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A B S T R A C T   

The chemical weathering (CW) of rocks at the Earth's surface plays a key role in the global carbon cycle along 
multiple pathways. Although karst systems are hotspot carbonated areas, they are not always monolithological. It 
is therefore challenging to estimate the CW of these complex areas. The interannual, seasonal, and spatial var
iations of CW rates and CO2 consumption were investigated using a long-term hydrogeochemical database 
(1994–2019) from a mountainous karstic catchment in southwestern France (Baget Catchment). A geochemical 
and isotopic spatial sampling allowed the identification of the main mineral or lithological sources in the 
catchment, which controlled the water chemistry. The CW budget showed that the (Ca2+ + Mg2+) fluxes orig
inated from carbonate dissolution (1.14 mol⋅m− 2⋅yr− 1 equivalent to 74%) and silicate weathering (18%) by 
carbonic acid solutions. Gypsum dissolution and carbonate weathering by sulphuric acid from pyrite oxidation 
contribute equally to 4%, although the former accounts for 66% of the dissolved sulphate fluxes. During a 
summer sampling survey, an innovative sulphur isotopic approach based on δ34SSO4, allowed us to demonstrate 
that the ore-nature sulphuric acid drove 9.0% of total carbonate dissolution and represented only 16.8% of the 
dissolved sulphate stream fluxes. Hydrological conditions, temperature, vegetation, the epikarst (quasi-perma
nent shallow and discontinuous saturated layer under the soil), and the water dynamics were the key factors 
influencing the inter-annual and inter-seasonal variations of the CW rates and CO2 consumption. In addition, the 
carbon isotopic signature evidenced geochemical processes such as CO2 outgassing and calcite precipitation 
processes. The latter could remove up to 74% of HCO3

− from streamwaters, depending on the hydrological 
conditions at the outlet between 2016 and 2019. Finally, this study highlights that CW rates and CO2 con
sumption may vary over inter-annual and inter-seasonal scales, and spatially even for a small catchment. 
Furthermore, the global CO2 consumption appears to be mainly driven by the runoff intensity in karst hydro
systems, where carbonate dissolution was found to consume 71% of the total weathering CO2 uptake.   

1. Introduction 

The chemical weathering of crustal rocks is one of the major 
geological processes involved in climatic and chemical changes on the 
earth's surface (Spence and Telmer, 2005). Although this fundamental 
process is relatively well known, the identification and quantification of 
its spatial and temporal role in the carbon cycle remains a key question 
to be addressed (Berner and Kothavala, 2001). 

Biogenic CO2, the main natural actor, drives the chemical weath
ering of rocks, it is then transformed into dissolved inorganic carbon 
(DIC) and transported to the oceans by the river systems. Biogenic CO2 

results from the sequestration of atmospheric CO2 by vegetation due to 
net primary production and subsequently from soil CO2 released by the 
decomposition of organic matter and root respiration (Catalán et al., 
2016; Clark and Fritz, 1997; Porcal et al., 2015). The two principal 
mineral groups consuming biogenic CO2 are silicates and carbonates 
(Cao et al., 2019; Hartmann et al., 2009; Moquet et al., 2011). On 
million year scales (geological timescales), only the chemical weath
ering of silicates plays a major role in the carbon budget as a sink for 
atmospheric CO2 (Curl, 2012; Dalai et al., 2002; Francois and Walker, 
1992; Hartmann et al., 2009), since the precipitation of carbonates in 
the ocean counterbalances the dissolution of crustal carbonate rocks 
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(Berner et al., 1983; Khadka et al., 2014). Nonetheless, over shorter 
timescales (less than ~100,000 years), carbonate dissolution contrib
utes to drawing down carbon from the atmospheric reservoir due to its 
rapid dissolution kinetics (Cao et al., 2012; Daoxian, 1997). 

Chemical weathering rates (CWR) and CO2 fluxes can be driven by 
environmental parameters such as discharge (Amiotte Suchet and 
Probst, 1993; Bluth and Kump, 1994; Cao et al., 2019; Ding et al., 2017; 
Gislason et al., 2009; Moquet et al., 2016), temperature (Eiriksdottir 
et al., 2011; Gaillardet et al., 2019; Liu et al., 2013; White and Blum, 
1995), vegetation (Berner, 1997; Calmels et al., 2014; Lenton and Brit
ton, 2006; Lucas, 2001; Zhao et al., 2019), lithology (Amiotte Suchet 
et al., 2003; Amiotte Suchet and Probst, 1993, 1995; Viers et al., 2014), 
relief (Cao et al., 2019), and mechanical erosion (Hagedorn and Cart
wright, 2009; Jacobson et al., 2003; West et al., 2005). Indeed, the 
above-mentioned environmental factors, which are interrelated with 
each other (Goudie and Viles, 2012) can act as catalysts or, conversely, 
as inhibitors of chemical weathering in a given catchment. 

For several decades, many studies have estimated chemical weath
ering rates on a global scale (Amiotte Suchet, 1995; Amiotte Suchet 
et al., 2003; Amiotte Suchet and Probst, 1995; Berner et al., 1983; 
Gaillardet et al., 1999; Garrels and MacKenzie, 1972; Meybeck, 1987; 
Probst, 1992; Probst et al., 1997). These estimations have mainly been 
focused on large river basins in tropical/sub-tropical climates (Cao et al., 
2019; Galy and France-Lanord, 1999; Gibbs, 1972; Mortatti and Probst, 
2003; Stallard and Edmond, 1987; Stallard and Edmond, 1983), 
temperate climates (Amiotte Suchet and Probst, 1996; Amiotte Suchet 
and Probst, 1993; Donnini et al., 2016; Hagedorn and Cartwright, 2009; 
Jiang et al., 2018; Spence and Telmer, 2005; Zhang et al., 1995), and 
boreal/polar climates (Calmels et al., 2007; Huh et al., 1998; Millot 
et al., 2003). These assessments commonly rely on the composition of 
major elements in river waters to estimate the amount of dissolved 
matter and CO2 consumption associated with rock weathering. A com
mon obstacle with these calculations on a large scale is the discrimina
tion and subsequent quantification of sulphur compounds in multi- 
lithological catchments. This difficulty lies for example in the multiple 
potential inputs of sulphate (SO4

2− ) in rivers. In addition, sulphide 
oxidation releases sulphuric acid which causes the weathering of other 
minerals such as carbonates, whose later deposition in the oceans rep
resents a net source of CO2 in the atmosphere (Dalai et al., 2002; Galy 
and France-Lanord, 1999; Hercod et al., 1998; Millot et al., 2003; Spence 
and Telmer, 2005). This challenge has been solved by combining the 
major element chemistry with sulphur isotope measurements (Burke 
et al., 2018; Calmels et al., 2007; Karim and Veizer, 2000; Kemeny et al., 
2021; Spence and Telmer, 2005; Turchyn et al., 2013). 

Globally, karst systems are hotspots of water resources and carbonate 
dissolution, and its associated CO2 uptake (Binet et al., 2020; Gaillardet 
et al., 2019; Plan et al., 2009). These areas are sometimes complex and 
can consist of multiple lithologies whose influence has largely been 
constrained and quantified over the short term (Gao et al., 2009; Han 
and Liu, 2004; Liu and Han, 2020a; Qin et al., 2019; Zhong et al., 2017), 
but rather poorly in the long term (Macpherson and Sullivan, 2019). A 
better understanding of the annual and seasonal variations of the 
chemical weathering of rocks and the associated CO2 consumption on 
the long-term, and of the contribution of the different sources in multi- 
lithological conditions, is thus needed. This is even more relevant in 
active-relief regions, since the climate-weathering feedback is stronger, 
turning them into the areas that are most sensitive to climatic changes 
(Maher and Chamberlain, 2014). Catchments of limited areas are suit
able critical zones (CZ) to constrain these variations and they can be 
investigated more easily and in more detail, because the lithological 
strata, structures and vegetation conditions are less complex and better 
known than in larger basins (Marx et al., 2017). 

Several processes regarding the carbon cycle can modify the in
tensity of carbonate dissolution rates and CO2 consumption, such as 
vegetation respiration, the mineralisation of organic matter, soil mi
crobial activity, and other bedrock weathering (Clark and Fritz, 1997; 

Deines, 1980; Li et al., 2010), but also CO2 outgassing (Doctor et al., 
2008; Liu and Han, 2020a), calcite precipitation (Li et al., 2008), and 
even anthropic activities such as dams (Wang et al., 2019, 2020). In 
addition, stable carbon isotopes (δ13C) allow identification of different 
carbon sources (Qin et al., 2019), thanks to its fractionation effects (Li 
et al., 2008) resulting from different biogeochemical processes. More
over, both sulphur and carbon isotope signatures have been used suc
cessfully to trace natural and anthropogenic contributions to water 
chemistry (Jiang, 2012; Lang et al., 2011; Qibo et al., 2016). However, 
their coupling to constrain source contributions and geochemical in- 
stream processes (Li et al., 2008; Schulte et al., 2011; Spence and 
Telmer, 2005) in multi-lithological basins, have not been explored in 
detail. 

