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ABSTRACT

The ebjective of this study is to identify the crigin of groundwater in a shatlow alkvial aquifer, using a
multi-tracer approach including 8'%G, 42H, major elements and 35r/%%Sr. In addilion, triazines are used
as a tracer of water draining agricultural areas.

Four potential recharge sources are evidenced in the alluvial groundwater: rainfall, karst water from
adjacent aquifer, imported Rhone river water and joral stream water,

Strontium isotopes are used to highlight the adjacent karst water input (Sr=6.4-17.6 umol L, !
878r{35r - 0.7076-0.7078) showing a contrasting signature with the pristine alluvial groundwater
(Sr=3.4 pmol L '; ¥75r/5°Sr = 0,7088-0,7032), Lateral karst recharge is observed, with high proportions
reaching 100%, all along the North Western borter of the aquifer. This lateral recharge imptlies a dilution
in triazines content of the Vistrenque groundwater as the karst area is not used for agriculture,

Oxygen-18 and deuterium signatures of local rainwater (57H = —43.5%) and imported Rhine River
water {(&°H = —72.5%c} differ significantly which aliows to quantify the influence of imported water on
the afluvial groundwater. Such influence is observed only locally in this study, Contribution of local
stream water, influenced by wastewater treatment plant efluents, is also locally detecied in the allivial
aquifer, using Cl, K, and Na contents.

High triazines, NOs, and Cl concentrations underline the vulnerabitity of this shaliow alluvial aquifer to
surface contaminations, Finaily, the tesuits of this environmental multi-tracer approach are statistically

supported by principal compenent analyses,

1. Introduction

Alluvial aquifers are the largest groundwater reservoir used for
public water supply in European countries (Ray, 2002). These
reservoirs are quite vulnerable te anthropogenic contaminations
such as fertilizers and pesticides. In addition, the occurrence of
emerging crganic contaminanis (EOCs) in groundwater bodies
arises (Fram and Belitz, 2011; Lapworth ar al., 2012: Stuart et al,
2012), In order to protect water resources, the E{l Warer
Framework Directive (WFD 2000/60/EC) and its daughter
Groundwater Dircective {2006/118/EC) established environmental
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objectives to achieve a “good status™ in 2015. As altuvial aquifers
may be recharged not only from rain, but also from other sources
such as surface water or adjacent reserveirs, the hydrological func-
tioning of this type of aguifers and particularly the origin of
groundwater must be defined, to hetter prevent, assess or remedi-
ate the EQC and pesticide contaminations.

The aim of this study is to characterize the different water bod-
ies contributing to a shallow alluvial aquifer recharge using a mul-
ti-tracers approach based on chemical elements and isotope
tracers suct as ¥5r/5%Sr, 5120, and §%H. These geochemical tracers
are coupled to triazines, used as a tracer of groundwater originat-
ing from hydrosystems with agriculteral land uses,

Many studies used chemical and{or isotopic approaches to char-
acterize the origin of groundwater in alluvial aquifers but very few
associated them to the understapding of organic contaminant



sources in groundwater bodies (Cary et al.,, 2013: Osenbriick et al.,
2007).

in previous studies, stable isotopes, generally conservative in
shallow groundwater systems, have been used to determine the
contribution of different recharge sources to groundwater
{Dogramaci and Herczeg, 2002: Mobammed et al, 2014; Négrel
et al. 2004; Rains and Mount, 2002; Thiros and Manning, 2004,
Williams, 1997), the relationship between groundwater and rivers
{Christaphersen er al, 1990; Gourcy and Brenot, 2011; Hooper,
2001; Hooper et al, 1980 Mas-Pla et al, 2012}, and to evidence
imported water, generally diverted from higher elevations in
canals and used for irrigation andfor public water supply (De
WMontety et al, 2008; Moran and Hudson, 1990; Statker et al.,
2010; Williams and Rodoni, 1997), Hence, 4'80 and 42H can be
used to quantify the contribution of imported water either by
excess irrigation, distribution canal loss, artificial recharge, leakage
processes fromm the underground water distribution system,
unsealed septic tanks, or wastewater treatment plants (WWTP)
inpufs.

