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Abstract

Peatlands are environments that rely mainly on high water levels to accumulate

organic matter. Depending on the chemical species observed, the lowering of the

water table can change biogeochemical equilibriums, with various impacts. This paper

aims to understand the effect of shallow groundwater seasonality on chloride con-

centrations in a French riparian peatland by combining water table monitoring, geo-

chemical and stable water isotopes analysis. Water table levels and groundwater

samples were recorded and collected for 3 years, every 2 months, in nine observation

wells and the nearby river. Chloride concentrations were highly variable in space and

time, ranging from 10 to 100 mg L�1. They are shown to be related to the water

table dynamics, which are closely linked to the life cycle of the local vegetation.

These dynamics were characterized by a significant drawdown between June and

October due to plant transpiration and a fast recovering period just after its senes-

cence. Results show that the chloride accumulates within the unsaturated zone dur-

ing the drying phase and is solubilized back into the groundwater during the

rewetting phase, increasing its concentration. Moreover, the water table rises in

autumn with various dynamics according to the location in the peatland, which

induces some special differences in hydraulic gradients. Such gradients allow lateral

transfers from zones of fast recovery to zones of slow recovery, where year-to-year

chloride accumulation was observed. These complex 3D processes preclude the use

of chloride to constrain how the peatland hydrogeological system functions. Con-

versely, the use of stable water isotopes in this work emphasizes the importance of

the river's role during the summer as a water supplier to counterbalance vegetation

transpiration.
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1 | INTRODUCTION

Peatlands cover only 5% of the European territory (500 000 km2) and

yet they are keystone environments in the human ecosystem, acting

as carbon sinks, natural freshwater reservoirs, buffer units during

flood events, and biodiversity shelters for numerous endangered spe-

cies (Convention on Wetlands, 2021). Peatlands are specific wetlands

where carbon accumulates because of a primary production greater

than the degradation losses. An essential factor controlling decompo-

sition losses from peatlands is the depth of the seasonal minimum

water table Belyea and Malmer (2004). Below this depth is the perma-

nently saturated water table, where microbial activity and decomposi-

tion are slow due to the lack of oxygen. Changes in atmospheric

conditions, for example the temperature and evapotranspiration

increase predicted with global warming (IPCC, 2022), or land use mod-

ifications, such as human-induced drainage, can increase the ampli-

tude of the seasonal fluctuations of the water table between dry and

wet periods. These changes introduce oxygen into a deeper unsatu-

rated zone in the peatland and activate the mineralization of organic

matter (Charman et al., 2008; Freeman et al., 1993; Holden

et al., 2003). Therefore, these changes in water table depths impact

the main biogeochemical cycles (e.g., sulfur Urban et al. (1989), War-

ren et al. (2001), De Ridder (2012), nitrogen (Rubol et al., 2012) and

carbon cycles (Blodau et al., 2007)), but they also affect other geo-

chemical species such as chloride.

Chloride in groundwater is often hydrologically considered a con-

servative element, meaning it does not interact with the soil matrix or

other compounds during water transport. Consequently, it can be

used as a natural tracer to determine the origin of water and how the

distinct sources are mixed together (Kirchner & Tetzlaff, 2010; Reddy

et al., 2008). One of the processes in which chloride is not conserved

is evapotranspiration, involving chloride enrichment in soil solution or

groundwater compared with rainwater. Chloride moves upward in the

vadose zone with capillary soil water and accumulates near the sur-

face as water is consumed by evapotranspiration (Hayashi

et al., 1998). Therefore, chloride can be used to estimate evapotrans-

piration rate or rainfall accumulation using mass balance calculation

(Auterives et al., 2011). Vegetation can amplify this process through

root exclusion, leading to high salinization rates (Grimaldi et al., 2009)

depending on the plant species (Humphries et al., 2011). However,

rapidly growing plants can consume large amounts of chloride as

micro-nutrients (Svensson et al. (2021) and references therein). For

example, Hayashi et al. (1998) observed a seasonal cycle of chloride

mass in a pond. As the authors could not explain the significant

decrease in chloride mass in spring by physical processes alone, they

concluded that substantial uptake of chloride by plants occurred dur-

ing the growing season. The chloride was then released into the pond

water in autumn when most plants were senescing after the first frost.

Kashparov et al. (2007) also showed that rapidly growing plants take

up large amounts of chloride. The importance of chloride biological

accumulation and release was also proved by experimental chloride

additions to the forest floor that induced increased chloride concen-

tration in foliage, throughfall, and soil solution (Lovett et al., 2005).