The small and mountainous karstic Baget catchment in the French 
Pyrenees has been monitored through hydrochemical surveys since the 
1980s, with a complete hydrogeochemical database having been ob
tained since 1994. Based on these long-term datasets and on a spatial 
geochemical field investigation, this paper aims to fill the above- 
mentioned gaps by: (i) evaluating the potential contribution of the 
different lithological end-members on a spatial and temporal scale using 
the chemical and isotopic composition of streamwaters; (ii) determining 
the weathering flux and the atmospheric/biogenic CO2 consumption 
through carbonate and silicate weathering pathways and their inter- 
annual, seasonal, and spatial variations; (iii) identifying the key envi
ronmental parameters and the geochemical in-stream processes influ
encing the carbon cycle. 

The supporting hypothesis was that: (i) among multi-lithological 
sources, carbonate dissolution by atmospheric/soil CO2 remains the 
main source of the hydrogeochemical fingerprint in the quasi pristine 
karstic catchment, followed far behind by the weathering of less abun
dant bedrock (silicate and evaporitic rocks) or even minerals like pyrite, 
whose contributions vary according to hydrological conditions; (ii) 
among environmental factors, discharge is the main driver of the inter- 
annual and seasonal variations of the weathering rate; and (iii) in-stream 
processes such as calcite precipitation may modify the estimation of 
weathering CO2 consumption. 

2. Materials and methods 

2.1. Description of the study area and sampling sites 

The Baget catchment (hereafter, BC, Fig. 1) drains an area of 13.25 
Km2 in the central part of the French Pyrenees Mountains. This karstic 
catchment has a mean altitude of 950 m (498 to 1417 m.s.l.) with slopes 
of up to 60% in the central section of the basin (Mangin, 1975). 

The BC is a karst landform developed on Jurassic and Cretaceous 
carbonate rocks, which have been exposed to metamorphism at high 
temperatures and low pressures (Choukroune, 1970). It lies on a mixed 
lithological area (Fig. 1). A relatively narrow band of crystalline lime
stone is bordered to the north and south by low-permeable rocks. Sul
phide minerals are observed along the BC as minor or accessory phases 
within lithological units such as limestones (Mangin, 1975). Finely 
crystallised black dolomite outcrops in the north (Fig. 1). Upper Creta
ceous formations appear as alternating clay-gravel conglomerates and, 
thin outcrops of Upper Triassic gypsum have also been reported by 
Debroas (2009). In the south, the limestones are in contact either with a 
breccia, or with a black clayey-sandstone pelite (Debroas and Souquet, 
1972), which constitutes part of the black flysch. 

The dominant land cover is the fir-beech forest which is mainly 
located on the north-facing slope. Forest cover is continuous and occu
pied 67% of the catchment in 2019. In the upper middle section, the 
south-facing flank is characterised by numerous pastures, which change 
to scrubland towards the downstream side (Mangin, 1975). The 
calcareous formations are covered by thin and discontinuous brown soils 
or rendzina soils, while podzolic soils have developed on detrital for
mations (Bakalowicz, 1979). Anthropogenic pressure is very low with 
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only very few human inhabitants and some crib barns (Bakalowicz, 
1979). Some grasslands occupy the lower part close to the outlet on the 
south-facing slope. 

The BC is subject to an Atlantic oceanic climate with a mountain 
influence resulting in a bimodal rainfall regime. The mean annual 
stream discharge at the catchment outlet (B1) is 0.48 m3⋅s− 1, corre
sponding to a specific discharge of 36 L⋅s− 1⋅km− 2. Around 50% of the 
total discharge occurs between December and March (Ulloa-Cedamanos 
et al., 2020). BC is a responsive hydro-system with quick infiltration and 
a fast transit time between the recharge area and discharge at the outlet 
(Mangin, 1975; Sivelle et al., 2019; Ulloa-Cedamanos et al., 2021). The 
memory effect, which represents the inertia of the system, is estimated at 
110 h based on hourly discharge series (Mangin, 1984). 

The long-term hydrochemical survey (period 1994–2019) was per
formed at the catchment outlet (site B1, Fig. 1) and allowed the evalu
ation of the temporal patterns of interannual and seasonal variations 
(Ulloa-Cedamanos et al., 2020). In addition, spatial water sampling was 
carried out during low water conditions at the end of the summer in 
2019 (12-13/09/2019, B1 to B14 sites, Fig. 1) to avoid the dilution of 
streamwater by meteoric water and to obtain the hydrochemical 

signature of each lithology (Ulloa-Cedamanos et al., 2020). During that 
period, the stream discharge was stable with a mean value of 0.08 
m3⋅s− 1, which is within the interannual average (from 1994 to 2019) of 
daily discharge for August (0.10 ± 0.05 m3⋅s− 1) and September (0.11 ±
0.09 m3⋅s− 1). 

The target sites were chosen as follows, in order to determine the 
potential weathering fingerprint contribution of the main lithological 
formations to the streamwater chemistry (Fig. 1): (i) the whole basin 
with the sites B1 (Lachein creek at the outlet) and B2 (the spring called 
“Las Hountas”, which can feed up to 100% of the discharge in B1 during 
summer); (ii) the black flysch (sites B3 and B5), the dolomitic formations 
(site B6), and the conglomerates (sites B12 and B14); (iii) the upper 
middle area of the Lachein creek (site B8); (iv) the outcrop area of the 
conglomerates, but also the Lachein schists together with the carbonate 
formation (site B11); and (v) the upper part of the BC (Lachein creek at 
site B13). 

Fig. 1. Location of the Baget karstic catchment with the main lithology formations (1/50000, modified from BRGM-Info-Terre and Ulloa-Cedamanos et al., 2020) 
and the sampling stations (B1 to B14). Sampling stations B4, B7, B9 and B10 were not sampled due to the absence of runoff during the sampling period and are not 
displayed on the figure. 
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2.2. Sampling and analysis 

2.2.1. Hydrochemical measurements 
The hydrochemical monitoring was performed at the catchment 

outlet (B1, Fig. 1). Streamwater samples were collected (i) every week 
by the CNRS laboratory of Moulis from 1978 to 2006 (Binet et al., 2020), 
(ii) every six months by BRGM Midi-Pyrénées (ADES database, 2021) 
from 2007 to 2014, and (iii) fortnightly and more often during flood 
events by the Laboratoire écologie fonctionnelle et environnement from 
2014 until present (for more details on the hydrochemical database until 
2018, see Ulloa-Cedamanos et al., 2020). During this latter period and 
the 2019 summer spatial campaign, streamwater temperature, pH, 
specific conductivity, and dissolved oxygen were also measured in the 
field using a portable multi-parameter (WTW probe, Xylem Analytics 
Germany Sales GmbH & Co., Weilheim, Germany). The pH electrode of 
the WTW probe was calibrated with three buffer solutions (at pH 4, 7, 
and 10) before each sampling. Water samples were collected in a clean 1 
L HDPE bottle and filtered in the laboratory through Millipore 0.22 μm 
cellulose nitrate membranes within 48 h after sampling. Only the filtrate 
aliquots for cation analysis were acidified with three drops of 16 N 
HNO3. Water samples were stored at 4 ◦C in the dark from the time of 
collection to the time of analysis. Alkalinity was measured by the stan
dard titration method with HCl 0.02 N, using a Metrohm titrator (716 
DMS Titrino, Metrohm, Riverview, Florida, USA). The major dissolved 
cations (Ca2+,Mg2+, Na+, K+) were determined by inductively coupled 
plasma optical emission spectrometer (ICP-OES; Iris Intrepid II XLD, 
Thermo Electron, Thermo Fisher Scientific, Waltham, MA, USA), while 
the major dissolved anions (SO4

2− ,Cl− , NO3
− ) were measured by ion 

chromatography (Dionex apparatus ICS 5000+, Thermo Fisher Scienti
fic, Waltham, MA, USA). The accuracy of the analyses was controlled 
using blanks and two Certified Reference Materials (ION-96.4 and ION 
SUPER 05) depending on the range of ion concentrations. Instrumental 
detection limits for major ions ranged between 0.2 and 65 μmol⋅L− 1. 

