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ABSTRACT

This study investigates the hydrological processes driving groundwater recharge in the Avignon Plain (south-eastern France)

through a detailed analysis of the interactions between irrigation, rainfall and soil water using long-term isotopic monitoring and

lumped parameter modelling. More than 15years of monthly isotopic data from rainwater, surface water, soil water and ground-

water were analysed to quantify the contributions of gravity-fed irrigation and natural rainfall to aquifer recharge. Our results

show that gravity-fed irrigation contributes about 85% of the recharge, highlighting the significant role of traditional agricultural

practices in maintaining groundwater levels. Through isotopic tracing and modelling, we observed variations in transit times,

with faster infiltration pathways associated with irrigation flows compared to more prolonged recharge from rainfall. This study

not only demonstrates the effectiveness of isotopic techniques for assessing water sources in complex recharge scenarios but also

provides insights into how irrigation practices affect groundwater sustainability. These results contribute to current thinking on

sustainable water management and highlight the need for integrated approaches that reconcile agricultural water use efficiency

and groundwater conservation.

1 | Introduction

Since the middle Ages, river channelling has been common in
the northern Mediterranean regions, primarily to supply hy-
draulic power to mills for processing wheat, hemp, paper, oil
and other products (Aspe 2012; Livet 1980). At that time, irri-
gation water mainly came from runoff collected in terrace-like
structures and local populations cultivated crops suited to the
climate, such as vineyards, olive trees, cereals, and legumes
(Aspe 2012). Following the French Revolution, the rapid
growth of agricultural society led to a significant increase in
irrigation practices, peaking in the 19th century. During this
period, gravity-fed irrigation - diverting water from rivers to
flood fields — became widespread. Water was conveyed from
surface sources, primarily rivers or reservoirs, and distrib-
uted to fields through a network of canals or pipelines using

gravity. At the early 2000s, this irrigation method still ac-
counted for 40% of the total irrigable area in Languedoc and
Provence, utilising 80% of the total withdrawn water volume
(AIRMF 2009). While not highly water-efficient, these prac-
tices provide indirect benefits, such as recharging shallow
groundwater, often used for drinking water supply (Kuhfuss
and Loubier 2013; Masseroni et al. 2017; Nofal et al. 2019;
Bouimouass et al. 2022). Climate change models indicate
that Mediterranean regions are likely to experience increas-
ingly frequent and severe droughts, as well as intense rainfall
events causing high runoff (Tebaldi et al. 2006; Lorenzo and
Alvarez 2022). To address these issues, innovative methods of
annual water management are essential for capturing excess
water and storing it in aquifers protected from evaporation.
Induced infiltration, achieved through the use of dry wells
or soakaway ponds, can be one solution (Edwards et al. 2016;
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Sasidharan et al. 2021). Some authors suggest using agricul-
tural infrastructure, especially canal networks, for artificial
recharge of the aquifer (Niswonger et al. 2017). Managed aqui-
fer recharge (MAR), which involves the artificial infiltration
to aquifers, has long been proposed as a solution for regions
with pronounced seasonal climate (Bredehoeft, Papadopulos,
and Cooper Jr 1982; Bouwer 2000; Dillon et al. 2010). The
artificial recharge of aquifers in agricultural areas has been
successfully implemented in several regions (Niswonger
et al. 2017; Godwin et al. 2022; Ali et al. 2023). This approach
offers a significant over traditional methods, such as wells and
infiltration basins, by providing larger infiltration areas. This
is facilitated by the proximity of the hydrographic network
and the availability of hydraulic infrastructures for irrigation,
such as networks of canals and ditches.

A variety of methods have been used to analyse the im-
pact of recharge processes on aquifers (Scanlon, Healy, and
Cook 2002; Healy 2010; Felfelani et al. 2024). Some techniques
focus on infiltration estimates or soil drainage, while others
approach recharge analysis based on groundwater data. The
first group of methods includes measuring infiltration rates
using lysimeters (Stumpp, Maloszewski, et al. 2009; Stumpp,
Stichler, and Maloszewski 2009; Reszler and Fank 2016;
Sobaga et al. 2024), isotopes tracers (Koeniger et al. 2016;
Tao et al. 2021), infiltration process modelling (Gogolev 2002;
Ganot et al. 2017; Gong et al. 2023), the use of artificial trac-
ers like Br~ or brilliant blue (Nobles, Wilding, and Lin 2010;
Zhang et al. 2017; Chen et al. 2021), geophysical measure-
ments (Cook et al. 1992; Maliva, Clayton, and Missimer 2009)
and empirical techniques, such as the empirical weight func-
tion method which assumes that groundwater recharge can
be expressed through a Poisson probability density function
(Jie et al. 2022; Zhang et al. 2024). Most of these methods are
local in scope and require integration with spatial approaches
for broader applications. The second group of techniques in-
clude piezometric monitoring and water budget calculations
(Lacroix, Wang, and Blavoux 1996; Racz et al. 2012; Cuthbert
et al. 2016), the chloride mass balance method (Gee et al. 2005;
Ifediegwu 2020) and environmental tracers (Cartwright
et al. 2017; Séraphin, Vallet-Coulomb, and Gongalves 2016;
Bouimouass et al. 2020; Chmielarski et al. 2024). A key ad-
vantage of methods using groundwater data is that they di-
rectly estimate recharge rates rather than only infiltration or
drainage. Among these, environmental tracing techniques
are especially valuable as they assess average recharge over
several square kilometres, addressing the spatial variability
in recharge. Commonly used radioisotopes include *H, “C
and 3°Cl, selected according to the expected average residence
time in the aquifer under study (Blavoux et al. 2013; Miiller
et al. 2016; Batlle-Aguilar et al. 2017; Zouari et al. 2024) as
well as noble gases radioisotopes like 3°Ar, 3'Kr and ®Kr
(Gerber et al. 2017; Mayer et al. 2014). Short-residence-time at-
mospheric contaminants, such as CFCs and SF, (Bartyzel and
Rozanski 2016) or short-lived natural radionuclides (Schubert
et al. 2024) are also useful for evaluating recent recharge
processes. Another important group of tracers includes the
stable isotopes of water, 180 and 2H. These isotopes are cost-
effective, enabling routine monitoring, and recent advances of
laser optical measurement technology now allow for the rapid
collection of large quantities of 180 and *H data directly in the

