N

N
N

HAL

open science

Understanding complex volcanic hydrosystems using a

multi-tracer approach

Pierre Nevers, Hélene Celle, Cyril Aumar, Virginie Vergnaud, Barbara Yvard,
Gilles Mailhot

» To cite this version:

Pierre Nevers, Hélene Celle, Cyril Aumar, Virginie Vergnaud, Barbara Yvard, et al.. Understanding
complex volcanic hydrosystems using a multi-tracer approach. Science of the Total Environment,

2025, 964, pp.178421. 10.1016/j.scitotenv.2025.178421 . hal-04913360

HAL Id: hal-04913360
https://hal.science/hal-04913360v1
Submitted on 27 Jan 2025

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-04913360v1
https://hal.archives-ouvertes.fr

Science of the Total Environment 964 (2025) 178421

ELSEVIER

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Science orre
Total Environment

Understanding complex volcanic hydrosystems using a

multi-tracer approach

L))

Check for
updates

Pierre Nevers ™, Hélene Celle”, Cyril Aumar *°, Virginie Vergnaud , Barbara Yvard®,

Gilles Mailhot ¢

2 Université de Franche-Comté, CNRS, CHRONO-E (UMR 6249), F-25000 Besangon, France

b Université Clermont Auvergne, CNRS, IRD, OPGC, Laboratoire Magmas et Volcans, F-63000 Clermont-Ferrand, France

¢ Univ Rennes, OSUR, UMR 3343, Plateforme Condate Eau, F-35000 Rennes, France

4 CNRS, SIGMA Clermont, Institut de Chimie de Clermont-Ferrand, Université Clermont Auvergne, F-63000 Clermont-Ferrand, France

HIGHLIGHTS

o The study focuses on continental volca-
nic hydrosystems still poorly
investigated.

This study is based on a multicriteria
analysis of geology, hydrodynamics and
chemical tracers, highlighting water
residence time as an essential element
for better understanding the Volvic
hydrosystem functioning.

This study revealed bi-modal recharge
pattern, leading to a significant
enhancement of the hydrogeological
conceptual model of the Volvic
watershed.

Understanding the functioning of Volvic
hydrosystem is essential for assessing
the sustainability of its water resources
within time (past and future).
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GRAPHICAL ABSTRACT

SCORIA CONES = OLD COMPONENT (PISTON FLOW MODEL)
infiltration of the recent annual rainfall (1 year)
transit for = 34.2 years

LAVA FLOWS: RECENT COMPONENT
(EXPONENTIAL PISTON MODEL)

infiltration of the recent annual rainfall (1 year), which
contributes to the underground flow originating from
the cones (= 34.2 years' transit waters)

r'd

vowvic
- Part of the Volvic catchment correspon-
ding to volcanic edifices (area of 15km?)

g Remaining catchment area correspon-
ding to volcanic flows (area of 30 km?)

Upstream Watershed Mid-Catchement

Downstream Watershed

SCHEMATIC ILLUSTRATION

ABSTRACT

Climate change affects groundwater availability and residence times, necessitating a thorough understanding of
aquifer characteristics to define sustainable yields, particularly in regions where water is heavily exploited. This
study focuses on the Volvic volcanic aquifer (Chaine des Puys, France), where groundwater recharge has
decreased due to climate change, raising concerns about water use sustainability. To address these challenges,
this work proposes a multi-tracer approach, based on hydrogeological monitoring, including the estimation of
groundwater ages, major elements chemistry and water stable isotopes to better characterise this resource
decrease and more peculiarly its origin and its impact on the environment that has never been addressed.
Relative fractions of ancient and modern water contributions (up to 20 %) to the aquifer have been thus esti-
mated as well as the apparent ages of groundwaters (34 years). We highlight the complementarity of tracers
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used, allowing a better definition of recharge sources and transit times of groundwaters within the aquifer. These
results led to the proposal of a hydrogeological conceptual model, highlighting a bi-modal recharge, dis-
tinguishing between a long-term recharge upon 30 years, supplemented by a recent component (~~ 1 year) related
to annual precipitation. This study provides valuable information on groundwater circulation and the response of
volcanic aquifers systems to climate change, while highlighting the importance of assessing residence times. By
addressing the challenges posed by systems with contrasting permeability and recharge gradients, it improves
understanding of volcanic hydrology and provides a basis for the development of (numerical) hydrological
models to assess the impacts of global change.

1. Introduction

In the 21st century, the global hydrological cycle and catchments are
likely to face significant and amplified changes due to a variety of fac-
tors, including climate change, land use/land cover change, population
growth and urbanisation, and a consequent increase in water demand
(Rockstrom and Steffen, 2009; Prudhomme et al., 2014; Cosgrove and
Loucks, 2015; Murray et al., 2012; Cotterman et al., 2018). The Inter-
governmental Panel on Climate Change (IPCC), in its sixth assessment
report (IPCC: Climate Change, 2021) states thus that the Earth's surface
temperature increased by an average of 1.59 °C for the period
2011-2020 and may increase up to 3 °C till 2060 (SSP5-8.5 scenario).
This increase of air temperature results in modifications within the hy-
drological cycle (Parajuli, 2010; Wigley and Raper, 2001; Nearing et al.,
2005; Githui et al., 2009; Dayon et al., 2018; Strohmenger et al., 2022)
such as an increase of the frequency and intensity of extreme precipi-
tation events or droughts, and a decrease of the recharge rate by effec-
tive rainfall of surface and groundwater (Arnell, 2011). As a result, river
flows (Sauquet et al., 2021; Labrousse et al., 2022; Labbe et al., 2023;
Shinhu et al., 2023) and groundwater levels (Ascott et al., 2022; Baulon,
2023; Labbe et al., 2023; Jascheko et al., 2024) around the world are
falling, creating or increasing tensions over water resources that can
degenerate into real conflicts of use. These tensions do not spare vol-
canic aquifers (Waibel et al., 2013; Uriostegui et al., 2016; Magi et al.,
2019), which remain relatively poorly understood, particularly in con-
tinental areas. This is mainly due to their high dependence to the
geological settings that is different from one site to another even if some
attempts to produce a generic model has been achieved for andesitic
island aquifers (Baud, 2024).

The Volvic volcanic aquifer is an excellent example of conflicting
uses in continental volcanic zones. In fact, the volcanic formations of the
Chaine des Puys constitutes one of the main regional resources and have
long been considered as the water tower of France considering the heavy
rainfall (up to 1.5 m over Puy de Dome — Canellas et al., 2014) that
waters it. This aquifer provides water for domestic, agricultural and
industrial uses (including bottling) and faces a hard decrease of its
natural discharge since the 1980's, with an amplification for the last
decade. The question is whether this decrease is solely due to a dimi-
nution in recharge or an increase in water abstraction. To solve this
problem, a compilation of previous studies (Michel, 1957; Aubignat,
1973; Belkessa, 1977; Barbaud, 1983; Fournier, 1983; Bouchet, 1987;
Belin et al., 1988; Gaubi, 1990; Joux, 2002; Livet et al., 2000; Josnin
et al., 2007; Loock et al., 2008; Bertrand, 2009; Rouquet, 2012; Aumar,
2022) giving the main geological features and the hydraulic parameters
(porosity and permeability) has been gathered with investigations on
transit time through hydrochemical data, tritium and CFCs-
SFgmeasurements.

CFCs are widely used to date young groundwater, i.e., >50 years
(Oster et al., 1996; Cook and Solomon, 1997; Busenberg and Plummer,
2000; Darling et al., 2012). Their application is valuable for estimating
groundwater residence times, identifying mixing processes and under-
standing recharge patterns (Oster et al., 1996; Busenberg and Plummer,
2000; Gooddy et al., 2006; Gil-Marquez et al., 2020; Ranchoux et al.,
2021; Okofo et al., 2022). However, there are limitations to their use,
such as contamination by local sources, degradation under reducing

conditions, and complex processes in the unsaturated zone (Heaton and
Vogel, 1981; Cook et al., 1995; Gooddy et al., 2006; Cook et al., 2006;
Gourcy et al., 2009) that can alter CFC concentrations, introducing
temporal discrepancies between apparent and real water age. To reduce
these ambiguities, CFCs are often combined with other tracers, such as
SFe or tritium, providing a robust multi-tracer approach suitable for
complex mixing scenarios (Han et al., 2007; Gourcy et al., 2009; Okofo
et al., 2022).

In a volcanic environment such as Volvic, using SF¢ alone is not
appropriate due to geogenic production of this element (Busenberg and
Plummer, 2000; Koh et al., 2007; Gourcy et al., 2009). The combination
of tritium (to CFCs) can provide information because as a solute tracer it
moves by advection with infiltrating water, whereas gas tracers include
advection and diffusion (Stadler et al., 2008). Despite their limitations,
CFCs remain essential tools for studying groundwater recharge and
circulation dynamics, especially when integrated into a precise hydro-
geological context and associated with advanced models (Busenberg
and Plummer, 2000; Ma et al., 2019).