Regarding the quality assurance (QA) and the quality control (QC), 
the data set was too long to have a QA/QC procedure over the entire 
period from 1978 until 2019. Concerning the QA, the protocols for the 
sampling, filtration, pre-treatment, and storage of the streamwater 
before analysis were controlled during the entire period. In relation to 
the QC, all the methods of analysis were controlled following French 
(NF), European (EN), and international (ISO) standards. The Net Inor
ganic Charge Balance (NICB = 200 × (|TZ+|-|TZ− |)/(|TZ+| + |TZ− |)) 
between the sum of cations (TZ+) and the sum of anions (TZ− ) 
(considered both in meq⋅L− 1) was always within a ± 10% range for all 
species indicating that the water composition was well described by the 
measured major dissolved species. Moreover, for several decades, the 
physico-chemical analysis platform of the Laboratoire écologie fonc
tionnelle et environnement has participated each year in the ICP-Water 
Intercomparison protocol lead by the Norwegian Institute for Water 
Research (NIVA), which follows a QA/QC procedure. 

2.2.2. Isotopic analyses 
The carbon isotope analyses of dissolved inorganic carbon (δ13CDIC) 

were performed on stream waters collected once a month at the outlet of 
BC (B1, Fig. 1) from 2016 onwards and during the spatial sampling (09/ 
2019). Samples were collected using 10 mL glass vials, which had pre
viously been filtered using a 0.2 μm filter membrane. Before filling, the 
vial was rinsed three times with an aliquot of the filtrate. Then, the 
sample was stored in darkness at 5 ◦C before analysis. Additionally, in 
March 2019, water was sampled at: (i) sites B1, B2, B3, and B6 (Fig. 1) 
following the same collection procedure described above to later analyse 
δ13CDIC and (ii) site B1, filtering this water sample through a 0.7 μm glass 
microfiber filter (GFF) that had previously been pyrolysed. The 
remaining particulate matter in the dry filter was decarbonated to 
analyse the particulate organic carbon isotope composition (δ13CPOC). 
Isotopic analyses were performed using an isotope ratio mass spec
trometer (CF-IRMS, Isoprime100, Cheadle Hulme, UK) with a 

continuous flow system (Elementar/Isoprime, Multiflow-Geo) at the 
Laboratoire écologie fonctionnelle et environnement (SHIVA isotopic 
platform). Precision for the method was better than ±0.2‰vpdb for all 
samples based on replicate analyses of samples and standards. 

Sulphur isotopes of dissolved sulphates (δ34SSO4) were only deter
mined on samples collected during the spatial sampling under base flow 
conditions (09/2019). The water samples were collected in clean 1 L 
bottles, filtered using a 0.22 μm filter membrane and acidified to pH 3 by 
addition of HCl 36 N Suprapur. Then, 6 mL of 1 M BaCl2 solution was 
added dropwise to precipitate BaSO4 for collection on a 0.2 μm poly
carbonate membrane and storage in glass capsules. All the capsules were 
kept at 5 ◦C in the dark from the time of collection to the time of analysis 
by an elemental analyser interfaced to an Isotope Ratio Mass Spec
trometry (EA-IRMS) at Iso-Analytical Limited, Crewe, UK (http://www. 
iso-analytical.co.uk). The δ34SSO4 values were determined and reported 
relative to Canyon Diablo Troilite (CDT), with a precision of ±0.1‰CDT 
by comparison to replicate sample analyses and to reference materials 
calibrated and traceable to International Standards (NBS-127 and IAEA- 
S-1). 

2.3. Data treatment 

2.3.1. Statistical analysis 
All calculations were computed at the scale of the hydrological year 

(H.Y., from October to September). For simplicity, only the second year 
of each period will be mentioned, for example the period from October 
2018 to September 2019 will be indicated as the hydrological year 2019. 
The mean concentrations were discharge-weighted. Statistical data 
treatments like the hierarchical cluster analyses and the graphical 
methods such as Stiff (1951) and Piper diagrams (Hamilton, 2018; Piper, 
1944) were performed using R (CRAN, the Comprehensive R Archive 
Network). 

2.3.2. Partial pressure of carbon dioxide and calcite saturation index 
calculations 

The partial pressure of carbon dioxide (pCO2) and saturation index of 
calcite (SIcalcite) were computed with the PHREEQC program (Version 
3.7; database wateq4f, Parkhurst and Appelo, 1999) using the data of 
major ion concentrations, pH, and water temperature measured in situ 
as initial conditions. 

2.3.3. Flux calculation method 
The annual fluxes (Fannual) of the different major elements, corre

sponding to each hydrological year are the result of the sum of all the 
fluxes (n) calculated between two sampling intervals (i to i + 1) using 
the discharge-weighted mean concentration (Cj) and the water volume 
(Vj) for each time period (i to i + 1) as follows: 

Cj =

∑i+1
i Ci x Qi
∑i+1

i Qi
, (1)  

Fannual =
∑n

i

(
Cj x Vj

)
, (2)  

with Ci and Ci+1 representing the concentrations at time periods i and i 
+ 1, respectively; Qi and Qi+1 being the discharge at time i and i + 1, 
respectively; and Vj is the volume of water flow between i and i + 1. 

2.4. Discrimination of major ions in streamwaters 

The sources of dissolved major elements at each sampling point 
include the atmospheric and biogenic inputs, and the different mineral/ 
rock weathering contributions (Meybeck, 1986; Spence and Telmer, 
2005). A geochemical model called MEGA (Amiotte Suchet, 1995) was 
developed to calculate the potential contribution of these inputs to the 
water chemistry and the associated CO2 consumption (Amiotte Suchet 
and Probst, 1996). This model is based on the stoichiometry of the 
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chemical reactions after the correction of atmospheric and biogenic 
inputs (Probst et al., 1997). The methodology used to determine each 
end-member contribution, i.e., the MEGA model, is explained in detail in 
Supplementary Information A. 

3. Results 

3.1. Chemical and isotopic compositions of streamwaters 

All the parameters and the major ion concentrations measured in 
streamwater samples are listed in Table 1 for the long-term monitoring 
at the outlet of BC (site B1, expressed as mean interannual value) and for 
the spatial sampling campaign. A similarity was expected between all 
values at the outlet (site B1) and the perennial spring Hountas (site B2), 
since site B2 is the main contributor to the Lachein creek at site B1, 
especially during the period of low water flow in summer. 

Streamwaters were circumneutral to alkaline. The pH measured 
during the spatial sampling campaign at sites B1 and B2 was similar to 
the mean interannual pH value at the outlet (B1), whereas the other 
sampling sites exhibited higher pH values (between 8.2 and 8.3). The 
exception is site B12, which is a small spring located in the upper part of 
the basin (Fig. 1). A similar pattern was observed for water temperature. 
The interannual mean value of TDS at the outlet was in the same order of 
magnitude as half of the sites, but it was lower than the following sites: 
B5 < B13 < B6 < B12 << B8. 

The mean interannual concentrations of the different ions (Fig. 1, 
Fig. 2) and their respective contribution to the total anionic and cationic 
charges (Supplementary Information B Fig. B1) indicated that Ca2+, 
followed far below by Mg2+, were the dominant cations, and HCO3

− , 
followed also by far by SO4

2− , were the dominant anions at the outlet 
(site B1). 

During the spatial sampling, a similar pattern was observed for cat
ions, except at site B6 where Mg2+ and K+ had the highest contributions 
(31% and 2%, respectively), and at B3 and B5, where Na+ slightly 
exceeded Mg2+. The mean interannual Ca2+/Mg2+ molar ratio was 8 at 
B1, but it varied strongly among the sites between 2 (site B6) and 27 (site 
B5) for the spatial sampling. For the anions, a similar pattern was also 
observed during the sampling campaign, with the exclusion of site B8 
where HCO3

− represented only 34% of the total anions, while SO4
2−

represented 65% (Fig. 1, Supplementary Information B Fig. B1), whereas 
it ranged between 4% and 16% for the other sites. The HCO3

− /SO4
2−

molar ratio oscillated widely from 0.5 (B8) to 27 (B14). The contribu
tions of Cl− and NO3

− concentrations were very low (<3%, except Cl at 
B6), NO3

− being relatively higher at site B3, as well in the lower part of 
the basin. Silica ranged from 45 μmol⋅L− 1 (B1 and B2) to 148 μmol⋅L− 1 

(B3). The H4SiO4/(Ca2++Mg2+) molar ratio was higher at the sites B3 
and B5 draining silicate-bedrocks (0.09 and 0.07, respectively) 
compared with the other sites (between 0.01 and 0.04) (Table 1). 