Similarty and despite its geochemical reactivity, strontinm iso-
topes prove to be a good tracer to differentiate water bodies issued
from aquifers with different geological formations (Aberg, 1995;
Dogramaci and Herczep, 2002: Frost and Toner. 2004; Négrel
et al., 2004: Voerkelius ot al. 2010). Though, the 575r{%%Sr

composition may be influenced by exogenous sources tike fertiliz-
ers that show large variations in isotopic compasitions and concen-
trations (Biihlke and Haran, 2000: Négrel et al., 2004; Pierson-
Wickmann et al,, 2009; Vitoria et al., 2004). Owing to its conserva-
tive behavior in groundwater systems, Ci can be coupled to 5r to
better understand the prevailing processes (Gosselin et at., 2004).
Major elements, such as Na, K, and Cl, are essentially used to trace
anthropogenic contarminations, such as WWTP or landfill contribu-
tions (Andersen et al., 2004}, Finally, due to their high {requencies
of detection in groundwater bodies (Kelpin et al., 2004; Loos et al,,
2010) and their persistence in the underground system (Baran
et al., 2007; Lapworth and Gooddy, 2006; Loos et al., 2010, Swele
et al., 2008; Tesoriere et al., 2007; Yonbers et al., 2014), triazines
{atrazine, simazine and their degradation products decthylatrazine
"DEA" and deisopropylatrazine "DIA™), which are selective herbi-
cides used in agricultural cyops, can characterize water infiltrating
in agricultural areas where they were freguently used prior to their
prohibition in 2003,

The study site, the Vistrenque alluvial aquifer along with the
Costiéres aquifer, has a high socio-economic imporfance, since
approximately 14 miltion m?fa are used for public water supply
over 43 rownships, corresponding to 130,008 inhabitants in the
south of the Gard department (Southern France) {Fig. 1a), 4-9 mil-
lion m3fa are abstracted for agricuteural uses, 3 million m*fa for

P a
——— ",

AN " -
et £ ‘-\H f—
Ty = —
3 RN —
N
o=

-

— - Msjor desp fauits

© Sampling points
| Rock samples W Inporied watar
© Aduvial aquifer ~ Stream water
A Karstaquifer @ Addilional data

Geology

Lower Cretacoous limastoncs
Fliocena mars

-— Buperficial faulls Viltafranchizn afuvium
I_Jwisrenque aquiter | Coafning Qualernary sediments
b
GARRIGLUES AREA VISTRENQUE PLAR COSTIERES PLATEAL
magl 2 Nlmes clty The Vietre slream Irigasion canal B nAsL
Ll S _ e (108
E = oo
ipeom Ip
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industrial uses and 2-3 miliion m3fa for personal supply (SMNVC,
2010}, The prevalent land use over the Vistrengue plain is agricul-
ture, which induces nitrates and pesticides diffuse groundwater
pollutiens, firstly evidenced by drinking water quality coentrol.

2, Site of study
2.1, Geological settings

The Vistrenque aguifer is a 325 km? shatlow altuvial aguifer
mostly unconfined while locally confined with foess and silts
deposits of recent Quaternary age, at the right bank of the Vistre
stream {Fig. 1a). At a local scale, it is bordered on the North West
by the Garrigues area, named relatively to the occupying Mediter-
ranean vegetation and hosting a karst agquifer in the lower Creta-
ceous limestanes. On the South East, it is bordered by the
Costiéres Plateau, hosting twe distinct atluvial aquifers in Vil-
lafranchian alluvium. The Vistrengque aquifer is included in a NE-
SW graben structure, which is approximately 10 km wide and
30km long (Fig. 1a and b).

The regional gealogical basement is formed of lower Cretaceous
(136-130 Ma) limestones, folded and fractured during the Pyre-
nean orogeny phase over the Eocene {Benedicto ct al, 1896;
Séranne et al. 1595}, In this peried, the Fault of Nimes has set up
as'a normal fault, differentiating a NW and a lowered SE limestone
comparements. During Lower Pliocene {Plaisancian stage), maring
clays and marls. constituting the confining bed of the Vistrenque
aquifer, were deposited on the SE Cretaceous compartinent. This
200-700 m thick impermeable layer was overlain by Quaternary
fluvial sediments, including Villafranchian aHuvium, which consti-
futes the reservoir of the Vistrenque and the Costifres aguifers
{Poul et al, 1975). This alluvial formation inclades a high propor-
tion of gravels and pebbles, mainly constituted of quartzites, milky
quartz, and limestones, and in lower proportion, granites, gneiss,
basalts and sandstones (Méniller and Paloc, 1973) in a sandy car-
bonated matrix. The alluviurn thickness varies from 5m in the
NE t6 20-30  in the SW. During the post-Villafranchian period,
the NE-SW Plio-Quaternary flexure of Vauvert {Fig. 1b) bas caused
the raise of the Costigres Plateau {Poul et al., 1973). A layer of loess
and silt deposits of recent Quaternary age covers the Vistrengue
alluvium along the limestones boundary, partially confining the
aquifer at this location.

