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Continental hydrosystems and in particular peatlands play an important role in the carbon cycle of the Critical Zone (CZ). Peatlands are important sinks for organic carbon and have therefore been extensively studied. However, peatlands are not only important for the fate of organic carbon, but they also affect the cycle of Dissolved Inorganic Carbon (DIC) of the peatland and the surrounding watershed. The fate of DIC is particularly complex in peatlands in limestone-dominated regions, because bicarbonate concentrations in surface and groundwater are high and the interaction between peatlands and surrounding hydrosystems are facilitated by the presence of highly permeable karst aquifers. In the present paper we study the origin and the fractionation of DIC in a peatland located on top of a karst aquifer. The study is based on hydrochemical and isotopic (δ 13 C DIC ) data from samples recovered during 2 campaigns (low flow, high flow) at various depths within the Forbonnet peatland (Jura Mountains, eastern France), at the peatland outlet and at adjacent karst springs representing the underlying aquifer. In order to evaluate secondary fractionation processes, the measured δ 13 C DIC compositions were compared to modeled values considering the origin of DIC and potentially associated fractionation and speciation processes. The main results are: (1) DIC is lost at the bog surface by CO 2 outgassing. (2) The δ 13 C DIC compositions of deep catotelm pore waters from the bog were much heavier than the modeled values. We relate this discrepancy to methanogenesis and show that this process is favored by reduced conditions at pH ~6 and a HCO 3 -content of ~1 mmol/L, most probably due to punctual groundwater inflows at the base of the bog. Finally, contrasted δ 13 C DIC compositions between the bog and the fen of the peatland reveal an additional ecohydrological control on DIC speciation.

Introduction

The Critical Zone (CZ) is defined as the Earth's surface layer from the unweathered bedrock to the top of the canopy [START_REF] Anderson | Proposed initiative would study Earth's weathering engine[END_REF]. It hosts various biogeochemical cycles (Gaillardet et al., 2018;National Research Council, 2001) and among them the Earth's superficial cycle of carbon. Peatlands comprise 30% of the world's soils organic carbon stock (500 Gt; [START_REF] Gorham | Northern peatlands: role in the carbon cycle and probable responses to climatic warming[END_REF][START_REF] Loisel | Expert assessment of future vulnerability of the global peatland carbon sink[END_REF] but represent only 3% of the global continental surface. Peatlands are thus hot spots of carbon cycling. At the watersheds scale they are the main contributors for organic carbon to surface water [START_REF] Laudon | Patterns and dynamics of dissolved organic carbon (DOC) in boreal streams: the role of processes, connectivity, and scaling[END_REF]Rosset et al., 2019aRosset et al., , 2019b)).

In contrast the importance of peatlands for fluxes of inorganic carbon and in particular of dissolved inorganic carbon (DIC) and related exchange mechanisms at the interface between lithosphere, hydrosphere and atmosphere remains poorly documented, although they could significantly contribute to the inorganic carbon balance at the watershed scale [START_REF] Billett | Should aquatic CO2 evasion be included in contemporary carbon budgets for peatland ecosystems?[END_REF][START_REF] Dinsmore | Role of the aquatic pathway in the carbon and greenhouse gas budgets of a peatland catchment: C and GHG release through peatland streams[END_REF]. For instance, [START_REF] Wallin | Temporal and spatial variability of dissolved inorganic carbon in a boreal stream network: Concentrations and downstream fluxes: temporal and spatial variability of DIC[END_REF] showed in northern Sweden that the DIC concentration of stream water was positively correlated with the peatland coverage of their catchments, suggesting that water/rock interaction at catchment scale is related to the acidity produced in peatlands. This effect is even stronger in carbonate regions due to the high solubil-ity of limestone compared to other rock types [START_REF] Calmels | Sensitivity of carbonate weathering to soil CO2 production by biological activity along a temperate climate transect[END_REF][START_REF] Fierz | Morphogenèse des Franches-Montagnes (Jura Suisse)[END_REF].

Nevertheless, peatlands are not only expected to contribute to the DIC cycle of the downstream areas, but they are also receptors of water and solutes, including DIC, from upstream [START_REF] Bourbonniere | Review of water chemistry research in natural and disturbed peatlands[END_REF][START_REF] Chasar | Radiocarbon and stable carbon isotopic evidence for transport and transformation of dissolved organic carbon, dissolved inorganic carbon, and CH4 in a northern Minnesota peatland[END_REF][START_REF] Komor | Geochemistry and hydrology of a calcareous fen within the Savage Fen wetlands complex, Minnesota, USA[END_REF][START_REF] Lamers | Calcareous groundwater raises bogs; the concept of ombrotrophy revisited[END_REF]. As they are mostly acid and reduced ecosystems, incoming DIC to peatlands will be subject to phase change and/or join the organic carbon cycle through CO 2 reduction associated to methane production [START_REF] Alstad | Carbon and hydrogen isotope ratio characterization of methane dynamics for Fluxnet Peatland Ecosystems[END_REF].

DIC content and isotopic signatures in natural water results from a varied panel of sources (carbonate, organic matter) and sinks (CO 2 outgassing, precipitation) of DIC and fractionation from chemical and biogeochemical reactions [START_REF] Wigley | Mass transfer and carbon isotope evolution in natural water systems[END_REF]. As a result, DIC in peatlands has multiple origins and is dependent on numerous processes [START_REF] Campeau | Multiple sources and sinks of dissolved inorganic carbon across Swedish streams, refocusing the lens of stable C isotopes[END_REF] summarized below:

(1) DIC is formed in peatlands by various processes, in particular as CO 2 produced by aerobic (surface) and anaerobic (deep) microbial degradation of organic matter [START_REF] Limpens | Peatlands and the Carbon Cycle: From Local Processes to Global Implications -A Synthesis[END_REF][START_REF] Zhong | Effects of water level alteration on carbon cycling in peatlands[END_REF][START_REF] Corbett | Partitioning pathways of CO2 production in peatlands with stable carbon isotopes[END_REF][START_REF] Steinmann | Stable carbon isotope composition and concentrations of CO2 and CH4 in the deep catotelm of a peat bog[END_REF][START_REF] Ye | pH controls over anaerobic carbon mineralization, the efficiency of methane production, and methanogenic pathways in peatlands across an ombrotrophic-minerotrophic gradient[END_REF].

