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Abstract

Chalk groundwater is an important aquifer resource. It is intensively exploited for human use, with a
large proportion utilized for drinking water. The improvement of the knowledge on Chalk aquifer
hydrogeological functioning is essential for the management of this resource. Here, we developed a
methodology based on a combination of hydrodynamic, hydrochemistry and groundwater dating tools.
A study site with Chalk outcrops was selected in NE France where groundwater geochemistry and
water level were monitored continuously for 2 years from 2017 to 2019 and groundwater residence
time was estimated using CFCs and SFy. Overall, the aquifer has an inertial behaviour with respect to
recharge. Nevertheless, a rapid water level response following rainfall events was observed at one site,
suggesting the presence of highly developed fracture network at the local scale. According to the
mixing process (piston flow, exponential or binary mixing) defined at each sampling site, groundwater
dating indicated rather heterogeneous ages ranging from modern to about 50 years. High spatial and
temporal heterogeneities were observed and interpreted by a combination of hydrogeological setting,
residence time and land use information, highlighting main factors governing the Chalk groundwater
geochemistry including water level fluctuation, thickness of the Unsaturated Zone (UZ), superficial

formations, distribution of fracture network, aquifer-river relations and human activities. A conceptual



model was proposed accordingly to explain the hydrogeological functioning of unconfined Chalk

aquifers.
Highlights

e Piezometry of unconfined Chalk aquifer shows mostly an inertial behaviour
e Groundwater residence times are various ranging from modern to about 50 years
e Factors governing heterogeneity of the Chalk groundwater geochemistry are evidenced

e Chalk groundwater geochemistry allows to assess the functioning of the water table

Keywords: Chalk aquifer; Groundwater age; Water level; Geochemistry variability; Water

resource; Unsaturated zone

1 Introduction

The Chalk formation is widespread in northwestern Europe covering large areas between the Paris
Basin, the London Basin, Denmark and the North West of Germany (Bakalowicz, 2018). Groundwater
of the Chalk Aquifer is intensively exploited for human use, making it one of the most important
aquifers over much of Northern Europe. In France, the Chalk aquifer covers about 20 % of the
metropolitan territory with a total area of 110 000 km? (Crampon et al., 1996; Roux, 2018) and
provides approximately 12 billion m?-year! of water, which accounts for 70% of the drinking water
consumed in the north of France (Lallahem, 2002). However, in recent decades, there is a growing
evidence of the deterioration of the European Chalk groundwater quality due to human activities
(Baran et al., 2008; Barhoum, 2014; Chen et al., 2019; Hakoun et al., 2017; Johnson et al., 2001;
Longstaff et al., 1992). Aquifer protection requires a sound knowledge of the Chalk hydrogeology and

groundwater geochemistry.

The Chalk is recognized as possessing possibly triple porosity: matrix, fracture and conduit (karst)
porosity (Headworth et al., 1982; MacDonald et al., 1998; Price et al., 1993; Worthington, 2003), but
the most common models describe this carbonate rocks as a double-porosity medium with a capacious

porous space of low permeability and high permeable fissures of low volume (e.g., Brouyére, 2006;



Fitzpatrick, 2011; Van den Daele et al., 2007). Fracture distribution in the Chalk is highly
heterogeneous. Vertically, fractures are generally only developed towards the top of the aquifer (Allen
et al., 1997). Laterally, fractures are more developed in river valleys than on interfluves as the
structural weaknesses followed by valleys are more fractured and erosion along valleys favors the

opening of horizontal fractures (Allen et al., 1997; Price, 1987; Price et al., 1993).

Recharge through the UZ can occur very rapidly through fractures or slowly within the matrix (Allen
et al., 1997). Most studies consider that in the UZ, recharge is predominately through the Chalk matrix
with a mean downward rate of about 1 m-year! (Barraclough et al., 1994; Brouyere et al., 2004; Chen
et al.,, 2019; Haria et al., 2003; Vachier et al., 1987; Van den Dacle et al., 2007, Wellings, 1984).
Recharge through fractures is faster but smaller in volume. It occurs episodically when the infiltration
rate exceeds the hydraulic conductivity of the matrix (Ireson and Butler, 2011; Mathias et al., 2006;
Price et al., 2000). Rapid flow could also temporally or locally be dominant, especially in zones where
karstic systems are developed (Ireson et al., 2006; Mathias et al., 2006; Maurice, 2009). Flow rates
have been estimated with values ranging from 1 to 20 km-day' in karstic systems and up to Im-h"!'in
fissures (Allshorn et al., 2007; Baran et al., 2008; Calba, 1980; Devos et al., 2006; Ireson et al., 2006;
Katz et al., 2009; MacDonald et al., 1998). It should be noted that karst flow has usually a small
contribution to the recharge of Chalk aquifer but can cause punctual problems on groundwater quality

such as nitrate and bacterial contaminations (Barhoum, 2014).

Chemical composition of the Chalk groundwater is mainly controlled by water-rock interactions due
to the dissolution of primary rock minerals and the precipitation of second phases (Gillon et al., 2010).
Most of the chemical characteristics of Chalk groundwater are acquired during initial percolation
through the soil and upper Saturated Zone (SZ). As the Chalk matrix is dominated by carbonate
minerals, a fast homogeneity of the baseline geochemistry is expected (Edmunds et al., 1987).
However, spatial and temporal heterogeneities of the groundwater chemistry can be observed due to
internal and external factors such as local variations of the rock mineralogy (e.g., presence of
dolomitic bodies, clay-rich, phosphatic layers; Deconinck et al., 2005; Jarvis, 1980; Richard et al.,

2005), the incongruent dissolution of Chalk and dolomitic impurities (Aquilina et al., 2003; Edmunds



et al., 1987; Gillon et al., 2010; Kloppmann et al., 1998), pollution caused by human activities (e.g.,
NOs, Cl, atrazine), especially agricultural application of fertilizer and pesticide (Barhoum, 2014;
Kloppmann et al., 1994) and the mixing between waters of different residence times and origins
including rapidly percolated water, fissure water and matrix pore water (Gillon et al. 2010). The
mixing process depends on water level fluctuation (Brouyere et al., 2004; Hakoun et al., 2017),
structure of the superficial formation (Barhoum et al., 2014; El Janyani et al., 2014; Valdes et al.,

2014), climate conditions and topography.

A better understanding of the mixing process and flow mechanisms within aquifers could be achieved
by groundwater dating using natural or anthropogenic age tracers (Cook et al., 1995; Darling et al.,
2012a; Jaunat et al., 2012; Santoni et al., 2016; Suckow, 2014). In case of young groundwater with
residence times ranging from 0 to 60 years, atmospheric trace gases such as CFCs
(chlorofluorocarbons) and SF¢ (sulphur hexafluoride) could be used (e.g., Aeschbach-Hertig et al.,
1999; Busenberg and Plummer, 1992; Cook and Solomon, 1995; Dunkle et al., 1993; Plummer et al.,
2001; Vergnaud-Ayraud et al., 2008). An average age and a distribution of residence times of
groundwater can be estimated considering various mixing models (the most commonly used are the
piston flow, the binary or exponential mixing), providing information on aquifer functioning (Appelo
and Postma, 2004; Cook et al., 2005; Maloszewski and Zuber, 1982). To date, only a few studies have
been undertaken using CFCs and/or SF¢ to understand groundwater flow in Chalk aquifers (Cary et al.,
2014; Darling et al., 2012b, 2005; Gooddy et al., 2006). Furthermore, no studies have combined
geological characterization, hydrodynamic conditions (water level fluctuations and recharge process),
residence time determination and groundwater geochemistry within a Chalk aquifer. A methodology
that combines these different approaches could provide a comprehensive understanding of the Chalk

aquifer functioning.

Indeed, spatial and temporal heterogeneities of hydrogeological and geochemical properties could
exist, resulting in a complex aquifer system even on a small scale. The aim of this work is to establish

a conceptual model of the unconfined Chalk aquifer on a water catchment scale in terms of



groundwater flow paths, mixings and geochemistry for a better understanding of the hydrogeological

functioning of the aquifer.

2 Materials and methods

2.1 Site description

The study area is located at the East of the city of Reims in the Champagne region (NE of France;
Figure 1) and covers approximately 500 km? between the Suippe River (as the northern and western
boundary) and the Vesle River (as the southern boundary). Both the two rivers have several tributaries;
the Prosne River (tributary of the Vesle River) is dry for most of the time while others are permanent

watercourses (Figure 1).

The Cretaceous formations outcropping on the surface of the study area are constituted by: Coniacian
(C3), Santonian (C4) and Campanian (C5) Chalks (Figure 1). Despite the different age of formation,
the three Chalks present a similar lithology. The first 10 — 20 meters of the Champagne Chalk are
significantly fractured and the fracturing decreases with depth (Mangeret et al., 2012; Vachier et al.,
1987). The Chalk formation is partially covered by Tertiary formations (10 — 50 m; Laurain et al.,
1981) at the Berru Mount and by Quaternary formations including graveluche, colluvium and alluvium
(Figure 1). Graveluche (also called greze) refers to a periglacial formation with a maximum thickness
of 6 to 10 meters (Rouxel-David et al., 2002b). During the Quaternary, the long period of freeze - thaw
alternation produced movement in the terrain. Graveluches, resulting from this gelification process of
the chalk, are very variable in particle size and composition with more or less content on clay and silt
(Vernhet, 2007). The graveluche formation is more widely spread in the north (the catchment area of
the Suippe River) than in the south of the study area. Colluvium is present mainly in dry valleys, with
a thickness of about 1 to 3 m. They have substantially the same composition as the soils from which
they formed, but a higher silt and clay content. Alluvium deposits are located in river valleys,
composed mainly by sand, clay and gravel (Vernhet, 2007). Their thickness could reach about 10 m in

maximum, with locally accumulated clay layers up to 5 m (Rouxel-David et al., 2002b).



