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rainy areas. For an average specific discharge of 300 L m�2 yr�1, global warming is estimated to increase the CO2 uptake flux 
by about 204 micromol L�1 �C�1 (5.7% of the observed flux).
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1. INTRODUCTION

The atmospheric/soil CO2 captured by vegetation and
released in soils by organic matter mineralization con
tributes to producing carbonic acid in soil solutions. Car
bonic acid is the main natural driver of the chemical
weathering of rocks. Weathering mineralizes C from the
atmosphere/soil that is dissolved and partially exported
towards the oceans. At the global scale, carbonate dissolu
tion consumes 0.38 Gt yr�1 of atmospheric/soil CO2, i.e.
0.1 Gt C yr�1 (Liu and Zhao, 1999; Amiotte Suchet et al.,
2003). The dissolution of carbonate consumes 40% of the
total CO2 uptake by continental weathering and releases
0.21 Gt yr�1 of dissolved inorganic carbon (DIC) into the
oceans of which 50% (Eq. (1)) originates from atmo
spheric/soil CO2 (Amiotte Suchet et al., 2003).

[Ca1 x,Mgx]CO3 + CO2 + H2O () [Ca2þ1 x + Mg2þx] + 2HCO3

ð1Þ
Carbonate dissolution represents 58% of the total DIC

(0.36 Gt yr�1) discharged by rivers to the world oceans.
In theory, global warming impacts carbonate dissolution

and the chemistry of draining waters in two ways: (1) by
decreasing mineral solubility through the temperature
dependency of the carbonate dissolution constants
(Parkhurst and Appelo, 1999); (2) by increasing the partial
pressure of CO2 (pCO2) in the soils, epikarsts and caves
that determine the initial water characteristics, e.g., water
aggressiveness (Peyraube et al., 2012). According to field
observations, CO2 concentration has risen significantly in
Belgian caves since the 1960s (Ek and Godissart, 2014),
and the total dissolved solids (TDS) and the alkalinity in
river waters have also frequently increased from the 1980s
(Raymond et al., 2008; Jeannin et al., 2016). This suggests
an increase of pCO2 driven by various anthropogenic activ
ities (Stets et al., 2014) and/or climate changes.

In soil, the evolution of pCO2 with an increase in air
temperature has not yet been clearly demonstrated. While
root respiration increases with global warming (Bond
Lamberty and Thomson, 2010), soil pCO2 seems to be more
controlled by gas diffusion rates (Jones and Mulholland,
1998) and the spatial variability of soil pCO2 is mainly
explained by land cover (Raich and Tufekciogul, 2000).
pCO2 monitoring in soil through time remains too scarce
to evidence a relationship with global warming. Previous
research on carbonate dissolution investigated an increase
in dissolution with air temperature increase (Calmels
et al., 2014; Jeannin et al., 2016; Gaillardet et al., 2018)
but no quantification of the relationship between air tem
perature and inorganic carbon flux was clearly established.

At the catchment scale, it is impossible to study the sen
sitivity of carbonate dissolution to pCO2 change without
taking into account the influence of anthropogenic pollu
tion, which can modify soil acidity. It has already been
clearly demonstrated that acid precipitation disturbs silicate
bedrock weathering and soil base cation leaching (Probst
et al., 1990; 1999). Because strong acid inputs result in a
decrease of surface water alkalinity, which is mainly com
posed of HCO3

�, stream water acidification is often esti
mated by the loss of alkalinity (Wright, 1983; Probst
et al., 1995). This loss of alkalinity enables the respective
proportions of dissolution due to strong acids such as
H2SO4 and nitric acid to be calculated (Amiotte Suchet
et al., 1995; Perrin et al., 2008). The acid atmospheric depo
sition originates from air pollution varying in space and
time related to the mix between global and local emission
sources of nitrogen and sulfur compounds (Schöpp et al.,
2003). The produced strong acids, particularly enhanced
under coniferous forests by the capture of dry deposition
(Probst et al., 1990; 1995) are leached by rainfall and reach
the watersheds. They lead to the acidification of the aquatic
ecosystem (Jacks et al., 1984; Probst et al., 1999), springs
and groundwater (Jeannin et al., 2016). If the maximum
acid deposition was registered during the early eighties in
northern countries, the inter annual trend indicates a regu
lar decrease, observed also in France during the last dec
ades (Pascaud et al., 2016).

Due to the high buffering capacity of carbonate dissolu
tion, the influence of acid precipitation on such lithological
conditions has very often been neglected. In karst systems,
the predominance of dilution rather than mobilization pro
cesses for surface contaminants is driven by karst develop
ment, changing from one site to another (Huebsch et al.,
2014). Nevertheless, in carbonate areas, the impact of acid
anthropogenic inputs, originating either from acid atmo
spheric deposition or from fertilizer spreading, on carbon
ate weathering processes has been evidenced by using
d13C isotopic constraints (Brunet et al., 2011). Indeed, in
agricultural areas, strong acid inputs (mainly as nitric acid)
originating from fertilizers have been shown to strongly dis
turbed carbonate weathering processes and associated car
bonic acid dissolution by (Perrin et al., 2008).

In remote areas with extensive agriculture, and provided
that land use did not change significantly in the last few
decades, the local impact of human activities can be consid
ered limited. Thus in such catchments, located far from
local anthropogenic sources of strong acids, we hypothesize
that the loss of alkalinity if any in rivers could come exclu
sively from two drivers: alkalinity from global warming and
alkalinity from acid atmospheric deposition. However, in
recent years, the opposing trends of these two drivers (a
decrease in acid deposition and an increase in air tempera
ture), should have a similar consequence of increasing alka
linity in rivers draining carbonate rocks.





Table 1
Location and hydro climatological characteristics of the 5 karst hydrosystems. pCO2 values come from previous studies.

