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The role of groundwater in CO2 production and carbon storage in 

Mediterranean peatlands: an isotope geochemistry approach 

 

Abstract   

Peatlands are permanent wetlands recognized for ecosystem services such as 

biodiversity conservation and carbon storage capacity. Little information is available 

about their response to global change, the reason why most Earth system climate 

models consider a linear increase in the release of greenhouse gases (GHG), such 

as CO2, with increasing temperatures. Nevertheless, numerous studies suggest that 

an increase in the temperature may not imply a decrease in photosynthesis and 

carbon storage rates if water availability is sufficient, the latter being under the control 

of local hydrology mechanisms. Mediterranean peatlands well illustrate this fact. 

Since they are groundwater-dependent, they are hydrologically resilient to the strong 

seasonality of hydroclimatic conditions, especially during the summer drought. In the 

present study, we demonstrate that, even if such peatlands release CO2 into the 

atmosphere, they can maintain a carbon storage capacity. To this end, a 

geochemical study disentangles the origin and fate of carbon within a Mediterranean 

peatland at the watershed scale. Field parameters, major ions, dissolved organic and 

inorganic carbon content and associated 13C values allow for characterizing the 

seasonality of hydrochemical mechanisms and carbon input from an alluvial aquifer 

(where rain, river, shallow, and deep groundwater flows are mixing) to the peatland. 

The inorganic and organic content of peat soil and 13C values of total organic matter 

and CO2 complete the dataset, making it possible to provide arguments in favour of 

lower organic matter oxidation compared to primary production. Overall, this study 

highlights the groundwater role in the fluxes of CO2 at the peatland-atmosphere 
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interface, and more broadly the need to understand the interactions between the 

water and carbon cycles to build better models of the future evolution of the global 

climate. 

 

Keywords (max 6) 

Groundwater-dependent ecosystem, Origin of carbon; Peatland-carbon-water 

system; Peatland-atmosphere interface; Sources and sinks of carbon. 

 

1. Introduction 

Almost 1,000 Gt of carbon are stored in northern hemisphere peatland ecosystems 

such as boreal bogs, fens, and tundra wetlands (Gorham, 1991; Yu, 2012; Amesbury 

et al., 2019). Changes in peatland carbon balance could provide positive feedback to 

atmospheric forcing of climate if these ecosystems and their component organisms, 

mostly Sphagnum mosses, were affected by the global change effects (Robroek et 

al., 2009; Turetsky et al., 2012). However, peatlands are still underrepresented in the 

main Earth system models that compute future climate projections, considering only 

a systematic increase in the release of stored carbon as greenhouse gas with 

increasing temperatures due to organic matter oxidation induced by desiccation 

(Belyea and Malmer, 2004; Fenner and Freeman, 2011; Loisel et al., 2020). 

Stringently, an increase in global temperatures does not systematically cause a 

decrease in the availability of water resources at a lower scale; local hydrology being 

the main driver of peatland water level variation (Wieder et al., 2007). However, 

although the peatland surface responds to increasing temperature, the stored organic 

carbon may be preserved under anoxic conditions, with methane and carbon dioxide 

being produced from the decomposition of actual surface-derived photosynthates 

(Wilson et al., 2016). Furthermore, Salimi et al. (2021) show in experiments 
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reproducing temperature increases that peatlands mesocosms can also act as 

carbon sinks, even without any water level management strategy. These results are 

in agreement with previous studies suggesting that even if maximum sphagnum 

photosynthetic rates decline rapidly with drought and desiccation, high photosynthetic 

rates may be maintained in wet conditions at temperatures up to 30 °C or higher 

(Weston et al., 2015). Therefore, there is a need to learn more about possible 

changes in the carbon storage function of peatlands by taking into account the 

complex links within the peatland-carbon-water system to better constrain future 

climate projections. 

Even if the Mediterranean area is characterized by a strong seasonality of 

hydroclimatic conditions with warm and dry summers, peatlands are small and 

scattered (Fig. 1A). They represent up to 42% of the total wetland surface (Parish et 

al., 2008; Gardner and Finlayson, 2018). Information on the carbon balance state of 

such natural peatlands under strong hydroclimatic pressures and located in a climate 

change hotspot remain scarce although it could provide decisive information with a 

head start on possible changes in the carbon stocks on a global scale. Recent 

studies have shown that the existence of peatlands in the Mediterranean context can 

be explained by the contribution of several surface and groundwater sources 

maintaining stable water levels over seasons (Charman, 2009; Santoni et al., 2021). 

As suggested earlier, Sphagnum photosynthesis seems then possible in the context 

of warming climate but it remains to be seen whether the carbon storage is effective 

under natural conditions. In particular, it appears necessary to understand how the 

seasonality of surface and groundwater inputs influences the primary production and 

the level of anoxia, ensuring carbon stock preservation. In addition, recharge water 

coming from the catchment constitutes also a potential external source of carbon 
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(e.g., carbonate dissolution, soil respiration) that should be estimated to understand 

the carbon fluxes observed at the peatland-atmosphere interface. 