This approach provides thus new insight into circulations in conti-
nental volcanic areas and the impact of residence time on the reactivity
of this type of aquifer to global change.

2. Materials and methods
2.1. Study area

2.1.1. Geography and climate

The Volvic watershed is located 15 km northwest from the city of
Clermont-Ferrand (central part of France). It constitutes the north-
eastern part of the Chaine des Puys-Faille de Limagne tectonic site,
UNESCO world heritage sites. Its surface is of 45 km? (hydrogeological
limits), with a west-east preferential extension of 11 km and an altitude
decreasing eastward from 1163 m.a.s.l to 380 m.a.s.l., where reaching
the Limagne basin. Average rainfall on the Volvic watershed is of 776
mm, value stable over the last 30 years. Its spatial distribution is
controlled by orographic precipitation and foehn effects: precipitation
height decreases from 1000 mm on the summits to <600 mm in the
eastern lower part of the watershed, within the Limagne basin (<400 m
asl) (Joux, 2002; Rouquet, 2012). The average annual temperature is
9.4 °C for the 1959-2023 period (Meteo-France database).

The soil occupation is stable since 1992 and is composed of 52 %
forest, 15 % farmland, 13 % grassland and 10 % urbanised areas. The
remaining area includes arable land, industrial or commercial zones
(SDES, IGN, European Environment Agency, 2019).

2.1.2. Geology

Volvic watershed is part of The Chaine des Puys N-S volcanic
alignment lying on fractured Variscan-age granitic substratum called
“Plateau des Domes”. The latter has been affected by different tectonic
phases (Hercynian-Mid Carboniferous and Alpine-Miocene) resulting in
a NE/SW fracturing and the subsidence of the Tertiary Limagne sedi-
mentary basin 700 m below (Merle and Michon, 2001; Lustrino and
Wilson, 2007). The Limagne fault separates the Plateau des Domes from
the Limagne basin. Numerous faults that cut across the Plateau des
Domes enhanced erosion (Pliocene), which create deep valleys (around
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Fig. 1. Study site with geological, structural and hydrogeological information (from Boivin et al., 2017). Sampling points have been reported according their location

within the basin.

200-400 m deep), mainly in an E-W direction (Michon and Merle, 2001;
Merle et al., 2023). During the Quaternary, successive volcanic erup-
tions and issued lava flows from the Chaine des Puys were channelled
into these valleys (paleothalwegs), exhibiting different origins and
petrology (Camus, 1975; Boivin et al., 2017; Harris et al., 2023), before
reaching the Limagne plain. This regional volcanism is composed of
various products issued from basic magmatism that produces rocks
ranging from basalts to trachytes, including trachy-basalts and trachy-
andesites (Janot and et, 2005; Rouquet et al., 2012; Boivin et al.,
2017). This petrological diversity of the magmas and the environmental
conditions during volcanic activity explain the multiplicity of volcanic
structures: domes, scoria cones, maars, pahoehoe and aa lava flows
(Loock et al., 2008; Boivin et al., 2017).

The studied catchment area is mainly occupied by volcanic forma-
tions (80 %) with 6 aa lava flows of variable extension and thickness,
from 10 to 140 m (Figs. 1 and 2), which have gradually piled up in two
main paleothalwegs that cut through the substratum in the southern and
the northern part of the basin (Rouquet et al., 2012). In their eastern
part, they spread in the sedimentary Limagne basin where they are
thrown into relief inversion due to erosion processes (Fig. 2 ¢ and d). In
specific areas, such as the Nugere sector (scoria cones associated with
maar structures), the thickness of the volcanic infill can reach >180 m
(Boivin et al., 2017; Aumar et al., 2024). The granitic substratum (in
pink on Figs. 1 and 2) constitutes the lower limit of the Volvic watershed
which is delimited in its northern, western and south-western parts by

the topography of the outcropping substratum whereas in its southern
part, limits have been determined by geophysical investigation such as
self-potential methods and Electrical Resistivity Tomography (Joux,
2002; CETE-BRGM, 2009; Aumar, 2022).

2.1.3. Hydrogeology

Hydrodynamic properties of the present formations vary according
their nature, inducing complex runoff and groundwater flow at all scales
(Custodio, 1985; Josnin et al., 2007; Bertrand, 2009; Lachassagne et al.,
2014; Poncela et al., 2022). Scoria cones and maars (phreatomagma-
tism) are made of complex structure with scoria and pyroclastic de-
posits, that are highly porous and permeable: effective porosity of these
formations is estimated between 30 and 45 % (Yokoyama and Takeuchi,
2009; Colombier et al., 2017; Aumar, 2022). Permeability of these
material depends on the cohesion of volcano-clastic products and the
connectivity of the pores they include. Lava flows can be highly heter-
ogenous, depending on their petrology (Loock et al., 2008; Bertrand
etal., 2010; Harris et al., 2023). Porosity and permeability, range from 5
% t0 20 % and 10> to 10> m.s ™, respectively, linked to their structure
and degree of fracturing (Poncela et al., 2022). Moreover, when these
flows are emplaced, their bases and flanks tend to cool more rapidly than
the core, producing a scoriaceous level in contact with the surrounding
rocks that may drain a part of the water circulation.

In Volvic and throughout the Chaine des Puys, the hydrographic
network is limited, rainwaters infiltrate preferentially through the
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infiltration of runoff or some small water courses at the contact between
substratum and volcanic products (e.g., Lamberteche and Viallard, Fig:
1; Joux, 2002; Bertrand, 2009; Boivin et al., 2017) or directly thought
the quaternary volcanic formations and/or the fissures (even if this
vertical flow remains limited and can be disrupted by the massive
structure of the flow cores (Barbaud, 1983; Celle-Jeanton et al., 2008;
Bertrand et al., 2010). Infiltrated rainwater travel vertically through the
volcanic pile, which can be up to 200 m thick in some paleovalleys, or
even more in the case of scoria cones in the upstream part of the
catchment. After percolation, meteoric waters reach the saturated zone
established at the top of the substratum, made of impervious crystalline
rocks and sedimentary formation in the Limagne basin; this latter is
mostly considered as impervious even if some studies have recognized
water reserves northward (Tweed et al., 2018). Groundwater then cir-
culates at the interface between the bedrock and the volcanic formations
or within the scoria layers at the bottom of each massive lava flows
(Bertrand, 2009; Rouquet, 2012). Outlets of these volcanic hydro-
systems emerge at the end of each lava flow, in the middle of catchments
in the case of intra-volcanic springs (interface between two lava flows)
or at the extreme downstream end of catchment in the case of infra-
volcanic springs (Figs. 1 and 2).

The Volvic hydrosystem has been described as a superposition of
semi-captive aquifer levels with preferential drainage axis, connected
through vertical fractures and fissures of the compact lava layers (Joux,
2002). Its average thickness is about 40 to 50 m, mainly in the centre of
the basin in the Goulet zone (Rouquet et al., 2012), tapering off up-
stream and downstream. The catchment area can be divided into three
main areas based on hydrogeology and topography:

- Upstream catchment, mainly composed of scoria cones and 3 lava
flows. Groundwater flow is divided into two main circulations
following a northern and a southern axis (north and south thalweg,
Fig. 1). The northern axis extends from the Maar de Beaunit (Fig. 1),
which is included to the Volvic basin at its northern limit (Livet et al.,
2000) and stores consequent volumes of water (several million m3)
with a slow renewal rate, to M.Marc. — Clai. sector. The southern axis
extends from the Puy de Louchadiere, Jumes, Coquille sector to join
the northern axis between the sampling points M.Mar. and Clai.
Mid-catchment area is characterized by the presence of 6 aa lava
flows of variable extension and thickness, which have gradually
piled up into a single narrow valley so-called “Goulet zone” (Van der
Min, 1945; Barbaud, 1983; Joux, 2002; Rouquet et al., 2012).
Downstream catchment is the lower part of the Volvic catchment and
corresponds to the end of the lava flows (in relief inversion) in the
Limagne plain (easter end of the watershed; Fig; 1 and 2). Three main
emergences (Fig. 1land 2: Garg, Pal, Chap) emerge at a slope break
corresponding to the end of a lava flow (Joux, 2002). A fourth spring
(Mars, Figs. 1 and 2d) is identified at the extreme eastern end of the
last volcanic flow. Other springs are probably located on the pe-
riphery of this front, but are of a low flow rate or are not permanent.
These springs feed the hydrographic network of the Riom plain, to-
wards the Limagne. The mean outflow from the Volvic catchment
volcanic aquifer is estimated around 335 L.s™* for the year 2022 and
was approx. About 450 L.s ™! in 2002 (Joux, 2002).