Spring Lez Farfal FdV Baget ValdO

Watershed km2 130 1 1,130 13 70
Latitude (�, min, s) 43� 410 0400 N 44� 490 4400 N 43� 550 0400 N 42� 570 2000 N 47� 510 0100 N
Longitude (�, min, s) 3� 500 5000 E 0� 500 4200 E 5� 070 5800 E 1� 010 4700 E 1� 560 1500 E
Elevation (m) 50 200 119 496 93
Sampling period (year): 1975; 1997 2009 2008 2009 1981; 1995; 2003 2006 1978 2005 1980; 1994; 2008 2009
Weather station Montpellier Gourdon St Christol St Girons Orléans
annual average Tair (�C) 14.8 12.6 9.7 10.6 11.0
Discharge (m3 s 1) 2.5 0.01 20 0.43 12.5
Sp. discharge (L m 2 yr 1) 604 507 558 1023 5631
Dynamic volume (106 m3) 10 0.03 387 2 21
Average Residence time (yr) 0.13 0.07 0.61 0.15 0.05
Summer pCO2 (atm) 10 1.5 10 1.5 10 1.8 10 1.9 /
Winter pCO2 (atm) 10 1.4 10 2.6 10 2.2 10 2.6 /
1998 2006. These data (water hardness and TCA for the
full period, and Ca2+, Mg2+ and alkalinity for part of the
period) confirmed that the alkalinity concentration
expressed in mmol L�1 was 0.2 TCA and that [Ca + Mg]
expressed in mmol L�1 was 0.1 water hardness. Water
hardness and TCA were used to determine respectively
[Ca + Mg] and [HCO3] for the full period. Sulfates in open
field precipitation were analyzed by ionic chromatography
during the periods 1985 1986 and 1994 2006 at the
‘‘Balague” station rain gauge located 1 km north of the
Baget spring.

For the other sites, the available datasets used in this
study cover different periods, depending on the site (Table 1).
These data are from Marjolet and Salado (1978),
Bakalowicz (1979), Chery (1983), and Mudry (1987) for
the periods before 1985, and from Albéric and Lepiller
(1998), Emblanch et al. (2003), Caetano Bicalho et al.
(2012) and Peyraube et al. (2012) for the periods after 1985.

The monthly average air temperature observed for each
hydrosystem at the closest climatological station was used
to describe the climate trend over the study period: Gour
don for Farfal, Saint Christol for FdV, Saint Girons for
Baget, Montpellier for Lez and Orléans for ValdO. The val
ues of soil or cave pCO2 were estimated previously by
Bakalowicz (1979), Bouzigues et al. (1997), Emblanch
(1997) and Peyraube et al. (2012). Soil pCO2 was not con
sidered for the Val d’Orléans watershed because waters
mainly originate from the Loire River.

Atmospheric deposition data for S and N were extracted
for each site from the European interpolation of atmo
spheric deposits from the EMEP deposition time series
(Schöpp et al., 2003) as performed by Moncoulon et al.
(2007). The grid cell is 50x50 km. This model estimates
the total annual deposits (mg m�2) of S and N from 1980
to 2010 using the 2006 version of the deposition model.
Assuming that H2SO4 and HNO3 are the main source of
protons in the atmosphere, the total annual deposition of
protons was estimated as the sum of 2S + N (dep sum
(mol(H+) m�2 yr�1). These deposits were estimated for
the grid corresponding to each site.

An order of magnitude of the average water residence
time in these karst hydrosystems can be estimated by divid
ing the volume of the stored groundwaters given by
hydrological modelling (particularly rainfall discharge rela
tionships) by the average karst discharge. The volumes
found in the literature for the 5 sites (Mangin, 1984;
Fleury et al., 2009, 2007; Peyraube, 2011; Binet et al.,
2017) are given in Table 1 and yield estimations of average
residence time ranging from 0.14 year (less than 2 months)
for Lez to 0.61 year (more than 7 months) for FdV. All
the sites have an average water residence time around of
less than 1 year. Because of this similar order of magnitude
of residence time, the relationship between mean air tem
perature and average concentration of [Ca + Mg] in karst
water averaged for each year can be considered significant.
To relate the acid atmospheric deposition data to alkalinity,
the annual average concentrations of Ca and Mg in spring
waters per decade were used.

2.2. Respective contribution of natural (carbonic acid) and

anthropogenic (strong acids) carbonate dissolution to HCO3

and Ca + Mg streamwater fluxes

During the dissolution of carbonates by carbonic acid
(Eq. (1)), two carbons are produced and released in water
as DIC (mainly HCO3

�). One originates from the carbonate
bedrock while the other comes from atmospheric/soil CO2

as carbonic acid (H2CO3) released by the oxidation of soil
organic matter (Eq. (2)):

CH2O + O2 () CO2 + H2O () H2CO3 () Hþ + HCO3

ð2Þ
However, the proton from carbonic acid (natural disso

lution) can be supplied by strong acids, such as HNO3 or
H2SO4. Eq. (1) is therefore modified as follows according
to the nature of the inputs, nitric acid (Eq. (3)) when con
sidering N fertilizer inputs (Perrin et al., 2008) or sulfuric
acid (Eq. (4)) when considering acid rain deposition
(Amiotte Suchet et al., 1995):

[Ca1 x,Mgx]CO3 + HNO3 () 1 xCa2þ + xMg2þ + HCO3 + NO3

ð3Þ
[Ca1 x,Mgx]CO3 + 0,5H2SO4 () 1 xCa2þ + xMg2þ + HCO3 + 0,5SO4

2

ð4Þ



In contrast to Eq. (1) (natural dissolution) where two
bicarbonate ions are released into solution with one [Ca
+ Mg], anthropogenic dissolution (Eqs. (3) and (4)) releases
only one bicarbonate ion for one [Ca + Mg].

Consequently, in karst hydrosystems where natural (N)
and anthropogenic (A) acids both contribute to carbonate
dissolution, the production of [Ca + Mg] in spring waters
has two origins. The mass balance can be written as follows:

[Ca + Mg]total = [Ca + Mg]N + [Ca + Mg]A ð5Þ
where [Ca + Mg]N is released by carbonic acid dissolution,
[Ca + Mg]A by strong acid dissolution, and [Ca + Mg]total
is the total amount released in spring waters.