(2) In anaerobic peat layers, two main methanogenesis pathways affect the DIC dynamics: (1) the Acetoclastic Methanogenesis (AM) [START_REF] Steinmann | Stable carbon isotope composition and concentrations of CO2 and CH4 in the deep catotelm of a peat bog[END_REF] and ( 2) the Hydrogenotrophic Methanogenesis (HM) that both produce CO 2 and CH 4 in equimolar proportion when considering all reactions [START_REF] Corbett | Partitioning pathways of CO2 production in peatlands with stable carbon isotopes[END_REF][START_REF] Neumann | Modeling CH4 and CO2 cycling using porewater stable isotopes in a thermokarst bog in Interior Alaska: results from three conceptual reaction networks[END_REF]. The relative contribution of these pathways is variable and controlled by diverse biotic and abiotic factors [START_REF] Alstad | Carbon and hydrogen isotope ratio characterization of methane dynamics for Fluxnet Peatland Ecosystems[END_REF][START_REF] Conrad | Importance of hydrogenotrophic, aceticlastic and methylotrophic methanogenesis for methane production in terrestrial, aquatic and other anoxic environments: a mini review[END_REF][START_REF] Galand | Pathways for methanogenesis and diversity of methanogenic archaea in three boreal peatland ecosystems[END_REF][START_REF] Throckmorton | Pathways and transformations of dissolved methane and dissolved inorganic carbon in Arctic tundra watersheds: evidence from analysis of stable isotopes: dissolved CH 4 AND CO 2 in Arctic Tundra[END_REF]. (3) DIC, mainly in the form of bicarbonate (HCO 3 -), may be produced in situ by interaction of acidic peatland water with bedrock or may be imported by water inflows from upstream areas [START_REF] Billett | Should aquatic CO2 evasion be included in contemporary carbon budgets for peatland ecosystems?[END_REF][START_REF] Chasar | Radiocarbon and stable carbon isotopic evidence for transport and transformation of dissolved organic carbon, dissolved inorganic carbon, and CH4 in a northern Minnesota peatland[END_REF]. Both native and allochthonous DIC are particularly important in carbonate dominated regions due to the high solubility of limestone [START_REF] Goldscheider | Global distribution of carbonate rocks and karst water resources[END_REF][START_REF] Sullivan | Evolution of carbonate and karst critical zones[END_REF].

Within this general scheme, peatland ecosystems can be conceptualized as biogeochemical reactors constrained by a wide range of hydrometeorological, geological and ecological parameters affecting the exchange of carbon between the ecosystem (living matter), the hydrosystem (DIC and dissolved/particulate organic carbon) and the atmosphere (gaseous exchanges) [START_REF] Bernard-Jannin | Hydrological control of dissolved organic carbon dynamics in a rehabilitated Sphagnum -dominated peatland: a water-table based modelling approach[END_REF][START_REF] D'angelo | Carbon balance and spatial variability of CO2 and CH4 fluxes in a sphagnum-dominated peatland in a temperate climate[END_REF]Rosset et al., 2019aRosset et al., , 2019b)).

As mentioned before, DIC fluxes in peatlands are of particular importance in carbonate dominated regions. Although carbonate regions account for 15 to 20% of the ice-free continental surface [START_REF] Goldscheider | Global distribution of carbonate rocks and karst water resources[END_REF][START_REF] Hartmann | The new global lithological map database GLiM: a representation of rock properties at the Earth surface: TECHNICAL BRIEF[END_REF], [START_REF] Martin | A new focus on the neglected carbonate critical zone[END_REF] reported that CZ studies in carbonate regions are underrepresented. Moreover, limestone weathering is highly sensitive to climate change and anthropogenic disturbances [START_REF] Sullivan | Evolution of carbonate and karst critical zones[END_REF]. Consequently, by receiving DIC from upstream, recycling and producing DIC within peatlands, and by exporting acidity and DIC downstream, peatlands in carbonate regions could, in addition to their role as organic carbon sinks, also constitute key ecosystems for continental DIC cycles. Despite there is to our knowledge no quantitative surface estimation of peatlands under carbonate influence, these ecosystems are specific from an ecological perspective (e.g. "Calcareous fen"). In addition, overlaying the global peatland map [START_REF] Xu | PEATMAP: refining estimates of global peatland distribution based on a meta-analysis[END_REF] on the worldwide carbonate bedrock distribution map [START_REF] Goldscheider | Global distribution of carbonate rocks and karst water resources[END_REF] reveals that high peatland densities occur in carbonate areas, especially in the northern hemisphere such as UK, Siberia or western China.

In order to propose a typology of these possible interactions, we studied the water chemistry and the isotopic signature of DIC in a peat-land in the French Jura Mountains by combining upstream-downstream gradients, vertical profiles and contrasting hydrological settings (low flow/high flow). More specifically, our objectives were (i) to assess DIC fluxes from the peatland to the atmosphere (vertical gradient); (ii) to evaluate the consequences of the carbonated groundwater inflows on DIC speciation mechanisms (hydrogeological gradient) within the peatland; and (iii) to document potential ecohydrological constraints (bogfen gradients) for DIC speciation. From these evaluations, a conceptual typology of mechanisms affecting DIC patterns in peatlands in carbonate regions will be proposed followed by some perspectives for future research.

Context of the study

The study site, called Forbonnet peatland, is a part of a larger peatland complex named the Frasne peatland. The Forbonnet peatland can be subdivided into a Sphagnum dominated bog to the S (bog, ~7 ha) and a fen dominated by vascular plants to the N (~1.4 ha, sedge and Molinia caerulea). Bog and fen are surrounded by topographically higher, wooded and more mature peatlands (Figs. 2 and3) that constitute a 300-ha complex of varying evolution stages. Local patches of Phragmites on the contours of the bog are indicative for punctual minerotrophic conditions. Carbon-14 dating of peat material revealed an age of 7250 ± 60 years BP for the bottom of the mature and wooded peatland [START_REF] Gauthier | From climatic to anthropogenic drivers: a multi-proxy reconstruction of vegetation and peatland development in the French Jura mountains[END_REF], and 910 ± 30 and 1530 ± 30 years BP respectively for the base of the southern and central bog areas [START_REF] Goubet | Résultat d'expertise de l'analyse des Macrorestes de Carottes de Tourbe de la Tourbière Active de Frasne[END_REF]unpublished data). These differences reflect the heterogeneous development of the peatland complex with patches of different degrees of maturity. The site is located in the upstream part of the Drugeon river catchment in the French Jura Mountains at 840 m asl (46.826°N, 6.1725°E, Fig. 1).

The study area is characterized by almost evenly distributed rainfall over the year ranging from 80 to 120 mm/month [START_REF] Toussaint | Soil-Meteorological Dataset Collected at Frasne Peatland (192ha[END_REF]. In contrast, the monthly mean temperature is very variable from 0 °C in February to 15 °C in July with an annual average 7 °C for the monitoring period (2009)(2010)(2011)(2012)(2013)(2014)(2015)(2016)(2017)(2018)(2019)(2020) according to our local observatory platform [START_REF] Toussaint | Soil-Meteorological Dataset Collected at Frasne Peatland (192ha[END_REF].

