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Abstract. Groundwater catchment located in peri-urban ar-
eas may be impacted by many pollutants coming from differ-
ent types of point or diffuse sources such as accidental spills,
continuous hidden leaks in drainage networks, old landfills,
treated/untreated wastewater and watercourses. In the scope
of the CASPER project, a new methodological approach has
been developed based on field survey and interpretation of
the collected data in order to distinguish between the dif-
ferent sources of contamination and mixtures of pollutants.
First, the groundwater catchment area corresponding to the
land surface perimeter in which abstracted groundwater is
recharged is determined and characterised in hydrogeologi-
cal terms. The possible sources of pollution are identified. In
a second step, a groundwater and surface water monitoring
survey is established, and water samples are collected focus-
ing on a combination of physicochemical parameters and set
of various hydrochemical indicators. In particular, different
stable isotopes are considered. The NO; and Boron stable
isotopes are used to distinguish between inputs linked to ur-
ban effluents, agricultural fertilisers and manure. Stable iso-
topes of SO?{ are used to distinguish between sulphide min-
erals oxidation, sulphur-carbon compounds mineralisation,
lixiviation and human pollution. Moreover, the occurrence of
specific molecules like pharmaceutical and lifestyle products
(carbamazepine, caffeine, etc.) are used as effective tracers of
anthropogenic contamination. Microbiological analyses are
also undertaken to identify microbial populations associated
with specific sources of pollution or specific biochemical re-
actions occurring in soil and groundwater. The resulting hy-
drochemical dataset is then processed using multivariate and
clustering analyses. In this context, the objective here is to
describe the rigorous methodological approach to assess pol-
lution sources and to illustrate the first steps of this process

using a case study corresponding to a groundwater catchment
is a chalk aquifer in Western Belgium.

1 Introduction

In Wallonia (south part of Belgium), approximately 80 %
of drinking water supply is provided by groundwater catch-
ments. Many of these are located in rural areas and are there-
fore most often threatened or impacted by pollutants of agri-
cultural origin, such as nitrates and pesticides. However, an-
other significant portion of groundwater catchments are in
urbanised environments (residential areas, economic activity
zones, proximity to waterways, etc.). These peri-urban areas
can be associated with a wide variety of pollution sources
ranging from accidental punctual spills to more continuous
pollution, hidden and sometimes larger-scale pollution linked
to faults/leakage in drainage networks, known or unknown
landfills, treated or untreated housing and industrial wastew-
ater, storage systems for products for private or industrial
use (fuel oil tanks, etc.). These catchments may also interact
strongly with superficial watercourses. The problem linked to
the complexity of those urban/sub-urban catchments points
out the diversity of land use occupation reflected in the rele-
vant diversity of pollution sources linked to that.

In this context, the CASPER project aims to develop an in-
tegrated operational methodology to optimise the protection
of groundwater resources and water catchments from urban
pollution in their recharge areas. More specifically, this re-
quires (1) identifying their origin(s) which is (are) not al-
ways known (2) characterising their composition and their
importance in terms of pollutant load, (3) assessing the cur-
rent and future risks for the environment, (4) assessing the
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current and future risks they represent for the catchments
and, as a result, the need for remediation. To do so, firstly
the challenge is on being able to discriminate the different
pollution sources using a combination of specific tracers and
approaches (such as isotopes ratio (Nikolenko et al., 2018;
Widory et al., 2005), occurrence of pharmaceautical sub-
stances (Neufcourt, 2017), Gd analysis (Boester and Riide,
2020; Petelet-Giraud et al., 2009) etc.). And then, on being
able to build a decision-making reference system to prioritize
pollutions and concerned remediation measures.

This project takes place in the well-known context of the
modification of the “urban water cycle”, mainly influenced
by the increase in the number of impermeable surfaces due
to the construction of houses, traffic lanes, car parks, etc....
and the increase in — antropic sources (drinkwater supply
networks — domestic water consumption, despite the use of
water-efficient machines, due to the number of households/-
house and comforts like swimming pools and gardens) and
sewage. Nowadays there are many different inputs and out-
puts interacting in the cycle (Fig. 1).

The suburban context is more challenging because it
presents many different pollution sources and contaminants
(Fig. 2): the ones typical of an urban context, the ones which
characterize the industrial activities and the ones linked to
agricultural practice.

