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Abstract

This study contributes to identifying and spatializing the different types of nitrate sources by combining hydrogeochemical
and isotopic data with principal component analysis (PCA) and t-distributed stochastic neighbor embedding (t-SNE) mul-
ticriteria statistical methods. The methodology is applied to the strategic Mons Basin chalk aquifer (Belgium). The results
are based on a whole dataset containing 72 water samples with analyses of the hydrogeochemical parameters (temperature,
pH, electrical conductivity (EC), redox potential, dissolved O,), alkalinity, total organic carbon (TOC), silica (SiO,), major
and minor ions (NO;~, NH**, Ca”*, dissolved Fe and Mn, K*, Mg?*, Na*, Sr**, CI, F, SO, B) and multiple stable isotope
ratios (81 1B, 615N—NO3‘, 6180—N03‘). Compared to classical PCA, the recently developed t-SNE method, which considers
nonlinear relationships between variables and preserves local-scale similarities in a low-dimensional space, showed much
better performance in discriminating different groups of samples and related zones in the aquifer. t-SNE results combined
with isotope ratios highlighted four zones in the aquifer (grouped as A-D) and the presence of denitrification fronts. Group A
presents a manure signature (615N—NO3’ —mean (i) +12.78%o, standard deviation (¢) 6.48%0; 8''B — 41 29.96%0, 6 6.91%0).
Group B exhibits both manure and inorganic fertilizer signatures (§'’N-NO;™ — u 6.27%o, 6 2.55%0; 8''B — u 15.86%0, ¢
9.69%o). Group C shows a contamination by sewage (8'’N-NO;™ — u 12.67%0, 6 5.60%0; 8''B — 1t 9.97%0, 6 7.08%0). Group
D presents a mixed signature (8'°N-NO;™ — i 9.25%0, 6 2.94%0; 8''B — yt 20.00%0, 6 6.70%o).
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Introduction

Nitrate contamination of groundwater is a global and persis-
tent problem. Thirty years ago, Spalding and Exner (1993)
discussed the impact of nitrate on US aquifers. Abascal et al.
(2022) showed that, driven by the growth of the world’s
population and the development of agriculture, nitrate pollu-
tion of groundwater affects all continents. The excess nitrate
in groundwater induces different threats to human health
and the environment. Methemoglobinemia is, for example,
a severe disease that mainly affects infants and may occur
when too much nitrate is ingested through drinking water
(Canter 2019; Fan and Steinberg 1996; Sandor et al. 2001).
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Eutrophication of aquatic environments may be induced by
high nutrient contents in water, including nitrate, leading to
an imbalance between excessive development of algae and
a decrease in available oxygen, inducing asphyxiation of the
environment (Vitousek et al. 1997). In this context, pollution
of groundwater and surface water by nitrate has remained a
crucial issue for water and environmental managers (Orban
et al. 2010; Sutton et al. 2011).

Mitigating nitrate concentrations in aquifers, however, is
a complex process that involves identifying the source and
fate of the pollutant. Agricultural activities with the applica-
tion of inorganic fertilizers and manure are the most com-
mon source of nitrate considered in impact studies (Di and
Cameron 2002; Jackson et al. 2008; Mitchell et al. 2003;
Mohamed et al. 2003; Oren et al. 2004; Thorburn et al.
2003). Nevertheless, local wastewater intrants, a damaged
or incomplete sewage system (Ronen and Magaritz 1985),
or local industrial pollution (Wells et al. 2016) can also lead
to groundwater contamination by nitrogen compounds.
Those sources may be neglected in contexts where agricul-
ture is strongly prevailing; however, in more urban or mixed
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environments, they may become significant or even domi-
nant (Wakida and Lerner 2005). Identifying those sources
properly, although not easy, is crucial to implementing effi-
cient and zone-specific mitigation measures.

Different studies have discriminated nitrate pollution
sources and analyzed its evolution by measuring the stable
isotope ratios of ’N/"N and '*0/!°0 in NO;". For example,
Bottcher et al. (1990), Chen and MacQuarrie (2005), Mariotti
et al. (1988) and Mengis et al. (2005) used this technique to
identify spontaneous denitrification along flow paths. Biddau
et al. (2019), Bohlke and Denver (1995), Czekaj et al. (2016),
Obeidat et al. (2021), Ogrinc et al. (2019), Pittalis et al.
(2018), Torres-Martinez et al. (2021) and Vystavna et al.
(2017) combined those measurements with broader hydro-
chemical interpretation (for example, chloride concentration,
major ions, redox potential, etc.), considering land use and
hydrogeological contexts to discriminate between different
potential sources of nitrate in an aquifer, which allows some
possible limitations related to a standalone nitrate isotope
interpretation to be overcome. Xue et al. (2009) point out
that fractionating processes such as nitrification and deni-
trification occurring within the aquifer may actually modify
the isotopic signature inherited from the original source of
the nitrate and lead to incorrect interpretation. As Bassett
et al. (1995) showed that quantification of the stable isotope
ratio of boron (!'B) enables the identification of the presence
of wastewater in a sample, a complimentary method incor-
porating this measurement was proposed by Widory et al.
(20052013) and Bronders et al. (2012) to refine the identi-
fication of nitrate sources based on isotopic measurements.
Multiple examples showing the application of this technique
are also provided by Accoe et al. (2008), Kruk et al. (2020),
Martinelli et al. (2018), and Seiler (2005).

Dimensional reduction algorithms coupled with cluster-
ing methods are also used to identify similarities between
samples and to determine which groups are likely to be
impacted by a common pollution source. In a hydrogeolog-
ical context, those methods are useful when a substantial
dataset is available, usually including data such as phys-
icochemical measurements, major element concentrations
and isotope ratios. Methods applied to hydrochemical data
include hierarchical clustering analysis (HCA) and principal
component analysis (PCA; Su et al. 2020), Kohonen self-
organizing maps (SOMs; Gamble and Babbar-Sebens 2011;
Torres-Martinez et al. 2021) or dimensional reduction by
t-distributed stochastic neighbor embedding (t-SNE; ex. Liu
et al. 2021).