With regard to the stoichiometric coefficients, bicarbon
ate concentration (moles L�1) can be estimated as follows:

From Eq. (1) (natural dissolution with carbonic acid):

[HCO3]N = 2[Ca + Mg]N ð6Þ
From Eqs. (3) and (4) (anthropogenic dissolution with
strong acids):

[HCO3]A = [Ca + Mg]A ð7Þ
For sites subjected to strong acid anthropogenic impacts

there is always a mixture of Eq. (1) and Eq. (3) and/or (4),
which means that the alkalinity ([HCO3]total) measured in
spring waters is between 1 and 2 times the total concentra
tion of Ca + Mg ([Ca + Mg]total).

Consequently, the loss of alkalinity (Dalk) when going
from natural dissolution to a mixture of natural plus
anthropogenic dissolution, can be calculated from Eqs.
(5) and (7) as follows:

Dalk = 2[Ca + Mg]total [HCO3]total = [Ca + Mg]A ð8Þ
[Ca + Mg]N = [Ca + Mg]total + [HCO3]total ð9Þ
2.3. Impact of air temperature and pCO2 on carbonate

dissolution by carbonic acid

Most of the time, water rock equilibrium between water
and calcite is reached in the gaseous CO2 production zone
(i.e., the soil) (White, 1999). If the CO2 loss through disso
lution is permanently replenished by root respiration,
organic matter mineralization and exchange with the CO2

in the infiltration zone (Eq. (2)), the partial pressure of
CO2 (pCO2) remains constant. In these conditions, [Ca
+ Mg] production is limited by the saturation of water with
carbonate (Calmels et al., 2014). To test this hypothesis, the
saturation indexes of karst waters were estimated for calcite
(ISc) and for dolomite (ISd), the two extreme end members
of the carbonate solid solution using the PhreeqC model
(Appelo, 1994).

Assuming that: (i) the chemical reactions (cf. Eqs. (1),
(3) and (4)) occurred in an open system with the phases
being in equilibrium with calcite; (ii) the pCO2 ranged from
10�1.5 to 10�2.5 atm, and (iii) as a basic hypothesis, carbon
ates are dominated by calcite (White, 1999; Calmels et al.,
2014), the concentration in [Ca + Mg] released in springwa
ters by carbonic acid dissolution can be estimated following
the equation below (Drever, 1997):

CaþMg½ �N ¼ K1KHKSP

4K2c2c
2
1

� pCO2

� �1=3

ð10Þ

where c1 and c2 are the activity coefficients for Ca2+ and
HCO3

� ions, respectively; K1 and K2 are the first and second
dissolution constants of carbonic acid, respectively; Ksp is
the solubility product of calcite and KH, the Henry’s con
stant of CO2.

Because the thermodynamic constant evolves with the
temperature, an air temperature vs. [Ca + Mg]N scatter
gram can be drawn with theoretical curves representing
[Ca, Mg]N = f(Tair, pCO2) in order to compare theoretical
data with field measurements.

2.4. Flux calculation, regression analysis and uncertainties

HCO3
�, Ca and Mg concentrations present a chemo

static behavior in rivers, i.e. concentration is independent
of hydrological changes. For these kinds of dissolved ele
ments, the correlation between concentration (C) and dis
charge (Q) is weak (Godsey et al., 2009). For these
reasons, a simple flux calculation method was used to esti
mate the annual fluxes (F):

F ¼ K � Q�
� Xn

i 1

ðCi=nÞ ð11Þ

where F, the annual flux (mol m�2 yr�1), is the product

between Q
�
, the annual average discharge, Ci the observed

concentrations and n the number of samplings (i) for con
centration measurements in a year. K is a constant in order
to respect unit changes. The F flux will be used to perform
the mass balance between input and output.

In the flux calculation, the range of discharge variations
is two orders of magnitude higher than the range of concen
tration changes. Thus the main driver of flux changes is the
discharge and the concentration changes are difficult to evi
dence by taking only the flux values into account. By calcu
lating flux at average discharge, the concentration changes
in the studied flux can be captured (Raymond et al.,

2008). In our case Q
�

in Eq. (10) becomes the average
inter annual discharge given in Table 1.

The inter annual and the spatial variability of fluxes
were compared to the annual flux at average discharge
and to the annual average temperature using a linear regres
sion (y = ax + b). The regression is based on a Pearson test
given a slope (a) and an ordinate of origin (b). The quality
of the regression was estimated using the Pearson coefficient
r2 and a p value < 0.001. The better of the two descriptors
(i.e., air or spring temperature) was selected by comparing
r2 coefficients for the two regressions. To test the robustness
of the coefficient, six regressions were computed using the
overall dataset (5 sites) and then using only 4 sites, exclud
ing the sites one after the other (Table 4 and 5). The average
value and standard deviation of a, b and r were calculated
from these 6 tests. To test the sensitivity of the slope
between temperature and the natural flux of Ca + Mg





Table 2
Average and standard deviation (in italics) of air temperature, concentrations (in brackets) and fluxes (F) for the 5 sites studied. A and N refer
to natural and anthropogenic source, respectively (according to Eqs. (5), (8), (9), see text).