2.2. Hydrological and hydrogeologicel setlings

The average annual precipitation over the last 20 years is about
700 mm{year ar Nimes-Courbessac weather station (htrp://pub-
litheque.meten,frf), located in the Vistrenque plain, and about
800 mm over the karst area (Maréchal et al., 2004),

2.2.1. The Vistrenque plain

In the Vistrenque alluvial aquifer, the groundwater flows in a
NE-S5W general direction. The permeability of the Viilafranchian
alluvium varies within the aguifer between 3 x 1072 and
10 *ms ' (Poul el al. 1975), The groundwater level varies
between 2 and &m below ground surface, during rthe annual
hydrological cycle.

The Vistrenque plain is crossed by a local stream, The Vistre,
along 45 km {Fig. 1a). The Vistre originates from the confluence
of several branches, some draining the Garrigues area and others
the Vistrenque aquifer, with a hydrographic catchment of
586G km?. The stream bed has been extensively modified first 10
accommodate water mills, and then straighten and deepened 1o
facilitate drainage.

Cutrently the relationship bebween the Vistre stream and the
Vistrengue groundwater is not very well defined. Burgeap and

Sarl Gren {2006} showed that the siream and the groundwater
are hydraulically disconnected on the first 26 km (Fig. 1a), due to
a thick siltstones layer separating the stream water from the
groundwater table. On the next 3 km, the stieam and the ground-
water are hydraulicaily connected. On the remaining part of the
stream, the connection between stream water apd groundwater
is weak as the aquifer becomes confined.

imparted “Rhiéne River” water is brought tn the Vistrengue
plain via eanals network, used for irsigation and water supply. In
addition, the city of Nimes is supplied by the groundwater
abstracted from one of the Rhéne alluvial aguifers, the Comps
aquifer, fed by both the Rhine and the Gardon river waters.

222 The adjocent korst limestones aquifer

The karst aquifer inciudes 2 geclogical systems; ene in the
northern and the north eastern area, the Barremian system, and
a second one in the southern and the soutl western area, the Hau-
rerivian system which host the Fountain of Nimes (FAN) spring sys-
tem {Fabre, 1997) (Fig. 1a}. The hydrogeology of the FdN spring
was essentiatly discussed in karst flash flood studies (Maréchal
et al., 2003).

The relationship between the Vistrenque alluviat aquifer and
the adjacent karst limestone aguifer was previously investigated
on the basis of pumping tests, flow analyses and geochernical ana-
lyses using Sr isatopes, on 2 sites near the city of Nimes {Dorfliger
et al., 1999; Falre, 1988; Michel and Francois, 1995).

3. Sampling and analytical methods
3.1, Sampling procedure

Groundwater {GW) samples were collected from 21 boreholes
on the Vistrengue plain and 4 boreholes on the karst area, listed
in Table 1S {Supplementary data). Four sampling campaigns were
carried out, two at the end of the dry season, in September 2011
and September 2012, and two toward the end of the wet season,
in March 20312 and July 2013. Data of September 2012 campaign
are not presented. In order to ascertain the influence of some water
bedies on the Vistrenque groundwater, 13 other boreholes on the
Vistrenque plain (nwmbered from 22 to 34 in Fig. 1a) and 8 bore-
heles on the Costiéres Plateau (C1-CB, Fig. 1a) were sampled in
an additional campaign that was carried out in December 2013
{Table 25:; Supplementary data),

Before cellecting water samples, private wells were purged,
with a SDEC pump (5 L min~*), until stabilization of physico-che-
mijcal parameters of groundwater. The physico-chemical para-
meters (temperature, pH, oxydo-reduction potential, specific
conductance at 25 °C and dissolved oxygen} were measured in siti
in a flow through cell to prevent contact with the atmosphere
using a WTW multi 340i.