The unconfined Champagne chalk aquifer is a crucial water resource of the region. It is the only
resource used for drinking water and is also largely exploited for agricultural and industrial uses. The
total porosity of the Chalk is about 40% (Crampon et al., 1993), with only 1% related to the effective
porosity (Vachier et al., 1987). The Champagne Mounts constitute the main reliefs where the
transmissivity ranges from 10 m2-s! to 10° m?'s”!, whereas in the valleys these values are much
higher, ranging from 102 m?-s”! to 0.3 m?'s!' (Rouxel-David et al., 2002b). The study area is divided
into two parts by the groundwater divide line across the summit of Berru Mount and the Champagne
Mounts, which delimits the Vesle River watershed in the south and the Suippe River watershed in the
north. According to water levels, the chalk aquifer of the study area is generally drained by rivers
(Rouxel-David et al., 2002a; Figurel). The precipitation constitutes the only recharge of the
Champagne chalk aquifer. The climate of the region is temperate oceanic with an average temperature
of 11.2 °C and average annual precipitation of 566 mm (values from MeteoFrance for 2012 - 2018
period at Reims-Prunay station; Figure 1). The annual effective rainfall ranges generally from 100 to
150 mm (mainly in winter/spring), with the rest of the total precipitation being taken by

evapotranspiration (Baran et al., 20006).

Land use of the study area can be divided into three major types: 1) agricultural: this type occupies the
majority of the study area with the main crops of wheat, barley, sugar beet and alfalfa (Laurain et al.
1981); 2) forest: this is the second major type of land use which covers in particular the Berru and
Champagne Mounts, representing about 15% of the surface of the study area; 3) anthropogenic: this
category mainly includes cities and villages and represents about only 3% of the area of the sector,

with a landfill situated in middle of the study area (Figure 1).
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Figure 1 : Hydrogeological map of the study area recorded at high water level with the location of sampling points (source of
geological map: Laurain et al., 1981, Allouc and Le Roux., 1995; source of water level data: Rouxel-David et al., 2002a)

2.2 Sampling and analytical methods

Water samples were collected monthly, from June 2017 to June 2019, at 15 sampling points (Figure 1),
including 10 boreholes, 2 pumping stations used for drinking water supply and 3 points in rivers, in
order to take into account the groundwater/surface water exchanges. The sampling points are well
distributed in the study area, allowing different geological contexts to be observed (properties of
sampling points are presented in Table 1). In situ video inspection was done to examine the condition
of boreholes. No abnormalities such as deterioration or cracks were found, except for FBNS. Inside the
borehole FBNS, the casing set inside the borehole consists of a successive of short PVC pipes.
However, these PVC pipes are not well connected and gaps between every two pipes were observed,

allowing rainwater to seep into the borehole.



Table 1 : Properties of sampling points (N/A: no available data; \: not applicable; Y=Yes; N=No).

Name Type Latitude  Longitude (°E) Altitude Depth Screen depth (m) Equipped with
(°N) (m) (m) water level loggers
FAP Borehole 49.20634 4.15561 90 15 7-15 Y
FP1 Borehole 49.21308 4.15558 95 19 9-15 Y
FBNI Borehole 49.25048 4.20809 134 48 4-48 Y
FBN4 Borehole 49.24725 4.23997 111 28 16 - 28 Y
FBNS5 Borehole 49.24383 4.26732 140 47 24-43 Y
FEP1 Borehole 49.27210 4.23658 107 25 7-25 Y
FPM1 Borehole 49.27875 431364 107 24 N/A N
FPM3 Borehole 49.29255 4.28730 103 21 7-21 Y
FVDV Borehole 49.20202 4.25525 107 22 13-21 Y
FA Borehole 49.19046 437777 123 35 4-29 Y
PP Pumping station ~ 49.19371 4.29981 111 80 23 -80 N
PDO Pumping station ~ 49.23141 4.40722 110 25 7-25 N
RS1 River 49.23697 4.40956 108 \ \ \
RPY River 49.24423 4.41038 107 \ \ \
RS2 River 49.27000 4.38921 102 \ \ \

Groundwater levels were measured monthly. From December 2017, the water level and temperature
were recorded hourly in the 9 non-exploited boreholes using pressure sensors (In-Situ Rugged TROLL
100 Water Level Logger; Table 1). In addition, a CTD-Diver water logger (Schlumberger Water
Services) was installed in the borehole FAP to monitor hourly electrical conductivity (EC), as the

water level here reacted much faster than the other boreholes following rainfall events.

In situ parameters were measured monthly at each site. Temperature, pH and EC were measured using
a WTW 3320 pH meter and a WTW 3320 Conductivity meter. Alkalinity was determined using a
HACH digital titrimeter. Water samples for analysis of major ions (Ca?*, Mg?*, Na*, K*, NOs-, SO,*,
CI') were collected in two 50 ml polyethylene bottles after filtration through 0.45 um membranes and
the samples for cation analyses were acidified with HNOs, the samples were then stored at 4°C before
analysis. Two sampling campaigns for groundwater dating using CFCs and SF4 were carried out in
May 2018 (high water level) and October 2018 (low water level). Waters for CFCs and SF¢ analysis
were collected in stainless-steel ampoules after washing through at least three volumes of the ampoule,
without any atmospheric contact during sampling. Waters for noble gases analysis were sampled in
500 mL glass flasks. The bottles were submerged in flowing water, flushed, and capped without

headspace to avoid air bubbles.

Analyses of major cations and anions were done by ICP Optical Emission Spectrometry (ICAP 6300,
THERMO) and Ion Chromatography system (DIONEX ICS 2000) respectively. CFCs and SFg

concentrations in water samples were measured by gas chromatography with an electron capture



detector after pre-concentration by a “purge and trap” method, described by Aquilina et al. (2006) and
Vergnaud-Ayraud et al. (2008). The analytical uncertainty is about 1-3% for CFCs and 5% for SFs.
Noble gases (Ar, Ne) were measured using a micro-gas chromatograph (GC 3000, SRA instruments)

with an uncertainty of about 3% for Ne and less than 2% for Ar (Aquilina et al., 2006).

2.3 Estimation of recharge temperature, excess air and apparent age

The concentrations of noble gases were used to estimate recharge temperature and excess air
contribution (Busenberg and Plummer, 1992; Heaton and Vogel, 1981). The estimation of the recharge
temperature, defined as the temperature in the UZ above the water table where air-water equilibrium is
carried out (Dunkle et al., 1993), is essential for determining the solubility of CFCs and SF4in Henry’s
law. Excess air refers to dissolution of air bubbles trapped by infiltrating water in the UZ (Heaton and
Vogel, 1981). It is used to correct SF4 data, which could be greatly influenced by this parameter in
contrast to CFCs (Ayraud et al., 2008; Plummer et al., 2001; Vittecoq et al., 2007). The measured
CFCs and SFg concentrations in water samples (in pmol-L-') were converted to atmospheric partial
pressures (in pptv) according to the estimated recharge temperature and then compared to the
atmospheric evolution curve (available on USGS web site:

https://water.usgs.gov/lab/software/air_curve/index.html) to determine the apparent age.

Groundwater is usually a contribution of water from different flow pathways according to aquifer
properties. As a result, conceptual mixing models have to be used to interpret CFCs and SFg
concentration as groundwater apparent ages. Three models are used in this study for the calculation of
apparent ages: piston flow model (PFM), exponential mixing model (EMM) and binary mixing model
(BMM). The piston flow model assumes that a tracer travels from the inlet position (recharge area) to
the outlet position (e.g., a well or spring) without any dispersion or mixing (Jurgens et al., 2012;
Etcheverry, 2002; Maloszewski and Zuber, 1982). The exponential mixing model describes an
exponential distribution of transit times, with a transit time of zero for the shortest flow line and a
transit time of infinity for the longest line. It is applicable for unconfined aquifers of constant
thickness with uniform areal recharge (Cook et al., 2006). The apparent age calculated from EMM are

expressed by the mean residence time (MRT), which corresponds to the transit time that is longer than


https://water.usgs.gov/lab/software/air_curve/index.html

that of 2/3 of the flow lines. Binary mixing model considers a mixing of young and old water masses,
which represents the simplest mixing process. The proportion of the two components and the apparent
age of one of the two components can be calculated. This model can be appropriate for aquifers with
short-circuit pathways, karstic aquifers or watershed with transmissivity contrasts (Jurgens et al., Katz

et al., 2009; Michel, 2004).

3 Results

3.1 Groundwater level fluctuation

Chalk groundwater level showed seasonal variations (Figure 2). The highest water level was reached
in March/April following the winter/spring recharge, due to excess of rainfall compared to
evapotranspiration. Then the water level declined due to evapotranspiration excess and drainage by
rivers. It reached the lowest level in October/November (Figure 2). Annual variations were also
observed. The water level in March/April 2018 was much higher than that of the same period in 2017
and 2019, as the winter of 2017 and the spring of 2018 were extremely wet with intensive precipitation.
The water level during high water season of 2018 was the highest since the last ten years, as
demonstrated by piezometric chronicles of two boreholes in Chalk aquifer near the study area

monitored since 2008 (ADES database, 2019; SI 1).

