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Abstract

Groundwater, a vital resource for drinking water supply, must be managed sustainably to
ensure its availability and quality. In France, the SISE-Eaux database on water intended
for human consumption, archived by the Regional Health Agencies (ARS) since 1990,
constitutes a rich source of information. This study focused on the groundwater of the
Nouvelle-Aquitaine region, the largest administrative region in metropolitan France, cover-
ing 84,061 km2 with 6 million inhabitants. It is based on a 22-year data extraction, resulting
in a matrix of 121,649 observations and 51 physico-chemical and bacteriological parameters.
Following logarithmic transformation of the data and fitting of variograms using the mean
value of each parameter for each sampling point, the spatial distribution of numerous
parameters across the region is presented. From this initial sparse matrix, a dense matrix of
23,319 samples (rows) and 15 key parameters (columns) was selected for a multivariate
approach. A Principal Component Analysis (PCA) was used to condense the informa-
tion and create summary maps capturing over 68% of the information contained in the
dense matrix. The combined results of the multivariate analysis (dense matrix) and the
distribution of individual parameters (sparse matrix) highlight the diversity of sources
contributing to the spatial variability of groundwater, such as the role of lithology, the
origin and pathways of fecal contamination, and the influence of redox processes. Neither
the large size of the study area nor the high number of parameters proved to be an obstacle
to the analysis. The understanding of ongoing processes and the factorial axis distribution
maps, which enable the spatial representation of these mechanisms, can be used to facilitate
groundwater monitoring and protection.
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1. Introduction
Groundwater represents a major global freshwater reserve, significantly contributing

to drinking water supplies, agriculture, industry, and the maintenance of ecosystems [1–5].
However, these natural reservoirs, which are primarily recharged by the infiltration of
precipitation—a spatially variable process—are rendered particularly vulnerable by an-
thropogenic pressures and climate change. These pressures alter the spatial and temporal
distribution of recharge, making the understanding of their dynamics and their interactions
with surface water essential for sustainable management and the preservation of their
quality [6,7].

Furthermore, groundwater quality is a complex concept encompassing numerous
parameters. These include natural factors, such as geology and major ions, but also anthro-
pogenic factors such as heavy metals, microbiological, organic, and inorganic parameters,
as well as xenobiotic compounds originating from human activities, notably pesticides and
their metabolites. This complexity, which stems from the multitude of diverse mechanisms
influencing these parameters, makes its study particularly challenging [8].

Concurrently, improvements in analytical techniques and reductions in their costs
have enabled the monitoring of this resource to generate a much larger quantity of samples
and parameters than in the past. While this evolution opens up new perspectives, it
also poses significant methodological challenges. Multivariate statistical methods are
now frequently used as tools to analyze environmental databases in order to determine
the origin, types of contamination, and spatial distribution [9–13]. Analyses based on
multivariate statistics (Principal Components Analysis, Hierarchical Clustering, Analysis of
Variance) are often combined with complementary geostatistical processing [14–16], which
helps both in interpreting the origin of groundwater diversity and in better understanding
its spatial distribution. It therefore becomes necessary to determine how to effectively
utilize these data on a regional scale, assess the relevance of producing a map for each
of the hundreds of available parameters, and identify approaches for integrating all this
information in a coherent manner.

In France, this challenge can be addressed using tools such as the SISE-Eaux database
(Health-Environment Water Information System) [17,18]. Managed by the General Di-
rectorate of Health (DGS) and the Regional Health Agencies (Agences Régionales de
Santé—ARS), this database has compiled, since the 1990s, all data acquired through the
sanitary control of drinking water supply points. It aggregates data on both groundwater
and surface water, as well as the results of analyses performed on raw water or within
the distribution network, making it an essential tool for monitoring and management.
Moreover, due to the multitude of parameters it contains—including chemical elements,
bacteriological data, and hundreds of pesticides and metabolites—it offers the possibility
of exploring water quality at a regional scale and addressing the challenges posed by
managing large datasets [19].

The present work builds upon previous results obtained by our research group, whose
objectives are to improve the management and monitoring of groundwater quality using
the parameters available in the SISE-Eaux database. Previous work has progressively
refined the methodology for analyzing the information contained in the database and has
identified new constraints for its utilization. The advancements can be summarized as
follows. Initially, maps of individual parameter values were produced to visualize ground-
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water quality spatially, providing detailed information. However, this approach becomes
less effective when the number of parameters is high, due to redundancy and consequent
information overload. The development of synthetic macro-parameters through factorial
axes from Principal Component Analysis, which significantly reduces the dimensional-
ity of the data space with minimal loss of information, allows for the identification of
the most significant parameters and highlights the relationships between variables [20].
The logarithmic transformation of the data helped to limit the impact of extreme values
(low or high) that could, during analysis, mask certain processes responsible for water
diversity [21,22]. The subsequent approach involved developing a parameter typology
based on common behaviors and selecting a representative parameter for each parameter
class. The subsequent approach involved developing a parameter typology and selecting
a representative parameter for each parameter class [22–25], with the aim of reducing
the costs of water quality monitoring and surveillance. Finally, the separate analysis of
spatial and temporal variances within the datasets enabled the identification of seasonal
characteristics or long-term trends of ongoing processes, as well as their spatial extent [26].