In this study, we attempt to determine the status of the carbon balance of 

Mediterranean peatlands by using a selection of tools from isotope hydrology and 

geochemistry, well adapted to document the interactions of the water and carbon 

cycles (Appelo and Postma, 2004; Clark and Fritz, 2013; Jasechko, 2019; Baudin et 

al., 2021). These tools will be tested on the Moltifau pilot site located in Corsica, a 

French Mediterranean island with well-documented hydrogeology. Within an alpine 

watershed at medium altitude, with cold, wet winters and hot, dry summers, this pilot 

site is able to illustrate the evolution of northern peatlands because the hydroclimatic 

context is very unfavourable to its preservation. Then, based on an innovative natural 

multi-tracing experiment organized around four quarterly field campaigns in 

contrasting hydrological conditions, this study has several objectives. First will be 

characterized the seasonality of the peatland hydrochemical processes. Next, 

dissolved inorganic carbon (DIC) input from the alluvial aquifer to the peatland will be 

evaluated using the DIC carbon isotope compositions (13C values) and the mixing 

proportions of rain, river, soil water, and groundwater, as shown by Santoni et al. 

(2021). Then, pathways of CO2 production and carbon storage capacity will be 

elucidated by referring to the carbon content as dissolved inorganic, organic and total 

carbon (DIC, DOC, and TOC) and their 13C values in water, peat organic matter, soil 

and CO2 emissions at the peatland-atmosphere interface. Additionally, peat CHN 

content, Rock-Eval® thermal analysis, and mineralogy will be discussed. Finally, the 

new results will give insights into the relevance of isotope hydrology and 

geochemistry to disentangle the interactions between the water and carbon cycles, 
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focusing on the groundwater role in the fluxes of CO2 at the peatland-atmosphere 

interface.  

 

2. Material and method 

2.1. Study site 

The Moltifau peatland (Fig. 1B) is a pilot site selected for its strategic location in the 

mountainous Mediterranean Island of Corsica (France). According to the Köppen-

Geiger climate classification, Corsican coasts are categorized in a Csa climate, mid-

mountains in a Csb climate, and small areas of high altitude in a subarctic Dfc 

climate. Such a hydroclimatic context implies strong inter-seasonal and inter-annual 

heterogeneity in temperature and rainfall records (Peel et al., 2007).  

Biological inventories have revealed a great diversity at the Mediterranean scale, 

characterised by rare fauna and flora including three species of Sphagnum moss 

(Sphagnum papillosum, Sphagnum subnitens, Sphagnum centrale), an orchid 

(Liparis loeselii), four reptile species (including the European pond turtle Emys 

orbicularis) and an endemic amphibian (Salamandra corsica). The Moltifau peatland 

is part of the Natura 2000 network and is recognised as a wetland of international 

importance by the RAMSAR convention (Burguet-Moretti, 2011). It is referenced as 

an acidic and young raised bog (14C dating to 515 ± 45 a) by Reille (1997). Although 

some residues remain from past landfill activities in the area, the peatland itself can 

be considered "pristine” (Poher, 2017). 

The Moltifau peatland, which lies on an alluvial plain between 240 and 270 m asl, 

extends over 40,000 m² within the Ascu River valley (Fig. 1C). This valley defines an 

alpine watershed extending over 365 km² and reaching an elevation of 2706 m asl. 

The Ascu River displays a torrential Mediterranean pluvio-nival regime with a mean 
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annual flow of 5.1 m3 s–1 (from 0.8 m3 s–1 to 8.9 m3/s in summer and fall, 

respectively). The Ascu River regime is also influenced by the high altitude Dfc 

climate, involving contribution of spring snowpack melting to the flow. However, the 

Moltifau peatland location at low altitude implies a Csb climate including severe 

summer drought conditions. The mean annual temperature is 14.4 °C (from 25 °C in 

summer to 4 °C in winter), and the average rainfall amount is 726 mm y–1 (from 13 to 

99 mm in summer and fall, respectively) for the 1990-2020 period. 

According to Genevier (2014), the Moltifau peatland lies on sedimentary deposits 

covering well-fractured, pink perthitic granites extending in surface as an 820 m asl 

elevation massif. The alluvial sediments are more or less altered pebbles, nested in a 

clayey grey sandy matrix close to the riverbed and orange paleosol close to the 

piedmont, both are organized in terraces of different ages with a thickness of up to 

several tens of meters. Alluvial material permeability is about 6.4 × 10−4 m s–1. 

Colluvium resulting from the granite massif erosion accumulates on its piedmont until 

the alluvial plain in the south of the peatland to a thickness of a few meters. An alder 

forest surrounding the peatland hosts tiny temporary streams supplied by runoff from 

the granite massif and numerous springs on the ground supplied by subsurface flows 

from the colluvium.  

The river flow and the alluvial aquifer water level are strongly correlated with the 

monthly rainfall amount. Highest values correspond to Fall and Winter flood seasons, 

the lowest ones to the Summer baseflow. The water level in the peatland follows the 

same pattern but in a much more dampened way: flood events cause slight increases 

in the peatland water table, only about ten centimetres maximum for a few days. 