From a geological point of view, the site is located within the folded part or the Jura Mountains with SW-NE trending anticlines and synclines affecting mainly limestones and marls of the Upper Jurassic and Lower Cretaceous. Subsequent erosion shaped the topography and favored the formation of karstic landforms. Within the synclines the karstified limestones are partially overlain by impervious or semiimpervious Quaternary moraines of varying thickness (from a few cm to meters), favoring locally the occurrence of lakes and wetlands (e.g., lake of Saint-Point, lake of Joux, Fig. 1; [START_REF] Duraffourg | Etude Géologique, Géophysique, Géotechnique et Hydrologique du Synclinal de Frasne-Bonnevaux (Doubs)[END_REF]. Consistently, the Forbonnet peatland is located within an open syncline covered by heterogeneous moraines promoting water retention.

This particular geological and hydrometeorological context implies a complex hydrogeological functioning of the system. Within the peatland, the general water flow is oriented from south to north, with the fen next to the outlet at the northern limit of the site [START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]. Since the restoration of a part of the site in 2015-2016 by backfilling of dewatering ditches and the construction of a dam [START_REF] Calvar | Program LIFE+ "Bogs of the Jura": 60 bogs to restore in six years[END_REF], the water table raised during 6 months from 20 to 55 cm in the southern part of the site but remained stable since then and varies today mainly in response to the hydrometeorological variability (; [START_REF] Bertrand | Statistical hydrology for evaluating peatland water table sensitivity to simple environmental variables and climate changes application to the mid-latitude/altitude Frasne peatland (Jura Mountains, France)[END_REF][START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]). Nevertheless, although water supply is mainly at least partly ensured by direct rainwater infiltration, concurrent inflows from the surrounding mature peatlands or from the underlying moraines have been suggested on the basis of geochemical indices [START_REF] Collin | Établissement d'un Modèle Conceptuel du Fonctionnement Hydro-Écologique de la Tourbière de Frasne[END_REF][START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]. In addition, local and regional geomorphological evidences such as karst springs and sinkholes, suggests punctual hydraulic connection with the underlying regional karst aquifer, which is recharged by groundwater flows from an adjacent anticline. Consistently, our previous study based on the ongoing hydrological and hydrochemical long-term monitoring at the outlet of the peatland allowed to distinguish the following water origins for the Forbonnet bog [START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]Fig. 2): 1) direct rainfall infiltrating the surface peat layer; 2) lateral seepage inputs from the neighboring raised wooded peatlands, sustaining the intermediate peat level; and 3) punctual karst water inputs at the substratum/peat interface supplying the deepest peat layer

Water sampling

The sampling strategy allowed to characterize both the acrotelm, e.g. the surface peat layer, and the catotelm, e.g. deep and intermediate peat layers in this study. The acrotelm is highly permeable and aerobic, and supports plant activities, whereas the catotelm is entirely waterlogged, which favors, together with its low permeability anaerobic conditions [START_REF] Baird | Microform-scale variations in peatland permeability and their ecohydrological implications[END_REF][START_REF] Ingram | Soil layers in mires: function and terminology[END_REF]. The study is based on two sampling campaigns during October 2019 (low flow) and February 2021 (high flow). This second campaign was originally planned for March 2020 but had to be postponed due to the Covid-19 lockdown.

The network of 19 piezometers follows the general upstreamdownstream gradient (Fig. 3). Downstream, 2 piezometers (BM1 and BM3) are located within the fen, 1 piezometer (BM12) at the boundary between fen and bog, while the others are located upstream within the bog (Fig. 3). Among them, respectively nine and eleven piezometers were sampled in October 2019 and February 2021 (Fig. 3). Some of the piezometers (PP1-2-3, TV1-2-3, TV4-5-6) are nested panpipes, allowing the sampling of surface (TV3, TV6, PP3; depth < 0.5 m from peat surface), intermediate (TV2: 1.5 ± 0.3, TV5:1.2 ± 0.3, PP2: 0.9 ± 0.30 m) and deep (TV1: 2.27 ± 0.1, TV4: 2.35 ± 0.1, PP1: 1.7 ± 0.45 m) peat pore water. The panpipe arrays A-B and C D enable sampling of intermediate (A and C, 1 ± 0.1 m) and deep (B and D, 1.85 and 2.6 ± 0.1 m) peat pore waters, close to the interface with the underlying geological substrate. These panpipe arrays allow to characterize separately the pore water of the fibric peat of the acrotelm and of the more mature peat of the underlying catotelm (intermediate/deep peat layers) [START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]Bertrand et al., 2021 and references therein). All other piezometers (BM1-3-12-18, GB, TV7-9-12) are fully screened and were sampled at the surface (< 0.5 m) and at different depths (~1 m for BM1 and 2 m for others piezometers) in February 2021, while only one integrative sample was taken in October 2019. All piezometer water samples were recovered with a peristaltic pump.

In order to characterize the system outflow, the main outlet (O_central) and its two tributaries (O_left and O_right, Figs. 1 and2) were also sampled. O_right drains ~20% of the topographic catchment (total area of 1 km 2 determined from digital elevation models) including the main part of the bog.

In parallel, 3 nearby karst springs (TB, FB, and FC) were sampled to characterize the regional karst aquifer. TB was sampled once in February 2021. It is located at the foot of the a nearby anticline, which presumably is the recharge zone of the aquifer beneath the study site (Fig. 3). The springs FB and FC are located within the syncline and are possibly not only fed by the karst aquifer, but also by local perched aquifers within the moraines. Springs FB and FC where sampled once in October 2019.

The waters samples were filtered (0.45 μm for major elements; 0.22 μm for DOC) within 12 h after sampling, while unfiltered aliquots were kept for carbon-13 analyses. We have rigorously ensured that aliquots for carbon-13 analyses did not contain air bubbles. Also, in order to minimize mineralization of organic matter, carbon-13 samples were analyzed within three weeks after sampling. The aliquots for cation analyses were acidified after filtering to pH 2 with ultrapure nitric acid. All samples were stored at 4 °C until analyzes, in glass aliquots for carbont-13 and HDPE tubes for other analyzes.

Dissolved carbon dioxide concentration in peat pore water

In order to evaluate the CO 2 exchange between the peatland and the atmosphere CO 2 concentrations were determined 6 times (27/04/2021; 27 and 28/05/2021; 22/06/2021; 20/07/2021 and 14/09/2021) at 3 different depths in the panpipe array system PP1-2-3 using a Pro Oceanus Mini Submersible pCO 2 sensor (Fig. 4).

Physico-chemical analyses

Electrical Conductivity (EC), Temperature (T) and pH were measured in the field with manual multimeters (ODEON Ponsel SN-ODE OA and WTW 340i).

Cation (Ca 2+ , K + , Na + , Mg 2+ , Sr 2+ ) and anion (Cl -, SO 4 2-, NO 3 -) concentrations were determined respectively by ICP-AES (Thermo iCAP 6500) and HPLC (ICS 1000) at the PEA 2 t analytical platform of the Chrono-Environnement laboratory. The analytical error for ICP-AES is in average 4% and for HPLC is <5%. Total S was also measured by ICP AES. HCO 3 -concentrations were determined by Gran titration using 0.01 M sulfuric acid. Concentrations of the other DIC phases (H 2 CO 3 and CO 3 2-) were calculated according to [START_REF] Langmuir | CH4 production via CO2 reduction in a temperate bog: a source of 13C-depleted CH4. Geochim[END_REF]. In this study we focus mainly on HCO 3 -and Ca 2+ concentrations because the electrical conductivity of peat pore water is essentially related to these ions [START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]. All anion and cation concentrations were used to assess the accuracy of the measurement by calculating the Normalized Inorganic Charge Balance (NICB) and are available in the Supplementary Table S1.