3.2. Clustering analysis on major elements in streamwaters 

The Stiff diagram (Fig. 2A) compares graphically the chemical pat
terns at the different sites by plotting jointly the concentrations of dis
solved major elements during the spatial sampling (Table 1). It helped 
distinguish sites particularly affected by distinct lithological formations 
(Hem, 1986; Hounslow, 1995). Based on the diagram shapes and the 
location of the sites on the lithological map (Fig. 1), we made an a priori 
classification of the sites (Fig. 2A). The Hierarchical Clustering Analysis 
(HCA, Fig. 2B) was used to augment the Stiff diagram results by inte
grating more chemical variables such as dissolved silica (H4SiO4) and 
the pH of the water (Table 1). HCA classifies a large number of in
dividuals, reducing them to a small number of streamwater groups with 
similar lithological origins (Cloutier et al., 2008). The number of clusters 
depended on the threshold for the linkage distance. The threshold was 
fixed at 1 so that six clusters (C1 to C6) could be distinguished (Fig. 2B) 
based on the streamwater's chemical composition. These clusters relate 
to the bedrocks over which the streams are draining: (C1) B8 for evap
oritic rocks (gypsum); (C2) B3 and B5 for silicate rocks; (C3) B1 and B2 
for a mixing of lithologies; (C4) B11 and B14 for conglomerates and 
marls; (C5) B6 for dolomitic rocks; and (C6) B12 and B13 for calcite- 
bearing rocks. 

3.3. Temporal and spatial variations of the different sources 

The average potential contributions of each lithological formation as 
well as the atmospheric and biogenic inputs to the riverine dissolved 
loads were assessed using the geochemical discrimination detailed in 
Supplementary Information A. These potential contributions were 

Table 1 
Main physico-chemical and isotope characteristics of the waters draining the Baget catchment. “Interannual Mean B1” is the average value for the period 1994–2006 
plus 2016–2019 (up to 707 samples). The other codes (sites B1 to B14) represented the sites sampled during the spatial sampling in September 2019 (see Fig. 1). The 
units are L⋅s− 1 (Q, discharge), ◦C (T◦, water temperature), μS⋅cm− 1 (Cond, conductivity), meq⋅L− 1 (major elements), mmol⋅L− 1 (H4SiO4), mg⋅L− 1 (TDS), ‰VPDB 
(δ13CDIC) and ‰CDT (δ34SSO4). (− ) means no data. The mean pH (calculated from mean H+), concentrations and TDS were discharge-weighted.   

Interannual mean B1 (± σ) Summer 2019 

B1 B2 B3 B5 B6 B8 B11 B12 B13 B14 

Q 465 ± 734 78 61 0.15 0.64 0.35 1.38 0.24 0.02 0.002 0.84 
T◦ 10.3 ± 0.17 10.5 10.4 12.2 12.5 13.7 11.1 14.2 13.6 13.8 12.7 
pH 7.7 ± 0.21 7.8 7.7 8.3 8.2 8.3 8.3 8.3 7.7 8.3 8.2 
Cond 317 ± 19 365 364 343 347 401 835 327 525 488 336 
Ca2+ 3.02 ± 0.17 2.99 3.02 3.16 3.26 2.71 7.22 2.76 3.88 3.44 2.98 
Mg2+ 0.36 ± 0.06 0.44 0.44 0.13 0.12 1.31 1.01 0.35 0.51 0.61 0.25 
Na+ 0.05 ± 0.01 0.04 0.04 0.14 0.13 0.10 0.07 0.05 0.04 0.04 0.06 
K+ 0.01 ± 0.00 0.01 0.01 0.01 0.00 0.09 0.04 0.01 0.01 0.02 0.01 
HCO3

− 2.99 ± 0.20 2.79 3.00 2.84 3.14 3.97 3.08 3.19 4.25 4.08 3.18 
SO4

2− 0.34 ± 0.13 0.53 0.54 0.47 0.56 0.29 5.94 0.27 0.48 0.17 0.12 
Cl− 0.05 ± 0.01 0.04 0.05 0.06 0.05 0.13 0.05 0.04 0.03 0.04 0.03 
NO3

− 0.03 ± 0.02 0.00 0.04 0.09 0.03 0.09 0.02 0.01 0.01 0.01 0.01 
H4SiO4 0.04 ± 0.01 0.05 0.05 0.15 0.11 0.07 0.08 0.06 0.06 0.07 0.05 
TDS (a) 273 ± 15 269 286 286 303 349 644 277 375 344 271 
pCO2 10–2.5 10–2.7 10–2.5 10–3.2 10–3.0 10–3.0 10–3.1 10–3.1 10–2.4 10–3.0 10–3.0 

SIc 0.1 0.2 0.1 0.7 0.6 0.8 0.9 0.7 0.4 0.9 0.6 
δ13CDIC − 12.3 ± 0.4 (b) − 12.4 (c) - (c) − 11.0 (c) − 9.6 − 8.8 (c) − 7.9 − 8.8 − 3.9 − 10.9 − 5.2 
δ34SSO4 – 11.3 11.4 − 5.5 − 8.1 4.3 13.3 − 5.4 − 4.1 1.1 − 2.2  

a TDS is the total dissolved solids (TDS = Ca2+ + Mg2+ + Na+ + K+ + HCO3
− + SO4

2− + Cl− + NO3
− + H4SiO4, protons and ammonium being neglectable). 

b Mean interannual value was calculated based on the data available from October 2016 to September 2019. 
c The δ13CDIC signature during the spatial sampling in March 2019 were − 12.8 (B1), − 11.7 (B2), − 9.9 (B3) and − 9.2 (B6). 
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calculated at the catchment outlet (B1) for each year (annual average, 
Fig. 3A) and each month (interannual monthly average, Fig. 3B) during 
the period 1994–2019 (avoiding 2007–2016 due to sparse data), and for 
each site (B1 to B14) during the spatial sampling (Fig. 3C). 

The highest fluxes of all inputs occurred in periods with the largest 
amounts of precipitation and discharge. The inputs from the atmosphere 
(Atm, 2.9%) and from the leaching of organic matter (Bio, 0.7%) rep
resented 3.6% of the interannual mean TDS at the outlet (B1) (Fig. 3A, 
B). The limited atmospheric input contribution is consistent with the low 
concentrations measured in open field precipitation (mean TDS = 4 ± 1 
mg L− 1). Indeed, Mg2+, K+, SO4

2− , NO3
− , and NH4

+ concentrations were 
very low (mean concentration of these major dissolved species < 6 
μmol⋅L− 1) (Ulloa-Cedamanos et al., 2021). Concerning the spatial sam
pling, results showed a quite homogenous variation of the low atmo
spheric input contribution to TDS (Fig. 3C). The contribution of the 
leaching of fir–beech forest (Bio) was lower than 1%, except for sites B3 
and B6. Due to the absence of a forest at site B6, unlike site B3, we 
considered a slight pollution (group “Ant” in red, Fig. 3C) representing 
only 3.2% of TDS. This anthropogenic input was minimal at site B6 and 
was not observed elsewhere. Furthermore, the overall catchment is 
considered as pristine (Bakalowicz, 1979; Mangin, 1975; Ulloa-Ceda
manos et al., 2020). Abnormally high potassium values in B6, which 
together with nitrate are closely related to some agricultural/livestock 
activities (Busico et al., 2020; Chetelat et al., 2008; Lechuga-Crespo 
et al., 2020; Xu and Liu, 2007), reinforced this hypothesis. 

The mean interannual TDS potential contributions of mineral/rock 
weathering in B1 followed this pattern: pyrite oxidation (1% of TDS) <
carbonate dissolution by H2SO4 (3%) ≈ gypsum dissolution (3%) <<

silicate weathering by H2CO3 (16%) << carbonate dissolution by H2CO3 
(73%). 

Regarding interannual variations at B1 (Fig. 3A), the major elements 
coming from pyrite oxidation and from gypsum dissolution were low (up 
to 1.5% and from 1.6% to 4.9% of TDS, respectively). Carbonate 
dissolution by ore-nature sulphuric acid reached up to 4.2% of TDS. 
Inputs from silicate weathering showed a slight oscillation between 
3.4% (4.0 g⋅s− 1 of TDS) and 5.7% (7.2 g⋅s− 1), while the TDS potential 

contribution of alkalinity released by the associated CO2 consumption 
varied from 8.2% to 15.0%. The major TDS inputs, due to carbonate 
dissolution (including only 50% of the total alkalinity produced), ranged 
from 44.9% (30.9 g⋅s− 1) to 50.7% (60.9 g⋅s− 1) according to the year. The 
TDS potential contribution of alkalinity derived from the atmospheric/ 
soil CO2 (50% of the total alkalinity produced by carbonate dissolution) 
varied from 25.2% to 29.8% of TDS. 

With respect to seasonal variations (Fig. 3B), the highest fluxes were 
observed during winter, mainly in February, while the lowest ones 
occurred during summer, predominantly in August. However, the TDS 
potential contributions (in %) followed different variation patterns ac
cording to the lithological formation and the mineral. The lowest TDS 
potential contributions from pyrite oxidation (1.0%), gypsum dissolu
tion (2.3%), and silicate hydrolysis (13.6%) were observed in May and 
June, while that of carbonate dissolution (79.0%) exhibited the highest 
values. Conversely, carbonate dissolution presented its lowest TDS po
tential contribution (70.0%) from July to September, while pyrite 
oxidation (1.4%), gypsum dissolution (8.4%), and silicate weathering 
(18.0%) exhibited highest TDS potential contributions. Moreover, car
bonate dissolution by sulphuric acid was on average lower than 3.8% of 
TDS but in July it reached up to 8.4%. Furthermore, the TDS potential 
contribution of carbonate dissolution had increased again by October, 
and it was counterbalanced by a relative decrease of the TDS potential 
contributions supplied by the weathering of the other lithological 
formations. 