Thus, the peatland is interpreted to be recharged upstream by the alluvial 

groundwater discharge due to a topographic threshold affecting the alluvium terraces 
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(Genevier, 2014; Santoni et al., 2021). Despite the stability of the peatland water 

level, the recharge contributions of diverse water sources vary significantly over the 

seasons. An endmember mixing analysis based on isotope hydrology tools and 

hydrochemistry indicates that during fall-winter, peatland is mainly recharged by the 

rainfall, the Ascu River, and subsurface colluvium flows. During spring-summer, 

water supply is mostly provided by the Ascu River, the subsurface and the deep 

groundwater flows from the underlying fractured granite. These recharge flows and 

subsequent mixing processes within the alluvial aquifer as well as within the peatland 

have been quantified for each season in space by Santoni et al. (2021).  

Overall, alluvial aquifer-peatland interaction appears more under the influence of 

surface water upstream and of groundwater downstream (Santoni et al., 2021).  

Thus, according to Charman (2009), the Moltifau peatland classification can be 

defined more accurately as a raised mire (ombrotrophic bog) and sloping mire 

(minerotrophic fen) in the same direction. Also, from the alluvial sediments to the top 

of the peatland, the soil log displays up to 2 m of sand and organic matter, 0.2 m of 

silts and organic matter, and up to 1 m of roots, wood, and plant debris (Poher, 

2017). The peatland being in continuity with the underlying alluvial aquifer, with a 

water level close to the surface, the acrotelm can be neglected. All the peat log can 

be considered as a catotelm (Genevier, 2014; Santoni et al., 2021).  

 

2.2. Field and laboratory procedures 

Four quarterly field surveys were conducted under contrasting hydrological conditions 

to characterize a complete hydrological cycle in June 2019 for the spring, August 

2018 for the summer, December 2019 for the fall, and February 2019 for the winter 

season. Since the peatland is recharged by an alluvial aquifer where river, shallow, 
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and deep groundwater are mixing together, a network of 24 sampling points was 

developed. This latter includes 5 peatland piezometers (T1, T2, T4, T5, T6, from 0,7 

to 1,2 m deep), 3 peatland outlet runoff sites (R1, R5, R6), 9 alluvial aquifer 

boreholes and springs spread all around the peatland (F1, F2, F3, F4, F5, F7, F8, 

R17, R19 up to 6 m deep), 3 colluvium soil subsurface springs within the alder forest 

surrounding the peatland (R11, R12), 1 borehole reaching deep groundwater within 

the well fractured granitic massif (F6, 99 m deep), and 5 river sampling sites 

downstream aside the peatland area (R7, R8, R18, R3). 

Water physic-chemical parameters such as electrical conductivity (EC, S cm–1), 

temperature (T, °C), pH, redox potential (Eh, mV), and dissolved oxygen (DO, 

saturation percentage, %) were measured in the field with a WTW Cond 3310 meter 

(WTW GmbH, Weilheim, Germany). The alkalinity was also determined in the field 

using a Hach digital titrator (Hach Company, Loveland, USA). Groundwater sampling 

was performed after purging the piezometers and stabilization of the physic-chemical 

parameters. Samples for major ions (NO3
-, Cl-, SO4

2-, Na+, Ca2+, Mg2+, K+) were 

filtered through 0.45 µm nitrocellulose membranes and collected in two 50 mL 

polyethylene bottles. One of the samples was acidified for cation analysis using 

ultrapure HNO3. The ionic content was determined using a Dionex ICS 1100 

chromatography (Thermo Fisher Scientific, Waltham, USA) at the Hydrogeology 

Department of the University of Avignon, France (HD-UAV). The analysis was 

considered valid for an ionic balance deviation of less than 5 %. DIC content was 

determined from field alkalinity and pH measurements according to Appelo and 

Postma (2004). The samples for DOC and TOC analysis were collected in two 50 mL 

polyethylene bottles, the one for DOC passed a 0.45 µm nitrocellulose membrane. 

The DOC and TOC analyses were performed using a TOC 700 analyzer (Bioritech 
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Industry, France) by removal of the DIC by acid treatment and then hot oxidation of 

the DOC to CO2. The DIC, DOC, and TOC analyses were performed at HD-UAV. 

Samples for the carbon isotope analysis were prepared by extracting and purifying 

the CO2 in a vacuum extraction line with cryogenic traps. The CO2 from water 

samples was extract by acid etching, from soils by in situ vacuum extraction, and 

collected into chambers at the peatland-atmosphere interface. The carbon isotope 

compositions were reported in the delta (13C) notation as variation of the 13C/12C 

ratio in per mil vs Vienna Pee Dee Belemnite limestone (VPDB) standard. The 13C 

of the CO2 fractions were measured at the HD-UAV using Thermo Fischer Scientific 

(Bremen, Germany) Delta S isotope ratio mass spectrometer. In both liquid and gas 

phases, the 13C standard error is less than 10%.  