The studied aquifer system displays high regulation capacity, the
slow transit of groundwaters through formations means that climatic
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Table 1
Location of the MeteoFrance network meteorological stations used in this study.
Name Code Lat. Long. Elev. Operating
MeteoFrance (mNGF) period
VOLVIC 63,470,001 45.8765 3.0508 472 1947 to
2018
SAYAT SAPC 63,417,001 45.8396 3.0451 550 1993 to
date
CLERMONT-FD 63,113,001 45.7868 3.1493 331 1923 to
date
FONTAINE-DU- 63,263,005 45.7995 2.9916 971 1930 to
BER_SAPC date
PLAUZAT SAPC 63,282,001 45.6323 3.1336 503 1995 to
date
ST-GENES- 63,346,001 45.4175 2.7236 1010 1951 to
CHAMPE 2020
ST-GERVAIS-D 63,354,004 46.0326 2.8038 705 1964 to
AU date

variations are regulated, resulting in moderate piezometric fluctuations
and a high degree of consistency in the volcanic springs. This is asso-
ciated with the buffering capacity of the scoria that constitute the
aquifer reservoir (Josnin et al., 2007; Rouquet et al., 2012; Boivin et al.,
2017). Fissure flows and scoriaceous sole, in contrast, exhibit high
permeability, allowing rapid flows (Celle-Jeanton et al., 2008). Some
previous studies have characterized the chemical composition broadly
and mainly focused on the potential sources of contamination of aquifers
levels by specific chemical constituents (Joux, 2002; Rouquet, 2012). A
quite homogeneous chemical composition is highlighted due to a buff-
ering by large volumes of waters within the system. Some evidence of
higher contamination (anthropogenic inputs related to surface water
infiltration), depending on the section of the catchment area considered,
has however been showed due to rapid transfers associated with runoff
infiltration at the contact between basement/lava flow (Joux, 2002;
Rouquet, 2012).

2.2. Data, samples and analytical methods

2.2.1. Climatic data

Meteorological data (precipitations in mm, atmospheric tempera-
tures in °C) were provided by the public data portal Meteo-France on the
grid point (8 km?) corresponding to the Volvic watershed (Lat, Long of
the point: 45.8711,3.0064). For this grid point, data are available from
1959 for both rainfall and temperature. Meteorological data from the
Sayat_sapc and Volvic stations were also used (Table 1 - https://publithe
que.meteo.fr). Actual Evapotranspiration (AET) was computed
following Oudin et al. (2005). RU has been set to 70 mm for water
budget computations, on the basis of previous studies (Joux, 2002) and
soil data obtained from INRAE datasets online (Le Bas, 2018; https://a
groenvgeo.data.inra.fr/  geonetwork/srv/fre/catalog.search#/meta-
data/393d8106-4400-51 cd-9767 e8bbef2f73a6). Recharge was esti-
mated using the ESPERE spreadsheet (Lanini et al., 2015).

Spatialization of the recharge presented in the results section (3.1) of
this paper uses the meteorological stations of the Meteo-France network
listed in Table 1.

2.2.2. Hydrodynamic data

Discharge is measured hourly at hydrometric stations operated and
managed by the DREAL (https://www.hydro.eaufrance.fr/stationhy
dro). These stations are located at the three main outlets of the aquifer
system: Garg, Chap and Pal. The Chap. source has been monitored since
1975, while the other two (Garg. and Pal.) are instrumented from 2010.

Groundwater level data (produced by water managers) used in this
work correspond to the Clai. borehole, used for bottling (Fig. 1 and 2),
which presents the longest (from 2002) and most representative (loca-
tion in the centre of the watershed) record available for the catchment
area. Clai. borehole (Lat. 45.869913; Long. 3.006409; Alt.: 701.96
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mNGF) is 85 m deep and the average static level in 2022-2023 was
—61.2 m (+ 0.4 m) relative to the top of the structure.

It should be pointed out that the Volvic catchment area is subject to
water abstraction for drinking water supply (since 1929) and for in-
dustrial purposes, including bottling (since 1965). The volumes
abstracted (for all purposes) currently stand around 225 Ls! (a rela-
tively constant value since 2005), with seasonal variations linked to
water needs and consumption. Abstraction data used in this work comes
from historical monitoring carried out by the authorities responsible for
each of the concerned resources and are therefore not publicly available.

2.2.3. Hydrochemical data

In situ measurements of water pH, and electrical conductivity (EC)
were performed using PONSEL ODEON® Digital Handheld Instrumen-
tation equipped with pH probe and a 4-electrode conductivity sensor (2
graphite, 2 platinum) with accuracies of 0.1 pH units and 1 % for pH and
EC respectively. CTD-Diver probes (DI28x Series -vanEssen) are also
used to measure electrical conductivity (with an accuracy of +2 %) and
temperature (+ 0.1 °C) at high frequency (every hour) at the following
locations: Maar, P10, M.Marc, Gou, Garg, Chap, Pal and Mars. The
French National Geological Survey (BRGM) also provides EC and tem-
perature measurements for points Lat. and N27 measured with OTT-CTD
probes (Hydromet) with accuracies of £1.5 % and + 0.1 °C respectively.

The sampling includes a total of 43 water samples collected from 15
sites of the Volvic watershed during 3 field campaigns conducted in June
2022, October 2022 and February 2023 (Table 1, Fig. 1). Sampling lo-
cations are separated into 3 groups: upstream catchment (Maar, P10, M.
Marc, Lat., N27), mid-catchment (Clai., Aub., Gou, Arv., Arv S., Volv E.),
and downstream catchment (Garg., Chap., Pal., Mars.). Physical pa-
rameters, major elements and water stables isotopes (5'80-52H) analysis
were conducted for each of the 43 samples. Tritium (BH), Chlorofluo-
rocarbons (CFC) and Sulfur hexafluoride(SFg) and dissolved noble gases
analyses were conducted for samples collected during the October 2022
and February 2023 campaigns, the first campaign (June 2022) served as
an exploratory campaign to assess the feasibility of CFC-SF¢ sampling.
Tritium were analysed for 15 sampling points, representing 30 samples.
Chlorofluorocarbons and dissolved gases analysed were done on sam-
pling points selected regarding the feasibility of the sampling procedure,
thus 10 (October 2022) and 11 (February 2023) sampling points were
selected for sampling and the analysis of 21 samples in total.

From a hydrometeorological point of view, samples were taken in
close conditions (no exceptionally distinct high and low water periods),
the context of the year 2022 having been particular with little precipi-
tation, periods of significant temperatures and relatively low flows (at
the outlets) and low groundwater levels (Fig. 5). Thus, samples were
collected during periods of slightly high water in Oct-2022 and low
groundwater levels in Feb-2023 with limited amounts of precipitation.

For major ions analysis, samples were collected in polyethylene
bottles and filtered through 0.22 pm pore size nylon filters before being
stored under refrigerated conditions for determination of major element
concentrations. All major dissolved elemental analyses were performed
at Laboratoire Chrono-Environnement (UMR 6249), Université de
Franche-Comté. Concentrations of major dissolved cations were deter-
mined using atomic absorption spectroscopy (AA 100 PerkinElmer) with
detection limits of 0.5, 0.1, 0.01, and 0.1 mg L-1 for Ca®*, Mg?*, Na™,
and K. Concentrations of dissolved anions were determined using high-
pressure ion chromatography (Dionex DX 100) with detection limits of
0.1, 0.1, and 0.05 mg L-1 for Cl°, SO3~ and NO3, PO3~. HCO3 con-
centrations were determined with an accuracy of 1 % by acid titration
(N/50 H3SO4) within 48 h after sampling. The dissolved silica concen-
tration was analysed with a spectrophotometer (Spectroquant, Pharo
300, Merck) using a silica test kit (Merck) with an accuracy of 3 %. Only
analyses with a charge balance lower than 10 % were considered.

Samples for water stable isotopes analysis were taken in 20 mL
amber glasses bottles with hermetic cap, filled to the top with no
headspace to avoid air entrapment and prevent isotopic fractionation.
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Fig. 3. : a; Evolution of the mean annual rainfall (mm), recharge (mm) and temperatures(°C) from 1950 to 2023 of the Volvic catchment area. Dashed lined
correspond to 5 years sliding averages. b. recharge spatialization over the Volvic catchment for the period 2000-2021.

Rain samples were collected from a Palmex RS1 rain & snow sampler
(evaporation free) installed at the M.Marc. point at elevation 761 mNGF.
Water is collected in a 3 L plastic bottle and are then sampled using the
same procedure described previously using 20 mL amber glasses bottles.
Sampling for rainwaters has been done each month in 2022 from June to
December (except August) and in March and May 2023. 5!%0 and §°H
measurements were performed at The Department of Hydrogeology of
the University of Corsica, France (CNRS UMR 6134), using a liquid—
water stable isotope analyzer DLT-100 (Los Gatos Research) according
to the analytical scheme recommended by the International Atomic
Energy Agency (Penna et al., 2010). Values are presented in per mil units
(%0) compared to Vienna Standard Mean Ocean Water standard
(VSMOW). Quality of the isotopic analysis was checked using a standard
deviation up to 0.1 %o for 5'%0 and up to 1 % for 52H.