Parameters Units Lez Farfal FdV Baget ValdO

Avg StD Avg StD Avg StD Avg StD Avg StD

Air Temp �C 14.7 6.1 13.0 6.2 9.2 6.0 10.4 3.9 11.3 5.4

[HCO3] mmol L 1 5.92 0.20 5.51 0.11 4.08 0.29 2.89 0.19 1.98 0.18

[Mg] mmol L 2 0.36 0.05 0.11 0.01 0.24 0.06 0.37 0.05 0.16 0.04

[Ca + Mg] mmol L 1 3.36 0.67 2.99 0.04 2.34 0.26 1.67 0.10 1.12 0.10

[Ca + Mg]A mmol L 1 0.79 0.22 0.47 0.12 0.60 0.56 0.46 0.13 0.29 0.20

[Ca + Mg]N mmol L 1 2.57 0.16 2.52 0.11 1.74 0.37 1.22 0.13 0.84 0.16

%[Ca + Mg]A % 24 16 26 27 25
F[HCO3] mol m 2 year 1 3.5 0.7 1.3 1.77 1.6 1.24 3.0 2.7 2.2 1.3

F[Ca+Mg]A mol m 2 year 1 0.47 0.8 0.10 0.13 0.21 0.21 0.39 0.3 0.27 0.3

F[Ca+Mg]N mol m 2 year 1 1.53 0.9 0.58 0.82 0.72 0.57 1.30 1.2 0.94 0.6
described by the theoretical relationship corresponding to a
pCO2 value of 10�2.6 atm. This calculated value is close to
the winter soil pCO2 observed by Bakalowicz in 1979
(Table 1). The FdV dataset is located between the pCO2

lines of 10�2.6 and 10�1.8 atm, whereas those of the Lez
and Farfal sites are in equilibrium with higher pCO2 values
(10�1.8 to 10�1.5 atm.) In the same way, for these 3 sites, the
soil pCO2 values observed during summer and winter
(Table 1) fall within the bounds of the theoretical pCO2

needed to explain the [Ca + Mg]N variability (Eq. (10)).
The ValdO site data lie below the 10�2.6 line. [Ca + Mg]N
increases with air temperature in ValdO, Baget and to a les
ser extent at the Lez site.

3.5. Relationship between [Ca + Mg]A flux and atmospheric

acid deposition

At the yearly scale, the specific flux of [Ca + Mg]A in
spring waters released from carbonate dissolution by the
protons originating from strong acid atmospheric deposi
tion was compared with the specific flux of 2S + N depos
ited to the corresponding hydrosystem by atmospheric
deposition (Fig. 6). This flux is considered to be close to
the proton flux (Dep sum). Most of the points are above
the line 1:1. The highest values of atmospheric deposits of
2S + N observed in 1975, 1979, 1985 are consistent with
high values of the anthropogenic fraction of the
[Ca + Mg] flux F (F[Ca + Mg]A). The linear regression
(dotted line in Fig. 6) has a slope of 1.05 ± 0.31 (Table 4),
but with a non zero intercept. Whatever the sites chosen for
the regression, the Pearson correlation coefficients are
significant for a probability (p value) below or equal to
0.001. FdV 2006 shows a strong flux of [Ca + Mg]A with
respect to atmospheric deposition.

3.6. Relationship between [Ca + Mg]N flux and air

temperature

The correlation between water temperature and F[Ca
+ Mg]N (a = 0.064; b = 0.62 r2 = 0.50, n = 34) is less signif
icant than the correlation with air temperature (a = 0.059;
b = 0.60 r2 = 0.73, n = 51) leading to select air temperature
as the main descriptive variable in this paper. Fig. 7 pre
sents the relationship between [Ca + Mg]N flux and air tem
perature for several years. Taking each site individually, it
is difficult to find a significant correlation between flux
and air temperature, but considering all the sites together,
one can observed a positive relationship between [Ca
+ Mg]N flux and air temperature. Farfal and the year
FdV 2006 are the outliers of this relationship.

The description of the parameters of this relationship is
given in Table 5. Whatever the combination of sites consid
ered, the regression coefficients are above 0.41 with a signif
icant p values. The average slope of the relationship
between [Ca + Mg]N flux and air temperature is
0.061 mol m�2 yr�1 �C�1 with a standard deviation of
0.006 mol m�2 yr�1 �C�1 . The uncertainty about the most
appropriate temperature to describe the reaction, i.e. air
or spring temperature, can be represented with an error
range covering the range from air to spring observations
(X in Fig. 7). Uncertainties on calcium origin, calcite pre
cipitation, and initial river input were quantified with Y
error bars. Values are discussed in the next chapter.

3.7. Seasonal and inter-seasonal fluctuations of the

concentrations

Annual acid deposition, and monthly evolutions of sul
fates in open field precipitation, air temperature, [Ca
+ Mg], [HCO3] and [Ca + Mg]A and [Ca + Mg]N are pre
sented in Fig. 8 for the Baget site. The air temperature is
maximum in August September, around 16 �C, and mini
mum in December and January with 5 �C. The spring dis
charge is maximum in January to March and minimum in
September October. The [Ca + Mg]A fluctuations are the
opposite of the discharge variations, with a maximum
(0.7 mmol L�1) in September October and a minimum
(about 0.3 mmol L�1) between January to March. In con
trast, [Ca + Mg]N is maximum (1.4 mmol L�1) in
December January and minimum (about 1 mmol L�1) in
August September, in inverse variation to air temperature.

Fig. 8A, B and C give the temporal fluctuations of sul
fates in open field precipitation, the water discharge and
air temperature over the period 1979 2009 for the Baget
hydrosystem. The decomposition of [Ca + Mg]total into
[Ca + Mg]A and [Ca + Mg]N exhibits opposite trends over



Table 3
Annual average values for HCO3, Ca + Mg observed at the 5 karst springs studied. [Ca + Mg]A and [Ca + Mg]N are respectively the amount of [Ca + Mg] produced by anthropogenic dissolution
due to strong acids (A) and by natural dissolution due to carbonic acid (N), as calculated following Eq. (9). ISc and ISd are the calculated saturation index vs. calcite and dolomite, respectively,
determined using PhreeqC software. The sample number is the one used to calculate the average for each year. dep sum is the sum of S + N atmospheric deposits for each site as estimated by
Schopp et al. (2003). A 0.3 ratio was applied on the VdO flux estimation to take initial river composition into account. Values in italics are inter annual averages used to fill the gaps in the dataset.