Peat soil organic matter amount and type as well as its mineralogy analysis were 

carried out on samples collected close to T1, T2, T4, T5, T6 at two levels of depth: in 

the lower part within the sand and organic matter layer, and in the upper part in the 

organic matter, roots, wood, and plant debris layer (see section 2.1. Study site). Peat 

total nitrogen and carbon abundances (%) were determined using a CHNS Flash EA 

1112 elemental analyzer (Thermo Scientific, Milan, Italy) at the University of 

Lausanne (ISTE-UNIL), Switzerland. Analytical accuracy and precision were better 

than 0.01 and 0.1% for N and C contents, respectively. The type and amount of 

organic matter were determined at ISTE-UNIL using a Rock-Eval ® 6 thermal 

analysis device according to Espitalie et al. (1985) and Behar et al. (2001). The 

calculated parameters included TOC (wt.%), hydrogen index (HI, mg hydrocarbons g-

1 TOC), oxygen index (OI, mg CO2 g-1 TOC), and temperature of maximum pyrolysis 

yield (Tmax, ºC). The calibration was performed with the IFP 160000 standard (IFP, 

French Institute of Petroleum, Paris, France), with a precision better than 0.1%. The 
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whole-peat mineralogy was determined by X-ray diffractometry (XRD) from 

homogenous <40 μm powders using a X-TRA Thermo-ARL Diffractometer (Thermo 

Fischer Scientific, Waltham, USA) according to the Kübler’s procedure (Kübler, 1997) 

at ISTE-UNIL. The semi-quantitative estimation (in %) of the grain minerals had a 

precision of 5% and 5–10% for phyllosilicates. The files generated are transformed 

into calculated files by the software WinXRD 2.0-6 (ThermoFischer program, 

Lausanne) using a fast Fourier noise filter, background subtraction and Ka2 stripping. 

The measurements are usually made on calculated files. The peat organic carbon 


13C values were determined in decarbonated samples using an elemental Carlo 

Erba 1108 EA analyzer (Fisons Instruments, Milan, Italy) connected to a Delta V Plus 

isotope ratio mass spectrometer (Thermo Fischer Scientific, Bremen, Germany) at 

the IDYST-UNIL, following procedures described previously (Spangenberg and 

Zufferey, 2018).  

All the data produced in the framework of the present study are available online  

(Santoni et al., 2022). 

 

3. Results and discussion 

3.1.  Seasonality of the peatland hydrochemical processes 

As several water sources contribute differently to the peatland recharge over the 

seasons, it appears necessary to understand the impact this may have on the 

peatland’s hydrochemical processes. 

The temperature of alluvial groundwater and peatland water follows the seasonality 

of hydroclimatic conditions (Fig. 2). However, no significant differences appear 

between these two water sources on a seasonal scale, that is consistent with the 

groundwater dependency of the studied peatland. The trend is different for the EC for 
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which no significant difference is observed over the seasons and between the two 

water sources, except in summer. The summer higher values observed in the 

peatland may reflect peat oxidation and/or enhanced mineral phase weathering 

(Appelo and Postma, 2004). Indeed, even if the pH is stable over time within the 

peatland, the input of more acidic alluvial groundwater may favour the hydrolysis of 

mineral phases and ion liberation in peat water. Moreover, pH values are significantly 

higher and Eh values lower in the peatland compared to the alluvial groundwater, 

especially in summer. This suggests the predominance of reduction mechanisms, 

well-known to consume protons and cause water alkalinization while lowering Eh to 

negative values. This is consistent with the significant decrease in nitrate and 

sulphate levels observed in the peatland compared to the alluvial groundwater in 

summer. According to the Eh mean value around -21 mV in summer, chemical 

species such as NO3
-, SO4

2-, and HCO3
- may be reduced to form NO2

-, N2, NH4
+, H2S 

and CH4. Indeed, oxidation of hydrocarbons coupled with sulphate reduction in 

anaerobic environment increases the SO4
2-/HCO3

- ratio (Cassarini, 2018). Because 

not all SO4
2-

 is reduced, CH4 may be oxidized at such an Eh value. The lack of direct 

measurement of this gas in the field requires caution in this interpretation. However, 

significant O2 levels under reducing conditions suggest a high production of this gas 

by peatland aquatic plants photosynthesis. This is supported by the significantly 

lower DIC, higher 13CDIC value and DOC contents in peat water compared to alluvial 

groundwater in summer (Corbett et al., 2012). The absence of significant differences 

between the O2 and HCO3
- contents suggest continuous equilibration with the 

atmosphere, degassing being favoured by the increase in temperature during the 

summer season. Nevertheless, significantly low 13CDIC values (around -20 ‰) in 

alluvial groundwater and in peat water samples suggest the predominance of 
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respiration by microorganisms during the winter (Jasechko, 2019). Even if the DIC 

content is always higher than the DOC within the peatland, organic matter oxidation 

does not necessarily exceed photosynthesis. Indeed, several peatland internal and 

external processes can be a source of DIC, with the alluvial groundwater being a 

significant external source of DIC to the peatland. Therefore, it appears necessary to 

identify the origin of contents of the DIC to be able to evaluate the relative efficiency 

of CO2 production or storage at the peatland-atmosphere interface.  

Overall, peatland water and alluvial groundwater hydrochemical processes appear 

comparable in winter and well contrasted in summer. Autumn and spring are seasons 

that allow for a transition between these two extremes. This is in good agreement 

with piezometric data that shows a large influence of river flood in Fall/Winter and of 

other groundwater sources during the Summer on the alluvial aquifer supplying the 

peatland (see Fig. 1D and the section 2.1. Study site). 