Water samples for tritium analysis were taken in 1 L PE bottles.

Analyses were carried out at the laboratory Hydroisotop GmbH by
Liquid Scintillation Spectrometry (LSC) after concentration with elec-
trolysis. Measurements are given in tritium units (TU) with a double
standard deviation (1 TU = 0.119 Bq. L-1). Results are relative to the
date of measurement (no half-life correction).

2.2.4. Chlorofltuorocarbons (CFC-SFg) and dissolved noble gases

Water samples for CFCs (CFC-11, CFC-12 and CFC-113) and SFg were
sampled in stainless steel ampoules (40 mL and 300 mL respectively)
after washing through at least three volumes of the ampoule before
closing it. No contact with air was allowed during sampling. Water for
noble gas analyses was sampled in 500 mL glass bottles by overflushing.
The bottles were submerged in flowing water, flushed, and capped
without headspace. Sampling in wells equipped with pumps was carried
out directly at the raw water tap closest to the wellhead (before
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Fig. 4. : Monthly precipitation (mm) at Volvic weather station, monthly watertable level at Clai. (nNGF) and monthly discharge (L.s™Y) at the system's outlets from

1975 to 2023.

treatment or any storage tanks) to minimize the risk of contamination
(pump running continuously during sampling). In boreholes, sampling
was carried out using a submersible pump. Sampling is carried out after
purging the well, once the physico-chemical parameters have stabilized,
and at least after 20 min of pumping. In the case of springs, sampling was
preferably carried out at the emergence point (where the flow rate is at
its maximum) using a submersible pump. Low-flow pumping is main-
tained for at least 20 min. For each campaign analyses were performed
at the CONDATE Eau Platform (OSUR, Rennes university, France)
quickly after the sampling date.

Analyses for CFC-SFg were performed following the methodology
described in Labasque et al. (2006) and Ayraud et al. (2008) using GC-
ECD (Perkin- Elmer) with a Purge-and-trap (Busenberg and Plummer,
1992). Groundwater CFC and SFg concentrations were obtained by
degassing water samples by Ny stripping. Gases were trapped in a
stainless-steel tube filled with HayeSep D, 60/80 Mesh (Restek) and
maintained at —100 °C in an ethanol bath. After 6 (for CFCs) to 10 (for
SFe) min of pre-concentration, the trap is placed into boiling water to
perform gas desorption. Gases were then injected into a gas chromato-
graph equipped with an electron capture detector (GC-ECD). Before
starting any analysis, calibration with a standard (Greenland air cali-
brated by NOAA) is required. A system blank was also performed before
each series of analyses. Analytical uncertainty is estimated to be 5 % for
CFCs and SFg. Age uncertainty varies as a function of concentration.
Although the analytical uncertainty remains stable at 5 %, concentration
variations may differ from period to period, leading to increased vari-
ability in ages, for example by 2 to 3 years between 1970 and 1990, and
exceeding 10 years after 1995. In the case of CFC-113, the uncertainty in
age is of the order of 1 year for a minimum concentration of 32.59 pptv
and reaches 4 years for a maximum concentration of 85.26 pptv
(although at +5 %, the latter exceeds the maximum value measured in
the atmosphere). For an average concentration of 68.92 pptv, the un-
certainty varies between 1 and 8 years, as this value can be read on both
sides of the curve. After the atmospheric maximum, the slope of the

curve curve decreases, thus increasing the uncertainty of the ages. Thus,
the global uncertainty on age, including sampling, analysis, selection of
the recharge temperature in Henry's law, and dispersion- adsorption
effects, is estimated to +10 %. Detection limits are 0.06 fmol/L for SFg,
0.05 pmol/L for CFC-11, 0.02 pmol/L for CFC-12 and 0.015 pmol/L for
CFC-113.

CFC and SFg concentrations were converted to atmospheric partial
pressure (pptv) to be interpreted. Conversion was done using solubility
functions for CFC-11, CFC-12, CFC-113 and SF¢ provided respectively by
Warner and Weiss (1985), Bu and Warner (1995) and Bullister et al.
(2002). Results obtained depend on recharge temperature, altitude and
excess air (Darling et al., 2012).

Noble gases were analysed using a micro-gas chromatography sys-
tem equipped with a thermal conductivity detector (GC 3000, SRA in-
strument). Gases were extracted by headspace extraction with a He (for
Ne, Ar, Ny, Oy CH4 and CO; determination) or Ar (for He and Hy) car-
rier. The uncertainty is about 3 % for Ne measurements (water in
equilibrium with air at 12 °C) and <2 % for Ar. This analysis allows
calculation of excess air contribution from Ne concentration and
determination of the Ne/Ar ratio for recharge temperature estimation
(Chatton et al., 2016; Pérotin et al., 2021). Excess air calculations are
used to correct SFg which can be strongly influenced by it, unlike CFC
(Plummer et al., 2001; Vittecoq et al., 2007; Ayraud et al., 2008).

Apparent groundwater ages distribution was evaluated by using
CFCs and ®H data with the TracerLPM (version 1.1) workbook (Jurgens
et al., 2012 — revised on march 2014), available from U.S. Geological
Survey and following the IAEA “Use of Chlorofluorocarbons in Hydrol-
ogy” guidelines (Plummer et al., 2006). TracerLPM provides solutions
for the convolution integral for each of the LPMs (Lumped parameters
Models) used in the present study: Four models were tested to determine
the residence times for all samples: Piston Flow Model (PFM), Expo-
nential Mixing Model (EMM), Binary Mixing Model (BMM) and the
Exponential Piston Model (EPM).
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Fig. 5. :

a. Piper diagram representing the chemical composition (Jun-2022, Oct-2022, Feb-2023) of waters sampled on the Volvic watershed (upstream, mid-

catchment, downstream) b. Stiff diagram representing the facies of the different water group: upstream catchment, mid-catchment and downstream catchment

waters during the three campaigns.
3. Results
3.1. Climatic features

Available databases (Meteo-France) provide 70 years of rainfall and
temperature data for the Volvic catchment area, allowing thus to
compute the recharge. There is no clear evolution in annual rainfall from
1950 to date and the mean annual rainfall is of 726 + 120 mm (Fig. 3).
Temperature shows a clear and gradual increase of 1.05 °C from the
1970s onwards (Fig. 3), in line with the conclusions of the IPCC in its
sixth assessment report (IPCC: Climate Change, 2021). The average
annual recharge over the period 1950-2023 stands at 227 + 92 mm,
representing 30 % of the total precipitation. Recharge, as temperature,
decreases from the 1980s onwards.

Spatialisation of the recharge (Fig. 3b.) highlights a strong altitudinal
gradient with values up to 2.1 times higher in the upper part of the
catchment (> 800 mNGF) compared to the lower part (< 500 mNGF),
supporting the findings of Joux (2002) and Bertrand (2009) that state
that the upper part of the catchment of the Chaine des Puys (> 800
mNGF) constitutes the major contribution to the volcanic aquifers.
Estimated recharge gradient for the period 2000-2021 is around 42
mm/100 m.

3.2. Hydrodynamic

Discharge rates at the Volvic aquifer system's outlets have gradually
decreased from 1975 (average of 457 L.s~! between 1975 and 1980) to
2023, with a mean value of 58 = 11 L.s ™! (Fig. 4). 2014-2015 marks the
beginning of a more pronounced decline in discharge rates. From 2017
to the present day, low flow periods become more severe, with august
2019 showing the lowest values (40 L.s~1) of the period. There is no real
low-water period in 2021-2022, while in 2023 there is hardly any high-

water period. Discharge monitoring implemented for the study period
shows that discharge variations are nearly simultaneous to rainfall
events.

Same tendency can be noticed for piezometric levels (Fig. 4) from
2002 (mean of 641.37 mNGF for 2002-2007) to 2023 (640.60 mNGF in
average for 2018-2023). This represents a reduction of around 0.8 m in
the water table level. Fluctuations in water levels generally follow a
seasonal pattern between periods of high and low water, with a variation
over a hydrogeological year usually around one metre, with a maximum
variation of 1.8 m between 2018 and 2019. The amplitude of these
variations remains very slight and represents a maximum of only 7.5 %
of the water table thickness (with an average variation of 4.2 %,
considering the 1 m amplitude). Groundwater level fluctuations are
marked by a certain irregularity between seasons. The most notable are
the severe low-water periods in 2019 and 2020, the absence of any
significant high-water in 2020 and the absence of any low-water periods
in 2022.