This study aims to better understand the ongoing processes responsible for the diver-
sity in groundwater quality in the Nouvelle-Aquitaine region. It is based on a regional
extraction from the SISE-Eaux database. Compared to previous advancements, whose
objective was the development and refinement of a relevant method for analyzing the infor-
mation contained in such a database, three aspects require strengthening. The first concerns
a potential limitation regarding the size of the region considered. In these prior studies,
the size of the investigated regions ranged from 8722 km2 to 72,724 km2, representing a
wide range of surface areas. However, the study of the vast Occitanie region, spanning
two contrasting slopes in terms of climate and land use, demonstrated the necessity of
subdividing the study area to, once again, avoid masking certain processes [27], which,
during the analysis, may obscure certain processes responsible for the physico-chemical
and bacteriological variability of groundwater. This finding, therefore, raises the question
of the relevance of these approaches for large regions, which will be tested on the Nouvelle-
Aquitaine region, the largest administrative region in France. The second point concerns
the number of parameters. In these multi-parameter studies based on extractions from
databases such as SISE-Eaux, the number of parameters has been reduced, typically to
between 12 and 20 (major ions, a few metals or nitrogen species, as well as fecal contamina-
tion parameters). A larger number of parameters (51) will be considered, thereby increasing
the diversity of parameter types by applying the analysis to major ions, a broad panel of
microbiological parameters, trace elements, qualitative criteria, and mineral or organic
suspended matter. Finally, all these studies have highlighted that fecal contamination of
groundwater is generally associated with multiple factorial axes (PCs), underscoring the
complexity of contamination conditions and pathways. The study will therefore also focus
on this aspect.

2. Materials and Methods
2.1. Nouvelle-Aquitaine Region

The Nouvelle-Aquitaine region covers an area of 84,036 km2 in the far south-west of
metropolitan France (Figure 1a). It comprises 12 administrative departments: Charente,
Charente-Maritime, Gironde, Landes, Pyrénées-Atlantiques, Deux-Sèvres, Vienne, Haute-
Vienne, Creuse, Corrèze, Dordogne, and Lot-et-Garonne. The region is bordered to the
south by the Pyrenees mountain range and to the west by the Atlantic Ocean. Its northern
and eastern boundaries do not correspond to distinct geographical features but are the
result of an administrative reform for territorial consolidation in 2015. The altitude ranges
from 0 m on the Atlantic coast to 2974 m at Pic Palas near the Spanish border.
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Figure 1. (a) Location and main physical characteristics of the Nouvelle Aquitaine region; (b) sim-
plified geological map of the Nouvelle Aquitaine region (UTM coordinates in m; (c) Simplified
geological cross-section (blue line on (b)) from the Paris Basin to the Gironde (adapted from BRGM,
https://www.brgm.fr/fr/implantation-regionale/nouvelle-aquitaine, accessed on 1 January 2025,
and AGSO-AGBP, https://www.agso.net/sites/agso.net/IMG/pdf/livret_guide_seuil_poitou.pdf,
accessed on 11 November 2025).

The region is predominantly characterized by an oceanic climate in the west, with
several variations (Aquitaine Oceanic climate, North-West Oceanic climate, Limousin
Oceanic climate, Basque Oceanic climate), locally influenced by a continental climate in the
north-east, and a Pyrenean Mountain climate in the extreme south. Two major hydrographic
basins drain the region: the Adour-Garonne basin in the south (covering 71% of the region)
and the Loire-Bretagne basin in the north (29% of the region), beyond the Seuil du Poitou
(Poitou threshold [28]), which marks the boundary separating the Paris Basin from the
Aquitaine Basin, and where Hercynian crystalline bedrock and Meso-Cenozoic sedimentary
formations outcrop.

The region’s geology (Figure 1b) is divided into three major domains: the sedimentary
domain (Paris Basin and Aquitaine Basin), the basement domain of the Massif Central and
the Vendean Massif (in the far north-west of the region), and the Pyrenean domain. This
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results in a great diversity of numerous aquifers, which can be unconfined or confined, and
of sedimentary, alluvial, basement, or karstic type.

The basement formations are naturally impermeable, but weathering and/or frac-
turing render them permeable, promoting preferential water flow and providing storage
capacity. Weathering produces arenaceous (weathered rock) materials, which, depending
on the initial mineralogy and texture of the rock, can vary from sandy to clayey. Sandy and
coarse-grained arenites exhibit the highest permeabilities and storage capacities. Ground-
water resources in these areas are generally modest and very unevenly distributed. Arenite
is generally thinner and coarser on steep slopes, while it is more developed and finer-
textured in low-gradient areas. The thickness of these weathered materials usually does
not exceed 15 m. In unaltered rock, water circulates only through open fissures, mainly
found between 10 and 100 m deep, which exhibit variable permeability depending on their
degree of clogging. On the Poitou threshold, the aquifers consist of relatively thin sedimentary
formations overlying the basement (Figure 1c). On either side of the threshold, ground-
water generally flows toward the Aquitaine Basin to the southwest and the Paris Basin to
the northeast. These sedimentary basins contain complex aquifer systems, characterized by
an alternation of unconfined aquifers near the surface and along the basin margins, with
confined aquifers at greater depths. The Tertiary detrital deposits (calcareous molasse) form
heterogeneous, multi-layered systems. Jurassic and Cretaceous karst formations exhibit dual
porosity (fissures and conduits), which facilitates rapid water flow and strong responsiveness
to rainfall, while also making them highly vulnerable to surface contamination. However,
flow dynamics are also influenced by elevation; it is faster toward the Poitou threshold, where
elevations range between 100 and 300 m, and slower toward the two sedimentary basins,
where elevations drop to between 5 and 50 m. Anoxic conditions may develop in groundwater
in these areas. Soils developed over limestone and molasse rocks are generally brown soils
with finer textures and, therefore, higher filtering capacity than the arenaceous materials
developed over crystalline basement. Coastal aquifers, located along the Atlantic coast, occur
in sandy and calcareous formations. They benefit from high precipitation and rapid infiltration
but remain exposed to saltwater intrusion and climate variability. The limestone and molassic
formations are covered by Quaternary aeolian sands, a few meters thick, forming the Landes
triangle of approximately 14,000 km2.