 

3.2. Carbon input from the alluvial aquifer to the peatland 

The 13CDIC patterns in stream water and groundwater may depend on the mixing of 

several terrestrial DIC sources such as carbonate dissolution, soil respiration in 

forested catchments, or peatland-related hydrochemical processes (van Geldern et 

al., 2015; Campeau et al., 2018). While the carbon balance of groundwater-

dependent peatlands is expected to be influenced by terrestrial DIC inputs (Charman, 

2009), to our knowledge, the effect of such DIC sources on the 13CDIC patterns of 

peatland waters has never been reported. Thus, in the present section, we will seek 

to put in evidence and quantify the input of DIC through alluvial groundwater. This will 

help to better constrain the pathways of CO2 production perceptible at the peatland-

atmosphere interface. 
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Considering negligible the influence of geogenic DIC sources (no carbonate rocks 

within the watershed) and according to the principle of mass conservation, the 


13CDIC value of Moltifau peatland water is expected to correspond to that of a mixture 

of rainwater, colluvium springs, granite groundwater, and river water sources (all 

being collected and mixed within the alluvial aquifer supplying the peatland) in 

proportion given by Santoni et al. (2021). Mixing proportions of all peatland recharge 

components known, it is possible to apply a “reverse” end-member mixing analysis to 

define the theoretical 13CDIC value in peat water and compare it to the measured 

one. Similar measured and computed data would highlight the watershed influence 

on peatland carbon content, different ones would suggest the presence of other 

processes driving the 13CDIC values in peat water. According to Carrera et al. (2004), 

a reverse end-member mixing model can be expressed as follows:  

1 = fa + fb + fc + fd  (1) 

where f refers to the relative fraction, subscripts a, b, c, and d refers to the end-

members including rainwater, colluvium, granite, and river.  

[13CDIC] modeled = fa × [13CDIC] rainwater + fb × [13CDIC] colluvium + fc × [13CDIC] granite + fd × 

[13CDIC] river  (2) 

This mixing model can be considered valid if the difference between the measured 


13CDIC value and the computed one is lower than the standard deviation coming from 

mixing rates estimates and 13CDIC measurement (Table 1).  

The mixing model match the measured 13CDIC values in peatland water samples 

mainly in fall and winter (almost 65 % of the data). This suggests that groundwater 

DIC flows through the peatland without any further carbon isotope fractionation. By 

contrast, the mixing model does not always reproduce the measured 13CDIC values 

in spring and summer (almost 35 % of the data). The difference between the 
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measured and the computed 13CDIC values suggests a contribution of source(s) of 

DIC with high 13C. This result agrees with the 13CDIC pattern observed in Fig. 2, 

showing somewhat higher 13CDIC values in peat water during summer and to a 

lesser extent, during spring and fall. 

 

3.3. Carbon production within the peatland  

Soil-derived CO2 by respiration (heterotrophic and/or autotrophic) and subsequent 

transport as DIC in river, subsurface, and ground waters are external sources of 

carbon for Mediterranean peatlands. However, many additional processes involving 

liquid and gas phases of the carbon cycle may take place within peatlands. Carbon 

uptake as CO2 or DIC occurs during plant photosynthesis, the latter being the 

preferred carbon form fixed by Sphagnum (Charman, 2009). Peat accumulation is the 

most obvious result of the peatland carbon cycle, i.e., a balance between plant 

productivity and decomposition. The released DO by rooted vascular plants may 

allow CO2 production by aerobic respiration, which can also be promoted by nitrate 

and sulphate reduction (Vile et al., 2003; Chanton et al., 2008). In addition, CO2 could 

be released by aerobic respiration if the peat water level decreases. In deeper 

anaerobic layers, the CO2 can be reduced to CH4 while organic matter may be 

mineralized by methanogens to produce CO2 and CH4. The CH4 can be oxidized to 

CO2 before reaching the surface. Thus, CO2 and CH4 can be released to the 

atmosphere as gases or dissolved in water in runoff and groundwater (Corbett et al., 

2012). In the following sections, the balance between all these processes will be 

discussed to find arguments to status on the peatland role as source or sink of 

greenhouse gases. 
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3.3.1. Respiration and evasion to the atmosphere 

Usually, the water pH and alkalinity are the main drivers of the variability of 13CDIC 

values due to the carbon isotope fractionations in the CO2-DIC-carbonate system 

(Clark and Fritz, 2013). In acidic freshwater, such isotopic fractionation may be 

negligible. The CO2 evasion fluxes and the peatland internal processes influence the 

DIC carbon isotope composition (Campeau et al., 2018). The Keeling and Miller-Tans 

plot analysis is well-known to constrain the 13C values of DIC sources (Keeling, 

1958; Miller and Tans, 2003). Thus, we seek here to highlight the presence of 

dissolved carbon produced by the respiration of microorganisms as well as its 

evasion to the atmosphere. 

The Keeling plot relies on CO2 content and associated 13CCO2 values at the 

peatland-atmosphere interface while the Miller-Tans plot relies on DIC content and 

associated 13CDIC values in peat water. In the latter, the slope of the regression lines 

corresponds to the 13C of the DIC source. Both analyses assume the principle of 

mass conservation, and the mixing of isotopically distinct carbon sources without any 

further fractionation. 