Concerning the spatial sampling, the discrimination (Fig. 3C) was 
consistent with the results of the statistical analysis (Sub-section 3.2). 
There were remarkable differences in chemical characteristics between 
the outlet (site B1) and its tributaries. The pyrite oxidation (Pyr) and the 
consequent carbonate dissolution by sulphuric acid was non-negligible 
for sites B3 and B5, whereas gypsum dissolution (Gyp) represented 
55% of TDS at site B8 while at the other sites, it was always less than 
11%. Silicate weathering and associated CO2 consumption were less of 
29% for all sites, except for B3 (63%) and B5 (56%). Carbonate disso
lution and associated CO2 consumption were the most relevant con
tributors for the other sites: B11 (64% of the total TDS stream flux) < B6 

Fig. 2. Comparison of the chemical patterns using the Stiff diagram (A) and hierarchical clustering analysis (B) of the streamwater chemical composition of the 
different sites for the spatial sampling campaign. The drainage bedrocks are mentioned for each cluster of sites. 
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(66%) < B14 (69%) < B2 (71%) < B1 (72%) < B13 (76%) < B12 (77%). 

3.4. Carbon (δ13CDIC) and sulphur (δ34SSO4) isotopic signatures in 
streamwaters 

According to the pH range in BC streamwaters, HCO3
− (bicarbonate) 

was the dominant species of DIC (Schulte et al., 2011), and therefore 
δ13CDIC was rather similar to δ13CHCO3-. At the outlet of BC (site B1), the 
δ13CDIC signature in streamwaters based on monthly monitoring be
tween 2016 and 2019, ranged between − 13.2 and − 11.7‰VPDB 
(Table 1). No significant correlation was found between HCO3

− con
centration and δ13CDIC. The δ13CDIC values in the BC were in the same 
range of values measured in river water and spring water draining 
carbonate-rich basins like the Auradé catchment in Gascogne, France 
(between − 15.2 and − 10.7‰VPDB; Brunet et al., 2011) or the Bei
panjiang River basin (mean value of − 10.5 and − 8.3‰VPDB; Li et al., 
2008) or river water draining the silicate-rich catchments like the 
Strengbach in the Vosges mountains in France (yearly average of 
− 11.8‰VPDB; Amiotte-Suchet et al., 1999), or the Nyong in Cameroon 
(− 21.8 to − 11.3‰VPDB; Brunet et al., 2009) which can be impacted by 
important CO2 degassing. Nevertheless, they were lower than those in 
the Rhône River basin mainly dominated by carbonate rocks and detrital 
sediments (between − 10 and − 5‰VPDB; Aucour et al., 1999), the 
Patagonian rivers (between − 10 and − 3.8‰VPDB; Brunet et al., 2005), 
or the multilithological Ganga-Brahmaputra River system (between − 12 
and 0‰VPDB; Galy and France-Lanord, 1999). Conversely, the δ13CDIC in 
BC was higher than the spring and piezometer waters from the Streng
bach silicate-rich catchment (mean values of − 20.3 and − 18.9‰VPDB, 
respectively; Amiotte-Suchet et al., 1999) and the rivers draining the 
basalt-rich Deccan Traps (between − 20.7 and − 8.5‰VPDB; Das et al., 
2005). Besides, compared to the mean inter-annual variations (Table 1), 
the spatial sampling showed a marked variation of δ13CDIC, ranging from 
− 12.4‰VPDB (B1) to − 3.9‰VPDB (B12). 

The dissolved sulphate concentrations ranged from 0.12 to 0.56 
meq⋅L− 1, except for site B8 (5.94 meq⋅L− 1). The δ34SSO4 values varied 
widely from − 8.1 (site B5) to +13.3‰CDT (site B8). 

4. Discussion 

4.1. Sources of dissolved elements and weathering processes: geochemical 
and isotopic constraints 

According to the geochemical discrimination (MEGA model), as ex
pected, the major source contributing to streamwater chemistry was the 
chemical weathering of rocks, which is generally reflective of the 
imprint of the weathering product in the solutes of the river (Gaillardet 
et al., 1999; Lechuga-Crespo et al., 2020; Liu and Han, 2020b; Moon 
et al., 2007), whereas the atmospheric and the biogenic inputs were the 
lowest ones, accounting for only 2.9% and 0.7% of the mean interannual 
TDS, respectively. Despite the multilithology (presence of silicates, 
gypsum and pyrites), the impact of carbonate dissolution predominated 
at the outlet (72.6 ± 3.5% of the mean interannual TDS; Fig. 3), even if 
only around 66.5% of surface area in BC was occupied by carbonate 
terrains (Fig. 1). Their mere presence in the catchment leads to a high 
proportion of their dissolution in the water chemistry (Blum et al., 1998; 
Liu et al., 2018), which is consequently stable due to the buffer capacity 
of carbonates. This is in agreement with previous studies in BC (Baka
lowicz, 1979; Binet et al., 2020). The lesser fingerprint of silicate 

weathering by carbonic acid (15.9%) is the consequence of low silicate 
mineral solubility compared to carbonates. Sulphate represented only 
10% of the total anion concentration despite being the second major 
anion in BC (Table 1). The very low fingerprint of gypsum dissolution 
(3.2%) and pyrite oxidation (1.2%) which represent the main sulphate 
sources, is due to the very low relative abundance of these minerals 
within BC. 

The hydrological and lithological conditions play an important role 
in these respective contributions, as was revealed by the results obtained 
during the spatial campaign. At this low water flow period, most of the 
sampled sites evidenced the dominance of carbonate dissolution. 
Nevertheless at sites B3 and B5, silicate weathering by carbonic acid 
contributed the most to the streamwater chemistry (67% and 61% of 
TDS, respectively), followed far behind by carbonate dissolution by 
carbonic acid (20% and 26% of TDS, respectively). In addition, gypsum 
dissolution governed the streamwater chemistry at site B8 (60% of TDS). 
Our investigations underline that the type of bedrock and its distribution 
in the catchment play an important role on the chemical composition of 
stream waters even in carbonate-dominated karst systems. It cannot be 
neglected with reference to water level conditions (Meybeck, 2003; 
Viers et al., 2014 and references therein), but these potential weathering 
contributions can be minimised downstream by a simple dilution from a 
pure carbonated source, as it is the case in the Lachein creek (Cf. B1 
outlet influenced by B2 source). 

The geochemical approach using major dissolved elements was not 
completely constrained to assess the weathering processes and the un
derstanding and quantification of the potential contributions to the 
weathering products. It remains challenging for example to discriminate 
the influence of sulphide oxidation and evaporite dissolution to riverine 
sulphate and to stream TDS. The large range of δ34SSO4 and of δ13CDIC 
values observed for the different tributaries illustrate the complexity of 
the hydrochemistry in BC. An original approach combining sulphate 
isotope constrain to the geochemical discrimination, was thus developed 
(Supplementary Information C). 

The geochemical potential contributions of these end members 
(sulphide oxidation and evaporite dissolution) were thus estimated 
using a novel mixing diagram based on the relationship between δ34SSO4 
(Supplementary Information C Eq. C1-C4) and RSO4, the molar ratio 
SO4

2− /(Ca2++Mg2+), measured during the spatial sampling (Fig. 4). For 
all sites, the values calculated from this mixing diagram are similar to 
those calculated using the geochemical discrimination (Supplementary 
Information B Fig. B4). The most important differences between the two 
approaches occurred in B8, a gypsum-rich site. This difference revealed 
the strong sensitivity of the proposed mixing diagram of δ34SSO4 to 
detect and better restrict the potential contribution at sites where sul
phate was the dominant anion. This difference was based on the 
complexity of estimating the Rpyr and Rsil ratios in site B8 (geochemical 
discrimination), since the potential contribution of gypsum represented 
60.9%, while its outcrop only covered 0.3% of the surface of the whole 
basin. For the rest of the sites, the difference was always less than ±6% 
(Supplementary Information B Fig. B4). For instance at the outlet of BC, 
the sulphuric acid released by pyrite oxidation drove 5.0% (geochemical 
discrimination) to 9.0% (mixing diagram) of total carbonate dissolution 
and represented 12.9% to 16.8% of the dissolved sulphate stream fluxes, 
respectively. 