3.3. Hydrochemical characteristics of the groundwater system

3.3.1. Physicochemical parameters and major elements chemistry

Mean temperature of groundwaters for the three sampling cam-
paigns is of 9.9 + 1 °C close to the mean annual air temperature
recorded at Volvic meteorological station (9.4 °C for the period
1959-2023) and the values given by the CTD-diver devices set up at
points Maar, P10, M.Marc, Gou., Chap., Pal., et Garg. giving an annual
average of 9.2 °C in groundwaters. pH is of 7 + 0.3 close to neutral.
Electrical conductivity (EC) ranges from 145 pS.cm’l (upstream) to 266
puS.cm ™! (downstream) indicating poorly mineralised waters (mean: 206
+ 36 pS.crn_l).

The chemical composition of groundwater is homogeneous and in-
dicates a bicarbonate facies with no dominant cation (Fig. 5). Despite



Table 2
Physico-chemical parameters of groundwaters sampled in the Volvic watershed (for Garg. and Chap., measurements and sampling are carried out not directly at the outlet but several hundred metres after. Then values may
thus differ slightly, particularly with regard to temperature).

Sample ID Location Altitude Cond. pH T Ca K Mg Na Si HCO; F cl- NO; SO~ POi  &%H + 3'%0 +
(m.NGF)  (us/cm) cc)  (mgL™h) (%o) (%o)

field campaign 1 - June 2022
Maar Upstream catchement 781 189 7.5 9.6 14.9 3.6 8.6 7.4 13.6 105.6 0.2 4.1 0.8 5.8 n.a. —57.7 0.27 -8.7 0.02
P10 803.2 195 7.3 9.8 18.3 4.1 6.3 7.5 15.5 77.7 0.1 6.2 24.1 5.1 n.a. -52.9 0.25 -8.1 0.01
M.Marc 763.7 181 7.4 8.9 15.5 5.3 5.4 8.4 14.4 72.2 0.1 7.8 8.8 5.6 n.a. —55.6 0.24 -8.4 0.05
Lat. 807 162 7.3 10.0 13.4 5.0 4.5 8.5 12.8 67.6 0.1 7.8 7.8 6.8 n.a. —55.8 0.31 -8.5 0.04
N27 892.2 163 7.2 9.1 8.9 8.5 4.8 10.1 15.3 58.6 0.2 13.8 4.5 7.2 0.6 —57.2 0.22 -8.8 0.05
Clai. Mid-catchement 708.8 184 7.3 11.8 10.2 7.5 7.0 10.7 15.6 78.0 0.3 10.8 6.1 7.0 0.8 —58.0 0.17 -8.8 0.02
Aub. 589.2 241 6.9 11.2 15.1 6.9 8.2 14.0 15.3 78.8 0.2 23.6 9.7 10.7 0.6 —56.7 0.61 -8.7 0.05
Arv. 584 208 7.1 11.0 14.2 6.5 7.3 11.2 14.8 79.5 0.2 14.0 7.8 8.1 0.6 —56.3 0.38 -8.4 0.01
Arv S. 585.2 216 7.1 11.4 14.3 6.6 7.5 11.9 14.9 76.8 0.2 17.4 9.0 9.3 0.6 —56.6 0.19 -8.6 0.03
Volv E. 579.3 222 7.0 11.0 14.6 6.9 7.8 12.8 15.0 77.3 0.2 19.5 9.3 9.7 0.6 —56.9 0.20 -8.5 0.01
Gou. 572.3 198 6.9 9.1 14.1 6.3 6.7 10.3 14.6 77.7 0.2 13.1 8.9 8.0 0.6 —56.0 0.13 -8.7 0.05
Chap. Down-stream catchement 396.4 249 7.5 11.2 16.4 7.4 8.6 13.5 13.8 82.6 0.2 24.8 8.9 11.5 0.4 —56.2 0.26 -8.1 0.02
Pal. 394.7 266 6.9 10.1 17.6 7.1 9.0 15.3 15.1 80.4 0.2 27.0 12.7 13.4 0.5 —55.8 0.49 -8.1 0.01
Garg. 398.5 260 7.3 11.9 17.8 8.1 8.9 14.2 14.5 80.4 0.2 24.3 11.5 11.7 0.4 —57.1 0.22 -8.3 0.03
Mean 210 7 10 15 6 7 11 15 78 0.2 15 9 9 1 -56 -8
Std. Dev. 34 0.2 1 3 1 1 3 1 10 0.04 8 5 3 0.1 1.2 0.3

field campaign 2 - October 2022
Maar Upstream catchement 781 145 6.7 10.0 12.3 3.5 5.5 7.6 14.8 46.5 0.1 7.1 14.0 6.1 n.a. —-54.6 0.33 -8.3 0.09
P10 803.2 181 6.2 10.2 16.7 4.1 7.4 7.7 14.9 59.2 0.1 6.0 26.2 5.1 n.a. —53.1 0.63 -7.8 0.07
M.Marc 763.7 167 6.9 9.1 14.1 5.2 6.5 8.5 13.9 52.0 0.1 9.6 10.3 7.3 n.a. —55.5 0.28 -8.5 0.06
Lat. 807 156 7.6 10.0 121 4.8 5.4 8.5 12.5 98.5 0.1 7.4 7.4 7.3 n.a. —55.5 0.90 -8.4 0.13
N27 892.2 152 7.8 8.8 8.1 8.4 6.1 10.0 14.9 44.4 0.2 13.5 3.2 7.0 0.6 —-57.4 0.65 -8.7 0.16
Clai. Mid-catchement 708.8 172 7.2 9.6 9.3 7.4 8.4 11.0 14.9 59.5 0.2 10.4 6.2 6.8 0.8 —57.1 0.70 -8.8 0.06
Aub. 589.2 224 6.9 10.7 13.8 6.9 9.9 13.9 14.7 50.0 0.2 22.0 9.3 10.4 0.5 —56.3 0.45 —8.6 0.09
Arv. 584 200 6.9 10.8 13.2 6.5 8.8 11.4 14.2 61.2 0.2 14.7 8.3 8.7 0.6 —-54.6 0.66 -7.9 0.06
Arv S. 585.2 211 7.0 10.7 13.3 6.8 9.2 12.4 14.5 62.0 0.2 17.3 8.7 9.3 0.5 —56.8 0.80 -8.7 0.13
Volv E. 579.3 212 7.0 10.7 131 6.7 9.2 12.8 14.6 66.7 0.2 19.5 9.1 9.7 0.6 —56.3 0.70 —8.6 0.05
Gou. 572.3 188 6.7 9.1 13.3 6.3 8.2 10.6 14.2 64.4 0.2 12.9 8.5 7.9 0.5 —56.2 0.29 —8.6 0.06
Chap. Down-stream catchement 396.4 236 7.3 10.8 15.4 7.9 10.3 14.0 13.2 64.3 0.2 24.6 9.5 11.8 0.4 -57.1 0.33 -8.7 0.03
Pal. 394.7 246 6.6 10.2 15.7 7.3 10.5 15.1 14.6 64.2 0.2 24.7 12.4 12.5 0.5 —56.7 0.60 —8.6 0.14
Garg. 398.5 248 7.2 11.0 16.2 8.4 10.8 14.1 14.1 64.8 0.2 25.7 11.0 12.3 0.4 —57.3 0.50 -8.7 0.08
Mean 195 7 10 13 6 8 11 14 61 0.2 15 10 9 1 —-56 -8
Std. Dev. 35 0.4 1 2 2 2 3 1 13 0.04 7 5 2 0.1 1.2 0.3