Alkalinity was determined in the field by volumetric titration
{1.6 N H3504) using a Hach Lange titracor. Considering pH condi-
tions, atkalinity was reported as HCO; concenirations.

Water was filtered online with 0.45 pum ceramic fifter and col-
lected in pre-cleaned 60 ml polyethylene bottles for anions,
cations, 5S¢ concentration and Sr isotopic compaosition analyses.
For cations and Sr analyses, samples were acidified with ultrapure
HNO5 to pH = 3. Raw water was collected in 10 mL glass bottles
avoiding air bubbles for 5'%0 and 8°H analyses. Groundwater to
be analyzed for triazines was collected in pre-cleaned and baked,
1L amber giass bottles, with Teflon lined caps. Samples were fil-
tered through 0.7 um glass fiber filters in laborarory then shipped
on ice te Eurofing accredited laboratory.

Rock samples, to be analyzed for Sr signature, were leached
according to the conditions listed in Table 35 {Supplementary



data}, considered after Khaslka et al. (2013 All leachates are ana-

lyzed for 51 isotopic composition {Table 35). In addition, the easily
ieachable fraction of Maisancian marts (R2a) is analyzed for Cl and
Sr concentrations in order to determine its ClfSr ratio.

3.2, Analytical method

3.2.1. Major and trace clements

Major elements (Ca, Mg, Na, K, NHg, CI, 50,4, and NO3) and bro-
mnide (Br) analyses were carried out on ion chromatography with
5% and 8% uncertainties respectively at the Laboratory of Hydroge-
plogy of Avignon University. St concentrations were analyzed by
{CPMS at the Laboratory of Hydralogy and Geochemistry of Stras-
bourg University. Uncertainty is of 3%.

3.2.2 Strontiim isotape analyses

Srwas purified in clean room by cationic extraction chromatog-
raphy using precleaned 100 pl Sr Spec-resin from Eichrom accord-
ing to the method developed by Pin et al. (2003} Samples were
ioaded on previousiy outgassed single Re filaments between 2 lay-
ers of Tap0s~HaPO,~HF activator solution. The filament was
brought ta red heat to remove excess acid.

Isotope Tatios were measurad hy thermal ionization mass spec-
trometry using a nine-collector Finnigan Triton Tt equipped with a
21 samples turret. The resulting values were normalized to
38518881 = 8,375209 to correct for mass bias and were corrected
for eventual isobaric interferences for 5Rb by using the natural
8781 /55Rb ratio = 0.385714 and measuring 5°Rb. Sr concentrations
of blank samples were of 0.33 ng, so corrections for blanks were
not necessary. ¥7Sr/*%5r ratios of individual analyses gave 2a uncer-
tainties iess than 9 x 1075 Replicates of the NBS 987 standard,
during the period of analysis, gave an average 57Sr/®5Sr ratio of
071025+ 1.3 x 1077 {(p=42; 24). In order te monitor the repro-
ducibility of the overall process, one of the samples was analyzed
on 3 separate runs, the overall standard deviation was 4 x 10 °
(n=3; 20

3.2.3. Water isotope anolyses

Oxygen and hydrogen isotopes compositions were determined
by cavity ring down spectrometry gsing a Picarro L 2130i according
to the anaiytical scheme recommended by the TAEA (Penna et al.,
2010), 3'%0 and 87H are reported in per mil (%) relative to the V-
SMOW (Vienna Standard Mean Ocean Water) reference materiai,
and calibrated with the internal standards from IDES Laboaratory
{Interactions and Dynamic of Surface Environments) of Paris-Sud
University. The average unceriainties for "0 and §H on indi-
vidual analyses were respectively in the order of (.1%c and 0.4%
{n=6, 2a). Replicates of deionised water (n = 90; 24) gave uncer-
tainties for 8'80 and &2H of the same order of magnitude.

All isotopic analyses and Sr purification were carried out at the
Laboratory of Environmental Isotope Geochemistry of Nimes
University.