Seasonal water level fluctuations were highly variable on the study area (Table 2). The changes in
water level between high and low water conditions in 2018 were down to < 5 m near river valley (FAP)
but could reach up to 15 m on interfluve (FBN1, FBN4 and FBNS), with the thickness of UZ varying
from 2 m (FAP) to 26 m (FBN1) (Table 2). The rise of water level was not simultaneous in different
boreholes (Figure 2). In 2018, 4 boreholes (FBN4, FEP1, FP1 and FAP) reached their maximum levels
in April, 4 boreholes (FA, FBN5, FVDV and FPM3) reached their maximum levels in March and 1
borehole (FBN1) reached its maximum level in February. Moreover, the rise of water level during
recharge period was more rapid than the decline of water level during discharge period. This

asymmetry was less obvious for boreholes near river valleys (FAP, FP1; Figure 2).

10



The Chalk aquifer exhibits a very inertial behavior, whereby the temporal variation curves of
groundwater levels are smooth with rather gentle slopes except for FBN1, FBNS5 and FAP (Figure 2).
At FBN1 and FBNS, rapid drawdown was observed following pumping for water sampling during low
water period (Figure 2). Large fluctuations in water levels were also observed during high water level
period, probably related to nearby groundwater exploitation for industrial and agricultural purposes. In
addition, at FBNS, rapid increases in water level were observed following rainfall events, particularly
during high water level period in 2018. This could be explained by a direct infiltration of rainwater
into the borehole due to bad conditions of the casing as reported by video observations during period
of high soil moisture and intensive precipitation. At FAP, water level also rapidly increased following
the rainfall events (Figure 2 and Figure 3) but with a low range (several decimeters). It increased about
1 hour after the rainfall and reaches a maximum value after 4 hours. Then it stabilizes gradually to its
pre-disturbance level in the following tens of hours (Figure 3). The evolution of groundwater
temperature and EC in this borehole follow the same pattern (Figure 3). The video observations show

that the tube is in good condition, a direct intrusion of rainwater into this borehole is unlikely.

Table 2 : Summary of groundwater temperature and water table fluctuation from December 2017 to June 2019 (hourly data)
measured by water-level loggers installed in unexploited boreholes and the minimum UZ thickness (derived from the water
level in high water period in 2018).

Name Temperature (°C) Waterllevel Min thickness

Number of data Min Mean Max Standard deviation fluctuation (m) of the UZ (m)
FAP 11703 8.7 11.5 14.2 0.59 4.0 2.0
FP1 11703 10.9 11.1 11.3 0.03 8.5 4.5
FBNI1 11554 10.6 10.9 11.2 0.07 14.5 26.0
FBN4 11192 10.2 10.5 10.8 0.09 15.5 2.5
FBNS 7041 11.2 11.3 11.6 0.02 12.5 22.5
FEP1 11702 10.4 10.6 10.8 0.04 9.5 7.5
FPM3 11695 11.0 11.2 11.4 0.04 9.0 9.0
FVDV 11657 10.8 11.1 11.3 0.05 8.0 7.0
FA 11699 10.7 11.0 11.3 0.05 9.0 3.0

11
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Figure 2: Rainfall (hourly data) and groundwater level from April 2017 to June 2019 (solid line: hourly data measured by

water-level loggers; dashed line: water level curve drawn by monthly data)
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Figure 3 : Response of groundwater level (hourly data), temperature (hourly data) and EC (hourly data) to a rainfall event
(17mm at the 15" hour) at FAP from 5 July to 8 July 2018

3.2 Chalk groundwater geochemistry

The chemical composition of the monitored groundwater is typical of the Chalk groundwater, with
Ca?" and HCO; being the dominant ions (Table 3). However, significant spatial and temporal
variations in groundwater geochemistry were observed, as shown by the variability of major ions
concentrations and EC values. Average concentrations of Ca?* and HCOs- at each sampling site ranged
from 4.04 to 7.18 meq-L-!' and from 3.01 to 4.79 meq-L!, respectively. For CI- and NOs- ions, the
average concentrations at each site ranged from 0.21 to 1.49 meq-L! and from 0.31 to 0.88 meq-L,
respectively. Concentrations of Mg?*, Na*, K* and SO,* were also variable but much lower than those
of other ions (Table 3). Temporal variations in concentrations were different for each major ion from

one site to another.

Due to the high variability of the major ions concentrations, the mean values of EC at each site varied
widely from 410 to 770 pus-cm'!. Water samples collected at FBN4 were the most mineralized with the

highest conductivity and high concentrations of almost all major ions. Water samples collected at
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FPM1 and FPM3 were the least mineralized with the lowest values of EC and low concentrations of
major ions. The pH values of the groundwater samples were relatively homogeneous, with average

values at each sampling site ranging from 7.07 to 7.48 (Table 3).

Surface water samples had the same Ca?>" - HCOj; chemical facies as groundwater samples, as river
water in the study area comes mainly from drainage of the Chalk aquifer. The pH values (7.94 to 8.07)
were higher than those measured in groundwater (7.07 to 7.48). The EC mean values at each site

ranged from 488 to 517 us-cm™!, with relatively low spatial and temporal variabilities.
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Table 3: Major ion concentrations and physicochemical parameters of Chalk groundwater from June 2017 to June 2019 (average values from monthly data) with the temporal variation
coefficient (%) at each sampling point in blankets (N = Number of samples).

EC HCO; Cl- NO; SO,* Na* K* Mg?* Ca?*
Name N pH (us-em) (meq L)

Surface water RS1 21 8.04 (3.3) 517(4.5) 3.58(7.5) 0.73 (6.6) 0.47 (6.2) 0.25 (20.5) 0.25(11.3)  0.05(24.5) 0.08 (9.6) 5.06 (4.6)
RPY 21 7.94 (3.4) 488(5.8) 3.65 (8.0) 0.58 (7.8) 0.46 (5.7) 0.14 (27.1) 0.22 (12.9) 0.02 (12.9) 0.08 (8.3) 4.86 (3.1)
RS2 21 8.07 (2.8) 510 (4.9) 3.63 (7.3) 0.69 (5.3) 0.48 (6.1) 0.22 (20.6) 0.24 (8.1) 0.04 (17.8) 0.08 (9.8) 5.03 (4.1)
FA 21 7.41(2.5) 533 (8.3) 3.42(13.7) 1.00 (17.9) 0.64 (15.2)  0.19 (20.8) 0.19(10.2)  0.01 (36.3) 0.05 (9.9) 5.19 (8.4)
FAP 21 7.17 (3.3) 613 (14.7) 4.35(17.3) 0.87 (30.8) 0.46 (23.4) 0.44(18.4) 0.51(54.3) 0.10(20.0) 0.22 (22.6) 5.62(16.8)
FBN1 21 7.38 (4.5) 511(9.6) 3.70 (6.2) 0.71 (35.1) 0.47(26.2) 0.29 (62.2) 0.32(41.9) 0.02(26.9) 0.10 (23.0) 4.86(4.5)
FBN4 21 7.07 (2.6) 770 (3.7) 4.79 (6.7) 1.49 (5.0) 0.88 (4.8) 0.39 (8.4) 0.37 (8.9) 0.15(5.8) 0.24 (10.6)  7.18 (3.0)
FBNS 21 7.29 (4.0) 504 (19.6) 4.12 (15.3) 0.42 (61.4) 0.51(35.7) 0.08 (37.9) 0.26 (87.6)  0.08 (23.0) 0.11(24.5) 4.91(20.2)
FEP1 21 7.42(6.8) 541(1.1) 3.80 (7.62) 0.99 (2.7) 0.59 (3.8) 0.09 (20.1) 0.26 (7.0) 0.02 (14.4) 0.09 (8.8) 5.19 (3.7)
FP1 21 7.23(2.7) 592 (4.4) 4.23 (5.4) 0.79 (10.2) 0.48 (13.1) 0.40 (5.8) 0.28 (9.8) 0.08 (9.5) 0.19 (9.8) 5.78 (5.3)
FPM1 21 7.48 (3.6) 410 (3.0) 3.39(3.7) 0.21 (9.1) 0.31 (44) 0.12 (13.8) 0.15(7.7) 0.02 (8.4) 0.10 (8.7) 4.14 (3.5)

Groundwater FPM3 21 748 (2.9) 412 (8.1) 3.01 (9.1) 0.52 (27.0) 0.39(23.8) 0.12(11.8) 0.18 (9.4) 0.01 (16.5) 0.06 (10.7)  4.04 (7.8)
FVDV 21 7.28 (3.2) 602 (2.3) 3.94 (4.9) 1.10 (4.2) 0.64 (5.6) 0.21 (13.5) 0.34 (10.8)  0.07 (14.8) 0.09 (10.1)  5.67(3.3)
PDO 21 7.34(2.9) 562 (1.8) 3.52(5.9) 0.96 (3.8) 0.68 (4.8) 0.27 (5.2) 0.21 (7.0) 0.02 (18.2) 0.07 (8.8) 5.45(3.5)
PP 21 7.38 (2.0) 459 (3.1) 3.34 (7.0) 0.61 (5.2) 0.42 (3.3) 0.14 (12.6) 0.19 (7.7) 0.02 (31.2) 0.06 (8.9) 4.53 (3.5)
Minimum 7.07 410 3.01 0.21 0.31 0.08 0.15 0.01 0.05 4.04
Mean 7.33 542 3.80 0.81 0.54 0.23 0.27 0.05 0.12 5.21
Maximum 7.48 770 4.79 1.49 0.88 0.44 0.51 0.15 0.24 7.18
Variation coefficient (%) 4.2 16.4 12.0 383 26.1 51.1 33.7 83.5 51.3 14.5
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3.3 Groundwater dating by CFCs and SF,
3.3.1 Recharge temperature and excess air

In groundwater samples, Ne and Ar concentrations ranged from 0.84-10-% to 1.69-10® mol-L-! and
1.71-107 to 2.18-10° mol-L"!, respectively (Table 4). The recharge temperature and excess air were

estimated from the relationship between Ar and Ne (SI 2).