Furthermore, chloride can be involved in several retention or release

processes. McCarter et al. (2019) showed that chloride adsorption is

negligible at concentrations below 305 mg L�1. However, natural pro-

cesses of organic chloride formation (chlorination) were observed in

all types of soils and ecosystems (Redon et al., 2013; Svensson

et al., 2021). Chlorination, which is related to organic matter recycling

(Öberg & Grøn, 1998) and to soil microbial activity (Verhagen

et al., 1998), was found to be greater in litter than in deeper soil layers

(Svensson et al., 2021) and mostly took place in the rhizosphere

(Montelius et al., 2019). Dechlorination processes, which are the

reverse processes of chlorination and allow the transition of organic

forms of chloride to inorganic forms, also occur naturally in soils

(Svensson et al., 2021). Simultaneous chlorination and dechlorination

processes have been shown in the detached dead or dying plant bio-

mass of litter (Myneni, 2002).

Although chloride behaviour is affected by several processes that

indicate topsoil transformation, the depth to water table remains a

crucial factor for the chloride concentrations in shallow groundwater.

The depth to water table in peatlands is not homogeneous and

depends on spatial location (Joris & Feyen, 2003), soil physical param-

eters (Ahmad et al., 2021), vegetation cover (Volik et al., 2020), and of

course seasonal atmospheric forcings. As a consequence, its effect on

the concentrations of chemical elements varies both spatially and

temporally. Thus, the depth to water table has been reported as an

essential parameter of soil salinization because it redistributes vertical

chloride profiles (Zhao et al., 2019). Grimaldi et al. (2009) observed

both a heterogeneous spatial distribution and a strong seasonality of

chloride concentrations in the upper part of a shallow aquifer. The

strong spatiotemporal heterogeneity was due to chloride accumula-

tion in the unsaturated zone close to an oak hedge during the vegeta-

tion growing season, implying higher chloride concentrations within

the saturated zone when the water table rose rapidly and reached this

chloride-enriched root zone. Aubert et al. (2013) also observed the

effect of chloride accumulation in the vadose zone by the summer

evapotranspiration process results in increased chloride concentration

in groundwater when the water table rises. Additionally, Humphries

et al. (2011) showed that chloride concentration dynamics are not

only vertical processes: the depth to water table can induce 3D chlo-

ride migration following hydraulic gradients due to heterogeneous

hydraulic heads within the water body.

Understanding the hydrological functioning of the peatland is

thus crucial to precisely constrain chloride dynamics. In this context,

chloride is therefore no longer appropriate for tracing the origin of

water since vegetation, seasonal meteorological parameters, and shal-

low groundwater dynamics affect its concentration. As an alternative,

many studies have shown that stable isotopes of the water molecule

(18O and 2H) are suitable tracers that can be used in most environ-

ments (Vreca & Kern, 2020), including riparian wetlands (Gourcy &

Brenot, 2011; Quenet et al., 2019), and also peatland (Clay

et al., 2004; Isokangas et al., 2017).

The present paper aims to understand the effect of shallow

groundwater seasonality, induced by the vegetation uptake cycle, on

chloride concentrations by combining water table monitoring,
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geochemical and stable water isotopes analysis. The developed meth-

odology involved continuous monitoring of river and aquifer water

levels and groundwater sampling for isotopic and geochemical analysis.

2 | MATERIALS AND METHODS

2.1 | Site

The Jarcy peatland is an undisturbed riparian wetland located in

France, 50 km south of Paris, on the right riverside of the Essonne

river (48�25031”N, 2�2205000 E, cf. Figure 1) which is one of the main

tributaries of the Seine. It is about 100 km long, it flows North and

drains a total catchment of about 1900 km2, with 850 km2 at the

study site location. The Jarcy peatland is located between two dams,

which maintain the river stage between 57.55 and 57.72 m above

sea level (a.s.l.) on average, with an average hydraulic gradient equal

to 10–4.

The watershed is part of the major carbonate system aquifer of

Beauce, a tertiary geological unit of the Paris basin. The Essonne val-

ley is filled with modern alluvium, consisting mainly of peat material in

riparian zones. The site is a minerotrophic peatland, with a peat thick-

ness varying from 5 to almost 15 m at its center (close to s2, see

Figure 2). Its 4.5 ha surface is covered mainly by Phragmites Australis,

a common reed found in many peatland systems. The topography of

the peatland is sub-planar/horizontal: the elevation ranges from

57.70 m a.s.l. to 57.96 m a.s.l. A topographical depression is located in

the middle of the peatland, along an s2/s4 axis, with the lowest alti-

tude at s4. Average annual precipitation and potential evapotranspira-

tion (PET) during the monitoring period (2018–2021) were 567 and

865 mm, respectively. Precipitation was provided by Météo-France

(French Meteorological Center) at the Courdimanche station, 600 m

F IGURE 1 Study site: (a) large scale location and (b) aerial view of the Jarcy peatland with the piezometers' location. The Essonne river is at
the peatland western boundary. The blue arrow indicates the river flow direction.
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F IGURE 2 Cross-sectional view of the Jarcy fen.
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from the site. PET was calculated using the Penman-Monteith method

from the five closest stations in a 15 km cell grid.