Having in mind that complexity in terms of contamina-
tion, it is unrealistic to talk about ideal conservative tracer
unique to a specific source and pathway. The same substance
in fact could have many different origins (the nitrate, for
example, could be from agricultural practices and uses and
from human contamination). Therefore, nowadays has been
proven the better efficiency of using a multi-component and
multi-tracer approach to distinguish between mixtures of pol-
lutants.

2 Pilot site of Boussu

The first pilot site chosen for the project is a case of set of
4 abstraction wells located in Boussu, in the western Wallo-
nia, in Belgium. The wells pump water from a semi-confined
chalk aquifer: partly unconfined when it is outcropping, and
partly covered by alluvial deposits and sandy-clay layers.
The groundwater is flowing from S/SE to N/NW in the in-
vestigated portion of the chalk aquifer, and, on the basis of
that observation and the historical data available on the site,
a list of possible contamination sources is made (Fig. 3a).
The network of monitoring wells and surface waters to be
checked and studied in qualitative and quantitative terms, is
determined afterwards, in function of the suspected contami-
nations and the potential pollution sources’ locations. Inves-
tigations are limited to the so-called CAA (Catchment Area
of the Abstraction) corresponding to the perimeter of the sur-
face in which abstracted groundwater is recharged, and in
particular to the PAFA (the Portion/Part of Aquifer Feeding
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the Abstraction) given the fact that the extensions were only
linked to some safety reasons concerning the nature of sur-
face waters flowing in the site. Those areas are already much
larger than actual determined prevention zones (Fig. 3b).

Three different sampling campaigns were planned for a
semi-circular panel of investigation in the W-S-E sides of the
sites, in both aquifers, the chalk (points represented by circles
in Fig. 3b) and the upper sand aquifer (triangle-shape points),
and also in the surrounding surface water which might be in-
filtrating in the area (square-shape). Every time the surveys
were more focused (and displaced) on the most impacted ar-
eas and sides of the site.

In the map it is possible to notice how the 1st and 2nd
campaigns were more extended in the site, and samples were
taken from surroundings surface waters and both chalk and
sand aquifer. While the 3rd campaign mainly concentrates on
the south-east side of the site, and only investigates the chalk
aquifer.

3 Sampling methodology and used approaches

The analyses performed are:

— Physical parameters (ph, redox potential, dissolved O3,
electrical conductivity and temperature);

— Major elements (including Ca, Mg, Na, K, SOi_, NOy5,
carbonate and bicarbonate ions (TAC), Cl, and also total
and dissolved Fe and Mn);

— Industrial pollutants, such as heavy metals, BTEXS,
petroleum hydrocarbons EC5-EC11, petroleum hydro-
carbons EC10-EC40, PAHs, halogenated aliphatic hy-
drocarbons, phenol, free cyanides and MTBE index;

— Nitrogen forms (nitrate, nitrite, ammonium, Kjeldhal ni-
trogen TKN);

— Organic matter content (TOC-total organic carbon, and
COD-dissolved organic carbon);

— Isotopes of nitrate, boron, sulphate and chlorinated sol-
vents (these lasts only in the 3rd campaign);

— Microbiological analyses based on molecular taxonomy
(linked to the 16S RNA structure);

— Specific markers as pharmaceutical substances (of dif-
ferent categories on the base of their use: human con-
sumption, human medicines, agricultural substances,
and animal health), and Gadolinium Gd (only during the
3rd campaign).

For almost every point, all analyses were performed (excep-
tion in very specific case where industrial pollutants presence
was not an issue). The piezometers are sampled using a sub-
mersible pump according to the following protocols:

https://doi.org/10.5194/adgeo-59-27-2022



L. Balzani et al.: Protection of peri-urban groundwater catchments

", interactions

Inflows from outside of the surface of the
city depending on aquifer/catchment area

p areas
(roads, parks, ...}

29

Collection, drainage
and overflows

Runoff

:| Imported Pumping and \‘\\ network
: GW springs ™ Local Leakage « :
e " GROUNDWATER i
: Localised / i
' Supply recharge i
I | SUPPIY System or —  network infiltration ;
' different consumers leakage :
H Diffused H
: . recharge 7
 oranae & _~ Irmigation SUBURBAN / infiltzation :
: Y et S U |
i — il B 1
1 - AQUIFER Basins :
: Septic tank and Borenoles
H . p:' enhancing :
: Industries & wasles infiltration i
H Domestic H
' Sewage Additional ;
! 1 _~ leakage MAR H
i Reuse | '
: ! Imposed Infiltration !
[ sewage infiltration techniques :
bereenee GW Outflow L--——{ Storm water |— ---- -

