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Hydrodynamic, hydrochemical, and isotopic investigations were carried out on 18 points, including bore-
holes, piezometers, and surface waters, from February 2011 to August 2012, to assess groundwater qual-
ity in the unconfined shallow alluvial aquifer of the Allier River (one of the main tributary of the Loire
River). The study area, located near the city of Clermont-Ferrand (France), plays an important socio-eco-
nomic role as the alluvial aquifer is the major source of drinking water for about 100,000 inhabitants. The
objective of the project aims at understanding the functioning of alluvial aquifers that occupy a pre-emi-
nent position in the hydrogeologic landscape both for their economic role - production of drinking water
and agricultural development - and for their ecological role. Moreover, this study also targets at deter-
mining the factors and processes controlling shallow groundwater quality and origin. The water circu-
lates from the south, with a natural alimentation from the hills in the non-pumped part of the alluvial
aquifer. In the pumping zone, this general behaviour is altered by the pumping that makes the water from
the Allier River enter the system in a large proportion. Four end-members have been identified for the
recharge of the alluvial groundwater: rainfall, Allier River, surrounding hills’ aquifer and the southern
non-pumped part of the alluvial system. Results indicate that, despite the global Ca-HCO5; water type
of the groundwater, spatial variations of physico-chemical parameters do exist in the study area. Ionic
concentrations increase from the Allier River towards east due either to the increase in the residence time
or a mixing with groundwater coming from the aquifer’s borders. Stable isotopes of the water molecule
show the same results: boreholes close to the river bank are recharged by the Allier River (depleted val-
ues), while boreholes far from the river exhibit isotopic contents close to the values of hills’ spring or to
the southern part of the alluvial aquifer, both recharged by local precipitation. One borehole (B65) does
not follow this scheme of functioning and presents values attesting of a probable sealing of the Allier
River banks. Based on these results, the contribution of each end-member has been calculated and the
functioning of the alluvial system determined.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

in the western Europe” owing to the relative absence of large dams
and the consequent semi-natural condition of the river, notably in

The Allier River (French Massif Central) is one of the main trib-
utary of the Loire River nowadays considered as “the last wild river
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its upper reaches. For these reasons, the European Program “Plan
Loire Grandeur Nature” has been settled in 1994 with the aims
of ensuring the security of Loire valley’s residents in case of floods,
responding to the needs of water supply and protecting and restor-
ing the river’s biodiversity. This study is a part of the third phase of
the Plan Loire (2007-2013) and is dedicated to the characterization
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of the alluvial aquifer of the Allier River considering its fundamen-
tal ecological and socio-economical role in the Auvergne region.

In fact, due to their permeable nature, alluvial aquifers play a
fundamental role by supplying large quantities of water for drink-
ing, industrial, and agricultural purposes in many countries
(Doussan et al., 1997; Guo and Wang, 2004; Chkirbene et al.,
2009; Lorite-Herrera and Jimenez-Espinosa, 2008). Alluvial aqui-
fers have a fundamental ecological significance for they sustain
various aquatic and terrestrial ecosystems of high patrimonial val-
ues and an economic role bound to the presence of easily irrigable
fertile zones and to the production of industrial or drinkable water
in advantageous costs. Therefore, they contribute to give these sys-
tems a pre-eminent place in the socio-economical management of
an area (Klove et al., 2011). In the hydrogeology of the alluvial
aquifer, what is determining is not only the extension of the allu-
vium formations but also the relationships that these can maintain
with the surroundings aquifers, the substratum and the connected
surface waters. Three models of functioning of alluvial aquifers can
be proposed according to their geological context: (1) either the
aquifer behaves as a drain which collects and leads to the superfi-
cial water network flow stemming from neighbouring aquifers, (2)
or as a very permeable environment connected to the river which
recharges the aquifer with the water coming from the upstream
part of the basin (3) or as a combination of both models, each play-
ing a variable role according to the location of the investigated well
with regard to both limits (Huggenberger et al., 1998). The exis-
tence of these flows of diverse origins is translated, in open limits
of the alluvial systems, by waters of different chemical
composition.

Groundwater chemistry of alluvial aquifers depends on natural
factors such as leaching and soil-rock-water interactions (Scheytt,
1997; Stigter et al., 1998), hydrodynamical characteristics of the
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aquifer, quality of recharge water and interaction with surface
water or neighbouring aquifers (Stallard and Edmond, 1983).
Moreover, anthropogenic activities such as industrial processes,
agricultural practices and the development of population (Kelly,
1997; Stigter et al., 1998; Kraft et al., 1999; Bohlke, 2002) can alter
these fragile systems, either by polluting them or by modifying the
hydrological cycle to such an extent that the use of groundwater
becomes limited.

The study site is the main water catchment of Clermont-Fer-
rand, the biggest town of the Auvergne region, and provides drink-
ing water for around 100,000 inhabitants. Land occupations with
agricultural activities and population centres extend from year to
year. Consequently, there is a critical need to increase the knowl-
edge of the system from quantitative, hydrodynamic and qualita-
tive perspectives to sustain the groundwater resource, as also
required by the Water Framework Directive (European Parliament,
2000) and the Groundwater directive (European Parliament, 2006).
The purpose of this study is to improve ecological and socio-eco-
nomical water management not only at the site scale but also at
the whole scale of the Allier watershed. In this context, hydro-
chemical and isotopic methods were used to identify the sources,
types and quantities of various components of groundwater and
to describe their spatial and temporal variations.

2. Study area sittings
2.1. General settings and geology of Allier basin

This study was performed in the Quaternary shallow alluvial
aquifer of the Allier River, located in the Allier basin covering a sur-
face of 14,310 km? (Fig. 1). The climate of the Allier basin is sub-
jected to high spatial variability due to altitude variations from
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Fig. 1. The Allier River basin and the study area location.
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167 to 1423 m.a.s.l. with a mean altitude of 900 m.a.s.l. and to the
mixed influences of oceanic, continental climate as well as Medi-
terranean incomes in the southern part (Bertrand et al., 2008;
Négrel and Roy, 1998). Rainfall is often different from location to
another, such as in the mountainous area (upstream of study area);
the maximum values are reached in winter and late spring (about
2000 mm), and the minimum ones in the summer (about 570 mm).
Allier basin receives on average 800 mm of rain annually, with an
average annual temperature comprised between 5 and 6 °C in
the higher altitudes of the basin and 11.7 °C in the lower altitudes
(Bertrand et al., 2010, 2013). The Allier River, the main tributary of
the Loire River, originates in the Massif Central (La Maure de Gard-
ille, 1423 m.a.s.l.) and flows roughly from South toward North with
a total length of 410 km long; it joints the Loire River at the Bec
d’Allier, near Nevers.