In this context, this work aims to study the complementa-
rity of different methods in discriminating and characterizing
the different sources and fate of nitrate when applied to the
case of the Mons Sedimentary Basin chalk aquifer (Belgium).
This strategic chalk aquifer provides approximately 50 million
m? of groundwater each year for local distribution and for
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supplying drinking water to the city of Brussels. Approxi-
mately 76% of the official monitoring sites for this groundwa-
ter body present a nitrate concentration above the protection
of ecosystems guideline threshold (25 mg/L; SPW and DEE
2022a; Gouvernement Wallon 2016), and 14% have a nitrate
concentration value above the limit of 50 mg/L recommended
by WHO (2017). In addition, some of the existing ground-
water intakes are facing an increase in nitrate concentration,
threatening their sustainability. The study area presents a
strongly mixed environment with agricultural, residential,
urban, and industrial land use areas, making the implementa-
tion of efficient mitigation measures difficult to set up. The
methodology followed in this study combines hydrochemical
data and isotopic analyses from 72 sampling sites, information
about land use, geology and hydrogeology and multicriteria
statistical analyses (PCA and t-SNE). Multicriteria statistical
analyses are applied to identify samples likely to be impacted
by the same context and pollution sources. The results of the
815N, 880 and 8''B stable isotope ratio measurements allow
for the origin of the nitrate to be characterized, and for the
possibility to make conclusions about the prevalence of deni-
trification reactions in the aquifer.

Methods and theoretical principles
The nitrogen cycle

The nitrogen cycle includes a set of transfers and interde-
pendent chemical reactions (Fig. 1). This study is focused
on the nitrate NO;~ form in groundwater (N oxidation [+5]),
considering (1) the multiple sources and chemical reactions
leading to the formation of nitrate and (2) the denitrification
reactions inducing the degradation of nitrate.

As described, for example, by Atteia (2015) and Abascal
et al. (2022), Hiscock et al. (1991) and Rivett et al. (2008),
regarding the contamination of groundwater by nitrate, the
main process to be considered is the nitrification reaction,
which transforms nitrogen in the form of ammonium (N H4+)
into nitrate (NO;")—see Eqs. (1) and (2) from Nikolenko
et al. (2018). In this case, determining the source of nitrate
is a matter of determining which sources of ammonium are
involved. Multiple sources must be considered. Nitrate may
directly originate from mineral N fertilizers spread on crops
to promote plant development. Many fertilizers are also
composed of already synthesized nitrate which, if not totally
used by plants, percolates to the groundwater table (Di and
Cameron 2002). Since the mineralization of organic matter
generates ammonium, spreading of manure for agricultural
production, decomposition of plant or household waste,
leakage from sanitary sewage systems and industrial efflu-
ents are potential sources of nitrate contamination (Spalding
and Exner 1993).
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Fig. 1 Conceptual representa-
tion of the nitrogen cycle (based
on Rivett et al. 2008)
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Nitrate degradation in groundwater mainly occurs through
three processes. First, the ‘reorganization’ process consists of
the conversion of the mineral nitrate into organic nitrogen by
being consumed by plants or microorganism (Atteia 2015).
Second, the ‘dissimilar reduction of nitrate to ammonium’
(DNRA - ammonification) is an anaerobic reduction reaction
in which nitrate is converted to nitrite and then to ammonium
(NOj - NOj - NHI). Finally, the denitrification reactions
include processes where nitrate (NO5") acts as an electron
acceptor in redox reactions that convert it into nitrogen gas—
see the full reaction in Eq. (3) from Appelo and Postma (2004).

2NO; + 6H* + 10e™ — N, + 6H,0 3)

The various types of denitrification differ according to the
element acting as an electron donor in the redox reactions.
Several publications and reviews detail those processes (for
example see Korom 1992; Postma et al. 1991; Rivett et al.
2008; Seitzinger et al. 2006). The most commonly considered
denitrification reactions include (Appelo and Postma 2004):

Organic matter as an electron donor/heterotrophic deni-
trification

5CH,0 + 4NOj — 2N, + 4HCO] + H,CO, + 2H,0 (4

Pyrite and/or reduced iron as electron donor/autotrophic
denitrification

5FeS, + 14NOj +4H* — 7N, + 5Fe** + 10SO;™ + 2H,0
o)
And/or

5Fe** + NO; + 7H,0 — 5FeOOH + %Nz +9H* (6)

Isotope ratios in nitrate

Analyses of the stable isotopes of nitrate and boron may
be used to support the identification of nitrate sources. The
methods applied in this study are described by Bronders
et al. (2012), Kendall et al. (2007, 2015), Seiler (2005) and
Widory et al. (2005, 2013).

The stable isotope abundance in a groundwater sample,
Ssample (i %0) (Eq. 7), depends on the chemical processes
occurring before sample collection and analysis. As an exam-
ple, nitrate derived from the synthesis of mineral fertilizers
presents a lower '’N/'N isotope ratio than nitrate derived
from the degradation of manure. Considering the different
isotopic ratios, it is then possible to attribute a specific sig-
nature to water samples and to interpret the origins of nitrate.

