanism associated with a factorial axis explaining a small
proportion (less than 10%) of the total variance.

4.1. Parameters, Lithology and Major Structural Units

The range of the major ion and electrical conductivity variograms coincides with
the major geological units and structural axes of the region. In addition, the marked
anisotropy between the north-south direction, with a range greater than 160 km, and
the east-west direction, with a smaller range, confirms that these parameters reflect a
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north-south structuring in line with the regional geology. In the Alps, this north-south
structuring corresponds to the folded cover of the Pre-Alps and Jura, the Rhone corridor,
and the horst of the Massif Central alternating with the grabens of the Forez and Limagne
plains, which are geologically fairly homogeneous, all trending north-south. In contrast,
the very moderate ranges of the variograms of the bacteriological parameters, as well as
the significant nugget effect, show a very local source of variability that is very different
from the spatial structure of the major ions. The maps of parameters (Figure 2), chemical
profiles (Figure 3), and initial factorial axes (Figure 6) confirm the link with the major
north-south-trending structural units along the axis generated by (1) the Sadéne/Rhéne
valley occupying the collapse basin between the Alps to the east and the Massif-Central
to the west and (2) the collapse basins occupied by the Allier and Loire rivers. The Rhone
corridor and the Saéne valley are slightly more mineralised than the alluvial valleys of the
Loire and Allier (Figure 2a). At the other extreme, the least mineralised waters are found in
the crystalline massifs of the central Alps to the east, and in the crystalline zone formed by
the Hercynian basement of the Massif Central to the west. The waters of average mineral
load correspond to the areas of sedimentary rock, of Jurassic to Tertiary age, located at
the edge of the two crystalline complexes mentioned above. The zonation of the water
minerality is in line with the results usually observed, particularly in other regions of
France [17,20,22,24,25], namely that it depends on the solubility and alteration rate of the
rocks, and that it increases along the flow lines, reflecting a longer water—rock interaction.
Chemical facies maps can be used to refine the geochemical mapping of major ions. As
the most mineralised waters are located in the Rhone corridor and the Na* (Figure 3a)
and CI~ (Figure 3b) ions are highly soluble, the distribution of the Na-Cl chemical profile
highlights the clear opposition between the sedimentary lithologies of the Alpine zone and
the eruptive rocks of the Massif Central. This contrast is lithological in nature, with the
weathering of eruptive rocks releasing proportionately more sodium and, to a lesser extent,
chloride [30]. As these two areas (with sedimentary or eruptive lithology) are equally far
from the sea, a differential input of Na-Cl of meteoric origin is not conceivable. It should
also be noted that the alluvial valleys of the Allier and Loire, which drain this part of the
Massif Central, also have slightly higher values for sodium and chloride profiles than the
Rhone corridor, confirming that this is indeed a lithological contrast.

Major ions show moderate temporal variability (Figure 4b), which can be attributed to
seasonality, to the contrast between hot, dry summers, during which water concentrates,
and wetter winters, when rainfall causes dilution. This variability is practically non-
existent for calcium ions, carbonates (Figure 4a), and pH, which are controlled by the
equilibrium with calcite over part of the study area and/or buffered by carbonate equilibria.
In calcareous environments, during dilutions caused by the arrival of low mineral content
water, the soluble rock supplies ions that maintain a more or less constant concentration. On
the other hand, during periods of evaporation and concentration, solutions at equilibrium
precipitate calcite, which subtracts Ca?* ions and alkalinity from the solution, again keeping
the ion content of the water more or less constant. Sulphates come mainly from sedimentary
polysulphides present in marly limestones from the Cretaceous period, which have low
permeability and slow flow rates [31]. Consequently, the effect of fast dilution or mixing
by storms or seasonal rainfall is very limited. All these conditions favour the relatively
constant release of high sulphate levels and explain the low temporal variability detected
from the variograms.

The second axis of the PCA (matrix 1, Figures 6a and 7b) contrasts faecal contamination
in the Massif Central and the Loire and Allier valleys with that in the Pre-Alps. This
opposition is lithological, with the Alpine low and mid-mountain areas being almost
exclusively limestone or calcareous marls, whereas the Loire and Allier valleys in the
Massif Central concerned drain crystalline, metamorphic, and volcanic environments.
Unlike the first factorial axis, which reflects a mixture of temporal and spatial contrasts that
are specific to certain environments, this is a spatial contrast and one of the explanations
could be linked to the flocculent nature of the calcium ion, which limits turbidity and hence
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the transport of bacteria. In summary, this factorial axis summarises water contamination
(faecal and nitrate contamination as well as the natural content of metals Fe and Mn). The
third factorial axis summarises some of the information, including important elements,
from the HCOj; and Ca distribution maps, contrasting the Alpine-Jura zone with the other
major structural units in the region.