Agriculture occupies a significant portion of the territory, with large-scale crop farming
and viticulture concentrated in the plains and foothills (Figure 2a). The basement areas
support pastures for cattle farming, which is also secondarily present in marshland areas
(Marais Poitevin, Marais de Rochefort-Saintes). The region is also the leading region in
France for the production of goat cheese and milk, primarily limited to the Poitou threshold,
and for ewe’s milk cheese in the far south (Pays Basque, Béarn). Major urban centers such
as Bordeaux, Poitiers, Limoges, and Bayonne structure the regional landscape and exert
pressure on agricultural land and water resources.
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Figure 2. (a) Land use in Nouvelle Aquitaine (year 2020, adapted from [29]); (b) Distribution of the
2946 sampling points for the dense matrix.

2.2. Database

SISE-Eaux is the primary French database containing information on the quality of
groundwater intended for human consumption. It is managed by the French Ministry of
Health but is administered at the regional and departmental level by the Regional Health
Agencies (ARS, Agences Regional de Santé) and has been populated with data since the
1990s [30,31]. This study is based on data extraction from this database, covering the entire
Nouvelle-Aquitaine administrative region over a period of 22 years, from 9 January 2002
to 9 April 2024. Given that the data are sensitive as they relate to public water supply,
the geographical coordinates of the abstraction points are not provided, and their location
on the maps has been adjusted to the nearest kilometer, which does not affect the results
obtained. All analyses were performed by laboratories approved by the ARS, holding
international accreditation and analytical quality certification. The extraction concerns only
groundwater, and only raw water samples—collected at abstraction points and not treated
for potability—were included in this study.

The number of parameters analyzed for each water sample varies depending on
the type of analysis, which itself is determined by the monitoring history. During the
initial connection of a catchment to a water supply network, a comprehensive analysis
is typically conducted, encompassing several hundred parameters. These parameters
may have evolved since the database’s inception due to analytical advancements and the
emergence of new contaminants. Generally, a full analysis includes physical characteristics,
chemical characteristics (major, minor, and trace ions (metals, metalloids . . .)), a broad
bacteriological panel, a wide range of pesticides and related products, as well as antibiotic
substances. If public health issues are detected, subsequent analyses are usually basic
(physicochemistry, major ions, nitrogen species, and fecal bacteriology) supplemented with
parameters targeting the identified problems. The frequency of sanitary controls is not
regular and depends mainly on two factors, primarily the size of the population served by
the water catchments. Sampling is frequent in areas with large populations, but controls
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are much less frequent for catchments supplying only a few houses. The frequency also
depends on any history of contamination or health issues. Catchments or sectors that
regularly show non-compliance are monitored more frequently. Despite this, knowledge of
the zoning of non-compliance risks remains approximate, which also justifies this study.

The data extraction therefore resulted in a matrix containing numerous empty cells—a
sparse matrix of 121,649 rows (water samples) and 51 columns (parameters). Among these
51 parameters, we find conventional parameters such as major ions, key physicochemical
characteristics, nitrogen species including Kjeldahl nitrogen (typically an indicator of recent
pollution or direct pathways to the aquifer), several trace elements and/or redox-sensitive
metals (Fe, Mn, As, Se, Pb, Cu, Zn, Hg, Cr, Br, Ni, Cd, F), and a diverse range of bacterio-
logical parameters. These include bacteria of fecal origin (Enterococci and Escherichia coli,
denoted as Enter. and E.coli), total coliforms (Colif.) and thermotolerant coliforms (Therm.
Col.), sulfite-reducing bacteria and their spores (SO3 red., sp. SO3 red.), bacteria cultivable
at 22 ◦C and 37 ◦C, Pseudomonas aeruginosa (Pseudom.), Legionella pneumophila (Legion.),
cysts of Giardia intestinalis (Giardia), and oocysts of Cryptosporidium (Ooc. Crypto.). The
comprehensive analysis of this sparse matrix will be the subject of a separate publication.

Following the removal of empty cells, a dense matrix of 23,319 observations and 15 pa-
rameters was selected for this study. The selection of parameters is based on a compromise
between the number of available data points (rows) for each parameter (columns) and the
number of parameters for a multifactorial approach. The 15 retained parameters are: elec-
trical conductivity at 25 ◦C (EC), indicators of fecal bacteriology (Enter. and E.coli), major
ions (Na+, K+, Ca2+, Mg2+, Cl−, SO4

2−, HCO3
−), nitrogen species (NO3

−, NO2
−, NH4

+),
turbidity (Turb.), and pH. For clarity in the subsequent text, a distinction is made between
a parameter (e.g., SO4) and its corresponding ion (e.g., SO4

2−). The spatial distribution
of the study’s sampling points is presented in Figure 2b. The dense matrix includes data
from 2946 distinct sampling points, with between 1 and 15 samples collected per point,
representing an average of 7.92 samples per sampling point over the extraction period.

2.3. Data Conditioning

Previous studies based on extractions from the Sise-Eaux database revealed that ex-
treme values are likely to obscure the detection of certain key mechanisms in the acquisition
of the physicochemical and bacteriological characteristics of water. A logarithmic trans-
formation of the data overcomes this problem [21], which has been tested through the
construction of quantile-quantile plots and Kolmogorov–Smirnov normality test, adapted
to high-dimensional statistical distributions. Consequently, the data were transformed
according to the formula y = log10(x + DL), where x and DL represent the measurement of
the physicochemical or bacteriological parameter X and its detection limit, respectively. For
each analyzed parameter, the detection limits were provided by the laboratories. Only pH,
which already corresponds to the logarithmic transformation of the chemical activity of
H3O+, was retained without conditioning. This data processing aims to bring the distribu-
tion of each parameter closer to a normal distribution and, most importantly, to limit the
influence of extreme values.