5 Rsample - Rreference

sample R

x 1000 7

reference

The nitrogen and boron minimum and maximum stable
isotope abundances for different nitrate sources compiled
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from previous studies (Aravena et al. ) are listed in the fol-
lowing. These values should not be considered strict thresh-
olds but can be used as a guide when interpreting isotope
data. The '>N/'N — NO,~ stable isotope ratio is typically
used to discriminate mineral fertilizer sources (from —8
to +7%o) and organic sources such as manure (from +4.3
to +33.2%o) or sewage (from +4.3 to 14.3%o). The boron
stable isotope ratio ''B/!°B — B is not affected by the dif-
ferent processes that make up the nitrogen cycle. It can be
used to discriminate the wastewater and manure sources
in the aquifer (from —10 to +10%o for sewage, from -2 to
+14.8%o0 for mineral fertilizer, and from +19.5 to +42.3%o
for manure). In addition to the source, chemical reactions
in the nitrogen cycle influence the isotopic composition of
nitrate. Nikolenko et al. (2018) present the evolution of the
8!SN-NO," isotope ratio under nitrification (depletion, —5 to
—35%0) and denitrification (enrichment, 5-40%o).

Multivariate analysis

The analysis of large datasets including many samples and var-
iables can be performed using dimension reduction methods.
Those methods aim to preserve the complexity and accuracy of
the input dataset as much as possible, while at the same time,
facilitating visualization and interpretation. In this study, the
dataset consists of hydrochemical and isotopic analyses in dif-
ferent locations of a chalk aquifer. Two different dimensional
reduction techniques are applied to the dataset: (1) classical
“principal components analysis” (PCA), and (2) the “t-distrib-
uted stochastic neighbor embedding” (t-SNE).

Principal components analysis is a linear dimensional reduc-
tion method useful when the initial dataset contains correlated
components. Redundant variables are replaced by synthetic,
linearly independent variables, each of them maximizing vari-
ance in the whole dataset. PCA results are usually described
using 2D representations, recalculated in the principal compo-
nent space and used to identify groups including similarities.
The theoretical and mathematical principles of PCA are pre-
sented and discussed by Rencher (2002). A case study showing
the application of PCA to a geochemical dataset is presented by
Gamble and Babbar-Sebens (2011) as an example.

The t-SNE was developed by van der Maaten and Hinton
(2008) and is an evolution of the nonlinear stochastic neighbor
embedding (SNE) dimensional reduction algorithm presented
by Hinton and Roweis (2002). t-SNE aims to reduce an initial
high-dimensional space dataset by replacing it with a new,
completely redefined, low-dimensional space (usually 2D or
3D). The algorithm constructs a probability distribution (P1)
for each element or sample pair (based on Euclidian distance)
in the high-dimensional space so that similar samples are
assigned a higher probability than others. A new 2D or 3D
low-dimensional space is then created, and “duplicates” of
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the samples are positioned within it. A pairwise probability
distribution (P2) is also determined in this subspace. Then, the
arrangement of individuals in the 2D or 3D low-dimensional
space is modified to minimize the difference between the
probability distributions P1 and P2 as measured through the
Kullback-Leibler divergence method. Compared to a classical
PCA, t-SNE allows for the consideration of nonlinear relation-
ships between variables and preserves local-scale similarities
in the low-dimensional space. An application of the t-SNE
algorithm to a geochemical dataset is, for example, presented
by Liu et al. (2021).

The K-means algorithm, a classical clustering method
described by Hartigan (1975), Hartigan and Wong (1979)
and Bock (2007), aims to regroup several elements together
in a way that minimizes the total distance between them
and the centroids of their group. Combined with t-SNE
dimensional reduction and general context knowledge, it
simplifies the identification of subsets of similar samples.
The t-SNE algorithm and K-means clustering are applied
here using the Python scikit-learn package (Pedregosa
et al. 2011).

Area of study, monitoring network
and sampling campaigns

Geographical and hydrogeological contexts

The chalk aquifer of the Haine Valley is located in south-
ern Belgium and covers 403 km? (Fig. 2a). The aquifer
is mainly composed of Mesozoic chalk but also includes
some Mesozoic calcarenite and tuffeau at the top of the
series. The maximum thickness of the aquifer is up to 350
m in the central part of the studied area (Mengeot et al.
2017a). The base of the aquifer is made of very low perme-
ability marls. Laterally and below the marls, less permeable
layers are observed and consist of Upper Carboniferous
(Namurian) pelites and sandstones to the north, Upper Car-
boniferous (Whestphalian) schisto-sandstone to the east,
and Devonian quartzopelites to the southeast (Fig. 2a,b).

The aquifer is unconfined in the southern, northern
and eastern areas. It is considered confined in the central
part, and is covered by Cenozoic clay and sand layers. The
confined part represents ~40% of the total area (Fig. 2a,b;
Rorive and Goderniaux 2014).

The Haine River is the most important river, globally
flowing from east to west in the central part of the aquifer
area (Fig. 2b). The hydrogeological basin of the aquifer is
included in the hydrographical basin of the rivers, which
is slightly larger. Groundwater flows from the recharge
zones, corresponding to the unconfined areas in the south,
north and east of the basin, toward the center of the aqui-
fer under the Cenozoic cover (Fig. 2a,b). Groundwater
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exfiltrates in the Haine River and some of its tributaries,
where confining units are not present or characterized by
a low thickness or a higher hydraulic conductivity.

The aquifer consists of an important and strategic reser-
voir of drinking water. Annually, approximately 50 million
m? are abstracted (Rorive and Goderniaux 2014) to not only
supply the local demand but also for exportation to neighbor-
ing regions and Brussels. Due to the subsidence induced by
past mining exploitation, dewatering wells are permanently
operated. Both classical production wells and dewatering
facilities have a local impact on the piezometric levels.

The study area is characterized by a very heterogene-
ous land use distribution (Fig. 2¢). The southern part, also
corresponding to the unconfined zones, is largely devoted
to open field agriculture. The central and eastern parts are
significantly urbanized and densely populated. To the west,
a greater proportion of grassland and mashes are observed.

Several local contamination sources are also identified
within the studied area and must be considered when study-
ing groundwater quality in the aquifer. Those contaminated
sites include historical or current industrial activities (Wells
et al. 2016), disused sites (SPW 2022; Thiernesse 1967),
backfills related to past coal mine exploitation (SPW 2018),
and the presence of landfills that may contain large quantities
of organic matter and household waste as well as other pos-
sible pollutants (Navette et al. 2014, 2017; SPAQUE 2018).