2.2 | Sampling points

To investigate the groundwater level and geochemical signatures, a

network of nine piezometers was installed in June 2018 in the peat-

land (Figure 1). Each was drilled using an auger to a 1.8 m depth and

equipped with Polyethylene tubes of 5 cm in diameter, sunk directly

into the holes, with screen slots from 0.2 to 1.7 m below the ground

surface.

2.3 | Piezometric monitoring

Water levels were recorded continuously at a 10 min time step for

seven piezometers (s1, s2, s3, s4, s5, s8, and s9 see Figure 1) using

TD-Diver probes (0.05 kPa accuracy). To calculate relative water

depth, the barometric pressure was recorded on-site using a Baro-

Diver (vanEssen Instruments, 0.05 kPa accuracy), and all the piezome-

ters were levelled using a Differential Global Positioning System, with

an accuracy of 5 cm for the altitude. Missing values in time series of

s5 and s8 are due to probe failures. Water levels were also measured

every 2 months with a hand probe at each sampling point. The river

stage was monitored using two pressure probes located 2 km

upstream and 150 m downstream of the site, and managed by the

river administrator (SIARCE). The monitoring period lasted from June

2018 to July 2021.

2.4 | Geochemical monitoring

Eighteen water sampling campaigns were performed during the

3-year monitoring period in the nine piezometers and the nearby

Essonne river. Concerning the groundwater, sampling was per-

formed using a peristaltic pump after renewing the volume of the

water column three times. Water was 0.45 μm-filtered with cellu-

lose acetate syringe filters and sampled in 10 mL HPDE tubes for

anion and cation analysis and in 10 mL amber glass bottles for stable

water isotope analysis. Samples for cation analysis were acidified

the same day of sampling, and all samples were stored in a cool box

during fieldwork and in the fridge until analysis was carried out. Ion

analysis was performed on two Dionex™ ICS-1000 Ion Chromatog-

raphy Systems in the GEOPS laboratory. Samples were diluted from

a factor of 3 to 10 to avoid over-saturation of the chromatography

column. Accuracy was about 1% for chloride. Stable water isotopes

were analysed in the GEOPS laboratory by cavity-enhanced absorp-

tion spectroscopy on a TLWIA-45-EP (Triple Liquid Water Isotope

Analyser) with a precision less than 0.60 ‰ for δ2H and 0.20 ‰ for

δ18O. To improve the readability, isotopic results for the remainder of

the paper are presented as δ2H/δ18O (‰ VSMOW) when not

specified.

2.5 | Cross-correlation analysis

A cross-correlation analysis was performed between the water table

elevation time series at each observation well and the PET time series.

The purpose of the cross-correlation analysis was to determine the

phase difference for the two signals that have the highest correlation

score, meaning that the two variables are indeed correlated but with a

time delay. The correlation coefficient ri between the two series X(t)

and Y(t) was calculated as follows:

ri ¼ COV X0 tð Þ,Y 0 tð Þð Þ
VAR X0 tð Þð Þ�VAR Y 0 tð Þð Þ , ð1Þ

where

X0 tð Þ¼X tð Þ 8 t� t0, tn�jij½ �
Y 0 tð Þ¼Y tð Þ 8 t� t0þjij tn½ �

�
if i < 0,

X0 tð Þ¼X tð Þ 8 t� t0þjij tn½ �
Y 0 tð Þ¼Y tð Þ 8 t� t0, tn�jij½ �

�
if i ≥0:

Note that i is the lag between the two time series and COV x,yð Þ
is the covariance between the two variables x and y. X tð Þ and Y tð Þ
must have the same length and same time step (in this paper, daily),

and i (the lag) must be a multiple of the time step and can be positive

or negative.

3 | RESULTS

3.1 | Water table fluctuations

The water table depths within the seven piezometers s1, s2, s3, s4,

s5, s8 and s9, relative to their ground surface elevation, were found to

follow a pronounced seasonality between high and low levels in win-

ter and summer, respectively (Figure 3).

The low-level periods lasted from late June to November, and the

maximum depth to water table varied from 0.8 m in s1 to 1.5 m in s2.

During the high-level season, from December to March, water levels

were close to the surface (depth < textless>0.1 m) except in s1 and

s9, where the average depth was about 0.3 m. From March to June,

there was a transitional period where the water table started to

decline but was still able to rise quite quickly due to the numerous

rainfall events.

Thanks to manual measurements during the different sampling

campains, it was possible to have an insight of the water levels ampli-

tudes and dynamics in s6 and s7 even if they were not equipped with

pressure probes. Dynamics were identical to other piezometers

with alternating between high and low water levels each year. Ampli-

tudes in s6 looked like the s1 signal with average depth during the

winter of 0.3 m, but during the summer, the maximum drawdown was

actually slightly deeper (0.9 m at maximum in 2018 and 2020). s8 was

more similar to the s2 signal in dynamics, notably in late November

4 of 15 RENAUD ET AL.
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2020 where the two were the closest to the ground surface, but

looked more alike s4 in amplitudes, with maximum drawdown in the

same order of magnitude (1.25 m depth at maximum and 0.15 m at

minimum).

