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ABSTRACT:
The long-term change in surface water chemistry over time in remote areas is usually related to global

change, including several processes such as global warming and acid atmospheric pollution. These
cumulative factors limit the quantitative interpretation of the global warming effect on surface water
acidification in relation to the atmospheric CO; sink. To quantitatively estimate the impact of global
warming on the atmospheric/soil CO, uptake by carbonate weathering, the approach proposed here
involves discriminating the proportion of [Ca+Mg] in waters resulting from soil carbonic acid
dissolution (equal to the amount of CO, uptake from soil / atmosphere) from the proportion resulting
from strong acid pollution. This approach was applied to 5 karst hydrosystems located in France, far

from local pollution sources and with several decades of hydrochemical monitoring.

[Ca+Mg] from acid deposition represented between 16 and 25% of the total [Ca+Mg] concentration
and the flux was positively correlated with the atmospheric deposition flux. This [Ca+Mg] increase is

associated with increasing [Mg] and was found to be driven by the acid pollution inputs.



Equilibrating water with calcite in presence of carbonic acid will release [Ca+Mg] into solution. The
input of strong acids from atmospheric pollution contributes more to magnesian calcite dissolution

because its solubility is lower than that of calcite.

Since the 1980s, the decrease in [Ca+Mg] production due to the decrease in acid atmospheric
deposition has minimized the increase in [Ca+Mg] linked to CO, partial pressure (pCO,) increasing with
global warming. It was found that [Ca+Mg] from H,COs dissolution did not decrease with an increase
in air temperature, as suggested by carbonate solubility. The annual fluxes of Ca+Mg from H,COs
dissolution, calculated for an average flow, showed a positive gradient with air temperature, of about
0.061 mol.m2.yr°C? (+0.006). In low rainfall areas, the pCO; increase with air temperature was
stronger than in rainy areas. For an average specific discharge of 300 L.m2yr?, global warming is

estimated to increase the CO; uptake flux by about 204 micromol.L™2.°C? (5.7% of the observed flux).

1. INTRODUCTION

The atmospheric/soil CO;, captured by vegetation and released in soils by organic matter mineralization
contributes to producing carbonic acid in soil solutions. Carbonic 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 dissolution consumes 0.38
Gt.yr! of atmospheric/soil CO,, i.e. 0.1 Gt C.yr ( Liu and Zhao, 1999; Amiotte Suchet et al., 2003). The
dissolution of carbonate consumes 40% of the total CO, uptake by continental weathering and releases
0.21 Gt.yr! of dissolved inorganic carbon (DIC) into the oceans of which 50% (equation 1) originates

from atmospheric/soil CO, (Amiotte Suchet et al., 2003).

[Ca1,Mg,]COs3 + CO; + H20 <> [Ca®* 1+ Mg %] + 2 HCO3 (Eq. 1)

Carbonate dissolution represents 58% of the total DIC (0.36 Gt.yr) 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 CO; (pCO,)
in the soils, epikarsts and caves that determine the initial water characteristics, e.g., water

aggressiveness (Peyraube et al., 2012).

According to field observations, CO, 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 pCO; driven by various anthropogenic activities (Stets et al., 2014) and/or

climate changes.

In soil, the evolution of pCO, 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 pCO, seems to be more controlled by gas diffusion rates (Jones and Mulholland, 1998) and
the spatial variability of soil pCO,is mainly explained by land cover (Raich and Tufekciogul, 2000). pCO,
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
guantification of the relationship between air temperature and inorganic carbon flux was clearly

established.

At the catchment scale, it is impossible to study the sensitivity of carbonate dissolution to pCO, change
without taking into account the influence of anthropogenic pollution, 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 composed of HCOs, stream water acidification is often

estimated 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 H,SO4 and nitric acid to be calculated
(Amiotte-Suchet et al., 1995; Perrin et al., 2008). The acid atmospheric deposition originates from air
pollution varying in space and time related to the mix between global and local emission sources of
nitrogen and sulfur compounds (Schopp 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 regular decrease, observed also in France during the last decades (Pascaud et al., 2016).

Due to the high buffering capacity of carbonate dissolution, the influence of acid precipitation on such
lithological conditions has very often been neglected. In karst systems, the predominance of dilution
rather than mobilization processes for surface contaminants is driven by karst development, changing
from one site to another (Huebsch et al., 2014). Nevertheless, in carbonate areas, the impact of acid
anthropogenic inputs, originating either from acid atmospheric deposition or from fertilizer spreading,
on carbonate weathering processes has been evidenced by using 6'3C 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 disturbed carbonate weathering processes and associated

carbonic 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 considered 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 exclusively 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 temperature), should have a

similar consequence of increasing alkalinity in rivers draining carbonate rocks.



Selecting catchments far from any local acid pollution, and subjected to different climatic conditions,
makes it possible to: (1) link the intensity of carbonate dissolution and the two drivers (air temperature
and acid deposition); (2) discuss the long-term trends observed in river chemistry and the CO, uptake
change induced by a one degree increase in air temperature. Numerous karst systems meet these
conditions, because the scarcity of surface water and the thin soil cover in such environments make
these catchments inappropriate for intensive agricultural practice on a large scale. Furthermore, the
flux of alkalinity is very high in karst areas where carbonate dissolution is highly active (Gombert, 2002).
Expressed in terms of surface unit of carbonate outcrop, CO; uptake associated with this dissolution
process reached 0.71 mol.m?2.year? in a Chinese karst system (Liu and Zhao, 2000), whereas 0.48
mol.m2.year? was estimated for the entire carbonate outcrops at the global scale (Amiotte Suchet et

al., 2003).

In this context, we studied the co-evolution of air and water temperatures, river discharge, calcium +
magnesium and bicarbonate concentrations in waters for a set of 5 French karst hydrosystems located
far from any local source of anthropogenic pollution and monitored weekly over various periods
between 1975 and 2006. The aim was to determine the respective impact of air temperature and acid
atmospheric deposition on changes in DIC concentration in rivers and consequently, on soil acidity and

atmospheric/soil CO, uptake by carbonate weathering processes.

2. MATERIALS AND METHODS

2.1  Location of sites, water sampling and analysis
Five well drained karst hydrosystems located in France, where the requisite datasets were available,

were selected (Figure 1). They cover a wide range of recharge areas, stream discharges, and average

air temperatures (Jourde et al. 2018) (Table 1).

