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Abstract

The varied gaseous composition of thermo-mineral waters emerging in a non-active
zone reflects the diversity and complexity of groundwater pathways and provides
important insights into their hydrogeological behaviours. The investigated geochemical
content of complex thermo-mineral springs revealed the need to use dissolved gas
contents as part of a multi-tracer approach to discriminate processes, geogenic (water-
gas-rock interactions), abiotic (geological confinement, flow paths) and biotic activity
influencing geochemical of groundwater along regional pathways. Irrespective of the
dissolved element content or the water type, examining the overall concentration of
dissolved gases enables an effective delineation of regional groundwater flow paths.
Using dissolved gas content further contributed to the circumvention of some analytical
challenges associated with conventional isotopic or geochemical techniques, often linked
to the high concentration of elements such as iron, sulfate, sulfide or other naturally
occurring elements content. The primary objectives are to analyse the gas composition of
individual springs, to identify the origin of these gases in the groundwater, and to use
this gas composition to improve the understanding of the flow patterns contributing to
the geochemical diversity observed at the surface of the groundwater. From field
investigations in a geologically and structurally complex area of Eastern Corsica (France),
three types of gas contents are identified: (type 1) CH, & H,S-rich, (type 2) N,-rich and
(type 3) CO,-rich. The study of these dissolved gases highlights that the wide geochemical
diversity of thermo-mineral waters observed here is not only related to the mineralogical
composition of the local aquifer but also involves strong and cumulative interactions
along deep regional circulation pathways. This approach also reveals a common deep
crustal gaseous influence characterised by N, production, which interacts during up flow
with groundwater and then with the local metamorphic or sedimentary rock matrix. The
groundwater’s isotopic and geochemical contents are then altered by local lithologies
encountered through both abiotic and biotic interactions. Finally, at shallow depths,
phreatic groundwater can add its geochemical and isotopic footprint and dilute this
complex mixture before groundwater emerges as mineral spring. This paper answers the
primary objectives yet further demonstrates that using dissolved gas as a tracer of
groundwater flow paths allows a deeper interpretation of surface geochemical and
isotopic observations, distinguishes local from regional flow paths, and provides
information about processes at the origin of groundwater diversity.

The combination of tools presented in this paper (i.e., geochemical, dissolved gas, and
isotopic tools) allows the establishment of a reliable regional groundwater flow scheme
for thermo-mineral waters in a non-active zone. This scheme is essential to improve
thermo-mineral water management, and protection to ensure their sustainable quality in
front of increasing anthropogenic and climatic pressures.
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1. Introduction

Abundant in thermo-mineral springs, dissolved gases discharged at the surface by
groundwaters provide important information about hydrogeological system functioning
(Giggenbach, 1991). Widely used as tracers in tectonically active zones in volcanic areas,
and seismically-active regions (Werner ef al., 2022; Karolyte et al., 2019, 2017; Brauer et al.,
2017; Benavente et al., 2016; Ruzié et al., 2013; Morner and Etiope, 2002), gas emission
monitoring is underused as a basis for understanding the hydrogeological functioning of
complex hydro-systems that are not linked to an active zone. Some studies reveal that gas
discharge could not only be related to regional geotectonic settings but also the result of
water-rock interactions or biotic processes occurring through topographical and
hydrogeological discontinuities (Lee et al., 2021; Tassi et al., 2020; Kotowski et al.,2019,
Agnew and Halihan, 2018; Amaral et al., 2017).

As shown by Sacchi et al. (2022), to improve the sustainable management of mineral
water springs, it is necessary to identify processes occurring along the flow path of
valuable springs (i.e. exploited as spa or bottled). For this purpose, geochemical and
isotopic tools are the only two tools generally used to characterise mineral waters (Sacchi
et al., 2022; Lee et al., 2021; Lavrushin et al., 2018).

Nevertheless, the dissolved gas content can provide valuable information about the
subsurface flow system by significantly contributing to understanding the origin of flow
through the escape mechanisms of natural fluids. Preferential water flow through tectonic
structures is responsible for pressure variation, consequently triggering the progressive
release of gas at the surface as a function of their solubility. In the non-active zone, some
studies have revealed that gas-rich waters are only generated by meteoric water
infiltration and groundwater rocks interactions even in the shallowest part of the crust
(Agnew and Halihan, 2018). Subject to the natural increase in temperature with depth,
waters are warmed and, then flow through and between geotectonic units. The latter are
preferential pathways that allow water to quickly reach the surface before losing heat
(Goswami et al., 2022; Craw et al., 2013; Grasby et al., 2000). Physical and chemical
alterations due to depth associated with geological and geotectonic conditions can
increase water rock interactions and lead to gas release (Strbacki et al., 2020). From the
respective proportions of dissolved carbon dioxide (CO,), methane (CH,) or nitrogen (N,)
combined with the proportion of reactive (H,, H,S, etc.) or noble (He, Ne, Ar) gases
measured in groundwater, processes causing their release could be identified (Agnew and



84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

102
103
104
105
106
107
108
109
110
111

112
113
114
115

116
117
118

119

Halihan, 2018). Apart from atmospheric origin, the dissolved CO, has various origins such
as deep-seated mantle (magmatic influence), thermogenic or biogenic (both occurring in
sediments). Well known as anthropogenic emission (i.e. landfill, agricultural activities,
etc.), the greenhouse gas CH, has multiple natural origins such as volcanic and, wetlands
and or could be also the evidence of biotic processes from an anaerobic environment
where microbial fermentation of organic matter occurs. The last major gas found is N,,
which may have an atmospheric origin, a magmatic origin, or can be caused by the
intrusion of deep fluid. According to their potential origin and to their geochemical and
isotopic composition, groundwater samples collected at the surface can provide
information about fluid origin, up-flow paths and reservoir interactions with geological
matrixes (D’amore et al., 1987). To ensure the sustainability of this mineral groundwater,
gas monitoring was revealed to be a powerful and innovative tool to identify
hydrochemical processes at the origin of springs, and to conceptualise the whole
hydrogeological system as well as the aquifer conditions of flow paths. This study aims
to use dissolved gases as integrative tracers of the water pathways within a non-active
zone and regardless of the geological context or geological unit encountered (Marques et
al., 2020; 2000 Tassi et al., 2020; Angelone et al., 2005; Minissale et al., 2019, 2004, 1999;
Michard, 1990).

Corsica Island (France), and particularly its eastern part, highlights a wide
hydrochemical diversity of thermo-mineral waters (Na-HCO,, Ca-HCO;, Ca-SO,- HCO,
and Na-Cl), not linked to any seismic- or tectonic activity (Dupuy et al., 2021). Emerging
from a small mountain-plain continuum (<16 km), at the interface of sedimentary,
metamorphic and igneous rocks, eastern Corsica thermo-mineral groundwater diversity
is evidence of the existence of complex flow patterns and thus a perfect site for detailed
investigations on groundwater gaseous content. To improve the gap in knowledge
regarding the origin of the gas diversity observed, noble gases (He, Ne, Ar) and reactive
gases (CO,, N,, H,S, CH,, H,, O,) were monitored to test the potential of dissolved gases
to improve the hydrogeological understanding of 22 mineral springs.

The main aims were (1) to describe the gas composition of each spring; (2) to
characterise the origin of these gas phases in groundwater and to differentiate geogenic
from biotic influences. Then, using this gas composition (3) improves the description of
the flow patterns involved in the groundwater diversity observed at the surface.

This work provides significant information regarding the major interest in
investigating the gaseous phases of groundwaters in non-active zones, taking advantage
of the complex hydrogeological model offered by Corsica Island geological conditions.

2. Study area
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Localisation and hydroclimatology

In the Western Mediterranean Sea, Corsica Island (France) has a contrasted topography
(up to 2706 m. above sea level — asl.). The investigated area, located on the eastern part of
the island extends over 1,500 km?2. In the west of the study area, a mountainous zone, of
1034 km?, rises to 2136 m, while in the east, the coastal part is a lowland plain extending
over 466 km2 Despite the typical Mediterranean climate of the island, the mean
temperatures and precipitation vary significantly with the altitude (Fig. 1). According to
Bruno et al. (2001) average annual precipitation increases from about 600 mm near the
coast to more than 1600 mm at 1500 m asl, while the mean annual temperature decreases
from 16°C near the coast to 10°C at 1500 m asl (Mattei et al., 2021; Bruno et al., 2001). These
observations are confirmed by the ombrothermal diagrams displaying precipitation and
temperature observed on 3 cities of the study area, at Corte at 429 m asl (inland), Bastia
and Solenzara, two lowland stations respectively at 1 and 12 m asl . The inland part is
characterised by alpine climate conditions with high snowfall in winter and storm rain
events during the driest months from May to September for inland stations (Fig. 1) (Mattei
et al., 2021; Rome and Giorgetti, 2007). While lowland stations saw their driest months
from April to September (Fig. 1). The study area is drained by four main rivers flowing
from West to East: the Solenzara River and the Travu River in the south part, the
Tavignanu River and the Golu River in the northern part (Fig. 2).