Site Year Tair �C Temp
water �C

Q L m 2 year 1 dep sum
(V2006)
eq m 2 yr 1

pH Ca + Mg
mmol L 1

HCO3
mmol L 1

[Ca + Mg]A
mmol L 1

[Ca + Mg]N
mmol L 1

SO4 rain
mmol L 1

% [Ca
+ Mg]A

Isc Isd F[Ca + Mg]A
mol m 2 yr 1

F[Ca + Mg]N
mol m 2 yr 1

Sample
Nb

Lez 1975 13.0 604 0.25 3.09 5.49 0.69 2.40 22 0.42 1.5 130
Lez 1997 15.5 14.9 604 0.12 7.1 3.29 5.84 0.74 2.55 23 0.1 0.8 0.45 1.5 4
Lez 1998 16.5 16.3 604 0.09 7.1 3.40 5.98 0.83 2.57 24 0.2 0.5 0.50 1.6 6
Lez 1999 16.1 16.4 604 0.09 7.2 3.27 5.73 0.80 2.47 24 0.2 0.5 0.48 1.5 8
Lez 2000 16.1 15.3 604 0.15 7.2 3.14 5.73 0.55 2.59 17 0.2 0.5 0.33 1.6 2
Lez 2001 16.8 16.5 604 0.14 7.1 3.33 5.97 0.69 2.64 21 0.1 0.6 0.42 1.6 10
Lez 2002 17.7 16.9 604 0.14 7.2 3.48 6.04 0.93 2.55 27 0.2 0.4 0.56 1.5 8
Lez 2003 16.5 17.5 604 0.15 7.0 3.36 6.00 0.71 2.64 21 0.1 0.8 0.43 1.6 8
Lez 2004 15.1 15.1 604 0.13 7.4 3.36 5.97 0.75 2.61 22 0.6 0.4 0.45 1.6 10
Lez 2005 16.0 15.7 604 0.12 7.5 3.39 6.03 0.75 2.64 22 0.5 0.2 0.46 1.6 12
Lez 2006 15.4 16.4 604 0.15 7.3 3.35 5.93 0.77 2.58 23 0.3 0.2 0.47 1.6 12
Lez 2007 15.6 16.0 604 0.10 7.2 3.49 6.08 0.90 2.59 26 0.2 0.4 0.54 1.6 4
Lez 2008 15.4 14.1 604 0.12 7.2 3.44 5.94 0.95 2.49 28 0.2 0.4 0.57 1.5 36
Lez 2009 14.1 15.5 604 0.08 7.2 3.34 5.94 0.75 2.59 22 0.2 0.5 0.45 1.6 36
Farfal 2008 12.6 12.5 507 0.05 7.1 2.99 5.57 0.40 2.59 13 0.0 1.1 0.20 1.3 25
Farfal 2009 13.0 12.6 507 0.04 7.2 2.92 5.35 0.50 2.43 17 0.0 1.2 0.25 1.2 26
Baget 1979 9.8 1270 7.6 1.62 2.75 0.49 1.13 30 0.51 1.2 52
Baget 1980 9.7 9.4 1270 0.23 7.6 1.62 2.85 0.40 1.22 24 0.41 1.3 49
Baget 1981 10.8 1383 7.7 1.58 2.77 0.40 1.18 25 0.41 1.2 52
Baget 1982 10.4 1315 7.6 1.63 2.83 0.42 1.21 26 0.1 0.1 0.43 1.2 52
Baget 1983 10.5 10.3 756 7.7 1.64 2.85 0.43 1.21 26 0.44 1.2 52
Baget 1984 9.9 1325 7.6 1.65 2.83 0.46 1.18 28 0.2 0.1 0.47 1.2 56
Baget 1985 10.2 923 0.21 7.7 1.62 2.72 0.52 1.10 32 0.2 0.1 0.54 1.1 53
Baget 1986 10.0 1080 7.7 1.61 2.69 0.54 1.08 0.03 33 0.55 1.1 51
Baget 1987 10.6 9.8 868 7.7 1.63 2.80 0.45 1.18 28 0.46 1.2 53
Baget 1988 11.0 1023 7.6 1.64 2.83 0.46 1.18 28 0.47 1.2 52
Baget 1989 10.4 10.2 1023 7.7 1.69 2.83 0.54 1.14 32 0.55 1.2 74
Baget 1991 9.8 10.0 1023 0.17 7.5 1.67 2.87 0.47 1.20 28 0.48 1.2 52
Baget 1992 10.1 10.1 1506 7.5 1.68 2.90 0.45 1.23 27 0.46 1.3 54
Baget 1993 10.7 10.1 882 7.4 1.70 2.92 0.48 1.22 28 0.49 1.2 53
Baget 1994 10.5 10.0 1353 7.5 1.66 2.86 0.46 1.20 0.05 28 0.47 1.2 52
Baget 1995 10.5 10.1 1153 0.13 7.6 1.69 2.91 0.46 1.23 0.04 27 0.2 0.0 0.47 1.3 53
Baget 1996 11.1 10.1 1239 0.14 7.6 1.73 3.02 0.44 1.29 0.04 25 0.3 0.1 0.45 1.3 52
Baget 1997 10.1 9.6 523 0.13 7.6 1.74 2.96 0.53 1.22 0.03 30 0.2 0.0 0.54 1.2 45
Baget 1998 10.5 956 0.12 7.6 1.75 3.02 0.47 1.28 0.03 27 0.2 0.0 0.48 1.3 50
Baget 1999 10.8 958 0.13 7.7 1.70 2.97 0.43 1.27 0.05 25 0.3 0.1 0.44 1.3 52
Baget 2000 10.1 795 0.10 7.7 1.73 3.05 0.42 1.31 0.05 24 0.3 0.2 0.43 1.3 50
Baget 2001 11.6 946 0.10 7.8 1.71 3.03 0.38 1.32 0.04 23 0.4 0.4 0.39 1.4 49









between transmissive and capacitive zones as demonstrated
by Charmoille et al. (2009). This could explain the observed
variability between sites, or during exceptional years (see
FdV 2006). Changing the residence time can favor dolomite
dissolution. In this hypothesis, 2 HCO3 will be produced for
1 Mg and the concentrations will increase along a 1:2 slope.
This can also favor calcite deposition, consuming 1 Ca for 1
HCO3 affecting [Ca + Mg].