Farfal drains a karst plateau in the Dordogne river basin, under an oceanic climate. This catchment is

covered by oak and chestnut forests. Although the average annual precipitation varies between 800



and 1000 mm, evapotranspiration leads to a specific annual discharge ranging from 200 to 350 mm

per year.

Fontaine de Vaucluse (FdV) is the only discharge point of a karst hydrosystem which has a much larger
recharge area surface (1130 km?) than the other four sites and is well-known for its considerable mean
flow rate of 20 m3s* (Table 1). More than 98% of the FdV water discharge is supplied by precipitation
infiltrated in an area devoid of a perennial hydrological surface network, and mostly covered by a
natural Mediterranean vegetation (scrubland). The elevation of 56% of the recharge area ranges

between 800 and 1400 m (Fleury et al., 2009).

Lez spring is the main perennial outlet of a Mediterranean karst hydrosystem covered mainly by
scrubland, with a groundwater discharge that can reach 15-20 m3/s during rainfall events and seasonal
springs that feed the Lirou river. For the 2008-2015 period, 0.8 m3s? outflowed from the Lez
resurgence, 1 m3.s was extracted for drinking water (Charlier et al. 2015) and 0.72 m3.s! reached the
Lirou river (www.banque.hydro.fr). The Lez spring diffuse recharge area covers 130 km?2. The high
average specific discharge (604 L.m-2.yr) is due to point recharge draining a hydrogeological basin of

about 380 km? (Ladouche et al., 2014).

The Val d’Orléans (ValdO) karst system is the northernmost of the five. It is a hydrosystem covered by
alluvia and under the influence of an oceanic climate. More than 80% of the outflowing waters are fed
by point recharge from the Loire river, so the impact of local agricultural pollution from the diffuse
recharge area on groundwaters is low (Binet et al. 2017). Agricultural inputs to the Loire River are not
considered to be a major source of protons in this karst system since protons are already buffered by
carbonates located upstream to the ValdO. The major source of protons in this karst comes from the
degradation of river organic matter (Albéric and Lepiller 1998). The point recharge strongly increases
the average karst discharge per surface area (5631 L.m™.yr). Taking into account weathering reactions

and water mixing, the proportion of Ca, Mg, and HCOs at the spring originating from the losing river



was estimated to be about 70% (Albéric and Lepiller 1998). Thus local karst dissolution contributes to

only 30% of the calculated flux.

The Baget karst system, with a land cover dominated by fir-beech forests under a mountainous climate,
is located in the Pyrenees Mountains (Southern France). The specific annual discharge is about 1023
L.m=2yrlThe long time series of the water chemistry dataset for the Baget spring presented here is
published for the first time. The spring was sampled weekly for chemical analysis from 1978 to 2005.
This is the longest time series ever measured in France for a catchment in a mountain site far from
local pollution sources. The pH, total carbonate alkalinity (TCA) and total water hardness were
measured using a titrimetric method. The complete chemistry of major ions was analyzed by ionic
chromatography during the periods 1982-1996 and 1998-2006. These data (water hardness and TCA
for the full period, and Ca%, Mg?* and alkalinity for part of the period) confirmed that the alkalinity
concentration expressed in mmol.L™ was 0.2 TCA and that [Ca+Mg] expressed in mmol.L™* was 0.1
water hardness. Water hardness and TCA were used to determine respectively [Ca+Mg] and [HCOs]
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 1km 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 Bakalowicz (1979), Chery (1983), Marjolet and Salado (1978) and
Mudry (1987) for the periods before 1985, and from Albéric and Lepiller (1998), Caetano Bicalho et al.

(2012), Emblanch et al. (2003) 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: Gourdon for Farfal, Saint Christol
for FdV, Saint-Girons for Baget, Montpellier for Lez and Orléans for ValdO. The values of soil or cave

pCO, were estimated previously by Bakalowicz (1979), Bouzigues et al. (1997), Emblanch (1997) and



Peyraube et al. (2012). Soil pCO, was not considered 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 atmospheric deposits from the EMEP deposition time-series (Schopp 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?) of Sand N from 1980 to 2010 using the 2006 version of the deposition model. Assuming that
H,SO4 and HNOs are the main source of protons in the atmosphere, the total annual deposition of
protons was estimated as the sum of 25+N (dep_sum (mol(H*).m2.yr). 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 dividing the volume of the stored groundwaters given by hydrological modelling
(particularly rainfall-discharge relationships) by the average karst discharge. The volumes found in the
literature for the 5 sites (Binet et al., 2017; Fleury et al., 2009, 2007; Mangin, 1984; Peyraube, 2011)
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 temperature 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 springwaters 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 HCOs'). One originates from the carbonate bedrock while the other comes from

atmospheric/soil CO, as carbonic acid (H,COs) released by the oxidation of soil organic matter (eq.2):

CH,0 + O; <& COx+ H,0 & H,CO5 < H* + HCO3 (Eq. 2)

However, the proton from carbonic acid (natural dissolution) can be supplied by strong acids, such as
HNO; or H,SO4. Equation 1 is therefore modified as follows according to the nature of the inputs, nitric
acid (eq.3) when considering N-fertilizer inputs (Perrin et al., 2008) or sulfuric acid (eq. 4) when

considering acid rain deposition (Amiotte Suchet et al., 1995):

[Ca1,Mg,]COs + HNO3 < 1-x Ca** + x Mg %* + HCO5 + NOs (Eq. 3)
[Ca1,MgxJCOs + 0,5 H:504 < 1-x Ca®* + x Mg %* + HCO5 + 0,5 SO (Eq. 4)

In contrast to equation 1 (natural dissolution) where two bicarbonate ions are released into solution
with one [Ca+Mg], anthropogenic dissolution (eq.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]rota = [Ca+Mg]n + [Ca+Mg]a (Eq. 5)

where [Ca+Mg]y is released by carbonic acid dissolution, [Ca+Mg]a by strong acid dissolution, and

[Ca+Mg]iotalis the total amount released in spring waters.