NICB was well-balanced for the most mineralized waters (EC > 200 μS cm -1 , NICB = 2 ± 4.3%, n = 10). However, a relative cation excess was found in the least mineralized samples (EC < 50 μS cm -1 , NICB = 43.2 ± 25.3%, n = 21). This kind of unbalance is well known for peatland waters and generally attributed to the negative charge of DOC, which is not included in the calculation of the NICB [START_REF] Reeve | Geochemical controls on peatland pore water from the Hudson Bay Lowland: a multivariate statistical approach[END_REF][START_REF] Steinmann | Geochemistry, mineralogy, and geochemical mass balance on major elements in two peat bog profiles (Jura Mountains, Switzerland)[END_REF][START_REF] Urban | Element cycling in upland/peatland watersheds[END_REF]. The relative cation excess does therefore not query the analytical accuracy of the measurements DOC was analyzed by catalytic combustion (Vario TOC cube, ± 0.5 mg/L) after purging of DIC by addition of hydrochloric acid.

Isotopic analyses

Carbon-13 signatures of DIC (δ 13 C DIC ) were analyzed using a mass spectrometer (Elementar Isoprime 100) coupled with an equilibration system (Elementar MultiFlow-Geo). Samples were acidified using phosphoric acid and flushed with helium. Standards included Na 2 CO 3 and NaHCO 3 as well as internal water standards. Standards were systemati- cally analyzed after 8 samples to check measurement stability. All samples were analyzed twice.

C O R R E C T E D P R O O F
The δ 13 C DIC signature was expressed versus the Pee Dee Belemnite (V-PDB) international standard and calculated according to Eq. ( 1).

(1)

The analytic error was ±0.11 ‰.

Simulation of δ 13 C DIC signatures

In order to control the origin and the fractionation of DIC, the δ 13 C DIC signatures were modeled according to various hypotheses dealing with the concept of open and closed system to atmosphere defined by [START_REF] Garrels | Solutions, Minerals, and Equilibria[END_REF] and [START_REF] Langmuir | The geochemistry of some carbonate ground waters in central Peale[END_REF]. These models are based on the mixing balance of different carbon isotope end-members introduced by [START_REF] Deines | Stable carbon isotope ratios and the existence of a gas phase in the evolution of carbonate ground waters[END_REF].

Firstly, we hypothesized open conditions with respect to soil CO 2 and a pure biogenic origin for DIC (Eq. ( 2)).

Where δ 13 C biogenic is the δ 13 C of C3 plants, as described below. ε CO 2(g) -H 2 CO 3 is the fractionation factor from gaseous CO 2 to dissolved CO 2 (carbonic acid).

ε CO 2(g) -HCO 3 -is the fractionation factor from gaseous CO 2 to dissolved bicarbonate.

ε CO 2(g) -CO 3 2-is the fractionation factor from gaseous CO 2 to dissolved carbonate.

Secondly, by taking into account the regional hydrogeological context (Figs. 1 and2), we considered that limestone dissolution may occur mainly under closed system conditions with respect to CO 2 , as commonly observed in karst aquifer. In this context bicarbonates can be considered as an equimolar mixture of biogenic and carbonate carbon [START_REF] Batiot-Guilhe | Étude expérimentale du cycle du carbone en régions karstiques : apport du carbone organique et du carbone minéral à la connaissance hydrogéologique des systèmes : site expérimental de Vaucluse, Jura, Larzac, région montpelliéraine[END_REF][START_REF] Emblanch | Le marquage de la zone non saturée du karst à l'aide du carbone 13[END_REF][START_REF] Gillon | Open to closed system transition traced through the TDIC isotopic signature at the aquifer recharge stage, implications for groundwater 14C dating[END_REF]Langmuir, 1997, Eq. ( 3)).

For such closed system conditions, the δ 13 C DIC signatures thus reflect for one half the biogenic signature of soil CO 2 and for the other half the calcite signature of limestone according to Eq. ( 4):

With the same notations as for Eq. ( 2), but additionally with:

δ 13 C CaCO 3 is δ 13 C of carbonates mainly composed of calcite. ε CaCO 3 -CO 3 2-is the fractionation factor from calcite to dissolved car- bonate (ε CO (g) -CO 3 2-+ ε CaCO 3 -CO 2(g) ).
The thermodependent enrichment factors (ε) were calculated by the empirical equations given in Table 1.

Applying these models requires to fix the δ 13 C composition of the different DIC end-members. [START_REF] Colombié | Carbon-and oxygen-isotope records of palaeoenvironmental and carbonate production changes in shallow-marine carbonates (Kimmeridgian, Swiss Jura)[END_REF] and [START_REF] Joachimski | Subaerial exposure and deposition of shallowing upward sequences: evidence from stable isotopes of Purbeckian peritidal carbonates (basal cretaceous), Swiss and French Jura Mountains[END_REF] found for limestones of the Jura Mountains δ 13 C range from -5 to +3 ‰ V-PDB. Accordingly, we set δ 13 C CaCO3 to 0 ‰ V-PDB and used the range of -5 -+3 ‰ as confidence interval.

