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Abstract Mineralization of groundwater in volcanic aquifers is partly acquired through

silicates weathering. This alteration depends on the dissolution of atmospheric, biogenic, or

mantellic gaseous CO2 whose contributions may depend on substratum geology, surface

features, and lava flow hydrological functionings. Investigations of PCO2eq and d13CTDIC

(total dissolved inorganic carbon) on various spatiotemporal scales in the unsaturated and

saturated zones of volcanic flows of the Argnat basin (French Massif Central) have been
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carried out to identify the carbon sources in the system. Mantellic sources are related to

faults promoting CO2 uplift from the mantle to the saturated zone. The contribution of this

source is counterbalanced by infiltration of water through the unsaturated zone, accom-

panied by dissolution of soil CO2 or even atmospheric CO2 during cold periods. Moni-

toring and modeling of d13CTDIC in the unsaturated zone shows that both PCO2eq and

d13CTDIC are controlled by air temperature which influences soil respiration and soil-

atmosphere CO2 exchanges. The internal geometry of volcanic lava flows controls water

patterns from the unsaturated zone to saturated zone and thus may explain d13C hetero-

geneity in the saturated zone at the basin scale.

Keywords Volcano � Unsaturated zone � Groundwater � PCO2
� Carbon-13

1 Introduction

Volcanic aquifers are increasingly under interest and studied from a hydrogeochemical

point of view for two main reasons. At first, volcanic groundwater use is vital in many

locations around the world (Stieljes 1988; Violette et al. 1997; Cruz and Amaral 2004;

Dafny et al. 2006; Demlie et al. 2008; D’Ozouville et al. 2008; Bertrand et al. 2010;

Charlier et al. 2011) including in developing countries (Kulkarni et al. 2000; Carrillo-

Rivera et al. 2007; Demlie et al. 2008). Therefore, volcanic aquifer managements and

international policies implementations (e.g., Groundwater Directive from the European

Union 2006/118/EC, European Parliament 2006) or the protection of groundwater-

dependent ecosystems (Kløve et al. 2011; Bertrand et al. 2012a, b) imply the assessment of

their spatial and temporal hydrochemical patterns in order to evaluate their possible fates in

a context of local and global anthropogenic pressures. Secondly, as shown in pioneering

works (Garrels and Mackenzie 1971), the weathering of silicates, in particular, is one of the

major processes affecting the global carbon cycle through silicates–water–CO2 interaction,

leading, in the long term, to carbonate precipitation and sedimentation in the oceans. In

order to quantify this interaction, many studies have focused on river geochemistry on a

global (Stallard and Edmond 1983; Meybeck 1987; Négrel et al. 1993; Edmond et al. 1995;

Gaillardet et al. 1999) and smaller scale (Bluth and Kump 1994; White and Blum 1995;

Gislason et al. 1996; Louvat and Allègre 1997; Stewart et al. 2001; Millot et al. 2002).

Amiotte-Suchet and Probst (1993) highlighted the importance of lithology and showed that

basalts are among the most easily weathered crystalline silicate rocks. Gaillardet et al.

(1999) determined that the atmospheric CO2 consumption flux derived from basalts

weathering represents 30 % of the global flux from all silicates. Thus, basalt weathering

acts as an important regulator of Earth’s climate on a geological time scale (Dessert et al.

2003), and basaltic systems are now viewed to be potential zone of CO2 injection for

greenhouse effect limitation (Matter et al. 2007 and references therein).

As a result, numerous studies were devoted to identify factors affecting CO2 fates through

basalt weathering and focused on geochemical factors such as rock mineralogy and age,

runoff and infiltration rates, temperature, and vegetation (e.g., Nesbitt and Wilson 1992;

Gislason et al. 1996; Stefansson and Gislason 2001 and references therein; Pokrovsky et al.

2005; Lloret et al. 2011; Benedetti et al. 1994; Drever 1994; White and Blum 1995; Gislason

et al. 1996; Brady et al. 1999; Moulton et al. 2000; Dessert et al. 2001; Hinsinger et al. 2001).

In addition, a particularity of volcanic areas is that mantellic or metamorphic CO2 may

interact with these systems, sometimes constituting the major source of carbon in volcanic
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aquifers (Alley 1993; Rose et al. 1996; Federico et al. 2002; Chiodini et al. 1999; Martin-

Del Pozzo et al. 2002; Karakaya et al. 2007), and modifying the CO2 patterns.

However, these studies addressed only partially two factors that could play a significant

role in carbon patterns at the lava flow scale. Primarily, the patterns of biogenic and

atmospheric CO2 dissolving in unsaturated zones depend on soil structure and microcli-

mate (Dudziak and Halas 1996; Lohila et al. 2007) which are parameters changing at a

little time scale. Gislason et al. (1996) addressed partially this topic by analyzing the effect

of snow cover on weathering rates and showed that this process decreases as snow cover

increases, but the underlying processes were not investigated temporally. Secondly, the

effects of morphological particularities of lava flows were not investigated in detail.

Internal geometry of rocks influences water dynamics (Kiernan et al. 2003; Dafny et al.

2006) which may significantly affect the ways and the rate in which the CO2 is consumed

(Pacheco and Van der Weijden 2012 and references therein).

In order to fill these gaps, and to precise the factors influencing CO2 patterns and

groundwater mineralization in volcanic systems, spatial and temporal evaluation of carbon

fates has been carried out in the Argnat basin belonging to the Chaı̂ne des Puys volcanic

area (French Massif Central). The interest of this watershed is that the lava flow harbors a

high morphological variability, featured by both pahoehoe and a’a lava flows and that these

different lava flows are separated. Pahoehoe flows are massive and fissures conducting

water are mainly due to thermal effect during lava cooling. In contrast, a’a flows present

fissures due to turbulent settlements and injections of porous scoria masses (Self et al.