Geological and hydrogeological overview

The study area is located at the interface of 4 main geological units on the island (Fig.
2) (Caritg, 2009a, 2009b). The basement, mainly made of calc-alkaline granitoid rocks from
the Hercynian orogenesis, extends over the south-west. It is overlapped, along an N.NW-
S.SE axis, by two units from the Alpine orogenesis; the first unit is Eocene flysch, an
autochthonous sedimentary detrital unit and the second is lustrous schists, an
allochthonous metamorphic unit also called 'Alpine metamorphic unit', observed only in
the 'Castagniccia region'. The Neogene sedimentary basin of the Aleria plain is separated
from the allochthonous units by the Saint Antoine fault N.NE-S.SW oriented (N020°)
(Loye-Pilot et al.,, 2004). Geological and hydrogeological information of each unit
encountered in the study area is detailed in the paragraphs below.

In the study area, the Hercynian basement is mainly composed of biotite-rich
monzogranite, tonalo- or monzogranodiorite (Rossi et al., 2015; Caritg, 2009a, 2009b). The
Pietrapola springs (Fig. 2) flow out of monzogranite in which alkaline feldspar [Na, K]
and plagioclase dominate [Na, Ca]. In the Travu valley, the Caldaniccia spring (Fig. 2)
flows out of tonalogranodiorite and monzogranodiorite, with plagioclase feldspars
dominant over alkaline feldspars, biotite [K, Mg, Fe, F] and amphibole [Ca, Mg, Fe]. The
granitic basement is intensively fractured by NE-SW faults (Caritg, 2009a). Only a few



157
158
159
160
161
162

163
164
165
166
167
168
169
170
171
172
173

174
175
176
177
178
179

180
181
182
183
184
185
186
187
188

189

190
191
192

reports from the French geological survey exist and they provide basic information on
groundwater flows and aquifer capacity of this unit (Caritg, 2009a, 2009b). As in a mainly
hard rock context, deep fractures associated with the superficial weathered horizon are
the most favourable zones for the groundwater circulation and aquifer capacity
(Lachassagne, 2011; Genevier et al., 2011; Dewandel et al., 2011; Caritg, 2009a; Caballero et
al., 2006).

The Alpine metamorphic units are derived from the exhumation of oceanic and
continental tectonic units involved in the Alpine orogeny (from the Late Cretaceous to the
late Eocene, e.g., (Di Rosa et al., 2017). These tectonic units include metamorphic granitoids
and metamorphic sedimentary rocks with metamorphic rocks derived from the oceanic
crust (serpentinites, metagabbros and metabasalts). The observed so-called 'Lustrous
schists' display a wide range of metamorphic facies from blueschist facies (mainly Inzecca
series), eclogite facies (mainly Serra di Pigno and Castagniccia series) to greenschist facies
(Piccoli et al., 2018; Gueydan et al., 2017; Di Rosa et al., 2017; Vitale Brovarone et al., 2013;
Caritg, 2009b). These units are intensively folded and characterised by discontinuities
displaying an NS orientation of schistosity, creating favourable hydrogeological
conditions for many springs in the Castagniccia region (Fig. 2).

The Eocene autochthonous flysch is a vertical alternation of conglomerates, sandstones
and dark clay, mainly made of arkose and pelite rocks. This formation rubs up against the
Hercynian basement along the NE-SW contact and is overlapped by sedimentary deposits
in the eastern part (Berthier et al., 1980; Amaudric, 1973). Vignola springs from the Travu
Valley, Fontanella and Acqua acetosa are springs flowing out at the interface of this
heterogeneous unit known as a low aquifer potential area (Caritg et al, 2009b).

The Neogene sedimentary formation is heterogeneous: from breccias and
conglomerates to sands and marls. Due to basin subsidence, Neogene deposits dip to the
east with an approximate thickness of 2 km at the coastline and up to 8.5 km in the middle
of the Corsican channel. Covered by thin Quaternary alluvial deposits (Fig. 2), they are
cut by N145-N155 and N20-N30 faults. These Neogene sediments present a few shallow
local aquifers with very low productivity. However, their thickness and lithologic
diversity suggest a noticeable hydrogeological potential as a deep multi-layer aquifer
supported by the occurrence of artesian boreholes (Serrano et al., 2013; Loye-Pilot et al.,
2004).

Hydrochemical background of springs in the study area

Twenty-four thermo-mineral springs flow out at the interface of the main geological
formations described above (Fig. 2). Dupuy et al. (2021) the 6-month sampling campaign
in 2018 provides a first overview of hydrochemical characteristics of 19 thermo-mineral
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groundwaters and results are summarised below.

The Pietrapola and Caldaniccia sites show springs flowing out respectively from
potassium feldspar-rich- monzogranite and tonalograniodiorite. Thereby a high-altitude
recharge (>800 m asl) supplies the springs emerging through major faults providing
thermal-alkaline-water, fully equilibrated with rock. Their low mineralisation (<300
uS/cm) associated with a Na-HCO; water type and high 5iO, content confirms that this
water is provided by the hydrolysis of Hercynian granitoids at depth (Dupuy et al., 2021).

All other springs are cold resulting from a local recharge at a shallower depth. Acqua
acetosa, Vignola and Fontanella flow out at the interface between Eocene Flyschs and
Hercynian basement or Neogene sediments (Table 1). These 3 springs are highly
mineralised (from 2100 and up to 12 000 uS/cm?), contain high levels of chlorine, boron
and fluorine and display respectively a Ca-Na-HCO; for Acqua acetosa and a Na-Cl water
type for the latter two. Their high mineralisation comes partly from the dissolution of
interstitial-residual-brines (Aquilina et al., 2011). This geochemical diversity translates to
the importance of tectonics in the complexity of the flow pattern involved at the interface
of the different geological units (Martin-Loeches et al., 2020).

The Puzzichellu springs group flows out along the Saint Antoine fault, aligned on a
N20-N30 axis (Fig. 2), where the Puzzichellu and the Campo-Favajo springs emerge from
sandstones including rhyolite conglomerates covered by deposits of organic matter-rich
marls (Caritg et al., 2009a, 2009b). This group is characterised by Na-HCO,, Ca-Na-HCO;
and Ca-50, HCO; water types. Here, deep groundwaters are influenced during the
upflow process by mixing with more carbonated groundwaters of sedimentary origin
(Dupuy et al., 2021). The sulfur isotopes performed on the artesian borehole of the
Puzzichellu site (PUZ-F, Table 1) have shown the presence of bacterial activity, explaining
the high sulfate and sulfite content recorded in the groundwater (Dupuy et al., 2021;
Dominici et al., 1986).

3. Sampling and analytical procedures
3.1. Sampling strategy and rainfall data

Based on their legal accessibility, geology and spatial coverage 22 thermo-mineral
waters, located at 15 different sites and flowing out at low altitudes (<554 m asl) were
sampled. The location, name and exact geographical coordinates are provided in Table 1.

To identify altitude recharge of precipitation at a regional scale, §"*0 and 6°H extracts
from a monthly sampled precipitation observation network at 5 stations [Aleria (9 m),
Bastia (1 m), Bonifacio (99 m), Corte (486 m), Campana (760 m), and Palneca (785 m)] were
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used to calculate the isotopic altitudinal gradient from data extracted from Nlend B. et
al.(2023)and Mattei et al. (2021). By calculating the linear regression relating the rainwater
stable isotope values to their sampling altitude, a regional isotopic elevation gradient can
be obtained; here considered equal to 6°H = -0.019 * altitude (m asl) + (-34.876). This
equation can be used to estimate the recharge altitude of springs out on the eastern part
of the island.

3.2. Groundwater sampling procedures

The 22 springs were sampled monthly from January 2018 to March 2019. Physical and
chemical parameters were simultaneously measured in the field. Electrical conductivity
(EC), temperature (T), redox potential (Eh) and pH were measured with a WIW multi
3410 (WTW gmbH, Weilheim, Germany). Bicarbonates concentration (HCO;) was also
determined, in the field, using a HACH digital titrator (HACH Company, Loveland,
USA). Samples were filtered through 0.45um nitrocellulose membranes for
determination of major ions and stored in two 50 mL polyethylene bottles before storage
at 4°C. One bottle was acidified using ultrapure nitric acid for cation analysis. A Dionex
ICS 1100 chromatograph (Thermo FischerScientific, Waltham, USA) was used to
determine ionic concentrations at the Hydrogeology Dept. of the University of Corsica
(CNRS UMR SPE 6134). The analysis was checked and validated for ionic balance under
10%.

For the stable isotopes of the water molecule analysis (0'*0/?H), 20 mL amber glass
bottles were filled without filtration and no headspace to ensure perfect conservation then
were stored at 4 °C. They were determined using a Liquid-Water stable isotope analyser
DLT-100 (Los Gatos Research, San Jose, CA, USA) at the Hydrogeology Department of
the University of Corsica (CNRS UMR 6134), France, following the analytical scheme
recommended by the IAEA (Penna et al., 2010). The analytical precision was better than
0.5%o for H and 0.2%o for #O.

For tritium (*H) analysis, 500 ml polyethylene bottles were filled and then stored at 4°C
until analysis. The H activity was measured by a liquid scintillation analyser (DL > 0.2
UT) following the protocol of Thatcher et al (1977). These analyses were carried out at the
Hydrosys Labor Kft. in Budapest, Hungary.