3.24. Pesticides analyses

Analyses of triazines (atrazine, simazine, DEA, and DIA) in water
samples were performed after solid phase extraction by liquid
chromatography with tandem mass spectrometry {SPE-LC/MSMS)
at the accredited Eurcfins Laberatory (Montpellier, France). The
limit of quantification (LQ) is of 5 ng L' for each compound and
the measurement uncertainty is estimated to be around 20-50%,

3.3 Literoture data
The chemical and isetopic (5'%0, 3*H) compositions of rainwater

on the study area are derived from Ladouche et al. {2009) (1998~
2002) and from G5 laboratory rain gauge data (20190-2013;

Table 13). Bromide concentrations in rainwater from Ladouche
et al. (2009} were reconstructed on the hasis of marine fractions.
Precipitation data are reported as volume weighted annual average
{VWA) for both references.

The Costiéres alluvial groundwater chemical composition is
acquired from ADES database (http:{/www.eaufrance.adesfr/) on
5 municipal wells. Average compositions are computed when mul-
tiple analyses are available.

The chemical and Sr isotopic compaositions of the pristine karst
water are reported from Maréchal et al. (2005). The naming system
of karst weils samnpled during this study are conserved as in
Maréchal et al, (20054

The annial average chernical composition of the imported canal
water (2011-2013} is acquired from the managing company
{heep: fiwww.brLir/; Table 15).

4. Results
4.1. Physico-chemical parameters

The average temperature of the Vistrenque ailuvial groundwa-
ter is around 16 °C. Most of the total dissolved solids (TDS) of all
water bodies fall within the freshwater range (275-750mgL %)
{Table 15). TDS of imported water falls within the lower values of
that range (275-350 mg L™1), that of karst and Costiéres ground-
water in the middle and, finalty TDS of stream water falls in the
upper range {640-730 mg L*). Vistrenque groundwater TDS val-
ues cover the full range of the above cited water badies TDS. Local-
ly, the TDS reaches the highest levels {700-1056mgL ! at
borehales located in envirenments exposed to anthrepagenic can-
faminations, such as a food processing effluents {FPE) spreading
field {sites 13 and 14), or, an area, at the South of the aguifer,
known for intensive market garden activity implying N-fertilizers
usage, and hydroponic cultures using nutrient solurions rich in N,
K, Ca and Mg (sites 16, 17, 18, 21).

Both Vistrengue and karst groundwater bodies are slightly
acidic to neutral {pH ranging from 6.2 te 7.6} unlike more basic
surface water that show a pH variation between 7.1 and 8.5 that
may be due to degassing of groundwater discharging inte the
stream, The dissolved oxygen (DO) content in the Visirenque
groundwater normally ranges between 4 and 8.5 mgL™'; lowest
values {0,1-2 mg L"), characterizing suboxic environments, are
observed on sites located near stream water bodies (sites 5, 6,
15), in the FPE spreading field (sites 13, 14) or at the cutlet area
of the aquifer {site 21). Karst water DO falis within the Jowest
range {1.5-5.2mgL-!) while surface water DO falls within the
highest range (4.1-9.8mg L '), close to the equilibrium with the
atmaespheric oxygen content (considered of 10 mg L™ during the
calibration), '

Beside the sites located in environments exposed to anthro-
pogenic contaminations (sites 13, 14, 16, and 21), the groundwater
physico-chemical paramegers as well as major jon concentrations
(Section 4.3} renain fairly stable {within 10%} over the sampling
campaigns. This suggests little to no changes in the general flow
and physical conditions prevailing in the aquifer over the 2 years
of observations,

4.2. Stable isotopes

On the Vistrenque catchment, al! groundwater and surface
wager samples plot along the Local Meteoric Water Line (LMWL,
3%H = 7.6 8'50 + 6.4), defined by Avignon precipitations, collected
at 45 km Neorth East from Nimes (Celle et al. 2000). Despite a
slightly lower slape, the LMWL remains clase to the Global Mete-
oric Water Line (GMWL; §H=8.13 5'%0+10.8) (Craig, 1961;