1998; Kiernan et al. 2003). In addition, this system overlies a fractured substratum

potentially degassing mantellic CO2 (Aubignat 1973; Joux 2002). This could permit to

better discriminate the surface influence between these two lava flows. At last, this system

allows accessing to the unsaturated zone of the pahoehoe flow, through water catchment

galleries.

In this context, a monitoring of carbon-13 of the total dissolved inorganic carbon

(d13CTDIC) and investigations on equilibrating CO2 pressure ðPCO2eqÞ which depends on the

contribution of the various CO2 sources, coupled with hydrochemical characterization

(major ions), have been carried out during 13 months in 10 outlets (saturated zone; SZ) and

one unsaturated zone (UZ). The evaluation of spatial carbon-13 and PCO2eq patterns was

used to identify the potential impact of lava morphologies. The temporal investigation of

both UZ and SZ was done to evaluate the hydrometeorological factors influencing the

seasonal variability of carbon uptakes by the system.

2 Hydrogeological and Environmental Settings

The Argnat basin is a 26.1 km2 watershed located in the Chaı̂ne des Puys which is con-

stituted of Upper Pleistocene and Holocene volcanoes that run from north to south over the

French Massif Central. The altitude ranges from 380 to 1,159 m with a mean altitude of

about 811 m (Fig. 1a).

Five lava flows overly the fractured plutonic basement called ‘‘Plateau des Dômes’’

upstream and ‘‘La Limagne’’ sedimentary downstream (Boivin et al. 2009). These two

geological entities are delimited by the Limagne fault. The lava flows originated from

different strombolian volcanoes and firstly superimposed in a deep and narrow thalweg

cutting the plutonic basement. After the Limagne fault, two lava flows continued but

diverged in two different branches: the Grosliers lava flow on south, and the Blanzat flow

on north. Further erosion processes led to a relief inversion: Sedimentary terrains overlaid
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by lava flow have been conserved, whereas surrounding areas have been altered (Fig. 1b).

However, a little hill located on northeast of Blanzat has been less affected.

From a chemical point of view, the plutonic substratum mainly consists in granites and

syenodiorite (Barbaud 1983). The Limagne basin is composed of marls and calcareous

rocks (Boivin et al. 2009). The volcanic rocks are made of alkali basalt and potassic

trachybasalt (Boivin et al. 2009) and composed mainly of olivine, K-, and Ca/Na-feldspars

(Table 1).

From a morphological point of view, and according to the classification of Macdonald

(1953), the Blanzat flow is of an a’a structure, whereas the Grosliers flow presents char-

acteristics that fit with ‘‘rubbly pahoehoe’’ morphology (Fig. 2). A’a lava flows are made of

vesicular scoria located at the top and the bottom surrounding a central massive part

vertically fissured during the cooling of lava flow (thermal contraction). In contrast, true

pahoehoe lava flows are massive and frequently present prisms (Kiernan et al. 2003).

Rubbly pahoehoe flows may be considered as a transitional lava type between a’a and

pahoehoe. This lava usually presents a smooth and glassy basal zone that often displays

joints, a jointed and holocrystalline central zone, and a crustal part. This latter is charac-

terized by a variably preserved and vesicular upper crust associated with a discontinuous

layer of flow-top breccias (e.g., Druraiswami et al. 2008).

The surface of strombolian cones and lava flows located up to the Limagne fault are

mainly occupied by coniferous and deciduous forest. Near and downward this limit, some

villages (Sayat, Malauzat, Blanzat), vineyards (on the Grosliers and the Blanzat lava

Fig. 1 a Location and geological settings of the Argnat basin and localization of the studied outlets,
b Conceptual scheme of hydrological functioning of lava flows before and after the Limagne fault.
V Vergnes, B Blanzat, A Argnat, E Egaule, R Reilhat catchment, Vd Vernède, F Féligonde, M Malauzat, GR
Grande source de Reilhat, G Grosliers
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flows), and crop fields are found. Plutonic terrains are mainly featured by meadows used

for livestock rearing.

From a hydrological point of view, Bertrand (2009) estimated the global discharge of

the basin being about 300 l/s. Three potential pathways have been described for infiltrated

waters (Fig. 1a, b). Precipitation can infiltrate into strombolian cones, composed of

clinkers, cinders, and lapilli, that then present at their base a thin (compared with the height

of such edifices) saturated zone. This latter recharges the aquifer in the lava flow located

downstream, even though such flows are often many kilometers long (Martin-Del Pozzo

et al. 2002; Josnin et al. 2007). The recharge may also happen directly on lava flow through

scoria, prisms, or inflation fissures (Barbaud 1983; Kiernan et al. 2003). In addition,

surface streams circulating over plutonic impermeable substratum may infiltrate into

volcanic aquifer at the contact between the basement and the volcanic flows (Hottin et al.

1989). Then, the main groundwater flowpath occurs within the basal scoria zone or in the

spoiled zone near the volcanic flow/basement contact (Fig. 1b). Finally, uprising of min-

eral waters, from fractures affecting the plutonic basement, could partly supply the shallow

aquifer (Aubignat 1973; Joux 2002; Livet et al. 2006). Ten springs were sampled for this

study (Fig. 1a). Before the Limagne fault, and from upstream to downstream, these outlets

are the Egaule catchment and the Argnat gallery which are used as drinking water supply.

After the Limagne fault, on the Blanzat flow are located Féligonde and Grande source

Reilhat springs, Malauzat gallery, Reilhat borehole, and Blanzat catchment. Les Grosliers

gallery (used for industrial water supply), La Vernède, and Les Vergnes springs are

associated with the Grosliers flow. Artificial tracer tests done by Belin et al. (1988) or

Bertrand (2009) showed that both Blanzat and Grosliers lava flows are hydraulically

connected with the Argnat gallery located upstream. In addition, by using oxygen-18 data,

Bertrand (2009) estimated that at the annual scale, respectively, for Blanzat and Grosliers

system, 50 and 20 % of the discharge come from direct infiltration over the lava flow and

partially from runoff over the marly hill located northeast to Blanzat.