field (Tweed et al. 2016; Kithnhammer et al. 2022). With these
extended time-series data on both input sources (rain, irriga-
tion, etc.) and outputs (outlet, spring, well, etc.), transfer times
and the tracer concentrations can be analysed using lumped
parameters models (LPM) (Maloszewski and Zuber 1996).
LPMs are frequently applied to model isotopic variations in
soil water (Maloszewski et al. 2006; Stumpp, Maloszewski,
et al. 2009; Stumpp, Stichler, and Maloszewski 2009; van
Wyk, Dippenaar, and Ubomba-Jaswa 2024) and groundwa-
ter (Matoszewski and Zuber 1982; Maloszewski et al. 1992;
Blavoux et al. 2013; Musgrove, Jurgens, and Opsahl 2023;
Gourdol et al. 2024; Li et al. 2024) across various hydro-
climatic conditions. Typically, these models use a single trans-
fer function to represent the distribution of transfer times in
a presumed homogeneous medium. Moreover, LPMs applied
in aquifer studies (e.g., wells or piezometers sampling) often
focus on groundwater-river interactions (Forizs et al. 2005;
Karman et al. 2014; Le Duy et al. 2019).

- In this study, we utilise a long-term isotopic record of
rainwater, soil water, groundwater and irrigation water
to propose a time-dependent analysis of groundwater
recharge conditions under gravity-fed irrigation practices.
We aim to analyse soil infiltration dynamics and transit
time distribution in groundwater through a combina-
tion of isotopic transfer models. This analysis provides a
comprehensive view of recharge processes, highlighting
the temporal contributions of different water sources
and estimating variations in transfer times based on
recharge patterns. Specifically, we will explore the fol-
lowing questions:

What is the quantitative contribution of gravity-fed irriga-
tion to the recharge of the shallow alluvial aquifer in the
Avignon region, and how does it compare with natural rain-
fall recharge?

How do infiltration processes differ between rainwater
and irrigation water, and what are their respective tran-
sit times in the soil and aquifer as indicated by isotopic
analysis?

To what extent can lumped parameter models accurately
simulate the isotopic variability in groundwater under
the dual influence of rainfall and irrigation, and what im-
provements can be suggested for better capturing recharge
dynamics?

2 | Study Area and Methodology

2.1 | Historical and Regional Context of Irrigation
Practices

The earliest hydraulic installations that transported water from
the Durance River to the plains near Avignon, France, date back
to the 13th century. Over time, local farmers organised to estab-
lish irrigation systems, eventually forming water unions - asso-
ciation of landowners - by the early 20th century. The alluvial
plain downstream of the Durance River, extending to its conflu-
ence with Rhone River, has since undergone significant changes,
notably a decrease in the number of farmers and an increase in
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FIGURE1 | General location of the Avignon alluvial plain and the study area.

urbanisation. Today, the canal network in the plain is managed
by an authorised association of syndicates (ASA) which oversees
irrigation for the Avignon plains (Figure 1). Water is drawn from
a main canal connected to the Durance River, just southeast of
the plain's boundary.

2.2 | Study Site Description and Data Collection
Techniques

The study area is located in the upstream section of the Avignon
alluvial aquifer, approximately 1 km north of the Durance River
(https://www.canaux-avignon.fr/; Figures 1 and 2). This aqui-
fer is bordered by the Durance River to the south, the Rhone
River to the east, and north-south oriented relief formed by
colluvium, silt and marl to the west. It consists of quaternary
alluvial deposits — a mixture of pebbles, gravel, sand and silt
- with a thickness of 10-15m (Figure 2). The uppermost layer
comprises silt which progressively thickens from east to west.
Towards the western edge, these silts become increasingly clay-
rich, forming a confining unit above the aquifer. Beneath this
lies bedrock composed of burgigalian blue marl. The piezomet-
ric map shows that groundwater flows from east to west, with a
relatively steady hydraulic gradient, except in upgradient areas
to the east, where runoff occurs along the slopes. The exper-
imental area is potentially influenced by the Durance River
but is mainly affected by the recharge from upstream irrigated