Sampling locations and analyses
Two sampling campaigns were conducted in November

2020 and August 2021. Sampling sites were selected to be

Fig.3 Locations of the 72 sam-
pling sites. Coordinate system,
EPSG: 31370
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representative of the chalk aquifer within the whole area,
considering agricultural and urban areas, as well as con-
fined and unconfined zones of the aquifer. Additionally,
samples from another concomitant project, focusing on a
particularly polluted urban area, were also added (Balzani
et al. 2022; Brouyere et al. 2022), thus making a total of 72
sampled sites. They include piezometers, water production
wells, traditional masonry wells, springs and drainage gal-
leries, inducing different investigation depths according to
each specific point. The location, identifier and type of all
sampling points are shown in Fig. 3.

A classical sampling procedure (ISSEP 2014) was
applied. It includes a purge time systematically operated
before sampling, with continuous in situ monitoring of the
physico-chemical parameters (temperature, pH, redox poten-
tial, electrical conductivity and dissolved oxygen concentra-
tion). Samples were collected when those values were stable.

In situ physico-chemical parameters were measured
using an HQ40D digital measuring instrument and appro-
priate probes (dissolved oxygen: IntelliCAL LDO10103
+0.1 mg/L; acidity, pH: PHC10103 +0.02; redox poten-
tial: MTC10103 +0.02 mV/0.05%; electrical conductiv-
ity: CDC40101 +0.5%; temperature: +0.3 °C). Nitrate,
ammonium and alkalinity were measured using flow injec-
tion analysis by the SWDE laboratory (Belgium). The
quantification limits for nitrate and ammonium were 0.5
and 0.025 mg/L, respectively. Collected samples were
kept refrigerated and analyzed within 24 h after collection.
Total organic carbon was measured by the SWDE labora-
tory determining nonpurgeable organic carbon (ISO 8245).
The quantification of ions was performed by the University
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of Liege (Belgium) using ion chromatography (Methrom
— 850 Professional IC AnCat: K, Mg”*, Na*, CI-, SO,?,
F~, Sr**) or potentiometric titration (Methrom — Titrando
905: Ca2+). The concentrations of dissolved iron, manga-
nese and silica were determined by the University of Liege
using atomic absorption (Analytik Jena AA400) on samples
filtered at 0.45 pm and acidified in situ. Analysis of & !'B
was performed by VITO (Belgium) using high-resolution
inductively coupled plasma mass spectrometry (HR-ICP-
MS, +3%o). Nitrate isotopic analyses were performed by
the Helmholtz Centre for Environmental Research (Ger-
many) using IRMS (isotope ratio mass spectrometer, nitrate
denitrification and determination in nitrous oxide, +1.5%o
8180, +0,4%0 & 15N). Samples collected for nitrate isotopic
analysis were filtered at 0.2 pm and kept frozen.

Results and source discrimination

Nitrate sources are discriminated through three intercon-
nected steps:

e The interpretation of hydrochemical results (i.e., nitrate
concentration, major elements) allows characterization
of the magnitude of nitrate pollution, while identifying
particular samples impacted by local pollution.

e The application of multicriteria statistical analysis (linear
PCA, nonlinear t-SNE combined with K-means cluster-
ing) allows classification and clustering of the sampling
sites and aquifer areas.

e The results of isotopic analyses on nitrate (5 °N, & 80
—NOj5") and boron (8 1B) are used to refine and explain

Fig.4 Sampling sites repre-
sented in a Piper diagram. The
background color distribution is
based on Peeters (2013). White
points correspond to samples
considered outliers

Na* + K*

the classification, as well as to evidence denitrification
processes.

A combination of hydrochemical data and isotope meas-
urements is then employed to assess the occurrence of spon-
taneous denitrification at the interface between the confined
and unconfined parts of the aquifer.

Discrimination based on major elements and nitrate
concentrations

The first interpretation and discrimination are performed
based on the chemical content of the groundwater samples
regarding major elements, including nitrate. Figure 4 shows
all samples represented in a Piper diagram (Domenico
and Schwartz 1997). Considering the dataset as a whole,
groundwater clearly exhibits a carbonated, calcic and mag-
nesian character, as expected in a chalk aquifer. This Piper
diagram and the specific composition of each groundwa-
ter sample are used here to identify ‘outlier’ sites affected
by local contamination. Identified sites and related IDs are
highlighted in white on the Piper diagram. Each of those
sites is characterized by a singular composition compared
to the dataset as a whole and can be related to well identified
local contamination.

For the 72 analyzed samples, the nitrate concentration
ranges between 0 and 150.0 mg/L. The mean and median
concentrations are 35.09 and 31.75 mg/L, respectively,
which exceeds the guide value of 25 mg/L (Gouvernement
Wallon 2016; SPW and DEE 2022a). These results illus-
trate the general problem related to nitrate in the chalk
aquifer, with 25% of the samples characterized by a nitrate
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concentration above the drinking-water standards (50
mg/L) as set by WHO (2017). High concentrations are
mainly observed in agricultural areas to the southeast and
west (Fig. 5a) and from sites affected by local pollution in
urban or industrial areas (e.g., samples 17, 18, 19, 72). In
contrast, approximately a quarter of the samples are char-
acterized by a particularly low concentration (<2.73 mg/L).
No nitrate was detected in 16 of them, making some of the
isotopic measurements on these samples impossible. They
mainly belong to the confined zones of the aquifer, to the
west and in the center of the studied area, where land is
generally used for meadows, woods, and urbanization (e.g.,
samples 6, 8, 63, 64).

Considering spatial distributions, bivariate graphs and
correlation coefficients between hydrochemical variables, a
clear relation between nitrate, dissolved iron (Fig. 5a,b,d)
and redox potential (Fig. 5a,c,e) is observed. Looking at the
dataset as a whole, the more reducing the conditions are,
the higher the iron concentration, and the lower the nitrate
concentration.