2.4. Principal Component Analysis

To reduce the dimensionality of the data hyperspace, a Principal Component Analysis
(PCA) was performed on the log-transformed data using the dense matrix. This treatment
aims to identify and rank the sources of variability within the dataset [9]. The PCA was
based on the correlation matrix, thus considering standardized variables, which allows
for the integration of parameters of very different natures and units, or even unitless
parameters like pH. Furthermore, it was performed by diagonalizing the correlation matrix.
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Under this condition, the factorial axes are orthogonal to each other and are therefore
theoretically associated with independent processes responsible for the variability of water
quality. Factorial axes accounting for approximately 80% of the information were retained.
The remaining factorial axes, which explain a low percentage of the variance and are
generally considered statistical noise [32], were eliminated.

2.5. Parameter Clustering

An unsupervised ascending hierarchical clustering (AHC) [33,34] was performed on
the bacteriological and physicochemical parameters based on the first factorial axes from
the PCA. This was performed to understand the diversity and similarities in the distribution
of parameters at the regional scale, leading to a parameter typology. Dissimilarity was
measured using Euclidean distance.

2.6. Parameter Mapping

The selection of parameters when transitioning from the sparse matrix to the dense
matrix is likely to introduce a bias in the information contained in the database extraction,
as all samples for which at least one parameter was not reported were excluded. Therefore,
the spatial analysis and mapping of individual parameters were conducted using the
sparse matrix (121,649 rows). Spatial distribution maps of the parameters were generated
by kriging based on experimental variograms [35], which were studied and adjusted to a
spherical model with a nugget effect using the least squares method [36]. This approach
allowed for the selection of the variogram models best suited to each parameter, thereby
improving the accuracy of the interpolations and the reliability of the produced maps.
Variograms measure the evolution of the semi-variance between pairs of points as a function
of the distance separating them [37]. However, in the extracted dataset, water samples
were collected at different points and on different dates, thus incorporating both spatial
and temporal variability. In this context, variograms were calculated using the mean
values at each sampling point [38]. Consequently, the variograms reflect a semi-variance
less influenced by temporal variability, although variograms calculated in this manner
inevitably still include a proportion of temporal variability, albeit reduced, as the sampling
spanned 22 years and the collections were not synchronous across the different points.
Raw and directional variograms with a rotation step of 15◦ were calculated to detect any
anisotropy in the distribution of parameter values. For reference, the number of analyzed
water samples used to calculate the variograms and maps for major elements, Electrical
Conductivity (EC), E. coli, and Enterococcus ranges between 2946 and 4027 data points
per parameter. This number is slightly lower for nitrates, metals (Fe, Mn), and coliform,
cultivable, and sulfite-reducing bacteria (1452 to 1589). The quality of the interpolation was
evaluated by comparing the calculated value to the average of the measured values at each
sampling point.

2.7. Seasonality

To analyze the seasonal variance of fecal contamination over the 22-year dataset,
the deviations from the mean for the E.coli parameter were sorted by day of the year
and presented graphically. This approach reflects the local temporal variability for a
given sampling station. An analysis of variance was performed to quantify the impact of
seasonality (winter, spring, summer, late summer + autumn) on the explained variance for
fecal contamination.
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3. Results
3.1. Distribution of Parameters

The mapping results for the various parameters were classified by their degree of
similarity. No significant anisotropy in the distribution of values was detected for any of
the parameters. The first group was related to water mineralisation, comprising Electrical
Conductivity (EC), Dry Residue, Calcium (Ca), and Bicarbonate (HCO3) (Figure 3). These
parameters exhibited low values over the crystalline bedrock of the Massif Central and
the axial zone of the Pyrenees. The areas with the highest mineralisation were located in
Charente/Seudre/Sèvre basins and, to a slightly lesser extent, over the Tertiary molasse
deposits of the Garonne Basin. The Quaternary aeolian sands of the Landes region showed
low mineralisation. It is noteworthy that a minor discrepancy existed between EC and
the (Ca + HCO3) pair in the lower Garonne valley. This area exhibited a peak in overall
mineralisation, yet it did not correspond to the maxima for Calcium and Bicarbonate. This
indicated a significant contribution from other major ions to the water mineralisation in
this sector. The distribution of log(Na) and log(SO4) values, and secondarily of log(Cl),
confirmed this observation (Figure 3). Their spatial patterns were quite similar to those of
the major ions previously described, but with a distinct specificity for the lower Garonne
valley, where concentrations were at a maximum. The Mg/Ca ratio, which typically reflects
the duration of water-rock interaction in carbonate environments [39,40], highlighted the
distinct nature of the lower Garonne valley, showing elevated Mg/Ca ratios. The regression
between the averages of the measured values and the calculated values (shown for the
log(EC) parameter, Figure 4a) indicates that the generated maps are reliable for the major
ion chemistry.

Therefore, in general, the major ions exhibited an upstream/downstream distribution
pattern that aligned with the hydrological, hydrogeological, and topographic gradients,
and which had a strong lithological control.