3.4. Gas sampling procedures

During four campaigns in 2018 (April, July, September, and December), springs were
also sampled for the analysis of dissolved gases in 500 ml glass bottles by over-flushing,
after rinsing three times the bottle volume with the spring water. Bottles were closed with
rubber caps and sealed with a metal ring, then sent within 48 hours for analyses at the
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Geosciences Rennes laboratory (CNRS UMR 6118) as detailed in Chatton et al., 2017.
Noble and reactive gases (Ne, He, Ar, N,, O,, CO,) were extracted by headspace and
measured by gas chromatography equipped with a catharometer detector (uGC 3000 —
SRA) at the Condate Eau platform (OSUR CNRS - Univ Rennes, France). Uncertainty is
estimated at +/- 5% for [CO,] and [CH,] and +/- 3% for other gases.

The anthropogenic gases (CFCs and SF¢) were sampled in stainless-steel ampoules after
washing through at least three volumes of the ampoule and before closing it to ensure no
air contamination. Their concentrations in groundwater were obtained through a
methodology of purge-and-trap inspired by Busenberg et Plummer (1992). Water was
degassed by N, stripping and gases were trapped in a stainless-steel tube filled with
HayesepD® and maintained at —100 °C in an ethanol bath. After 6 (CFCs) or 10 (SF¢) min
of pre-concentration, the gases were injected into a Gas Chromatograph equipped with
an Electron Capture Detector (GC-ECD, Perkin Elmer) by immersing the trap into boiling
water. The analytical uncertainty is estimated to be 1-3% for CFCs and near 5% for SF.
Analyses were performed at the Condate Eau Platform (OSUR CNRS-Univ Rennes,
France).

3.5 Recharge condition modelling

Dissolved gases, such as argon (Ar), nitrogen (N,) and neon (Ne), were used to model
recharge conditions, using an inverse model developed from the methods described by
Aeschbach-Hertig et al. (1999). This model has been adapted to use the available dissolved
Ne, Ar and N, concentrations in cm3STP/g (Standard Temperature and Pressure) to model
the Temperature (NGT) and the amount of excess air (EA) as already applied on
hydrogeological systems by Chatton et al. (2017). Limited by the low quantity of available
dissolved gases (Ne, N, and Ar) and their related analytical uncertainty, this study
considers a simple model of excess air formation to determine the recharge conditions
(NGT and EA). The established inverse model is established considers an Unfractionated
Air model (UA model), which assumes a total dissolution of unfractionated excess air
during the recharge. That means that the reverse model will consider that dissolved noble
gas concentrations depend on different parameters: the recharge temperature (so-called
noble gas temperature, NGT), the volume of unfractionated excess air (EA), the altitude
of recharge and the recharge salinity. The two latter field parameters being known, only
two free parameters (NGT and EA) remain to be determined using the inverse model with
a degree of freedom v=1. Because absolute NGT values were not conclusive, only the
Excess Air (EA) concentration was used in this paper and results are displayed in Table 3.

3.6 Statistical analysis: Principal component analysis (PCA) and Hierarchical clustering
(HCA)
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A Principal Component Analysis (PCA) is a statistical technique used for a
dimensionality reduction of input data in order to simplify data visualisation. In our
study, PCA is applied to identify patterns and relationships within complex datasets of
variables such as physicochemical parameters (pH, Eh, T, E.C), geochemical components
(HCO;) and gas contents (O,, CO,, CH,, H,S, N,, He, Ne, Ar, H,) and displaying it by
springs. It allows us to represent the data in a lower-dimensional space, facilitating the
interpretation of underlying patterns (Everitt, B.S., 2001, Kim, K.-H, 2020).

A heatmap generated by Hierarchical Cluster Analysis (HCA) visually represents the
results of clustering analysis. In the context of HCA, a heatmap displays a matrix of
colours where each cell corresponds to a pair of variables or observations. The intensity
of the colour in each cell indicates the degree of similarity or dissimilarity between the
paired variables or observations. Clusters of similar entities are visually apparent as
contiguous blocks of similar colours, providing a clear representation of hierarchical
relationships within the dataset. Heatmaps are valuable for identifying patterns, trends,
or groupings in complex datasets analysed through HCA. In our study, according to the
methodology displayed by Tarvainen (2019), HCA is employed to categorise gas
abundance in springs into hierarchical structures, aiding in the identification of distinct
groups within the dataset.

4. Results and discussion
4.1. Water type diversity

During the sampling period, the groundwater temperature ranges from 11 to 54°C
distinguishing thermal waters (T>20°C), such as at the Pietrapola site and the Travu valley
(N = 8), from cold waters (T<20°C) which concerns all the other springs (N = 14, Table 1).
A wide range of mineralisation levels and pH values are observed ranging from 150
uS/cm (CALD) to 12 620 uS/cm (FONT) with pH ranging between 4.45 (S-SUP) to 9.7 (P-
LAV) (Table 2). In order to discriminate water types, major element proportions were
displayed on a Piper diagram (Fig. 3). Three main water types are observed Na-Cl, Na-
HCO,; and Ca-HCQO,;, also with two intermediate facies Na-Ca-HCO; and Ca-SO,-HCO..
Thermal waters at the Pietrapola site and CALD, show a typical Na-HCO; water type
affirming their geothermal origin from granitoid rocks (Fig. 2) ( Martin-Loeches et al.,
2020). The thermal spring VIGN and the cold spring FONT, have a Na-Cl water type; this
mature water (Giggenbach, 1988) shows long-time interaction with detrital rocks. The Ca-
HCO, water type is observed for all the Castagniccia Region springs (Fig. 2, 3) except S-
SUP, which displays an intermediate Ca-SO,-HCO, water type, PORT and FAJO-G
displaying another intermediate facies Na-Ca-HCO:;.

Springs located on the sedimentary plain show diversified water types: CAM-F with a
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Na-HCO, water type is close to waters flowing through granitic rocks; ACQ has an
intermediate facies Na-Ca-HCO; characteristic of groundwaters flowing at the interface
of magmatic and sedimentary rocks (Martin-Loeches et al., 2020); then the Puzzichellu site
shows two springs with another intermediate Ca-SO,-HCO; water type.

Thus, the geochemical signature of the thermo-mineral springs highlights five different
groundwater types, representing a high diversity of springs for a small area. These five
water types (Fig. 3) and their spatial distribution (Fig. 2) are not correlated with the
geological unit from which they spring out.

4.2. Water gas composition
4.2.1. Multi-criteria classification of gaseous discharge

To improve the understanding of groundwater flows and to discriminate the origin of
the various geochemical signatures, a multi-criteria classification of gaseous discharge
composition was carried out by applying hierarchical cluster analysis (HCA) on chemical
abundance gas measured in April, September and December 2018 (Table 3). In Fig. 4, the
average gas concentration by spring is depicted according to colour from low
concentration (dark blue) to high concentration (deep red). Hierarchical cluster analysis
is performed on the 13 thermo-mineral groundwater samples, based on 9 dissolved gas
components (Ne, He, Ar, N,, H,, CO,, O,, CH,, H,S) and indicates the existence of only
three clusters with three distinct gaseous types: Type I (CH, and H,S), Type II (N,) and
Type III (CO,). Visual inspection of the vertical dendrogram reveals that cluster 1 is linked
to the remaining two other cluster types at a great distance, indicating that the gaseous
origin of Type I differs strongly from the rest of the analysed groundwater. Each related
cluster and main gas composition is detailed below.

4.2.1.1 Type I: CH, and H,S rich springs

Cluster 1 concerns a borehole (PUZ-F) and a natural water spring (CAM-F) flowing
out from the Neogene sedimentary depositions (Fig. 2). These groundwaters are
intermediately mineralised (1041< E.C.<1592 uS/cm), neutral to alkaline (6.9<pH <8, mean
value 7.3), with varying water types due to major ions showing natural variations (Fig. 3):
from Ca-HCO,-SO, in PUZ-F to Na-HCO; in CAM-F. Temperatures are below 20°C (13.5<
T(°C) <17.5) and a typical smell of hydrogen sulfide (rotten egg) is very strong at both
sites. Springs concerned by the Cluster I are characterised by the highest concentration in
CH, and H,S measured in the study area with an average CH, concentration of 910 mol/l
(PUZ-F) up to 2*10° mol/l (CAM-F) and an average H,S concentration of 1*10* mol/L
(PUZ-F) to 4*10° mol/l (CAM-F) (Table 3, Fig. 4). The average H, content (1*10® mol/l)
measured in CAM-F is noticeable. The average CO, content varies from 1*10° to 3*10+*
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mol/l, for CAM-F and PUZ-F respectively, and it is associated with the very low amount
of O, (respectively from 3*107 to 5*107mol/l) these concentrations suggests that the water
flows mainly through anoxic environment. Type I also highlights the occurrence of
significant content in Ne, Ar and N, respectively up to 9*107, 2*10° and 710 mol/l, which
are characteristic of the next cluster (Type II: N,-rich springs) (Fig. 4).