With regard to the stoichiometric coefficients, bicarbonate concentration (moles.L) can be estimated

as follows:

- From equation 1 (natural dissolution with carbonic acid):

[HCOs3]n = 2[Ca+Mg]n (Eq. 6)



- From equations 3 and 4 (anthropogenic dissolution with strong acids):
[HCOs]a = [Ca+Mg]ai (Eq. 7)

For sites subjected to strong acid anthropogenic impacts there is always a mixture of equation 1 and
equations 3 and/or 4, which means that the alkalinity ([HCOsliotal) measured in spring waters is

between 1 and 2 times the total concentration of Ca+Mg ([Ca+Mg]:otal).

Consequently, the loss of alkalinity (Aalk) when going from natural dissolution to a mixture of natural

plus anthropogenic dissolution, can be calculated from eq. 5 and 7 as follows:

Aalk = 2[C0+Mg]total- [HCOa]mm/z [C0+Mg]A (eq. 8)
[Ca+Mg]n = [Ca+Mg]total + [HCO3]total (eq. 9)
2.3. Impact of air temperature and pCO; on carbonate dissolution by carbonic acid

Most of the time, water rock equilibrium between water and calcite is reached in the gaseous-CO,
production-zone (i.e., the soil) (White 1999). If the CO: loss through dissolution is permanently
replenished by root respiration, organic matter mineralization and exchange with the CO; in the
infiltration zone (eq. 2), the partial pressure of CO, (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
(1Sd), the two extreme end-members of the carbonate solid solution using the PhreeqC model (Appelo,

1994).

Assuming that: (i) the chemical reactions (cf. Eq. 1, 3 and 4) occurred in an open system with the phases
being in equilibrium with calcite; (ii) the pCO, ranged from 10*° to 10%° atm, and (iii) as a basic
hypothesis, carbonates are dominated by calcite (White, 1999, Calmels et al., 2014), the concentration
in [Ca+Mg] released in springwaters by carbonic acid dissolution can be estimated following the

equation below (Drever, 1997):

K1KyK 1/3
[Ca+ Mgly = ((Z22 4 pCo,) (Eq. 10)

10



where y; and y; are the activity coefficients for Ca?* and HCOs ions, respectively; K; and K; are the first
and second dissolution constants of carbonic acid, respectively; K, is the solubility product of calcite

and Ky, the Henry's constant of CO,.

Because the thermodynamic constant evolves with the temperature, an air temperature vs. [Ca+Mg]n
scattergram 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
HCOs5, Ca and Mg concentrations present a chemostatic behavior in rivers, i.e. concentration is

independent of hydrological changes. For these kinds of dissolved elements, the correlation between
concentration (C) and discharge (Q) is weak (Godsey et al., 2009). For these reasons, a simple flux

calculation method was used to estimate the annual fluxes (F):

F=K.Q.X%, (Ci/n) (eq. 11)

where F, the annual flux (mol.m2.yr), is the product between Q, the annual average discharge, Ci the
observed concentrations and n the number of samplings (i) for concentration 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 concentration changes. Thus the main driver of flux changes is the discharge and the
concentration changes are difficult to evidence by taking only the flux values into account. By
calculating flux at average discharge, the concentration changes in the studied flux can be captured
(Raymond et al., 2008). In our case Q in equation 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 regression (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

11



estimated using the Pearson coefficient r? and a p value < 0.001. The better of the two descriptors (i.e.,
air or spring temperature) was selected by comparing r? 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, excluding 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 graphically, x and y error bars were added to this
graph. Error bars include (1) statistical errors (2) errors linked to the choice of descriptor (the range
between air and spring temperature will enable the X bar to be drawn) and (3) errors linked to Ca, Mg
and HCOs origin. If x mmol.L? of Ca or Mg has another origin than the carbonates, then equation 9 says
that the natural concentration is an overestimation of x and equation 8 says anthropogenic
concentration will be overestimated by about 2 times. The maximum value of x is estimated in the
Discussion section, enabling positive Y bars to be drawn on the [Ca+Mg]n =f(temp) plot. The only way
to under-estimate the natural flux is to introduce an error on HCOs. The negative Y bars assume an

analytical uncertainty of about 5% on HCOs.

The respective impact of air temperature and of acid atmospheric deposits on [Ca+Mg] and [HCOs] in
stream waters can be estimated from the linear regressions proposed above. Applied to the Baget site,
where the time series is the longest, theoretical [Ca+Mg]*a and [Ca+Mg]*n were calculated using the
regression coefficients of the linear relationships, respectively with air temperature, average discharge
and total atmospheric acid deposits. The temporal evolutions of these modeled values were compared

with the observed ones.

3. RESULTS

3.1. Water chemistry characteristics of the studied karst hydrosystems and atmospheric
deposits
The Baget site has the most complete time series for [Ca+Mg], [HCOs] and daily discharge. Figure 2

illustrates the high variability [0.04-7.21] of discharge (m3.s™) compared to the variability in [Ca+Mg]

and [HCOs] concentrations, respectively [2.43-3.74] and [2.72-4.19]. The temporal variability of

12



discharge, [Ca+Mg], and [HCOs] is mainly seasonal with peaks during high water flow. A long term
component is also visible for [Ca+Mg] and [HCOs] concentrations. In 1990 a long term pumping test

dried the Baget spring, so no data were available for this year.

In Table 2, the average and standard deviation of the different parameters observed are summarized
for each site, for the whole periods studied. Table 3 presents the concentrations and fluxes of the
different elements in each year. Average air temperature ranged between 9.0 °C at the FdV recharge
area in 1981 and 17.7°C for the Lez system in 2003. Considering the annual average, all the pH values
are above 7. The [Ca+Mg] concentration covers a large range, from 1.11 mmol.L? at the ValdO site
(1994) to 3.49 mmol.L? at the Lez site (2007), whereas [HCOs] concentration ranges between 1.84

mmol.L? at the ValdO site (1980) and 6.08 mmol.L? at the Lez site (2007).

In these waters, applying equations 5 and 8, the calculated proportion of [Ca+Mg] released from the
dissolution of carbonate due to atmospheric acid deposition ([Ca+Mg]a) was about 13 to 41% of the
total [Ca+Mg] concentrations (Table 3). All the waters are over-saturated regarding calcite (Isc), and
are under-saturated or saturated regarding dolomite (Isd). Finally, after a significant increase until the
1980s like other places in the northern hemisphere (Schépp et al., 2003), acid atmospheric deposition
was halved from 1980 to 2005, decreasing at the Baget site from 0.23 to 0.10 mol.m?2.yr (Table 3),

consistently with other sites in France located in remote areas (Pascaud et al., 2016).