The maximum drawdown was observed in the center of the peat-

land towards the northeast zone, including s2, s7, s8, s3 and s4. The

recession dynamic was fairly similar from one piezometer to another,

starting at the same time (early June of each year) with an almost

identical slope (�0.02 m d�1 in 2018 and 2019 on average,

and � 0.01 m d�1 in 2021) until each reached its maximum draw-

down. At the opposite, the rising dynamic was specific to every pie-

zometer. Considering the start of the rise as the date when water

levels stop decreasing, this moment came synchronously for all the

piezometers every year (23rd, 24th and 21st of September respec-

tively in 2018, 2019 and 2020). The duration of the rise was also simi-

lar for every monitored wells (65, 50 and 80 days respectively in

2018, 2019 and 2020), with the exception of s4 where longer recov-

ery durations were recorded in 2018 and 2019 (75 and 65 days

respectively) and s3 in 2019 (65 days). However, since maximum

depth to water table varied a lot, rising rates were also very different,

with a minimum value in s1 (0.006 m d�1 in average), followed by s9

(0.009 m d�1), then s4, s3 and s5 (0.015 m d�1) and s2 (0.018 m d�1).

Finally, these rates were also much higher for short periods during

rainy events, with values from 0.06 up to 0.17 m d�1 respectively in

s3 and s2 for example, (25 mm of rain between 2 October and

7 October of 2020). But the water table rise was not necessarily

linked to a period of increased rainfall, such as in 2018 for example

where water levels rose without any rainy event (from 24th of

September to 28th of October).

Looking to altitudes, the recovery pattern was nonetheless always

the same from year to year with similar hydraulic gradients dynamics

illustrated by the piezometric contours in Figure 4 drawn from the

2020 monitoring: the water table in the southern part of the peatland

was the first to reach its pre-summer level, with a piezometric depres-

sion centered on s3. Then, this depression moved towards s4, which

presented the lowest hydraulic head even during the high-level sea-

son. The hydraulic gradient between the river and the peatland varied

from 1 � 10�4 in December 2019, close to the head equilibrium, with

a flow direction mainly oriented from south to north, parallel to the

river, to a maximum of 1.9 � 10�2 in September 2020, at the maxi-

mum water table drawdown, with flux from the Essonne river to the

peatland.

Finally, a cross-correlation analysis was performed between the

water table and PET time series at each observation well with

F IGURE 3 Time evolutions from June 2018 to July 2021 of the (a) daily rainfall and potential evapotranspiration (PET); (b) depth to water
table (WT) in the seven piezometers equipped with pressure probes (s1, s2, s3, s4, s5, s8 and s9). Stars correspond to manual measurements in s6
and s7 wells (not equipped with probes). The horizontal brown line indicates the ground surface.
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pressure probe measurements (Figure 5). It showed that the summer

drawdown is linked to the PET flux increase, the two being negatively

correlated. The maximum values of the correlation coefficients are

equal to �0.71, �0.70, �0.78, �0.78, �0.74, �0.83 and �0.76 with a

lag of 38, 48, 51, 50, 42, 46 and 39 days at s1, s2, s3, s4, s5, s8 and s9

respectively. The negative values of the lag reflect the delay in the

response of the water table to the PET increase.

3.2 | Stable water isotopes

Figure 6a presents all the three-year monitoring isotopic data.

Figure 6b–g show the same data but filtered at the six dates used to

plot the piezometric contours (Figure 4, from February to November

2020). The Global Meteoric Water Line (GMWL) is plotted using

Craig's equation (Craig, 1961), and Local Meteoric Water Line (LMWL;

F IGURE 4 Spatial distributions of the water table levels (m a.s.l.) from (a) February 2020 to (f) November 2020. Interpolation was achieved
using the Python library Scipy and its radial basis linear function interpolator. All the data available at each date were used (coloured and greyed
dots for the water table within the fen, white dots for the river level).
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δ2H=7.6� δ18O+ 6.2, R2=0.97, p<0.05) was derived from open

access data from the Fontainebleau station (RENOIR network).1 This

station is located 20 km east from the site and was operational from

April 2016 to September 2018 with monthly analysis. The local mean

annual rainwater signature (�45.7/�6.9) was also calculated from this

station data using the rain volume weighted average over the avail-

able period (2016–2018). Winter recharge was calculated using the

volume weighted with the same data for different periods reported in

Table 1. The selected starting months (October and November) corre-

spond to the beginning of the water table recovery (respectively early

to late October). The selected final months correspond to the poten-

tial end of the period when the water table is more influenced by rain-

water (December to May). Corresponding calculated winter recharge

points are plotted in Figure 6b (February) and Figure 6c (May) since

they are the only months that correspond to high water levels. Even if

the sampling period does not fit exactly, it does give a good estimate

of the different recharge signatures since they are average values

spread over 2 years.