The syncline structure of the watershed is exclusively covered by C3 plants, as for temperate regions [START_REF] Still | Global distribution of C3 and C4 vegetation: Carbon cycle implications[END_REF]. The vegetation cover is marked by an alternance of temperate forests, wetlands and pastures. The area is too high for the cultivation of C4 plants (corn) [START_REF] Nghiem | Impact du Changement du Mode d'occupation des Sols Sur le Fonctionnement Hydrogéochimique des Grands Bassins Versants : cas du Bassin Versant de l'Ain[END_REF]. For C3 plant dominated areas, the initial δ 13 C signature of soil organic matter ranges from -30 to -25 ‰ [START_REF] Buzek | Assessing DOC export from a Sphagnumdominated peatland using δ 13 C and δ 18 O-H 2 O stable isotopes[END_REF][START_REF] Delarue | Effects of short-term ecosystem experimental warming on water-extractable organic matter in an ombrotrophic Sphagnum peatland (Le Forbonnet, France)[END_REF][START_REF] Loisel | Sphagnum δ13C values as indicators of palaeohydrological changes in a peat bog[END_REF], followed by a shift of up to 4.4 ‰ during the subsequent aerobic decomposition of soil organic matter and diffusion of CO 2 [START_REF] Cerling | On the isotopic composition of carbon in soil carbon dioxide[END_REF]. Consequently, δ 13 C CO2 was set to -21 and -22 ‰ V-PDB for aerobic forest soils in temperate midmountain covered by C3 plant [START_REF] Bertrand | Contribution of PCO2eq and 13CTDIC evaluation to the identification of CO2 sources in volcanic groundwater systems: Influence of hydrometeorological conditions and lava flow morphologies-application to the Argnat basin (Chaîne des Puys, Massif Central, France)[END_REF][START_REF] Emblanch | Carbon 13 of TDIC to quantify the role of the unsaturated zone: the example of the Vaucluse karst systems (Southeastern France)[END_REF]. However, CO 2 diffusion is limited in water-logged soils, leading to a weaker positive shift during decomposition of organic matter [START_REF] Neumann | Modeling CH4 and CO2 cycling using porewater stable isotopes in a thermokarst bog in Interior Alaska: results from three conceptual reaction networks[END_REF][START_REF] Preuss | Improved Quantification of Microbial CH4 Oxidation[END_REF]. In agreement with this a δ 13 C of -28 to -26 ‰ was found for the organic matter of the Forbonnet bog in a previous study [START_REF] Delarue | Effects of short-term ecosystem experimental warming on water-extractable organic matter in an ombrotrophic Sphagnum peatland (Le Forbonnet, France)[END_REF]. Consequently, we 10 3 lnα 13 C CO2(g)-H2CO3(aq) = -0.373 (10 3 T -1 ) + 0.19 [START_REF] Vogel | Isotopic fractionation between gaseous and dissolved carbon dioxide[END_REF] ε 13 C CO2(g)-HCO3 10 3 lnα 13 C CO2(g)-HCO3 = 9.552 (10 3 T -1 ) -24.10 ( [START_REF] Mook | Carbon isotope fractionation between dissolved bicarbonate and gaseous carbon dioxide[END_REF] ε 13 C CO2(g)-CO3 10 3 lnα 13 C CO2(g)-CO3 = 0.87 (10 6 T -2 ) -3.4 [START_REF] Deines | Stable carbon isotope ratios and the existence of a gas phase in the evolution of carbonate ground waters[END_REF])

ε 13 C CaCO3-CO2
(g) -10 3 lnα 13 C CaCO3-CO2(g) = -2.988 (10 6 T -2 ) + 7.6663 (10 3 T -1 ) -24,642 [START_REF] Bottinga | Calculation of fractionation factors for carbon and oxygen isotopic exchange in the system calcite-carbon dioxide-water[END_REF])

C O R R E C T E D P R O O F
used for modeling a wide range of δ 13 C biogenic of-24.5 ± 3.5 ‰ in order to account at once for limited and important CO 2 diffusion. The δ 13 C DIC signature could be modeled for most samples except for those with bicarbonate concentrations below the detection limit of 5 mg/L. These samples correspond to superficial bog waters from specific rainfall dominated zone (Fig. 3, BM18 for October 2019 and Feb. 2021, BM12, GB surf and PP3 for Feb. 2021, mean EC = 31.3 μS cm -1 ).

Closed system simulation (Eq. ( 4)) was used for the karst spring samples and the intermediate and deep pore water samples, whereas open system simulation (Eq. ( 2)) was applied for the outlet samples and the surface peat pore water samples.

In order to compare the simulations modeled and measured δ 13 C DIC compositions, we defined ∆δ 13 C DIC reflecting the offset between measured and modeled δ 13 C DIC (Eq. ( 5)):

(5) A ∆δ 13 C DIC value of zero suggests that the model describes satisfactorily the end-members and mechanisms of DIC formation. In contrast, non-zero values of ∆δ 13 C DIC imply the existence of end-members and mechanisms not considered by the model.

Results

Water physico-chemical properties and spatio-temporal variability

The complete analytical results of the two sampling campaigns are available in Table S1 of the Supplementary material. Analytic uncertainties given within the manuscript correspond to standard deviation. Redox and sulfate concentration are only available for the February campaign.

The partial CO 2 pressure (pCO 2 ) measured in the central panpipe array (piezometers PP1-2-3, Figs. 4, 6 measurement dates) was systematically lower in the surface peat layer (PP3, 5144 ± 2099 ppm; Fig. 4) than in the deeper catotelmic layer (intermediate and deep, PP1 and 2, 9287 ± 1036 and 9696 ± 425 ppm). In addition, we observed a seasonal trend (especially in surface, e.g., PP3 piezometer) with an increase of pCO 2 from May to September excepted for 27/04/2021 which corresponded to an outstanding dry and warm period.

The peat pore water temperature showed no depth gradient in October 2019, but homogeneous values between 10 and 11.8 °C. In contrast, in February 2021 the temperature increased from 1.9 °C in the surface layer to 6.8 °C in the deep peat layers, showing the thermal inertia of peat [START_REF] Mckenzie | Heat transport in the Red Lake Bog, Glacial Lake Agassiz Peatlands[END_REF]. All other parameters were similar for both campaigns and are therefore presented together.

The EC covered a large range from 9.2 to 820 μS cm -1 with a mean of 160 μS cm -1 . EC was strongly positively correlated with bicarbonate (R 2 = 0.96, pvalue ≤ 0.005, n = 47) and calcium concentrations (R 2 = 0.98, pvalue <0.005), showing that EC essentially reflects the calcite dissolution typical for karst systems [START_REF] Jeannin | Impact of global change on karst groundwater mineralization in the Jura Mountains[END_REF][START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF].

The bog's surface water was poorly mineralized and acid (pH 4 to 5 and EC < 100 μS cm -1 ), whereas the deep peat pore waters were more mineralized and less acid (pH 5.5 to 6.6 and EC > 100 μS cm -1 ). However, some deep peat waters were only poorly mineralized (EC < 100 μS cm -1 ; Fig. 5). The redox potential showed a similar vertical gradient with well oxygenated conditions near the surface (301 mV) and reducing conditions at depth (13.3 mV) with a mean of 168 mV.

The DIC speciation calculations showed that DIC of the peat pore waters was entirely composed of H 2 CO 3 and HCO 3 -, whereas CO 3 2-was absent due to the relatively acid pH [START_REF] Langmuir | CH4 production via CO2 reduction in a temperate bog: a source of 13C-depleted CH4. Geochim[END_REF]. The strongly mineralized bog waters (EC > 100 μS cm -1 , mean = 375 μS cm -1 , n = 12) had concomitantly high HCO 3 -(mean = 3.8 ± 2.5 mmol/L) and H 2 CO 3 concentrations (mean = 5.7 ± 3.4 mmol/L). The poorly mineralized bog waters (EC < 100 μS cm -1 , mean = 40 μS cm -1 , n = 16) showed lower HCO 3 -(mean = 0.28 ± 0.2 mmol/L) and higher H 2 CO 3 concentrations (mean = 9 ± 10 mmol/L). The downstream waters in the fen and at the outlet (n = 9) had low concentrations of HCO 3 -(mean = 0.55 ± 0.25 mmol/L) and H 2 CO 3 (mean = 0.7 ± 0.8 mmol/L). At least, the karst waters (pH = 7.2 ± 0.3, n = 3) showed high HCO 3 -(4.9 ± 1 mmol/L), low H 2 CO 3

(1.1 ± 0.9 mmol/L) and very low CO 3 2- (0.003 ± 0.001 mmol/L) concentrations.