Based on these observations, a second subset of samples
with low nitrate content is discriminated. Denitrification
processes are highly suspected for those sites, favored by
the presence in quantity of potential electron donors such as
reduced iron or organic carbon, oxidizing nitrate in a reduc-
tive and anoxic environment corresponding to the confined
zones of the aquifer. The land use of these areas, with fewer
nitrogen intrants, may also contribute to explaining the
absence of nitrate at those sites.

Discrimination based on multicriteria approaches
(t-SNE, PCA, K-means)

Data preprocessing

The original dataset contains 72 samples, including 24 vari-
ables for each. One of the objectives of this study is to per-
form and compare interpretations using two different statisti-
cal methods (t-SNE and PCA). Preprocessing of the dataset
is needed to guarantee an optimal and adequate functioning
for each algorithm.

The subset of sampling sites identified as outliers or influ-
enced by local pollution is removed from the whole dataset
(see section ‘Discrimination based on major elements and
nitrate concentrations’). It includes the eight samples high-
lighted in white in the Piper diagram (Fig. 4) and it allows
for the impact of extreme values on the results achieved from
the applied statistical methods to be limited and further sup-
ports the identification of more regional trends and behavior.

All samples with nitrate concentrations that were too low
(Iess than 0.5 mg/L) were removed from the whole dataset.
The non- or low-detection of nitrate prevents any isotopic

measurements on nitrate and keeping those samples (cor-
responding to the 13 samples, highlighted in dark blue in
Fig. 5a) would therefore prevent those isotopic measure-
ments from being incorporated as variables in the following
multicriteria statistical analyses. Those samples globally
correspond to confined and/or anoxic areas with highly sus-
pected denitrification processes. In this study, the choice was
made to keep isotopic measurements in the dataset rather
than keeping all samples, as the study objective is to iden-
tify the origin of the nitrate pollution. Including those 13
samples and excluding nitrate isotopic measurements in the
t-SNE dimensional reduction process has nevertheless been
tested, but the results did not provide additional information.
In this test with all samples, sampling sites without nitrate
were separated into a distinct group, already identified with-
out dimensional reduction, at the expense of a significantly
less clear discrimination of the other samples.

Parameter values defined by the laboratory as below the
detection or quantification thresholds are replaced by abso-
lute quantities. Results indicated as “< detection threshold”
are replaced by half of this threshold. Results indicated as
“< quantification threshold” are replaced by the mean value
of the two thresholds.

Finally, dataset values are transformed to limit the impact
of data units. For PCA and the t-SNE algorithms, z-score
standardization is used (X’ = [X-u]/o, where X’ is the “new
value”, X is the measured value, y is the mean value of a
parameter, and o is the standard deviation).

The resulting dataset used in the multicriteria analyses is
a matrix (51 X 24) containing 51 sampling samples, each of
which is characterized by 24 quantitative parameters (tem-
perature, pH, dissolved O,, electrical conductivity, redox
potential, NO;~, NH4+, total organic carbon, alkalinity,
Ca**, dissolved Fe, dissolved Mn, SiO,, K*, Mg**, Na™,
Cl, SO,*, F, Sr**, B, 5 !'B, 8 "N and & '80 - NO;").

t-SNE and PCA application

Figure 6 shows the results of the multicriteria statistical
analyses. Figure 6a presents the sample groups obtained by
combining dimensional reduction by t-SNE and K-means
clustering. Figure 6b shows the ‘within-cluster sum of
squares’ (WCSS) plotted as a function of the number of clus-
ters considered. This graph helps identify an optimal num-
ber of clusters based on the semiempirical elbow method
(Thorndike 1953). The optimal number of clusters corre-
sponds to the “elbow” in the curve of this graph, which is the
threshold at which the WCSS sharply increases. Figure 6¢,d
includes PCA results, with the circle of variables for the
two first principal components and the graph of individuals,
respectively. In Fig. 6d, colors and symbols of individuals
relate to the groups determined using the t-SNE analysis.
Finally, Fig. 6e shows the spatial distribution of the clusters
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PCA graph of individuals for the first two components. e Spatial dis-
tribution of samples with the group colors attributed based on t-SNE
results. Coordinate system, EPSG: 31370
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and third quartiles, and the whiskers extend between 1.5x[quartile 3 -
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identified following the dimensional reduction implemented
by t-SNE.

The values set for the different parameters of the t-SNE
and K-means algorithms are listed in the following. More
information on the effect of each parameter is available in
van der Maaten (2022) and in the sklearn.manifold.tsne doc-
umentation. Using the t-SNE algorithm, the 24 dimensions
of the dataset are transposed into a 2D space. The initiali-
zation phase is based on the first two principal components
(as opposed to a random initialization) to obtain a stable
and reproducible result. The perplexity is a hyperparameter
that influences the number of neighbors considered at each
iteration. Although it was determined empirically, the clas-
sical values for this parameter are between n/200 and n/10
(n = number of samples); the algorithm for it was run with
different values ([0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2, 2.25,
2.50,2.75, 3, 3.25, 3.50, 3.75, 4, 4.25, 4.50, 4.75, 5, 6, 7, 8,
9, 10]). The result obtained with a perplexity equal to 1.75 is
presented. The early exaggeration is fixed to 100 to obtain a
clear visualization of clusters. The conditional probabilities
are based on Euclidean distances between neighbors, and the
maximum number of iterations is arbitrarily set to 100,000.
When applying the K-means clustering algorithm, the number
of clusters is fixed at 5, as determined by the semiempirical
elbow method (Fig. 6b). This method is not perfectly accurate,
and the shape of the curve may suggest a number of clusters
ranging from 4 to 6. However, combining this estimate with
the general context of the study area, the number of 5 clusters
seems appropriate. The other parameter values correspond
to the default value given in the package documentation of
sklearn.cluster. KMeans.