All these hypotheses have been tested in terms of uncer
tainty on [Ca + Mg]N. Following Eqs. (8) and (9), calcite
precipitation, which consumes 1 Ca for 1 HCO3, leads to
an overestimation of [Ca + Mg]A, but has not influence
on [Ca + Mg]N. Whatever the hypothesis, the uncertainties
on Ca origin never underestimated [Ca + Mg]N, which can
be considered as a minimum value. Only the uncertainty on
HCO3 can underestimate [Ca + Mg]N. In these carbonate
areas, the uncertainty on HCO3 come from the uncertainty
on the initial river composition, difficult to evaluate.

4.2. Anthropogenic influence on the carbonate dissolution

process

4.2.1. Role of acid atmospheric inputs

The average values of observed [Ca + Mg]A, 0.29 to
0.79 mmol L�1 (Table 2), are close to the alkalinity loss val
ues given for a forested area in Perrin et al. (2008) and
much lower than the values found in rivers draining agricul
tural catchments, values that can reach 5 mmol L�1. The
flux of [Ca + Mg]A is well correlated with atmospheric acid
deposition (Fig. 6 and Table 5) and has decreased since
1975. This pattern, based on sites that are several hundreds
of kilometers apart, confirms that the main driver is of
atmospheric origin. The slope of the relationships calcu
lated from the regressions involving the different sites is
close to 1. This suggests that changes over time in the inputs
of strong acid by atmospheric deposition are balanced by
changes in carbonate dissolution and in karst water outputs
of [Ca + Mg]A. Because the average residence time of water
is less than one year (Table 1), the fluxes of H+ from
anthropogenic origin are neutralized by an excess of car
bonate dissolution, which releases an excess of [Ca + Mg]
to spring waters.

The average intercept of the regressions related to [Ca
+ Mg]A (0.31 ± 0.03 mol m�2 yr�1 given in Table 5) repre
sents the proportion of Ca + Mg flux that is not explained
by atmospheric deposition or by temperature and is consid
ered as the proportion of Ca + Mg whose origin is
questionable.

The origin could be explained by another strong acid
source of geological origin such as sulfuric acid from pyrite
oxidation (Binet et al., 2009) or nitric acid from fertilizers
for some of the sites (Perrin et al., 2008). For the former
case, this strong acid might be present and the flux appears
to be constant from the 1980s except for the FdV 2006 out
liers. N runoff from fertilizer is a potentially large con
founding variable. However, the study areas were selected
so as to be far from intensive agriculture and the maximum
values of spring NO3 concentrations found in the literature
are 0.17 (Baget), 0.15 (FdV), 0.43 (VdO), 0.21 (Farfal), 0.15
(Lez) mmol L�1, confirming that fertilizers are not a main
issue with respect to [Ca + Mg]A variability, which ranges
monthly from 0.1 to 1.84 mmol l�1. A second explanation
is that atmospheric deposits are generally underestimated
by about 0.31 mol m�2 yr�1 since dry deposition truly cap
tured by vegetation (particularly coniferous cover, Probst
et al., 1995) is not taken into account in open field measure
ments or modelled EMEP data. Moreover, the uncertain
ties of EMEP modelled data from grid to site should also
be mentioned, as pointed out by Schöpp et al. (2003). The
protons captured by cation exchange in soils (Probst
et al., 1990) might be a third explanation for the higher
Ca + Mg flux with regard to proton flux deposition. Cal
cium may be released during the replacement of calcium
by protons or ammonium. As observed by Bobbink et al.
(1992), the amount of cations (among which Ca and Mg)
lost from the canopy was in good agreement with the
observed ammonium uptake by the same canopy. Indeed,
the opposition between discharge and [Ca + Mg]A observed
at the Baget site (Fig. 8F) suggests that acid pollution is
diluted during winter atmospheric precipitations. Probst
et al. (1990) showed that even in remote places, the atmo
sphere may be more polluted in winter, but that the spring
waters are less impacted due to dilution processes from
large aquifer storage.

Finally, if the average 0.155 mol m�2 yr�1 of Ca has
another origin than carbonate dissolution, this would
explain the 0.31 mol m�2 yr�1 overestimation observed in
the anthropogenic flux (Eq. (8)), and these 0.155 mol m�2

yr�1 have to be considered as a positive uncertainty in the
[Ca + Mg]N flux estimation to take into account all the pos
sibilities mentioned in this section.

4.2.2. Role of air temperature increase

Air temperature and pCO2 seasonal fluctuations explain
the main variability of the observed [Ca + Mg]N (Fig. 5),
with a solubility increase in cold water in a saturated system
with regard to calcite. If a 0.2 saturation index uncertainty
is accepted, all the waters are calcite saturated (Table 3).
The decreasing solubility with air temperature increase
explains the seasonal evolution of the Baget spring water
concentrations in [Ca + Mg]N with higher concentrations
in winter. Baget pCO2 seems to be stable over the years,
with an average value close to 10�2.6 atm as observed in soil
during winter (Table 1). For FdV, Lez and ValdO, the dis
persion of [Ca + Mg]N seems mainly driven by pCO2

change rather than by carbonate solubility (Fig. 5). For
Farfal, the [Ca + Mg]N is relatively constant. Peyraube
et al. (2013) established that CO2 in this massif varies little
with the season, as it is driven by a water temperature that
is closer to the annual average temperature of air, as found
here in Fig. 5. At the yearly scale this uncertainty on the
temperature descriptor (air or water) is not significant,
except for FdV with contrasted elevations between the
spring and the infiltration area, The good match between
soil pCO2 estimated for each site with Fig. 5 and soil
pCO2 measured in the field (Table 1) suggests that the
assumption of an open system is acceptable.