4.2.1.2 Type II: Nj-rich springs

This second cluster concerns thermal springs (CALD, P-SOA, P-LAV, P-B),
characterised by alkaline pH above 8.7 up to 9.7, very low mineralisation (mean value
~330 uS/cm) and temperatures ranging from 30.4 to 54.7°C (Table 2) with Na and HCO;
as dominant ions in all samples. This type is mainly represented by a high content in N,
between 4*10* and 6*10* mol/l associated with noble gas occurrence Ne (up to 8*10°
mol/l), Ar (up to 2*10° mol/l) and He (up to 8*107 mol/l) (Fig. 4).

4.2.1.3 Type III: CO,-rich springs

The third cluster corresponds to the cold carbonated waters of Castagniccia and to two
springs (FONT and ACQ) emerging in the sedimentary plain. These springs show
temperatures ranging from 11°C (AMPU) to 22°C (ACQ), with a wide range of
mineralisation from 230 pS/cm (S-SUP) to 2 890 pS/cm (ACQ) and up to 12 620 pS/cm
(FONT) (Table 1). The Ca-HCO; water type is the dominant feature, even if a Na-Cl water
type is observed at (FONT). This type presents a very high content in CO, with
concentrations varying between 2*10 and 4102 mol/l associated with N, occurrence up
to 4*10* mol/l (Fig. 4).

4.2.2. Abundance classification

Three main gaseous provinces have been identified from the multi-criteria
classification of gaseous discharge performed on the thermo-mineral groundwaters: CH,
and H,S-rich (Type I), N,-rich (Type II), and CO,-rich (Type III). According to Faramawy
et al. (2016), natural gas flux may have multiple origins and come from different processes
such as, thermogenic processes forming CO,, H,S, H, and N,, abiogenic processes forming
CH, from mantle degassing or CO,-reduction (Sherwood Lollar et al., 2002; Rojey, 1997),
but also from biogenic processes forming CH,, CO, and H,. In addition, two processes
could also participate at the same time and provide the same gas content, as has already
been observed in different regions (étrbaéki et al., 2020; Barros et al., 2020; Moritz et al.,
2015; Angelone et al., 2005; Sherwood Lollar et al., 2002).

As shown in Fig. 4, each type representing the major gas released is also associated
with minor gases that are also released at the same time. The relative occurrence between
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major and minor gas occurrence gives information about the processes involved, flow
patterns or combination processes occurring along flow paths. Indeed, the occurrence of
dissolved gases in groundwater is often the result of flow pattern mixing (Lee et al., 2021;
Hiscock, 2009; Kipfer et al., 2002). Influenced by physical degassing processes, these minor
gases appear in relative proportions as follows: N,, Ar and Ne for Type I (CH, and H,S-
rich), Ne and Ar with He for Type II (N,-rich) and N, for Type III (CO,-rich) (Fig. 4). This
observation highlights a minimal proportion of N, in each Type and the occurrence of Ar
and Ne in Type I and II. However, further study of the amount of dissolved gas is needed
to determine their origin.

4.2.3. Gas origin

To relate the composition of gases with their potential genesis processes, the 100*N,-
CO,-10000*Ar and the N»-1 000*He-100*Ar ternary diagrams, proposed by Giggenbach et
al. (1983) and established from Powell and Cumming (2010), are shown in Fig. 5. This
figure displays groundwater dissolved gas content according to their relative content in
N,, Ar, CO, (Fig. 5.A) and N,, Ar, He (Fig 5.B).

In Figure 5.A, the trend towards the CO,-vertex highlights the high amount of CO,
contained in Type III springs and shows its seasonal degassing processes. The gas content
varies according to the month of sampling. This trend also shows that CO, content is not
linked to volcanic or to magmatic phenomena.

The literature highlights that the thermal decomposition of organic matter involves
alteration of the ¥C-CH, isotopic signal varying from -60%o to -20%o. (Faramawy et al.,
2016; Whiticar et al., 1986; Berndt et al., 1996). In contrast to abiogenic processes
responsible for the reduction of CO, into CH, mainly observed in hydrothermal water-
rock interactions and serpentinization of ultramafic rocks (Sherwood 2002), which shows
an enriched signal B®C-CH, > -60%0 (Agnew and Halihan, 2018; Faramawy et al., 2016).
Biogenic processes due to biotic activity are responsible for gas production and show a
depleted *C-CH, <-60%o signature. In the regional literature, the 6"*C-CH, signature was
performed on 3 carbo-gaseous springs of Castagniccia (Type III) and revealed an accurate
d1BC-CH, isotopic ratios of -26.1 (AMPU), -24.9 (PORT) and -21.6%o0 (MOIT) (Berthier et al.,
1980). This signature is usually indicative of thermogenic processes corresponding to a
slow decomposition of organic material with depth because of an increase in pressure and
temperature on sedimentary rocks (Barros et al., 2021, Faramawy et al., 2016; Berndt et al.,
1996; Whiticar et al., 1986). As observed in thermo-mineral waters from Italy by Minissale
(2004), a CO, content which comes from mantle degassing is added, along the
groundwater pathway, thermogenic- CO, coming from the remobilisation of
metamorphic decarbonation reactions of carbonated rocks (Barros et al., 2021; Lavrushin
et al., 2018; Petrovi¢ et al., 2010; Thiébaud et al., 2010). During the metamorphism of
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sedimentary rocks, calcite reacts with SiO,-rich fluids to produce wollastonite rock and
CO,. The latter is then trapped by the schistiosities of the rocks (Chiodini et al., 2020). Some
wollastonite deposits were identified in Castagniccia and allow confirmation that the high
CO, content here is an addition of thermogenic CO, to mantle-degassing CO, (Vitale
Brovarone et al., 2013; Malvoisin et al., 2012; Ravna et al., 2010).

The two figures (Fig 5.A and 5.B) highlight that all thermo-mineral groundwaters
encountered have an N,/Ar ratio ranging between air and air-saturated water (ASW)
ratios. This ratio suggests that the N, component comes from trapped air, due to
atmospheric gases solubilised during rain infiltration (Fig. 5.B) (Epstein et al., 2021, Powell
and Cumming, 2010; Minissale, 2004; Rojey, 1997; Giggenbach et al., 1983). The relatively
higher content in Argon can be explained by radiogenic decay accumulating along flow
paths and translating long residence times, confirming previous isotopic dating results
(Dupuy et al., 2021). Moreover, some studies also reveal that Ar could be also produced
by bacterial consumption of oxygen stock in an organic-rich environment. This process
added to water with a relatively shorter residence time could explain why the highest Ar-
content is observed during September, in PUZ-N and CAM-F springs, both emerging
from a rich organic matter environment (Faramawy et al., 2016, Rojey et al., 1997). As
observed on neighbouring Sardinia island, N,-rich waters are aligned along the ASW -
Crust axis suggesting a general increase in crustal He produced by radioactive decay (Fig
5.B), mostly observable during the winter period (Amaral et al., 2017; Minissale, 2004;
1999; Paternoster et al., 2017). Helium is a radiogenic gas, produced from the radioactive
decay of U and Th present in weathered rocks from Earth’s crust. Low in the atmosphere,
He is widely used as a tracker of volcanic activity, translating gases' deep origin from
mantle or crust degassing (Amaral et al., 2017). Therefore, according to Hiscock (2009), its
accumulation in groundwater could also be due to long interaction time in U-Th- rich
rocks. N, associated with the He amount provides unequivocal evidence for a
contribution of deep non-atmospheric gas to these groundwater samples and a long
residence time (Casillas-Trasvina et al., 2023, Zippa et al., 2019, Kulongoski et al., 2008).

4.3. Reactional processes
4.3.1. Processes identification

Principal component analysis (PCA) was performed from in-situ physical and chemical
parameters (T, pH, Eh, O,, HCO;), combined with gas abundance in April 2018, to confirm
the different processes occurring (Figure 6, Table 1). The first two components explain
50.35% of the total variance of the population. The component F1 is negatively correlated
with high CO, content, showing the CO, degassing (Type III), and positively correlated
with N,, Ar and Ne characterising a crustal influence (Type I and Type II) (Mikhail and
Sverjensky, 2014). This last observation highlights the occurrence of deep influence also
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on springs from the sedimentary plain (Type I). The component F2 is positively correlated
with O, content, highlighting mixing with surface waters concerning mainly one Type III
spring (AMPU). The component F3 is positively correlated with H,S and CH,-content and
negatively with He and Temperature; this axis differentiates biotic processes observed in
Type I from water with long residence times (Type II) (Dupuy et al., 2021).