Table 1 Chemical compositions
of lava flows of the Argnat basin

Lava flow Blanzat Grosliers

IUGS Name Potassic trachybasalt Subalkali basalt

Orthose 12.41 9.1

Albite 33.85 20.38

Anorthite 22.23 22.7

Nepheline 0 4.41

Di_Wo 0.47 10.15

Di_En 0.27 6.44

Di_Fs 0.19 3.07

En 4 0

Fs 2.79 0

Forsterite 5.49 8.63

Fayalite 4.21 4.54

Mt 4.6 4.58

Ilmenite 4.31 4.39

Apatite 2.11 1.61

Total 96.93 100
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3 Methodology

3.1 Sampling

The ten above-mentioned outlets (Fig. 1a) have been sampled at least on a monthly basis

between December 2005 and June 2007 for physicochemical measurements and major ions

analyses. A monthly sampling for d13C measurements was carried out in parallel from

April 2006 to April 2007.

Simultaneously, a weekly sampling of both SZ and UZ (infiltrations coming from the

little fractures of the gallery roof) of Les Grosliers gallery and the SZ of Argnat gallery has

been performed. Precipitation heights and temperature have been measured with a weekly

timescale at Sayat meteorological station (Fig. 1a).

Samples were stored at 4 �C in double caps polyethylene bottles for both chemical and

isotopic analyses with air-tight seals to prevent atmospheric exchange before isotopic

characterization. Taking into account the very low carbon organic contents into Argnat

water (determined by previous studies, e.g., Barbaud (1983) and Joux (2002) and con-

firmed by punctual measurements during the study), samples used for d13C analyses were

not treated to prevent microbiological and algal bloom.

3.2 Analyses

Electrical conductivity, temperature, and pH measurements as well as concentration in

bicarbonates, determined by acidic titration (with a solution of a 0.02 M of H2SO4), were

performed directly in the field by using a multimeter WTW Multi 340i with a 0.01 pH

unity accuracy.

Concentrations of ionic species for the December 2005/June 2007 period were deter-

mined by ion chromatography, using a DIONEX DX320 chromatograph with a detection

limit (determined by experimentation) of 0.002 mg/l for Cl- and SO4
2-, 0.007 mg/l for

NO3
-, 0.001 mg/l for Na?, Mg2?, and Ca2?, and 0.003 mg/l for K?. The uncertainty of

the DX320 chromatograph is 5 %. In order to assess the validity of the sampling device,

blanks were tested for the analyzed elements. The highest value was 1.0 leq/l for sodium

and 0.7 leq/l for calcium; the other elements were not detected. The charge balance

(Eq. 1) between anions and cations was assessed, and analyses were considered good for

values comprised between -5 and ?5 %.

Fig. 2 Field observations of Grosliers and Blanzat flows
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nAn� �
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nCnþ
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A, C, and n represent, respectively, anions and cations content in mmol l-1, and n is the

charge of the ions.

The d13CTDIC was measured according to the procedure of Kroopnick et al. (1970).

Precipitation of TDIC was obtained by adding NaOH (pH [ 12) and BaCl2 in water

samples. A precipitate of BaCO3 is obtained and dried. Phosphoric acid is added to the dry

BaCO3 sample inside a vacuum line, and the evolved CO2 is purified and trapped with

liquid nitrogen in a glass tube. The isotopic composition of this gaseous CO2 was then

measured with a dual inlet mass spectrometer (Micromass Isoprime). The data are

expressed versus the Pee Dee Belemnite (PDB) international standard (d13C = 0 %) as

indicated in the Eq. 2. The analytical precision is 0.2 %.

R ¼
13C
12C

d ¼ RSample

Rstandard

� 1

� �

� 1000

ð2Þ

3.3 Calculation Approaches

Alteration occurring into crystalline aquifers may be summarized by the equation 3

(Stumm and Morgan 1981; Dessert et al. 2001):

Plagioclaseþ K-Feldsparþ Olivineþ Pyroxeneþ CO2 þ H2O!
½Al� Si� Mineralsþ H4SiO4 þ HCO�3 þ Ca2þ=Mg2þ=Naþ=Kþ=Sr2þ ð3Þ

During this process, cations are released into the water and new aluminosilicates such as

kaolinite and smectite may be formed. As shown by Eq. 3, the rock weathering is partly

dependant from the CO2 flux. Its dissolution leads to the formation of TDIC, that is,

H2CO3, HCO3
-, CO3

2-, whose proportions are controlled by the temperature and the pH

of water (Appelo and Postma 1994).

Knowledge of PCO2eq has been shown useful to discriminate sources and processes

affecting groundwater mineralization in both SZ and UZ (Joux 2002; Emblanch et al.

2003). Calculation of PCO2eq is possible by applying Eq. 4:

PCO2eq ¼
HCO�3
� �

� Hþð Þ
KH2CO3

ðT) � KCO2
ðT)

ð4Þ

where (HCO3
-) and (H?) are ions activities, KH2CO3

ðTÞ is the dissociation constant of

H2CO3, and KCO2
ðTÞ is the Henry’s constant for dissolution of CO2. For each sample,

calculations were performed by using the Diagramme software (Simler 2003) in which the

WATEQ hydrochemical database (Truesdell and Jones 1974) has been implemented.

Given that [HCO3
-] and [H?] were determined with a pH meter with a 0.01 uncertainty

(relative uncertainty: 2.3 %), the propagated uncertainty on the PCO2eq evaluation is 3.2 %

(calculations not shown).