In the Keeling plot, the Moltifau peatland CO2 samples lie between soil, atmosphere, 

and an unknown source end member (Fig. 3A). This observation reveals the 

influence of soil respiration and CO2 degassing combined with a source with higher 


13CDIC value as suggested by the mixing model (Table 1). In the Miller-Tans plot 

analysis, all the slopes display a highly significant linear relationship for the alluvial 

groundwater and peat water 13CDIC values (Figs. 3B, and C). The 13CDIC of the 

source is comparable for alluvial groundwater and peatland water during the winter 

and spring seasons, values are between -18.4 ‰ and -16.2 ‰. This result point to a 

negligible influence of internal peatland hydrochemical processes on 13CDIC values 
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of peat water signature as suggested by the mixing model (Table 1). The 13C of the 

DIC source is more enriched for peatland water compared with alluvial groundwater 

in fall and summer, with a maximal value of about –12.0 ‰ (Fig. 3C). This 13C value 

suggest that the peatland hydrochemical processes play an important role in the 

carbon isotope ratios of the DIC in peat water samples during these seasons.  

 

3.3.2. Organic matter oxidation 

The aim here is to identify the origin of carbon at the peatland-atmosphere interface, 

not coming from the catchment area thanks to groundwater, but from the in situ 

degradation of the peat organic matter. The latter would then indicate a loss of the 

carbon storage function of the peatland.  

Methanogenesis is known to be the predominant mechanism of peatland organic 

matter mineralization (Romanowicz et al., 1995; Chasar et al., 2000). It consists of 

degradation of high-molecular weight organic matter (HMW-OM) in CO2 and CH4 

(Corbett et al., 2012).  A low temperature will favour the acetoclastic 

methanogenesis, whereas a low pH is advantageous to the hydrogenotrophic 

pathway (Kotsyurbenko et al., 2019). Methanogenesis leads to 13C-enriched CO2 and 

13C-depleted CH4 compared to the HMW-OM (Corbett et al., 2012). The weighted 

mean of the 13C values of CO2 and CH4 correspond to the 13CHMW-OM. Such 

fractionation could explain the input of enriched 13CDIC in peatland water of the 

present study. Nevertheless, both the acetoclastic and hydrogenothrophic pathways 

are well known to modify the hydrogen isotope composition of peatland water (2Hw) 

(Corbett et al., 2012). The water oxygen isotope composition (18Ow) may also be 

affected, because during anaerobic degradation of organic matter, DO is utilized in 

carbon dioxide and methane production, the latter regulated by acetoclastic and 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

18 
 

hydrogenotrophic pathways (e.g., Kotsyurbenko et al, 2004; Jian et al, 2018).  Siegel 

et al. (2001) reported that during methanogenesis in peatlands the waters are 

enriched in the heavy H isotopes. This may result in a positive offset of peatland 

water samples from the local 2H vs. 18O meteoric water line. In addition, the 

authors reported that methane flux rates measured at the peatland-atmosphere 

interface are systematically lower than the deeper methane production estimated by 

isotopic mass balance calculations. The determination of 
2Hw and 

18Ow is 

consequently a relevant tool to detect methanogenesis in peatlands. According to 

Santoni et al. (2021), all peatland water samples lie along the western Mediterranean 

and local meteoric water lines. This suggest a negligible methanogenesis (and 

subsequent oxidation) even if the three predominant Sphagnum species (ie. S. 

papillosum, S. subnites, and S. centrale) support methanogenesis (Larmola et al., 

2010). Such observation remains consistent with the measured Eh (Fig. 2) as well as 

with the very low fluxes of methane observed in other similar natural peatlands 

worldwide (Abdalla et al., 2016).  

The oxidative degradation of HMW-OM components may produce low-molecular 

weight organic matter (LMW-OM) compounds and CO2 by anaerobic microbial 

respiration/oxidation using electron acceptors (e.g., oxygen, nitrate, manganese(IV), 

iron(III), sulfate, carbonate, humic compounds) (Lovley et al., 1996; Keller and 

Bridgham, 2007). If the reaction is complete, such mineralisation mechanisms 

generally cause any carbon isotope fractionation, the 13C value of the produced CO2 

is the same as the HMW-OM source (Corbett et al., 2012). Therefore, since the 


13CHMW-OM measured in the studied peatland range from –29.4 to –27.7 ‰ with a 

mean value about –28.65 ‰, the oxidation of organic compounds should lead to 

lower 13CDIC values of peatland waters. This is not in agreement with the input of a 
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
13C source with -12.0 ± 0.6 ‰ suggested by the Miller-Tans plots. An explanation of 

this mismatch may be very limited oxidation of organic compounds in studied 

peatland environment. 

To better understand the dynamics of organic matter, CHN contents and Rock-Eval® 

thermal analyses were performed on peat samples collected all over the Moltifau 

peatland at two deep levels (Figs. 1, 4). These analyses determine the TOC and 

inorganic carbon contents, and give insight into the type and 

maturation/decomposition stage of the organic matter (Sebag et al., 2006; Delarue et 

al., 2011). Specifically, the I-index quantifies the degree of transformation of fractions 

originating from biological material, while the R-index qualifies the thermally stable 

(i.e., refractory) fraction. From an I-Index vs R-Index diagram, Sebag et al. (2016) 

define three linear trends corresponding to the decomposition of biogenic compounds 

line (“humic”), to the “inherited” contributions from non-pedological processes, and a 

specific “spodic” trend coming from podzolization such as fulvic acids and aluminium. 