The structure of the microbiological parameters was fundamentally different from
that of the major ions and, more broadly, from all physicochemical parameters (Figure 5).
This spatial structure indeed revealed a strong local component and high temporal vari-
ability. Nevertheless, regional structural trends were discernible. The maximum values
were located on the foothills of the Massif Central (i.e., the northern bank of the lower
Garonne valley) and the Pyrenees, as well as on the Poitou threshold. It should be recalled
that for fecal contamination, the drinking water standard is the total absence of bacteria,
i.e., a value of zero according to the formula presented in Section 2.3. The correlation
between the measured and calculated values is significantly weaker for fecal contamination
parameters (shown for log(E.coli), Figure 4b) than for major ions and electrical conductivity.
It should also be noted, however, that the lower number of data points for the parameters
Pseudomonas aeruginosa, Legionella pneumophila, Giardia intestinalis cysts, and Cryptosporidium
oocysts (Figure 5g–j) resulted in less precise maps compared to the other parameters. In the
most extreme case, this lack of data for Cyanobacteria, with only 5 sampling points across
the entire region, made it impossible to produce a meaningful map.
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Figure 3. Cont.
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Figure 3. Log values distribution for: (a) EC; (b) Dry residue (TDS); (c) HCO3; (d) Ca; (e) SO4; (f) Na;
(g) Cl; (h) Mg/Ca ratio.

 
(a)  (b) 

Figure 4. For each catchment point, regression between the averages of the measured values and the
calculated values for (a) log(EC) and (b) log(E.coli).

Regarding the different nitrogen species and the metals Mn and Fe, a markedly
different distribution pattern emerged (Figure 6). The nitrate (NO3) and ammonium (NH4)
maps were almost inverse of one another. Nitrate concentrations were minimal in the
“Landes triangle,” while maximum values were found on the Poitou threshold and in
the Dordogne and Adour valleys. Nitrites (NO2) were present in the crystalline sector of
the north-western part of the region, and to a lesser extent in the Massif Central and the
Pyrenees. The distribution of iron and manganese resembles that of ammonium. In contrast,
the analysis of “Kjeldahl N”—which represents the total quantity of organic nitrogen and
ammonium in a water sample—exhibited a distribution pattern distinct from the inorganic
nitrogen species. The lowest values were located in the far north of the region within the
Loire basin, and secondarily on the Pyrenean foothills.
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Figure 5. Log values distribution for: (a) E.coli; (b) Enter.; (c) Total coliforms; (d) Thermotolerant col-
iforms; (e) Sulfite-reducing bacteria; (f) Spores of sulfite-reducing bacteria; (g) Pseudomonas aeruginosa;
(h) Legionella pneumophila; (i) Oocysts of Cryptosporidium; (j) Cysts of Giardia intestinalis. Red circles
denote sampling points for (g–j).
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Figure 6. Log values distribution for: (a) NO3; (b) NH4; (c) NO2; (d) N Kjeldahl; (e) Fe; (f) Mn.

3.2. Analysis Based on the Dense Matrix

Table 1 reports the values of the mean and standard deviation for both matrices
(sparse matrix and dense matrix) for the parameters log(EC), which is well correlated with
major ions, and log(E.coli), representing fecal contamination. The data show very similar
means and standard deviations between the matrices. Furthermore, it is observed that
the difference between the means for the two matrices is small compared to the standard
deviation, indicating that the “dense matrix” subset is well representative of the overall
“sparse matrix.”

Table 1. Comparison of mean values and standard deviations for the parameters log(E.coli) and
log(EC) between the sparse matrix and the dense matrix.

Sparse
Matrix

Dense
Matrix

Sparse
Matrix

Dense
Matrix

log(E.coli) log(EC)
Numb. of values 41,096 23,319 Numb. of values 62,678 23,319
Mean 0.54 0.71 Mean 2.40 2.42
St. deviation 0.90 1.02 St. deviation 0.51 0.43

Descriptive statistics for the 15 parameters are presented in Table 2. The most signifi-
cant variations were observed for parameters NO2, NH4, HCO3 and EC.
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Table 2. Descriptive statistics for the 15 parameters of the dense matrix (23,319 observations, log-
transformed values).

Parameter Minimum Maximum Mean St. Deviation Var. Coef.

NO3 −2.000 2.000 0.513 0.737 1.44
Enter. 0.000 5.540 0.578 0.801 1.38
Turb. −2.000 2.978 −0.068 0.674 9.92

EC 0.000 3.628 2.283 0.691 0.30
NH4 −2.000 0.684 −1.228 0.355 0.29
pH −11.250 0.000 −5.847 2.934 0.50

NO2 −2.000 0.286 −1.545 0.207 0.13
SO4 −1.000 3.417 0.932 0.567 0.61
Cl −0.699 2.778 1.124 0.411 0.37

E.coli 0.000 5.540 0.712 1.019 1.43
Ca −1.000 2.720 1.445 0.616 0.43
Mg −1.000 2.493 0.667 0.446 0.67
Na −0.699 2.623 0.994 0.397 0.40
K −1.658 1.455 0.199 0.346 1.74

HCO3 −0.886 3.076 2.019 0.549 0.27

3.2.1. Principal Component Analysis (PCA)

Principal component analysis was performed on the dense matrix, comprising
23,319 samples from 2946 monitoring points (Figure 2b). It is important to note that
this analysis integrated both spatial and temporal variability. Distinguishing between these
two sources of variability will be the focus of subsequent work. The inertia of the factorial
axes is presented in Figure 7.

Figure 7. Inertia of the factorial axes (PC1 to PC15) from the Principal Component Analysis performed
on log-transformed data.