Figure 1. Schematic view of the urban water cycle (modified from Wei et al., 2018; Barret et al., 1999).
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Figure 2. Schematic synthesis of sub/urban contamination: pollutants and sources (modified by Peterson et al., 2007, from the link https:
/lwww.mrgscience.com/ess-topic-44-water-pollution.html, last access: 18 October 2022).

1. Measurement of the piezometric level,

2. Piezometer flushing: at least three times the volume

of water contained in the piezometer or according to 4

the 250 L standard volume or even until stabilisation of
the in-situ physical parameters measured with a multi-
parameter probe immerged in a continuous flow cell;

3. Measurement of in-situ parameters and collection of
water samples according to the different requests and
procedures (before filling, the non-pre-prepacked bot-
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tles are rinsed with water from the sampling point and
filled to the top unless other indications);

. Storage of samples in a dark place and in refrigerated

coolers with ice packs before and during transport, and
in a refrigerator and/or freezer until delivery to the var-

ious laboratories.

When the piezometers/wells are already equipped with
pumps, water samples are taken from the tap. Surface water
samples are taken using a peristaltic pump.
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Figure 3. (a) Map of all potential contamination sources present in the investigated site (© WalOnMap), (b) Monitoring network of sampling
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Table 1 summarises the details of the procedures (filtra-
tion, preservative and conservation, type of bottle) for the
analyses chosen and indicates, for each, the laboratory in
charge.

Stable isotopes of nitrate and boron are done to mainly
distinguish urban effluents from agricultural fertilisers and
manure (Nikolenko et al., 2018; Widory et al., 2005). Sta-
ble isotopes of sulphate are analysed to distinguish anthropic
activity, sulphide minerals oxidation, sulphur-carbon com-
pounds mineralisation, lixiviation, dissolution of evaporates,
or alteration of carbon mines waste (Knoller et al., 2011).
Those results are coupled with the occurrence of pharmaceu-
tical (carbamazepine, etc.) and lifestyle (caffeine, nicotine)
substances to identify anthropogenic contamination (Neuf-
court, 2017) or agricultural pesticides-products and manure
contamination substances; and also, with the occurrence of
Gd (REE) which is used as a contrast agent in magnetic-
resonance imaging, therefore it is suitable to verify contam-
ination by anthropic wastewater and hospitals (Boester and
Riide, 2020; Petelet-Giraud et al., 2009). Furthermore, iso-
topes of chlorinated solvents are studied to understand if nat-
ural attenuation/degradation and/or other biochemical reac-
tions are happening, and finally try to get closer to the lo-
cation of their point source/origin (Akesson et al., 2021).
Microbiological and bacteriological analysis are also under-
taken to make an inventory of all the microbial/bacterial
species present in the samples, identifying populations as-
sociated with specific sources of pollution and verifying hy-
pothesis on the occurrence of specific biochemical reactions
(under peculiar conditions) in soil and groundwater, such as
denitrification, sulphur reduction/oxidation, chlorinated sol-
vents degradation, etc. (Kanohin et al., 2018; Krumar et al.,
2014). Thus, first links between the abundance of different
bacterial species and their affinity/resistance to some min-
erals/substances/conditions could be studied. The methodol-
ogy used for the microbiological analysis is based on molec-
ular taxonomy (linked to the 16S RNA structure). The pro-
cedure’s steps are: (1) extraction of the total DNA on a filter;
(2) amplification of the genetic sequences that constitute the
intended target, (3) identification of the bacteria present on
the basis of existing libraries, (4) identification of the most
similar samples by nonmetric dimensional scaling.