The sulfate concentrations were low in the bog (mean = 1 ± 5 μmol/L) and significantly higher (pvalue = 0.046) in the downstream area and the karst water samples (16 ± 22 μmol/L). However, despite bog pore water showed very low sulfate concentrations, elementary Sulfur (S) was found in these waters (mean = 16 ± 12 μmol/L).

The DOC concentrations of the peatland waters varied from 19.5 to 62.2 mg/L with a mean of 37.2 mg/L (raw data in the Table S1). The lowest values (pvalue <0.005, n = 34) occurred in the deep layer (24.5 mg/L) and the values were higher in the intermediate (38.8 mg/ L) and surface (35.4 mg/L) layers. The DOC concentrations of the karst springs were much lower (2.8 ± 0.8 mg/L, n = 3).

δ 13 C DIC signatures

The δ 13 C DIC were heterogeneous over the peatland and varied between -22.0 and + 8.1‰ V-PDB (Fig. 5). At first sight, these signatures are within the range of the 3 potential end-members, i.e. geogenic (carbonated minerals), biogenic (issued from C3 vegetation and soil respiration) and atmospheric CO 2 (-8.4 ‰;[START_REF] Campeau | Multiple sources and sinks of dissolved inorganic carbon across Swedish streams, refocusing the lens of stable C isotopes[END_REF][START_REF] Graven | Changes to carbon isotopes in atmospheric CO 2 over the industrial era and into the future[END_REF]. The δ 13 C DIC composition of regional karst water was characterized by intermediate values (Fig. 5; -11.7 ‰ for spring TB in February 2021, -15.0 and -14.9 ‰ for springs FB and FC in October 2019). Similar values than TB spring were found by Emblanch et al. (2003) for karst springs in southern France (-11 to 13 ‰,) and by [START_REF] Celle-Jeanton | Contribution of time tracers (Mg2+, TOC, D13CTDIC, NO3-) to understand the role of the unsaturated zone: a case study-Karst aquifers in the Doubs valley, eastern France[END_REF] for karst springs of the Jura Mountains (-9 to -14 ‰). The values for FB and FC spring were lower than [START_REF] Emblanch | Carbon 13 of TDIC to quantify the role of the unsaturated zone: the example of the Vaucluse karst systems (Southeastern France)[END_REF] (2 ‰) and [START_REF] Celle-Jeanton | Contribution of time tracers (Mg2+, TOC, D13CTDIC, NO3-) to understand the role of the unsaturated zone: a case study-Karst aquifers in the Doubs valley, eastern France[END_REF] (1 ‰) but remain in the similar range.

The heterogeneous spatial distribution of the δ 13 C DIC values of the bog water samples were related to EC and depth gradients (Fig. 5). Poorly mineralized samples (EC < 100 μS cm -1 , mean = 40 Lhosmot et al. Chemical Geology xxx (xxxx) 121254
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δ 13 C DIC = -7.8 ± 7 ‰, n = 22) had lower δ 13 C DIC than more mineralized ones (EC > 100 μS cm -1 , mean = 375 μS cm -1 , δ 13 C DIC = 3.2 ± 3.8 ‰, n = 12, pvalue = 0.32). The δ 13 C DIC composition of the surface samples was generally more negative (δ 13 C DIC = -8.3 ± 8.3 ‰) than for the catotelmic waters (intermediate and deep layers; δ 13 C DIC = -2 ± 7.3 ‰, Fig. 5). This vertical gradient was observable for both poorly and highly mineralized waters (Fig. 5).

From an ecohydrological perspective, the δ 13 C DIC was below -16.6

‰ in the downstream area (fen and outlet, median = -18.2 ‰) while the median for the bog pore water was -7.5 ‰ (Fig. 5). Only a few samples from within the bog showed more depleted δ 13 C DIC : BM12 surf and BM12 deep (-22 and -17.1 ‰, February 2021) localized at the boundary between the bog and the fen; PP3 (-20 ‰, Feb.2021) and TV9 (-17.9 ‰, October 2019). In addition, it is worth noting that δ 13 C DIC of the downstream area (fen and outlet) were depleted for all water types (stream, surface and deep peat pore water), suggesting that the vertical gradient observed within the bog disappeared in the downstream area.

Measured vs modeled δ 13 C DIC

The mean ∆δ 13 C DIC of 3.3 ± 1.6 ‰ of the karst springs is close to zero and intersect the 1:1 line when considering the confidence interval, i.e. in agreement with the hypothesis of an equimolar mixture of biogenic and geogenic carbon (Fig. 6-A-B). Within the peatland, the ∆δ 13 C DIC is similarly close to zero for the downstream samples (fen and outlet, ∆δ 13 C DIC of 0.8 ± 3 ‰ and 1.3 ± 3 ‰ respectively, Fig. 6-A). In contrast, the bog pore waters were systematically offset from the 1:1 line with strongly positive ∆δ 13 C DIC of 21.9 ± 5 ‰ (Fig. 6).

Discussion

Lhosmot et al. ( 2021) delineated 3 water origins, direct rainfall, lateral from the peatland complex, and mineralized groundwater. The meteoric and lateral waters may be purveyors of biogenic DIC thanks to equilibrium with soil CO 2 respiration while groundwater brings both biogenic and geogenic DIC. Accordingly, we can make the hypothesis (1) that autochthonous DIC from mineralization of organic matter represents almost 100% of DIC in the upper peat layer and (2) that allochthonous DIC from limestone weathering represents almost 100% of DIC. Intermediate fractions of autochthonous and allochthonous DIC result from mixing between these two end-members. However, as it will be discussed in the following, further speciation processes affecting the final carbon-13 signatures of DIC avoid to directly quantify the proportion of each DIC source. Radiocarbon should help to bring a such quantification [START_REF] Chasar | Radiocarbon and stable carbon isotopic evidence for transport and transformation of dissolved organic carbon, dissolved inorganic carbon, and CH4 in a northern Minnesota peatland[END_REF].

In order to improve the understanding of this complex system combining different water and carbon origins and DIC fractionation, we organized the continuation of the discussion in 3 Sections: (1) the atmospheric pattern; (2) the hydrogeological gradient, which take into account the influence of calcareous DIC and (3) the ecohydrological contrasts between the bog and the fen.