3.2. Relationship between [Ca+Mg] and [HCOs] concentrations in spring waters
Monthly values of [Ca+Mg] vs. [HCOs] concentrations in spring waters are plotted on Figure 3. All

concentrations are located between the 1:2 and 1:1 lines, which represent the stoichiometric ratio
Ca+Mg/HCO; of equations 1 and 3 or 4, respectively. For all the data from the 5 sites, more or less
substantial discrepancies occur between observed values and the 1:2 theoretical line of natural
dissolution with carbonic acid. For each site, the cluster of points is well lumped, except for the FdV

site, where the waters sampled in 2006 tend towards the 1:1 line (identified in Figure 3 and 4).

13



3.3. Relationship between [Ca + Mg]a and Mg concentration
The amount of [Ca+Mg] released by strong acid carbonate dissolution, or so-called [Ca+Mg]a is in the

same order of magnitude as the Mg concentration (Figure 4). The ValdO, Farfal and Lez sites show an
increase in [Ca+Mg]a linked with an increase in Mg concentration. The Baget spring waters present
higher concentrations in Mg, but the relation between [Ca+Mg]a and Mg is also positive and
significant. The FdV waters show the greatest dispersion and a relatively constant Mg concentration
for increasing [Ca+Mg]a particularly for the period 2006-2007, although the data before 2005 follow
the same pattern as at the other sites. This relationship illustrates the role of Magnesium in [Ca+Mg]a

variability.

3.4, Relationship between [Ca+Mg]n and air temperature
The [Ca+Mg]w in spring waters vs. air temperature presented for each karst system (Fig. 5) illustrates

the [Ca+Mg]n variability. The continuous decreasing lines represent the theoretical evolutions of
[Ca+Mg]n with air temperature for different pCO, values in atm (102°10%2, 108, 10'*4). The [Ca+Mg]n
observed for the Baget hydrosystem presents a variability that is well described by the theoretical
relationship corresponding to a pCO;value of 1026 atm. This calculated value is close to the winter soil
pCO; observed by Bakalowicz in 1979 (Table 1). The FdV dataset is located between the pCO; lines of
102%and 102® atm, whereas those of the Lez and Farfal sites are in equilibrium with higher pCO; values
(102® to 10> atm.) In the same way, for these 3 sites, the soil pCO, values observed during summer
and winter (Table 1) fall within the bounds of the theoretical pCO. needed to explain the [Ca+Mg]n
variability (equation 10). The ValdO site data lie below the 10%° line. [Ca+Mg]n increases with air

temperature in ValdO, Baget and to a lesser 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 deposition was compared with the specific
flux of 25+N deposited to the corresponding hydrosystem by atmospheric deposition (Figure 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 25+N observed in 1975, 1979, 1985 are consistent with
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high values of the anthropogenic fraction of the [Ca+Mg] flux F (F[Ca+Mg]_A). The linear regression
(dotted line in Figure 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+Mgla 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 r?= 0.50, n=34) is

less significant than the correlation with air temperature (a=0.059; b=0.60 r?= 0.73, n=51) leading
to select air temperature as the main descriptive variable in this paper. Figure 7 presents the
relationship between [Ca+Mg]n flux and air temperature 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]y 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 considered, the regression coefficients are above 0.41 with a significant p
values. The average slope of the relationship between [Ca+Mg]y flux and air temperature is 0.061
mol.m2.yrt.°C! with a standard deviation of 0.006 mol.m2.yr’.°C'. 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 Figure 7).
Uncertainties on calcium origin, calcite precipitation, and initial river input were quantified with Y

error bars. Values are discussed in the next chapter.
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3.8. Seasonal and inter-seasonal fluctuations of the concentrations
Annual acid deposition, and monthly evolutions of sulfates in open field precipitation, air temperature,

[Ca+Mg], [HCOs] and [Ca+Mg]a and [Ca+Mg]n are presented in Figure 8 for the Baget site. The air
temperature is maximum in August-September, around 16°C, and minimum in December and January
with 5°C. The spring discharge 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?) between January to March. In contrast,
[Ca+Mg]n is maximum (1.4 mmol.L) in December-January and minimum (about 1 mmol.L) in August-

September, in inverse variation to air temperature.

Figures 8 A, B and C give the temporal fluctuations of sulfates in open field precipitation, the water
discharge and air temperature over the period 1979-2009 for the Baget hydrosystem. The
decomposition of [Ca+Mg]iotal into [Ca+Mg]a and [Ca+Mg]n exhibits opposite trends over the period
recorded (see yearly average trends in Figures 8D, E). [Ca+Mg]a increased during the 1980s and then

decreased for the rest of the period, while at the same time [Ca+Mg]y increased from 1989.

These long-term trends in yearly average can be compared with the long-term evolution of [Ca+Mg]*a
and [Ca+Mg]*n (equation 12 and 13) derived from linear regressions using air-temperature and

atmospheric deposits and average discharge as input data and presented above in tables 4 and 5.

[Ca+Mg] »* = (1.05*%dep_sum + 0.31) / Sp. Discharge (eq.12)
[Ca+Mg] y* =(0.061*Tair + 0.59)/ Sp. Discharge (eq. 13)

These concentrations can be calculated for the years where the atmospheric deposits of protons and
average air temperature are available. These long-term trends of the yearly average concentrations
are represented by black lines on Figure 8D and 8E. [Ca+Mg]*areached a maximum value in 1985 while
[Ca+Mg]*nincreased slowly from 1979. These differences are used in the following section to discuss
the respective impacts of global warming and atmospheric acid deposition on the long term evolution

of [Ca+Mg]iotal cONCentrations.
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4. DISCUSSION

4.1. Origin of calcium, magnesium and bicarbonate in karst waters and ensuing uncertainties
The concentrations of calcium, magnesium and bicarbonates are in the range of variability observed

in Europe (Perrin et al, 2003; Binet et al., 2006; Mudarra and Andreo, 2010). The distribution of
[Ca+Mg] vs [HCOs] concentrations (Figure 3) between the stoichiometric lines 1:1 (anthropogenic
dissolution) and 1:2 (natural dissolution) shows that the two dissolution processes, by carbonic and
strong acids, respectively take place on the 5 sites. The proximity with the 1:2 line confirms that the
catchments are in remote areas or undergo very low agricultural pressure. From the location of the
points between the two theoretical lines the respective parts of strong acids and carbonic acid in the
control of carbonate dissolution can be estimated. The proximity of the points with the 1:2 line shows

that carbonic acid dissolution is predominant.