The variability of d13CTDIC is due to fractionation factors e between d13CCO2
and

d13CH2CO3
or d13CHCO3

or d13CCO3
(Table 2) and to the signature of the dissolving carbon in

waters (Wigley 1975). By taking into account the fractionation factors, it makes it possible

to evaluate the initial signature of the CO2 source which dissolved in water. Inorganic
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carbon dissolution and speciation may be divided into two steps. At first, water transits

from atmosphere to soil and unsaturated zone. In these media, water may be considered as

opened to CO2 since there is not a limited pool of gaseous carbon dioxide. In a system

opened to CO2, the final isotopic signature of the solution is only constrained by gaseous

CO2 phase signature and fractionation factors of speciation as expressed by the Eq. 5

(Wigley 1975; Dever 1985; Rose et al. 1996; Emblanch 1997):

d13CTDIC ¼

H2CO3½ � d13CCO2
þ eCO2�H2CO3

� �
þ HCO�3
� �

d13CCO2
þ eCO2�HCO�3

� �

þ CO2�
3

� �
d13CCO2

þ eCO2�CO2�
3

� 	

TDIC½ � ð5Þ

where e represents the fractionation factor (% vs PDB) of the indicated specie with CO2.

[H2CO3], [HCO3
-], and [CO3

2-] are the concentrations of each inorganic carbon species.

The values of e are thermodependant and can be calculated by using the thermodynamic

equations reported in Table 2.

Secondly, once the water has reached the saturated zone, then the system may be

considered as a closed system regarding CO2 and hence there is a conservation of the bulk

isotopes ratio of TDIC, even if further speciation of the different inorganic species occurs.

These processes are also true if water flowing through saturated zone (closed system)

temporally meet CO2 degassing from deep origin (temporally open system).

Consequently, if isotopic signatures acquired in open conditions are then conserved in

closed conditions, then it means that by inversing the Eq. 5 and assuming no participation

of siliceous rocks in the final signature of d13CTDIC, the signature of the source of gaseous

CO2 may be evaluated (Eq. 6):

d13CCO2
¼ d13CTDIC �

eCO2�H2CO3
H2CO3½ � þ eCO2�HCO�3

HCO�3
� �

þ eCO2�CO2�
3

CO2�
3

� �

½TDIC� ð6Þ

4 Results and Discussion

4.1 Potential CO2 Origins in the Hydrogeological System

Statistics of physicochemical and chemical parameters (Dec 05–June 07), d13CTDIC (April

06–April 07 period) of the 10 outlets, are presented in Table 3. Raw data are available by

consulting Bertrand (2009).

Table 2 Fractionation factors calculation in TDIC

Fractionation factor Equation Reference

e13CCO2ðaqÞ�CO2ðgÞ 103 ln a13CCO2ðaqÞ�CO2ðgÞ ¼ � 0:373ð103 � T�1Þ
þ 0:19

Vogel et al. 1970

e13CHCO3�CO2ðgÞ 103 lna13CHCO3�CO2ðgÞ ¼9:552ð103 � T�1Þ
� 24:10

Mook et al. 1974

e13CCO3�CO2ðgÞ 103 lna13CCO3�CO2ðgÞ ¼0:87ð106 � T�2Þ
� 3:4

Deines et al. 1974

e13CCO2ðgÞ�CaCO3 103 lna13CCO2ðgÞ�CaCO3
¼� 2:988ð106 � T�2Þ
þ 7:6663ð103 � T�1Þ � 2:4642

Bottinga 1968

154 Aquat Geochem (2013) 19:147–171

123



In order to help the discussion of results, a brief review of the various carbon sources

potentially implied in the system and their isotopic characteristics is proposed. Three

origins of gaseous CO2 with different carbon-13 signatures may exist (Alley 1993; Ami-

otte-Suchet et al. 1999; Gal and Gadalia 2011): (1) incorporation of atmospheric CO2

before infiltration, (2) soil CO2 dissolution during surface-underground transfer, and (3)

mantellic degassing. Atmospheric d13CCO2
was evaluated to be -8 % as an average in the

North Hemisphere (Cerling et al. 1991; Levin et al. 1995). This value is slightly different

from the value of -7 % of the natural background because of the CO2 degassing from

fossil organic matter combustion. The average of atmospheric PCO2
is known to be around

3.8 9 10-4 atm during the 2000-2010 period (NOAA 2011). Soil d13CCO2
is close to the

d13C characterizing the biologic contributors (Amundson et al. 1998). In temperate cli-

mate, mainly featured by plant harboring Calvin C3 cycle for sugar metabolism (Deines

1980) such as on the Argnat basin, the isotopic signatures of CO2 into the soil range from

-22.5 to -21 % (Rightmire 1978; Batiot 2002; Emblanch 1997; Dever 1985). Soil PCO2

may be very variable, according to climate, depth of soil, and season but usually ranges

between 10 and 100 times atmospheric levels (Berthelin 1988). Mantellic gas emissions are

a likely source of groundwater DIC in regions of active volcanism (e.g., Federico et al.

2002). The signature of mantellic CO2 degassed in the Chaı̂ne des Puys was determined to

be -6.6 ± 0.8 d13C % (Batard et al. 1982). PCO2
is expected to vary with mantellic

activity and connection between deep and superficial geological systems. Signatures of the

marls and calcareous rocks from La Limagne terrains are close to 0 % because of their

marine formation (Bréhérét et al. 2008; Jiráková et al. 2010).

d13CTDIC spatially vary and range from -17.5 ± 1.6 % (Egaule) to -9.4 ± 1.1 %
(Argnat). The calculation of the mean isotopic signature of dissolving CO2 (Eq. 6) for each

outlet (Table 3) shows that Argnat presents the most enriched value d13CCO2mean ¼
�

�14:2 � 1:0 &Þ in comparison with other catchments. This is consistent with a regional

CO2 degassing mentioned by Camus et al. (1993) and agrees with the proximity of tectonic

faults affecting the substratum in the vicinity of Argnat (Boivin et al. 2009; Fig. 1a). It has to

be noted that no temperature and EC anomaly was detected during the entire monitoring