Interpretation using multivariate methods and clustering
(e.g.: SOMs, t-SNE, PCA, ...) will be done later. The aims
would be (1) to confirm some hypothesis already elaborated
looking at the spatial distribution of measured concentrations
of pollutants and the localisation of different contamination
sources, and (2) the classification/subdivision of the sampled
points in groups linked to their behaviour in the subsoil and
the land use.
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4 Results and discussion

The main pollutants impacting the quality of the groundwater
abstracted are: NO3, SO4 and Chlorinated Solvents. For each
one of these pollutants, some specific analyses are performed
in order to try to be able to differentiate their origins.

To briefly show some of the first results concerning the
analysis cited above, following there are few graphs related
to the 2021 summer sampling campaign (no. 2), which, when
compared to the results obtained in autumn 2020 (campaign
no. 1), show very similar trends, both in terms of major ele-
ments, specific substances occurrence and isotopes quantifi-
cation. Figure 4 is showing the isotopes of nitrate and boron,
as a function of NO3 concentrations (mg L~1). Groundwater
chalk’s samples are located among the manure, agricultural
contamination (non-organic fertilisers) and atmospheric de-
position boxes, which confirms that the nature of their nitrate
concentrations is rather linked to agricultural origin. While,
the surface water points fall into the wastewater box, which
confirms their nature as sewers. Finally, there is only one
point, corresponding to one of the abstraction wells, which
is shifted to the right and that indicates possible denitrifica-
tion (which might be confirmed by the increasing presence
of nitrite and manganese and decreasing content of dissolved
oxygen).

Sulphate stable isotopes results (Fig. 5) show that the ma-
jority of the groundwater samples related to chalk aquifer are
located between the boxes of sulphide oxidation, the pres-
ence of slag-heaps (located all around the site, especially in
the SE side, where the chalk is outcropping) and the mineral-
isation of carbon and sulphur in the soil. The points that are
most excluded are those of surface water and sand aquifer
directly linked to the landfill present in the site: in fact they
show a rather anthropogenic origin of SO4 contamination
(mainly from the residential area east located). Finally, there
are no obvious trends of bacterial sulphate reduction at this
stage.

The pharmaceutical substances are also analysed: a selec-
tion of few substances for each of the 4 categories analysed
using their occurrence mainly as a proof of hypothesis con-
tamination’s origin (Fig. 6). Those results will be also cou-
pled with Gd occurrence and anomalies, once the data will
be available.

There are no remarkable trends shown by the concen-
trations and spatial distributions, but few observations are
pointed out:

— The 4 pumping wells together with the closer piezome-
ters do not have any “life-style” substances.

— All samples contain substances related to human health
(possibly linked to the presence of an open sewage sys-
tem via canals flowing in the studied site) and to agri-
cultural activity (justified by the fields surrounding the
south/south-east side of the site). This as a proof of the
mixed context investigated.

Adyv. Geosci., 59, 27-35, 2022
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Table 1. Sampling details on the different analysis performed.

Analysis Laboratory Bottle Preservation/Acidification Filtration Storage

Anions, Ammonium SWDE — Fleurus PP 40 mL - - 3+2°C; in the dark,

NH4; TAC analyse in 48 h

Major elements, metals ~ SWDE — Fleurus PP 100 mL HNO3 65% + gold chloride - 3+2°C; analyse in 28 d

AuCl at 100 mgL~!

TCO SWDE - Fleurus Dark glass 60 mL 2mLHClI I NtoreachpH <2 - 3+2°C in the dark;
analyses in 7d