The δ2H and δ18O isotopic signatures of the Essonne river during

the 2020 period (Figure 6b to g) varied between �45.5% and �41.3%

VSMOW for the δ2H and between �6.7% and �6.1% VSMOW for

the δ18O, with mean values of �44.1/�6.44. Fluctuations are primar-

ily due to a seasonal effect, with more enriched signature in summer

than in winter due to both evaporation and more enriched rainwater

in summer (Kirchner & Tetzlaff, 2010).

The signature of the peatland's groundwater varied much more

than the river's signature and depended on the spatial location and

the season. In September 2020, there were no values for both s2

and s3 because both piezometers were dried out due to a deep water

level at this sampling date.

There was strong spatial heterogeneity in the peatland's signa-

ture, but all points were globally more depleted than the river (median

values respectively of �44.9/�6.7, �44.6/�6.6, �44.7/�6.6, �46.7/

�6.9, �44,8/�6.5, �44.6/�6.6, �45.5/�6.8, �44.8/�6.6 for s1, s2,

s3, s5, s6, s7, s8 and s9), excluding s4 which was the only point where

the mean water isotopic signal was higher than the river signal

(�44/�6.3).

Regarding temporal variation, waters analysed within the peatland

ranged from depleted values (minimum of �48.8/�7.4 in s1 in February

2020) to more enriched values (maximum of �43.1/�6.1 in s4 in June

2020). Other values were between those two, more or less enriched

depending on the observation point, following a similar pattern from

one year to another (cf. Appendix A with the entire 3-year monitoring

dataset). From June to November, the groundwater signature was get-

ting closer to the river signature, or more enriched for s4, but from

February to May, they all became more depleted than the river, with

even more negative values for s1 and s2 than s3 and s4, these last two

remaining close to the river signature. s5 is a bit particular with the same

seasonal pattern as the others but always more depleted, as the median

value underlined it (with an exception in February 2020).

Samples in δ18O vs. δ2H graphs do not align to either the GMWL

or LMWL. However, they tend to be aligned each month (thick red

line in Figure 6, δ2H=5.13�δ18O �10.99, p<0.05, N=99: i.e., all the

peatland and river samples of the three-year monitoring) between a

rainwater winter recharge point, within the dark blue ellipse in

Figure 6, depending on the period of recharge considered (Table 1),

and the Essonne river signature.

3.3 | Chloride concentration fluctuations

Chloride concentration in the Essonne river varied very little

(Figure 7). Its average value was equal to 0.83 meq L�1 (standard devi-

ation: 0.10 meq L�1). The spatial distribution of the chloride concen-

trations within the shallow groundwater was heterogeneous

(Figure 7): as with the isotopic signature, variability depended on the

monitoring location and the sampling season.

Concentrations in s1, s5, s6 varied the least (mean values of

respectively 0.58 0.05, 0.7 0.1 and 0.6 0.09 meq L�1) compared to s3,

s4 and s8 where variations were the highest (respectively 1.62 0.58,

1.23 0.41 and 0.75 0.28 meq L�1), with maximum chloride concentra-

tion values up to 1.5, 2.1 and 2.8 meq L�1 (in s8, s4 and s3, respec-

tively). In s2 and s7, variations were less pronounced (0.60 0.15 and

0.66 0.15 meq L�1).

F IGURE 5 Cross-correlation between the water table and PET time series.
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F IGURE 6 Legend on next page.
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The almost same seasonality pattern was observed for s2, s3, s4,

s7 and s8: concentrations decreased in summer, along with the water

table drying stage, with minimum values in October. Then concentra-

tions increased with the rise of the water table, with maximum values

when water levels rose close to the ground surface. There were nev-

ertheless some minor disparities: maximum value in s2 and s7 was

reached as soon as the water table was close to the ground surface

(<10 cm) and then declined gradually from January to October. In s4

and s8 on the other hand, similarly to the decreasing phase, the

increase was also gradual after the rewetting phase (November) and

until spring. To finish with these local disparities, concentrations in s3

increased as soon as the water table reached 0.5 m depth (see

November 2020), and concentrations continued to rise until the end

of the high-level phase when they dropped suddenly.

TABLE 1 δ18O and δ2H (‰ VSMOW) signature for various
winter recharge periods.

Period of recharge δ18O δ2H

Oct. to Dec. �7.4 �47.5

Oct. to Jan. �7.3 �46.7

Oct. to Feb. �7.7 �50.5

Oct. to Mar. �7.9 �52.6

Oct. to May �7.1 �46.5

Nov. to Dec. �7.7 �49.4

Nov. to Jan. �7.4 �47.9

Nov. to Feb. �7.9 �51.8

Nov. to Mar. �8.0 �53.6

Nov. to May �7.6 �49.7

F IGURE 7 Chloride concentrations measured during the 18 campaigns of water sampling at the nine different places in the peatland
(coloured points), and time evolutions from June 2018 to July 2021 of the depths to water table (continuous lines). The dashed horizontal blue
line indicates the average value of the chloride concentration in the Essonne river. The horizontal brown line indicates the ground surface.