zones (Lacroix, Wang, and Blavoux 1996; Nofal et al. 2019).
The alluvial plain contains a substantial proportion of urban-
ised areas, particularly in the western part, on the banks of
the Rhone, where Avignon's city centre is situated (Figure 1).
Urbanisation is also expanding eastwards, with the develop-
ment of satellite villages and commercial areas. The Durance
River forms the eastern boundary of the plain, where the ag-
ricultural land is largely made of hay meadows, fruit orchards
and vineyards. Gravity-fed irrigation is the primary irrigation
method used for these meadows and in the central eastern part
of the plain. However, this irrigation technique is not applied in
the immediate vicinity of the experimental plot, as the nearest
irrigated fields upstream are located at least 1km to the north-
east (Figure 1). The alluvial aquifer supplies drinking water to
approximately 100000 people, with an average daily pumping
volume of 35000 m3/day, reaching up to 50000m3/day during
the summer months (Nofal et al. 2010).

The 0.6-ha experimental plot is equipped with 14 pairs of pie-
zometers installed at a relatively shallow depths (reaching the
water table fluctuation zone, around 8 m deep) and deeper
depth (reaching bedrock, around 15m deep) to monitor the
water table at the interface with the unsaturated zone and
across its full thickness. These piezometers are fitted with
64/75 mm PVC pipes and are screened over 2 or 5m, depend-
ing on the borehole depth. A 2/4mm gravel pack is placed
around the screened section, while the solid portion of the
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FIGURE2 | Main geological settings and general piezometric map (after Nofal et al. 2019).

TABLE 1 | List of suction lysimeters for soil water sampling at
different depths.

Site A Site C

Name Depth (cm) Name Depth (cm)
BPA1 19 BPC1 16
BPA2 28 BPC2 26
BPA3 50 BPC3 49
BPA4 98 BPC4 101
BPAS 200 BPC5 179

pipe is sealed with a watertight sobranite plug. The boreholes
are sealed with a cement grout and a metal protective tube,
fitted with a cap at the head and a base plug. In addition, two
locations are designated for soil water content measurement
(Table 1 and Figure 3). The soil at the experimental site is a
deep calcisol (1.6-2.5m deep), consisting of silty clay (0-90),
clay loam (90-180cm) and sandy loam (180-240cm) (Bogner
et al. 2013; Brillard et al. 2015). The surface clay layer is well-
structured, developing a network of cracks during summer
desiccation. These cracks can reach widths of approximately
lcm and depth of 40cm. Groundwater from two selected
piezometers (8 and 12, see Figure 3) has been sampled

monthly for isotopic analysis since 2007. These piezometers
are screened throughout the full thickness of the water-table
aquifer. Sampling was carried out using an electric pump at
a rate of 3L/min for 15-min to ensure complete renewal of
the water column. Concurrently, water was sampled from
neighbouring nearby irrigation canal, along with soil water at
various depths (16-200 cm, Table 1), using suction lysimeters
(monitoring started in 2004). The water from the lysimeters
was collected after 24 h of pressure depression. Isotopic analy-
ses were performed on both groundwater and soil water sam-
ples. Additionally, the monthly isotopic content of rainfall was
obtained from Avignon University's collection station, which
is part of the GNIP (global network for isotopes in precipita-
tion) and the Renoir network (French National Observatory
Service https://sno-renoir.osups.universite-paris-saclay.fr/).
This station, located 600 m southeast of the plot, has been col-
lecting data since August 1999. Rainfall samples are gathered
from each event and stored in an airtight container in a cool,
dark place to provide a monthly composite sample. Prior to
analysis, the water can be stored in 20 mL brown glass bottles
briefly under cool, dark conditions. Isotopic analyses are
conducted at Avignon University using a cavity ringdown
spectrometer (L2140-I Picarro). For each sample, six measure-
ments are taken, with only the final three used to calculate
results. The analytical uncertainty, based on 2 times the stan-
dard deviation of these last three measurements is approxi-
mately 0.1%o.
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FIGURE 3 | Experimental plot - hydrogeological context and position of soil water sampling sites.

In terms of hydrogeology, automatic TD Diver pressure sen-
sors (accuracy +0.5cm) are installed in four piezometers at the
corners of the plot (1, 2, 3, 4), with all points also subject to a
monthly manual piezometric survey.

2.3 | Modelling Framework for Recharge
Processes

We conducted monthly isotope simulations of soil water and
groundwater under the assumption that the monthly water and
isotope rates were in a pseudo-steady-state, represented by:

Qout = Qm*g(T) and Fout = Fin*g(T)

where Q_, et Q, are the outgoing and incoming water rates re-
spectively, F , et F, , are the outgoing and incoming isotopic
rates (Qx &) respectively, g(T) is the transfer function depen-
dent on the mean transit time T and * denotes the convolution

operator.

The resulting isotopic content was calculated by taking the
ratio of F_, to Q. The function g(T) characterises the mixing
behaviour across different time fractions and several transfer
functions were tested to evaluate this mixing. In the functions
below, t represents the sampling time and ¢’ the time at which

the water particle entered the system:

- Piston flow model, PFM: Represents direct transfer from
the inlet (recharge area) and the system outlet (lysimeter
or piezometer) without dispersion or mixing:

PFM,  =68(t—f —T)

- Exponential mixing model, EMM: Assumes a transit time
distribution from 0 to infinity, where the shape depends
solely on T (Jurgens et al. 2012).
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- Exponential - piston-flow model, EPM: Combines the
complete mixing EMM model and the no-mix transfer
model PFM (Jurgens et al. 2012)

n(i=r)
n |- +n-1
g(,_f)z?e< ! ) fort>(n—-1)T/n

EPM,_;, =0

EPM

fort<=mn-1)T/n

With n, the ratio between the total volume of the aquifer and the
volume concerned by the exponential transfer.