In May 2018, the estimated recharge temperature was similar in all waters of the study area with an
average value of 10 °C. No recharge temperature information can be estimated at FBN4 due to a high
value of excess air. In October 2018, the recharge temperature showed a spatial variability, with values
ranging from 10 and 16 °C (with an average value of 13 °C), higher than that in May. This is
consistent with several months’ winter recharge with relatively low temperatures, making the
estimated recharge temperature in water samples in May lower than in October when samples were

collected at the low water level with very few recharge in summer.

The estimated excess air in samples ranged from 0 to more than 8 ml-L-' with an average value of
about 3.4 = 2 ml-L-'. No significant difference in excess air values was observed between the two

sampling campaigns. At FPM1, negative excess air value was observed, which could probably due to
the absorption by rubber tubes present at this borehole. The highest values of excess air were observed

in water samples at FP1, FA, PP and FBN4, with the maximum value (> 8 ml-L!) for water sample

collected at FBN4 in May 2018.
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Table 4: CFCs, SF¢, noble gases and estimated groundwater age by piston flow model, exponential mixing model (MRT = mean residence time) and binary mixing model (proportion of young and old water) in
May and October 2018 (the choices of the ideal model and estimated residence times are marked in bold; Cont.= contamination: \ = not applicable).

. Piston flow model Exponential model (MRT years) Binary mixing model
Name tsifn“e‘phng (SPFSW) g)itcv)lz g)ifv)l ! g};;tcv)l 13 éf)_s mol L) Egg moli) sp, CFC- CFC- CFC- (o CFC- CFC- CFC- %young young old  Comment
12 11 113 6 12 11 113 water age age
FA May 9.7 522.7 205.5 56.6 1.93 1.32 6 24 34 31 0 7 25 27 75 0 40
Oct. 7.9 507.3 182.4 58.6 1.71 1.24 6 26 36 31 5 12 30 25 80 0 >50
FAP May 7.1 538.0 278.0 62.4 1.83 1.16 8 11 25 30 8 \ \ 20 70 0 35
Oct. 6.2 504.9 237.9 58.5 1.78 1.13 11 27 31 31 12 13.5 12 25 50 0 30
FBNI1 May 5.1 cont. cont. 66.4 1.72 1.03 16 \ \ 30 18 \ \ 18 40 0 30
Oct. 5.3 cont. cont. 75.2 1.73 1.05 16 \ \ 28 18 \ \ 7 40 0 30
FBN4 May 2.1 cont. 206.3 cont. 2.18 1.69 29 \ 34 \ 70 \ 25 \ 10 0 35
Oct. 5.4 472.7 188.1 cont. 1.85 1.35 15 29 36 \ 17 17.5 30 \ 50 0 35
Ma 5.1 cont. cont. cont. 1.83 1.16 16 \ \ \ 18 \ \ \ \ \ \
FBNS (o 40  cont.  cont.  72.6 1.89 126 21\ \ 29 30\ \ 2 25 0 39  Notdatable
FEP1 May 5.4 cont. cont. 46.9 1.84 1.22 14 \ \ 33 16 \ \ 40 60 0 >30
Oct. 5.1 cont. cont. 70.6 1.84 1.20 16 \ \ 29 19 \ \ 13.5 90 15 >60
FP1 May 7.5 cont. cont. 41.0 1.95 1.28 7 \ \ 33 6 \ \ 40 \ \ \
Oct. 3.6 376.1 cont. 46.2 1.77 1.21 23 34 \ 33 35 35 \ 40 30 0 40
May cont.  cont. cont. 46.7 1.75 0.92 \ \ \ 33 \ \ \ 40 \ \ \
FPMI Oct. cont.  cont. cont. cont. 1.72 0.84 \ \ \ \ \ \ \ \ \ \ \ Not datable
May cont.  cont. 141.8 cont. 1.77 1.08 \ \ 41 \ \ \ 50 \ \ \ \
FPM3 ot cont. cont. 959 cont. 1.74 1.04 \ \ 45 \ \ 100\ \ \ Not datable
FVDV May 4.5 cont. 258.1 cont. 1.80 1.10 19 \ 15 \ 22 \ \ \ 30 0 30
Oct. 3.9 cont. 2394 cont. 1.70 1.04 22 \ 31 \ 35 \ 11 \ 25 0 30
PDO May 5.1 504.5 163.9 499 1.72 0.99 16 26 38 32 18 12 40 35 30-50 0 >40
Oct. 6.1 416.7 162.0 44.0 1.70 1.08 12 32 39 33 13.5 27 40 45 60 0 45
PP May 6.4 449.7 147.4 80.7 1.90 1.29 10 30 41 27 11 20 50 \ \ \ \
Oct. 6.9 376.1 135.4 cont. 1.88 1.41 9 34 42 \ 8.5 35 70 \ 65 0 >60
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3.3.2 Groundwater apparent ages

The measured CFCs and SF4 concentrations in water samples (in pmol-L!) were transferred to
atmospheric partial pressures (in pptv) according to Henry’s law. The data was rejected when
calculated concentrations were greater than atmospheric peak concentrations (marked as

contamination; Table 4).

A frequent contamination of tracer gases was observed on the study area, especially for CFC-12.
Commonly recognized sources of CFCs contamination include seepage from septic tanks, landfills
(Kjeldsen and Christophersen, 2001), release from polyurethane foam waste (Kjeldsen and Jensen,
2001), leaky sewer lines, leakage from underground storage tanks, infiltration or disposal of industrial
wastes and recharge from rivers contaminated with CFCs (Cook et al., 2006). CFCs contamination
could also result from agricultural activities. Agricultural application of pesticides may introduce
CFCs, particularly CFC-11 to unsaturated air, as CFCs are allowed as inert ingredients in pesticide
formulations (Plummer et al., 2000). In addition, CFCs can sorb into rubber and polymers; therefore
water samples can also be contaminated with CFCs from contact with these materials such as
permanently installed submersible pumps in wells with rubber parts (Cook et al., 2006; Dunkle et al.,
1993). Although most SF¢ concentrations did not exceed atmospheric peak concentrations, apparent
ages estimated by SF¢ were generally much younger than all the other tracers, suggesting some
anthropogenic and/or natural addition of SF4. Anthropogenic sources of SF¢ include high-voltage
electricity supply equipment, Mg and Al melting and landfills (Darling et al., 2012a; Santella et al.,
2008). Unlike CFCs, which come exclusively from anthropogenic sources, SF¢ can also be present
naturally in rocks. The major known source of terrigenous SF4 is found in fluorite and granite;
however, significant concentrations of SFg is also reported in other mineral and rock types such as
hydrothermal mineral deposits, halite and dolomite (Busenberg and Plummer, 2000; Harnisch and
Eisenhauer, 1998). The natural presence of SF4in Chalk cannot be excluded, as dolomite is commonly

present in Chalk as impurity (Barhoum et al., 2014; Gillon et al., 2010).

The studied aquifer is unconfined with fractures, making the soil and groundwater very vulnerable to

contamination. The landfill site in middle of the study area (Figure 1) appears to be a major source of
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contamination of CFCs and SFs. A small waste deposit site located near the borehole FBN1 (Figure 1)
could also represent a local source of pollution. Furthermore, since the majority of the study area is
used as farmland, the agricultural application of pesticides could also be a potential source of
contamination for CFCs, especially CFC-11 (Plummer et al., 2000). It should be noted that water
samples collected at FPM1 were contaminated by all the 4 trace gases. Indeed, FPM1 is a private well
in a farm where a permanently pumping system is installed. Water samples were collected directly
from the tap. Air contact with the pumped water may occur between the pump and the tap. Rubber
water tubes connected with the tap could also present a potential source of contamination. As a result
of frequent contamination, some water samples are not datable (FBN5, FPM1 and FPM3) as only one

or two tracers are valid for calculation and estimated ages are not consistent for different tracer gases.

Cross-plots of concentrations for CFC-11 vs CFC-113 and SF¢ vs CFC-113 super imposed on the
mixing models have been realized (SI 3). CFC-12 is not used for cross-plot due to its frequent
contamination. Also, not all water samples were plotted as some of them were concerned by
contamination of related tracers with concentrations surpassing the range of axis. The plot position of
sampling points compared to PFM, EMM and BMM curves allowed to provide information for the
selection of models. Also, the consistency of apparent ages between different tracer gases and between
the two sampling campaigns is used for the validation of models. When different tracers did not give
consistent apparent ages, values estimated by CFC-11 and CFC-113 were considered to be more
reliable than CFC-12 and SF¢ as the latter two tracers were largely influenced by anthropogenic

activities on the study area.