Besides, along with the decomposition line, they identify three areas corresponding 

to biological tissue as fresh plants remain, litter and organic horizons (i.e., poorly 

decomposed organic matter), and organo-mineral or mineral peat samples (i.e. highly 

decomposed organic matter). Therefore, these areas give a trend on the dynamics of 

storage or oxidation of organic matter. 

The mineralogical composition of the peat samples is carbonate-free, and contains 

up to 2–37% quartz, 3–35% plagioclase, 3–30% K-feldspar, 12–20% 

phyllosilicates,0–3% goethite, and 0–2% pyrite. The non-quantified minerals vary 

between 1–74% and consist mainly of organic material (peat) and poorly crystallized 

minerals (e.g. clay minerals). The detrital fraction of these samples is consistent with 

the granitic lithology of the watershed. The mineralogy of the upper level samples 
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(Tx-U) is clearly relative to peatland with more than 66% of non-quantified minerals, 

13–20% of phyllosilicates, low amount of detrital minerals as quartz, plagioclase and 

K-feldspar contents (>5% of each phase), and relatively enriched in goethite (2–3%). 

The mineralogy of the lower level samples (Tx-L) is characteristic of detrital alluvial 

deposits and mainly composed of quartz (20–37%), plagioclase (18–35%), K-feldspar 

(13–30%) and phyllosilicates (14–19%), and the non-quantified minerals content is 

relatively low (1–15%). Two samples sites (T4 and T5) exhibit the same mineralogical 

composition in the upper and lower parts, T4-U and L are characteristic to peatland 

composition and T5-U and L relative to detrital alluvial deposits. These mineralogical 

compositions are consistent with the TOC contents and suggest that the main part of 

the non-quantified minerals is relative to organic matter. 

In the present study, peat samples display a wide range of carbon content (Figs. 4A, 

B). Samples from the lower level have the lower contents in both inorganic and 

organic carbon. With lower I-index values (around zero), samples T5-L and T2-L 

plots within the “organo-mineral and mineral horizons”, highlighting a slight trend in 

organic matter oxidation, especially in the lower part of the peatland (Fig. 4C). 

Indeed, at the peatland-alluvial aquifer interface, oxygenated groundwater flows 

through the peat, most probably creating locally favourable conditions for the 

oxidation of organic matter. However, most of the peat samples lie along the 

decomposition line, suggesting the decomposition of thermolabile biogenic 

compounds leading to an increase in the relative concentration of refractory organic 

compounds. Indeed, R-index values mainly range from 0.4 to 0.5 and plot within the 

“litters and organic horizons” field, indicating the prevalence of well-preserved or 

poorly decomposed organic matter. Moreover, samples from the upper level display a 

high organic carbon content including also, for some of them, a high inorganic 
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fraction (T2-U and T6-U). Even if oxidation may occur in the upper level, this 

observation is consistent with high primary productivity within such an environment 

and argues in favour of effective carbon storage. This latter point is supported by the 

carbon isotope composition of the different carbon pools, as further discussed in the 

next paragraph.  

 

3.3.3. Primary production 

Photosynthesis and respiration are the main determinants of carbon balance in an 

ecosystem. These processes consume and produce CO2, respectively, and their 

relative importance can be evaluated through the DIC, DOC, and O2 contents in 

water. Respiration consumes DOC and O2 to produce DIC while photosynthesis 

consumes DIC to produce DOC (and also particulate organic matter, POC) and O2. 

In wetlands, these parameters can be influenced by redox conditions and 

temperature, and thus by seasonality of hydroclimatic conditions that triggers 

dissolution or degassing at the peatland-atmosphere interface. Moreover, the DIC is 

known to be depleted in 13C by respiration, achieving 13CDIC values  –28 ‰, due to 

release of CO2 from oxidation of organic compounds. The DIC is enriched in 13C 

during photosynthesis, having 13CDIC  values  0 ‰ or higher), and around –9 ‰ in 

the atmosphere (Clark and Fritz, 2013). Thus, the DIC, DOC, and O2 contents 

combined with their 13C values allow to evaluate the relative importance of 

respiration, exchange and isotopic equilibration with the atmosphere, and 

photosynthesis. Thus, in the present section, we will seek to understand if 

photosynthesis can explain the 13C source value, in order to add supplementary 

arguments in favour of the effective carbon storage function of such Mediterranean 

peatlands 
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In the settings of the present study, granite and alluvial groundwater display high DIC 

and low DOC contents. This is the opposite for river water, colluvium springs, 

peatland samples, and outlets (Fig. 5A). In addition, the O2/DIC ratio and 13CDIC 

signature are low for the alluvial groundwater samples, which is consistent with the 

heterotrophic respiration discussed previously (Table 1, Fig. 3). However, the 13CDIC 

of granite groundwater is higher, suggesting rather an equilibration with the 

atmosphere kept during the recharge process (which is common for high altitudes, 

where soils are poorly developed and microbial activity limited). By contrast, the 

O2/DIC ratios and 13CDIC values in river water, colluvium springs, peatland, and 

outlets are high (while remaining under the influence of temperature and redox 

potential conditions). This observation argues in favour of a predominant 

photosynthesis process in the sampled areas (Fig. 5B). Note that the DOC content is 

highest in the colluvial springs and within the peatland compared with the river water, 

implying that primary production is higher in the peatland and the surrounding 

wetland.  