- Dispersive model, DM: Uses a transit time distribution
dependent on a dispersion coefficient (related to the av-
erage distance from the recharge to sampling zones and
the medium's dispersivity). This approach assumes that
the tracer is introduced and sampled in proportion to the
rate in a semi-infinite medium, suitable for instantaneous
injection and detection (CFF mode) in our aquifer con-
figuration (Matoszewski and Zuber 1982):

3
1 1 ADPr_—T!
e

DM,

T

With DP is the dispersion parameter: DP = ﬁ, where D is the dis-
persion coefficient, v is the velocity and x is the outlet position.

We also examined several transfer configurations:

- A single transfer system using a selected transfer
function

I

- A binary transfer system with 2 flow paths (e.g., matrix
flow and preferential flow) where p represents the pro-
portion of flow through path 1:

ouT

The soil input function was based exclusively on monthly rain-
fall data, while the groundwater input function included both
rainfall and irrigation rates. Initially, we assumed the alluvial
groundwater received recharge across its entire surface area
(Figure 4a), with the EMM model deemed suitable for simulat-
ing transit times distribution. However, the surface is underlain
by a silt layer that thickens downgradient, creating a confin-
ing effect on the water table in certain areas (Figure 4b). This

scenario could be better simulated using an EPM or DM model.
These configurations are also suitable for situations when re-
charge zone is distant from the sampling point, as is the case for
irrigation-sourced recharge in this study.

Our modelling approach was consistent for both groundwa-
ter and soil water, applying several transfer functions inde-
pendently, such as the exponential and dispersive models.
Additionally, we tested binary models different configurations:
DM-PFM, DM-EMM, DM-EPM and DM-DM.

Model parameters (T, DP, n) were calibrated by minimising the
discrepancy between simulated and observed data, with two op-

timisation metrics used were RMSE and KGE:

Root mean square error (RMSE):

Z:l=1 (yi _ysim—i)2
n

RMSE =

where n is the sample size, i is the range of the sample point, y,
is the ith observation value and y; _ , is the ith simulated value.

Kling Gupta Efficiency (KGE) (Gupta et al. 2009):
1-vV(r=172 = (a=1)* = (—1)> where r is the correlation co-
efficient, « is the bias ratio (ratio of observed and calculated
averages) and f8 is the variability ratio (ratio of observed and cal-
culated standard deviations).

A multi-criteria evaluation framework is often recommended
to assess diverse model aspects, enhancing the robustness of
result interpretation (Jackson et al. 2019; Clark et al. 2021;
Cinkus et al. 2023). RMSE provides the mean absolute devi-
ation from the measurements and is widely used to optimise
LPMs, typically alongside a correlation criterion (coefficient of
determination) and a criterion for model over- or underestima-
tion (Stumpp, Maloszewski, et al. 2009; Stumpp, Stichler, and
Maloszewski et al. 2009; Eberts et al. 2012). We additionally
used the KGE as a complement to the RMSE to evaluate the
model's performance across bias, variability and correlation.

3 | Results and Hydrological Insights
3.1 | Estimating Irrigation and Rainfall Rates

There are currently no effective methods for accurately mea-
suring the actual amount of irrigation water supplied to fields.
Irrigation practices at the plot level rely on informal commu-
nication between upstream and downstream users, as well as
with the water unions, remaining largely empirical. Users of
an irrigation system select the days and duration of plot sub-
mersion based on the available water flow from the canal,
which directly depends on the actions of the other users. Any
surplus water in the primary canal is directed downstream to-
wards either the Durance or Rhone rivers. Consequently, the
daily amount of irrigation water reaching the plots varies sig-
nificantly, influenced by factors unrelated to plant needs, such
as user availability. Given these circumstances, accurately esti-
mating the total volume of water supplied, even on a monthly
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FIGURE 4 | Possible configurations of the system. (a) Recharge on the whole surface of the aquifer. (b) Recharge on a part of the aquifer from

(Jurgens et al. 2012).

basis, is challenging. However, discharge at one branch of the
canal network was measured at several points between March
2000 and August 2010, allowing a reasonably accurate estima-
tion of the water volume distributed within the branch’s area
of influence. As preliminary estimate, water volumes per unit
area were extrapolated to cover the entire plain (Nofal 2014).
Due to maintenance and management costs, this monitoring
only continued until 2010. A method was later proposed to es-
timate water volumes based on the relationship between the ir-
rigation rate and the reference evapotranspiration, allowing for
estimates from 2010 to 2021. The linear regression model pro-
duced a statistically significant fit (r>=0.87), though prediction
uncertainty remains high (Figure 5a). The model exhibits the
greatest deviations in March and August, with offsetting effect
across spring (underestimation) and summer (overestimation)
(Figure 5b). Ultimately, a relative error of at least 20% was esti-
mated for the monthly irrigation rates.