The two main sources of DIC are the carbonate mineral dissolution 
and the atmospheric/soil CO2 consumed by carbonate dissolution and 
silicate hydrolysis. Carbon isotopes can also help to better constrain the 

Fig. 3. Potential Contribution (%) of the different rock/mineral weathering to the total TDS stream fluxes. (A) interannual variations for the period 1994 to 2006 
plus 2016 to 2019, (B) interannual monthly average for the same period and (C) instantaneous values for the spatial sampling (sites B1 to B14) in summer 2019. For 
each year, month or site, the TDS stream fluxes (g⋅s− 1) is given in the upper part of each figure at the top of each column. The TDS potential contribution is composed 
by atmospheric inputs (Atm), leaching of organic matter (Bio), anthropogenic (Ant), weathering of sulphide minerals (Pyr), gypsum dissolution (Gyp), silicates 
mineral hydrolysis (Sil), carbonate dissolution (Carb) and the CO2 consumption associated to carbonate dissolution (Carb CO2) and silicate weathering (Sil CO2) 
released as part of the alkalinity. “Carb” includes the carbonate dissolution by H2CO3 and H2SO4. 
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geochemical approach. Carbonate rocks, mainly formed by the precip
itation of carbonates in the ocean, have shown typical marine values of 
δ13C close to 0‰VPDB since the end of the Proterozoic (Veizer et al., 
1999). The isotopic signature of biogenic CO2 in soils rely directly on the 
dominant metabolism pathway, resulting mainly in C3 plants (estimated 
average isotopic composition of − 26‰VPDB) and C4 plants (− 12‰VPDB) 
(Deines, 1980). The δ13C signature of Particulate Organic Carbon (POC) 
measured in March 2019 at site B1 (− 28.6‰VPDB) can be associated with 
the presence of C3 plants (from − 30‰ to − 24‰; Clark and Fritz, 1997) 
as the dominant species in the catchment. Afterwards, this carbon is 
subjected to fractionation depending on the temperature and the rate of 
CO2 diffusion (Aucour et al., 1999; Deines et al., 1974). 

Therefore, we have defined the following three δ13CDIC weathering 
end-members based on the stoichiometry of mineral weathering (Sup
plementary Information B Table B1 Eq. B5-B12) and on the average 
isotopic compositions of the different sources (Doctor et al., 2008; Mook, 
2000):  

(i) First end member (CW): the dissolution of one mole of carbonate 
by carbonic acid (Supplementary Information B Table B1 Eq. B9- 
B10, exponent “CW”) requires one mole of dissolved soil CO2 
(δ13C = − 19‰VPDB, Amiotte-Suchet et al., 1999) and one mole of 
carbonate (δ13C = 2 ± 3.5‰VPDB), releasing DIC with a δ13CDIC

CW 

signature around − 8.5 ± 1.75‰VPDB;  
(ii) Second end-member (SW): the dissolution of silicate minerals by 

carbonic acid Supplementary Information B Table B1 Eq. B5-B8, 
exponent “SW”) only needs dissolved soil CO2, producing DIC 
with a δ13CDIC

SW signature around − 19‰VPDB;  
(iii) Third end member (pyr): the carbonate dissolution by sulphuric 

acid (Supplementary Information B Table B1 Eq. B11-B12, 
exponent “pyr”) producing a DIC isotopic signature δ13CDIC

pyr 

close to that of carbonate, 2 ± 3.5‰VPDB. 

After identifying each end member, a mass balance can be applied to 
calculate an expected δ13CDIC signature (Spence and Telmer, 2005) in 
streamwaters using the results obtained from the hydrogeochemical 
discrimination (MEGA model results) for DIC origins: 

δ13Cexp
DIC = %DICpyrx δ13CDIC

pyr +%DICSW x δ13CDIC
SW +%DICCW x δ13CDIC

CW

(3) 

The relationship between δ13CDIC and RSO4 (Fig. 5A) indicated a 
slight enrichment in δ13CDIC between July and October at the outlet, 
even if the δ13CDIC of most samples had a relatively narrow range. This 
suggested a relative increase of the contribution of carbonate dissolution 
by sulphuric acid during the summer, which was consistent with the 
observed relative increase in sulphide oxidation contribution (Fig. 3B). 
The hypothesis of a CO2 release was discarded since soil and water pCO2 
values are the highest during this season (Mangin, 1975; Ulloa-Ceda
manos et al., 2020), showing only calcite precipitation (Fig. 5B). 
Moreover, the ratio RSO4 increased significantly from the wet season to 
the dry season, mostly due to the relative increase of gypsum dissolution 
contribution and, to a lesser extent, of sulphide oxidation contribution 
(Fig. 3B; Fig. 7B). The influence of gypsum dissolution is also observed in 
site B8, where RSO4 tends towards 1 (0.72, Fig. 5A). Moreover, the 
spatial sampling allowed two biogeochemical processes to be high
lighted: the CO2 outgassing and the calcite precipitation which tend to 
increase or decrease the δ13CDIC signature in streamwaters, respectively. 
This leads to the positioning of the samples along the vertical axis, 
outside the mixing diagram (Fig. 5A). The mixing diagram therefore 
illustrated the different processes but could not be used to estimate their 
influence. Instead, a theoretical δ13CDIC isotopic signature in stream
water (δ13C MEGA) was calculated using the results of the geochemical 
discrimination concerning the DIC contributions of the different litho
logical sources (Eq. 3) and their respective average δ13CDIC signatures. 
Then, these theoretical δ13CDIC values were compared with the δ13CDIC 
measured in the streamwater samples (Table 1; Fig. 5B). 

Some possible explanations for the difference between the measured 
and calculated δ13CDIC are described below:  

(1) The carbonate dissolution by sulphuric acid can be overestimated 
at the outlet (site B1). In this case, the Rsil and Rpyr ratios should 
be underestimated and overestimated, respectively. However, 
these ratios were determined for small rivers draining mono- 
lithological catchments in France (Meybeck, 1986) and were 
validated by spatial sampling data as well as by comparison with 
the results given by the δ34SSO4 mixing diagram (Fig. 4). Indeed, 
the contribution of pyrite oxidation is already restricted, repre
senting only 1.2% of the mean interannual TDS. Furthermore, 
during the spatial sampling, the contribution of carbonate 
dissolution by sulphuric acid represented only 3.3% (MEGA) and 
5.7% (δ34SSO4 mixing diagram) of streamwater TDS from the 
chemical weathering of rocks at the outlet (Fig. 4).  

(2) The δ13CDIC can be shifted by the outgassing of CO2 from the river 
waters to the atmosphere. The groundwater and soil influx dis
charged into river water always have a remarkably high pCO2 
level compared with that in the atmosphere (Boano et al., 2014; 
Deirmendjian and Abril, 2018; Doctor et al., 2008). Hence, this 
CO2 concentration gradient between river water and atmosphere 
would cause a strong diffusion accompanied with a rapid CO2 
outgassing (Richey et al., 2002), which could lead to a higher 
δ13CDIC signature (Liu and Han, 2020a). This statement matches 
clearly with the surface water collected at the different sites (from 
B3 to B12, Fig. 1) during the spatial sampling, where the 
streamwater pCO2 have dropped down approaching the atmo
spheric pCO2 (Fig. 5B).  

(3) Secondary calcite precipitation may also be a possible mechanism 
for δ13CDIC shifting (Li et al., 2008) toward lower values. Indeed, 
the position of the two spring waters (sites B2 and B13) and the 

Fig. 4. Relationship between δ34SSO4 and RSO4 (SO4
2− /Mg2++Ca2+) for the 

water samples collected during the spatial sampling at the different sites (B1 to 
B14). The end-member compositions as described in the text are shown to 
represent the position of each site on the different mixing lines (dashed lines). 
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outlet (B1) which is mainly fed by the spring waters of site B2, are 
deviated from the line 1:1 (Fig. 5B). This could thus be explained 
by secondary carbonate precipitation which could remove up to 
74% of HCO3

− , according to hydrological conditions and/or to 
the end-member isotopic signatures (Fig. 5A). 

4.2. Chemical weathering budget and CO2 consumption fluxes 

The weathering rates calculated in this study are slightly different to 
previous calculations for this multilithological catchment. For example, 
the mean interannual flux of Ca + Mg due to carbonate dissolution by 
carbonic acid and by strong acid was calculated as 1.14 mol⋅m− 2⋅yr− 1 

and 0.06 mol⋅m− 2⋅yr− 1, respectively. Meanwhile, Binet et al. (2020) 
suggested a higher flux of Ca + Mg released from carbonate dissolution 
by carbonic acid (1.30 mol⋅m− 2⋅yr− 1) and by strong acid (0.39 
mol⋅m− 2⋅yr− 1). The main difference resides in that our estimations also 
consider inputs from gypsum dissolution (Ca + Mg flux of 0.06 
mol⋅m− 2⋅yr− 1) and Ca-Mg silicate weathering (Ca + Mg flux of 0.27 
mol⋅m− 2⋅yr− 1). 