field campaign 3 - February 2023
Maar Upstream catchement 781 148 7.0 8.7 12.6 3.1 5.1 7.7 14.7 58.1 n.a. 7.0 13.5 6.5 n.a. —55.6 0.47 -8.5 0.06
P10 803.2 190 7.4 8.6 16.2 3.7 6.9 7.8 14.8 73.1 n.a. 5.7 25.5 5.5 n.a. —54.3 0.29 -8.3 0.03
M.Marc 763.7 182 7.3 8.9 14.5 4.6 6.1 8.8 13.8 73.9 n.a. 9.7 10.2 7.7 n.a. —55.7 0.16 —8.6 0.03
Lat. 807 156 7.4 - 12.1 4.2 4.9 8.6 12.5 67.1 0.2 7.2 6.6 7.7 n.a. —55.0 0.39 -8.4 0.03
N27 892.2 173 7.5 - 8.3 7.1 5.6 10.1 14.5 60.8 0.2 13.7 3.0 7.5 0.9 —57.4 0.37 -8.8 0.00
Clai. Mid-catchement 708.8 187 7.2 8.9 9.7 6.5 7.9 11.2 14.8 80.0 0.3 10.9 6.0 7.2 1.0 -57.1 0.52 -8.5 0.04
Aub. 589.2 247 6.9 10.0 14.2 6.3 9.3 13.8 14.6 829 0.2 21.9 8.9 10.9 0.9 —57.2 0.53 -8.7 0.06
Arv. 584 210 7.0 9.3 13.5 5.8 8.4 11.7 14.2 81.6 0.2 15.2 8.1 9.1 0.8 -57.0 0.71 -8.6 0.13
Arv S. 585.2 217 7.0 9.7 13.5 6.0 8.6 12.2 14.2 81.5 0.2 17.0 8.4 9.5 0.8 —56.0 0.40 -8.4 0.03
Volv E. 579.3 224 7.0 10.0 13.6 6.1 8.8 13.0 14.3 79.3 0.2 19.5 8.7 10.0 0.8 —56.6 0.14 -8.7 0.02
Gou. 572.3 204 7.0 9.0 13.6 5.7 7.8 109 14.0 82.3 0.2 13.2 8.2 8.5 0.8 —55.7 0.38 —-8.4 0.06
Chap. Down-stream catchement 396.4 258 7.6 4.2 16.1 7.2 9.9 14.1 13.3 83.4 0.2 24.6 12.1 12.5 0.8 —56.4 0.69 -8.3 0.06
Pal. 394.7 259 7.0 10.1 15.8 6.5 9.8 14.9 14.5 83.0 0.2 26.0 11.9 12.6 0.8 —56.6 0.75 -8.4 0.07
Garg. 398.5 259 7.3 7.8 16.1 7.1 9.8 139 14.1 81.3 n.a. 21.3 9.5 7.7 n.a. —56.1 0.23 —-8.5 0.03
Mars. 365 264 7.3 11.2 16.1 6.9 9.8 15.2 14.8 83.6 0.2 9.6 7.2 7.1 0.8 —56.8 0.18 -8.8 0.04
Mean 212 7 9 14 6 8 12 14 77 0.2 15 10 9 1 —56 -9
Std. Dev. 39 0.2 2 2 1 2 3 1 8 0.03 7 5 2 0.1 0.9 0.2
All campaigns -
Mean 206 7 9.9 14 6 8 11 14 72 0.2 15 10 9 1 -56 -8
Std. Dev. 36 0.3 1 2 1 2 3 1 13 0.04 7 5 2 0.2 1.1 0.2

Rainwaters (mean) —45.9 -7.1
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Table 3
: Tritium (3H), CFC-SF6 and dissolved gases concentrations in groundwaters of the Volvic watershed
Sample ID Location 3H + SFg + CFC- + CFC- + CFC- + He Ne H, Ar [e2% Ny CH4 CO, Number of
12 11 113 valid
tracers
(TU) (pptv) (mol.L™1)
field campaign 2 - October 2022
Maar Upstream 3.2 0.6 19.1 E 1.9 541.2 54.1 366.8 E 36.7 57.8 5.8 2.9E- 7.9E- 4.6E- 1.5E- 3.3E- 5.3E- 4.3E- 3.6E- 3
catchement 09 09 10 05 05 04 09 04
P10 3.2 0.6 219 E 2.2 562.8 E 56.3 389.6 E 39.0 68.0 6.8 3.5E- 8.8E- 3.8E- 1.5E- 2.9E- 5.8E- 3.5E- 2
09 09 10 05 05 04 04
M.Marc 3.8 0.5 16.4 E 1.6 505.1 50.5 247.7 24.8 56.4 5.6 6.6E- 7.8E- 5.9E- 1.5E- 9.8E- 5.7E- 4.4E- 2.6E- 4
09 09 10 05 05 04 09 04
Lat. 3 0.5
N27 3.4 0.5
Clai. Mid- 4.1 0.6 16.4 E 1.6 516.9 51.7 253.6 25.4 69.3 6.9 6.6E- 8.3E- 4.7E- 1.5E- 1.3E- 5.8E- 1.0E- 3.1E- 4
catchement 09 09 10 05 04 04 08 04
Aub. 3.9 0.5 13.7 E 1.4 517.1 51.7 302.1 E 30.2 61.4 6.1 4.1E- 7.5E- 1.5E- 1.9E- 5.4E- 6.8E- 6.6E- 3
08 09 05 04 04 09 04
Arv. 3.5 0.6 16.4 E 1.6 510.4 51.0 268.0 26.8 57.2 5.7 3.6E- 7.3E- 1.5E- 2.2E- 5.4E- 4.7E- 5.0E- 4
08 09 05 04 04 09 04
Arv S. 3.7 0.6 13.7 E 1.4 496.1 49.6 266.5 26.7 56.0 5.6 4.6E- 8.5E- 1.6E- 1.9E- 5.9E- 4.3E- 5.4E- 4
09 09 05 04 04 09 04
Volv E. 4.9 0.7 13.7 E 1.4 505.9 50.6 291.6 E 29.2 60.9 6.1 3.4E- 7.6E- 5.1E- 1.5E- 1.6E- 5.5E- 6.6E- 5.2E- 3
09 09 10 05 04 04 09 04
Gou. 4.1 0.5 13.7 E 1.4 526.5 52.7 252.7 25.3 60.8 6.1 6.8E- 7.9E- 2.3E- 1.5E- 1.2E- 5.6E- 4.8E- 6.1E- 4
09 09 10 05 04 04 09 04
Chap. Down-stream 3.9 0.5
Pal. catchement 4 0.5 109 E 1.1 525.1 52.5 330.0 E 33.0 44.0 4.4 6.9E- 7.6E- 1.4E- 2.9E- 5.5E- 6.3E- 7.0E- 3
09 09 05 05 04 09 04
Garg. 3.9 0.5
Mean 3.8 15.6 520.7 296.8 59.2 1.2E- 7.9E- 4.4E- 1.5E- 1.2E- 5.6E- 5.8E- 4.8E-
08 09 10 05 04 04 09 04
Std. Dev. 0.5 3.2 19.6 50.2 7.0 1.4E- 4.8E- 1.2E- 4.2E- 7.2E- 2.0E- 1.9E- 1.6E-
08 10 10 07 05 05 09 04
field campaign 3 - February 2023
Maar Upstream 3.1 0.5 16.4 E 1.6 506.7 50.7 317.8 E 31.8 65.5 6.6 2.7E- 9.7E- 2.7E- 1.6E- 3.1E- 6.4E- 9.7E- 2.3E- 3
catchement 09 09 09 05 04 04 10 04
P10 2.4 0.4 24.6 E 2.5 524.3 52.4 251.6 25.2 70.1 7.0 2.9E- 6.8E- 2.6E- 1.2E- 2.8E- 4.2E- 3.1E- 2.2E- 4
09 09 10 05 04 04 08 04
M.Marc 2.7 0.4 16.4 E 1.6 516.5 51.6 263.8 E 26.4 63.2 6.3 2.6E- 8.6E- 5.1E- 1.3E- 2.9E- 5.8E- 3.7E- 1.7E- 3
09 09 09 05 04 04 09 04
Lat. 2.6 0.4
N27 2.7 0.5
Clai. Mid- 3.4 0.6 13.7 E 1.4 513.5 51.4 256.8 25.7 55.4 5.5 8.6E- 8.9E- 8.9E- 1.6E- 3.2E- 6.3E- 2.9E- 2.3E- 4
catchement 09 09 08 05 04 04 09 04
Aub. 2.7 0.4 109 E 1.1 511.0 51.1 274.6 E 27.5 74.7 7.5 5.0E- 9.1E- 1.9E- 1.5E- 3.3E- 6.1E- 3.6E- 5.4E- 3
09 09 10 05 04 04 09 04
Arv. 3.3 0.5 16.4 E 1.6 497.1 49.7 252.0 25.2 74.5 7.5 5.0E- 9.1E- 9.3E- 1.5E- 3.3E- 6.1E- 3.6E- 4.2E- 4
09 09 08 05 04 04 09 04
Arv S. 2.7 0.5 16.4 E 1.6 508.4 50.8 259.2 25.9 59.1 5.9 4.3E- 6.8E- 6.2E- 1.2E- 3.3E- 4.2E- 3.2E- 5.1E- 4
09 09 08 05 04 04 09 04
Volv E. 2.8 0.5 13.7 E 1.4 499.8 50.0 268.1 26.8 58.8 5.9 3.1E- 8.7E- 4.1E- 1.5E- 3.0E- 6.1E- 3.2E- 4.1E- 4
09 09 10 05 04 04 09 04
Gou. 2.7 0.4 13.7 E 1.4 498.8 49.9 238.8 23.9 64.5 6.5 6.2E- 8.9E- 3.4E- 1.6E- 3.1E- 6.3E- 2.7E- 4.7E- 4
09 09 07 05 04 04 09 04

(continued on next page)
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Table 4
February 2023 multi-tracer 3H-CFC-113 MRTs (in years) based on Piston Flow
Model (PFM).