The 2D-transposed visualization of the samples by t-SNE
allows for the identification of five groups of sites (Fig. 6a,e).
This identification and related interpretations are performed
based on the K-means clustering of the sampling sites and
the hydrogeological context of the aquifer. A statistical over-
view of the values characterizing each group is shown in
Fig. 7. The most important outcomes of each cluster are
summarized in the following from a general perspective,
integrating some possible singularities within the clusters.

e Group A (blue triangles) corresponds to the central-
southern area located close to the limits between zones
classified as urban or dedicated to livestock or agri-
culture (Fig. 2¢). Land use is highly heterogeneous in
this area, as confirmed by field observations. Samples
from this area are generally characterized by a higher
average electrical conductivity, higher temperature and
higher acidity. This group also presents the highest
mean concentration (excluding the outliers’ group) of
cations (calcium, magnesium, sodium, potassium), sul-
fate, boron, chlorine and mean & °N (+12.8%o0) and &
"B (+30.0%o). This group, which is probably impacted
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by different sources of pollution, also features a rela-
tively high average nitrate concentration (48.4 mg/L).

e Group B (green circles) mostly includes samples in
agricultural and unconfined areas located in the south-
east and southwest areas. The average nitrate concen-
tration is equal to 40.5 mg/L. Samples are character-
ized by the lowest mean & '°N isotope ratio (mean
= +6.3%0) and the highest mean & '30 isotope ratio
(mean = +7. %o).

e Samples attributed to group C (red stars) are mainly
located in the area northwest of the city of Mons, char-
acterized by smaller agglomerations, pastures and culti-
vated lands. Three samples (21, 51 and 60) are neverthe-
less sporadically located in other zones of the aquifer.
Except for the group without nitrate, group C is char-
acterized by the lowest average nitrate concentration
(20.5 mg/L), a low mean redox potential (+51.3 mV)
and a high iron concentration (mean = 0.4 mg/L). From
a hydrogeological point of view, in this group, ground-
water originates from the northern part of the basin, and
samples are taken at the border of the confined area.

e Group D (cyan diamonds) corresponds to samples mainly
located southwest of the city of Mons, but also sporadi-
cally elsewhere. These sites are generally located in areas
that combine a widely or locally urbanized character and
locations downstream of agricultural areas. This group
presents the highest average nitrate concentration (60.8
mg/L), which can be explained by the possible accumula-
tion of different sources.

e Samples 7 and 59 form the separate cluster group E (pur-
ple triangles). Land use alone does not explain such seg-
regation. Sample 7 is located in an urban area, whereas
59 is located near a water catchment on agricultural land.
The variable that seems to cause this separation is the
total organic carbon concentration, which is significantly
higher for these two samples (5.9 and 6.6 mg/L).

e Samples that do not contain nitrate are characterized by
a significantly lower redox potential (mean: —-97.8 mV)
linked to a low dissolved oxygen concentration (mean
= 0.1 mg/L). These samples also have the lowest mean
electrical conductivity (791.5 pS/cm) and the highest dis-
solved iron concentration (1.8 mg/L)

The application of the t-SNE algorithm to this dataset
allows for a clear segregation of the samples (Fig. 6e) into
different groups a priori exhibiting rather urban (group A),
agricultural (group B) and mixed characteristics (groups D
and C). Segregating using five clusters leads to the isolation
of a group containing two unclassifiable samples (group E).

Correlations between variables are visible in Fig. 6c.
Although those apparent correlations may be biased, because
they are projected on the 2D space of the first two princi-
pal components, two groups of variables can be globally
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Fig.8 Sample isotopic ratios
and nitrate source signatures
based on Widory et al. (2004).
a Data for all samples. The
other graphs show the samples
for each group individually:

b Samples gathered in group A
by t-SNE dimensional reduc-
tion. ¢ Samples gathered in
group B by t-SNE dimensional
reduction. d Samples gathered
in group C by t-SNE dimen-
sional reduction. e Samples
gathered in group D by t-SNE
dimensional reduction

distinguished. Vectors approximately parallel to the X axis
(PC1) reflect the global mineralization of groundwater and
general indicators of urban pollution (e.g., chloride, sulfate,
electrical conductivity). Vectors globally oriented along
the Y-axis (PC2) relate to reactions occurring within the
nitrogen cycle, with elements and physico-chemical param-
eters involved and controlling denitrification processes (e.g.,
redox potential, iron ions concentration, see section ‘The
nitrogen cycle’). The vector related to nitrate concentration
is in the fourth quadrant, showing an intermediate direction;
therefore, nitrate concentration seems to be influenced by
both controlling processes (mineralization and reactivity) in
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the chalk aquifer. Apparent correlations between variables
are corroborated by bivariate graphs.

Figure 6d shows the PCA graph of individuals based on
the first two principal components derived from the same
dataset. For the sake of comparison, exhibited colors and
symbols correspond to the groups previously identified using
t-SNE. In the graph of Fig. 6d, the repartition of the sam-
ples according to their group remains consistent with the
previous analyses. In particular, there is a clear repartition
of samples along the X-axis, from typical agricultural to
urban sampling sites at the extremes and mixed conditions
in between; however, the clustering of samples is much less
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Fig.9 Denitrification indicators ()
in the area located southwest of
the city of Mons (Belgium). a
Nitrate concentration meas-
ured at each sampling point,
hydrogeological background
and iso-value piezometric lines.
b Isotopic ratios (5°N, 5'30)

in nitrate samples. ¢ Simplified
conceptual profile view of the
area between wells 11 and 8.
NOj, dissolved Fe, TOC and
NO;7/CI” concentration values
correspond to data obtained
through sample analysis. Verti-
cal and horizontal scales are not
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obvious than using t-SNE. Partial superposition of groups
in the PCA also demonstrates the difficulty of classifying
some samples clearly characterized by a mix of different
sources of pollution. However, it should be acknowledged
that the two first principal components calculated for this
dataset relate to a rather low explained variance (31 and
15%); therefore, those two components barely reflect only
half of the whole dataset complexity. Using more principal
components in the identification process may support and
improve the discrimination of groups. Removing some of
the extreme samples or parameters from the dataset could
improve point segregation, but it would also reduce the total
amount of information considered.