Atmospheric constraints over DIC patterns

The vertical pCO 2 profiles show that the partial pressure in the surface peat layer is between 5 and 20 times higher than in the atmosphere (Fig. 4). This supports the hypothesis of CO 2 outgassing to the atmosphere. This process is commonly observed for stream waters and usually leads to enriched δ 13 C DIC values [START_REF] Abril | Amazon River carbon dioxide outgassing fuelled by wetlands[END_REF][START_REF] Luo | Large spatiotemporal shifts of CO2 partial pressure and CO2 degassing in a monsoonal headwater stream[END_REF], which is even accentuated by partial equilibration with atmospheric CO 2 (+8 ‰). The duration of water-atmosphere exchange is an additional parameter controlling CO 2 outgassing, making the degree of fractionation due to outgassing qualitatively observable, but remains, however, difficult to quantify [START_REF] Deirmendjian | Carbon dioxide degassing at the groundwater-streamatmosphere interface: isotopic equilibration and hydrological mass balance in a sandy watershed[END_REF]. In the context of the Forbonnet peatland, pCO 2 are almost identical in the intermediate and deep catotelm layers, suggesting that CO 2 outgassing is limited to the acrotelm (Fig. 4).

Hydrogeological constraints for DIC speciation

The important and systematically positive ∆δ 13 C DIC values of the deep catotelm layer could result from methane production, broadly observed in peatlands and resulting in an isotopic enrichment of δ 13 C DIC [START_REF] Campeau | Stable carbon isotopes reveal soil-stream DIC linkages in contrasting headwater catchments[END_REF][START_REF] Corbett | Partitioning pathways of CO2 production in peatlands with stable carbon isotopes[END_REF][START_REF] Galand | Stable carbon isotope fractionation during methanogenesis in three boreal peatland ecosystems[END_REF][START_REF] Holmes | CO2 and CH4 isotope compositions and production pathways in a tropical peatland[END_REF]Lansdown et al., 1992;[START_REF] Steinmann | Stable carbon isotope composition and concentrations of CO2 and CH4 in the deep catotelm of a peat bog[END_REF]. Such a process is in agreement with the methane fluxes observed at the Forbonnet peatland during the period of field sampling [START_REF] Jacotot | Carbon and Energy Eddy-Covariance Fluxes Dataset Collected at Frasne Peatland (192ha[END_REF][START_REF] Lhosmot | Biotic and Abiotic Control Over Diurnal CH4 Fluxes in a Temperate Transitional Poor Fen Ecosystem[END_REF]. Consistently, the highly positive ∆δ 13 C DIC values of the catotelmic bog samples exclude an atmospheric influence. The values are furthermore negatively correlated with redox 
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(R 2 = 0.44, pvalue <0.05), suggesting that biologically-mediated processes such as reduction might occur (Fig. 7-A). Methanogenesis generally occurs only after complete sulfate reduction [START_REF] Andersen | Microbial communities in natural and disturbed peatlands: a review[END_REF][START_REF] Gauci | Controls on suppression of methane flux from a peat bog subjected to simulated acid rain sulfate deposition: acid rain SO 4 2-suppression of CH 4 flux[END_REF][START_REF] Koebsch | Sulfate deprivation triggers high methane production in a disturbed and rewetted coastal peatland[END_REF][START_REF] Reddy | Biogeochemistry of Wetlands: Science and Applications[END_REF]. Consistently, the bog waters showed very low sulfate concentrations suggesting that S was fixed within the bog in reduced form (Eq. ( 6)), favoring the activity of methanogens.

(6) When plotting ∆δ 13 C DIC versus pH a peak of ∆δ 13 C DIC around pH 6 is observed (Fig. 7-B), similar to the results of [START_REF] Sizova | Isolation and characterization of oligotrophic acido-tolerant methanogenic consortia from a Sphagnum peat bog[END_REF]. Although there is no general consensus regarding pH effects on methane production [START_REF] Conrad | Importance of hydrogenotrophic, aceticlastic and methylotrophic methanogenesis for methane production in terrestrial, aquatic and other anoxic environments: a mini review[END_REF], [START_REF] Dunfield | Methane production and consumption in temperate and subarctic peat soils: Response to temperature and pH[END_REF] showed that methane production is stronger for neutral than for acidic pH. In this study, the pH range around 6 is due to the presence of bicarbonate-rich waters, which are preferentially found at the bottom of the bog close to the contact with the geological substratum [START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF]. Consistently, [START_REF] Bräuer | Methanogenesis in McLean Bog, an acidic peat bog in upstate New York: stimulation by H2/CO2 in the presence of Rifampicinä, or by low concentrations of acetate[END_REF] found in an experimental study that the addition of H 2 /CO 2 stimulated methanogenesis in a circumneutral pH fen whereas the effect was limited under acidic conditions.

Nevertheless, the relation between ∆δ 13 C DIC and the groundwater markers Ca 2+ , HCO 3 -, EC is more complex (Figs. 7-C, E, andF). For low concentrations (Ca 2+ : < 75 mg/L, HCO 3 -: < 100 mg/L; Mg 2+ : < 1 mg/L and EC < 200 μS cm -1 ) ∆δ 13 C DIC increased with a steep slope with increasing concentrations of groundwater markers until reaching a threshold (Fig. 7-C, E, andF). Beyond this threshold, the slope disappeared, consistently with the laboratory data of [START_REF] Lamers | Calcareous groundwater raises bogs; the concept of ombrotrophy revisited[END_REF], who showed that up to a threshold of 1 mmol/L (or 61 mg/L) increasing bicarbonate concentrations significantly amplify methanogenesis, which is in perfect agreement with the ∆δ 13 C DIC -HCO 3 -relationship of our data (Fig. 7-C).

These relationships suggest that reduced conditions, combined with pH buffering and bicarbonate fluxes, modify δ 13 C DIC in the deeper peat layer through methane production (Fig. 8). In this perspective, the observed link between high ∆δ 13 C DIC and low DOC could be related to groundwater inputs with high HCO 3 -and low DOC concentrations, which lead to high ∆δ 13 C DIC by methanogenesis and low DOC concentrations by dilution (Fig. 7-D). This specific chemistry is suspected to be linked to punctual groundwater inputs at the bottom of the bog (Fig. 2) suggested by [START_REF] Lhosmot | Restoration and meteorological variability highlight nested water supplies in middle altitude/latitude peatlands: Towards a hydrological conceptual model of the Frasne peatland, Jura Mountains, France[END_REF].

Methanogenesis is essentially based on 2 main metabolic pathways, acetoclastic methanogenesis (AM, Eq. ( 7)) and hydrogenotrophic methanogenesis (HM, Eqs. (8-10)). Their relative contributions may vary from 0 to 100% depending on the one hand on the type of substrate and on the other hand on microbial, physico-chemical and seasonal conditions [START_REF] Conrad | Importance of hydrogenotrophic, aceticlastic and methylotrophic methanogenesis for methane production in terrestrial, aquatic and other anoxic environments: a mini review[END_REF][START_REF] Xu | A microbial functional group-based module for simulating methane production and consumption: Application to an incubated permafrost soil: a microbial functional group-based methane module[END_REF][START_REF] Throckmorton | Pathways and transformations of dissolved methane and dissolved inorganic carbon in Arctic tundra watersheds: evidence from analysis of stable isotopes: dissolved CH 4 AND CO 2 in Arctic Tundra[END_REF].