4.3.2. Biogenic gas evidence

The determination of recharge conditions allows the determination of the excess air (EA)
contribution. This value reflects the difference between groundwater gas concentration
observed in water and modelled concentration at the recharge area (Table 3). A positive
EA reflects a gas supply within the aquifer while a negative value means the involvement
of degassing processes, which can be also associated with dilution processes (mixing or
pressure variation due to the tectonic structure). EA determined on CO,—free sources only,
Type I and Type II, shows values ranging between -6.24*103 (CAM-F) and 1.28*10° (PUZ-
F). All springs show negative EA suggesting the involvement of dilution processes, except
for PUZ-F (Type 1II), which shows a positive value during the whole of the sampling
period. As suggested in the literature, the combination of CH, with a high amount of H,S
in groundwater suggests the involvement of biotic processes (Tassi et al., 2020 Lavrushin
et al., 2018; Etiope, 2017; Gilhooly et al., 2014; Dupalova et al., 2012; Machel et al., 2001).
Associated with the #S-SO, and *S-H,S data measured at the same mineral spring from
Dupuy et al. (2021), this positive EA value confirms that those biotic processes are
responsible for the increase of gas content in the aquifer, due to the biological degradation
of organic matter. This spring emerges from Miocene sediments known to contain thick
organic matter-rich marls (Aghione deposits of the Miocene). However, negative EA
values found on other Type I groundwaters (CAM-F & PUZ-N) also emerging from the
Miocene sediments are correlated with S values measured in a previous study, which
does not show significant biotic activity (Dupuy et al., 2021). The EA seems therefore to
be a good tracer of high biotic processes, showing equivalent results to *S analyses (Table
3).

4.3.3. Groundwater equilibration

Dissolved gas prevalence in groundwater is linked to physical and chemical
parameters and element equilibration state; a pH-Eh diagram was used to characterise
reservoir conditions affecting the gas content (Fig. 7, Table 2). Considering a stable pH
value, the variation of Eh ranging from -238 to 401 mV represents the water equilibrium
state and allows identifying equilibration with gas prevalence. All springs studied flow
mainly under confined reducing conditions (Fig. 7). The CO, and N,-rich springs (Type II
and III) plot in the prevalence state of their predominant gas phases. Type I waters do not
plots either in the CH, or in the H,S prevalence area, and highlight a higher Eh value than
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expected for CH, and H,S rich springs. Figure 7 shows that the CH, prevalence area is
close to the NH,* predominance area .

To identify springs influenced by abiotic processes, the simple NH,* occurrence in
groundwater was used as a witness of the water flowing through very reducing
conditions. Indeed, the NH," is naturally released from the degradation of organic
nitrogen under highly reducing conditions. Its occurrence in groundwater, especially
when the physicochemical parameters of springs do not align with the NH,* prevalence
conditions, underscores water flowing through strong geologic confinement, as observed
for Type I and some springs of Type II. The NH,* values ranged from 0.01 (PUZ-N) to 2.17
mg/L (CAM-F) for Type I and ranged from 0.09 (MOIT) to 1.56 mg/L (FONT) for Type IIL
The spring CAM-F displays the highest concentration in NH,".

The fact that very reducing conditions are reached may cause a secondary production
of CH, from CO,, by processes referred to here as abiotic, and explain the high CH,, CO,
and H,S gas content measured in some groundwaters (Fig. 8) (Tassi et al., 2020; Marques
et al., 2018; Minissale et al., 2000; Paull et al., 2000). Indeed, results from Figure 7 associated
which the binary diagrams (Fig. 8), allow to distinguish the gas variation involved by the
biotic activity from abiotic production with the example of the CAM-F springs
(Chelnokov et al., 2018; Jenden et al., 2015). Then, the re-equilibration of water during the
up-flow under oxidative conditions explains the Eh value observed at the discharge.

4.4. Flowpath
4.4.1 From degassing to local flow information

As suggested by the high dissolved gas content and confirmed by the negative EA
(Table 3), degassing processes are important in these thermo-mineral groundwaters. The
degassing process can result from factors such as dilution, mixing, or the local tectonic
structure. This latter can lead to variations in pressure, which, in turn, influence the
release of gases depending on the solubility conditions of each gas. To discriminate
dilution at one side, with modern water at another side, from mixing between two
different aquifer units during upwelling, anthropogenic gas (CFC and SF¢) analyses were
initially performed (Table 4). Results show that SF¢ values ranged from 0.89 (P-B) to 8.33
(FONT) pptv, 19 (PUZ-F) to 166.82 (S-SOT) pptv for CFC-12, from 88.03 (FORC) to 283.04
pptv (P-B) for CFC-11 and from 3.78(P-LAV) to 18.27 pptv (PUZ-F) for CFC-113 (Table 4).
These values show a low of SF;, CFC-12 and CFC-113 with an uncorrelated high amount
of CFC-11. To explain this, it is acquired that if atmospheric contamination occurs all CFCs
gases should be impacted in the same proportions (Cartwright et al., 2017; Darling et
al.,2012). So only a few natural processes could explain the relative amount of variation
between CFCs as microbial breakdown or sorption, but neither of these can explain the
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proportion obtained here, from springs in different geological contexts (Chambers et al.,
2019; Kotowski et al., 2019). Moreover, according to Beyerle et al. (1999), these
anthropogenic gases are responsive to Excess Air formation and degassing processes.
Degassing processes could then explain the relative proportions observed which are
inversely proportional to their AE sensitivity (Cartwright et al., 2017). Even if degassing
processes influence the anthropogenic gas content in groundwater, their occurrence in
groundwater highlights a dilution process with modern water and should be confirmed
by the *H content (Table 3).

Tritium measured in groundwater ranges from 0 (P-X) to 2.3 TU (PARD); knowing that
the average *H content in Corsican rainwater is about 8 TU (Juhlke et al., 2020) it can be
concluded that Type I are old water diluted by modern surface waters or shallow
groundwaters (characterised by the presence of anthropogenic gases, negative EA and
with noticeable °H amount). By comparison, the negative AE combined with groundwater
deprived of *H characterises Type II as composed of old groundwater only. Type III
groundwater shows the widest diversity of flow path contributions. In this category (CO,-
rich springs) some springs are mainly composed of old water while many other springs
result from mixing processes between old water diluted with an actual water fraction
(Table 3) containing anthropogenic gases and °H.

4.4.2 Influence of regional flow

Noble gases found in groundwater reveal the recharge conditions history. It is usually
admitted that the higher the concentration of noble gases in the water, the colder is the
recharge temperatures observed (Hiscock, 2009; Kipfer et al., 2002). The Ar and N,
concentrations are displayed in Fig. 9. Carbogaseous waters (Type III) show the lowest
amount of noble gas, due to their intensive degassing. Fig. 9 highlights the CH,-rich
waters (Type I) springing out from the sedimentary plain and show a higher or equivalent
amount of noble gas than thermal springs (Type II). However, this observation is different
from the recharge altitude estimation calculated from 8*H and 8"0 data measured in this
study (Table 2). These values show a differentiated recharge altitude ranging from 764 to
900 m asl for Type II and from 78 to 290 m asl for Type I. The noble gas concentration
suggests that, even if most groundwater flow in the sedimentary plain comes from a local
recharge, some springs from the plain (Type I) can also be supplied by a deeper up-flow
coming from a higher altitude.

As detailed by Elena et al. (2020), helium is a highly volatile radiogenic gas, its
accumulation in groundwater is usually proportional to the increasing depth or residence
time at the contact with source-rocks (Werner et al., 2022; Casillas-Trasvina ef al., 2022;
Karolyté et al., 2019; Kulongoski et al., 2008). The measure of He excess is therefore
significant (analytical threshold = 10 cm3STP/g) due to accumulation along the flow line
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and indicates very long circulatory processes. All (non-carbogaseous) springs show an
excess of He. The greatest excess (from 10 and 10° cm3STP/g) is observed for Type III,
however, the amount of He excess in the sedimentary plain springs (Type I) confirms their
supply by the deep flow, having a long residence time.

4.4.3 Conceptual model of groundwater flow towards thermo-mineral springs

From the geochemical, the water stable isotopic and gases dataset obtained a
conceptual hydrogeological model of the region is proposed (Fig. 10). It shows that
meteoric water infiltrated at high altitudes (>800 m asl) infiltrates into granitic rocks
through major faults and deep fractures. Water is then warmed by the natural geothermal
gradient until the shallower part of the crust where water is enriched with high amounts
of N,, He, and low amounts of CO,. The local geostructure allows the release of dissolved
gases up to the near surface (Type II). However, this study reveals that the type II (N,-
rich) also supplies trough depth all other thermal and mineral springs emerging in the
sedimentary plain (Fig. 11). Depending on waters and rocks encountered along the
gaseous up-flow, this regional gaseous signature is locally modified by abiotic and biotic
processes. During the flow path through metamorphic rocks, the deep gaseous flux is
mixed with carbonated waters coming from a local recharge. The water circulation
through these rocks allows the mobilisation of thermogenic CO, coming from
metamorphosed schists (Type III). This high amount of CO, increases the degassing
process of low soluble gases as noble gas originating from the regional gaseous flux.

Carbogaseous water also springs out in the southern part of the sedimentary plain, at
the interface of the different geological units, where the metamorphosed rocks are
overlapped by an impermeable geological layer of Eocene flyschs. Here also
metamorphosed rocks supply the sedimentary plain at depth with N, and CO, gases
which are subsequently influenced along their pathway through deep anoxic and very
reducing conditions. This abiotic process is responsible for the N, reduction into NH,* and
CO, into CH, increasing NH,* and CH, content in groundwater (Fig. 11). Then, still
supplied by a local recharge, the water flows in contact with the organic material
contained in the Miocene sediments. Biotic processes alter the sulfate isotopic and
geochemical composition of those waters and increase the H,S amount in surface waters
(TypeI) (Fig. 10 and 11).