F IGURE 6 (a) δ18O versus δ2H for the three-year monitoring. The dark blue ellipse represents the local winter recharge and small dark blue
squares its calculated values (see Table 1). The light blue square represents the local mean annual rainwater signature. The thick red line was
obtained by linear regression with only the river and peatland data (N=99, R2=0.83, p<0.05). (b) to (g) are δ18O versus δ2H for the 2020
monitoring year. Dates correspond to the water table contours in Figure 4. Regression line and local mean annual rainwater have been added

each time. Local winter recharge points are displayed only for February and May campaigns.
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Furthermore, chloride concentrations in s3, s4 and s8 significantly

increased during the last 3 years, which was confirmed with a linear

regression model (R2 of 0.46, 0.60 and 0.38 respectively). No other

sampling points showed similar behaviour.

Comparing with the river signature, observation wells in the peat-

land are far from having the same chloride signature. Some observa-

tion wells have lower chloride concentrations than the river (s1, s2,

s5, s6 and s7), and for those with high chloride seasonality (s2, s7 and

s8), this is particularly true at the end of the dewatering phase. Con-

versely, some observation wells (s3, s4, s8 and s9) show higher

concentrations than the river, at least after the water table has risen

(s8, s9), and until the next summer (s3, s4).

Each observation well seems to have its own chloride dynamic,

but three different groups stand out considering only the chloride

dynamics and amplitudes: s1, s5, s6 (absence of seasonality); s2, s7

(low amplitudes, clear seasonality); s3, s4, s8 (medium to high ampli-

tudes, clear seasonality). Only s9 is out of this grouping since season-

ality is not clear and concentrations are close to the river signature,

sometimes above, sometimes below.

4 | DISCUSSION

Both water table and chloride concentrations are subject to strong

seasonality but with significant spatial disparities. The following dis-

cussion will show at first how the vegetation controls the dynamic of

the water table, and then how these dynamics impact chloride con-

centrations through two main processes: salinization and hydrological

transfers.

4.1 | Transpiration as the water table driving force

Seasonal water table fluctuations in the Jarcy peatland were signifi-

cant, between 0.6 m near the river (s1 in Figure 3) and 1.5 m in the

middle of the peatland (s2 in Figure 3). These fluctuations are in

the upper range of what can be found in the literature for similar

environments:

∘ less than 0.5 m (Griffiths et al., 2019; McLaughlin &

Webster, 2010),

∘ between 0.5 and 1 m (Auterives et al., 2011; Burt et al., 2002;

Carlson Mazur et al., 2014; Cirkel et al., 2014; Ng et al., 2017),

∘ greater than 1 m (Clement et al., 2002; Schilling, 2007).

This high water table dynamic is mainly due to the effect of the

vegetation transpiration during its growth period.

4.1.1 | Isotopes monitoring

Looking at the stable water isotopes signals, results do not show a

clear evaporative signal, inducing that transpiration should be the

major component of evapotranspiration since it does not imply isoto-

pic fractionation (Liebhard et al., 2022; Zimmermann et al., 1968).

Indeed, the red regression line in Figure 6), which was derived from

the whole data set and represents the average behaviour within the

peatland, is more likely to be a mixing trend between two poles,

the winter recharge and the river, than an evaporative line. The mixing

dynamic observed in the 2020 monitoring (Figure 6b–g) between

these two poles shows a yearly pattern, which can be explained as

follows.

From July to January, the observation points are close to the

Essonne river signal, imprinting its isotopic signature to the peatland

groundwater during the whole drawdown until the rewetting period.

The fact that s5 has always a more depleted signal than the river can

be explained because it is hydrologically disconnected from it due to

the piezometric depression centered on the peatland, as contour maps

of the 2020 clearly show it (cf. Figure 4). After getting closer to the

river, the peatland isotopic signature moves towards the depleted

winter recharge pole (indicated by the dark blue squares in Figure 6b).

This rainfall imprint was not directly observed after the rewetting

period, but later in February of each year (Appendix A), implying that

it takes some time for both groundwater and rainwater to mix. Simi-

larly, after the water table starts to decrease (between May and June),

the river imprint is not immediate.

Mixing is thus not a dichotomous process between only the two

poles of rainwater and river water: this is due to the fact that there is

always a depletion (or evaporation) gradient between the peatland

sampling points while the same meteorological forcing constrains

them. The fact that s4 always exhibits the most enriched signal can

manifest as the peat soil structure being more subjected to evapora-

tion (Balliston & Price, 2020). Also, because they follow two consecu-

tive periods of short droughts (March/April and May 2020) and heavy

rainfall (10 May 2020 and 3 June 2020 in Figure 3) with a shallow

water table (above 0.5 m depth), the unique evaporated signatures

observed in s2 and s3 in June 2020 suggest that water table dynamics

under high atmospheric flux contrasts can lead to a greater isotopic

variability. Even if there is no clear consensus on the processes, it has

already been shown that immobile water versus mobile water within

the unsaturated zone is significant in the isotopic signature of the

groundwater (Renee Brooks et al., 2010; Vargas et al., 2017). When

the water table rises, river water and rainwater are also mixed with

the water stored within the unsaturated zone, whose isotopic signa-

ture can reflect evaporative processes or recharge inputs. This effect

can explain the year-to-year variability of both transitioning phases,

just after the rewetting period (end of November to January) and

when the water table decreases but is still close to the ground surface

(May to June). However, even if evaporation is observed, it is limited

here since sampling points are rarely below the mixing line (Figure 6).