(Tmean = 8.6 ± 0.07 �C et ECmean = 210 ± 2 lS/cm), arguing for the absence of mixing

with hydrothermal waters but rather for a diffuse gaseous source. Downstream, two groups of

water may be delineated. Firstly, La Vernède (-17.2 ± 1.2 d13C %), Les Grosliers

(-19.4 ± 1.3 d13C %), and Les Vergnes (-18.6 ± 1.5 d13C %), which belong to the

pahoehoe Grosliers flow. These intermediate values argue for a still significant mantellic CO2

contribution, or for an atmospheric influence. The second group of waters present contrasting

values with Blanzat (-21.4 ± 1.1 %), Grande Source Reilhat (-20.7 ± 1.1 %), Reilhat

borehole (-22.0 ± 1.1 %), Malauzat (-22.8 ± 1.7 %), and Féligonde (-21.6 ± 1.1 %)

whose d13CCO2
are close to soil signature (e.g., Rightmire 1978). It has also to be noted that

Blanzat d13CCO2
is not influenced by the probable participation of the marly hill located

northeast to the outlet. This is likely due to a circulation occurring in a medium opened to the

gaseous CO2, that is, a superficial circulation. Indeed, in opened conditions, the d13CCaCO3 of

rock materials, close to 0 %, is occulted by the gaseous pool (Wigley 1975; Emblanch 1997).

In order to delineate the possible influence of hydrometeorological and geomorphologic

parameters on the CO2 origin in the system, two distinct approaches were carried out and

are presented in the following. At first, the hydrometeorological factors will be addressed

by combining d13CCO2
signatures and PCO2eq calculations with a temporal approach in both

SZ and UZ of the Grosliers gallery. Secondly, the geomorphologic influence will be
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investigated through the combination of the same parameters with hydrochemical data

throughout the basin.

4.2 Temporal Investigations of Carbon Patterns Throughout the Argnat Basin:

Influence of the Hydrometeorological Factors?

The temporal monitorings of Argnat SZ, and Les Grosliers SZ and UZ were carried out to

assess which seasonal factors are contributing to the mineralization variability along

upstream–downstream (Argnat-Grosliers SZs) and vertical (Grosliers UZ–SZ) water

flowpaths in the system. In this purpose, PCO2eq and d13CCO2
were calculated from field

data by applying Eqs. 4 and 6 for the period April 06–April 07 (Fig. 3). The hydrome-

teorological context of measurements is indicated through precipitation heights and tem-

perature compiled on a weekly basis, and the discharge of the Argnat gallery.

Argnat SZ PCO2eq ranges from 1.0 9 10-2 to 3.5 9 10-2 atm. (Fig. 3b). Except for the

15–21/06/06 week, d13CCO2
¼ �12:2d13C&

� �
carbon-13 signatures are rather stable

d13CCO2
¼ �14:2� 1:0 d13C&

� �
over the year and range from -16.0 to -13.3 d13C %.

High mean PCO2eq (1.56 9 10-2 atm.) combined with enriched calculated d13CCO2
suggest

a mixing between deep and biogenic CO2, as previously mentioned. Between April-06 and

October-06, the PCO2eq has a slight trend to increase. From October-06 (corresponding to

the beginning of the weekly monitoring of the gallery), PCO2eq still increases but presents

punctual large variations (2.2 9 10-2\PCO2eq\3.4 9 10-2 atm.).

In the SZ of Les Grosliers (Fig. 3c), PCO2eq significantly increases from 1.3 9 10-3 to

1.1 9 10-2 atm. between April and October 06. This trend is rather accompanied by a

d13CCO2
decrease between June and October 06. In contrast, the simultaneous increase of

PCO2eq and d13CCO2
from October 06 to April 07 seems to confirm a larger contribution of

the mantellic source for this period.

Les Grosliers UZ (Fig. 3d) shows a contrasting behavior with clear seasonal variations

of both PCO2eq and d13CCO2
. Values of d13CCO2

range from -17.3 to -23.8 % and indicate

a major biogenic contribution. Between April-06 and October-06, when PCO2eq increases,

d13CCO2
decreases, whereas an opposite trend occurs from October-06 to April-07. These

seasonal behaviors suggest that temperature controls CO2 pressure and isotopic signatures

in the UZ.

4.2.1 Biogenic Versus Mantellic Contribution in Saturated Zone

These observations imply that CO2 fluxes and signatures variability in the systems should

be altered by time-changing processes. The UZ data showing strong covariations with

temperature rather suggest superficial process influences related to weather conditions.

These hypothesizes will be discussed in the following.

In contrast, CO2 fluxes in the Argnat and Grosliers SZ might be modified by changes in

mantellic/biogenic proportions depending on fluxes of deep CO2 or on fluxes of ground-

water in equilibrium with biogenic CO2. In both the SZs, the differences between April and

September 06 and from October 06 to April 07 periods could be in agreement with an

influence of runoff over hillsides located on each side of lava flows (Fig. 1b). Indeed, the

April–September 06 period was more humid than the October 06–April 07 (precipitations

heights of 641 and 321 mm, respectively), and the discharge higher (Fig. 3a), consistently

with a runoff influence through substratum-lava flow contact. These hillside contributions
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should be higher during wet periods, providing isotopically depleted DIC (soil signature)

and provoking simultaneously lower PCO2eq in the SZs during winter because of a dilution

effect due to low soil respiration (Liu et al. 2007). Conversely, higher PCO2eq (but only if

biogenic PCO2
is higher than mantellic PCO2

) should be more probable in summer (as it will

be demonstrated through the UZ data discussion in the following). The increase of PCO2eq

in Argnat SZ and Les Grosliers (coupled with the decrease of d13CCO2
) from June to

October 06 may be consistent with this hillside effect. The punctual PCO2eq decrease in

Argnat SZ during winter after some rain events also argues for this phenomenon.