Based on the discussion of the origin of magnesium,
associated with [Ca + Mg]A, it follows that [Ca + Mg]N is
more associated with a calcite endmember contribution.



In this case, the dissolution equation constants for the cal
cite appear to be suitable. If total [Ca + Mg] were used to
examine the relationship between pCO2 and air tempera
ture, a discrepancy would be observed between [Ca] concen
tration and pCO2, as observed in Calmels et al. (2014).
Moreover, the data suggest a seasonal evolution of pCO2

between winter and summer. This would lead to a distorted
interpretation, because these seasonal changes in Ca + Mg
are driven by dilution of [Ca + Mg]A during high flows in
winter and not by the change in air temperature.

The correlation between average discharge flux of [Ca
+ Mg]N and air temperature is significant. If each site is
considered separately, the relationship between air temper
ature and [Ca + Mg]N flux is not obvious. But considering
all the sites together, the correlation becomes significant
(p value < 0.001) despite the Farfal and 2006 FdV outliers
(Fig. 7). The Farfal case may be due to the limits of the sys
tem, that cannot be clearly defined, and to the shorter per
iod of observation (2 years) than at the other sites. This
may be the cause of uncertainty on the average discharge
estimation. Concerning the FdV 2006 case, pollution by a
strong acid or calcium from another origin than carbon
ate(such as marine transport and industrial emissions
sources and dusts from Sahara observed in this region,
(Pascaud et al., 2016) as already mentioned, may have inter
fered in the calculation of natural [Ca + Mg].

With regard to the average slope of the regressions in
Table 5 (0.061 ± 0.006 mol m�2 y�1 �C�1), and according
to an average specific discharge of 300 L m�2 yr�1 (corre
sponding to the French average runoff given by
Abbaspour et al., 2015), the total [Ca + Mg] concentration
should increase per degree of 204 mmol L�1 �C�1. This esti
mation can be compared with the [Ca + Mg] concentration
gradient observed in the Jura Mountains with increasing air
temperature. Along a temperature gradient in the Jura
Mountains, Calmels et al. (2014) estimated that 35% of
the [Ca] increase from 1600 mmol L�1 to 3000 mmol L�1,
i.e. 490 mmol L�1, was caused by a 4.5 �C air temperature
gradient, given an increase per degree of about
108 mmol L�1�C�1. In these mountains, a time series analy
sis suggested a + 2.13 mmol L�1 yr�1 increase of Ca and no
significant change in Mg in parallel to a 0.022 �C yr�1 air
temperature increase (Jeannin et al., 2016). Without sub
tracting the impact of atmospheric acid deposition, these
values lead to 97 mmol L�1 �C1 of Ca + Mg, which is logi
cally slightly lower than our estimation. In these studies,
the rough estimation of atmospheric acid deposits leads
to an underestimation of the [Ca + Mg]N flux change with
air temperature. From error bars, extreme slopes including
uncertainties on the origin of elements (grey dotted lines)
can be proposed and values range between 0.010 to
0.095 mol m�2. �C�1. The choice of a linear relationship
seems appropriated when air temperature vary between
5 �C to 20 �C. The relationship appears to be more complex
at the global scale where air temperature vary between
15 �C to 30 �C (Gaillardet et al. 2018).
The fact that [Ca + Mg]N flux is correlated with air tem

perature at constant discharge means that: (1) for a given
site, there is on average an equilibrium between CO2 pro
duction in soil and dilution by recharge; (2) the possible
loss/gain of discharge linked with a 1 �C air temperature
increase is not taken into account in this correlation.
Because the annual fluxes of [Ca + Mg]N and the [Ca
+ Mg]A are not correlated with air temperature, it seems
that during a year, pCO2 is not influenced by the dilution
caused by rainwater. The hydrological effect of rainfall on
carbonate dissolution and pCO2 is indirect. The increase
in air PCO2 is too low to explain this flux evolution. One
explanation could be that after several years of dryness,
the vegetation adapts its biomass production, influencing
the pCO2 in soil by a lower mineralization of organic mat
ter (Bloor and Bardgett, 2012). In the same way, this posi
tive correlation at the yearly scale could be due to an
increase in subsurface pCO2 with increasing surface temper
ature, either via increased microbial activity and root respi
ration, or due to change in the density driven ventilation of
the epikarst during colder periods (James et al., 2015). Fol
lowing Quinif et al. (2014) and Dubois et al. (2014), bacteria
may be at the base of the dissolution processes, which may
partly explain the observed link between higher pCO2 (due
to a higher temperature that activates the bacteria activity)
and higher solubility of carbonate. This causes a long term
sliding of the seasonal temperature/[Ca + Mg]N relation
ship. In stalagmites, <delta>13C evidences that the long
term T pCO2 link is directly influenced by the vegetation
and bacterial activity in the soil, related with soil pCO2.
This relation was proved to follow Dansgaerd Oeschger
changes in the last Glacial Period (Genty et al. 2003). This
is an argument for a strong relationship at a longer term
between pCO2 and air T.

4.2.3. Consequences on the trends observed in concentration

time series

The correlation coefficients (Tables 4 and 5) were used to
describe the time series evolution of the concentrations
observed at the Baget site from air temperature, acid depos
its, average discharge and annual average discharge
(Fig. 8). Concerning [Ca + Mg]A, the interannual trend
observed in Baget and the [Ca + Mg]A* values estimated
from the linear regression analysis (Table 5) follow the
same trend, increasing until the 1980s and then decreasing
slowly. Concerning [Ca + Mg]N, even if in the correlation
with air temperature (Fig. 7Table 4) the distribution of
the Baget samples is very lumped, the regression coefficients
calculated for the time fluctuation of [Ca + Mg]N (dotted
line, Fig. 8), show the same trend as the annual average val
ues observed, slowly increasing from 1985 on. Atmospheric
deposition, air temperature and average discharge are
therefore three descriptors that can describe the long term
trends in water chemistry.