Using this innovative and complex combination of tools, investigations highlight the
occurrence of a regional gas supply observed in all thermo-mineral waters of the eastern part
of Corsica Island, even in a non-tectonically active zone. The geological structural complexity
of the island is responsible for a wide variety of processes affecting gas and water composition
and explains the high diversity of thermo-mineral water observed, as shown in Fig. 10. The
complexity and the diversity of processes accumulating along the regional path confirm the
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involvement of gas and water mixing processes between the different geological units. To
achieve a more sustainable use of thermo-mineral springs on the island of Corsica,
quantifying the interplay between regional and local flows must be considered for future
research. Indeed, due to the complexity of the flow paths involving, deep upwelling,

interactions with the local geological matrix and mixing with phreatic waters, quantification

of mixing ratios will be helpful in a further attempt to contribute to a more sustainable

exploitation of the island's thermo-mineral springs.
5. Conclusion

These investigations aimed to provide new information on the accumulation of
hydrogeological processes along groundwater flow-paths within tectonically non-active
zones. Our findings demonstrate that groundwater gas contents can provide an almost
complete assessment of hydrogeological processes (abiotic and biotic) occurring on both
regional and local scales. This approach reveals not easily discernible insights by using
more conventional hydrogeochemical and isotopic tools.

The use of dissolved gases as tracers circumvents the methodological constraints
often encountered with classic tools, due to the presence of CO,, iron, or sulfur, which can
constrain the water analyses. This unconventional method enables us to identify the flow
paths irrespective of water type or encountered geological units making analysis possible
independently of water intrinsic properties (conductivity, pH, carbon or sulfide content).

In conclusion, studying dissolved gas content is an unconventional yet valuable tool,
providing qualitative information about aquifer hydrogeological functioning such as the
recharge conditions, the regional flow paths, hydrogeological compartments mixing
(deep versus phreatic) and the impact of bacterial activity on water composition.

However, it is important to acknowledge several limitations, which can be
categorised into two: practical and technical aspects, as well as more generalised data
interpretation. Practical and technical limitations include the need for careful sampling,
rapid gas sample analysis (< 48H) and cautious transportation (avoiding sudden pressure
changes). To respectively avoid, atmospheric contamination, gas consumption or
production by biotic activity, or artificial degassing which could introduce results bias,
especially for carbonaceous samples. The limitations of the methodology and data
interpretation arise from the high diversity of dissolved gases measured in this study.
Resulting in contrasting gas signatures that are easy to identify and differ significantly
from the uncertainties associated with our analytical tools. Further studies are needed to
evaluate the applicability and effectiveness of this methodology when applied to springs
with lower geochemical and gas diversity.
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To pave the way for further research, it remains to be seen whether the dissolved gas
content can be used to mathematically quantify groundwater mixing along the flow
path.Quantifying flow paths at the origin of mineral water genesis is imperative for the
effective protection and management of exploited spa or bottled springs. Understanding
processes involved in gases and water release is essential to ensure the sustainability and
quality of these valuable resources. It would allow the identification of potential sources
of contamination, monitor the influence of biotic factors, and assess the impact of external
forces, such as climate change and anthropogenic activities. By quantifying flow paths,
we gain insights into the hydrogeological dynamics that shape mineral water
composition, enabling us to make informed decisions for resource preservation. This
knowledge empowers stakeholders to safeguard the integrity of spa and bottled springs,
ensuring their long-term availability and benefit to society. This significance is heightened
when considering that currently remote regions in Europe, such as those hosting
UNESCO World Heritage sites, have their economies dependent solely on the spa tourism
and social appeal of these historically renowned mineral springs since the 18th century.
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Figure 1 : Ombrothermal diagrams displaying low-land and in-land mean climatic conditions at 3 stations
of the study area (Bastia and Solenzara for the low-land and Corte for the in-land climatic
conditions). Data is collected by the French weather forecast office and it’ is available online. Data
displayed here is compiled from 1950 to 2020. This diagram displays the total monthly
precipitation in mm and the monthly minimum., maximum. and mean temperatures express in
degree centigrade and gives relative expression of summer drought. The intensity and duration
of the dry season based on the intersections of the Temperature curves and the Precipitation one.

Figure 2: Location and simplified geology of the studied area. Location and typology of the thermo-mineral
springs. The spring symbols describe gas type; spring name colour refers to the geochemical water

type.

Figure 3: Piper diagram of Eastern Corsica thermo-mineral water samples (N=259). Circle around spring
symbols represents quantitative information on the total dissolved solids (T.D.S.) in
groundwaters. For more accurate representation, the TDS values are proportionally magnified by
5.

Figure 4: Multi-criteria classification and characterisation of thermal and mineral water samples were
carried out applying hierarchical type analysis (HCA) on gas chemical composition obtained in
April on 9 springs. This heatmap is a graphic representation of data where gas abundances (Ne,
He, Ar, N,, H,, CO,, O,, CH,, H,S) are depicted by colour, from low concentration (dark blue) to
high concentration (deep red).

Figure 5: Ternary diagrams displaying dissolved gas content in thermo-mineral waters after Giggenbach et
al. (1983). All springs are displayed by code name then by the number of the sampling month. The
ternary diagram (A) displays N,-CO,-Ar to illustrate the relative CO, contribution of magmatic,
meteoric and volcanic sources of gases in Corsican thermo-mineral springs. The meteoric
component is limited by the air ratio (N,/Ar=84) and the air saturated water (ASW) ratio
(N»/Ar=38), the volcanic component by (CO,/N,=200), and it confirms the predominantly meteoric
origin of these compounds. The lines between CO, apex, ASW and Air points indicate the effect
of shallow contamination on dissolved gases. The ternary diagram (B) displays N,-He-Ar to
illustrate the relative contribution from magmatic, meteoric or crustal sources of gases in thermo-
mineral springs. The meteoric component is limited by the air ratio (N,/Ar=84) and the air
saturated water (ASW) ratio (N»/Ar=38) and it confirms the predominantly meteoric origin of
these compounds. (*) Sampling air contamination.

Figure 6: Principal Component Analysis (PCA) discriminating processes and flows involved in spring water
composition.

Figure 7: Pourbaix diagram explaining the predominance of CO,, N, and CH, gases. Eh vs. pH values of
thermomineral springs were plotted to determinate waters influenced by reductive conditions.

Figure 8: Binary diagram of CH,, H,S and CO, abundances observed in waters. Biogenic influence is evidenced
with the line 1:1 due to bacterial activity (Chelnokov et al., 2018)

Figure 9: Binary diagram of N, and Ar in mol/L in thermo-mineral waters. Regression lines are displayed
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Figure 10. Hydrogeological conceptual model of thermo-mineral waters from the eastern part of Corsica.
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Table 1: Information about sites, springs localities, code name, type and altitude.
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Spring

Geographic Coordinates

hame CODE Type Altitud in " Lambert 93
e(m Municipality
asl) X (m) Y (m)
Acqua ACQ Spring 47 1,227,704.2 | 6,119,785.5 | Serra di Fiumorbo
Acetosa 89 50
Caldaniccia | CALD Spring 284 1,220,620.5 | 6,111,725.5 | Chisa
Travu 98 65
Vignola VIGN Spring 190 1,223,000.9 | 6,112,347.6 | Chisa
Travu 93 55
Fontanella FONT Spring 1 1,231,781.4 | 6,107,000.3 | Solaro
21 55
Pietrapola P- Spring 190 1,222,833.8 | 6,119,744.0 | Isolaccio-di-Fiumorbo
MUR3 37 12
P-LAV Spring
P-LEC Spring
P-LUC Spring
P- Spring
MUR1
P-ESC Spring
P-RAST | Spring
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P-SOA | Spring
Campo- CAM-F | Spring 25 1,231,884.6 | 6,137,973.4 | Antisanti
Favajo 19 05
Puzzichellu | PUZ-F Borehol 60 1,230,383.1 | 6,135,227.5 | Aghione
e 09 81
PUZ-N | Spring
PUZ-G | Spring
Fajo- QUAR- | Spring 110 1,228,744.5 | 6,142,058.4 | Giuncaggio
Quarcio D 04 66
QUAR- | Spring 110
G
Vadina VAD Spring 18 1,234,334.5 | 6,129,574.7 | Ghisonaccia
84 38
Pardina PARD Spring 554 1,228,492.1 | 6,158,708.6 | Tarrano
88 17
Moita MOIT Spring 442 1,228,931.8 | 6,152,106.4 | Moita
29 68
Forcione FORC Spring 177 1,227,838.6 | 6,169,146.7 | Scata
85 31
La Porta PORT Spring 369 1,223,782.8 | 6,169,454.1 | Poggio Marinaccio
56 26
Piana PIAN Spring 370 1,225,496.5 | 6,164,172.7 | Stazzona
02 61
Surgente SSOT Borehol 415 1,225,544.6 | 6,163,060.8 | Rappaggio
Sottana e 76 65
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Surgente SSUP Spring 477 1,225,594.7 | 6,163,049.7 | Rappaggio
Supprana 39 61

Caldane AMPU | Spring 159 1,229,540.9 | 6,168,923.5 | San Gavino
d'Ampugna 88 34 d'Ampugnani

ni
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Table 2: Field parameters, hydrochemical and isotopic content of thermo-mineral groundwaters.