After October, the general co-increase of PCO2eq and d13CCO2
(more obvious for Les

Grosliers which was weekly sampled) could be attributed to successive under saturation

and saturation of secondary minerals (calcite CaCO3 or dolomite CaMg(CO3)2). This

process leads to time-limited d13CCITD depletion when saturation is reached (Clark and

Fritz 1997; Hori et al. 2008). However, this hypothesis may be rejected because saturation

Fig. 3 a Temporal evolutions of air temperature and precipitation heights at the meteorological station of

Sayat (weekly averaged) and Argnat gallery discharge (after Bertrand 2009). b–d d13CCO2
and equilibrating

CO2 partial pressure in Argnat SZ, Grosliers SZ, and Grosliers UZ, respectively. Pink and blue lines,

respectively, represent mobile average (2 periods) of PCO2eq and d13CCO2
. The dotted line crossing a, b, and

c represents the limit between the warm (April–September 06) and the cold (October 06–April 07) periods
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has never been reached in SZ throughout the year (annual mean saturation indexes -1.5 for

calcite and -4 for dolomite as shown by Bertrand 2009). Another possibility would be the

fluid pathway modifications. A less important hillside effect (less fresh water coming from

soil) would favor an increase of mantellic proportion (higher PCO2eq and d13C). This

hypothesis is consistent with the precipitation rate and discharge decreases between spring

and winter (Fig. 3a). The co-increase of PCO2eq and d13CCO2
after October could also be

explained by a raise of mantellic CO2 flux in the system. The mantellic CO2 flux increases

observed by Lavina and Del Rosso d’Hers (2008) during the sampling period at the Mont-

chal-Moncynère-Pavin system, located 50 km ago in the southern Chaı̂ne des Puys, may

support this hypothesis. In addition, some extensometers set in the vicinity of the study site

registered deformation of faults in the substratum. Then, slight reactivations of mantellic

activity underlying the Chaı̂ne des Puys or to a better connection (larger faults) between deep

and surface systems are possible. This phenomenon may, however, not be considered as the

signal of a pending volcanic activity in the area (Boivin et al. 2009; Gal and Gadalia 2011).

Further use of complementary approaches would help to precise the influence of hydrological

conditions or mantellic CO2 fluxes variability on gaseous contents of waters, for example, by

using 3He/4He ratio or Radon concentrations (e.g., Federico et al. 2002).

4.2.2 Biogenic Versus Atmospheric Contribution in Unsaturated Zone

The contrasting data between Les Grosliers UZ and SZ (Fig. 3c, Fig. 3d) as well as their

dependence to temperature are consistent with an influence of soil organisms’ respiration

(including roots of trees) (Readon et al. 1979; Stumm and Morgan 1981; Hori et al. 2008).

During spring and summer, there is a metabolism and respiration increase within the soil.

This results in a seasonal increase of soil PCO2
, favoring carbon dioxide dissolution in soil

water (see Eqs. 3 and 4), further reaching the UZ.

The d13CCO2
increase in UZ during winter may, however, indicate that an enriched

source intervenes slightly and temporarily, especially when soil PCO2
is low. This indicates

that UZ carbon patterns are related to processes more complex than dissolution of an

unchanged isotopic pool of CO2. Two hypotheses may be proposed to explain these

observations. At first, as for SZ (see above), a temporary precipitation of secondary

minerals (CaCO3, CaMg(CO3)2) could lead to a time-limited (during summer) d13CCITD

depletion (Clark and Fritz 1997; Hori et al. 2008). This hypothesis may be rejected because

as in SZ, secondary mineral saturation has never been reached in UZ throughout the year

[saturation indexes were always below -0.48 for calcite and -1.6 for dolomite (Bertrand

2009)]. Secondly, isotopic variations of soil CO2 could have occurred, caused by air

density differences between soil and atmosphere through the ‘‘natural ventilation’’ of soil

(Toutain and Baubron 1999; Matsuoka et al. 2001). During winter (reduced soil respira-

tion), soil PCO2
decreases. In addition, atmosphere is usually colder and denser than soil air.

The combination of these two phenomena may provoke air diffusion from soil to atmo-

sphere (Quinn 1988; Lohila et al. 2007), what would favor an isotopic enrichment of soil

CO2, carbon-13 being less mobile than carbon-12. The enriched soil CO2 may dissolve in

soil water further reaching the UZ. Moreover, degassing of 12CO2 from the UZ water, due

to pressure gradient between aqueous CO2 and gaseous soil CO2, might be favored. This

should cause a supplementary enrichment in d13CTDIC. In contrast, the summery intense

soil respiration favors the increase in soil pressure. In parallel, the air density decreases.

This avoids both aerial gases penetration and groundwater degassing and consecutive

isotopic modifications (Hori et al. 2008).

Aquat Geochem (2013) 19:147–171 161

123



Amiotte-Suchet et al. (1999) and Abril et al. (2000) investigated isotopic equilibration

between biogenic CO2 dissolved in rivers and the atmospheric pool of CO2. They showed

that this process only affects the aqueous CO2 (assumed as H2CO3) but not the other

carbon species (HCO3
-, CO3

2-). Hence, in order to assess the influence of atmosphere on

the dynamic exchange with soil and unsaturated zone, the so-called ‘‘partial isotopic

equilibration’’ was modeled (Eq. 6) and compared with the d13CCITD data of Les Grosliers

UZ. In this equation, d13C is assumed to be -8 % (atmospheric) for the CO2 leading to the

H2CO3 signature (equilibration), whereas d13C of CO2 source for bicarbonates and car-

bonates was assumed to be -21 % (biogenic) The above discussed temperature depen-

dence of soil-atmosphere CO2 exchanges (Matsuoka et al. 2001) was taken into account:

Partial isotopic equilibration with atmospheric CO2 was presumed only when weekly air

temperature was lower than temperature of Les Grosliers gallery (T = 10.3 �C over the

year) authorizing atmosphere-soil exchanges. When air was warmer, no partial isotopic

equilibration was assumed. The results of this simulation (Fig. 4) allow performing the best

fittings for the cold periods between 12/10/2006 and 23/11/2006 and between 29/11/2006

and 25/01/2007 (modeled values without equilibration may be found in Bertrand 2009).