Geologically, the Allier River basin occupies the Limagne rift
valley, an elongated tectonic depression in the Hercynian crystal-
line Massif Central, France (Dézes et al., 2004). The drainage basin
is underlined by Hercynian crystalline basement rocks (58%), with
Cenozoic volcanic rocks (22%) mainly along the margins of the rift
valley and partly calcareous Oligocene fluvio-lacustrine sediments
(20%) as a rift valley fill (Korobova et al., 1997). Strong uplift of the
Massif Central from the beginning of the Quaternary onwards
(Dézes et al., 2004; Ziegler and Dézes, 2005) has forced the Allier
to incise deeply into the underlying bedrock, thus forming many
terraces. Furthermore, there was on-going volcanism in the up-
lifted rim west of the rift valley. The Allier terrace deposits are
gravelly and sandy sediments poor in clay and encompassing sili-
cate components of granitic-gneissic and basaltic origins from
Massif Central, reflecting the different lithologies within the Allier
basin. However, this composition is not linearly correlated with ba-
sin lithology, the volcanic components usually predominate while
the Oligocene rocks are usually rare (Veldkamp and Feijtel, 1992).
Common heavy minerals of the Allier terraces are augite, green and
brown hornblende, olivine, mica and opaques (Van Dorsser, 1969;
Rudel, 1963; Pelletier, 1971; Pastre, 1986; Tourenq, 1986). The
opaque component, which can comprise more than 50% of the fine
sand fraction, is predominantly composed of basaltic rock frag-
ments. The sediment composition has known many changes in
time due to incision of the Allier, glaciations of the higher parts
in the basin and volcanic eruptions (Kroonenberg et al., 1988).
The ancient alluvial deposits of Allier are distinguished from recent
alluvial deposits. The former (Early Pleistocene) are thin, about
several meters, and are consisting of quartz, sand and little clay
whereas the latter alluvium is composed of sand, gravel and rocks
covered with layer of silt. These alluvial deposits are mainly lo-
cated over the marly calcareous deposits of the Limagne or directly
on the crystalline basement (Dadet et al., 1979). The alluvial layer
is 6-15 m thick (10 m on average) and their scope ranges from a
few meters to several kilometres on each side of the river.

The total alluvial aquifers represent about 6% of the Allier basin,
and then the total estimated volume of water contained in this
alluvial layer is about 2 billion cubic meters (Livet et al., 2006).
The basin’s alluvial plain is used primarily for animal husbandry
and agriculture (maize and cereal) which occupies about 71% of
land cover of the basin, forest and grassland come next with 24%
and urbanization with only 5%. The alluvial aquifer is unconfined
and is in direct contact with surface water so it can be affected
by surface recharge and discharge.

2.2. Settings of the sampling site

The study site is located about 20 km from the east of the city
Clermont-Ferrand, France (Fig. 1). The climate of the study area
is quite clement with fairly hot summer that temperatures climb
to 27 °C in July and August and cold winter, temperatures of just

below 0 °C in December and January. The study area has an average
rainfall of 570.9 mm which is one of the lowest rates in France.
Most of the rainfall falls between May and September.

Regarding to the geology (Fig. 2), the study site is in accordance
with the lithology previously described with a succession of Qua-
ternary alluvial deposits overlying Oligocene terrains consisting
in marl, clay and limestone. The alluvial sediments are surrounded
by hills constituted of Oligocene sediments or volcano-sediments
(peperite) and Miocene volcanic formations. These terrains are
characterised by high permeability and supply many springs gen-
erally located at hill foot.

Due to its importance as a fundamental source for the drinking
water supply, the study area is protected and fenced. The site is ac-
tive since the 1930s and accounts nowadays 71 boreholes distrib-
uted on a total surface of 2 km? (Fig. 3), most of them being located
in the riverbanks of the Allier River. These boreholes allowed
obtaining a general overview about the hydrogeological settings
of the area. Water table is shallow with a depth varying from 2
to 4m. Alluviums have a permeability ranging from 1073 to
10*m/s and an efficient porosity of 8-10% (Frémion, 1995,
2007). From hydrodynamical point of view, groundwater-surface
water interactions are supposed to be important along the Allier
River, mainly because the river discharge and the piezometric vari-
ations are buffered in regards to the local high climate variability
(Livet et al., 2006). According the water circulation/recharge and
pumping, four end-members can be hypothesized: Allier River
which is supposed to be the main source, surrounding hills ground-
water, the southern part of the alluvial aquifer (characterised by a
large non-pumping zone), and direct local recharge by effective
rainfall.

3. Sampling and analytical methods

75 points (70 pumping boreholes, 3 piezometers including P13,
(Fig. 3) in the no-pumping southern part of the alluvial aquifer, 1
spring emerging from the surrounding hills, and the aquifer-con-
nected river) were sampled during two intensive field campaigns,
in December 2010 (low flow conditions) and June 2012 (high flow
conditions). Among these 75 points, 18 were selected for a tempo-
ral monitoring and have been sampled bi-weekly from February
2011 to August 2012 for physico-chemical and isotopic analysis.
A total of 841 water samples were collected during the study per-
iod (including 684 groundwater samples from boreholes, 80 water
samples from piezometers, 38 water samples from spring, and 39
Allier River water samples). In order to characterize the local re-
charge, 42 rainfall samples were collected weekly within the study
area, during the same period, by a 614 cm? pluviocollector with
automatic aperture (Eigenbrodt Automatic Precipitation Sampler
NSA 181). By using narrow diameter submersible pump, water
samples were collected in clean polyethylene bottles for major ions
measurements (Ca?*, Mg?*, Na*, and K*, HCO;, CI-, NO; and S03%")
and for silica (H4SiO4), and 20 mL glass bottles with poly-sealed
lids for water isotopes. Sampling bottles, at the time of sampling,
were thoroughly rinsed 2 times using the water to be sampled.
In situ measurements including EC, pH and temperature were
achieved by using a WTW Multi 3420 set C. The discharges of
the springs were measured through a volumetric gauging method
with a 1-L container and a chronometer. Water level of each bore-
hole and piezometer were recorded by water-level dipper. All col-
lected samples were transported in ice-boxes to the municipal
laboratory of Clermont-Ferrand for major elements analysis.

Major cations (Ca?*, Mg?*, Na*, and K") were analysed using
mass spectrometer ICP-MS-7700, major anions (Cl~, NO; and
S027) were analysed using ion chromatography ICS-1000, and
H,4Si04 was analysed by spectrophotometry. HCO; was determined
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Fig. 2. Geological settings of the study site.

by titration with H,SO,4. These analyses were run immediately after
sampling. The quantification limits for was 0.1 mg/l for major cat-
ions, 1 mg/l for major anions and 0.1 mg/1 for H,SiO,.

[sotopic analysis were performed in the Hydrogeology Depart-
ment of the University of Corsica (CNRS UMR 6134 SPE), and both
stable isotopes of the water molecule were characterized using a
liquid-water stable isotope analyser DLT-100 (Los Gatos Research)
according to the analytical scheme recommended by the IAEA
(Aggarwal et al., 2009; Penna et al., 2010). The accuracy was 1%o
for 8°H and up to 0.1%. for 5'80. The isotopic data is reported in
the standard delta notation in part per thousand relative to Vienna
Standard Mean Ocean Water (Clark and Fritz, 1997).