The time series of irrigation rates time series reveals a distinct
seasonality pattern, with maximum supply levels exceeding
700mm in August, and zero irrigation during the period from
November to February (Figure 6a). The irrigation season typi-
cally begins in March and ends around mid-October, after which
the canals are closed until the following spring.

Rainfall data were collected from the Meteo France climatic
station 84007004, located 500m from the experimental plot.
The mean annual rainfall is 684 mm. The area experiences a
wet autumn season with high rainfall totals and intensities,
known as “Cevenol episodes”, a similarly rainy spring with
moderate rainfall, and two drier seasons in winter and sum-
mer. Heavy autumn rains can produce monthly totals rarely
exceeding 200mm, typically occurring 2months after peak ir-
rigation (Figure 6a).

3.2 | Hydrogeological Dynamics of the Alluvial
Aquifer

Since January 2005, continuous monitoring of water levels in the
aquifer has revealed a cyclical variation in hydraulic heads, cor-
responding with the seasonal pattern of irrigation (Figure 6b).
The influence of irrigation on groundwater level fluctuations
is evident from the strong correlation between these variables,

unlike the relatively weak correlation observed between rain-
fall and groundwater levels (Figure 6c). The seasonal variation
in water table levels ranges from 1 tol.5m, with no substantial
differences in dynamics among the piezometers. Additionally,
there is no notable difference in water levels between the shal-
low and deep piezometers. However, a consistent difference in
water levels was noted between points 2 and 3. Since these pie-
zometers are aligned along the same flow line, the discrepancy
reflects a localised head loss within the water table between up-
stream and downstream.

Furthermore, an upward trend of approximately 30 mm per year
in water levels has been observed across all piezometers. This
increase appears unrelated to the amount of irrigation water ap-
plied. Instead, it is more likely attributable to changes in flow
conditions in the Durance River, following upstream modifica-
tions in 2006 that resulted in an increased flow.

3.3 | Isotopic Analysis of Water Sources

The isotopic time series for rainwater, irrigation, soil and
groundwater at the site is displayed in Figure 7. The sequence
started in March 2004 when the initial soil water samples (BPA4
and BPAS5) became available.

Over 15years of isotopic monitoring revealed that soil water
closely resembled the rainwater signal, with a clear attenuation
effect evident with increasing depth. The arithmetic mean val-
ues of the soil water isotopic signal at various depths were as
follows (SD =0.1%o): —6.37%o0, —6.43%0, —6.38%0, —6.34%0 and
—6.57%0 for BPA1, BPA2, BPA3, BPA4 and BPAS5, respectively.
The weighted average of 80 in gross rainfall was —6.40%o,
with a standard error (SE) of 0.29%o, calculated following the
method by Kirchner and Allen (2020). There were no signifi-
cant differences in the isotopic content across soil water sam-
ples from various depths, and the average isotopic content of
these samples was closely aligned with that of gross rainfall.
These findings suggest that evaporation did not have a marked
effect on soil water's isotopic values of soil water, and that the
precipitation signal was largely preserved. This is further sup-
ported by an analysis of the §'80/8?H relationship, which shows
that all soil water points lie along the local meteoric water line
(LMWL) (Figure 8).
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Groundwater samples from piezometers 8 and 12 showed no
significant differences in isotopic values or behaviour. For
further analysis, piezometer 12, with the most complete time
series data, will be used. The isotope composition of the irri-
gation water substantially influenced the average isotopic sig-
nal in groundwater. The average 8§'%0 in groundwater over the
entire period was —9.84%o. and —9.86%. for piezometers 8 and
12, respectively (SD=0.1%o), while the average 8'%0 for irri-
gation water was —10.2%o0 (SE=0.07%. according to the same
method for weighted mean isotope content as for rainfall). The
weighted average of the input signal C,, was computed consid-
ering both rainfall and irrigation contributions:

Y(Coxr)+ X (Cpy x1rx)
Cin = >r+ Y Irr

With rand Irr are rainfall and irrigations rates, respectively, and
C,and C,, their respective isotope compositions.

This calculation yields a result of —9.66%. (SE =0.11%c), suggesting
that the groundwater isotopic composition largely results from a
mixing of rainfall and irrigation water, with the proportion of each
driven by their respective volume. Based on this analysis, it is es-
timated that irrigation contributed approximately 85% of aquifer
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recharge. This figure is higher than that found in a previous study
conducted upstream of our research area (Lacroix 1991). Notably,
groundwater was slightly more depleted than the simple weighted
average of the two input sources, indicating that the contribution
of irrigation water to groundwater recharge might be slightly un-
derestimated. To align the two values precisely, the irrigation rate
would toned to be increased by about 20%.

3.4 | Modelling Isotopic Variations in Soil Water

3.4.1 | Simple Transfer (Single Function)

The simulation results using a single transfer function are sum-
marised in Table 2.

The analysis was carried out using the monthly isotopic
time series of rainwater as input, with 260 months of rainfall
amounts and isotopic data available. Soil observations span
up to 54 months (excluding gaps), starting from time step 58
(BPA4).