DCO SWDE - Fleurus Glass 250 mL 2,5mL HySO4 95% to reach — 342°C; in the dark,

pH <2

analyse in 28 d

Dissolved metals SWDE - Fleurus PP 100 mL HNO3 65% + AuCl a Yes(0.45um) 34+2°C; in the dark,
100mgL~! analyse in 28 d
TKN SWDE - Fleurus Glass 250 mL 1 mL HySO4 95 % - 3+£2°C; in the dark,
analyse in 28d
Pharmaceutical ~ sub- SWDE - Fleurus Dark glass 500 mL Sodium thiosulfate (2,5 mL Frigo (5+3°C), dans
stances Na;S,03.5H,0 at l.9gL_1) le noir; extraction entre
48h
Isotopes Bore VITO PP 60 mL - - 3+2°C
Isotopes Nitrate UFZ (Germany) PP 60mL, to fill until - Yes (0.22 um) Frozen below —5°C
80 % maximum
Isotopes Sulfates ULG - UFZ (Germany) PP 500 mL 100mL  of Zn(O2CCH3)2 - 3+2°C
(3 %).
Isotopes  Chlorinated TU Darmstadt (Germany) 3 x20mL glass vials HgClp Yes (0.45 um) 3+2°C
Solvants with crimp top Teflon
coated septa, no air
Phenols SPAQUE - SYNLAB Dark glass 100 mL H,SO4 - 3+2°C
Cyanide SPAQUE - SYNLAB Dark glass 100 mL NaOH Yes (0.45 um) 3+2°C
Hydrocarbons Cio— SPAQUE -SYNLAB Dark glass 100mL, to  HpSO4 - 3+2°C
Cy0 and C5—Cq; fill until 80% maxi-
mum
Metals SPAQUE - SYNLAB PE 100 mL HNO;3 Yes (0.45 um) 3+2°C
HAP SPAQUE - SYNLAB Dark glass 100mL (to - - 3+2°C
fill until 80% maxi-
mum)
BTEXS, MTBE and SPAQUE -SYNLAB Dark glass 100 mL H,>SO4 - 3+2°C
HCOV
Gd JULICH (Germany) PE 500 mL, no air 1 mL of super pure HNO3 0.45um (filters 3+£2°C
prefiltered
with ultrapure
water)
Microbiology FMV - ULG 5L to be filtered as 3 mL RNA-later to store the fil-  Yes, in the lab  Frozen below —5°C

soon as possible, and
containing less air as
possible

ter

(0.22 um)

— the dichlorobenzamide is present almost everywhere:
this substance is the main metabolite of the herbicide
“dichlobenil” which was used on a large scale also in
non-agricultural areas and in cemeteries until it was

banned in 2013.

— The occurrence of pharmaceuticals for human health
is detected especially in correspondence with the chalk
wells, in trace amounts in the two sand samples, and
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in much larger quantities in the surface waters. The
drugs related to human health found in the pumping
wells (carbamazepine, hydrochlorothiazide, fenofibric
acid) are not necessarily the same as those found in the
samples located south-east (Paracetamol, Sotalol).

— The unique and very low concentrations of animal drugs
are found in the well corresponding to the landfill.
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Chlorinated solvents are mainly found in the chalk aquifer
samples, with the highest concentrations measured in the east
side of the site. Therefore, the source of that pollution seems
to be located to the east, very close to a new hospital/ancient
fuel station. The spring 2022 campaign shows a focus on the
wells located closer to the area where the source is supposed
to be and where possibly some degradation reactions are hap-
pening. To go further on this interpretation, analysis on gra-
dient concentrations, molar ratio, plume behaviour and iso-
topes of Carbon, Hydrogen and Chloride will be performed,
together with more research of historical and possibly former
pollutants activities impacting the site.

Data from the 3rd sampling campaign (spring 2022) are
still not available. Microbiological analysis results are also
not showed in this manuscript, because interpretation are still
going on.

5 Conclusion and future perspectives

The approach illustrated is a rigorous methodology to assess
pollution sources. The analysis and interpretation done until
now are just part of the investigations which are still going
on.

Clustering and multivariate analysis will be performed on
the chalk aquifer, to prove some of the previous reflexions
and while collecting more information on how to group and
categorized the points of the area while looking at the col-
lected data.

Adyv. Geosci., 59, 27-35, 2022

A hydrogeological model will be optimized to simu-
late present/future contamination from the known/discovered
sources of pollution.

Finally, to confirm the hypotheses, especially on the ori-
gin of sulphates and chlorinated solvents, additional field in-
vestigations must be carried on: an expansion of the sam-
pling network at the level of the chalk is planned (drilling
of new piezometers, use of additional wells in the proximity
of the detected possible sources) together with the intention
to measures the groundwater fluxes via FVPDM technique
(Brouyere et al., 2018). The fluxes measures will also help in
the hydrogeological model calibration and optimization and
will be coupled with hydrogeochemical results.

As last, the development of useful tools to prioritize in-
vestigation and remediation measures should be generalized
from that specific case to a more general one, in order to try
to have a referential procedure to follow upon qualitative and
quantitative studies in an aquifer.
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