4. Results and discussion

The minimum, maximum, average and standard deviation of
physico-chemical, chemical and isotopic data of the 18 points used
for the temporal monitoring of the system are summarized in
Table 1.

4.1. End-member characteristics

Taking into account the circulations of water in alluvial system,
the chemical composition of groundwater is influenced by four po-

tential end-members: Allier River, hills located in the east side,
southern non-pumped alluvial aquifer, and local precipitation. Di-
rect recharge from Allier River is the main source of groundwater
in the pumping area. The river flow rate is described through three
different periods (Fig. 4a): (1) low flow rate of around 9.6 m®s~ ',
during the two or three warmest months in the summer, (2) high
flow in winter with flood impulses that can reach 377.6 m®>s~’,
and (3) high flow in spring (176 m® s~ ') that corresponds to snow
melting in the higher part in the basin; the average flow rate is of
40.4 m>s~'. The electrical conductivity of the Allier River is gener-
ally low (mean for the sampling period = 183 pS/cm) and do not
present any significant seasonal variation (Fig. 4d). However, a sig-
nificant negative correlation between flow rate and electrical con-
ductivity observed in Allier River (Fig. 4a and d). As a surface water,
seasonal variation of temperature has been detected (Fig. 4c) with
values that vary from 0 °C (14/2/2012) to 21.2 °C (14/8/2011). The
Allier River’s water type is Ca—-Na-Mg/HCO3-Cl (Fig. 5) in accor-
dance with the leaching of the water catchment’s basement mainly
constituted of granitic and gneissic rocks. One exception concerns
the 7/11/2011 analysis characterized by a Ca-Na-Mg/CI-HCO5 fa-
cies. This particular water has been during a flood event and then
corresponds to major dilution effect with an electrical conductivity
of 79 puS/cm; the change in water facies could be explained by the
low concentration in ions.
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Selected boreholes
Piezometers

Cognet spring

Allier sampling location

Pluviometer location

Fig. 3. Locations of sampling points.

Water coming from the hills constitutes the natural recharge
origin of the alluvial groundwater. This source is represented by
Cognet spring which shows a high EC varying from 818 to
1061 pS/cm (Fig. 4d). This sampled point is also characterised by
high content of nitrate, sulphate and potassium with a mean con-
centrations of 49.6, 36.7 and 17.9 mg/l, respectively. These ions are
primarily anthropogenic and mainly from agricultural sources,
since the hills are extensively using for agricultural practises. The
temperature varies seasonally from 9.6 to 14.8 °C but in lesser de-
gree compare to Allier (Fig. 4c). The flow rate of Cognet demon-
strates a continuous decrease in 2011 and starts to increase in
the beginning of 2012 till the end of July. No correlation is observed
between Cognet spring’s flow rate and precipitation height, high-
lighting possible extractions of groundwater that, for agricultural
or individual supplies within Cognet’s basin up the spring
(Fig. 4b). The dominating water type for Cognet is Ca-Mg/HCO3
(Fig. 5) correlated with the circulation within Oligocene sediments.

The southern alluvial aquifer (non-pumped area) also accounts
in the recharge of the alluvial system. This part is represented by
piezometer P13 and has the highest EC recorded within the site,
during the sampling period, that reaches 1541 puS/cm, what might
likely be due to the slow circulation of groundwater in this non-
pumping area (mean EC = 1194 pS/cm). Except for the measure-
ment of 28/02/2011, the EC values are stable and do not show
any seasonal variations (Fig. 4d). Furthermore, it contains very sig-
nificant amounts of [NO; ] and [SO2~] with mean concentrations of
38.1mg/l and 117.5mg/l respectively showing anthropogenic
influence from agriculture. Temperature changed seasonally in this
piezometer similarly to Cognet (Fig. 4c), nevertheless, no seasonal
evolution is detected in piezometric level that remains unchanged
during the study period, since it is located in the no-pumping
zone (Fig. 4b). This point is featured by Ca-Mg/HCO3; water types
(Fig. 5).

Lastly, local precipitation is a natural source of recharge but
contains very low amounts of ions. Minimum and maximum val-
ues of each chemical parameter of rainfall (Table 1) highlight the
high variability of the chemical composition and mineralization
of rainwater. Bertrand et al. (2008) and Négrel and Roy (1998)
found similar values at Opme station (15 km to the West from
our study location) and Sainte-Marguerite (9 km to the South from
our site), respectively, and argue that this variability can either be
due to the rain amount (Hicks and Shannon, 1979) or to diversity
in the origins of air masses (Celle-Jeanton et al., 2009). Concentra-
tions supplied by rainfall to groundwater can be calculated by
using the following equation (Appelo and Postma, 1993):

Concentration factor = (P/Peff) * WMo, (1)

where P is the total volume of annual precipitation, Peff refers to the
efficient rainfall (Peff = the total volume of annual precipitation -
total annual evapotranspiration) and WM is the volume-weighted
mean of each ionic concentration for the period of measurements.
The calculations give the major ion concentrations of the local re-
charge by rainfall (HCO; =17.8 mg/l, CI- = 4.8 mg/l, NO; = 3.5 mg/
1, SO =1.1mg/l, Ca"=1.2mg/l, Mg?>"=0.1 mg/l, Na"=0.4 mg/l,
K*=0.1 mg/l, values are volume-weighted means).