(7) (8) (9) (10) Both AM and HM produce methane and carbon dioxide in equal proportions [START_REF] Corbett | Partitioning pathways of CO2 production in peatlands with stable carbon isotopes[END_REF][START_REF] Neumann | Modeling CH4 and CO2 cycling using porewater stable isotopes in a thermokarst bog in Interior Alaska: results from three conceptual reaction networks[END_REF].

According to the geochemical reactions discussed above, bicarbonate of karstic origin could be an electron acceptor to favor HM (Eq. ( 9)), especially in the catotelm with more mineralized pore waters. This pathway could be predominant as suggested by [START_REF] Hornibrook | Spatial distribution of microbial methane production pathways in temperate zone wetland soils: Stable carbon and hydrogen isotope evidence[END_REF]Lansdown et al. (1992), who showed in a temperate bog that methane production was entirely related to HM. [START_REF] Chasar | Radiocarbon and stable carbon isotopic evidence for transport and transformation of dissolved organic carbon, dissolved inorganic carbon, and CH4 in a northern Minnesota peatland[END_REF] furthermore demonstrated a northern Minnesota peatland by ra- diocarbon tracing that DIC from groundwater recharge was used for methane production.

Ecohydrological constraints for δ 13 C DIC fractionation

At the ecosystem scale, the contrasting DIC concentrations and δ 13 C DIC compositions between bog and fen argue for an ecohydrological constraint for DIC speciation. From the upstream (bog)-downstream (fen) gradient perspective, the limited 13 C enrichment in the fen (∆δ 13 C DIC 0.8 ± 3 ‰) compared to the anaerobic bog (∆δ 13 C DIC 22.2 ± 5.2 ‰) could be attributed to the mechanisms described below:

First, methane production could simply be limited within the fen. This hypothesis is strengthened by the sulfate concentrations, which are higher than in the bog. Consistently, [START_REF] Alstad | Carbon and hydrogen isotope ratio characterization of methane dynamics for Fluxnet Peatland Ecosystems[END_REF] reported lower CH 4 pore water concentrations in the fen than in the bog of a Canadian peatland. [START_REF] Corbett | Partitioning pathways of CO2 production in peatlands with stable carbon isotopes[END_REF] stated that fens contained more labile organic matter to support fermentation and higher rates of aerobic respiration due to oxygenation of the submerged soils by Carex roots. This non-fractionating pathway of organic matter production would lead to a depletion of δ 13 C DIC and should dominate the δ 13 C DIC signature [START_REF] Campeau | Multiple sources and sinks of dissolved inorganic carbon across Swedish streams, refocusing the lens of stable C isotopes[END_REF][START_REF] Throckmorton | Pathways and transformations of dissolved methane and dissolved inorganic carbon in Arctic tundra watersheds: evidence from analysis of stable isotopes: dissolved CH 4 AND CO 2 in Arctic Tundra[END_REF].

Secondly, the AM pathway could be dominant in the fen as observed by [START_REF] Alstad | Carbon and hydrogen isotope ratio characterization of methane dynamics for Fluxnet Peatland Ecosystems[END_REF] or [START_REF] Galand | Stable carbon isotope fractionation during methanogenesis in three boreal peatland ecosystems[END_REF]. In fact, δ 13 C DIC is less fractionated by AM than by HM [START_REF] Galand | Stable carbon isotope fractionation during methanogenesis in three boreal peatland ecosystems[END_REF][START_REF] Holmes | CO2 and CH4 isotope compositions and production pathways in a tropical peatland[END_REF][START_REF] Whiticar | Biogenic methane formation in marine and freshwater environments: CO2 reduction vs. acetate fermentation-Isotope evidence[END_REF].

These ecological constraints are potentially amplified by the thickness of the peat layers. In our case the fen is much shallower (mean of 114 cm, 97 manual measures) than the bog (mean of 196 cm, 298 manual measures; [START_REF] Collin | Établissement d'un Modèle Conceptuel du Fonctionnement Hydro-Écologique de la Tourbière de Frasne[END_REF], meaning that the catotelm (where methane is produced) is much thinner in the fen. This depth difference will also lead to a longer residence time of water in the catotelm of the bog, on the one hand because of the bigger volume and on the other hand because the compaction of the peat is stronger and consequently its hydraulic conductivity lower [START_REF] Ingram | Size and shape in raised mire ecosystems: a geophysical model[END_REF].

Conclusions

This study shows that a mid-latitude mountainous peatland located on top of a karst aquifer is characterized by a wide panel of sources and processes affecting DIC. This work allows to delineate a conceptual typology showing that (1) CO 2 outgassing in the surface peat layer leads to a DIC flux to the atmosphere; (2) the calcareous water inflow, by rising the pH and the bicarbonate concentration in the deep catotelm layers, may favor methanogenesis that induces an enrichment of the δ 13 C DIC ; (3) the fen shows no enrichment of the δ 13 C DIC highlighting an ecohydrological (fen-bog) influenced by hydrological water residence time, sulfate concentrations and/or the predominance of different methanogenesis metabolic pathways.

In particular, the DIC fluxes in the acrotelm by CO 2 outgassing and the DIC-induced methanogenesis in the deep catotelm layers have to be quantified in future studies in order to evaluate their impact on the carbon budget of the peatland and the associated catchment basin. A particular attention has to be drawn on the sensitivity of these mechanisms to changing climate and on the existence of potential feedback loops. Therefore, it remains essential to pursue peatland monitoring over the long-term and to integrate groundwater-peatland interactions in the future monitoring setup.
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 1 Fig. 1. Geological map (base map modified from BRGM) and site location (IGN France).
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 2 Fig. 2. Conceptual scheme of the hydrological context of the Frasne peatlands (after Lhosmot et al., 2021).
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 3 Fig. 3. Localization of sampling points over the Forbonnet peatland.
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 4 Fig. 4. Circles represent pCO 2 (ppm) measured in nested panpipes array (PP1-2-3) for 6 dates. The black square represents the atmospheric pCO 2 . Horizontal uncertainty was calculated according to the probe manual.
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 5 Fig. 5. Barplot showing δ 13 C DIC distribution according to water types. Error bars represent the standard deviation.
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 6 Fig. 6. A: Calculated vs measured δ 13 C DIC . The 1:1 line correspond to similar modeled and measured values. The vertical error corresponds to the range of simulated δ 13 C DIC using range of confidence for source material (δ 13 C biogenic and δ 13 C CaCO3 ) described in "Simulation of δ 13 C DIC signatures" paragraph. B: Barplot showing ∆δ 13 C DIC distribution according to water types. ∆δ 13 C DIC is the difference between the modeled and the measured δ 13 C DIC (Eq.8). Error bars represent the standard deviation.
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 78 Fig. 7. ∆δ 13 C DIC function of water physico-chemical parameters for catotelmic (intermediate and deep) bog porewater.
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