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Abstract. The Garonne River is the primary river in the southwest part of France. The Quaternary alluvial
aquifer along this River may represent a substantial water resource, especially for agricultural activities well-
developed in the Garonne Valley. However, this shallow aquifer hosts numerous irrigation wells reducing the
baseflow during the intensive pumping periods. It is recharged by rainfall, lateral inflow from the hillside (over-
lying terraces), and the river bed seepage during the flood periods. The aquifer sustains the River during the dry
periods. Furthermore, the potential recharge of this aquifer is particularly sensitive to annual climate fluctua-
tion and consequently affects the ecosystems and related socio-economy. Groundwater artificial recharge can be
considered an innovative and sustainable nature-based solution. The runoff water from The Techno-Pole Agen
– Garonne (TAG) zone is collected in retention basins and is a potential source to recharge the shallow alluvial
aquifer. The study aims to model water infiltration and understand the aquifer response and, consequently, the
effects on river low flow. Within the framework of this study, 132 wells/boreholes were used in to determine
the groundwater level fluctuations and to create its maps. The measurements showed that the artificial recharge
increased the groundwater level by more than 1 m close to the retention basin after the rainstorm event. Simi-
larly, a three-dimensional (3D) groundwater model shows a similar magnitude aquifer response to the induced
infiltration. Consequently, this model satisfactorily represents the interest of the artificial recharge of the alluvial
aquifer and permits predictions about whether the aquifer can maintain the low flow of in the Garonne River. To
this end, it was estimated that the infiltrated water would take about 4 months to reach the River, which is an
appropriate time to sustain it during the dry periods.
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1 Introduction

After the Loire and Seine, the Garonne River is the third of
the large French Atlantic rivers. Its drainage basin has an
area of 57 000 km2 (Lancaster, 2005) and up to Tonneins,
the last gauging station uninfluenced by the tidal action, it
is calculated to be 50 000 km2 (Biancamaria et al., 2019).
The Garonne Basin is mainly influenced by the Oceanic and

Mediterranean climate as well as snowmelt from the moun-
tainous areas.

In the Garonne Valley, water is a crucial element for
economic and social development. Both surface water and
groundwater resources usually meet the needs of all uses.
However, the spatial and temporal distribution of these re-
sources does not always match the demands. Several studies
have mentioned how the current and future negative impacts
of climate change influence the hydrology of the Garonne
River and its surrounding alluvial aquifers (Caballero et al.,
2007; Hendrickx and Sauquet, 2013; Agence de l’eau Adour-
Garonne, 2014; Guivarch et al., 2015; Le Treut, 2018).
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Figure 1. Map of France, prepared by QGIS, free and open source software, showing the location of the study area in Nouvelle Aquitaine
Region (a) and the topographic units of the study area according to IGN (French national geographic institute) spatial satellite data with a
5 m resolution (b).

Groundwater and surface water resources interact in a
range of geological, topographical, and climatic settings, and
they have varying degrees of connection (Ivkovic, 2009).
The shallow alluvial aquifer system investigated in this work
overlies an impermeable layer of Tertiary Molasse sediments
and it supplies water to thousands of irrigation wells. Ac-
cording to the location and the degree of incision of the River
into the Tertiary Molasse, the Garonne River can temporar-
ily recharge the alluvial aquifer during flood periods. On the
other hand, this aquifer drains and sustains the low flow of the
River during dry periods. This aquifer drainage takes place
mainly in summer and is often the main source for the River
during this period (Brugeron et al., 2018). The impacts of
climate change on the water resources in the Garonne Val-
ley lead to seeking adaptation strategies, including artificial
aquifer recharge.

The Techno-Pole Agen - Garonne (TAG) project is under
construction close to the City of Agen southwest France. The
project and its surrounding areas (about 20 km2), where the
current major occupation is essentially agricultural activities,
are taken as a study area. The alluvial aquifer in this area will
be used as a potential source to create a peri-urban, natural,
green, and temperate zone in order to combat rising tempera-
tures. The study aims to: (1) determine the potential response
of the alluvial aquifer to artificial recharge; (2) identify how
this strategy will participate in increasing the baseflow to-
ward the Garonne River during dry periods and (3) recog-
nize the potential of this strategy as a management tool in the
Garonne Valley to mitigate the impacts of climate change on
water resources.

2 Materials and methods

2.1 Study area

The study area is located in the southwest of France (Fig. 1).
The TAG Project is considered as one of the most impor-
tant project from the economical point of view in the south-
west of the region. It is under construction within an area
of about 240 ha near Agen. The project zone and surround-
ing area were taken as a study area (≈ 20 km2). This area
is characterized by a temperate transitional climate between
the Oceanic and Mediterranean regimes. It is characterized in
the south and southwest by hillsides, while the floodplain is
dominated in the north and northeast. The relief, according
to IGN (French national geographic institute) spatial satel-
lite data with a 5 m resolution, ranges from about 83 m in
the south toward the hillsides to 32 m in the north near the
Garonne River.

The alluvial deposits are dominant in the study area (Dan-
neville, 2016). The low alluvial plain, consisting of gravel
and large pebbles intercalate with a sandy matrix, occupies
the north and northeast parts. In contrast, the low terrace pre-
dominantly contains weathered deposits of silt and sandy-
clay. The alluvial deposits are limited at the bottom by the
molassic layer. The thickness of these deposits is between
6 to 10 m and decreases towards the hillside, where the silt,
clay, and sand cover intercalates with the aeolian sediments
of the hills.