4.2. Geochemical characteristics of alluvial groundwater

Groundwater from the 71 boreholes sampled during the study
present a Ca/HCOs facies due to both lithology and the dissolution
ability of the minerals’ ions; this type is recognize in many alluvial
systems around the world (in Europe: e.g. Andrade and Stigter,
2011, in Asia: e.g. Chkirbene et al., 2009). Based on secondary cat-
ions, this water type evolves from Ca-Na-Mg/HCOs-Cl, Ca-Mg-
Na/HCOs-Cl recorded in the closest boreholes from the riverbanks
to Ca-Mg/HCOs for the boreholes located in the eastern part of the
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Table 1
Physico-chemical measurements, major ions concentrations (mg/l), oxygen-18 and deuterium data (%. VSMOW).
Sample ID T(C) pH  EC(uS/em) H,Si0, HCO;  cl NO;  SO4 Ca Mg Na K &2H (%)  8'8%0 (%)
Rainfall Min 5.6 3.1 2 <1 <1 <1 <1 <1 <1 <1 -133.6 -17.5
Max 8.5 32 43 4 7.5 2.4 3.1 0.3 1.7 0.8 —-8.2 -19
Av 7.1 14.1 7.6 0.4 1.6 0.5 0.6 0.1 0.3 0.1 —47.2 —-6.3
V-WM 6.6 11.1 7.0 0.09 13 0.4 0.5 0.03 0.13 0.04 —46.3 —-6.4
SD 0.6 7.5 8.7 0.9 1.6 0.7 0.7 0.1 0.4 0.2 26.1 3.4
Allier Min 2.5 7.1 79 6.2 24 6.7 2.5 4.5 6.2 2.2 5.6 1.7 —65.7 -9.4
Max 21.2 7.9 350 16.3 98 20.8 6.9 104 203 6.8 179 6.2 —49.5 -7.0
Av 134 7.5 183 11.6 68.9 15.2 4.6 8.1 143 5 125 3.4 —55.4 -8.1
SD 5.9 0.2 48.2 2.6 16 3.8 1 14 3.2 0.9 3 0.8 3.4 0.6
Min 9.6 6.9 818 19.9 421 29.6 383 31.7 102.8 323 14.1 14.5 -51.0 -7.5
Cognet Max 14.8 7.7 1061 47.7 521 50.2 55 419 148.4 41.8 19.6 229 —49.0 -6.7
Av 129 7.3 951.3 38.8 484.5 353 49.6 36.7 123.5 38.1 15.8 179 -50.3 -7.0
SD 1.2 0.2 53.1 53 23.2 5.4 41 23 9.9 1.8 1 1.6 0.5 0.2
Min 9.1 6.6 1099 21 489 57.2 294 91.8 129.3 489 28.6 9.3 —48.8 —6.8
P13 Max 14.7 7.3 1541 42.4 554 109 51.2 143.8 168.9 58.5 441 143 —44.6 -5.8
Av 12.2 7.1 1192 31.1 513.7 68.4 38.2 117.5 142.4 52.5 34.1 109 —46.6 —-6.2
SD 14 0.1 77.2 3.8 131 9.2 5.8 12.8 8.2 23 3.8 1.2 1.0 0.3
Min 9 6.8 221 7.7 90 15.7 4.3 10.1 21.7 7.2 119 2.6 -56.4 -8.6
B10 Max 14.6 7.3 509 22.6 203 295 20.7 46.3 56 18 20.1 6 -51.1 -71
Av 124 7.1 358.2 19.3 147.6 211 10.5 241 355 12 16 43 -54.1 -79
SD 14 0.1 85.6 2.6 31.1 44 5.8 11 10 33 21 0.9 14 0.4
Min 8.5 6.8 152 4.4 59 104 2 6.4 114 3.9 8.9 2.1 -59.4 -89
B11 Max 16.7 7.5 271 21.2 96 203 7.3 9.7 20.7 6.1 154 5 -50.0 -7.1
Av 12 7.1 195.3 14.6 759 14.5 4.4 8 159 5.1 11.6 3 -55.6 -8.2
SD 2.2 0.1 25.9 2.7 11.5 2.7 1.4 0.8 2.7 0.6 15 0.7 2.7 0.5
Min 9.6 6.9 203 7.2 87 133 <1 6.5 189 5.2 9.8 23 —58.1 -8.7
B18 Max 159 7.3 244 22 116 16.7 3.2 8.1 25.8 6.5 139 3.7 -54.1 -7.8
Av 12.7 7.1 221.9 17.9 99.7 14.8 1.1 7.2 21.2 5.9 121 2.9 -56.0 -8.3
SD 13 0.1 7.7 3.2 49 1 0.7 0.4 1.6 0.3 0.8 0.4 1.0 0.2
Min 9.5 6.9 188 7.7 76 113 1.6 7.2 153 4.6 8.9 23 -59.1 -8.8
B20 Max 14.5 7.3 251 20 107 194 53 9.9 225 7.1 14.4 4.2 -50.8 -73
Av 12.2 7.1 2104 16.5 87 15 3.7 8.7 18.8 5.7 119 3.1 -55.8 -8.2
SD 1.2 0.1 18.4 23 8.8 23 1.2 0.6 2 0.6 1.2 0.5 23 0.4
Min 9.8 6.8 384 6.8 189 18.5 7.5 22.7 36.2 15.6 15 6.1 —52.4 -7.8
B23 Max 15.1 7.5 1001 37.5 526 42 26.2 914 130.7 51.2 314 13.6 —45.1 -5.2
Av 12.6 7.3 830.3 21.7 400.6 33 18.9 62.4 90 37 24.6 10 —49.6 -7.0
SD 14 0.1 162.9 5.8 103.1 6.1 4.3 16.1 249 9.7 3.4 1.6 2.0 0.5
Min 6.6 6.9 154 4.2 63 9.8 <1 6.1 12.5 3.8 9 1.1 —60.5 -9.0
B26 Max 19.5 7.7 250 20.5 104 21.2 7.2 115 255 7.2 16.3 4.7 -50.0 -7.0
Av 123 7.3 205.2 14.3 834 15.2 4.2 8.5 18.5 53 12 29 -55.8 —-8.2
SD 44 0.2 25.4 3.1 11.6 3.4 1.8 1.2 3 0.7 1.9 0.8 3.0 0.5
Min 9.3 7 265 9 117 144 5.4 12 254 8.5 133 2.9 -55.5 -83
B27 Max 14.6 7.3 682 21.8 292 383 19.6 58.1 75.2 26.5 28.6 7.7 —47.5 —-6.3
Av 12.7 7.2 459 18.3 197.6 25.1 12.5 34.9 47.7 16.5 19.1 4.7 -51.5 -74
SD 13 0.1 119.6 2.9 48.1 6.8 5.5 14.8 149 5 3.5 11 2.1 0.5
Min 9.2 6.9 912 10.1 451 42.5 12.8 69 76.2 449 30.2 9.4 —-47.1 —-6.3
B29 Max 15.6 7.5 1005 35.8 503 54.5 26.2 83.7 1173 64.3 58.1 18.5 —42.5 -5.6
Av 131 7.3 972.8 22.7 474 48.7 211 76.3 96.8 49.9 37.8 11.5 —45.2 —6.0
SD 1.5 0.1 19.2 43 11.8 23 2.6 3.7 6.2 33 4.5 1.6 1.1 0.2
Min 6.2 6.8 155 5.4 61 9.2 1.6 6.4 115 4.1 10.1 2 —58.7 -89
B33 Max 19.4 7.6 242 24.7 90 21.2 6.8 11 19 6.3 17.5 5.2 -50.1 -7.0
Av 124 7.1 193.1 14.5 74.2 14.8 4.7 8.2 153 5.2 124 3.2 -55.3 -8.1
SD 43 0.2 24.6 2.8 9.2 3.5 14 1.1 2 0.5 2 0.8 2.6 0.5
Min 9.8 6.9 181 6.3 73 10.7 <1 49 139 4.5 8.9 2.2 -59.0 -8.8
B39 Max 16 7.8 252 21.9 116 19.9 3.7 7.9 25 7.2 14.9 4.8 —49.7 -7.2
Av 12 7.3 205.1 17.2 89.4 14.5 0.9 6.4 17.2 5.8 11.8 33 —554 -8.3
SD 19 0.2 21.8 3.2 114 2.4 0.7 0.8 2.5 0.7 15 0.6 2.8 0.5
Min 8.1 6.8 179 6.6 72 10 3.7 7.8 17.3 49 8.8 2.5 -59.8 -89
B50 Max 18.3 7.4 808 222 345 43.1 354 62 68.9 35.7 38.1 16.3 -50.1 -6.9
Av 131 7.2 3773 16.4 158.5 22.7 12.8 231 373 119 18.1 5.5 —54.5 -8.0
SD 3 0.1 142.6 2.8 63.4 8.5 6.8 124 14.4 6.3 5.9 2.8 2.5 0.5
Min 7.4 6.7 159 9.5 68 9.4 15 7.1 14 4.7 9.2 2.5 —58.7 -8.7
B56 Max 15.1 7.6 552 21.9 233 30.2 21 36.9 57 223 18.7 6.9 —48.7 -7.2
Av 114 7.1 310.5 17.8 131.4 18.5 7.3 17.3 29.9 10.8 133 43 —53.8 -7.9
SD 1.9 0.2 98 2.6 42.6 5.2 4.8 8.9 113 4.4 2.4 1 2.0 0.4
Min 10.4 6.8 338 8.8 161 15.8 <1 19.7 33.7 12.8 15 3.5 —44.1 -59