During this period, the weekly mean air temperature ranged between -2.6 and 9.7 �C,

except during the week 23–29/11/2006, (mean Tair = 11.2 �C); thus, only the soil CO2

influence was hypothesized for this week. The good fit for cold weeks is consistent with the

observations obtained by Karberg et al. (2005), which demonstrated the enrichment of

d13C of TDIC in natural ecosystems submitted to high atmospheric PCO2
. The simulation is

conversely not satisfying for the weeks between 26/01 and 04/04/2007 (-3.8 �C \
Tair \ 9.6 �C) (not shown in the figure). The first week of this period was the coldest week

of the campaign (Tair
� 25 au 31/1/07 = -3.8 �C) and was marked by a remaining of snow

cover until mid-February. Dudziak and Halas (1996) indicated that the snow cover and the

soil freezing may constitute a thermal barrier between soil and atmosphere as well as a

barrier for gas migration. Moreover, snow melt provokes increase in soil PCO2
because new

water supplies tend to stimulate soil respiration (Bleak 1970; Coxon and Parkinson 1987).

This leads to a typical biogenic signature of d13CCO2
. Accordingly, a better fit was obtained

with a purely biogenic CO2 source for this cold (frozen) period. Thus, a model of the

seasonal CO2 fates in the UZ of Les Grosliers, which takes into account local weather

patterns and soil conditions (snow covered or not), may be proposed (Fig. 5). This provides

new insights of the potential seasonal participation of basaltic pahoehoe flows weathering

in fixation of atmospheric carbon. The air temperature difference between atmospheric and

basaltic compartment should be taken into account to refine C patterns models in such

environments.

4.3 Influence of Lavas’ Morphological Factor?

Grosliers SZ and UZ harbor contrasting d13CCO2
and PCO2eq temporal evolutions. This

suggests a limited influence of the UZ to the SZ of the Grosliers pahoehoe flow. This is in

agreement with Bertrand et al. (2010) which compared d18O tracers in rain, UZ, and SZ

waters. As mentioned previously, the biogenic signatures of Grosliers groundwater thus

should be mainly due to hillsides runoff before the Limagne fault (Fig. 1b). This process

also affects the Blanzat flow groundwaters (Fig. 6a). However, these latter samples are

more influenced by the biogenic CO2 (see the more depleted d13CCO2
Fig. 6a). This

highlights the influence of additional processes occurring after the Limagne faults, that is,

only in the UZ. Similarly, a bimodal hydrochemical distribution between the a’a Blanzat
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flow and the pahoehoe Grosliers flow outlets may be found (Fig. 6b). General increases of

alteration (Ca2?, Mg2?, Na?, K?, and HCO3
-) and anthropogenic (Cl-, SO4

2-, and

NO3
-) elements concentrations are observed from local rainwater and from upstream to

Fig. 4 Evolution of air temperature, PCO2eq, of measured and calculated d13CCITD by considering CO2

biogenic and atmospheric origin in Grosliers UZ. Calculation with partial equilibration with atmospheric
CO2 is for periods delineated by dot line squares. Calculation without partial equilibration is for periods in
full line squares

Fig. 5 Conceptual scheme of gaseous CO2 pattern in atmosphere, soil, and UZ under various
meteorological conditions. a Warm period: PCO2

is much higher in the soil than in the atmosphere, leading
to carbon dioxide diffusion; b Cold period: Soil PCO2

decreases. Even if the pressure remains higher than in
the atmosphere, the density of cold air allows isotopic exchanges with soil CO2; c Cold period with snow
cover: Snow cover and frozen soil limits soil-atmosphere exchanges until snow thawing
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downstream. The alteration element trends are consistent with the development of

weathering processes with increasing residence time (Freeze and Cherry 1979; Dessert

et al. 2001, 2003; Cruz and Franca 2006). Progressive enrichment in anthropogenic ele-

ments (related to land uses) implies the influence of superficial circulations; as for 13C

signatures, they may be partially explained by the runoff from hillsides (Fig. 1b) before the

Limagne fault. Beyond these trends, Blanzat outlets generally show higher and more

contrasted mineralizations than Grosliers groundwaters, which remain close to the Argnat

gallery ones for both alteration and land-use marker elements.

Fig. 6 a Spatial evolution of d13CCO2
and equilibrating CO2 partial pressure in the Argnat basin (averaged

data for April 2006–April 2007 period). Indicated atmospheric PCO2
is representative of the 2000–2010

period (3.8 9 10-4 atm; NOAA 2011). Biogenic PCO2
range is indicated according to Berthelin (1988).

B. Spatial chemical evolution from upstream to downstream. Vertical dashed lines indicate the volume-
weighted mean of concentration in efficient precipitations (after Bertrand 2009). C. Example of an obtained
stability diagram (using Na?, H?, and complexed SiO2 data. The used thermodynamic data are from the
WATEQ database (Truesdell and Jones 1974). V Vergnes, B Blanzat, A Argnat, E Egaule, R Reilhat
catchment, Vd Vernède, F Féligonde, M Malauzat, GR Grande source de Reilhat, G Grosliers
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The chemical differences observed between the Grosliers and Blanzat flows are in

agreement with the concept of microsystems introduced by Korzhinskii (1959). Micro-

systems are located at each water–mineral contact and are composed of the primary and

secondary minerals and local solutions. Groundwater chemical loadings within a micro-

system depend on their category: In so-called open systems (larger fractures), precipitation

of gibbsite should be favored, whereas semi-open (in microfractures) and closed systems