The selected mixing models and estimated residence time are resumed in Table 4. Groundwater
residence time of the study area is rather heterogeneous, ranging from modern to about 50 years. This
result is comparable with previously published data on the Champagne Mount area, with an average
residence time of about 25 years (Mangeret et al., 2012). The piston flow model is more suitable for
FEP1 and PP (30 to 40 years). The exponential mixing model is the best model for FBN1, FBN4 and
FP1 (MRT from 18 to 40 years). The binary mixing model is more suitable for FA, FAP, FVDV and

PDO (25% to 80% of modern water and an end member of old water ranging from 30 to more than 50
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years). Residence times estimated by piston flow and exponential mixing model at each point were
similar between the sampling campaign of May 2018 (high water) and October 2018 (low water). For
boreholes applying the binary mixing model, significant differences of residence time were observed
between the two sampling campaigns. At FA, FAP and FVDV, estimated apparent ages for samples
collected in May are younger than in October with higher proportions of modern water or younger
ages of the old end member. At PDO, apparent ages for samples collected in May are older than in

October with less proportions of modern water (age < 10 years) (Table 4).

4 Discussion

4.1 Hydrodynamic characteristics

The unconfined Chalk aquifer of the study area possesses highly heterogeneous hydrological
characteristics. A higher variation in water levels was observed on interfluves than in river valleys
(Figure 2) attesting differences in transmissivity and storage yield. In river valleys, high density of
active fractures are consistently developed, resulting in high permeability of the aquifer (Haria et al.,
2003; Ineson, 1962; Price, 1987; Price et al., 1993). Water is discharged quickly through the fractures
toward the valleys at times of high recharge, thus not allowing the water levels to rise significantly
(Allen et al., 1997; Whitehead and Lawrence, 2006). Conversely, on interfluves, the low permeability
and storage yield make the Chalk aquifer more sensitive to recharge and discharge, resulting in greater
and faster water level fluctuations between low water and high water periods (Allen et al., 1997). In
general, groundwater reached the maximum level earlier on interfluves than in river valleys, which is
reasonable as on interfluves the distance to the groundwater divide line is closer and the time of lateral

flow from the recharge zones towards the borehole is shorter.

Rapid drawdown of groundwater level observed at FBN1 and FBNS implied a low productivity of
these two boreholes, which could be explained by the thick UZ (>20 m) and low permeability of the
aquifer. The Chalk aquifer of the study area exhibits a very inertial behavior with respect to recharge,
as evidenced by the slow and progressive temporal variations of the water levels and high stability of

water temperature (standard deviations < 0.1°C; Table 2). No impact of individual rainfall events was

20



observed, suggesting a dominant recharge through the Chalk matrix, as demonstrated by numerous
studies in Chalk aquifers (e.g., Barhoum, 2014; Haria et al., 2003; Ireson et al., 2006; Mathias et al.,
2006; Smith et al., 1970; Wellings and Bell, 1980). However, differences are observed at FAP. Sharp
increases in water level after rainfall events were observed, followed by equally rapid declines. Figure
3 shows an example of this trend in July 2018. Water level started to increase about lh after the
rainfall event and reached its maximum value about 4h later (85.45 to 85.67 m NGF). Similar rapid
responses within 24h of rainfall were observed in a few previous investigations (Allen et al., 1997; Lee
et al., 2006). Allen et al. (1997) suggested that this would be expected only if the large fractures had
been replenished (rapid transfer initiated) and subsequently drained during recharge period. At FAP,
hourly temperature and EC were also measured and compared with rainfall time series. Water
temperature increased about 2h after the rainfall and reached its maximum value about 7h later (11.6
to 12.2°C). EC decreased about 2h after precipitation and reached the minimum value about Sh later
(625 to 460 pS.cm™). In July (summer), the increase in temperature may be easily explained by a
higher atmospheric temperature in July compared with groundwater temperature. EC decreased due to
the dilution by rainwater. The variation of temperature and EC combining with that of water level
confirms that the aquifer at FAP testifies to rapid transfers via a well-developed fracturing network
thus exhibits no longer an inertial behavior. Note that the response of water level was faster than that
of temperature and EC, as the water pressure transfer process was faster than the mixing between
rainwater and groundwater. Rapid flows through fractures are added to matrix flows that are still

effective as evidenced by the evolution of groundwater levels on an annual scale (Figure 2).

Excess air in groundwater provides also useful information on flow pathways and recharge processes.
Higher excess air values were measured in groundwater at FP1, FA, PP and FBN4. These 4 boreholes
have a thin UZ (less than 5 m in 2018 high water period; Table 2). The water level at pumping station
PP is not measured, but historical data showed a UZ thickness of about 5 m (data source:
InfoTerre.brgm.fr). It is suggested that at these 4 shallow groundwater sites, recharge by preferential
fracture flow is favored with more fractures developed near the surface, while the other deeper

groundwater sites are dominated by matrix flow as fracturing of the chalk decreases with depth (Haria
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et al., 2003; Mathias et al., 2006). The preferential flow is guaranteed by water-filled small fractures
and the capillary channels above the water table, resulting in a subsequent rapid rise of water table
after rainfalls (Heaton and Vogel, 1981). These effects are supposed to favor the formation and
entrapment of air bubbles, which could possibly explain the higher quantity of excess air in water
samples collected at these points. Note that the borehole FAP also has a water table depth of less than
5 m. However, the excess air values in water were relatively low, similar to the mean value of the
study (SI 2). This is consistent with the very developed fracturing network at FAP. Large fractures are
less favorable for the air entrapment, resulting in relatively low excess air values than other shallow

groundwater sites.
4.2 Origin of major ions

The correlation matrix of major ions (details of the calculation method and results can be found in SI 4
and 5) and relationships between ions (Figure 4) were used to study the origin of major ions.
Concentrations of Ca?" and HCOj; ions are significantly correlated (Figure 4a and SI 5), which is
consistent with the typical chemistry of Chalk groundwater. However, Ca** / HCOj;™ plots (Figure 4a)
are not aligned to the 1:1 line (Edmunds et al., 1987) with an enrichment of Ca?* compared with HCOy5",
indicating a secondary origin of Ca’" in addition to Chalk dissolution (Barhoum et al., 2014). Ca?*
excess compared with HCOs- was then plotted with the sum of Cl, NO; and SO4* (Figure 4b). Most
data points are plotted along the 1:1 line, implying that Ca®" excess may be due to an agricultural
source as Cl, NO;  and SO,*. Indeed, a common agriculture source of Cl-, NO; and SO,* is also
indicated by a significant correlation between these ions (SI 5). In fact, lime (CaO) can be used in
agricultural to optimize field pH (Aquilina et al., 2012; Bolan et al., 2003) and some fertilizers could
contain CaO or Ca?" as secondary or minor component (such as 7SP-SUPER 45 used in the
Champagne region). According to the Cl- versus Na* graph (Figure 4c¢), a high enrichment of CI- is
observed with respect to the meteoric water line (Edmunds et al., 1987; Kloppmann et al., 1994),

which confirms the CI- source due to anthropogenic activities.

Also, the correlation is observed between Mg?*, K* and SO,> ions (SI 5). These correlation relations

imply that Mg?*, K* and a part of SO,> may have a common terrigenous source. In fact, Chalk
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impurities and clay minerals in superficial formations (mainly colluvium and alluvium in the study

area) may provide Mg?", K as well as SO,* to groundwater (Gillon et al., 2010; Stuart and Smedley,

2009).
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Figure 4 : (a) Ca?" versus HCOj (solid line 1:1 represents the Chalk dissolution line); (b) [Ca?" - HCO5"] versus [NO5 + Cl-+
SO4*]; (c) CI versus Na* (solid line 1:1 represents the meteoric water line)

4.3 Spatial and temporal variations of Chalk groundwater geochemistry under effects of

hydrogeological setting and residence time
4.3.1 Spatial analyses

To interpret the spatial distribution of Chalk groundwater geochemistry, a principal component
analysis (PCA) of major ion concentrations and EC was performed (details of the method can be found
in SI 4) (Figure 5). The first two principal components (F1 and F2) justified together 78% of the
variance. F1 is positively weighted on the allochthonous agricultural ions (NOs-and CI) and on Ca?*
(more weakly) and negatively weighted on Na*, Mg?*, SO,%, K* and HCO;, which are interpreted as
autochthonous ions. F2 is positively weighted on EC and all the major ions but the most strongly on
Ca?* and HCOy, which correspond to the typical geochemistry of Chalk groundwater dominated by

these two 1ons.

Hierarchical clustering of PCA shows a vast spatial heterogeneity of major ion concentrations on the
study area and distinguishes six water-type groups (Figure 5). RS1, RS2 and RPY (river waters) were
plotted near the center zone of PCA graph, implying that the geochemistry of river water was similar
to the average condition of groundwater, which is justified by the drainage of the whole aquifer by the

rivers. Relatively low concentrations of agricultural ions (NOs-, Cl- and Ca?") were observed at FBN1
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and FBNS, which could be explained by the large UZ thickness (> 20 m; Table 2), whereby the aquifer
tended to be less influenced by agriculture activities (e.g., fertilizer applications). In contrast, higher
concentrations of agricultural ions were observed at FVDV, PDO, FA and FEP1 because of smaller
UZ thickness (< 10m; Table 2). Extremely high major ion concentrations at FBN4 were supposed to
be related to the landfill located upstream, representing an important point source of pollution. FP1
and FAP have a similar chemical composition with high concentrations on Na*, Mg?*, SO,* and K*
ions especially. At these two points, the Chalk is covered by a large surface of colluvium with
relatively high content on clay minerals (Figure 1), which represents a possibly source of these ions in
groundwater. Low concentrations of major ions were observed at FPM1, FPM3 and PP, which could
be explained by the presence of superficial formations (graveluche and alluvium) limiting the transfer
of water and solute from surface to the aquifer (Linoir, 2014). The impact of superficial formations

overlying the Chalk on groundwater geochemistry are further discussed in the following section.