The calculated transit times showed a strong correlation
with depth, ranging from 3 to 4months at a depth of 19cm to
35-37months at 200cm (Figure 9). The EMM and DM models
were both consistent in this regard. Interestingly, the KGE opti-
misation metric was often more favourable for the EMM model,
despite it having only one parameter (Table 2). However, the
KGE value generally decreased with increasing soil depth. At
98 cm depth and below, the model struggled to capture the full
variability observed (Figure 10).
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3.4.2 | Binary Transfer (2 Parallel Transfer Functions)

To better capture the dynamics observed across all depths, we
assumed that infiltration involved a combination of slow ma-
trix flow and faster preferential flow. The matrix flow rate was

modelled using a dispersive model (DM) to account for a pro-
portion p of the total flow, while the preferential flow was rep-
resented by a piston flow model (PFM) with a transit time of
Omonth (immediate response to monthly rainfall), covering the
remaining proportion 1-p of the total flow.
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TABLE 2 | Synthesis of the results of the EMM and DM transfer models for the 5 soil depths.

BPA1 BPA2 BPA3 BPA4 BPA5S
Depth (m) 0.19 0.28 0.5 0.98 2
EMM T (months) 3.2 4.3 10.3 15.1 34.8
KGE 0.8 0.71 0.72 0.5 0.57
RMSE 0.76 0.85 0.48 0.38 0.32
DM T (months) 4.6 5 10.3 16.5 37.1
DP 1.1 0.5 0.96 1 0.25
KGE 0.78 0.71 0.59 0.05 0.44
RMSE 0.74 0.73 0.57 0.57 0.33

2,5 1
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rs y=0,0543x
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FIGURE 9 | Correlation between soil depth and mean transit time
calculated with the EMM and DM models.

The simulations showed a marked improvement across all depths.
The average transit times for the DM component of the model
(matrix flow) ranged from 3.7 to 63.1 months (Table 3), resulting
in an estimated percolation rate of 3cm/month within the matrix
(Figure 11). The preferential flow proportion remained consis-
tently around 10%-15%, though this proportion gradually declined
with depth. Incorporating preferential flow enhanced the model's
ability to replicate the variations observed at the greatest depths
(Figure 12). This result aligns with the soil characteristics outlined
in Section 2. The mean transit time within the soil at a depth of 2m
was approximately 50 months, equating to an average infiltration
rate of 4cm/month. Consequently, the transit time for water at a
depth of 4.5m (mean depth of groundwater table), calculated from
the infiltration rate, was approximately 120 months.

3.5 | Groundwater Isotopic Modelling
3.5.1 | Simple Transfer (Single Function)
The isotope models for groundwater were calibrated, account-

ing for the uncertainty in the irrigation rate. According to the
results in Section 3, the irrigation rate was increased by 20%

each month to maintain isotopic mass balance. However, the
simulations yield generally poor outcomes. The KGE metric did
not exceed 0.55, with the DM model providing the best perfor-
mance (Table 4 and Figure 13). The EMM model's lower per-
formance aligns with the context, given that the primary areas
of irrigation recharge are located upstream of the observation
point. The three models tested agreed on a mean transit time of
approximately 9 months. It is noteworthy that this transit time is
significantly shorter than the estimated transit time at the max-
imum depth observed in the soil.

3.5.2 | Binary Transfer (2 Parallel Transfer Functions)

The simulations were conducted as previously, with monthly
irrigation rates increased by 20%. The initial binary model,
which combined a DM function with a PFM function, did not
yield convincing results. Notably, the most optimal simulation
was achieved when all flow travelled through the dispersive
part, effectively simplifying the model to a single DM simu-
lation. The introduction of a fast piston-like flow did not en-
hance the model accuracy. Additional tests were performed
pairing a DM function with an EMM, EPM or another DM
function, but none of these combinations enhanced the simu-
lation outcomes.

In a subsequent phase, two parallel simulations were conducted
using two DM models (DM1 and DM2), based on the assumption
that infiltration modalities might differ depending on whether
the input source was irrigation (DM1) or rainfall (DM2). This
technique yielded better results compared to those obtained with
a single transfer function (Table 5). The groundwater exhibited
a mean transit time of around 15months: about 60 months for
rainwater and approximately 8 months for irrigation, with irri-
gation comprising 85% of the recharge and rainwater 15%. It is
worth noting that while the KGE reached an optimal value at
T2=56months, this metric displayed limited sensitivity to val-
ues beyond this (Figure 14).

The proposed model generally captured the isotopic vari-
ability within the aquifer (Figure 15), although it struggled
to accurately represent the extreme values, particularly the
low ones.
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TABLE 3 | Summary of the results of the binary transfer model for =~ 4 | Discussion and Implications for Water
the 5 soil depths (p, the proportion of the flow simulated by the DM Resource Management

part).
4.1 | Influence of Soil Infiltrability Spatial
BPAL BPA2  BPA3 BPA4 BPAS Distribution and Hydrological Forcings on Recharge
Depth (m) 0.19 0.28 0.5 0.98 2 Processes
T(DM 3.7 4.5 13.6 30.5 63.1
(rflontgls) According to previous findings, a notable difference exists
between the transit time derived from the soil data and that from
DP 0.54 0.33 0.98 0.98 0.44 groundwater data, even when considering only the “rainwater”
p 0.84 0.86 0.89 0.87 0.9 component in the groundwater isotope transfer model.
KGE 0.83 0.76 0.67 0.51 0.62 One possible explanation for this discrepancy is the difference
RMSE 0.67 0.66 0.5 0.38 0.29 in spatial scales across the investigations. Soil data reflects local
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variations, whereas isotopic variations in groundwater result from
the spatial integration of upstream mechanisms from the sam-
pling point. Lithological sections at the experimental plot indicate
surface layers of loams, silts and clays, 2-3m thick, distributed
unevenly across the plain. In the upstream areas, these low-
permeability layers are relatively thin, thickening downstream,
where the water table may be locally confined (Nofal et al. 2019).
Measurements at the plot show relatively thick silts, which justify
the need for longer infiltration duration. In contrast, groundwater
measurements reveal infiltration in upstream areas with sparse
or absent silts, explaining the shorter transit time calculated for
groundwater.