Multi-tracer *H-CFC113 MRTs years based on PFM model

Sample Location Mean Relative
ID age error (%)
field campaign - Maar Upstream 34 0.05
February 2023 P10 catchement 32 0.17
M.Marc 35 0.08
Clai. Mid-catchement 35 0.24
Aub. 35 0.03
Arv. 33 0.07
Arv S. 35 0.01
Volv E. 33 0.01
Gou. 35 0.10
Pal. Down-stream 35 0.13
Mars. catchement 34 0.06
Mean 34.2
Std. Dev. 1.2

and Gooddy, 2019) can be excluded in the light of the dissolved oxygen
concentrations measured as they are higher than 6.25 x 107> mol. L™}
(i.e., 2.0 mg. L’l; Table 3).

Regarding chlorofluorocarbons, only CFC-11 exhibit slight excesses
(except for P10 with a small CFC-12 excess in October 2022; Table 3).
For SFg, all samples display clearly excess values than the ones expected
for an equilibrium with atmosphere, highlighting a probable different
origin for this component (e.g., geogenic; Busenberg and Plummer,
2000; Koh et al., 2007; Gourcy et al., 2009). Low He concentrations
(Table 3) suggests a relative young age for groundwaters, in that there is
no evidence of water with a high He content that has infiltrated the
system, based on work from Kulongoski and Hilton, 2012 exploring
sources of helium in groundwater, For each sample we systematically
obtained a minimum three valid tracers (Table 3; except for P10 with
two valid tracers). We decided to base our analysis on the CFC-113-°H
combination as it is systematically valid for each analysis (Table 3). CFC-
113 present concentrations ranging from 44.0 to 74.7 pptv (under the
determined recharge temperature and elevation) for all samples from
the two sampling campaigns, with limited variability in concentrations
within a given sampling campaign: means about 59.2 + 7.0 pptv and
66.8 + 6.2 pptv for October 2022 and February 2023 campaign
respectively, illustrating a high degree of homogeneity in the concen-
trations obtained, regardless of their location within the catchment area.
Higher water (Oct-22) presents values slightly lower than low water
(Feb-23).

4. Discussion: Hydrogeological conceptual model of the Volvic
aquifer system

Results present two antagonist behaviours of Volvic aquifer. On one
hand, hydrodynamic data and temperature records by probe (discharge
and groundwater level; Fig. 4) highlights reactivity within the system in
response to rainfall event and seasonality (high and low flow periods).
On the other hand, hydrochemical analysis and stable isotopes of the
water molecule support a unique origin of the recharge of groundwaters,
mainly at high altitude, with only slight changes during the travel time
of groundwater. Thus, recharge occurs at the height of the volcanic
edifices at the top of the catchment area (“scoria cones”). The chemical
composition of groundwaters defines the homogeneity of the system
throughout the catchment with very limited variability between sam-
ples, independent of the period of the year and the location within the
watershed. This is consistent with the observations of Joux (2002) and
Rouquet (2012). Beyond this homogeneity, groundwater exhibits slight
increase in electrical conductivity across the catchment, attributed to
water/rock interaction or, most probably, to inputs of surface water
downstream the catchment.

To better constrain both the reactive hydrodynamic and the chemical
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homogeneity of the system, further work focuses on determining the
mean residence time of groundwater within the Volvic aquifer system to
propose a conceptual model of the hydrogeological functioning of the
catchment.

4.1. Residence time model (CFCs & Tritium) and mean residence times
(MRTs)

Mean residence times (MRT) were calculated for groundwaters using
®H and CFC-113 and tracer-tracer plots were used to identify the best
lumped parameter model (LPM) to explain the results (Table 4 and
Fig. 6). Fig. 6 a. and b. is a plot of CFC-113 against °H for Oct-2022
(orange symbols) and Feb-2023 (blue symbols) campaigns, respec-
tively. Four mixing lines have been drawn in Fig. 6, each line repre-
senting a hypothetical mixing model: exponential model (EMM; red
curve), piston flow model (PFM; blue curve) and two exponential piston
model (EPM; green curves).

Concentrations of the samples collected during February 2023 are
better explained by a Piston Flow Model (PFM). Mean Residence Times
are calculated by using USGS TracerLPM calculation sheet (Jurgens
et al., 2012, Fig. 6b - Table 4). As PFM implies an absence of mixing
during the transit of groundwater, it is possible to determine the MRTs of
the Volvic groundwater. This MRT corresponds to the duration of the
transit time from the recharge by rainwater to the outlets downstream
the water basin (case of captive or semi-captive aquifers with prefer-
ential recharge upstream of the catchment). Considering uncertainties,
it is notable that observed ages are very homogeneous (32 to to 35 years)
and seem to be independent of the location of the sampling point
considered (Table 4). The average mean residence time is of 34,2 + 1.2
years for the whole basin.

The most coherent model for Oct-2022 campaign is the Exponential
Piston Model (EPM) with samples lying between different EPM ratios
curves. Exponential Piston Model implies a contribution of an expo-
nential recharge over the mid and downstream basin, due to infiltration
of recent surface water, that mix with old water originated from the
upper part of the basin. Most of the samples in Fig. 6a are located be-
tween EPM with ratio from 4 to 9, meaning that 10 % to 20 % of the
model can be explained by Exponential Mixing Model and the remaining
80 %-90 % by a Piston Flow Model. This assumes that most groundwater
sampled in Oct-2022 is the result of 10 to 20 % (even 30 % for 2 points)
of recent water mixing with 80 to 90 % of old water. Some samples Aub.,
Clai. and Volv. appear to be more affected by the exponential contri-
bution (up to 30 %).

4.2. Groundwater flowpaths, residence time and mixing: Hydrogeological
conceptual model

The model proposed in Fig. 7 is an attempt to explain all the previous
features, integrating geological, hydrogeological and climatic condi-
tions together with the homogenous chemistry and the hydrodynamic
variability. It considers:

e The upper part, characterized by highest recharge (due to the alti-
tudinal gradient around 42 mm/ 100 m) that presents a low tem-
perature. This high recharge infiltrates the cones and underlying
structure (in blue Fig. 7) that cover an area of 15 km? with an esti-
mated volume of material of 0.99 km®>. The effective porosity of these
formations is of 40 to 45 % (Joux, 2002; Rouquet, 2012; Aumar,
2022). Recharge occurs preferentially in this part of the catchment at
a low temperature due to altitude (Joux, 2002; Bertrand, 2009).
Taking into account the high recharge, the volume and the porosity
of these cones, recharge reach slowly the vadose zone where
groundwater circulate through a Piston Flow Model with a mean
residence time up to 35 years. This part of the system produces the
“old component” of the aquifer.
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Fig. 6. : °H (TU) vs CFC-113 (pptv) in groundwater samples with a. field campaign of October 2022 and b. field campaign of February 2023. Theoretical curves are
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SCORIA CONES = OLD COMPONENT (PISTON FLOW MODEL)
infiltration of the recent annual rainfall (1 year)
transit for = 34.2 years

'

Upstream Watershed Mid-Catchement

LAVA FLOWS: RECENT COMPONENT

(EXPONENTIAL PISTON MODEL)

infiltration of the recent annual rainfall (1 year), which
contributes to the underground flow originating from
the cones (= 34.2 years' transit waters)
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Part of the Volvic catchment correspon-
ding to volcanic edifices (area of 15km?)

Remaining catchment area correspon-
ding to volcanic flows (area of 30 km?)

Downstream Watershed

SCHEMATIC ILLUSTRATION

Fig. 7. :a.Conceptual hydrogeological model of the Volvic aquifer system b. Volvic catchment area and surface distribution between volcanic edifices (scoria cones)

and the rest of the catchment area.

e The middle and lower parts (in green Fig. 7) cover an area of 30 km?,
elongated from west to east, for a volume of 1 km?® and consist of lava
flows separated from each other by their scoriaceous bases. The
porosity and permeability of these materials are about 15 % and 103
to 10™° m.s™! respectively (Joux, 2002; Rouquet, 2012; Aumar,
2022). These hydrodynamic properties restrict the volumes of
recharge that can potentially be stored and then recharge correspond
to annual precipitation aging <1 year. Taking into account the low
permeability of lava flows, rainwater preferentially infiltrates at the
bedrock/lava flow contact (Rouquet, 2012). This part of the system
produces the “recent component” of the aquifer which follows an
exponential mixing model with contribution along the multi-layered
volcanic aquifer.

Volvic catchment is therefore characterized by a Piston-Exponential
Model (Fig. 7) into which the groundwater flowing through the Piston
Flow Model of the upper part, is completed by groundwater from the
mid and lower parts of the catchment, infiltrating according to an
Exponential Mixing Model. This latter contribution is variable depend-
ing on the period (high/low waters) and the location of the sampling.
For the campaign carried out during the study (Oct-2022 and Feb-2023),
CFC-Tritium datation demonstrates that this part of recent component
can vary from 10 to 30 %, with respectively 90 to 70 % of old
component.