Discrimination based on isotope analysis

Previous statistical multicriteria analyses contributed to
understanding general controlling factors explaining ground-
water composition in the chalk aquifer. They also allowed
to segregate the dataset into different clusters constructed
according to the whole dataset including all hydrochemical
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variables. The analysis of specific isotope ratios allows fur-
ther interpretation of nitrate.

Figure 8 shows the measured isotope ratios for each
sample with a nitrate concentration higher than 0.5 mg/L.
The symbols and colors correspond to the groups deter-
mined using the t-SNE algorithm (see section ‘Discrimi-
nation based on multicriteria approaches (t-SNE, PCA,
K-means)’). The signature domain delineations (dotted
lines) are plotted according to Widory et al. (2004). Most
of group A (central-southern located on the edge of an
urban area with nested livestock and agriculture areas)
and outliers present very high 8 ''B and are located in the
upper part of the manure signature domain. In accord-
ance with land use, samples from group B (agricultural)
exhibit signatures related to ‘inorganic fertilizers’,
‘manure’ or a mix of both. In the ‘manure’ domain, some
samples correspond to groundwater collected in tradi-
tional wells within farmyards (ex. IDs 54, 58), possibly
presenting a higher vulnerability to manure contamina-
tion. Group C (north urban area) presents a clear sewer
leakage signature that coincides with a survey conducted
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by one of the water producers active in the area (IDEA
2015), indicating that 19% of the residents living in the
vicinity of the well ID 37 protection zone report the
presence of a wastewater disposal pit unconnected to the
sewer network on their property. Samples of group D,
located in a periurban area downstream of agricultural
zones, exhibit mixed isotopic signatures.

Denitrification markers

Within the dataset, many sampling sites present undetected
or very low nitrate concentrations, although they are located
in downstream parts of the aquifer. These sites are often
located in areas with a low-permeability cover and confined
conditions. Denitrification processes are highly suspected
in those areas, as suggested by the increase in iron ions
concentration and decrease in redox potential (see section
‘Discrimination based on major elements and nitrate con-
centrations’ and Fig. 5). The evolution of the isotopic ratios
8'°N and §'®0 — NO; along streamlines is used here to
demonstrate this hypothesis. As presented by a field study
performed by Bottcher et al. (1990), the isotopes '°N and
180 are concurrently enriched in the residual nitrate pool
during denitrification. The review of Chen and MacQuarrie
(2005) reported fractionating ratios (:°N/!®0) ranging from
0.48 to 0.67.

The area located southwest of the city of Mons (Figs. 3
and 9a) is used for the demonstration. In this specific area,
many sampling sites located upstream and downstream
of the unconfined—confined transition zone are available
(Fig. 9a). Points 2, 3 and 4 are dewatering and drinking-
water production wells, while the other points are piezom-
eters. Figure 9c shows a simplified profile of the area, with
selected measured variables.

Along the streamlines, a significant drop in nitrate con-
centration is observed at the level of two of the three pro-
duction wells, approximately located at the entrance of the
confined area. While the concentration exceeds 50 mg/L
upstream in the unconfined area, nitrate is not detected (<0.5
mg/L) in piezometers 6 and 8 in the confined zone. This
sharp decrease in nitrate concentration, occurring close to
the confined/unconfined interface, coincides with a decrease
in redox potential (from +146.8 mV to —149 mV, Figs. 5b
and 9b) and an increase in iron ions concentration (from
72.4 to 1,830.0 pg/L, Figs. 5c and 9b). In this subset of
wells, the amount of total organic carbon (TOC) does not
clearly exhibit similar trends or correlations with the nitrate
concentration.

Figure 9b shows the isotopic ratios of the sites upstream
and downstream of the assumed denitrification zone. Iso-
topic measurements were impossible for sites 6 and 8 due
to nitrate concentrations that were too low. A clear average
isotopic enrichment between the upstream and downstream

areas is observed and supports the hypothesis of denitrifica-
tion. This increase is comparable to the slope of the linear
increase measured by Mengis et al. (2005), also plotted on
the graph.

Figure 9c also shows the negative evolution of the
NO;7/CI” ratio along the streamlines. This indicator is
used by similar studies on nitrate contamination to differ-
entiate the decrease in nitrate concentration due to mixing
from that caused by denitrification reactions (Rezaei et al.
2017; Su et al. 2020; Vystavna et al. 2017). It is assumed
that denitrification reactions do not affect the chloride con-
centration; therefore, a decrease in nitrate concentration
caused by denitrification results in a decrease in the ratio
between the two anions.

All aforementioned observations support the occurrence of
denitrification processes in confined areas of the chalk aquifer.
Autotrophic denitrification by sulfides (Eq. 5) or ferrous ions
(Eq. 6) would apply here, as suggested by iron and sulfate
concentrations (e.g., sulfate concentration: ID 4: 214.9 mg/L,
ID 8: 158.8 mg/L; ID 9: 223.5 mg/L). Pyrite is found in some
of the Cenozoic geological formations overlying the chalk
aquifer, mainly in a clay layer (Orchie Member) located at
the base of the Ypresian (Eocene) and containing pyrite and
lignite. However, in the lithostratigraphic series, this member
is not directly in contact with the chalk aquifer, separated by
some medium- to low-permeability clayey sand. Additionally,
the increase in sulfate, a product of the denitrification reaction
(Eq. 5), is not observed in all suspected denitrification areas
and appears more related to oxidation at the level of the coal
mining waste heaps locally present throughout the catchment
(see Figs. 3 and 9a). Higher dissolved iron concentrations may
originate from the oxidation of pyrite or from other deposits
containing iron minerals overlying the chalk aquifer in the
central part of the catchment, including in the confined areas
(Mengeot et al. 2017a). Denitrification by organic matter
(Eq. 4) is also possible, although the total organic content
(TOC) only slightly decreases along the streamlines from the
unconfined to the confined areas (Fig. 9c¢).