4.1.2 | Cross-correlation analysis

The cross-correlation analysis strengthens the assumption that vege-

tation is the main driver of the water table dynamics. The counter-

correlated relation between piezometric and PET time series only

found for a significant lag (from one to almost 2 months) indicates that
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atmospheric loss is not directly linked to PET through evaporation

since the latter is related to a fast energetic rebalance between land

and atmosphere (Heitman et al., 2008). Here the delay is much more

linked to the growth dynamics of reeds, which starts approximately

between late May and early June, as observed during the three-year

monitoring and also described in the literature (Engloner, 2009), even

if it also depends on both air temperatures and water table depth

(Gaberščik et al., 2020).

4.2 | Specific behaviour of chloride in-site

Chloride concentration in the Essonne watershed are relatively high

(0.83 meq L�1 in the Essonne River) compared to rainwater, which is

< 0:07 meq L�1 in the region (according to Beysens et al. (2017), mea-

sured from April 2011 to March 2012 on a site located 45 km north

from the Jarcy peatland). The intensive agricultural practices could

partly explain this difference between the concentrations in rainwater

and in the stream in the Essonne watershed since chloride is a compo-

nent of some fertilizers (KCl based, e.g.).

Isotope analysis has shown that the river and precipitation are

the main source of water for the fen in summer and winter respec-

tively. However, chloride concentrations are not the result of a simple

mixing between these two poles.

In fact, chloride concentrations below the river signature are not

due here to a dilution effect with rain water since the lowest concen-

trations correspond to the period of low water levels, when the

groundwater in the peatland is mainly fed by the river: concentrations

should instead be closer to the river signature, or at least increase

towards it. This indicates that there is a process retaining chloride

within the porous matrix. Few authors observed such retention due to

organic-bounded chloride through chlorination process (Biester

et al., 2006; Gustavsson et al., 2012; Redon et al., 2013), which could

explain these low concentrations.

Conversely, chloride concentrations above the river signature

(and thus rain water signature) indicate that there must exist another

mixing pole with a high chloride concentration. This seems to be more

likely the case for s2 and s7 also, even if concentrations do not exceed

the river signature, since as explained before, they are not linked to

the end of summer inputs of river water. Moreover, the year to year

maximum concentrations increase in s3, s4 and s8 points out that

chloride accumulates within the peatland, at least over the monitoring

period. As introduced at the beginning of this discussion, these behav-

iour are mainly linked to the water table dynamics through two kinds

of processes: the first one is the salinization within the unsaturated

zone, and the second one the chloride transfer due to asynchronous

water table uplift.

4.3 | Chloride concentration, water levels and
salinization

The main process that explains the sharp increase in chloride

observed after the rewetting period is the salinization. Since high

plant, transpiration with substantial water table drawdown occurs dur-

ing the summer, a large volume of water moves upward by capillarity

under the effect of transpiration, as well as rainwater, which is kept

within the unsaturated zone and used by vegetation. As the volume

of water within the vadose zone decreases, concentrations increase

and chloride accumulates through root exclusion (Grimaldi

et al., 2009; Hao et al., 2015; Humphries et al., 2011). Finally, when

the water table rises, this accumulated chloride is solubilized back into

the groundwater, increasing its concentrations as observed in five

sampling points (s2, s3, s4, s7 and s8). The low chloride concentrations

measured in s1 and s6 can be associated with the low water levels in

winter, 0.3 m deep on average compared to other piezometers where

depth from the ground surface to the water table is close to zero

(Figure 7). Since at these two locations the water table never reaches

the surface, always remaining at a depth greater than 0.3 m, the chlo-

ride is accumulated mainly within the upper first decimetres of soil

and is never leached by groundwater. This can also explain the low

variations and the absence of clear seasonality in s9 even if concen-

trations are a bit higher, closer to the river mean value. Moreover, this

particular piezometer is very close to the river bank, which shows a

slightly different vegetation (trees), with a potential distinct chloride

dynamic.