B65 Max 14.6 7.4 467 24.5 227 24.4 10.1 31.2 534 18.5 21.6 7 -29.3 -2.4
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Table 1 (continued)

Sample ID T(°C) pH EC (uSfcm)  H,Si0,  HCOs3 cl NO; S04 Ca Mg Na K 8%H (%)  8'%0 (%o)
Av 12.8 71 4257 19.8 2002 215 1.9 26.5 422 151 19 5 —-35.3 -39
SD 1.1 01 314 35 17.2 2 2 2.6 4.2 1.2 15 0.8 4.2 1.0
Min 8.8 69 224 5.1 98 119 <1 5.4 20.2 6.2 10.6 2.2 —-57.6 -8.6

B66 Max 19.3 75 351 21 154 22.6 9.2 17.2 335 129 253 6.4 -49.9 -71
Av 13.1 7.2 2609 16.4 1164 164 3.7 104 249 8.1 13.8 35 —54.6 -8.0
SD 3.1 01 35 2.6 15.7 26 29 3 3.7 1.9 2.5 0.9 22 0.4
Min 8.4 69 240 6.7 106 149 <1 8.7 22.8 7 10.1 2 -57.0 -84

B71 Max 14.3 7.5 422 24.8 185 266 146 37.5 461 178 17.3 6.4 —49.8 -7.0
Av 12 72 2896 19.6 128 17.3 4.7 134 29 8.9 13.8 3.2 —54.5 -8.0
SD 1.6 01 571 3 23.6 2.8 3.4 7.2 6.6 3 1.6 1 1.8 0.4

T: temperature, EC: electrical conductivity, Min: minimum, Max: maximum, Av: arithmetic average, SD: standard deviation, V-WM: volume-weighted mean for precipitation.
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Fig. 4. Relation of (a) precipitation and Allier River flow, (b) groundwater level and Cognet spring flow, (c) temperature, and (d) electrical conductivity of selected points
during study period.
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Fig. 5. Piper diagrams illustrating the chemical water types of the 18 points
selected for the temporal following.

site (Fig. 5). The pH varies from 6.69 to 7.78, these values fall with-
in natural water pH usually ranging between 6.5 and 9.5. Electrical
conductivity (EC) values measured during the 2 intensive cam-
paigns, carried out in December 2010 (low flow conditions) and
June 2012 (high flow conditions), show a great spatial variation
in boreholes and vary from 151 to 1005 pS/cm from the Allier Riv-
er’s banks to the hills’ foot; values acquired in spring are lower due
to the high flow period (Fig. 6). These punctual observations are
completed by the following time sampling: mean ECs of the 15
boreholes sampled every 15 days show the same evolution (Fig. 7).

Variations in temperature and water level of the 15 boreholes
confirm this eastward evolution. Fig. 4a-d presents the water level,
temperature and EC evolutions for the four end-members and a
selection of 3 boreholes: B33 close to Allier River, B29 close to hills’
foot and B65, the most southern borehole. The temperature re-

o 136-199
O 200-399
@ 400-599 (a)
@ 600-799
. > 800

Allier River

EC (uS/cm): December 2010

corded in B33 shows a clear seasonal evolution, a little bit attenu-
ated (temperature ranges between 6.2 and 19.4 °C) and with a
small delay compare to Allier River. These modifications, compared
to the evolution of Allier River parameters, are greater for B29
where temperature varies only from 9.2 to 15.6 °C. B29, B65, P13
and Cognet spring present the same evolution of temperature,
highlighting an attenuation of air temperature variation. The same
observation can be made for water level. B33 presents an evolution
that corresponds to the one of the Allier River flow rate. B29 pre-
sents some high peaks that can be correlated to the increase in
the River flow rate; however, the beginning of the curve shows a
clear high water level that may be due to another factor. Concern-
ing the electrical conductivity, values of B33 are in the same range
of order than Allier and are low compare to the other points. The
highest EC is the one of P13 (mean of 1192 puS/cm), for this point
is located in a no-pumped zone. Allier flow rates show direct influ-
ence on the ionic concentrations of some boreholes, such as B10,
B11, B23, P26, P33, B50, B56, B65, and B66, while the rest of bore-
holes show not affected. This correlation is shown in Fig. 4a and d
for some boreholes.

These first observations, increase in EC and modifications of
groundwater facies, highlight a general spatial evolution of
groundwater chemistry from the Allier River to the eastern part
of the study area. This could be due either by an increase in the res-
idence time within the aquifer that results in higher EC and mod-
ification of water type, thanks to the dissolution of in-situ minerals,
or a mixing with water from another origin, more concentrated
and characterised by a different geochemical water type.

4.3. Stable isotope (5°H and §'30) composition of water

In order to confirm these first hypotheses on the sources of
recharge, stable isotopes of the water molecule have been used
(Fontes, 1980; Gonfiantini, 1986; Nativ and Riggio, 1989; Wood
and Sanford, 1995; Clark and Fritz, 1997). The relationships between
82H (%o vs. SMOW) and 8'80 (%0 vs. SMOW) are shown in Fig. 8 for
water collected from 18 sampling points. The 42 rain samples col-
lected weekly define the local meteoric water line (LMWL:
8°H = (7.7 £0.2) 8'80 + (1.7 £ 1.1)); the volume-weighted mean of

( ‘ " EC (pS/cm): June 2012
= o 139 - 199
@ . % 2 O 200-399 o)
| \q @ 400-599
y @ o00-799
‘ > 800

Allier River

Meters

Fig. 6. Spatial distribution of electrical conductivity of 75 points during the two intensive campaigns, (a) December 2010 (low flow period) and (b) June 2012 (high flow

period).
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Fig. 7. Spatial distribution of the mean electrical conductivity of the 18 points
selected for the temporal following. The mean value is calculated for the February-
2011 to August-2012 period.