Discussion

The methods used in this study allow conclusive results to
be made. In particular, the t-SNE algorithm coupled with a
K-means analysis enabled a clear clusterization of samples
and locations. These clusters are representative of the whole
dataset and are calculated considering all hydrochemical
variables, and not only nitrogen components. In regards to
clusterization and visual simplification, t-SNE shows much
better performances compared to more classical methods
such as PCA.

The clusters calculated using t-SNE globally corre-
spond to well-delineated spatial areas, suggesting specific
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hydrochemical characteristics, stresses and controlling fac-
tors that are representative of some specific areas over the
catchment. While t-SNE is highly successful in such a clus-
terization, it must be complemented by other methods to
understand the origin of those clusters. For this purpose,
classical hydrochemical analyses and correlation analyses
help identify relevant processes, including those explaining
the fate of nitrate within the aquifer. Analysis of variance
(Fig. 6¢) clearly highlights the influence of mineralization
processes probably related to various anthropic contamina-
tions and the influence of denitrification. The existence of
active denitrification processes in the aquifer is confirmed
by isotopic analyses of 8'°N, §!80 — NO;™ (Fig. 9b). Iso-
topic analyses also allow differentiation of the main driv-
ers of nitrate in the different identified groups of samples.
The most important insight of this study regarding isotopic
analyses relies in the characterization and discrimination of
nitrate sources in more urban environments. Isotopic analy-
ses allowed for the clear identification of the zones where
nitrate is predominantly explained by manure decomposi-
tion (group A), agricultural activities (group B), wastewater
intrusion (group C) or by a mixed origin accumulated along
groundwater streamlines (group D). Those insights could
not be expected just based on land use or major element
concentrations. In the group A samples, for example, the
presence of other elements such as chloride or boron strongly
suggests urban-related contamination of the groundwater;
however, the results of this study indicate that nitrate pol-
lution is related to the presence and use of manure in this
area. Note that boron is also widely used in industry (e.g.,
glass production, detergents, fertilizers), making confident
identification of the precise anthropogenic source difficult
without additional information (Palmucci and Rusi 2014,
Parks and Edwards 2005).

The methods used succeed in discriminating zones
throughout the catchment and in providing qualitative infor-
mation about groundwater pollution, particularly here, about
the origin of nitrate. Nevertheless, those methods hardly pro-
vide quantitative information about the part of each nitrate
source in the total content. As an illustration, samples to the
north of the city of Mons (group C) are characterized by a
clear ‘wastewater’ signature and medium nitrate concentra-
tions, whereas south of Mons (group D), samples are charac-
terized by a mixed signature, while nitrate concentrations are
much higher. In this configuration, the absolute contribution
of wastewater to nitrate pollution could hypothetically be simi-
lar in both zones but would relatively decrease in the associ-
ated with group D because of a concurrence with an agricul-
tural contribution. Those quantitative aspects can possibly be
caught through the construction of Bayesian isotope mixing
models such as SIAR (Duan et al. 2022; Li et al. 2019; Megh-
dadi and Javar 2018) or MixSIAR (Kaown et al. 2023; Torres-
Martinez et al. 2020). Such models incorporate quantitative
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aspects by assessing the percentage contribution of specific
sources within the sample set. However, as highlighted by Xu
et al. (2016), the reliability of this approach is highly depend-
ent on the isotopic values associated with the sources under
consideration and the different fractionation processes, such
as denitrification, occurring in the aquifer. In the study area,
the expected sources of nitrate are difficult to characterize
exhaustively, and their heterogeneity is probably high. Con-
sidering these difficulties and uncertainties, the authors think
that applying those isotope mixing models would not bring
a reliable quantification of the nitrate sources’ contributions.

Conclusion

The approach followed and described in this paper remains
qualitative but combines tools, data, and aquifer understand-
ing, which brings robustness to the conclusions. A relatively
recent dimensional reduction method (t-SNE) is applied to a
hydrochemical and isotopic dataset. This approach succeeded
in classifying samples with respect to the whole dataset more
efficiently than other commonly used methods. A dominant
nitrate source is then related to the different groups based on
the isotopic data, and areas more likely to be impacted by an
excess of inorganic fertilizer, manure or sewage are identified.
The methodology applied here is based on a comprehensive
hydrochemical dataset, hydrogeological knowledge, land
use, and not only on isotopes. It allows for the understanding
and consideration of the physical processes occurring in the
aquifer and it efficiently leads to qualitative but robust indica-
tions related to the dominant nitrate sources, which provide
useful insights for implementing mitigation measures. Thus,
this combination constitutes an efficient tool for groundwater
resource management in the context of nitrate contamination.
In the case of the chalk aquifer of the Mons Basin, it clearly
allowed for the identification of the different sources of pol-
lution and for their spatial distribution.

The new insights from this study provide important clues
for mitigating the nitrate concentration in groundwater. The
obtained results show the relevant mitigation drivers accord-
ing to the different zones of the catchment and drinking-water
production facilities. As an example, the study highlights
the zones where improving wastewater collection, either by
repairing old sewage system networks or removing direct
infiltration through soak pits, is expected to significantly
decrease the nitrate contamination in groundwater. The same
applies to any agricultural practice that would contribute to
reducing nitrogen intrants in the south and southwest areas of
the aquifer. The question still arises about the exact impact of
measures on each specific driver and the timing required for
observing visible effects. Those questions can, for example, be
addressed by aquifer modeling, provided that nitrate intrants
and transfers are well quantified, which remains challenging.
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