A threshold effect between depth to the water table and chloride

concentration is observed in s2 and s7, particularly in 2020 when the

water level rose more slowly (Figure 3). The sampling was performed

when the water table was deeper than usual (0.17 m and 0.21 respec-

tively the 27th of November 2020 compared to approximately 0.1m

for both points in other years). Chloride concentration was at its low-

est value for this period (respectively 0.54 and 0.7meq L�1 compared

to 0.78 and 0.92meq L�1 the 12 December 2018 and 0.75 and

0.81meq L�1 the 12 April 2019), implying that chloride accumulates

at this sampling point mainly within the first 15 cm of soil. However,

no threshold effect was observed in s3, s4 or s8. In s3, concentration

was lower in December 2018 and 2019 (respectively 1.0 and

1.7meq L�1) than in late November 2020 (2.0meq L�1), whereas mea-

surements were done at a shallower groundwater level (<0.19m deep

in December 2018 and 2019, versus 0.4m in November 2020). The

same observation was made in s4 and s8 between 2018/2019 and

2020. One interpretation is that the vertical chloride profile is differ-

ent for these three sampling points because chloride accumulation

throughout evaporation/transpiration is not always circumscribed to

the topsoil, as Zhao et al. (2019) have shown in their mesocosm

experiment. Another interpretation, which can be related to the previ-

ous one, is linked to the root distribution, which might be different at

these locations (s3, s4 and s8) and thus induced a distinct vertical

chloride distribution, as Hao et al. (2015) demonstrated.

But since concentrations continue to increase during winter and

spring, while at the same time water levels are already at their maxi-

mum (i.e., close to the ground surface), chloride solubilization in the

unsaturated zone cannot be the only process that increases the chlo-

ride concentration in s3, s4 and s8. If salinization can explain the low

and constant concentrations in s1 and part of the dynamics in s2, it

does not explain the disparities between the various variations of

amplitudes in s2, s3 and s4.
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4.4 | Water table uplift dynamics and chloride
transfer

As shown previously, each piezometric signal showed a distinct rising

pattern during the rewetting period (Figure 4), implying variations in

hydraulic gradient between the sampling points. With the exception of

2018, hydraulic heads were always higher in s2 than in s3 and s4 during

the rewetting phase, with much faster recovery rates (Figure 3). This

uplift dynamic allowed groundwater to flow in a particular pattern that

was almost the same each year (Figure 4). At first, s3 is in the center of

the piezometric depression, with hydraulic gradient from s2, s7, s8 and

s4 towards s3 ranging at maximum from 0.002 to 0.003 m m�1, gener-

ally from October to late November. Then, the recovery rate in s4

decreases, becoming the new center of the piezometric depression

with gradient ranging at maximum from 0.001 to 0.002 until May. Since

water table recovers faster and earlier in the upstream zone of the

peatland (see Figure 4), chloride that accumulates there, within the

unsaturated zone, is also solubilized earlier than in the downstream

zone (where s3 and s4 are located). Then, it is flushed by advection

from s2 towards s3 mainly, then s4, and in the two cases via s7 and s8

following the hydraulic gradients presented before. This process can

explain the progressive increase in chloride observed in s4, s7 and s8

even after the water table has risen, reaching its maximum in March

instead of December, just after the rewetting period. Such chloride

plume transfer due to a piezometric depression has already been

reported in the literature (Humphries et al., 2011). In addition, because

of this remaining piezometric depression near s4 and the near-

horizontal piezometric surface, chloride is not totally flushed from the

system and thus can accumulate near s3, s4 and s8, explaining the

year-to-year increase observed since 2018. However, without flushing

process, chloride concentration is expected to increase in the fen over

time, and reaching as high values as reported by Grimaldi et al. (2009)

(almost 30 meq L�1). Conversely, at the beginning of the groundwater

geochemical monitoring, concentrations are not so far from the regional

signature (represented by the Essonne river), at least for s4, chloride

concentration in s3 was already slightly higher. One hypothesis is that

chloride concentrations could have been reset during the major flood

event that occurred in June 2016, during which water levels reached

almost 1 m above the ground in s4 (data not shown here).

5 | CONCLUSION

The effect of water table dynamics on chloride concentrations in a

riparian peatland was studied during a three-year monitoring period.

Strong water table fluctuations characterize the site, alternating

between low and high water tables, driven by the seasonal vegeta-

tion life cycle. The use of stable water isotopes was essential for

understanding the system's hydrogeological functioning, in which

the river is crucial in compensating for the transpiration of plants

during the dry season. This study also illustrates that chloride is not

genuinely conservative in such environments if only the saturated

zone is considered. The unsaturated zone and water table dynamics

are crucial in controlling the chloride concentrations of shallow

groundwater in peatlands. As illustrated in Figure 8, the variations in

chloride concentration show vertical processes. It implies chloride

accumulation within the unsaturated zone during the summer when

the water table is low and transfers to the saturated zone when the

water table rises. They also show lateral processes with chloride

transfer induced by asynchronous rewetting dynamics from zones

where the water table recovers faster to zones where it recovers

more slowly. In such heterogeneous environments, having enough

spatially distributed sampling points to understand processes asso-

ciated with water table dynamics is therefore essential. In this con-

text, multiplying unsaturated zone water sampling points at

different observation locations could help constrain the various

assumptions developed in this work and provide a fuller picture of

chloride behaviour in a riparian peatland subject to high water table

fluctuations.
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