The first four factorial (Figure 8) axes accounted for 68.8% of the total variance, which
was substantial given the number of parameters included (15). These axes had eigenval-
ues greater than unity, meaning they carried more information than any single original
parameter (Table 3). This result demonstrated the effective dimensionality reduction of
the data hyperspace. Furthermore, the first six factorial axes were required to account for
80% of the information within the dataset, underscoring the complexity of groundwater
quality variations at this spatial and temporal scale. Table 3 details the contributions of the
various parameters to the first four factorial axes (which explain between 31.6% and 8.7%
of the variance), which will form the basis for our interpretation. The contributions of the
parameters are also reported on the correlation circles (Figure 8). Subsequent factorial axes
contribute a more limited share of the variance, are more challenging to interpret, and will
therefore be considered part of the statistical background noise of the analysis.
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(a)  (b) 

Figure 8. Distribution of parameters in the factorial planes: (a) PC1–PC2 and (b) PC3–PC4.

Table 3. Contribution of parameters to the first four factorial axes.

PC1 PC2 PC3 PC4

Eigenvalue 4.746 2.558 1.712 1.302
Parameter

NO3 −0.167 0.294 0.648 0.420
Enter. −0.324 0.876 −0.062 0.060
Turb. −0.083 0.674 −0.483 0.012

EC 0.537 0.113 0.246 −0.478
NH4 0.375 −0.010 −0.626 −0.351
pH −0.021 −0.261 −0.228 0.750

NO2 0.214 0.529 0.154 −0.066
SO4 0.723 0.267 0.277 0.077
Cl 0.868 0.041 −0.137 0.223

E.coli −0.339 0.868 −0.079 0.070
Ca 0.411 0.152 0.232 −0.237
Mg 0.838 0.071 0.152 0.075
Na 0.864 −0.016 −0.315 0.170
K 0.746 0.178 −0.317 0.227

HCO3 0.752 0.050 0.386 0.001

The first principal component (PC1) was strongly defined by major ions and con-
ductivity. This represented a mineralization gradient, which contrasted mineralized
waters—particularly those exhibiting a sodium sulfated-chlorinated facies—with diluted
waters that were incidentally contaminated with E. coli and Enterococcus. High values are
observed in the metamorphic and crystalline zone of the Massif Central, the high-altitude
areas of the Pyrenees, the lower Adour valley, and the lower Garonne valley (Figure 9). Low
values extend across broad areas, including the Landes region and the Pyrenean foothills,
the Dordogne basin, and the zone of secondary and tertiary rocks in the Aquitaine Basin
adjacent to the Massif Central. The second factorial axis (PC2) highlighted the specific
association between fecal contamination and nitrites, or more generally, the combination of
nitrite and nitrate. Turbidity also contributed strongly to this axis. High PC2 values are
associated with the crystalline massifs in the northern part of the region and the Poitou
Threshold, the upper Dordogne basin, the Landes region, the upper part of the Garonne
basin, and, to a lesser extent, the Pyrenees. Low values are located in the Garonne Val-
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ley (both right and left banks), the northern part of the Aquitaine Basin, and the Paris
Basin. The third principal component (PC3) reflected the opposition between nitrate and
ammonium—that is, the two forms of nitrogen, the former is stable in oxidizing conditions
and the latter is stable in reducing environments. PC3 exhibits maximum values primarily
along the coastline. The lowest values cover the remainder of the region, specifically areas
of medium and high altitude, irrespective of lithology. The fourth principal component
(PC4) was primarily defined by pH and nitrate with positive loadings, and by electrical
conductivity and ammonium with negative loadings.

   

(a)  (b) 

   

(c)  (d) 

Figure 9. Distribution of the sampling point coordinates on PC1 to PC4 (a–d).

3.2.2. Parameters Clustering

The hierarchical classification was based on the PCA results, meaning it considered
essential information after eliminating statistical noise. The dendrogram (Figure 10) makes
it possible to distinguish three main sets of parameters. The first consisted of fecal bacteri-
ology, associated with water turbidity, and to a lesser extent, with the presence of nitrites.
The second was pH, which appeared as an isolated parameter. Finally, the third concerned
major ions and electrical conductivity, secondarily associated with other forms of nitrogen
(NO3 and NH4).
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Figure 10. Typology of the parameters based on the first six factorial axes (80% of the variance).

3.3. Seasonality for Fecal Contamination Parameters

Figure 11 shows a compilation of 22 years of temporal variance for the E.coli parameter
at a sampling station affected by fecal contamination, plotted against the day of the year. It
reveals low variance from January to June and significantly higher variance from July to
the end of November.

Figure 11. Seasonal trend by day of the year for the bacteriological parameter E.coli over 22 years of
the sampling period.

The analysis of variance conducted using the compartmentalization into four periods
of the year (Figure 11: spring from day 37 to 140, summer from 141 to 181, late summer
and autumn from 182 to 289, and winter from 290 to 36) reveals an R2 coefficient of 0.282
(RMSE = 0.415).

4. Discussion
The analysis conducted on the groundwater of the Nouvelle-Aquitaine region highlights

several aspects, namely the role of lithology, land use, and redox processes in water diversity.

4.1. Role of Lithology in Water Diversity

The chemical diversity of the groundwater in Nouvelle-Aquitaine is strongly struc-
tured by lithology and landscape position [41]. The regional scale of the geological struc-
tures explains the high correlation coefficient obtained during cross-validation for major
ions and electrical conductivity (Figure 4a). Major ions, particularly Ca, and electrical
conductivity, which appear separately from other major ions in the parameter classifica-
tion, reflect this lithological influence. In the crystalline zones of the Massif Central and
the axial zone of the Pyrenees, composed of sparingly soluble granites and gneisses, the
waters exhibit low values of Ca, HCO3 and reduced Electrical Conductivity. The low
mineralization is less pronounced in the crystalline sector of the far north-west of the
region, not because the phenomenon is lesser, but due to the low number of sampling
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points (Figure 2b), introducing a bias in the presented maps (Figure 3a). The low solubility
of these deep-origin crystalline rocks, combined with a colder and wetter climate due to
higher altitude, limits dissolution, leading to poorly mineralized waters. Similarly, the
Quaternary eolian sands of the Landes [42], due to their siliceous and permeable nature,
also result in poorly mineralized waters.