A total of 34% of the sulphate was attributed to sulphide oxidation 
which was lower but in the same order of magnitude as recent estimates 
for global average rivers (e.g., 46%; Burke et al., 2018). However, the 
sulphuric acid produced by sulphide oxidation drives only 6.8% of 
carbonate dissolution. Even though sulphide oxidation tends to occur 
much more rapidly than silicate weathering (Singer and Stumm, 1970), 

the limited presence of sulphide-rich deposits in BC led that the total DIC 
produced by sulphuric acid consumed from carbonate dissolution being 
five times lower than the DIC produced by Ca-Mg silicate hydrolysis in 
the BC. 

The contributions of carbonate dissolution and silicate hydrolysis to 
the total CO2 consumption by weathering (1595 × 103 mol⋅km− 2⋅yr− 1) 
represent 71% and 29%, respectively. This CO2 uptake was significantly 
higher than previous values estimated by Binet et al. (2020) for BC and 
for karstic carbonate catchments in France such as Lez, Farfal, Fontaine 
de Vaucluse, and Val d'Orléans. Unlike in this study, Binet et al. (2020) 
considered carbonate dissolution as the single source of Ca2+, Mg2+, and 
HCO3

− , neglecting the contribution of silicate hydrolysis and evaporite 
dissolution to water chemistry. The BC CO2 flux was also higher than the 
average CO2 flux consumed by carbonate outcrops worldwide (478 ×
103 mol⋅km− 2⋅yr− 1; Amiotte Suchet et al., 2003). Moreover, there are 
obvious climatic regional difference in the weathering rate and corre
sponding carbon sink capacity of river basins. Nevertheless, the runoff 
intensity remains the main driver of carbonate dissolution and CO2 
consumption during the formation of karst hydrosystems. As seen in 
Fig. 6, there is a significant relationship between the weathering CO2 
fluxes and the runoff intensity for different carbonate-rich river basins 
worldwide under different morphologic and bio-climatic regions. For 
instance, the total CO2 consumption flux in BC is significantly higher 
than that in the Alps (Donnini et al., 2016), in the Himalayan Mountains 
such as the Si-Kiang river (Amiotte Suchet et al., 2003) and, in Chinese 

Fig. 5. (A) Relationships between δ13CDIC and RSO4 (SO4
2− /(Ca2++ Mg2+)), showing the influences of the different processes. End-member compositions as described 

in the text are shown to illustrate that most of the waters are distributed along a mixing line. The black arrows indicate possible reasons for the deviations from these 
mixing lines. Values from 10 to 90 over the mixing lines represent the potential contribution percentage of each end member for each dot. Nomenclature of 4 sites 
sampled in March 2019 ends with “-M” (B) Relationships between the δ13CDIC signature measured in streamwaters (δ13CDIC) and the δ13CDIC value calculated using 
the geochemical discrimination (δ13CDIC MEGA): (B1) according to the pCO2 and (B.2) to the Saturation Index of calcite (SIc). The uncertainties (horizontal grey 
lines) are due to the isotopic signature of carbonate rocks. Straight black lines represent theoretical processes of CO2 outgassing (above theoretical line 0%) and 
carbonate precipitation (under theoretical line 0%), according to the end-members compositions represented in Fig. 5.A (for further details, see Supplementary 
Information B Table B4). 

F. Ulloa-Cedamanos et al.                                                                                                                                                                                                                     



Chemical Geology 585 (2021) 120567

11

karst hydrosystems (Liu and Zhao, 2000) (Fig. 6). Meanwhile, the CO2 
consumption fluxes estimated in this study were lower than those 
calculated for the Ibrahim River in Lebanese mountains (Assaker, 2016) 
or the Jura mountains in the North East of France (Calmels et al., 2014). 

The CO2 consumption flux in the BC corresponded, on average, to 
117 and 11 t⋅km− 2⋅yr− 1 of carbonate and silicate weathering rates, 
respectively. For carbonate rocks (density of 2.7 g⋅cm− 3), this specific 
weathering flux was equivalent to a mean denudation rate of about 43.4 
mm⋅kyr− 1, accounting for less than half of the carbonate being dissolved 
in the Jura Mountains (Calmels et al., 2014); it was, however, much 
higher than in other catchments in Asia (Chetelat et al., 2008; Galy and 
France-Lanord, 1999; Xu and Liu, 2007). According to Viers et al. 
(2014), the chemical denudation rate varies between 15 and 100 
mm⋅kyr− 1 for carbonates worldwide. 

4.3. Factors controlling bedrock weathering rates 

The amount of draining water as reflected by the stream discharge 
plays a key role in the mineral weathering processes and consequently, 
over the TDS exportation by the river (Cao et al., 2019). This primary 
control is evidenced by the strong positive dependence of all TDS fluxes 
on the stream discharge (Fig. 3; Fig. 7). Indeed, BC is a responsive karstic 
catchment with a rapid fluid transit time (Mangin, 1975; Sivelle et al., 
2019; Ulloa-Cedamanos et al., 2021). Consequently, the dissolved ele
ments in streamwater mainly originate from lithological formations 
with high dissolution kinetics, such as carbonates. Conversely, it was 
observed in BC that the sudden increase in discharge due to rainwater 
and surface runoff can lead to the dilution processes (Ulloa-Cedamanos 
et al., 2020) of elemental concentrations. This was the case during the 
wet period for the waters draining the silicate and gypsum lithologies, 
from which TDS contribution was decreased. On the contrary, the rapid 
dissolution rate of carbonates enables their greater contribution as a 

fingerprint to streamwater chemistry, even in periods of heavy rainfall 
characterised by short times of water-rock interaction (Fig. 3B, Fig. 7B; 
Alkattan et al., 1998; Tipper et al., 2006; Liu et al., 2018). As discharge 
increases, the carbonate predominance is also enhanced by an enlarge
ment of the reactive mineral surface area, promoting mineral weath
ering (Clow and Mast, 2010; Qin et al., 2020). In addition, the variations 
in stream discharge affect not only the TDS fluxes, but also play a key 
role in modifying the relative contribution of some rock weathering 
sources to streamwater chemistry, between high and low flow periods 
(Fig. 3B). This process can be illustrated in summer when the water level 
decreases, and more soil and rock surface areas would be exposed to 
oxidising conditions, enabling for a higher relative contribution of sul
phide oxidation (Spence and Telmer, 2005). This is supported by a 
relatively increased contribution of pyrite oxidation releasing sulphuric 
acid, up to 8.4% of the total carbonate dissolution during the low water 
period in July and August (i.e., an increase of 48% compared to the 
lowest estimated contribution from pyrite oxidation, Fig. 3B; Fig. 7B). 
Also, some Lachein tributaries/sections dry out completely during the 
low water period in summer, leading to an increased relative contribu
tion of the permanent draining water areas. This explains the increased 
contribution to stream TDS (from 2.7% in June to 7.3% in July) of the 
gypsum dissolution (Fig. 3B; Fig. 7B). However, these processes can be 
highlighted only during the seasonal variations and cannot be observed 
through the inter-annual variations. At the inter-annual time scale, only 
primary controls of the discharge over the TDS fluxes can be observed 
from year to year (Fig. 3A; Fig. 7A). 

In the 1980's, acid atmospheric deposition has been shown to influ
ence the weathering of rocks, soils, and the water quality, even in remote 
mountainous areas such as the Strengbach catchment (Vosges Moun
tains; Probst et al., 1992) or in the Baget catchment (Pyrenees Moun
tains; Binet et al., 2020). However, in the last decades, acid atmospheric 
deposition has been strongly reduced (Pierret et al., 2019; Schöpp et al., 

Fig. 6. Relationship between the specific fluxes of CO2 consumed by chemical weathering (in 103 mol⋅Km− 2⋅yr− 1) and the mean runoff intensity (in mm⋅yr− 1) for 
different carbonate hydrosystems in the world and for the world carbonate areas (for references and further details, see Supplementary Information B Table B5). 
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2003). In the BC, Binet et al. (2020) showed that the decreasing trend in 
sulphate deposition has an influence on the decreasing pattern observed 
for Ca + Mg concentrations from the seventies. Nevertheless, in recent 
decades, the contribution of atmospheric sulphuric acid deposition to 
carbonate dissolution has remained very low as attested by the neutral 
precipitation with very low sulphate concentrations (< 8 μeq⋅L− 1 from 
October 2019 to present). 