Finally, photosynthesis constitutes a hydro-biogeochemical process that can explain 

the 13C enrichment measured in the DIC of the peatland water samples. Indeed, 

considering an average 13CDIC value in the alluvial groundwater of -20.2 ‰ and for 

the peat organic matter a 13C of -28.6 ‰, the photosynthetic fractionation would be -

8.4 ‰. Therefore, the DIC in the peatland water is enriched in 13C due to 

photosynthesis by 8.4 ‰ compared to the alluvial groundwater. Then, the 13CDIC 

value in peatland water is expected to be close to -11.6 ‰ (Fig. 5B). This theoretical 

value is in agreement with the 13CDIC value expected from the Miller-Tans plot (Fig. 

3). Thus, the pathways of CO2 production at the peatland-atmosphere interface are 

now fully detailed and constrained within the studied Mediterranean peatland. 
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4. Conclusion  

The present study demonstrates the relevance of carbon isotope geochemistry to 

describe the pathways of CO2 production at the peatland-atmosphere interface. In 

particular, this tool allows for the characterization of the hydrochemical process 

seasonality within the peatland. In winter, the low temperature of the groundwater 

supplying the peatland (connected upstream to a high-altitude mountain basin) limits 

the respiration of microorganisms despite the peatland oxygenation. In winter, but 

also in autumn and spring, CO2 fluxes at the peatland-atmosphere interface are 

mainly influenced by groundwater fluxes coming from the alluvial aquifer. In summer, 

groundwater input from regional fractured granite massifs keep the peatland wet, 

primary production is high, and conditions are clearly reducing allowing then the 

preservation of produced organic matter. Indeed, the oxidation of organic matter has 

not been demonstrated, except in the deepest peat layer, in contact with the 

oxygenated groundwater of the alluvial aquifer. This was confirmed by analysing the 

organic and mineralogical content of the peat, as well as by the isotope signatures of 

peat organic matter, water, and CO2 that are clearly under the influence of primary 

production.  

This study highlights the role of groundwater, and more broadly the need to 

understand the interactions between the water and carbon cycles in determining the 

carbon balance of peatlands. We have thus been able to demonstrate that peatlands 

subjected to apparently unfavourable hydroclimatic conditions, as is the case in the 

Mediterranean, can rather maintain their carbon storage function. To understand the 

effects of climate change on high-latitude peatlands, which store the most carbon, it 

will therefore be necessary to be able to understand the evolution of their 
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hydrogeological functioning. Groundwater flows can keep peatlands wet, and 

condition CO2 flows at the peatland-atmosphere interface. High CO2 fluxes do not 

necessarily mean organic carbon release but may also reflect the level of connection 

of a peatland with its watershed. Given the large carbon stock that peatlands 

represent around the world and the simplistic view of the carbon they are supposed 

to release in a warming climate, taking this new knowledge into account is necessary 

to build better models on the future evolution of the global climate. 
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List of Figures (color should not be used for any figures in print) 

Fig. 1: (A) Peatland surface (km²) in Mediterranean countries using data from 

Joosten (2009). (B) Wetlands in Corsica including Alpine peatlands and the Moltifau 

peatland. (C) Lithology, hydrogeology, and sampling network of the Moltifau peatland 

pilot site. (D) Schematic cross section of the peatland’s hydrogeological functioning, 

with a particular focus on river water, colluvium, and granite groundwater mixing all 

together within the alluvial aquifer supplying the peatland. 

Fig. 2. Fig. 2. Boxplot of hydrochemistry and isotope signatures for all peatland water 

and alluvial groundwater samples (median, quartiles, minimum, and maximum; n = 5 

or n = 9 for each variable corresponding to peatland water and alluvial groundwater 

samples, respectively). Data were analysed with R statistical software (https://www.r-

project.org/). The influence of seasons and waterbodies (alluvial groundwater or 

peatland water) was analysed with a two-way ANOVAs following Fisher LSD (least 

significant difference) test (p < 0.05). Different letters indicate significant changes 

between the seasons and waterbodies for each parameter..  

Fig. 3. Keeling plots based on peatland CO2 content and 13CCO2 values (A); Miller-

Tans plots for alluvial groundwater (B) and peatland water based on DIC and 13CDIC 

values. Regression lines and equations colours refer to the season. Their slope 

determines the 13C value of the unknown DIC source. 

Fig. 4. Peat total, organic, and inorganic carbon contents deduced from CHN 

contents and I and R-indexes computed from Rock-Eval® thermal analysis 

parameters. 

Fig. 5.  DIC, DOC, DO, and 13CDIC variations if alluvial, colluvium, granite, river, 

peatland and its outlets water samples.  

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

29 
 

 

List of Tables  

Table 1: The 13CDIC values of the peatland water samples are compared to the 

modelled 13CDIC obtained from weighted means of the measured 13CDIC in each 

water body supplying the alluvial aquifer (13C standard error is less than 10%) and 

the mixing proportions from Santoni et al. (2020). 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 5 
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Highlights  

• Seasonal investigations of hydrosphere, lithosphere, biosphere, and 

atmosphere. 

• Isotope geochemistry approach suitable for peatland carbon balance studies. 

• Groundwater support part or total peatland CO2 emissions.  

• Groundwater maintains peatland carbon storage in changing climate conditions.  

• Necessary to consider peatland hydrology to model global carbon balance. 
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