F1 axis (62%)

Figure 5 : PCA of major ion concentration in groundwater and surface water (mean values of monthly data at each sampling
point from June 2017 to June 2019; dotted circles evidences the six water-type groups discussed in the text)
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4.3.2 Temporal variations

The temporal variation of geochemistry was explored by analyzing the EC chronicle compared with
groundwater level time series (Figure 6). A combination of hydrogeological setting, residence time
and land use information was used to explain the temporal variations of Chalk geochemistry on the

study area.

e Area with large fluctuation in water level

Large fluctuation in water level was observed at FBN1 and FBNS (> 12 m; Table 2). EC time series
were highly correlated with water level fluctuations (Figure 6 and Table 5). During high water level
period in 2018, water level increased substantially following intensive recharge, resulting in an
increase in EC of about 150 and 300 ps-cm! at FBN1and FBNS respectively. However, no significant
variation of EC was observed during high water level period in 2019, as water level was much lower
under dry climate conditions. According to groundwater dating, the groundwater flow was described
by the exponential mixing model and a MRT of 18 years was estimated at FBN1 (no accurate age was
deduced for FBNS), indicating a spatially uniform recharge and a mixture of different flows. In this
context, contaminants concentrated near the land surface area infiltrated progressively across the UZ
following recharge. Under low water level conditions, the contamination front was disconnected with
the SZ. It transferred slowly downward through the unsaturated Chalk matrix. Meanwhile, solutes in
the SZ were diluted by the mixing process of groundwater, so that a low EC was observed. As water
level rose and reached the contamination front, the contamination source was re-activated and
contaminants concentrations increased rapidly in the SZ so that a high EC was observed. Similar
pollutant remobilization processes were previously suggested by Brouyére et al. (2004), Hakoun et al.
(2017) and Orban et al. (2010). The highly correlation between time series of NO;-, CI', SO,>, Ca**

concentrations and water level fluctuation (Table 5) confirms this mechanism.

At FBN4, a high correlation between EC and large water level fluctuation (15.5m; Table 2) was also
observed in a context of exponential mixing (MRT = 17 years; Table 4). However, the temporal
variation of EC followed that of water level during the whole monitoring period (2017-2019) while

EC remained stable at low water levels at FBN1 and FBNS. This could be explained by the thin UZ at
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FBN4 (2.5m; Table 2), whereby the contaminated area was always partially submerged by

groundwater level even during low water level period.

At FVDV, the water level fluctuation was smaller (8 m; Table 2), resulting in a lower correlation
between EC and water level times series (r = 0.69; Table 5) compared to FBN1, FBN4 and FBNS.
Groundwater consisted mainly of 30-year-old water mixed with 25-30% of modern water, suggesting

small contributions of rapid recharge through fractures.

e Area with developed fracture network and low UZ thickness

EC time series were inversely related to water level fluctuation at FAP and FA (Figure 3 and Figure 6),
suggesting that the dilution effect was the most important factor that influences the geochemistry. At
these two sites, the UZ thickness was low (< 3 m; Table 2) and fractures were supposed to be
developed near surface area. Groundwater dating showed 50-70% and 75-80% of modern water at
FAP and FA respectively by the binary mixing model (Table 4), indicating an aquifer constituted
mainly by freshly percolated rainwater that favors the process of dilution. Larger proportion of modern
water at FA could be explained by its location close to groundwater divide line, receiving few lateral
flow. It should be noted that, even during high water level period, the groundwater at FAP and FA was
composed of 20% to 50% of old water aged over 30 years. This older end-member is linked to the

lateral flow originated from upstream recharge areas.

e Area with superficial formation

EC values were stable in time at FPM1 and FEP1 (Figure 6). Groundwater dating showed a residence
time of > 30 years at FEP1 in a piston flow context, indicating a small recharge area away from the
site (no accurate age was deduced for FPM1; Table 4). These two wells are situated in the north of the
study area, where large surfaces of the Chalk are covered by graveluche (Figure 1). The graveluche
layers rich in clayey minerals are less permeable with an infiltration rate about 3 to 4 times slower than
in the Chalk, therefore could constitute a barrier or buffer zone which limits rapid transport of water
and solute from surface to the SZ (Linoir, 2014). Consequently, the aquifer received recharge mainly

from upstream the graveluche covered area (near the Champagne mounts; Figure 1). Water traveled
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laterally in the SZ during more than 30 years, resulting in a stable geochemistry independent on water
level fluctuation. At FPM3 (downstream the borehole FPM1; Figure 1), a time lag was observed
between EC and water level time series, as a result of delayed solute transfer by the discontinuous
graveluche formations. At PP, EC was also stable with a residence time of about 40 years estimated by
a piston flow model (Table 4). With a high proportion of clayey minerals, the alluvium can play the
same role as graveluche as a flow barrier on the Chalk. Moreover, the deep screen position of PP (23-
80 m; Table 1) allowed pumping of deep groundwater with longer residence time. Previous studies
(e.g., Barhoum et al. 2014; El Janyani et al. 2012) have shown that other superficial formations such as

flint clay layers can have similar impacts on Chalk aquifers.

e Area along riverside

PDO is a pumping station used for drinking water supply located close to the Suippe River (Figure 1).
The drawdown of groundwater level due to intensive exploitation could result in a recharge of aquifer
by river water, as testified by a higher proportion of modern water in October than in May 2018 (Table
4). Indeed, the groundwater level was lower in October resulting in increased flow from the river to
the aquifer. The EC of river water was relatively stable, making the EC at PDO stable over time

(Figure 6).

FP1 is a non-exploited borehole located in the Vesle River valley (Figure 1). No correlation
relationship between EC and water level was observed. Located far from the groundwater divide line,
FP1 has a very large recharge area, receiving groundwater of different residence times (a mean
residence time of 35-40 years was estimated in an exponential mixing context; Table 4). As a result,
groundwater chemistry was greatly buffered and EC was poorly related to water level fluctuation

(Figure 6).
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Figure 6 : Temporal variation of groundwater level and EC (monthly data from June 2017 to June 2019)
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Table 5: Correlation coefficient (1?) of EC and all major ions with groundwater level (statistically significant as the P-value <
0.05, related r? values when P-value < 0.05 are marked in bold; calculation details are presented in SI 4 and 6).

EC HCOy CIF NOy SO& Na* K- Mg* Ca¥

FBNI 095 006 095 058 051 095 020 088 0,57
FBN4 0,73 0,19 0,15 005 062 004 032 032 021
FBN5S 089 086 040 037 029 0,11 046 076 0,72
FVDV 0,68 -0,05 0114 022 047 004 027 007 007
FEPI  -0,01 0,14 002 03 008 0,19 001 001 007
FPI 020 003 -0,04 003 050 008 025 029 0,02
FA 002 009 011 0,14 0,18 005 003 031 021
FAP  -005 -004 002 006 002 000 002 004 0,05
FPM3 026 001 0,00 002 062 009 005 008 0,0l
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4.4 A conceptual model of aquifer functioning

A conceptual model of unconfined Chalk aquifer (Figure 7) was established in order to explore how
hydrogeological settings including fracture distribution, groundwater level depth, superficial
formations and aquifer-river relationship can influence the hydrogeological functioning of the aquifer

in terms of flow pathways, mixing process, residence time and groundwater geochemistry variation.

In general, under deep groundwater level conditions, the geochemistry of the aquifer tends to be less
influenced by near surface contaminations with relatively low concentrations of agriculture ions. This
situation usually occurs on interfluves, near the groundwater divide line (Figure 7A). If no superficial
formations overlay on the Chalk, the aquifer receives a spatially uniform recharge and an exponential
mixing model could be applied with a relatively short residence time. As transmissivity and storage
yield are low on interfluve with a thick UZ, groundwater level fluctuations are important, leading to

levels of contamination positively correlated to water table dynamics.

At shallow groundwater sites, the thin UZ of Chalk aquifer is usually highly fractured (Figure 7B).
Rapid recharge through fractures is favored, making groundwater a mixture of freshly percolated
water and old water coming from upstream recharge area, as demonstrated by a binary mixing model.
The shallow groundwater sites with high proportion of modern water mainly locate in river valleys
(where fracture networks are well developed) but could also present on interfluves. At these sites,
groundwater geochemistry is mostly influenced by the dilution effects of rainfall, leading to

mineralization degree of groundwater negatively correlated to water table dynamics.

Superficial formations overlaying on the Chalk such as graveluche, colluvium and alluvium have
important effects on groundwater flow and geochemistry. These superficial formations are usually
intermitted and constituted by high content of clayey minerals, presenting a lower permeability than
the Chalk. They could consequently constitute a barrier limiting the rapid recharge of water and solute
into the aquifer. At these sites, a piston flow model better describes the groundwater flow and
relatively old groundwater ages are estimated, which could explain the stable or delayed groundwater

geochemistry with respect to water table fluctuations (Figure 7C and D).
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For sites near rivers where groundwater is exploited, the exchange between groundwater and river
water should be considered (Figure 7E). The recharge of aquifer by rivers could occur, especially

during low water level period, leading to groundwater geochemistry influenced by surface water.