The variation in transit time between the soil and water table is
also influenced by how water is supplied to the soil. In gravity-fed
irrigation, Ma et al. (2011) demonstrated that on the Crau plain,
substantial quantities of irrigation water can reach the water table
at 7m depth within days. Forcing conditions vary considerably
during rainfall events, particularly during intense Mediterranean
autumn rainstorms (the so-called Cévenol events). Several authors
have shown that the likelihood of preferential flows increases
with rainfall amount or intensity (Jarvis et al. 2016; Wiekenkamp
et al. 2016; Hu et al. 2019). Such rapid flows can occur under in-
tense or heavy rainfall due to increased water pressure in the soil,
especially within macropores (Li et al. 2020). Consensus on the
specific thresholds for initiating these processes remains elusive
due to the range of influencing factors (Weiler 2017). The rela-
tionship between the nature of the input function and recharge
efficiency, as identified by Olioso et al. (2013), supports separating
rainfall and irrigation in recharge model. This finding confirms
the choice made here to distinguish these two flows in the isotope
transfer model.

4.2 | Challenges for Modelling and Broader
Methodological Implications

Our findings, which indicate discrepancies in model accuracy
when dealing with complex recharge sources, suggest that

models need to be refined to better capture preferential flows
and the effects of irrigation practices. Figure 15 shows that the
model struggled to fully capture the isotopic variability observed
in groundwater, particularly poorly simulating depleted values.
These depleted values were frequently recorded in irrigation
water (Figure 8). However, such poorly simulated points con-
sistently occurred at the start of the calendar year - in January,
February, or March - when irrigation activities are theoretically
absent. Additionally, monthly isotope monitoring of rainwater
occasionally revealed even more negative values than those
found in irrigation water.

The model's difficulties in reproducing observations may be
explained by its inadequate structural alignment with field
processes. As previously stated, the proposed binary model
assumes different behaviours between recharge from rainfall
and recharge from irrigation. For irrigation, the relatively con-
stant water supply conditions justify the use of a single trans-
fer function. Rainfall infiltration processes differ depending
on the rainfall amount and intensity. A binary sub-model for
rainfall, with two transfer functions activated according to a
rainfall threshold, could be considered. This model structure
results increases the number of parameters from 4 to 7 when 2
dispersive functions are used for the soil. Although this model
was tested, it did not improve the simulations, especially for the
extreme values.

Another issue to consider is the time scale used in the analysis.
For practical reasons, including sampling and analytical con-
straints, the study was conducted using a monthly time scale.
Yet, the relevant processes could be occurring on time scales
that differ significantly from the one used here. During an ex-
periment on the measurement site, labelled water was used to
simulate rainfall, demonstrating that a small amount of rain-
water could reach the water table in just a few hours (Garel
et al. 2007). Furthermore, with regard to groundwater-river
exchange, the parameters governing water transport (such as
water velocity and dispersivity) were found to depend on the
chosen time scale, likely due to the different mechanisms in-
volved (Poulain et al. 2021). In this study, the groundwater
samples were collected periodically, which may not be reflec-
tive of the monthly averages. The simulated inaccuracies could
arise due to rapid infiltration following preceding heavy rain-
fall events, depending on the time of sampling. To better de-
tect these phenomena, short-term monitoring (daily) should be
conducted during the intense rainfall events that are typically
observed in autumn.

The study highlights the challenges in using lumped parame-
ter models (LPM) to simulate groundwater recharge processes
under the dual influences of rainfall and irrigation. This insight
is applicable to a wide audience of hydrologists and water re-
source managers who rely on models to predict water avail-
ability. In particular, this study's approach of using long-term
isotopic data to calibrate models provides a valuable example
of how integrating detailed field data can improve model ac-
curacy. Future research efforts could build on this work by in-
corporating high-frequency monitoring data and more complex
modelling approaches to better capture the full variability of
groundwater recharge processes.
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FIGURE 12 | Simulations of isotope contents in soil water at different depths (DM-PFM binary mixing model).

4.3 | Implications for Global Water Resource
Management and Irrigation Practices in
the Context of Climate Change

Gravity-fed irrigation systems, while traditionally perceived as
inefficient due to water loss through evaporation and surface
runoff, are shown to play a crucial role in aquifer recharge. For
instance, Bouimouass et al. (2022) and Masseroni et al. (2017)
highlight how traditional irrigation methods sustain groundwa-
ter quality and recharge despite their high water consumption.
But the broader hydrological implications of the present study
extend beyond the Mediterranean region. It contributes to a
body of knowledge that emphasises the need to rethink water

management practices in arid and semi-arid regions globally. As
water availability becomes increasingly uncertain, this research
offers insights that could help develop new strategies for aqui-
fer management, potentially applicable in regions like the U.S.
southwest, sub-saharan Africa, middle east and parts of Asia
(Gordon et al. 2020; Darko et al. 2020; Bouimouass et al. 2020;
Karimov et al. 2021).