Estimated recharge altitude

T. pH E.C. Eh 0, HCO; CO;* NH,4 3H 2H 180
SPRINGS
CODE DATE
°C - uS/cm?> mv. mg/L % mg/L mg/L mg/L TU STD %o STD %o STD Ave. STD
Apr-18 15.7 5.93 2150 310 0.85 8.7 1437 1.3E-03 0.27 -40.03 0.10 -7.22 0.03
ACQ 263 34
Dec-18 179 6.01 2120 228 0.28 29 1291 1.4E-03 0.08 1.1 0.2 -38.69 0.38 -6.88 0.00
Apr-18 13.5 5.99 1126 319 385 379 798 8.3E-04 -43.52 0.09 -7.63 0.05
AMPU Sep-18 15.7 5.96 1432 338 249 251 937 9.1E-04 217 1.7 0.2 -4456 0.14 -8.08 0.06 458 32
Dec-18 129 5.83 1237 356 340 328 836 6.0E-04 1.63 -43.04 0.34 -7.86 0.03
CALD Apr-18 33 9.58 150 2 211 03 63 2.6E-01 1.59 -52.11 0.07 -8.17 0.02 1035 115
Apr-18 16.5 7.83 1405 196 0.25 2.5 468 3.4E-02 -39.64 0.27 -7.13 0.04
CAM-F Sep-18 17.1 7.78 1429 -90 0.01 0.1 494  3.2E-02 0.0 -39.21 0.24 -7.05 0.05 228 17
Dec-18 16.6 7.67 1381 -111  0.16 1.6 461 2.3E-02 -39.05 0.10 -6.83 0.16
FAJO-D Apr-18 15.7 7.35 698 -25 25.00 245 503 1.3E-02 -41.18 0.18 -7.44 0.02 292 35
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Sep-18 16.8 7.03 693 67 - - 538 6.1E-03 13 02 -4130 050 -7.37 0.03
Dec-18 16.2 7.11 700 -4 234 229 405 5.5E-03 -39.79 0.34 -7.19 0.09
Apr-18 15.5 7.30 704 -34 2860 2.81 438 9.3E-03 -40.69 0.56 -7.26 0.04

FAJO-G Sep-18 16.7 7.16 694 39 - - 400 6.2E-03 11 02 -4119 0.69 -7.51 0.12 277 25
Dec-18 16.3 7.02 711 9 190 195 372 4.1E-03 -39.98 0.14 -7.23 0.07
Apr-18 17.5 6.13 12150 190 0.02 0.2 1696 2.4E-03 -41.30 0.47 -7.39 0.04

FONT Sep-18 19.5 6.06 12200 222 0.20 2 1764 2.2E-03 1.2 0.2 -4270 055 -7.07 0.03 334 45
Dec-18 189 6.46 12070 178 0.77 81 1787 5.5E-03 -41.01 0.12 -6.94 0.02
Apr-18 15.2 5.77 1002 275 008 08 676 4.3E-04 -46.08 0.31 -7.91 0.12

FORC Sep-18 154 5.79 1026 290 0.75 7.6 665 4.4E-04 0.0 -46.66 0.07 -8.23 0.07 580 17
Dec-18 154 5.80 1022 298 0.17 1.7 689 4.6E-04 -46.03 0.10 -8.23 0.10
Apr-18 13.5 5.99 1149 311 0.70 7 781 8.1E-04 -47.40 0.44 -8.37 0.01

MOIT 650 24
Sep-18 149 5.89 1216 279 - - 856 7.1E-04 0.24 0.0 -47.05 0.34 -8.15 0.04
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Dec-18 13.8 599 1010 279 052 53 694 7.2E-04 0.25 -46.81 0.58 -8.16 0.08
Apr-18 12 544 516 402 1,52 153 265 7.8E-05 0.17 -48.36 0.31 -8.50 0.06

PARD Sep-18 12.5 5.53 556 233 055 56 314 1.1E-04 0.06 23 0.3 -4857 0.40 -8.40 0.02 702 41
Dec-18 12.1 5.20 497 373 161 16 275 4.7E-05 0.01 -47.84 0.40 -8.28 0.02
Sep-18 44 8.89 372 -185 0.54 128 1.1E-01 0.0 -54.81 0.30 -9.22 0.06

P-B 1045 17
Dec-18 43.2 9.67 338 -61 4.04 671 100 5.0E-01 -55.06 0.20 -9.10 0.04
Apr-18 48.6 9.18 336 189 053 9.8 122 1.9E-01 -54.65 0.22 -9.09 0.05

P-LAV Sep-18 48.9 9.00 376 -174 243 118 1.3e-01 0.0 -54.47 0.03 -8.96 0.02 1045 21
Dec-18 49.9 9.63 340 -123 055 9.8 110 4.9E-01 0.56 -55.26 0.28 -9.35 0.07
Apr-18 31.3 9.32 334 202 389 484 110 2.4E-01 0.46 -54.96 0.24 -9.33 0.05

P-LUC Sep-18 345 9.36 338 19 142 204 132 3.2E-01 032 0.0 -51.63 0.13 -8.62 0.06 1031 43
Dec-18 32.5 9.60 336 -82 117 165 109 4.6E-01 0.43 -54.97 0.16 -8.85 0.06

P-MUR3 Dec-18 50.1 9.38 338 -98 2.06 371 112 1.8E-01 0.47 -54.10 0.31 -8.89 0.08 1036 24
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Sep-18 49.7 8.96 378 -182 - - 116 1.1E-01 0.0 -55.58 0.03 -9.09 0.00
Apr-18 49 9.15 337 189 233 426 118 209E-01 -55.20 0.23 -9.17 0.03
Apr-18 12.1 6.17 2390 259 114 11 1642 2.6E-03 -54.29 0.36 -9.03 0.12

PORT 1061 26
Sep-18 159 598 3140 110 0.24 2.6 2102 2.1E-03 0.0 -54.83 0.08 -9.20 0.06
Sep-18 54.7 8.96 340 -24 099 18.1 105 1.0E-01 0.0 -55.19 0.03 -9.21 0.04

P-RAST 1043 17
Dec-18 54.2 9.20 340 -147 122 227 121 2.0E-01 -54.67 0.13 -9.05 0.03
Apr-18 50.7 9.09 339 188 0.65 116 131 1.7E-01 -55.02 0.55 -9.18 0.01

P-SOA Sep-18 50.8 9.16 375 -170 0.06 1.1 133 2.0e-01 141 0.0 -54.71 0.49 -9.03 0.07 1047 20
Dec-18 49.4 9.55 340 -175 082 145 106 4.0E-01 1.39 -54.68 0.38 -8.79 0.08
Apr-18 16.7 7.32 1800 213 6.30 634 559 1.2E-02 -38.65 0.59 -6.70 0.05

PUZ-F Sep-18 169 7.10 1048 18 012 1.2 498 6.6E-03 1.3 0.2 -3855 0.26 -7.07 0.06 199 14
Dec-18 16.7 7.17 1052 -125 0.24 2.5 492 7.8E-03 -38.28 0.21 -6.92 0.04

PUZ-N Apr-18 14.2 6.96 1309 214 160 16.2 559 54E-03 0.25 -38.13 0.31 -6.81 0.03 163 29
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Sep-18 175 7.05 1592 -107 114 114 616 7.4E-03 0.29 0.0 -38.81 0.81 -7.18 0.07
Dec-18 155 696 1325 -119 149 149 577 5.6E-03 0.12 -38.00 0.30 -6.88 0.03
Apr-18 13.6 5.69 920 302 091 93 659 3.5E-04 0.11 -49.02 0.45 -8.50 0.09

S-SOT Sep-18 13.7 5.72 910 308 0.62 6.2 580 3.2E-04 0.09 18 0.2 -50.28 0.22 -843 0.05 753 29
Dec-18 13.7 5.72 962 309 109 111 628 3.5E-04 -49.06 0.30 -8.43 0.09
Apr-18 11.7 4.96 254 281 075 0.7 115 1.1E-05 -49.60 0.07 -8.61 0.06

S-SUP Sep-18 12.5 4.96 257 272 002 0.2 83  8.1E-06 12 0.2 -49.61 0.15 -8.48 0.03 780 20
Dec-18 12.2 4.88 255 217 001 01 98  7.9E-06 -50.01 0.13 -8.54 0.07
Apr-18 27.7 7.51 2.89 0 263 34 67 2.3E-03 0.34 -55.19 0.18 -9.38 0.05

VIGN Sep-18 28.7 8.03 2880 49 2.00 26.1 29 3.3E-03 1.56 -51.63 0.19 -8.77 0.11 876 103
Dec-18 28 7.47 2870 -20 2,57 335 110 3.4E-03 -52.00 0.32 -8.80 0.07

Table 3: Concentration of dissolved gas sampled with analytical error. Helium and excess air calculation results. (<LOD) limit of detection, (n.m) non-measured, (-) calculation not allowed

due to high CO, degassing.
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co, He Ne H, Ar 0, N, CH, H,S N,/Ar He excess Excess Air
DATE 5% +3% +3% +3% 3% 3% 5% 3% +3% (EA)
SPRING CODE
mol/L cm3STP/g