5180 and &%H for local precipitation are —6.4%0 and —46.3%o,
respectively. The LMWL of the study site can be compared to the
meteoric water line found in the region by by Bertrand (5°H = 7.9
5'80 + 7.3, 2009) for the Argnat Basin localized in the Chaine des
Puys (elevation =550 m) and Gal (8°H=7.8 5'®0+5.5, 2005) in
Saint-Just-Saint-Rambert (elevation = 420 m). Slopes are quite sim-
ilar and correspond to the WMWL; difference of y-intercepts may
be due to an increase of evaporation within the air column below
the air masses considering that our sampling site is situated at a
lower elevation. The developed LMWL is controlled by local cli-
matic factors i.e. the origin of vapour mass, re-evaporation during
rainfall and the seasonality of precipitation (Clark and Fritz, 1997)
and then differs from the Global Meteoric Water Line (GMWL;
3?H=8 5'%0+10) defined by Craig (1961). Such a difference
mainly lies with a secondary evaporation during rainfall (Friedman
et al., 1962) as the study site is characterised by very warm sum-
mer and generally low intensity rain events. Consistently, only

38% of the total rainfall amounts participate to the recharge
(Bertrand et al., 2008).

In the 15 selected boreholes, 5!0 varies from —9.0%c to —2.4%.
with an average value of —7.5%. (n=560); 8°H varies between
—60.5%0 and —29.3%. with an average value of —52.4%.. The mean
isotopic content of the Allier River (—8.1 8'80%. and —55.5 8*H%o)
which represents the input signal on the whole upstream wa-
tershed (altitude from 305 to 1423 m.a.s.l.), falls on the GMWL,
in agreement with Négrel et al. (2003). P13 and Cognet spring pres-
ent values close to the LMWL, testifying of a recharge of local pre-
cipitation. The isotopic signatures of most boreholes fall on, or
close to the GMWL and behave similarly to Allier, demonstrating
a strong interaction with the Allier River. Few boreholes (B23,
B27, and B29) present more enriched values, close to the values
of Cognet and P13 and drop into LMWL, indicating that these
points could partly or highly be recharged by other sources than
Allier River. Likewise, waters from boreholes are distributed along
a line with a smaller slope than the LMWL that may indicate either
evaporation or mixing trend between the two poles defined by Al-
lier River and local recharge. This last hypothesis is consistent with
the fact that the isotopic content of groundwater varies along with
the distance from the two end members. In contrast to this general
trend, borehole B65, harbouring the most enriched §'®0 and §°H,
(ranging from —5.9%c to —2.4%. and from —44.1%. to —29.3%o,
respectively), shows evidence of some additional isotopic enrich-
ment by either stronger evaporative process or mixing with geo-
thermal water. Indeed, the Allier basin is characterized by the
availability of localized geothermal springs (Rihs et al., 2000;
Bertrand et al., 2013). Measurements in carbon-13 of total dissolved
inorganic carbon show that this geothermal effect cannot be implied
as the values of B65 are comprised between —16.3 5'3C%.and —10.3
8'3C%o PDB far from the local signature of mantellic CO, degassed in
the Chaine des Puys (—6.6 * 0.8 8'>C%o) determined by Batard et al.
(1982).

From the temporal monitoring of selected points in the plain, a
clear simultaneous seasonal evolution on §'0 can be quoted for
Allier River and B33 with a little delay in B33 peaks, highlighting
this borehole is mainly supplied by the Allier River (Fig. 9). B29,
Cognet spring and P13 present enriched and more stable values,
demonstrating the absence of a rapid supply to the system for
these points. The particular B65 point seems to be disconnected
from the variations of rainfall height, but is however related to
the fluctuations of the Allier River flow rate. Recorded isotopic val-
ues of B65 decrease during high flow periods and increase during
low flow; this could imply a sealing of a part of the banks of the riv-

5180 (%o vs VSMOW)

-10 -9 -8 -7 -6 5 -4 3 2
. . . . . . . 20
© Boreholes S L s
AP13 ~
® .
% Cognet e 4 % o0
. P -
+ Allier River S . e%® ? I -35 g
O Mean rainfall ° %o S
S o® r-40 g
% w
g
< F -45 B§
T
P50 &

———— LMWL:§H=7.76%0+1.7

F -55

F -60
GMWL: 82H=8 5180 + 10
I -65

- -70

Fig. 8. 5'%0 versus 5°H (%o vs. SMOW) in the 18 points selected for the temporal following.
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er near B65. The water infiltrated from the Allier River or coming
from the southern part of the aquifer evaporates during the low
flow periods and is mixed with new water coming from a recon-
nection of the Allier River during the high flow periods. The spatial
and temporal distribution of stable isotopes of '%0 and §H of the
75 sampling points during the two campaigns are shown in the
Fig. 10.

The results of isotopes confirm the hypothesis formulated
thanks to physico-chemical parameters, with a possible increase
of the residence time of water that may lead to evaporation in such
shallow aquifers (Mook, 2000) and consequently to an isotopic
enrichment. A secondary supply with water isotopically enriched
could also explain this hypothesis. In order to precise the geochem-
ical processes involved along with the groundwater flow-path, the
spatio-temporal evolution of mineral dissolution is discussed in
the following.

4.4. Water-rock interactions

The plot of Na/Ca vs HCOj; for the 15 selected boreholes reflects
the geology of the water basin (Fig. 11a). The Allier River that tot-
alises the influences of the whole watershed clearly presents
enrichment in [Na*] in relation with the crystalline nature of the
basement. The boreholes samples present a progressive enrich-
ment in [Ca®*] and [HCO; | between Allier River end-member and
a pole represented by Cognet spring/P13. This evolution is con-
firmed by Fig. 11b plotting Ca + Mg vs HCO;. A progressive enrich-
ment in [Ca**], [Mg?*] and [HCO;] is registered from the Allier
River to the hills/southern aquifer that suggests an increase in
the residence time within the aquifer and might reflect carbonate
dissolution as the presence of significant proportion of carbonates
in the basin has already been reported (Négrel et al., 2004). A mix-
ing with water that circulates in carbonates is also possible as the
abundance of Ca?*, Mg?* and Na* ions can be associated with min-
erals available in the alluvial terraces in the study area such as au-
gite, green and brown hornblende, olivine, mica and opaque
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(Pelletier, 1971; Pastre, 1986; Tourenq, 1986). The presence of
H,4Si04 in Cognet spring, boreholes, P13 and surface water suggests
that crystalline rock fragments form a major component of aquifer
matrix. H4SiO4 is present in all water samples at high concentra-
tions but Cognet spring had the maximum concentration with a
mean value of 38.8 mg/l, higher than the mean value of 17.7 mg/I
in boreholes.

Thus, weathering and erosion of rocks or soil, and chemical
reactions beneath the land surface control the natural composition
of groundwater (Bullen et al., 1996; Kim, 2002). In this study, sat-
uration indices (SI) of carbonate minerals (calcite and dolomite),
and siliceous minerals (quartz and chalcedony) were calculated
by using PHREEQC program (Parkhurst and Appelo, 2003). The
summary statistics of saturation indices of some common mineral
phases is presented in Table 2 and Fig. 12. All the samples are sat-
urated with respect to quartz and/or chalcedony confirming the
crystalline nature of the basin basement. Boreholes close to Allier
River (e.g. B33) are undersaturated with respect to carbonate min-
erals indicating either that the groundwater originates from an
environment where carbonate minerals are poorly available or/
and due possibly to the short residence time of groundwater with-
in this borehole, so that there is inadequate time for mineral
phases to react to reach equilibrium. While, water samples from
Cognet spring, P13 as well as both boreholes B23 and B29 are
shown over saturated with respect to carbonate and siliceous min-
erals, suggesting that waters involved in their chemical composi-
tion have possibly longer residence time and consequently have
dissolved more minerals.