The seasonal evolution of SO, in rain shows the same dynamic as [Ca+Mg]a, with an annual peak that
is delayed compared to discharge, air temperature and [Ca+Mg]n peaks. The co-evolution of [Ca+Mg]a
and magnesium (Figure 4) suggests that they have the same behavior. Even if a small proportion of Ca
and Mg in karst waters may originate from continental dust (Pascaud et al., 2016), the hypothesis that
the entire Mg flux in karst hydrosystems originates from the atmosphere, supplied by atmospheric
precipitation, is not sustainable. This hypothesis is in contradiction with several previous studies (Batiot
et al., 2003; Binet et al., 2006; Emblanch et al., 2003) and is also inconsistent with rock mineralogical

analysis, showing that carbonates contain magnesium (Monnin et al., 1998).

The most probable explanation is that carbonates are not a solid solution, but a patchwork of calcite
and dolomite. In soil, the weak carbonic acid dissolves the most soluble mineral i.e. the calcite since
the dissolution constant of dolomite is lower than that of calcite. Protons from strong acids such as
sulfuric and nitric acids mainly supplied by rainwater are more efficient at dissolving carbonate
minerals with a lower solubility, such as dolomite or magnesian calcite. Beaulieu et al. (2012) suggested
such a mechanism in the Mackenzie River Basin, with a chemical weathering of the dolomite minerals

increasing while the annual calcium flux from calcite dissolution remained almost unchanged. The
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saturation of water with regard to calcite (Table 3), but its undersaturation to dolomite, sustains this
hypothesis. From the monitoring of 55 springs in France, Peyraube et al. (2019) observed that HCO3
increases with 2*Ca, following the theory of carbonic dissolution. The fact that this relationship does
not take Mg into account validates the present discussion. Figure 4 suggests that the average values
of magnesium from one site to another are controlled by a strong acid inputs on the sites (first order),
but that the Mg dispersion for a single site seems to be related with a strong dispersion in the water

residence time (second order).

Lastly, some changes in the [Ca+Mg] concentrations could be explained by a changing ratio of the
mixing 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 HCO; affecting [Ca+Mg].

All these hypotheses have been tested in terms of uncertainty on [Ca+Mg]n. Following equation 8
and 9, calcite precipitation, which consumes 1 Ca for 1 HCOs3, 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
HCOs can underestimate [Ca+Mg]n. In these carbonate areas, the uncertainty on HCOs; 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? (Table 2), are close to the alkalinity

loss values given for a forested area in Perrin et al. (2008) and much lower than the values found in
rivers draining agricultural catchments, values that can reach 5 mmol.L™. The flux of [Ca+Mg]a is well
correlated with atmospheric acid deposition (Figure 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
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of atmospheric origin. The slope of the relationships calculated 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 carbonate 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.m2.yr? given in table 5)
represents the proportion of Ca+Mg flux that is not explained by atmospheric deposition or by

temperature and is considered 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 outliers. N runoff from fertilizer is a potentially large
confounding variable. However, the study areas were selected so as to be far from intensive agriculture
and the maximum values of spring NOs concentrations found in the literature are 0.17 (Baget), 0.15
(FdV), 0.43 (VdO), 0.21 (Farfal), 0.15 (Lez) mmol.L?, confirming that fertilizers are not a main issue with
respect to [Ca+Mg]avariability, which ranges monthly from 0.1to 1.84 mmol.l-1. Asecond explanation
is that atmospheric deposits are generally underestimated by about 0.31 mol.m?%yr! since dry
deposition truly captured by vegetation (particularly coniferous cover, Probst et al., 1995) is not taken
into account in open field measurements or modelled EMEP data. Moreover, the uncertainties of
EMEP modelled data from grid to site should also be mentioned, as pointed out by Schopp 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. Calcium 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
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ammonium uptake by the same canopy. Indeed, the opposition between discharge and [Ca+Mg]a
observed at the Baget site (Figure 8F) suggests that acid pollution is diluted during winter atmospheric
precipitations. Probst et al. (1990) showed that even in remote places, the atmosphere 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! of Ca has another origin than carbonate dissolution, this would
explain the 0.31 mol.m-2.yr overestimation observed in the anthropogenic flux (equation 8), and
these 0.155 mol.m-2.yr! have to be considered as a positive uncertainty in the [Ca+Mg]n flux

estimation to take into account all the possibilities mentioned in this section.

4.2.2 Role of air temperature increase
Air temperature and pCO; seasonal fluctuations explain the main variability of the observed [Ca+Mg]n

(Figure 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 pCO, seems to be stable over
the years, with an average value close to 102°atm as observed in soil during winter (Table 1). For FdV,
Lez and ValdO, the dispersion of [Ca+Mg]n seems mainly driven by pCO. change rather than by
carbonate solubility (Figure 5). For Farfal, the [Ca+Mg]n is relatively constant. Peyraube et al. (2013)
established that CO; 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 figure 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 pCO,
estimated for each site with Figure 5 and soil pCO, 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
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constants for the calcite appear to be suitable. If total [Ca+Mg] were used to examine the relationship
between pCO, and air temperature, a discrepancy would be observed between [Ca] concentration and
pCO,, as observed in Calmels et al. (2014). Moreover, the data suggest a seasonal evolution of pCO,
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 temperature 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 (Figure 7). The Farfal case may be due to the limits of the
system, that cannot be clearly defined, and to the shorter period 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 carbonate(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 interfered in the calculation of natural [Ca+Mg].