ACQ Apr-18 2.94E-02 5.90E-09 1.79E-09 <LOD  3.42E-06 8.84E-07 1.16E-04 6.38E-07 <LOD 34 - -
ACQ Dec-18 3.60E-02 n.m 8.89E-10 <LOD  4.59E-07 1.44E-06 3.84E-05 2.49E-07 <LOD 84 - -
S-SOT Apr-18 5.61E-02 3.69E-09 1.17E-09 <LOD  5.24E-06 3.75E-07 1.85E-04 5.33E-07 3.03E-07 35 - -
S-SOT Sept-18 3.59E-02 n.m 2.71E-09 <LOD  4.91E-06 5.63E-07 1.95E-04 5.96E-07 <LOD 40 - -
S-SOT Dec-18 3.89E-02 n.m <LOD <LOD  2.08E-06 1.34E-07 7.24E-05 3.10E-07 5.17E-07 35 - -
S-SUP Apr-18 5.00E-02 2.76E-10  <LOD <LOD  1.64E-06 2.27E-07 5.50E-05 2.18E-08 <LOD 33 - -
S-SUP Sept-18 2.30E-02 n.m <LOD <LOD  3.66E-07 3.18E-07 2.52E-05 0.00E+00 5.65E-07 69 - -
S-SUP Dec-18 3.14E-02 n.m 8.16E-10 <LOD  1.08E-06 2.41E-07 4.05E-05 9.10E-08 1.03E-06 38 - -
AMPU Apr-18 2.51E-02 3.37E-09 5.47E-09 <LOD  8.40E-06 1.06E-04 2.78E-04 4.76E-08 <LOD 33 - -
AMPU Sept-18 1.79E-02 n.m 1.10E-09 <LOD  1.96E-06 3.36E-06 7.82E-05 2.67E-08 <LOD 40 - -
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AMPU

FONT

FONT

FONT

FORC

FORC

FORC

PORT

PORT

PARD

CALD

P-B

P-B

Dec-18

Apr-18

Dec-18

Sept-18

Apr-18

Sept-18

Dec-18

Apr-18

Sept-18

Apr-18

Apr-18

Sept-18

Dec-18

1.99E-02

3.37E-02

2.28E-02

1.95E-02

3.09E-02

1.93E-02

2.49E-02

4.64E-02

3.06E-02

4.45E-02

3.50E-06

1.44E-06

2.76E-06

1.05E-09

1.35E-09

n.m

n.m

1.26E-08

1.89E-08

n.m

n.m

4.15E-09

2.53E-08

n.m

7.82E-07

3.49E-09

1.37E-09

<LOD

3.13E-10

1.68E-09

2.34E-09

3.20E-09

<LOD

<LOD

2.56E-09

7.93E-09

6.29E-09

6.09E-09

<LOD

<LOD

<LOD

1.84E-08

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

7.96E-06

1.25E-06

3.22E-07

5.77E-07

1.05E-05

6.72E-06

9.08E-06

2.83E-06

8.02E-07

3.46E-06

1.72E-05

1.14E-05

9.23E-06

9.51E-05

1.10E-07

1.92E-07

1.09E-06

1.35E-07

4.13E-07

4.60E-07

2.13E-07

2.81E-06

1.82E-05

1.24E-05

1.05E-06

2.07E-05

2.95E-04

4.20E-05

1.10E-05

2.20E-05

4.17E-04

3.01E-04

4.23E-04

9.52E-05

2.80E-05

1.10E-04

5.85E-04

3.89E-04

3.43E-04

3.61E-08

9.29E-07

3.79E-07

5.32E-07

1.04E-06

8.27E-07

1.20E-06

1.17E-05

5.14E-06

1.74E-07

2.38E-07

2.55E-06

8.70E-07

<LOD

6.77E-08

<LOD

<LOD

<LOD

<LOD

6.77E-08

<LOD

<LOD

<LOD

<LOD

1.34E-07

<LOD

37

34

34

38

40

45

47

34

35

32

34

34

37

5.30E-07

1.75E-05

-1.10E-03

-1.52E-03

-9.76E-04
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P-LAV

P-LAV

P-LAV

P-SOA

P-SOA

P-SOA

PUZ-F

PUZ-F

PUZ-F

PUZ-N

CAM-F

CAM-F

CAM-F

Apr-18

Sept-18

Dec-18

Apr-18

Sept-18

Dec-18

Apr-18

Sept-18

Dec-18

Sept-18

Apr-18

Sept-18

Dec-18

7.64E-05

8.30E-06

2.26E-05

2.27E-05

3.10E-06

3.69E-05

1.23E-03

8.79E-04

9.81E-04

1.06E-03

3.55E-04

2.40E-04

3.10E-04

1.15E-07

n.m

2.25E-07

6.79E-08

2.34E-07

2.94E-08

n.m

3.15E-08

n.m

8.76E-09

n.m

9.22E-09

6.35E-09

5.88E-09

6.07E-09

8.13E-09

5.69E-09

6.07E-09

9.52E-09

9.35E-09

8.96E-09

6.83E-09

2.53E-09

2.01E-09

3.80E-09

8.92E-08

<LOD

<LOD

6.58E-07

4.55E-10

<LOD

<LOD

<LOD

<LOD

<LOD

<LOD

1.33E-08

2.17E-08

1.47E-05

1.30E-05

1.19E-05

1.76E-05

1.18E-05

1.22E-05

2.01E-05

1.63E-05

1.77E-05

1.21E-05

8.91E-06
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Table 4: CFC and SFg concentrations measured in water in pmol/L and pptv.

SPRINGS CODE SF6 CFC-12 CFC-11 CFC-113

pmol/L  pptv  pmol/L pptv  pmol/L  pptv pmol/L  pptv

FORC 8.39E-04 2.75 1.23E-01 30.23 1.34 88.03 0.00E+00 -
S-SOT 1.65E-03 5.41 6.78E-01 166.82 3.22 211.58 5.88E-02 12.84

P-B 0.00E+00 - 3.14E-01 67.32 4.54  253.58 0.00E+00 -
P-LAV 5.83E-04 1.71 1.11E-01 23.86 2.45 137.02 2.08E-02 3.78
PUZ-F 0.00E+00 - 8.01E-02 19.00 2.27 143.51 8.68E-02 18.27
CAM-F 2.81E-04 0.89 1.95E-01 46.24 447  283.04 5.20E-02 10.95
FONT 2.64E-03 8.33 8.03E-02 19.06 2.11 133.45 2.26E-02 4.75
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Abstract

The varied gaseous composition of thermo-mineral waters emerging in a non-
active zone reflects the diversity and complexity of groundwater pathways and
provides important insights into their hydrogeological behaviours. The investigated
geochemical content of complex thermo-mineral springs revealed the need to use
dissolved gas contents as part of a multi-tracer approach to discriminate processes,
geogenic (water-gas-rock interactions), abiotic (geological confinement, flow paths)
and biotic activity influencing geochemical of groundwater along regional pathways.
Irrespective of the dissolved element content or the water type, examining the overall
concentration of dissolved gases enables an effective delineation of regional
groundwater flow paths. Using dissolved gas content further contributed to the
circumvention of some analytical challenges associated with conventional isotopic or
geochemical techniques, often linked to the high concentration of elements such as
iron, sulfate, sulfide or other naturally occurring elements content. The primary
objectives are to analyse the gas composition of individual springs, to identify the
origin of these gases in the groundwater, and to use this gas composition to improve
the understanding of the flow patterns contributing to the geochemical diversity
observed at the surface of the groundwater. From field investigations in a geologically
and structurally complex area of Eastern Corsica (France), three types of gas contents
are identified: (type 1) CH, & H,S-rich, (type 2) N,-rich and (type 3) CO,-rich. The
study of these dissolved gases highlights that the wide geochemical diversity of
thermo-mineral waters observed here is not only related to the mineralogical
composition of the local aquifer but also involves strong and cumulative interactions
along deep regional circulation pathways. This approach also reveals a common deep
crustal gaseous influence characterised by N, production, which interacts during up
flow with groundwater and then with the local metamorphic or sedimentary rock
matrix. The groundwater’s isotopic and geochemical contents are then altered by local
lithologies encountered through both abiotic and biotic interactions. Finally, at
shallow depths, phreatic groundwater can add its geochemical and isotopic footprint
and dilute this complex mixture before groundwater emerges as mineral spring. This
paper answers the primary objectives yet further demonstrates that using dissolved
gas as a tracer of groundwater flow paths allows a deeper interpretation of surface
geochemical and isotopic observations, distinguishes local from regional flow paths,
and provides information about processes at the origin of groundwater diversity.

The combination of tools presented in this paper (i.e., geochemical, dissolved gas,
and isotopic tools) allows the establishment of a reliable regional groundwater flow
scheme for thermo-mineral waters in a non-active zone. This scheme is essential to
improve thermo-mineral water management, and protection to ensure their
sustainable quality in front of increasing anthropogenic and climatic pressures.
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