The observation that gravity-fed irrigation contributes 85% of
the aquifer recharge in the Avignon plain challenges the conven-
tional wisdom that modern, high-efficiency irrigation systems
like drip or sprinkler irrigation are always preferable. While
these systems save water at the surface, they may reduce the
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TABLE 4 | Results of the fitting for the groundwater with the EMM,

EPM and DM models.

natural groundwater recharge that occurs through more tradi-
tional flood irrigation methods. This insight could inform water
management strategies globally, suggesting a need for a more nu-

EMM T (months) 0 anced approach that balances surface water efficiency with the
KGE 0.28 benefits of aquifer recharge. These results provide evidence that
RMSE 0.31 MAR techniques could be effectively integrated into traditional
irrigation systems. For example, using irrigation canals durin,
EPM T (months) 9 gation sy . p'e, USIIg TS ) &
non-irrigation periods to artificially recharge aquifers could
n 14 mitigate the effects of extended droughts. The relevance of this
KGE 0.47 finding is particularly important as many regions are now explor-
ing strategies to adapt to the twin challenges of increasing agri-
RMSE 0.29 s ;
cultural demand and shrinking water resources due to climate
DM T (months) 8.4 change (Alaanuloluwa Tkhuoso et al. 2020; Sivakumar 2021;
DP 0.11 Martinez-Valderrama et al. 2023).
KGE 0.55 From a policy perspective, the results underscore the need for
RMSE 0.28 integrated water management strategies that account for both
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FIGURE 13 | Isotopic simulations of groundwater with the EMM, EPM and DM models.

15 of 20

85U8017 SUOWILLOD 3ATe810 3(dedldde ay) Aq peusenob ae Sapoie YO ‘88N JO S9INJ o} Akeiq18UlUQ A8]IM UO (SUOTIPUOO-pUe-SWISI W0 A8 |ImAeIq Ul |uo//Sdnl) SUORIPUOD pUe SWB | 84} 88S *[Z0z/ZT/LT] uo Ariqi]auljuo A8|IM ‘8ouel aueIyd0D Aq zz00L dAY/Z00T 0T/10p/woo A8 | Areiq1jeuljuo//Sdiy Wwolj pepeojumod ‘2T ‘720z ‘G80T660T



TABLE 5 | Summary of results for the binary model (IRR+RAIN) surface and groundwater resources. Many regions currently
for the groundwater case. manage these resources separately, often focusing on surface
water efficiency at the expense of groundwater recharge. This
study suggests that a more holistic approach is needed - one that
T2 (RAIN) (months) 56 considers the indirect benefits of traditional irrigation practices
in recharging aquifers. Policymakers can use these findings to
develop water-saving irrigation strategies that do not compro-
D2 (RAIN) 0.11 mise groundwater recharge. For example, adapting irrigation
schedules to maximise recharge during periods of lower agri-
cultural demand or exploring dual-purpose infrastructure (ir-
RMSE 0.26 rigation and recharge) could help mitigate water scarcity. This

approach aligns with global efforts to implement sustainable de-

velopment goals (SDGs), particularly SDG 6, which focuses on

ensuring the availability and sustainable management of water

T1 (IRR) (months) 7.9

D1 (IRR) 0.11

KGE 0.64

o7 oot and sanitation for all (United Nations 2018).
optimum
0,65 The findings of this study indicate that the preservation of these
{ systems, or the implementation of modernisation measures, can
06 serve as an indirect yet effective instrument for the enhance-
f ment of global groundwater management.
:
0,55 |+
w g .
e 3 5 | Conclusion
0,5 r
This study provides new insights into the hydrological processes
oas T of groundwater recharge under the combined influence of
' gravity-fed irrigation and natural rainfall in a Mediterranean al-
luvial aquifer. Using long-term isotopic monitoring and lumped
O parameter models, we quantified the significant contribution
| of irrigation - approximately 85% - to annual aquifer recharge.
035 , , ‘ ‘ , This finding underscores the crucial role that traditional irriga-
0 100 200 300 400 500 600 tion systems play in enhancing groundwater resources, even in
T2 (months) semi-arid regions where water is scarce. The modelling results
FIGURE 14 | Variation of KGE as a function of T2. revealed distinct infiltration dynamics between irrigation and
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rainfall sources, with faster transit times associated with irri-
gation flows, highlighting the impact of irrigation practices on
recharge efficiency.

Our approach demonstrates the utility of isotopic techniques
for distinguishing recharge sources, offering a cost-effective
and scalable method for understanding recharge processes in
regions with limited hydrological data. These findings have
broad implications for water management policies, particularly
in water-stressed regions facing climate change. To sustain
groundwater levels, we recommend that policymakers con-
sider both the water-saving benefits of modern irrigation and
the recharge benefits of traditional methods. Future research
should focus on high-frequency monitoring and refined mod-
els to better capture recharge variability and support adaptive
water management strategies in diverse agricultural contexts
worldwide.
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