With regard to the average slope of the regressions in Table 5 (0.061 £0.006 mol.m2 y* °C' ), and
according to an average specific discharge of 300 L.m2.yr’! (corresponding to the French average runoff
given by Abbaspour et al., 2015), the total [Ca+Mg] concentration should increase per degree of 204
umol.L1.°CL. This estimation 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 umol.L™ to 3000
umol.L%, i.e. 490 umol.L}, was caused by a 4.5°C air temperature gradient, given an increase per
degree of about 108 umol.L*°C. In these mountains, a time series analysis suggested a +2.13 pmol.L-
Lyrtincrease of Ca and no significant change in Mg in parallel to a 0.022°C.yrair temperature increase

(Jeannin et al., 2016). Without subtracting the impact of atmospheric acid deposition, these values
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lead to 97 umol.L.°Ct of Ca+Mg, which is logically 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.m2. °C,
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 temperature at constant discharge means that: (1)
for a given site, there is on average an equilibrium between CO; production 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, pCO; is not influenced by the dilution
caused by rainwater. The hydrological effect of rainfall on carbonate dissolution and pCO; is indirect.
The increase in air PCO; 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 pCO; in soil by
a lower mineralization of organic matter (Bloor and Bardgett, 2012). In the same way, this positive
correlation at the yearly scale could be due to an increase in subsurface pCO- with increasing surface
temperature, either via increased microbial activity and root respiration, or due to change in the
density-driven ventilation of the epikarst during colder periods (James et al. 2014). Following 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 pCO, (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]y relationship. In stalagmites, <delta>'3C evidences that the long-term T-PCO;
link is directly influenced by the vegetation and bacterial activity in the soil, related with soil PCO,. 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 pCO; and air T.
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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 deposits, average discharge and
annual average discharge (Figure 8). Concerning [Ca+Mg]a, the interannual trend observed in Baget
and the [Ca+Mg],* 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 (Figure 7, Table 4) the distribution of the Baget samples is very
lumped, the regression coefficients calculated for the time fluctuation of [Ca+Mg]y (dotted line, Figure
8), show the same trend as the annual average values 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.m2.year! 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 equations 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.m2.year? flux observed in a granitic area of the Vosges
Mountains (Probst et al., 1992), 0.11 at the Aubure watershed and 0.044 in Mont Lozére 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]amay be overestimated, because

part of the Ca in solution does not originate from carbonate dissolution.

4.3.2. On CO; fluxes
The stoichiometric coefficients of equation 1 show that CO; flux uptake in soil/atmosphere is equal to

F_[Ca+Mg]n. Compared to the CO; flux consumed by carbonate dissolution in different regions in the

world, (0.48 mol m™2 yr!at a global scale, Amiotte Suchet et al., 2003; 0.71 mol m™ yr™! for Chinese
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karst hydrosystems, Liu and Zhao, 2000; 0.5 mol m™ yr™* for the Alpine river basins, Liu and Zhao,
2000; Amiotte Suchet et al., 2003; Donnini et al., 2016; Liu and Zhao, 2000), the CO; flux values
estimated in France (from 0.80 to 1.49 mol m™2 yr™!) 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 CO, fluxes. The
chemical reactions are exacerbated when surface waters reach the carbonates. As expected, the
variability of CO, fluxes from one hydrosystem to another is driven by the variability of the water
recharge (White, 1999). Consequently, the more fully developed the karst conduit network is, the more
the hydrosystem is a CO, consumer for carbonate dissolution. Our results suggest that well-developed

karst hydrosystems are hot-spots for CO, uptake.

According to Equation 1, the CO; flux is equal to F_[Ca+Mg]y, so CO, flux is also temperature
dependent, with a slope of 0.061 +0.006 mol.m™? y! °C. As shown above, the CO, uptake can be
estimated by fixing an average specific discharge at 300 L.m2.yr. According to this hypothesis, the

global warming CO, uptake versus air temperature increase would be about +204 pmol.L? °C.

For the Baget site, a 1°C increase in air temperature would increase the CO, uptake by about 5.7% of
the CO; average flux. As already mentioned, there are several, sometimes opposing, causes for this
relationship such as a change in soil pCO,, but also changes in evapotranspiration or in the amount of
rainfall. In mountainous regions, a temperature increase creates an early snow melting (Szczypta et
al., 2015), changing the seasonal flood distribution. This change can also affect the CO; fluxes
consumed by carbonate dissolution, especially in March—April when increasing fluxes of [Ca+Mg]y are

released in karst waters.

4.3.3. On initial soil /epikarst pCO,
Following the slope of the proposed regression (Table 4) and fixing the average discharge at about

1023 L.m2.yrt(an example of a high value in table 1: Baget), the increase in [Ca+Mg]n for a 1°Cincrease
in air temperature should be about +58 pmol.L™2.°C. However, if we use a discharge corresponding to
the average hydroclimatic conditions of the sites (about 300 L.m2.yr?), the increase in [Ca+Mg]n will
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be about +204 umol.L.°C. Since the input pCO; is not linked with the water flux but with the
[Ca+Mg]n concentrations in waters (eq. 10), this suggests that the pCO, 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 pollution, 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 atmospheric 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 seasonal 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 to 12 months.

The estimation of the amount of carbonate dissociated by carbonic acid and the associated CO, uptake
changes over the seasons, linked to the mineral solubility that increases concentrations in winter, and
evolves over the decade because of pCO, change. As CO, uptake was found to be partially hidden by
acid atmospheric pollution, the estimation of CO, 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 CO, 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 CO, uptake fluxes, suggesting that well-developed karst systems with a high recharge rate
are hot-spots for atmospheric CO, uptake.
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Figure.7: Relationship between annual flux of [Ca, Mg]n calculated for an average discharge and air temperature. Grey lines
are error bars, dashed line is the linear regression, dotted lines are the linear regressions with the maximum and the minimum

slopes calculated inside the error bars.