The results show a progressive increase in the SI with respect to
chalcedony and quartz from the Allier River to Cognet (B33-B10-
B29) in relation with the dissolution of alluviums of crystalline origin
(siliceous pebbles, sands, silts) and the volcano-sedimentary nat-
ure of the hills. This could suggest that the increase in the resi-
dence time is a major process in the chemical composition of
waters. Regarding the evolution of SI with respect to dolomite
and calcite, B33 and B10 are clearly undersaturated and show
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Fig. 10. Spatial distribution of 5'0 of 75 points during the two intensive campaigns, (a) December 2010 (low flow period) and (b) June 2012 (high flow period).
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Fig. 11. (a) Na*/Ca?* vs HCO; and (b) Ca®* + Mg?* vs HCO; plot.

the same variations compared to the Allier River indicating to rapid
recharge by water from Allier River, since these points located very
close to the Allier River. Whereas, B29 and P13 are oversaturated
with carbonate minerals and present a trend similar to Cognet
spring demonstrating that these points are recharged partly or
mostly by water from hills rather than Allier. This implies, as pre-
viously suggested by isotopes, a mixing of the alluvial groundwater
with groundwater coming from the hills or from the southern part
of the alluvial aquifer.

4.5. Mixing between different sources of recharge

Chloride, nitrate and sulphate ions cannot be related to the dis-
solution of minerals from the bedrock. Moreover, for these 3 ele-
ments, the calculated groundwater concentrations due to rainfall
(CI” =4.8 mg/l, NO; =3.5 mg/l, S02~ =1.1 mg/l) are largely lower
than the measured concentrations. These 3 elements could then
be attributed to an anthropogenic origin: fertilizers can be implied
for [CI], [NO; ] and [SOZ"] in association with [K*] (Widory et al.,
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Table 2
Average values with standard deviation of saturation indices (SI) for carbonate and
siliceous minerals.

Sample ID SI calcite SI dolomite SI chalcedony SI quartz
Allier -0.9+0.3 -1.9+06 -0.2+0.1 03+£0.1
Cognet 0.5+0.1 09+0.3 04+0.1 0.8+0.1
P13 0.4+0.1 0.6+0.3 03+0.1 0.7 £0.1
B10 -0.7+0.2 -14+03 0.1+0.1 0.5+0.1
B11 -1.2+0.2 -2.6+03 -0.1+0.1 04+0.1
B18 -1.0+0.1 -2.1+0.2 0.0+0.1 0.4+0.1
B20 -1.1+0.1 —-24+02 —-0.0£0.1 0.4 +0.1
B23 03+0.2 0.6+0.3 0.1+0.1 0.5+0.1
B26 -0.9+0.2 -2.1+03 -0.1+0.1 03 +0.1
B27 -04+0.2 -0.8+0.4 03+0.1 0.5+0.1
B29 04+0.1 0.8+0.2 02+0.1 0.6+0.1
B33 -1.3+0.1 -2.6+03 -0.1+0.1 0.4+0.1
B39 -0.9+0.2 -19+04 0.0+0.1 0.4 +0.1
B50 -0.6+0.4 -13+0.7 -0.0+0.1 04+0.1
B56 -0.7+0.2 -1.6+05 0.0+0.1 0.5+0.1
B65 -041+0.1 -0.9+0.2 0.1+0.1 0.5+0.1
B66 -0.7+0.2 -1.5+03 -0.0£0.1 0.4 +0.1
B71 -0.6+0.1 -14+03 0.1+0.1 0.5+0.1

2005), waste waters for NO;, and de-icing salt for [C17] (Meybeck,
1983; Neégrel, 1999). In our study area, NO; range from below
detection limit (<1) in the boreholes close to Allier River up to
55 mg/l (Table 1) with an average of 15.1 mg/l, and only 5% of
the water samples have a concentration of [NO; | higher than the
drinking water standard of 50 mg/l (EEA, 2003). These contami-
nated waters correspond to samples taken from P13 and Cognet
spring (not used for drinking purposes). Fig. 13 shows the spatial
distribution of [NO;] measured during the two intensive cam-
paigns achieved in December 2010 (low flow) and June 2012 (high
flow). No strong difference can be quoted between the two periods
emphasizing a continuous supply of nitrate within the field. It is an
argument in favour of an origin in connection with residual waters.
In the 15 selected boreholes, the highest [NO; ] concentrations are
recorded in the eastern and southern parts of the site. In alluvial
groundwater, mean [Cl7] varies (Table 1) from 14.5+2.7 mg/l
(B11) to 48.7 + 2.3 mg/l (B29) and demonstrates a general increase
toward east. These values are in the range of the concentrations
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measured for the end-members: mean chloride content is of
15.2 + 3.8 mg/l in the Allier River, 35.3 + 5.4 mg/l in Cognet spring;
the highest [CI7] value 109 mg/l is recorded the 16/07/12 in pie-
zometer P13 (mean value of 68.4 +9.2 mg/l). Same observations
can be realised for [SOi’] generally associated with K*. Boreholes
present concentrations that vary from 6.4 0.8 mg/l (B39) to
763 +3.7mg/l (B29) and from 29+0.8mg/l (B26) to
11.5+ 1.6 mg/l (B29) for [SO"] and [K'], respectively. The end-
members are characterized by concentrations of 8.1+ 1.4 mg/l
[SOZ7], 3.4+0.8 mg/l [K*] for Allier River, 36.7 + 2.3 mg/l [SO; |,
17.9+ 1.6 [K'] mg/l for Cognet spring, 117.5+12.8 [SOf[] mg/l,
10.9 £+ 1.2 [K*] mg/l for P13 (Fig. 14). Therefore, according to the
boreholes’ concentrations in [CI7], [SO?"] and [K'] falling into the
range of the ones of the determined end-members and to the inde-
pendence of these parameters from the lithology, [CI~], [SO3"] and
[K'] can be used to determine the participation rate of each
end-member to the chemistry of boreholes within the alluvial
system.

The mathematical resolution of the 3 equations system with 3
unknown values (Jeuken, 2004) leads to the mean participation
percentages of each end-member to the chemical composition of
the boreholes selected for the following time investigation
(Table 3). The mathematical equations can be written as:

XB = FaXa + FhXh + Fsaxsa
YB = FaYa + Fth + FsaYsa

ZB = Faza + thh + Fsazsa

where X, Y, and Z are the concentrations of [Cl"], [SO2"] and [K']
respectively for each borehole (B) and end-members: Allier River
(a), hills’ aquifer (h) and southern aquifer (sa); F is the contribution
of each end-member to the borehole’s chemistry.