4.3. Limits of the methods and validation of the proposed hydrogeological
model

Some hindsight is required on the MRTs given, as there may be biases
in the measurements due to several factors; shifts in residence times may
be induced by the solubility of gases, diffusion coefficients and soil water
content (Cook and Herczeg, 2000; Heaton and Vogel, 1981), geology
(Cook et al., 1995; Cook et al., 2006), and possible problems of
contamination by external discharges and human activities such as
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gardening (Busenberg and Plummer, 2000; Spurlock et al., 2000). The
thickness of the unsaturated zone (UZ) can also play a role, as the
transport of gases may be affected depending on its thickness due to
sorption into solid phase particles and potential microbial degradation,
and therefore affect the interpretation of the residence time of CFCs.
Indeed, influence of the UZ can be significant when interpreting gas
tracers such as CFCs: processes like gas exchange, diffusion, and storage,
can introduce delays or modify the concentrations of these tracers before
they reach the water table (Cook et al., 1995; Cook and Solomon, 1995;
Cook and Solomon, 1997; Gooddy et al., 2006). Such insights are critical
for refining groundwater age models, particularly in complex geological
settings, as neglecting these processes can result in inaccurate in-
terpretations of groundwater residence times (Gooddy et al., 2006).
However, the uncertainties introduced by the UZ can be minimized,
improving the reliability of groundwater dating. In the present case, the
use of multiple tracer (here CFC-113 and 3H) helps cross-validate results
as they exhibit different diffusion properties and they reduce reliance on
a single tracer. In this way, Gooddy et al. (2006) suggest several solu-
tions and approaches to address the influence of the unsaturated zone
on, ensuring more accurate interpretations of groundwater age. In the
case of Volvic, more detailed characterisation of the UZ through un-
derstanding its physical properties, such as thickness, gas diffusion rates,
water content and soil composition can help predict tracer transport and
potential delays. This can be achieved by field measurements or nu-
merical modelling.

In addition, it is important to consider that estimating the tempera-
ture and altitude of the recharge zone also introduces a bias into the
initial CFCs concentrations determined. Alongside, reductive conditions
within the Volvic aquifer exclude potential microbial degradation of
CFCs (Rowland and Molina, 1975; Cook and Solomon, 1995). In addi-
tion, the slight discrepancy between the estimated recharge tempera-
tures using noble gases and the groundwater temperatures measured in
situ using CTD-Diver probes shows that the chosen recharge tempera-
ture is consistent. Data uncertainty includes a 10 % bias on CFC



P. Nevers et al. Science of the Total Environment 964 (2025) 178421

a (Ls’)
1800 | —— Total discharge at system outlets (including abstractions)
""" Total abstractions on the catchement
~— Total effective rain/recharge reported in L.s™
1600 N part of discharge provided by long term recharge
I Part of discharge provided by recent recharge
1400
1200
1000
800
600
400
200
0
< VW ® O N ¥ VW W O N T VW W O N F VW ©o O o
W W ®W A A D A A OS O O O 9O = = = = = & o
a & & o & o0 o 6o © © © © O o o o o o o o
— — — — — — — — o (o] o~ (g] (a\] (o] o~ o (gV] (o] (o] o
e £ £ & € &£ £ E £ £ £ £ £ E &£ £ ¢ £ £ €
5 & & £ 8§ 8§ 8§ 8§ 8§ 8§ 8 8 § § § 5§ 8§ 5§ 8 §
b. 100% 0%
90% 10%
80% 20%
c A
9 70% 30% 3
{ o ()
o (0]
2 60% 40% =
o S,
o
o 50% 50% 5
X 5
© b |
2 40% 60% T
S S
© 30% 70% <
= =
o
20% 80% -
10% 90%
0% — 100%
<< wn ~N [e)] - N <t O [ee] [ ™M [ O [ce] o o~ [32] n N O o o~
PR PP QPP P @YY QT g T YA
ct¥3 %7 ::835%:83 583 %:83%¢8 83

Fig. 8. : a. Discharge at Volvic system outlets with subdivision between sustained flow in blue and annual flow in green b. Changes in the proportion of recent
(exponential) vs. old (piston) water over the last 30 years.
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concentrations, to account for both variability in the analysis and vari-
ability in the recharge temperature. This bias is therefore already
included in our interpretations and conclusions, which demonstrate
consistency between the spatial distribution of ages and the observed
homogeneity of the water mass given its chemical and isotopic
composition.

As far as the temporal and hydrodynamic aspects are concerned, it
can be seen that by assessing the percentages of contribution from recent
and old waters, there is no 100 % contribution in February 2023, as it
would be expected for a Piston Flow Model as described in the MRTs
computation (Fig. 6b; Table 4). However, the piston model is
approached to within 10 %, given that it is necessary to take into ac-
count the range of error induced by measurements, analysis and com-
putations. Additionally, the 100 % piston model is an extremely rare
occurrence in the nature, so it is very probable that there will always be a
slight exponential contribution of 5 to 10 % on a model associated with
piston functioning.

The model can then be validated by hydrodynamic data.

Taking into account the previous results, the contribution of old
component (in blue, Fig. 8a) to the total discharge of the system (black
curve) has been computed for the 1984-2023 period. The total
discharge corresponds to natural discharge plus the extracted discharge
for abstractions (red curve, Fig. 8a). The “old component” has been
computed by considering the recharge 34.2 years ago. Thus, the flow
from the old recharge in 1984 corresponds to the moving average over
34.2 years of recharge, i.e. since 1950 over the area of the scoria cones
(blue zone, Fig. 8a), according to altitude gradient of the recharge (42
mm/100 m). The difference between the system's total discharge and old
component corresponds to “recent component” (in green, Fig. 8a).
Fig. 8a shows that total discharge during low-water periods is mainly
derived from old component while the contribution of recent component
increases during high waters and can even be predominant in compar-
ison to old component in some periods (e.g. in 1992-1994). Estimation
of the proportions of old component through these computations in-
dicates that old component accounts for 83 to 88 % of the total discharge
for Oct-2022 and Feb-2023 respectively, confirming the results obtained
by datation (considering here uncertainty induced by discharge mea-
surements and recharge computations).

Fig. 8a and b highlights moreover the decreasing trend of the total
discharge of Volvic hydrosystem in relation with the reduction of the
recent component, directly linked to the recent increase in mean at-
mospheric temperatures due to global change (IPCC: Climate Change,
2021). This recharge decrease should however be considered over time
as it might affect the old component in 30 years.

5. Conclusion & perspectives on water resource management

From a technical perspective, this study demonstrates the impor-
tance of using a combination of geological, hydrogeological and
geochemical approaches, including the use of environmental tracers. For
the latter, the decrease in atmospheric CFC and tritium levels, the
variability of tritium levels in recent years, and the sensitivity of certain
CFCs and SF¢ to contamination (excess values) confirmed the need to use
several tracers, namely the CFC-113-Tritium combination in this study.
This study also demonstrated the applicability of environmental tracers
in the context of exploited volcanic aquifers.

Findings presented in this work demonstrated the homogeneity of
the Volvic aquifer system in all seasons, through a homogeneous
chemical and isotopic composition that remains stable over time. System
reactivity, as evidenced by piezometric variations and more importantly
discharge variations at the system's outlets, which seemed to contradict
the system's previously proposed homogeneity, can be explained by the
results of CFC-113->H dating. This datation revealed that the aquifer
system is composed of “old” water, with a mean residence time (MRT)
approaching 34.2 years (s.d: 1.2), acquired during the groundwater's
transit through the scoriaceous volcanic edifices (= the piston part of the
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model). This “old” component is supplemented by a contribution from
recent water (surface water from precipitation; exponential part of the
model), supplying the system through the lava layers that constitute the
rest of the aquifer system, beyond volcanic edifices. This “recent” input
is variable according to the location within the catchment area, with
some locations being more sensitive to the inflow of recent surface water
(e.g. sampling points Aub., Clai. and Volv, supported by Rouquet, 2012).
Recent contribution also fluctuates according to the season/time of year,
with a more significant contribution during high-water periods. Finally,
it has been demonstrated that this contribution of recent water may have
been predominant over the past (during the last thirty years) and it is
important to point out that over the last 10 years, this recent contribu-
tion seems to decrease in conjunction with increasing atmospheric
temperatures. It is therefore important to consider this decrease of the
recent input over time, in the light of the ongoing climate change and the
current pressures on water resources at the Volvic catchment.

With regard to water resource management, these observations
provide an opportunity to assess, and possibly re-evaluate, the share of
current water abstractions within the overall aquifer system. At present,
it would appear that these withdrawals are assured/compensated for by
the contribution of old recharge. But suppose the recent recharge de-
creases drastically (rise in temperatures-climate change), this could
threaten the system's outlets, which would no longer be supplied (the old
recharge having itself been impacted over the long term). At that point,
it could be expected that there would be not enough water to ensure not
only the discharge at the system's outlets, but also all the abstractions at
their current rates. For the purposes of preventing and anticipating these
threats, integrating this conceptual model for hydrological modelling to
predict future changes in water resources could be extremely valuable.
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