4.2. Mechanisms for Acquiring Characteristics

One of the main sources of water variability is the run-off of poorly mineralised,
bacterially-charged water during heavy rainfall events. Run-off mobilises and transports
suspended matter and bacteria [32], and if this surface water infiltrates directly into water
catchments intended for human consumption, the latter are contaminated if poorly pro-
tected. This mechanism is highly dependent on meteorological events and affects only
certain areas, which explains the local nature and high temporal variability of the E. coli
and Ent. parameters [33,34]. The consequences, i.e., local faecal contamination that varies
over time [35,36], are very frequently observed for surface water [37] but also by the health
agencies responsible for monitoring water quality and correspond to the main reasons
for non-compliance reported [34,38,39]. Moreover, a similar mechanism has already been
observed in other regions based on extracts from the Sise-Eaux database [17-20,22-24],
particularly in Mediterranean climates where late summer storms can be violent and favour
run-off. It should be noted, however, that faecal contamination is carried by at least the first
three factorial axes, which are orthogonal to each other and therefore reflect independent
mechanisms. We can therefore deduce that faecal contamination occurs in different contexts
or that its path cannot be restricted solely to runoff induced by heavy rainfalls.

The third factorial axis of the PCA (matrix 1) shows an opposition between Fe and
NO3 (Figure 6b and Table 2). This opposition is often associated with redox processes.
Nitrate undergoing denitrification is therefore absent in reducing waters, whereas iron, on
the other hand, is more soluble in reducing environments. This opposition has also been
mentioned by numerous authors working on large groundwater databases [17,20,22].

The typology of elements presented in Figures 8 and 9 is based on the first axes
of the PCA, i.e., on most of the information in the corresponding full matrix. The first
dichotomy between microbiological parameters and chemical elements (Figure 9) confirms
the opposition between microbiological parameters, whose local variability is significant,
and chemical parameters, whose spatial structure is expressed over greater distances, often
linked to large lithological units. These microbiological parameters include, on the one
hand, parameters characteristic of faecal contamination (E. coli, Enterococci, coliforms),
generally linked to livestock farming and, to a lesser extent, to discharges from poorly
performing wastewater treatment plants and, on the other hand, sulphite-reducing or
revivable bacteria linked to the natural functioning of microbial ecosystems in the soil and
subsoil, such as redox processes and organic carbon transformation processes.

5. Conclusions

A study of the multi-parameter quality of groundwater intended for human consump-
tion in the Auvergne-Rhone-Alpes region was carried out using the extensive Sise-Eaux
database. A typology of quality parameters emerged in terms of (1) spatial structure, (2) the
contribution of temporal variability in relation to spatial variability based on the study of
variograms, and (3) their mapping. The typology of the variograms completes and supports
the typology of the distribution maps of the various parameters with great consistency.
Major ion content and electrical conductivity are mainly determined by the major litho-
logical and structural units. Faecal contamination shows more local variability, but with
clear regional trends. Nitrate and metal levels fall between these two groups of parameters.
Calculating maps parameter by parameter leads to a high degree of redundancy, which is
not an effective mapping method. Dimensional reduction using PCA makes it possible to
do the following:
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1.  Synthesise the essential information contained in the nearly 80% of information
conveyed by 13 parameters. This represents a major dimensional reduction and a
significant simplification of the water quality maps.

2. Separate, in particular, the different components of spatio-temporal variations in water
faecal contamination. This revealed at least 3 sources of variability in groundwater
bacteriological quality:

. The main component is linked to the intrusion of surface water by run-off
during heavy rainfall events. This is a temporal variability, as it occurs mainly
following storms at the end of the summer, but also a spatial variability, as only
certain poorly protected catchments are vulnerable to faecal contamination.

. The second component is more related to spatial variability: water with a
calcium carbonate profile is less likely to generate faecal contamination, which
can be attributed to the flocculent nature of the calcium ion on clay colloids,
reducing the risk of solid transport and germs. The distribution of this mech-
anism, linked to the water chemical profile, is essentially due to lithological
variability.

. The third component also concerns the calcium carbonate environment, but
anoxic waters that are fairly rich in iron and subject to contamination. It is also
linked to spatial variability, concerning shallow areas where water stagnation
favours reduced conditions and where the iron (ferric cements in the matrix) is
solubilised.

Following on from the work carried out by extracting the Sise-Eaux database on other
regions of France of varying size (8000-80,000 km?), this is a further step forward showing
the usefulness of discerning the temporal and spatial components in the variability of
groundwater quality parameters.
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