Based on our dataset that includes only the hills’ aquifer and the
southern aquifer in the right bank of the Allier River, the contribu-
tion of end-members has not been calculated for B50. The results of
recharge calculations show that eight boreholes are only recharged
by the Allier River (Fig. 15). In parallel, Boreholes B27, B56 and B65
are mainly supplied by the Allier River, but present a secondary

1 Quartz (Si0 ;)

- - - - -y - o~ o~ o~ o~
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Fig. 12. Plot of saturation indexes (SI) for Allier River, Cognet spring, P13, B33, B10 and B29.
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Fig. 13. Spatial distribution of nitrates of 75 points during the two intensive campaigns, (a) December 2010 (low flow period) and (b) June 2012 (high flow period).
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Fig. 14. (a) SO3™ vs K* and (b) SO3~ vs Cl~ plot.

supply from the southern part of the alluvial aquifer. This latter
varies from 11% for B56 to 22% for B27 and is consistent with the
location of the boreholes; the lower percentage corresponds to
B56 closer to Allier River than B27. High contribution of southern
aquifer for B65 (19%) may be due to the sealing of river bank during
low flow period; the contribution of Allier River to B56 suggests
that the bank is not sealed in this part of the river. Concerning
boreholes B23 and B29, results of calculations involve the partici-

pation of the three possible origins. As these two boreholes are
in the same distance from the hills (Fig. 2), the participation of
the volcano-sedimentary aquifer seems to be the same and is eval-
uated to 27%. The participation of the southern part of aquifer ver-
sus Allier River evolved with the increasing distance from the river.
Thus B29 presents a higher contribution of the southern part of the
alluvial system (56%) whereas B23 displays higher income from
the Allier River (37%).
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Table 3
Contributions percentage of the 3 end-members.

N. Mohammed et al./Journal of Hydrology 508 (2014) 181-196

Borehole ID Recharge % by Allier River Recharge % by Hills (Cognet) Recharge % by South alluvial aquifer (P13)
K*/S02 K*/ClI™ Mean K*/S02~ K*/ClI™ Mean K*/S02~ K*/ClI™ mean
B10 87 82 84 0 0 0 13 18 16
B11 100 95 97 0 0 0 0 5 3
B18 100 95 97 0 0 0 1] 5 3
B20 100 94 97 0 0 0 0 6 3
B23 33 41 37 23 2 27 44 27 36
B26 100 95 97 0 0 0 1] 5 3
B27 79 76 77 0 0 0 21 24 23
B29 17 18 17 27 7 27 56 55 56
B33 100 94 96 0 0 1 0 6 3
B39 100 94 96 0 0 1 0 6 3
B56 90 85 87 2 0 1 8 15 12
B65 81 78 79 3 0 2 16 22 19
B66 98 91 94 0 0 0 2 9 6
B71 98 91 94 0 0 0 2 9 6
® 71 ‘ -]
@
B66
[ ] B27 ‘
o/
Pumping

Allier flow direction

B20
&
o
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Fig. 15. Calculated percentage contribution of end-members to groundwater samples.

Overall, the contribution of Allier River recharge is significant in
the majority of groundwater samples within the alluvial aquifer,
contributing up to 100% in boreholes adjacent to it. As expected,
the effect of Allier River recharge declines with distance from the
river and thus the points far from the river are influenced by either
incoming waters from the hills or from the southern part of the
alluvial aquifer that modify both their chemical and isotopic
signatures.

4.6. Conceptual model of the Allier alluvial aquifer

Groundwater circulates generally from south to north, with a
natural alimentation from the hills in the non-pumped part of
the alluvial aquifer. 4 end-members have been determined for
the recharge of the alluvial groundwater: rainfall, Allier River, sur-
rounding hills’ aquifer and the southern part of the alluvial system.
Isotopes of the water molecule show that water of the Allier Basin

is recharged by rainwater with an evolution from a pole defined by
the GMWL and the Allier River, which integrates the influence of
the whole watershed to a more local pole defined by the LMWL
(3°H=(7.6+0.2) 5'%0 + (1.3 £ 1.1)). However, autochthonous re-
charge by rainfall seems contributing a few to the geochemistry
of the alluvial aquifer feeding as only 38% of the total precipitation
infiltrate and that effective precipitation harbours major ion con-
centrations largely below the groundwater contents. Then the
chemical content of the investigated boreholes of the alluvial sys-
tem depends mainly on the contribution of the 3 other end-mem-
bers. The main recharge is assumed by the Allier River, and then
thanks to the water movement generated by the pumping, the
water move towards east where the chemistry of boreholes is af-
fected by water/rock interactions and evaporation. On the eastern
and southern alluvial aquifer borders, a mixing with waters coming
from the hills’ aquifer or the southern non-pumped part of the sys-
tem is shown, notably by the anthropogenic elements such as
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nitrates, sulphates (associated with potassium) and chloride. The
contribution of the 3 end-members to the boreholes’ chemistry
has been calculated and shows that Allier River could participate
up to 100% in boreholes adjacent to it; this recharge declines with
distance from the river (Fig. 15). Boreholes located on the eastern
and southern borders are then affected by either incoming waters
from the hills or from the southern part of the alluvial aquifer that
modify their chemical and isotopic signatures. Locally a probable
sealing of the river banks has been highlighted for B65.

5. Conclusions

Considering the fundamental role played by alluvial aquifer in
the socio-economic context of a many regions of the world for their
uses (drinking, industrial and agricultural purposes) and their eco-
logical role in relation with their connection to surface water, the
functioning of these systems has to be well understood. However,
due to the interconnection of these systems to many water masses
such as precipitation, rivers, pounds, alluvial aquifers, a simple
model is not suitable. The complexity of the model increases with
the exploitation of this shallow groundwater through large scale
pumping what modify the general circulation of groundwater
and then their quality. Simultaneous observation and interpreta-
tion of spatial and temporal variations in groundwater chemistry
and isotope can support the assessment of groundwater recharge
sources and contamination by human activities and allow estab-
lishing a solid conceptual model that includes water-rock interac-
tions, influence of pumping, recharge and vulnerability. This
achievement is fundamental to better understand the system and
to elaborate further strategies for alluvial groundwater resource
management. Our results supply fundamental results for the
groundwater management of the alluvial aquifer of the Allier River.
Thus, we highlight that even if rock-water interaction is an impor-
tant process in the chemical acquisition of groundwater chemistry,
anthropogenic activities may threat its quality. Then, contributions
of end-members highlight the main issues for protecting ground-
water from anthropogenic contamination. Southern and eastern
parts of the aquifer suffer from the entrance of groundwater of a
lower quality showing the importance of a better definition of
the protection’s area for drinking water supply. Close to the Allier
River, attention should be paid to punctual pollution that may oc-
cur in such surface water but also to recurring contamination (due
to discharge of waste water treatment plant for example). All this
information has to be included in management strategies of
groundwater in order to protect sustainability of this valuable
resource.
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