Temperature is another pivotal controlling factor on rock weathering 
rates. In temperate and mountainous climates such as the study site in 
the Pyrenees Mountains, it behaves inversely with discharge. From a 
strictly mineralogical point of view, temperature increase promotes the 
dissolution reactions of minerals, except for calcite whose solubility 
decreases with rising temperatures (Plummer and Busenberg, 1982). 
The observed increase in air temperature coupled with the vegetation 
cover are the main factors associated with seasonal changes of biogenic 
pCO2, which is involved in carbonate dissolution and silicate weathering 
(Supplementary Information B Table B1 Eq. B5-B10). Zeng et al. (2021) 

suggested that the role of biogenic pCO2 in carbonate dissolution is 
critical in low-temperature zones (<15 ◦C). This biogenic role decreases 
at high erosion rates in high altitude areas, which are associated with a 
stronger effect of climate (temperature and runoff) on weathering fluxes 
(Maher and Chamberlain, 2014; West, 2012). Although the BC is located 
in the Pyrenees, the average elevation is rather low (950 m) with a 
mainly forested land cover, which enhances the biological role over rock 
weathering. 

The epikarst plays also an important role on carbonate dissolution 
and stream TDS fluxes. This compartment allows: (i) an active exchange 
between the subsurface flow and base flow (Li et al., 2010), (ii) a CO2 
accumulation effect (Peyraube et al., 2013), and, (iii) a concentration 
effect in the stored water during summer, a period of high soil miner
alisation and consequently, a high weathering/dissolution of rock by 
high pCO2 levels. These loaded epikarst waters (old water) should be 
released with the first heavy rainfalls in autumn (Aquilina et al., 2006; 
Bakalowicz, 2012; Kirchner, 2003). This “piston effect” of waters from 
the epikarst influenced by these factors could be revealed by a sudden 
increase of Ca2+, Mg2+, and HCO3

− concentrations in the stream waters 
in October and November (Fig. 3B; Fig. 7B), following the dry summer 
season, when the discharge began to rise from 107 L⋅s− 1 in September to 
165 L⋅s− 1 in October and to 294 L⋅s− 1 in November. 

Finally, over the last century, the abandonment of less productive 
lands in mountainous areas (Chassany, 1999) resulted in the progressive 
closure of the environment through successive phases of vegetation up 
to the forest stage (Génot and Schnitzler, 2012; Rameau, 1999). These 
changes in landscape should have a delayed effect on water chemistry by 
decreasing discharge and increasing organic matter in soils. The 
resulting higher production of CO2 in soils favours the production of 
carbonic acid and, consequently, the dissolution of minerals leading to 
an increase of dissolved elements in streamwater. This pattern is being 
demonstrated in Ulloa-Cedamanos et al.'s (2021). 

5. Conclusion 

In this study, long-term trends in chemical weathering rates and the 
associated CO2 uptake were evaluated based on a unique time data se
ries of major element concentrations and C and S stable isotopes in 
streamwaters draining a multi-lithological complex karstic catchment. 
We highlighted that in a multi-lithological complex karst CZ, the 
different lithological/mineralogical sources could be identified using the 
distribution of major ions through stoichiometry and statistical 
methods. Their respective potential contributions to the total stream 
TDS fluxes as well as their specific weathering rate and CO2 uptake, were 
determined by a geochemical discrimination combined with an isotopic 
approach using novel mixing diagrams based on δ34SSO4 and δ13CDIC 
isotopic signatures. The following conclusions can be drawn:  

1) Lithology plays an important role on local water chemistry as 
observed in some silicate-rich (sites B3 and B5) or gypsum-rich (site 
B8) tributaries in BC. However, in a multilithological context such as 
in BC, the high solubility of carbonates and their wide distribution 
lead to a clear dominance on stream TDS compared to other lithol
ogies in the whole catchment.  

2) Carbonate dissolution plays a key role in the catchment's carbon sink. 
The interannual mean weathering rate of carbonates (TZ+

carb +

HCO3_calc./dol., 117 t⋅Km− 2⋅yr− 1) is 11 times higher than that of sili
cates (TZ+

sil). Chemical weathering pathways are natural and 
dominated by carbonic acid from atmospheric/soil CO2, whereas 
sulphuric acid released by pyrite oxidation takes part in the car
bonate dissolution mainly during summer (up to 8.4% of interannual 
monthly carbonate dissolution).  

3) Hydrological conditions, temperature, and epikarst dynamics drive 
the seasonal variations of riverine TDS fluxes, while the interannual 
variations are mainly controlled by the discharge. Distribution of the 
different lithological formations and water dynamic characterise the 

Fig. 7. Relationships between TDS flux contribution (%) and TDS fluxes (g/s) 
for the different sources during the period 1994 to 2006 plus 2016 to 2019: (A) 
for mean annual values and (B) for interannual mean monthly values. The 
different sources contributing to stream TDS are: atmospheric inputs (Atm), 
organic matter leaching (Bio), sulphide mineral oxidation (Pyr), gypsum 
dissolution (Gyp), silicate mineral hydrolysis (Sil), carbonate dissolution (Carb) 
and the atmospheric/soil CO2 consumption associated to the dissolution of 
carbonates (Carb CO2) and the weathering of silicates (Sil CO2). The anthro
pogenic (Ant) contribution is negligible at the outlet. 
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spatial variations within the catchment. Besides, landscape changes 
over the last decades may also have influenced the chemical trends in 
BC.  

4) CO2 outgassing and calcite precipitation shift the riverine δ13CDIC 
signals inherited from the biogenic CO2 or carbonate dissolution. 
This could be highlighted by isotopic values from the mixing diagram 
δ13CDIC–RSO4 which displayed a large range of HCO3

− removal by 
calcite precipitation at the outlet of BC.  

5) A novel δ34SSO4–RSO4 mixing diagram was proposed to determine the 
main weathering pathways in pristine sulphate-rich catchments. The 
proposed tool revealed a strong sensitivity to detect and to better 
restrict the potential contribution at sites where sulphate is the 
dominant anion. Thus, we could demonstrate the potential for 
δ34SSO4 to be used as a diagnostic tool to help constrain chemical 
weathering processes in multilithological catchments. 

6) The total CO2 consumption (1595 × 103 mol⋅km− 2⋅yr− 1) by car
bonate dissolution and silicate hydrolysis in BC is relatively high 
compared with other regions in the world, particularly for carbonate 
dissolution which contributed to 71% of the total CO2 uptake. On a 
global scale, the significant relationship between the weathering CO2 
fluxes and the runoff intensity for different regions in the world 
showed that runoff remains the main driver for CO2 uptake. 

This study opens interesting prospects on the identification and 
quantification of the geochemical in-stream processes in complex 
carbonated areas, coupling classical geochemical discrimination (based 
on stoichiometry calculations) with C and S isotopic signatures. 
Continuous high-frequency monitoring in time and in space are needed 
in future works to highlight hot spots and hot moments of weathering 
processes and CO2 uptake, and to better model carbon dynamics into the 
critical zone. 
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ratoire écologie fonctionnelle et environnement, and the chemical lab 
service from the GET (C. Causserand and P. Besson) are thanked for their 
contribution to the analytical work during the more recent years. F. 
Ulloa-Cedamanos's PhD was supported by a fellowship from the French 
Ministry of Higher Education, Research and Innovation. Special thanks 
are given to Thierry Camboulive, Virginie Payre-Suc, Corinne Pautot, 
Franck Granouillac, Betty Chaumet and Vanessa Dos-Santos for their 
help in the field samplings and/or lab works. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.chemgeo.2021.120567. 

References 

ADES database, 2021. Point d'eau BSS002MAYC (10734X0010/HY) BAGET [WWW 
Document]. https://ades.eaufrance.fr/Fiche/PtEau?Code=10734X0010/HY. 

Alkattan, M., Oelkers, E.H., Dandurand, J.L., Schott, J., 1998. An experimental study of 
calcite and limestone dissolution rates as a function of pH from − 1 to 3 and 
temperature from 25 to 80◦C. Chem. Geol. 151, 199–214. https://doi.org/10.1016/ 
S0009-2541(98)00080-1. 

Amiotte Suchet, P., 1995. Cycle du carbone, ́erosion chimique des continents et transferts 
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variabilité spatio-temporelle des flux de CO2 consommé par altération de la croute 
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Debroas, E., 2009. Géologie du bassin versant du Baget (zone nord-pyrénéenne, Ariège, 
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Génot, J.-C., Schnitzler, A., 2012. La France des friches. De la ruralité à la féralité. 
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des analyses corrélatoire et spectrale. J. Hydrol. 67, 25–43. https://doi.org/ 
10.1016/0022-1694(84)90230-0. 

Marx, A., Dusek, J., Jankovec, J., Sanda, M., Vogel, T., van Geldern, R., Hartmann, J., 
Barth, J.A.C., 2017. A review of CO2 and associated carbon dynamics in headwater 
streams: a global perspective. Rev. Geophys. 55, 560–585. https://doi.org/10.1002/ 
2016RG000547. 

Meybeck, M., 1986. Composition chimique des ruisseaux non pollués en France. 
Chemical composition of headwater streams in France. Sci. Géol. 39, 3–77. https:// 
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