In contrast, the sedimentary limestone areas of the Paris and Aquitaine basins, Poitou
threshold, and the alluvium of the Garonne Valley, as well as the calcareous molasse
sectors of the Adour basin, present more highly mineralized waters, reflecting the higher
solubility of the rocks. The deep aquifers there ensure regular circulation and homogeneous
mineralization. This mineralization is favored by the duration of water-rock interaction,
which results in an upstream-downstream minerality gradient, observed, for example,
in the Garonne Valley, notably with a higher Mg/Ca ratio. The first factorial axis of
the Principal Component Analysis, accounting for 31.6% of the variance, highlights this
regional geological structuring, but not exclusively. It also reflects a vulnerability to bacterial
contamination of the poorly mineralized groundwater, as well as the distinction between
old groundwater and recent infiltration surface water, as will be discussed later.

4.2. Importance of Agricultural Activities and Land Use
4.2.1. Livestock Farming and Bacteriology

The first factorial axis (PC1) exhibits a complex interplay between rock type,
water–rock interaction time, and vulnerability to fecal contamination in the context of
low-mineralization waters. Although this contamination is primarily associated with
the second factorial axis (PC2), its presence on PC1 underscores the importance of fecal
contamination as a criterion and demonstrates the complex determinism involving at
least two independent processes. Similar findings have been reported in other French
administrative regions, notably Provence-Alpes-Côte d’Azur, Auvergne-Rhône-Alpes,
Bourgogne-Franche-Comté, Occitanie, and Corsica [20,24,25,27,38]. All these studies, as
well as the present one, highlight both the localised nature of faecal contamination and its
high temporal variability, all of which depend on numerous factors we will detail below.
This very localised structure and the strong component of temporal variability explain
the weak relationship obtained during cross-validation (Figure 4b) and, consequently, the
lower reliability of the generated maps (Figure 5).

On factorial axis 1 (PC1), these dilute waters are recent, and their position is largely
independent of their chemical signature, with the exception of a minor contribution from
nitrates. It is noteworthy that water turbidity does not contribute to this factorial axis,
suggesting at least partial soil filtration and indicating infiltration from rainfall and runoff
through likely gently sloping soils with low stone or gravel content. PC1 thus reflects a
general bacteriological pollution pressure, independent of the level of protection of the
water abstraction points. On the PC1 distribution map (Figure 9), mineralized waters
correspond to low values, while dilute waters correspond to the highest values.

The second component of fecal contamination, represented by the second axis (PC2),
is the primary source of variability. It is associated with turbidity and indicates the con-
tribution of surface waters and/or preferential flow along fractures [43–45]. The PC2

distribution map reflects the pollution pressure associated with the vulnerability of the
water abstraction points.

The seasonality of log(E.coli) variance at a station affected by fecal contamination
highlights that this variance increases from the month of June (Day 140), coinciding with
the first rains following the manure spreading period in livestock farming areas. The
contamination persists regularly until the end of November (Day 290). This observation, as
well as the prevalence of fecal contamination in dilute waters, reflects:
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1. The impact of late summer and autumn storms, which generate significant runoff
of poorly mineralized water. This aspect was initially proposed as a hypothesis
and was later confirmed by distinguishing spatial and temporal variances on a more
comprehensive time series dataset [26]. Seasonal analysis highlights more pronounced
contamination during the second half of August, a period known for its severe
thunderstorms. The relatively low R2 coefficient from the analysis of variance (0.282)
can be explained by the occurrence of short-duration, isolated, and high-intensity
events. These events generate runoff but have a limited temporal impact and do not
affect all sampling points, only the most vulnerable ones;

2. The vulnerability of certain sectors, which are poor in divalent ions and have low
mineralization, where particle flocculation is limited, thereby promoting the transport
of bacteria to the aquifers.

Thus, groundwater fecal contamination results from the interaction between livestock-
related inputs and local environmental characteristics. The most impacted groundwater is
located in:

1. The foothills of the Massif Central, coinciding with areas of mixed (dairy and beef)
cattle farming and multi-species herbivore rearing;

2. The Pyrenees, where frequent contamination is associated with sheep and goat farm-
ing on the humid Atlantic slopes, where precipitation facilitates the transport of
bacteria to shallow aquifers.

In the impacted sectors, the concurrent elevation of both nitrates and Kjeldahl nitrogen
indicates continuous pollution [46], comprising both recent inputs (Kjeldahl N) and older
degradation products (Nitrates).

The two fecal contamination parameters (E. coli and Enterococci) appear almost in-
distinguishable in the hierarchical parameter classification, with near-zero dissimilarity,
confirming a common origin and pathway [47]. Conversely, their strong association with
turbidity underscores that suspended solids act as a vector for transporting fecal bacteria
to the aquifer [48–50], probably in a context of permeable, shallow soils, or rapid preferen-
tial flow pathways. Furthermore, the correlation between bacteriological parameters and
nitrogen compounds reflects organic inputs from livestock farming.

Therefore, aquifer fecal contamination depends on both surface inputs from livestock
farming [51] and the environmental characteristics that control transport. Areas where
these factors combine are the most vulnerable.