Piston flow with superficial IF
formations overlying the Chalk

Binary mixing due to river-aquifer Binary mixing with highly
exchange under groundwater
exploitation effect

developed fractures

-

= - High water table

Flow pathways (thickness is
—— proportional to the flow volume
_ — — — Low water table prop )

l‘= Fissured Chalk

r:l Non fissured Chalk

Figure 7 : Schematized hydrogeological functioning of unconfined Chalk aquifers

5 Conclusion

The present study brings out interesting implications for the hydrogeological functioning of
unconfined Chalk aquifers, by an approach combining hydrodynamic, geochemical and groundwater
dating tools. Based on an intensive sampling network on a watershed scale, groundwater level
fluctuations and chemical compositions (major ions concentrations) were monitored continuously

during two years (2017-2019).

Seasonal and annual fluctuations of groundwater level were observed on the study area. The hourly
data allowed to study precisely the response of aquifer following exploitation activities (pumping) and
rainfalls. Although the majority of the aquifer has an inertial behavior with respect to recharge, a rapid
response following rainfalls can be allowed locally by highly developed fractured network in the

Chalk.
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Groundwater dating using CFCs and SF¢ was also realized for the first time in this unconfined Chalk
aquifer. Despite the frequent contaminations of CFCs and SF; detected on the study area, relevant
information on residence times and mixing processes of the Chalk groundwater was obtained at the
majority of sites. The aquifer is made up of waters of different ages ranging from less than 20 years to
more than 50 years, with piston flow, exponential or binary mixing models defined at each sampling

site implying for different flow pathways and mixing processes in the aquifer.

Despite the Ca?>" - HCO; chemical facies, a high spatial and temporal heterogeneity of groundwater
geochemistry in the unconfined Chalk aquifer was highlighted on the study area. Different correlation
relationships between the EC time series and groundwater level fluctuations were observed: correlated,
anti-correlated or independent. These variabilities were explained by a combined effect of water level
fluctuation, groundwater residence time, thickness of the UZ, superficial formations, distribution of

fracturing network, aquifer-river relationships and human activities.

The combination of different tools allowed the establishment of a conceptual model of chalk aquifer
functioning. The multi-tool methodology developed in this study and the established conceptual model
might be used in Chalk aquifers or other multi-porosity mediums for the prediction of spatial and
temporal variations of groundwater mineralization and solutes transport (natural or anthropogenic) and
for the evaluation of aquifer vulnerability. However, the used methods still have some limitations.
Firstly, the two-year long time series of groundwater level and geochemical parameters are relatively
short to interpret a general and comprehensive mechanism of aquifer functioning. Then, the age-dating
was disturbed by the contamination of tracers, resulting in the missing of groundwater flow
information at some sites. Also, the methods focus mostly on a qualitative rather than a quantitative
perspective, which could limit its application on contaminant transport prediction. Therefore, further
investigations would be necessary. The monitoring of groundwater level fluctuations and
geochemistry can be continued to obtain longer times series, with the aim to study the influence of
different climate conditions on the Chalk aquifer functioning in a climate change context. With respect

to groundwater dating, tritium analysis could be a good complement for CFCs and SFg, especially for
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sites contaminated by several tracers. At last, the hydrodynamic and geochemical numerical modeling

tool, based on the conceptual model established in the study, could be a relevant complement.
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Abstract

Chalk groundwater is an important aquifer resource. It is intensively exploited for human use, with a
large proportion utilized for drinking water. The improvement of the knowledge on Chalk aquifer
hydrogeological functioning is essential for the management of this resource. Here, we developed a
methodology based on a combination of hydrodynamic, hydrochemistry and groundwater dating tools.
A study site with Chalk outcrops was selected in NE France where groundwater geochemistry and
water level were monitored continuously for 2 years from 2017 to 2019 and groundwater residence

time was estimated using CFCs and SFy. Overall, the aquifer has an inertial behaviour with respect to
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recharge. Nevertheless, a rapid water level response following rainfall events was observed at one site,
suggesting the presence of highly developed fracture network at the local scale. According to the
mixing process (piston flow, exponential or binary mixing) defined at each sampling site, groundwater
dating indicated rather heterogeneous ages ranging from modern to about 50 years. High spatial and
temporal heterogeneities were observed and interpreted by a combination of hydrogeological setting,
residence time and land use information, highlighting main factors governing the Chalk groundwater
geochemistry including water level fluctuation, thickness of the Unsaturated Zone (UZ), superficial
formations, distribution of fracture network, aquifer-river relations and human activities. A conceptual
model was proposed accordingly to explain the hydrogeological functioning of unconfined Chalk

aquifers.

Table 3 : Properties of sampling points (N/A: no available data; \: not applicable; Y=Yes; N=No).

Name Type Latitude = Longitude (°E) Altitude Depth  Screen depth (m) Equipped with
(°N) (m) (m) water level loggers
FAP Borehole 49.20634 4.15561 90 15 7-15 Y
FP1 Borehole 49.21308 4.15558 95 19 9-15 Y
FBNI1 Borehole 49.25048 4.20809 134 48 4-48 Y
FBN4 Borehole 49.24725 4.23997 111 28 16 - 28 Y
FBNS5 Borehole 49.24383 4.26732 140 47 24 -43 Y
FEP1 Borehole 49.27210 4.23658 107 25 7-25 Y
FPM1 Borehole 49.27875 4.31364 107 24 N/A N
FPM3 Borehole 49.29255 4.28730 103 21 7-21 Y
FVDV Borehole 49.20202 4.25525 107 22 13-21 Y
FA Borehole 49.19046 4.37777 123 35 4-29 Y
PP Pumping station ~ 49.19371 4.29981 111 80 23 - 80 N
PDO Pumping station =~ 49.23141 4.40722 110 25 7-25 N
RS1 River 49.23697 4.40956 108 \ \ \
RPY River 49.24423 4.41038 107 \ \ \
RS2 River 49.27000 4.38921 102 \ \ \

Table 4 : Summary of groundwater temperature and water table fluctuation from December 2017 to June 2019 (hourly data)
measured by water-level loggers installed in unexploited boreholes and the minimum UZ thickness (derived from the water
level in high water period in 2018).

Temperature (°C) Water level Min thickness

Name Number of data Min Mean Max Standard deviation fluctuation (m) of the UZ (m)
FAP 11703 8.7 11.5 14.2 0.59 4.0 2.0
FP1 11703 10.9 11.1 11.3 0.03 8.5 4.5
FBN1 11554 10.6 10.9 11.2 0.07 14.5 26.0
FBN4 11192 10.2 10.5 10.8 0.09 15.5 2.5
FBNS5 7041 11.2 11.3 11.6 0.02 12.5 22.5
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FEP1 11702 10.4 10.6 10.8 0.04 9.5 7.5

FPM3 11695 11.0 11.2 11.4 0.04 9.0 9.0
FVDV 11657 10.8 11.1 11.3 0.05 8.0 7.0
FA 11699 10.7 11.0 11.3 0.05 9.0 3.0

Table 3: Major ion concentrations and physicochemical parameters of Chalk groundwater from June 2017 to June 2019
(average values from monthly data) with the temporal variation coefficient (%) at each sampling point in blankets (N =
Number of samples).

EC HCO;5 CI- NO;5- SO4* Na* K* Mg2* Ca%t
Name N pH %J,s cm (meq L)

Surface RS1 11 8.04 517 3.58 0.73 0.47 0.25 0.25 0.05 0.08 5.06

water 3.3) .5 (7.5) (6.6) (6.2) (20.5) (11.3) (24.5) (9.6) (4.6)

RPY 11 7.94 488 3.65 0.58 0.46 0.14 0.22 0.02 0.08 4.86

(3.4) (5.8 (8.0) (7.8) 5.7 (27.1) (12.9) (12.9) (8.3) 3.D

RS2 21 8.07 510 3.63 0.69 0.48 0.22 0.24 0.04 0.08 5.03

2.8) (4.9 (7.3) (5.3) (6.1) (20.6) 8.1) (17.8) 9.8) 4.1)

FA 21 7.41 533 3.42 1.00 0.64 0.19 0.19 0.01 0.05 5.19

2.5 (8.3) (13.7) (17.9) (15.2) (20.8) (10.2) (36.3) 9.9) (8.4)

FAP 11 7.17 613 4.35 0.87 0.46 0.44 0.51 0.10 0.22 5.62
33 (147 (@17.3) (30.8) (23.4) (18.4) (54.3) (20.0) (22.6) (16.8)

FBNI 11 7.38 511 3.70 0.71 0.47 0.29 0.32 0.02 0.10 4.86

“4.5) (9.6) (6.2) 35.1) (26.2) (62.2) (41.9) (26.9) (23.00 .5

FBN4 21 7.07 770 4.79 1.49 0.88 0.39 0.37 0.15 0.24 7.18

2.6) (3.7 6.7) (5.0) (4.8) (8.4) 8.9) (5.8) (10.6) (3.0)

FBNS 21 7.29 504 4.12 0.42 0.51 0.08 0.26 0.08 0.11 491
“4.0) (19.6) (15.3) (61.4) (357 @379 (87.6) (23.0) (24.5) (20.2)

FEPI 71 7.42 541 3.80 0.99 0.59 0.09 0.26 0.02 0.09 5.19

6.8) (1.1) (7.62) 2.7) (3.8) (20.1) (7.0) (14.4) (8.8) (3.7)

FP1 11 723 592 4.23 0.79 0.48 0.40 0.28 0.08 0.19 5.78

2.7 44 5.4) (10.2) (13.1) (5.8) 9.8) 9.5) 9.8) 5.3)