4.3. Consequences on the fluxes during the last decades

4.3.1. on base cation fluxes

The total Ca + Mg fluxes estimated for each site
(Table 3) and averaged yearly (Table 2) are in the range
of those commonly estimated for Europe 0.13 2
mole m�2 year�1 of Ca + Mg fluxes (Bakalowicz, 1979).

The [Ca + Mg] fluxes induced by atmospheric acid
deposits, F[Ca + Mg]A are in the same order of magnitude



for the 5 sites studied here. Following the stoichiometry of
Eqs. (3) and (4), F[Ca + Mg]A must be equal to the inputs
of protons. The data obtained here are higher than the total
atmospheric inputs of protons estimated at 0.18 mol m�2

year�1 flux observed in a granitic area of the Vosges Moun
tains (Probst et al., 1990), 0.11 at the Aubure watershed and
0.044 in Mont Lozère in South Central Massif (Probst
et al., 1995). This can be explained in two ways: (1) a strong
acid is missing to explain the whole variability of [Ca
+ Mg]A at these site, or (2) [Ca + Mg]A may be overesti
mated, because part of the Ca in solution does not originate
from carbonate dissolution.

4.3.2. on CO2 fluxes

The stoichiometric coefficients of Eq. (1) show that CO2

flux uptake in soil/atmosphere is equal to F [Ca + Mg]N.
Compared to the CO2 flux consumed by carbonate dissolu
tion in different regions in the world, (0.48 mol m�2 yr�1 at
a global scale, Amiotte Suchet et al., 2003; 0.71 mol m�2

yr�1 for Chinese karst hydrosystems, Liu and Zhao, 2000;
0.5 mol m�2 yr�1 for the Alpine river basins, Liu and
Zhao, 2000; Amiotte Suchet et al., 2003; Donnini et al.,
2016; Liu and Zhao, 2000), the CO2 flux values estimated
in France (from 0.80 to 1.49 mol m�2 yr�1) are in the same
order of magnitude but slightly higher, particularly for the
sites with a high water specific discharge (Table 1). The
karst systems where allogenic flows into swallow holes are
the main recharge present higher specific CO2 fluxes. The
chemical reactions are exacerbated when surface waters
reach the carbonates. As expected, the variability of CO2

fluxes from one hydrosystem to another is driven by the
variability of the water recharge (White, 1999). Conse
quently, the more fully developed the karst conduit network
is, the more the hydrosystem is a CO2 consumer for carbon
ate dissolution. Our results suggest that well developed
karst hydrosystems are hot spots for CO2 uptake.

According to Eq. (1), the CO2 flux is equal to F [Ca
+ Mg]N, so CO2 flux is also temperature dependent, with
a slope of 0.061 ± 0.006 mol m�2 y�1 �C�1. As shown
above, the CO2 uptake can be estimated by fixing an aver
age specific discharge at 300 L m�2 yr�1. According to this
hypothesis, the global warming CO2 uptake versus air tem
perature increase would be about + 204 mmol L�1 �C�1.

For the Baget site, a 1 �C increase in air temperature
would increase the CO2 uptake by about 5.7% of the CO2

average flux. As already mentioned, there are several, some
times opposing, causes for this relationship such as a
change in soil pCO2, but also changes in evapotranspiration
or in the amount of rainfall. In mountainous regions, a tem
perature increase creates an early snow melting (Szczypta
et al., 2015), changing the seasonal flood distribution. This
change can also affect the CO2 fluxes consumed by carbon
ate dissolution, especially in March April when increasing
fluxes of [Ca + Mg]N are released in karst waters.

4.3.3. On initial soil /epikarst pCO2

Following the slope of the proposed regression (Table 4)
and fixing the average discharge at about 1023 L m�2 yr�1

(an example of a high value in table 1: Baget), the increase
in [Ca + Mg]N for a 1 �C increase in air temperature should
be about + 58 mmol L�1 �C�1. However, if we use a dis
charge corresponding to the average hydroclimatic condi
tions of the sites (about 300 L m�2 yr�1), the increase in
[Ca + Mg]N will be about + 204 mmol L�1 �C�1. Since the
input pCO2 is not linked with the water flux but with the
[Ca + Mg]N concentrations in waters (Eq. (10)), this sug
gests that the pCO2 increase with air temperature will be
stronger in low rainfall areas. A concentration effect, due
to the slower leaching of soil, can explain this phenomenon.

5. CONCLUSION

The decomposition of [Ca + Mg] into [Ca + Mg] from
strong acids and that from carbonic acid evidences that
the temporal changes in carbonate dissolution are driven
by surface boundary conditions, i.e. atmospheric acid pol
lution, surface pollution in the catchment and increase in
air temperature.

By estimating the amount of carbonate dissociated by
strong acids, using measurements in calcium, magnesium
and bicarbonate concentrations, the impact of acid atmo
spheric deposition on surface waters from the 1970s can
be reconstructed, reinterpreting the water chemistry of
karst waters in this new framework.

The correlation between atmospheric acid deposition
and karst waters has evidenced that these waters are highly
sensitive to surface processes. The dephasing caused by sea
sonal fluctuations between proton input and [Ca + Mg]
output is due to the water residence time in these systems.
An output could be a new tracer of the water residence time
for the range 1 12 months.

The estimation of the amount of carbonate dissociated
by carbonic acid and the associated CO2 uptake changes
over the seasons, linked to the mineral solubility that
increases concentrations in winter, and evolves over the
decade because of pCO2 change. As CO2 uptake was found
to be partially hidden by acid atmospheric pollution, the
estimation of CO2 uptake fluxes in the literature may be
underestimated. Even if the proposed estimation is rough,
this is one of the first times that a value of the CO2 uptake
change under global warming is proposed, based on field
observations of the critical zone. Concerning this negative
feedback with atmospheric carbon, the recharge is the main
variable driving the CO2 uptake fluxes, suggesting that well
developed karst systems with a high recharge rate are hot
spots for atmospheric CO2 uptake.
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