Figure 8: Interannual fluctuations at the Baget site of average monthly values A/ annual histogram of atmospheric deposition
(dep_sum) and sulfates in open field precipitation B/ : water discharge C/ air temperature, D/ [Ca+ Mg]x and E/ [Ca+ Mg].
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standard deviations.
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Spring Lez Farfal FdVv Baget ValdO
Watershed_km? 130 0.87 1,130 13.25 70
44° 49' 44" 43°55'04"  42°57'20"

Latitude (°, min, s) 43°41'04"N N N N 47°51' 01" N
Longitude (°, min, s) 3°50'50”E  0°50'42"E 5°07'58"E  1°01'47"E  1°56'15”E
Elevation (m) 50 200 119 496 93
Sampling period (year): 1975 1981; 1995; 1980; 1994;

1997-2009 2008-2009 2003-2006 1978-2005 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 (m¥s?) 2.5 0.01 20 0.43 12.5
Sp. discharge (L.m2.yr?) 604 507 558 1023 5631
Dynamic volume (10% m3) 10 0.03 387 2 21
Average Residence time
(yr) 0.13 0.07 0.61 0.15 0.05
Summer pCO; (atm) 1015 1015 1018 10°t° /
Winter pCO; (atm) 1014 1026 1022 1026 /
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Parameters Units Lez Farfal FdVv 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
mmol.L° . . . . . . . . . .
[HCO3] Lt 5.92 0.20 5.51 0.11 4.08 0.29 2.89 0.19 1.98 0.18
[Mg] mmol.L? 0.36 0.05 0.11 0.01 0.24 0.06 0.37 0.05 0.16 0.04
a+ mmol.L" . . . . . . . ! . .
[Ca+Mg] Lt 3.36 0.67 2.99 0.04 2.34 0.26 1.67 0.10 1.12 0.10
a+Mg]a mmol.L° . . . . . . . ! . .
[Ca+Mg] Lt 0.79 0.22 0.47 0.12 0.60 0.56 0.46 0.13 0.29 0.20
a+Mg]n mmol.L° . . . . . . . . . .
[Ca+Mg] Lt 2.57 0.16 2.52 0.11 1.74 0.37 1.22 0.13 0.84 0.16
%[Ca+tMgln % 24 16 26 27 25
mol.m"
Ficos) 2 year? 3.5 0.7 13 1.77 1.6 1.24 3.0 2.7 2.2 1.3
mol.m"
Fca+mgla 2 year? 0.47 0.8 0.10 0.13 0.21 0.21 0.39 0.3 0.27 0.3
mol.m"
FicasmgIn 2 year? 1.53 0.9 0.58 0.82 0.72 0.57 1.30 1.2 0.94 0.6
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Site Yea | Tar | Temp_water_ | Q dep_su | p Ca+Mg | HCO3 [Ca+Mg | [Ca+Mg | SO4_rai | % Isc | Is | F[Ca+Mg | F[Ca+Mg | sampl
r °C °C Lm | m H | mmol. | mmol. | ]a In n [Ca+Mg d ]a In e Nb
2yea | (V2006) Lt Lt mmol.L" | mmol.L" | mmol.L" | ]a mol.m" mol.m"
ri eq.m’ 1 1 S 2yrt 2yrt
2_yr-1
Lez 197 | 13. 604 0.25 3.09 5.49 0.69 2.40 22 0.42 1.5 130
5 0
Lez 199 | 15. | 14.9 604 0.12 7. 3.29 5.84 0.74 2.55 23 0. |- 0.45 1.5 4
7 5 1 1 0.
8
Lez 199 | 16. | 16.3 604 0.09 7. 3.40 5.98 0.83 2.57 24 0. |- 0.50 1.6 6
8 5 1 2 0.
5
Lez 199 | 16. | 164 604 0.09 7. 3.27 5.73 0.80 2.47 24 0. |- 0.48 1.5 8
9 1 2 2 0.
5
Lez 200 | 16. | 15.3 604 0.15 7. 3.14 5.73 0.55 2.59 17 0. |- 0.33 1.6 2
0 1 2 2 0.
5
Lez 200 | 16. | 16.5 604 0.14 7. 3.33 5.97 0.69 2.64 21 0. |- 0.42 1.6 10
1 8 1 1 0.
6
Lez 200 | 17. | 169 604 0.14 7. 3.48 6.04 0.93 2.55 27 0. |- 0.56 1.5 8
2 7 2 2 0.
4
Lez 200 | 16. | 17.5 604 0.15 7. 3.36 6.00 0.71 2.64 21 0. |- 0.43 1.6 8
3 5 0 1 0.
8
Lez 200 | 15. | 151 604 0.13 7. | 3.36 5.97 0.75 2.61 22 0. | 0. | 045 1.6 10
4 1 4 6 4
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lez | 200 |16. | 15.7 604 | 0.12 7. 339 6.03 0.75 2.64 22 0. [o0. [o046 1.6 12
5 0 5 5 |2
lez | 200 |15. | 16.4 604 | 0.15 7. 1335 5.93 0.77 2.58 23 0. [- [o047 1.6 12
6 4 3 3 |o.
2
lez | 200 |15. | 16.0 604 | 0.10 7. | 3.49 6.08 0.90 2.59 26 0. |- |o054 1.6 4
7 6 2 2 |o.
4
lez | 200 |15. | 141 604 | 0.12 7. 344 |594 [095 2.49 28 0. |- [o057 1.5 36
8 4 2 2 |o.
4
lez | 200 |14. | 155 604 | 0.08 7. | 334 594 | 0.75 2.59 22 0. [- [o04s5 1.6 36
9 1 2 2 |o.
5
Farfa | 200 | 12. | 12.5 507 | 0.05 7. | 2.99 5.57 0.40 2.59 13 0. |- |o020 1.3 25
| 8 6 1 0 |1
1
Farfa | 200 | 13. | 12.6 507 | 0.04 7. | 2.92 5.35 0.50 2.43 17 0. [- [o025 1.2 26
| 9 0 2 0 |1
2
Bage | 197 | 9.8 1270 7. | 162 2.75 0.49 1.13 30 0.51 1.2 52
t 9 6
Bage | 198 | 9.7 | 9.4 1270 | 0.23 7. | 162 2.85 0.40 1.22 24 0.41 1.3 49
t 0 6
Bage | 198 | 10. 1383 7. | 1.58 2.77 0.40 1.18 25 0.41 1.2 52
t 1 8 7
Bage | 198 | 10. 1315 7. | 163 2.83 0.42 1.21 26 0. [- [o043 1.2 52
t 2 4 6 1 |o.
1
Bage | 198 | 10. | 103 756 7. | 164 2.85 0.43 1.21 26 0.44 1.2 52
t 3 5 7
Bage | 198 | 9.9 1325 7. | 165 2.83 0.46 1.18 28 0. |- [o047 1.2 56
t 4 6 2 |o.
1
Bage | 198 | 10. 923 |0.21 7. | 162 2.72 0.52 1.10 32 0. [0. [054 1.1 53
t 5 2 7 2 |1
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Bage | 198 | 10. 1080 7. | 161 2.69 0.54 1.08 0.03 33 0.55 1.1 51
t 6 0 7