FPM1 21 748 410 3.39 0.21 0.31 0.12 0.15 0.02 0.10 4.14

36 3.0 (G7) O @44 (138 (17 (84 ®7)  (3.5)
Ground vz 21 748 412 301 0.52 039  0.12 0.18 0.1 006  4.04
water 29 (81) (0.1) (2700 (23.8) (11.8) (94) (165  (10.7) (7.8)
728 602 3.94 1.10 0.64 021 034  0.07 009  5.67

FVDV 21 (3.2) (2.3) 4.9) 4.2) (5.6) (13.5) (10.8) (14.8) (10.1) (3.3)
PDO 11 734 562 3.52 0.96 0.68 0.27 0.21 0.02 0.07 5.45

2.9) (1.8) (5.9) (3.8) (4.8) (5.2) (7.0) (18.2) (8.8) (3.5)
PP 21 7.38 459 3.34 0.61 0.42 0.14 0.19 0.02 0.06 4.53

(2.00 (3.1 (7.0) (5.2) (3.3) (12.6) (7.7 (31.2) (8.9) (3.5)
Minimum 7.07 410 3.01 0.21 0.31 0.08 0.15 0.01 0.05 4.04
Mean 733 542 3.80 0.81 0.54 0.23 0.27 0.05 0.12 5.21
Maximum 7.48 770 4.79 1.49 0.88 0.44 0.51 0.15 0.24 7.18
Variation 42 16.4 12.0 383 26.1 51.1 33.7 83.5 51.3 14.5
coefficient (%)

Table 4: CFCs, SFs, noble gases and estimated groundwater age by piston flow model, exponential mixing model (MRT =
mean residence time) and binary mixing model (proportion of young and old water) in May and October 2018 (the choices of
the ideal model and estimated residence times are marked in bold; Cont.= contamination: \ = not applicable).

CF CF CF Ar Ne Exponential model Binary mixing

iSnampl (SF6t C- C- C- (105 (10% Piston flow model (MRT years) model Comme
& PP 12 11 113 mol mol S CF CF CF SF CF CF CF %  you ol nt

i
me V) (ppt_(ppt (ppt LY LY F C- C- C- 4 C- C- C- vyoun ng d

Nam
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vy V) V) 12 11 113 12 11 113 g age ag

water e
522. 205. 1.9 13 24 34
FA May 9.7 7 5 56.6 3 2 6 31 0 7 25 27 175 0 40
507. 182. 1.7 12 26 36 >5
Oct. 79 3 4 58.6 1 4 6 31 5 12 30 25 80 0 0
538. 278. 1.8 1.1 11 25
FAP May 7.1 0 0 624 3 6 8 30 8 \ \ 20 70 0 35
504. 237. 1.7 1.1 27 31 13.
Oct. 62 9 9 585 8 3 11 31 12 5 12 25 50 0 30
cont cont 1.7 1.0 \ \
FBN May 5.1 . . 66.4 2 3 16 30 18 \ \ 18 40 0 30
1 cont cont 1.7 1.0 \ \
Oct. 53 . . 752 3 5 16 28 18 \ \ 7 40 0 30
cont 206. cont 2.1 1.6 \ 34
FBN May 2.1 . 3 . 8 9 29 \ 70\ 25 \ 10 0 35
4 472. 188. cont 1.8 1.3 29 36 17.
Oct. 54 7 1 . 5 5 15 \ 17 5 30 \ 50 0 35
cont cont cont 1.8 1.1 \ \
FBN May 5.1 . . . 3 6 16 \ 18\ \ \ \ \ \ Not
5 cont cont 1.8 1.2 \ \ datable
Oct. 40 . . 72.6 9 6 21 29 30 \ \ 12 25 0 30
cont cont 1.8 1.2 \ \ >3
FEP May 54 . . 469 4 2 14 33 16 \ \ 40 60 0 0
1 cont cont 1.8 1.2 \ \ 13. >6
Oct. 5.1 . . 70.6 4 0 16 29 19 \ \ 5 90 15 0
cont cont 19 1.2 \ \
FP1 May 7.5 . . 410 5 8 7 33 6 \ \ 40 \ \ \
376. cont 1.7 12 34\
Oct. 36 1 . 46.2 7 1 23 33 35 35 \ 40 30 0 40
cont cont cont 1.7 0.9 \ \
FP  May . . . 46.7 5 2 \ 33\ \ \ 40 \ \ \" Not
Ml cont cont cont cont 1.7 0.8 \ \ datable
Oct. . . . . 2 4 \ \ \ \ \ \ \ \ \
cont cont 141. cont 1.7 1.0 \ 41
FP  May . . 8 . 7 8 \ \ \ \ 50 \ \ \ \ Not
M3 cont cont cont 1.7 1.0 \ 45 datable
Oct. . . 959 . 4 4 \ \ \ \ 100 \ \ \ \
cont 258. cont 1.8 1.1 \ 15
FV May 45 . 1 . 0 0 19 \ 22\ \ \ 30 0 30
DV cont 239. cont 1.7 1.0 \ 31
Oct. 39 . 4 . 0 4 22 \ 35 \ 11 \ 25 0 30
504. 163. 1.7 09 26 38 30- >4
PD May 51 5 9 499 2 9 16 32 18 12 40 35 50 0 0
(0] 416. 162. 1.7 1.0 32 39 13.
Oct. 6.1 7 0 440 0 8 12 33 5 27 40 45 60 0 45
449, 147. 1.9 12 30 41
PP May 64 7 4 80.7 0 9 10 27 11 20 50 \ \ \ \
376. 135. cont 1.8 14 34 42 >6
Oct. 6.9 1 4 . 8 1 9 \ 85 35 70 \ 65 0 0

Table 5: Correlation coefficient (r2) of EC and all major ions with groundwater level (statistically significant as the P-value <
0.05, related r2 values when P-value < 0.05 are marked in bold; calculation details are presented in SI 4 and 6).

EC HCOy CI' NOy SO Na* K° Mg¥* Ca*
FBNI 095 006 095 0,58 051 095 020 088 0,57
FBN4 0,73 0,19 0,15 0,05 062 004 032 032 021
FBNS 089 08 040 037 029 0,11 046 076 0,72
FVDV 0,68 -0,05 0114 022 047 004 027 0,07 007
FEPI -001 014 002 03 008 019 001 00l 0,07
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FPI 0,20 0,3 -0,04 003 050 008 025 029 0,02
FA 002 009 011 0,14 0,18 0,05 003 031 021
FAP  -005 -004 002 006 002 000 002 004 0,05
FPM3 026 001 000 002 062 009 005 008 00l

Highlights

e Piezometry of unconfined Chalk aquifer shows mostly an inertial behaviour
e Groundwater residence times are various ranging from modern to about 50 years
e Factors governing heterogeneity of the Chalk groundwater geochemistry are evidenced

e Chalk groundwater geochemistry allows to assess the functioning of the water table

Figure captions

Figure 8: Hydrogeological map of the study area recorded at high water level with the location of
sampling points (source of geological map: Laurain et al., 1981, Allouc and Le Roux., 1995; source of

water level data: Rouxel-David et al., 2002a)

Figure 2: Rainfall (hourly data) and groundwater level from April 2017 to June 2019 (solid line:

hourly data measured by water-level loggers; dashed line: water level curve drawn by monthly data)

Figure 3: Response of groundwater level (hourly data), temperature (hourly data) and EC (hourly data)

to a rainfall event (17mm at the 15" hour) at FAP from 5 July to 8 July 2018

Figure 4: (a) Ca?* versus HCO; (solid line 1:1 represents the Chalk dissolution line); (b) [Ca’* - HCO5]

versus [NOs + CI-+ SO4*]; (¢) CI- versus Na* (solid line 1:1 represents the meteoric water line)

Figure 5: PCA of major ion concentration in groundwater and surface water (mean values of monthly
data at each sampling point from June 2017 to June 2019; dotted circles evidences the six water-type

groups discussed in the text)

Figure 6: Temporal variation of groundwater level and EC (monthly data from June 2017 to June 2019)
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Figure 7: Schematized hydrogeological functioning of unconfined Chalk aquifers

Table captions
Table 5: Properties of sampling points (N/A: no available data; \: not applicable; Y=Yes; N=No).

Table 2: Summary of groundwater temperature and water table fluctuation from December 2017 to
June 2019 (hourly data) measured by water-level loggers installed in unexploited boreholes and the

minimum UZ thickness (derived from the water level in high water period in 2018).

Table 3: Major ion concentrations and physicochemical parameters of Chalk groundwater from June
2017 to June 2019 (average values from monthly data) with the temporal variation coefficient (%) at

each sampling point in blankets (N = Number of samples).

Table 4: CFCs, SF¢, noble gases and estimated groundwater age by piston flow model, exponential
mixing model (MRT = mean residence time) and binary mixing model (proportion of young and old
water) in May and October 2018 (the choices of the ideal model and estimated residence times are

marked in bold; Cont.= contamination: \ = not applicable)

Table 5: Correlation coefficient (1?) of EC and all major ions with groundwater level (statistically
significant as the P-value < 0.05, related r? values when P-value < 0.05 are marked in bold; calculation

details are presented in SI 4 and 6).
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Binary mixing due to river-aquifer
exchange under groundwater
exploitation effect

Binary mixing with highly
developed fractures

Piston flow with superficial
formations overlying the Chalk

-

-——

High water table Flow pathways (thickness is

roportional to the flow volume
Low water table PraR )
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