(primary porosity and microfracture dead ends) are more often related to precipitation of

intermediate clay minerals such as kaolinite or smectite and ultimately to equilibrium with

primary minerals (e.g., albite, anorthite) (Baynes and Dearman 1978; Sausse et al. 2001;

Meunier et al. 2007; Pacheco and Van der Weijden 2012). Stability diagrams (Fig. 6c)

show that all the Argnat basin waters are in equilibrium with kaolinite but upstream water

(Egaule, Argnat) and pahoehoe Grosliers waters are closer to the gibbsite field in

Fig. 7 Conceptual schemes of hydrologic patterns in the a’a Blanzat and pahoehoe Grosliers flows. The
fractured and porous structure of a’a flow favors infiltration of water passing through soil. Scoria masses
allow storage of water whose TDIC comes from soil respiration. Fractures ensure the hydraulic connection
with the main saturated zone located at the contact between lava flow and substratum. In contrast, in rubbly
pahoehoe lava flow, the UZ is limited to superficial circulations sparsely connected with the saturated zone
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comparison with a’a Blanzat flow waters that tend to be closer to primary minerals. The

geometrical heterogeneity of the Blanzat flow is suggested by the fact that some waters

emerging from this lava flow (especially at Grande Source Reilhat) are closer to gibbsite

stability field. Therefore, the pahoehoe lava flow microsystems in UZ should be rated as an

open or semi-open system, whereas the a’a lava flow, featured by numerous microfractures

or micro bubbles (Fig. 2), may rather be considered as a patchwork of closed, semi-closed,

and open microsystems.

The observed differences in d13CCO2
between the Grosliers and the Blanzat flows may also

be explained by these geometrical variabilities (Fig. 7). Either UZ water opened to soil CO2

may reach and significantly participate to the SZ supply or the TDIC already present in water

may equilibrate with soil CO2 (Clark and Fritz 1997) if the system is opened to the gaseous

phase (Wigley 1975), that is, in unsaturated conditions. Both the water input and/or gaseous

equilibration hypothesizes require that geological structures permit the contact of ground-

water systems with a biogenic source of CO2, that is, that the rocks are sufficiently fractured.

5 Conclusion

This study has demonstrated that d13C measurements combined with PCO2eq calculations, and

hydrometeorological and geomorphological evaluations constitute a useful supplement to

classical chemical analyses to assess (1) the origins of inorganic carbon in both saturated and

unsaturated zones in volcanic systems and (2) the processes of groundwater mineralization.

In the Argnat basin, dissolved carbon may come from biological activities within soil

implying respiration, mantellic CO2 provided through punctual tectonic faults, and tem-

porarily atmospheric CO2 through UZ during winter, depending on soil activity and

micrometeorological conditions of soils.

This work also suggests that water–CO2–rock interactions strongly depend on the lava

flow morphology. Under similar land-use conditions, the geometry of volcanic flows

constitutes the major factor influencing groundwater mineralization, because of UZ

hydrodynamic variability.

Beyond the Argnat basin case study, these observations argue for the integration of the

lava flow morphology in climate, alteration, and global C models involving silicate

weatherings as CO2 sinks (e.g., Amiotte-Suchet and Probst 1995; Amiotte-Suchet et al.

2003). It could also be taken into account for CO2 sequestration projects in volcanic areas.

Indeed, the morphology, by impacting the weathering rate, favors the CO2 dissolution in

carbonates in a’a flows and is less facilitated in pahoehoe flows. When groundwater

reaches the surface, the further degassing of CO2 to atmosphere is more likely for water

emerging from pahoehoe systems which should harbor more open microsystems in com-

parison with a’a lava flows. This information should be useful to evaluate the CO2 balances

between gaseous CO2 absorption and release by volcanic systems at regional or global

scales.

Acknowledgements The authors would like to thank M. Féligonde, the municipalities of Volvic and
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fonctionnement des aquifères volcaniques. (Bassin d’Argnat, Auvergne, France) [From rain to ground-
water. Contribution of natural tracers (major ions, isotopes) for the study of volcanic aquifer functiuning
(Argnat basin, Auvergne, France)]. PhD thesis, University Blaise Pascal Clermont-Ferrand 2, 294 p.
Available on: http://tel.archives-ouvertes.fr/docs/00/55/69/10/PDF/25042009_these_GBERTRAND.
pdf. Accessed the 05-02-2012

Bertrand G, Celle-Jeanton H, Huneau F, Loock S, Rénac C (2010) Identification of different groundwater
flowpaths within volcanic aquifers using natural tracers: influence of lava flows morphology. (Argnat
basin, Chaı̂ne des Puys, France). J Hydrol 391:223–234

Bertrand G, Goldscheider N, Gobat JM, Hunkeler D (2012a) Review: from multi-scale conceptualization of
groundwater-dependent ecosystems to a classification system for management purposes. Hydrogeol J
20:5–25

Bertrand G, Masini J, Goldscheider N, Meeks J, Lavastre V, Celle-Jeanton H, Gobat JM, Hunkeler D
(2012b) Determination of spatio-temporal variability of tree water uptake using stable isotopes (d18O;
d2H) in an alluvial system supplied by a high-altitude watershed, Pfyn Forest, Switzerland. Ecohy-
drology, online. doi:10.1002/eco.1347

Bleak AT (1970) Disappearance of plant material under a winter snow cover. Ecology 51:915–917

Aquat Geochem (2013) 19:147–171 167

123

http://dx.doi.org/10.1029/2002GB001891
http://dx.doi.org/10.1007/BF02635354
http://tel.archives-ouvertes.fr/docs/00/55/69/10/PDF/25042009_these_GBERTRAND.pdf
http://tel.archives-ouvertes.fr/docs/00/55/69/10/PDF/25042009_these_GBERTRAND.pdf
http://dx.doi.org/10.1002/eco.1347


Bluth GJS, Kump LR (1994) Lithologic and climatic control of river chemistry. Geochim Cosmochim Acta
58:2341–2359
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