Bage | 198 | 10. | 9.8 868 7. | 1.63 2.80 0.45 1.18 28 0.46 1.2 53
t 7 6 7

Bage | 198 | 11. 1023 7. | 1.64 2.83 0.46 1.18 28 0.47 1.2 52
t 8 0 6

Bage | 198 | 10. | 10.2 1023 7. | 1.69 2.83 0.54 1.14 32 0.55 1.2 74
t 9 4 7

Bage | 199 | 9.8 | 10.0 1023 | 0.17 7. | 1.67 2.87 0.47 1.20 28 0.48 1.2 52
t 1 5

Bage | 199 | 10. | 10.1 1506 7. | 1.68 2.90 0.45 1.23 27 0.46 1.3 54
t 2 1 5

Bage | 199 | 10. | 10.1 882 7. | 1.70 2.92 0.48 1.22 28 0.49 1.2 53
t 3 7 4

Bage | 199 | 10. | 10.0 1353 7. | 1.66 2.86 0.46 1.20 0.05 28 0.47 1.2 52
t 4 5 5

Bage | 199 | 10. | 10.1 1153 | 0.13 7. | 1.69 291 0.46 1.23 0.04 27 0. [ 0. | 047 1.3 53
t 5 5 6 2 0

Bage | 199 | 11. | 10.1 1239 | 0.14 7. | 1.73 3.02 0.44 1.29 0.04 25 0. [0. | 045 1.3 52
t 6 1 6 3 1

Bage | 199 | 10. | 9.6 523 0.13 7. | 1.74 2.96 0.53 1.22 0.03 30 0. [ 0. |0.54 1.2 45
t 7 1 6 2 0

Bage | 199 | 10. 956 0.12 7. | 1.75 3.02 0.47 1.28 0.03 27 0. | 0. | 048 13 50
t 8 5 6 2 0

Bage | 199 | 10. 958 0.13 7. | 1.70 2.97 0.43 1.27 0.05 25 0. |0. | 044 1.3 52
t 9 8 7 3 1

Bage | 200 | 10. 795 0.10 7. | 1.73 3.05 0.42 131 0.05 24 0. [0. | 043 1.3 50
t 0 1 7 3 2

Bage | 200 | 11. 946 0.10 7. | 171 3.03 0.38 1.32 0.04 23 0. | 0. |0.39 1.4 49
t 1 6 8 4 4

Bage | 200 | 10. 1204 | 0.10 7. | 1.74 3.10 0.38 1.36 0.03 22 0. | 0. | 039 1.4 47
t 2 7 7 3 2

Bage | 200 | 10. 969 0.10 7. | 1.70 2.96 0.44 1.26 0.03 26 0. [0. | 045 1.3 52
t 3 2 7 3 2

Bage | 200 | 11. 1101 | 0.10 7. | 1.63 2.82 0.45 1.18 0.03 27 0. | 0. | 046 1.2 50
t 4 3 7 3 0
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Bage | 200 | 11. 1074 | 0.10 1.68 |295 [0.40 1.27 0.04 24 0. [- [o41 1.3 50
t 5 7 2 |o.
1
vald | 197 | 10. 5631 | 0.32 113 | 187 1039 0.74 35 0.66 1.3 5
0 5 1
Vald | 198 | 11. | 12.7 5631 | 0.32 112 | 184 ]040 0.72 36 - |- Joes 1.2 34
o) 0 0 0. |o.
1 |9
vald | 199 [11. | 128 5631 | 0.14 1.11 1.89 | 033 0.78 30 - |- Tose 1.3 14
o) 4 3 0. |o.
1 |9
Vald | 200 | 12. | 133 5631 | 0.04 1122 | 208 [0.15 0.96 14 - |- Joz26 1.6 13
0 9 3 0. |o.
2 |9
Fdv | 198 | 9.0 | 126 615 2.13 397 | 0.30 1.83 14 0. |- [o017 1.0 56
1 0 |1.
0
Fdv | 199 | 10. | 12.8 549 | 0.05 241 |432 |051 1.91 21 0. [- |o028 1.1 118
5 1 0 |1.
0
Fdv | 200 | 9.6 | 12.6 328 | 0.07 232 [423 |04l 1.91 18 - |- Toz23 1.1 45
4 0. |1.
1 |2
Fdv | 200 | 9.2 | 124 215 | 0.07 225 |424 [027 1.99 12 - |- Joas 1.1 44
5 0. |1.
2 |a
Fdv | 200 | 10. | 12.6 244 | 0.06 252 | 4.01 1.02 1.49 4 - |- Tos7 0.8 21
6 7 0. |1.
1 |3
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F[Ca+Mg]A = f(Dep_sum)

Sites a b r? n  p_value
Lez, Farfal, Baget, FdV, ValdO 1.12 0.31 0.35 51 <0.001
Farfal, Baget, FdV, ValdO 1.19 0.28 0.49 36 <0.001
Lez, Baget, FdV, ValdO 0.95 0.33 0.55 49 <0.001
Lez, Farfal, FdV, ValdO 1.29 0.28 0.42 24 <0.001
Lez, Farfal, Baget, ValdO 0.86 0.35 0.56 46 <0.001
Lez, Farfal, Baget, FdV 0.89 0.33 0.35 46 <0.001
Average : 1.05 0.31 0.45

StD: 0.18 0.03 0.09
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I:[Ca+Mg]N = f(Tair)

Sites a b r? n p_value
Lez, Farfal, Baget, FdV, ValdO 0.061 0.58 0.74 51 <0.001
Farfal, Baget, FdV, ValdO 0.055 0.64 0.29 36 <0.001
Lez, Baget, FdV, ValdO 0.062 0.58 0.75 49 <0.001
Lez, Farfal, FdV, ValdO 0.072 0.41 0.80 25 <0.001
Lez, Farfal, Baget, ValdO 0.055 0.67 0.83 46 <0.001
Lez, Farfal, Baget, FdV 0.062 0.57 0.76 46 <0.001
Average : 0.061 0.57 0.69

StD : 0.006 0.09 0.20
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Figure 3
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Figure 5
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Figure 6
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Figure 8
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