The substantial variation in the sedimentological composi-
tion of the alluvial deposits induces subsurface heterogeneity
leading to an important change in hydraulic properties of the
alluvial aquifer over several orders of magnitude in a rela-
tively small area. The hydraulic conductivity values of this
aquifer vary from 10−2 to 10−5 m s−1.
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Figure 2. Alluvial aquifer/Garonne River interface and exchange patterns during flood and dry periods, after the Rhône Mediterranean and
Corse Water Agency and Queensland Government.

Figure 3. Location maps of observation wells (left) and monthly groundwater level fluctuations in two boreholes located close to the retention
basin, as well as monthly rainfall variation measured in Agen station close to the TAG area.

2.2 Methods

2.2.1 The observed relationship between the alluvial
aquifer and the Garonne River in the study area

The impermeable molassic rocks that form the riverbed of the
Garonne River are characterized by a low altitude compared
with the adjacent alluvial aquifer. The alluvial aquifer is char-
acterized by a shallow flushed system that drains into the
River during low flow periods when the groundwater level
is higher than the river level. Conversely, during the flood
periods, when the river level is higher than the groundwater
level, the surface water seeps and recharges the aquifer either
through the river banks if they are not clogged or through the
infiltration when the river water reaches about 2 km further

from the River in the flooded plain. However, the exchanges
between the aquifer and the River depends on the River’s
head (Fig. 2).

These exchanges have significant quantitative and qual-
itative consequences, particularly during low-flow periods
when the aquifer contributes to maintain the River’s flow
and its thermal buffering capacity. The river temperature was
measured locally as 29 °C in August 2019 while the temper-
ature of the drained groundwater in the River was 15 °C in
the same period.
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Figure 4. The three-dimensional (3D) representation model of the study area.

2.2.2 Potential of artificial recharge of the alluvial aquifer
in the TAG area

Based on the observed hydraulic relationship between the
Garonne River and the adjacent alluvial aquifer, the artificial
recharge of this aquifer has been initiated.

The runoff water in the TAG area is collected in the reten-
tion basins in order to enhance the recharge of the aquifer
and its later use. Following the storm event of November
2019, the retention basin has filled up. Consequently, the in-
filtrated water has created a piezometric dome that has been
observed in the two boreholes (PZ1 and PZ6) located near the
basin where the groundwater level has increased by about 1m
(Fig. 3).

3 Groundwater modeling result

By using FEFLOW (DHI-WASY 2010) and according to
IGN (French national geographic institute) spatial satellite
data with a 5 m resolution, the two-dimensional (2D) hor-
izontal finite element mesh was generated. After that, the
three-dimensional (3D, Fig. 4) slice elevations, layer prop-
erties and boundary conditions were defined.

The model domain was discretized into elements and
nodes with five model layers. The first layer represents veg-
etal soil, its thickness changes between 1–3 m. The second
layer consists of silt and sandy silt with a thickness changes
between 1–7 m. The third layer represents a thin sandy layer
with a thickness ranging from 1 to 2 m. The fourth one con-
stitutes the alluvial aquifer (gravels, pebbles, and sandy-clay)
housed in the molassic formations with a thickness varying
from 6 to 10 m.

The calibrated hydraulic conductivity values with the in-
verse method in a steady state, in order to simulate the mea-
sured hydraulic heads, shows that these values change be-
tween 10−2 and 10−5. The calibrated model has allowed us
to specify the spatial distribution of the aquifer permeabil-
ity and to visualize the main flow directions in relation to
the equipotential lines. These lines show that the infiltration
basin is located in an area characterized by relatively high
permeability.

The superposition of the measured and calculated ground-
water level contours (Fig. 5) for the same period indicates
a good agreement. The two sets of piezometric contours,
plotted every 2 m, are relatively close to each other over the
whole study area.

The calibrated model has defined the initial groundwater
level, which is used to run it in the transient regime taking
into account the effect of artificial recharge from the reten-
tion basin (Fig. 6). A piezometric dome and significant rise
in groundwater level can be observed near the retention basin
after storm events and, consequently, runoff water infiltra-
tion (Fig. 6). Thus, the initial piezometric contour value has
moved about 500 m toward a groundwater flow direction.

The results show that the infiltrated water during March-
April takes about 4 months to reach the Garonne River which
is an appropriate time to sustain the low flow of the river.

4 Conclusions

The application of artificial recharge of the alluvial aquifer
in the study area is found to be a significant tool to main-
tain groundwater level. Groundwater modelling results show
how this mechanism can be used to sustain the low flow of
the Garonne River. It was estimated that the infiltrated wa-
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Figure 5. Measured and calculated groundwater level maps, March–2019.

Figure 6. Groundwater flow patterns towards the Garonne River after artificial recharge applied in the TAG area.
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ter would take about 4 months to reach the River, which is
an appropriate time to sustain it during the dry periods if the
recharge takes place between January and April. This prag-
matic and potentially eco-responsible management tool can
be considered as an adaptation strategy to climate change in
the whole Garonne Valley.

Based on the obtained results of this project, three other pi-
lot sites in the Garonne valley were selected to be studied and
subsequently evaluate their potential for artificial recharge
using the Canal Lateral of the Garonne River as a source.
This will help to recharge the Garonne River during the
dry period with thermally tempered water and contribute to
proper functioning of its environment. However, this method-
ology is appropriate to preserve the water resources in the
study area and to maintain the agricultural activities of the
inhabitants, who depend mainly on agricultural production.
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