4.2.2. Fertilization and Nitrogen Species

The spatial distribution of nitrogen species reflects not only inputs from livestock
farming but also the direct influence of agricultural practices and fertilization types. Ele-
vated nitrate concentrations are found in the Mesozoic sedimentary areas of the Aquitaine
Basin and the Poitou threshold, which are predominantly occupied by large-scale cereal
and oilseed crops. These areas are subject to regular applications of mineral fertilizers, par-
ticularly those supplying both nitrate and ammonium simultaneously. The highly mobile
nitrate readily infiltrates permeable and well-drained soils, whereas ammonium is more
retained in clay and organic horizons. Water-saturated environments, characterized by a
shallow water table, limit nitrogen oxidation and promote the persistence of ammonium.
Clustering confirms this pattern: the relationship between nitrate, Ca, and HCO3 indicates
that high nitrate levels are associated with well-aerated carbonate environments conducive
to nitrification, as well as intensive agricultural zones. In contrast, the sandy, wet areas
within the Quaternary sands of the Landes region [42], which are lightly cultivated, show
low nitrate levels but higher ammonium concentrations.
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4.3. Redox Processes in the Landscapes of Nouvelle-Aquitaine

The third factorial axis (PC3) reflects redox conditions, illustrating an opposition be-
tween nitrate and ammonium—the two stable forms of nitrogen in oxidizing and reducing
environments, respectively. In other words, nitrates are primarily present in oxidizing,
high-permeability, and sloped areas, such as sandy and gravelly soils, where rapid water
flow allows oxygenation and stabilizes nitrate in solution, as observed in the Pyrenean
foothills. Conversely, in low-altitude, low-slope areas like the Quaternary sands of the
Landes, where the water table is shallow and water circulation is slow, conditions are
reduced. Nitrification is limited, nitrates are scarce, while ammonium, Fe, and Mn (soluble
under reducing conditions) exhibit higher concentrations. In this regard, it should be noted
that Fe, Mn, and NH4 show a fairly similar distribution at the regional scale (Figure 6b,e,f).

A specific observation from the clustering concerns nitrites, which show an unex-
pected correlation with turbidity. This association appears to indicate that, in some well-
oxygenated but organic matter-poor areas, the transport of fine particles promotes the
presence of low nitrite concentrations. Turbidity, linked to erosion, topography, and agri-
cultural activities, reflects the suspension of these particles, which are often associated with
organic carbon. The observed nitrites may thus originate from the partial transformation of
nitrate in these oxidizing environments with low biological activity.

The distribution of fecal bacteriology differs from that of other microorganisms, such
as Pseudomonas, which are more influenced by environmental characteristics than by live-
stock inputs. This distinction demonstrates that some bacteria are genuine indicators of
fecal contamination, while others reflect local environmental conditions. Sulfite-reducing
bacteria also exhibit a specific distribution. Their occurrence is linked to anoxic or low-
oxygen zones, often in shallow or stagnant groundwater. These bacteria are involved in
denitrification processes, and their occurrence can be compared with that of fecal bac-
teriology to identify areas where organic inputs are being mobilized and transformed,
particularly in the bedrock of the far north-west of the region, on the edge of the Massif
Central, and on the few crystalline outcrops of the Poitou threshold.

5. Conclusions
This work follows several studies aimed at extracting and analyzing the information

contained in the Sise-Eaux database for several French administrative regions. Nouvelle-
Aquitaine is the largest region (84,036 km2), with an area nearly three times that of the
Provence-Alpes-Côte d’Azur region, which was the subject of a comparable analysis. This
analysis consisted of a logarithmic transformation of the data, a principal component
analysis, a mapping of macro-parameters, and a clustering of parameters. The results are
consistent, indicating that the analytical method is robust and applicable over large areas.

In practice, the data collected by Regional Health Agencies (ARS) is used in two types
of summaries. On the one hand, each year, to detect the presence of non-compliances in
water intended for distribution to the drinking water network and to monitor the evolution
of the number of non-compliances over time. On the other hand, to produce maps of
individual parameter values, sometimes several hundred are considered if xenobiotic
parameters are considered. The issue with parameter maps is linked to strong redundancies,
typically for electrical conductivity (EC) and major ions, and for fecal contamination.

The factorial axis approach makes it possible to synthesize the information, but also to
separate independent sources (in the mathematical sense) of variability and the processes
responsible for this variability. Thus, fecal contamination, which is the primary quality
concern for raw water intended for human consumption (as it is the main cause of non-
compliance), exhibits two independent components reflecting two sources of variability.
One appears to be more related to lithology and the spatial distribution of agricultural
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activities, while the other is more associated with environmental vulnerability during
rainfall events, with a strong link to turbidity. A single E. coli count does not indicate
the underlying mechanism leading to this contamination, which multivariate analysis can
reveal by distinguishing factorial axes, each associated with a series of factors that may
influence contamination. Knowing this, quality monitoring can be optimized by focusing
on the most vulnerable lithological/land-use sectors or on wells vulnerable during specific
periods—namely after rainfall events likely to generate runoff leading to groundwater
contamination. Quantifying and mapping these factors separately provides valuable
support when making decisions about which protective measures should be implemented.

The automatic classification of parameters, based on the majority of the information,
reveals distinct parameter families and redundancies within these families. For instance,
E. coli and Enterococcus provide entirely redundant information. The same is true, to a
lesser extent, for major ions. However, caution must be exercised regarding fecal contamina-
tion parameters, which may show redundancy within a given dataset, but not universally.
They nonetheless exhibit different survival rates and transport properties, and regulations
often require their concurrent monitoring.

Therefore, this study confirms that for a regional-scale assessment of multiparameter
water quality, several simplification options are available. One can either work with a few
principal components (PCs), each synthesizing the information from several parameters
and isolating the different mechanisms involved, or by selecting a single representative
parameter from a group of parameters that are highly correlated with it.

This approach thus streamlines the regional-scale study of multiparameter water
quality data for water intended for human consumption.
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