Rezanski et al,, 1993}, which is shown for comparisen (Fig. 2a), This
attests that the collected groundwater samples are mainly
originated fromn rainfall infiltration. As 5'%0 and 5°H followed simi-
lar trends, 5°H data will be considered hereinafter, for simplifica-
tion purposes, since it is the most discriminating parameter of
both. For groundwater bodies, 5H signature varies between
- 38%: and - 63%. for the Vistrenque and Costiéres samples, and
between - 42%. and 47%. for the karst groundwater sampies
{Fig. 2Dy). Stream water is represented by average as well as mini-
mum and maximum values recorded over a hydrological year
{5°Hmean = -55.7%¢; 8°Hmin = -65.7%: and §Hy, = 43.1%: vs.
V-SMOW) approximately 10 kit downstreamn frem the head. The
imported Rhiine River water {n = 6) shows the most depleted sig-
natures, with §H ranging between --66% and - 77%e vs. V-SMOW
{Fig. 2b). As it is diverted from the Rhéne River (4°H = -69.3%: vs.
V-SMOW; de Montety et al., 2008), imported water is expected to
show depleted signatures compared to local water bodies, owing to
the high relief of the Rhéne watershed (The Alps, Massif Central,
Tura and Vosges mountains). This is often the case for mast import-
ed surface water, usually brought by gravity from higher elevation
areas {Moran and Hudson, 1920; Williams and Redoni, 1997).

Annual apd winter volume weighted average {VWA) compaosi-
tions of rainwater are shown for comparisor. As the recharge
may be predominant in winter, winter VWA is calculated taking
into account rainfall events from September to March. The 7 years
5180 and &*H VWA obtained for Nimes rainwater {5°H = --29.9%: to
- 38.6% vs. V-SMOW (n = 7} (this study and Ladouche et al. (2004])
are very close to those measured at Avignon station over 12 years
{Mean &H = - 39,5%: vs. V-SMOW) (JAEA/WMID, 2009), On beth
Avignon and Nimes stations, winter VWAs provide more depleted
compositions, by approximately 6-8%., than annual VWA, with a
mean 5°H of - 42%s and - 46%. vs. V-SMOW for Nimes and Avignon
respectively.

Over the 34 boreholes sampled from the Vistrengque aquifer {21
from Table 15 and 13 from Table 25), only 3 borehotes show an iso-
topic composition failing in the range of annual VWA rainfall. 26
Vistrenque boreholes, along with 5 Costiéres boreholes
{Table 23), fall within the range of winter VWA rainfall signature.
The remaining 5 Vistrengue boreholes (8, 15, 16, 19, and 29) and
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Fig. 2. {a) 5'"0 vs. &°H (% vs. V-SMOW) diagram for all water samples. The GMWL
and the LMWL are plotted in straight and in dashed lines respectively: (b) vatiatien
of 52H in the different water bedies existing in the study sile. The nuntbers above
the bars represent water bodies from the legend of {a). The dotted Bars vepresent
depleted outiiers from the Vistrenque and the Costiéres GW bodies, The rainwater
at Avignon and Nimes stations are represented by the VWA on 12 and 7 years
respectively.

3 Costiéres bareholes {C1, €3, and C4) are even more depieted than
winter VWA rainfall signature, reaching values as low as —61% vs.
V-SMOW.

4.3. Major jons and bromides

Major ion analyses, presented in a Piper diagram (Fig. 15; Sup-
plernentary- data), show that ail considered water bodies in the
study area are of Ca~HCO; type. Since both the Costiéres and the
Vistrenque aquifers are made of the same ajluvial deposits, the
Costiéres groundwater exhibits the same geochemical facies as
the bulk of the Vistrengue groundwater,

Within the Ca-HCO; Vistrenque groundwater geochemical
facies, two minor trends originate from the bulk of the
groundwater:

~ The first one, toward a Ca-50, type, for groundwater sites locat-
el at the South of the aquifer (sites 16, 17, 18, and 21), showing
higher proportions in Cl, 50, and NOs.

— The second one, toward a Na~-K-HCO; type, for 3 groundwater
sites located near stream water bodies (sites 5, 6, and 15), fol-
lowing the same trend as sérearn water, and for 2 sites located
in the FPE spreading feld (sites 13 and 14). These groundwater
samples show, in general, higher proportions of €} and Na, and
in partieular, higher proportions of 504 (sites 13, 14) and K
(sites 5, B, 15).

Pristine karst water, determined by Maréchal et al. {2005), fea-
tures very high Ca proportions reaching 95%, while karst samples
collected during this study are further enriched in Cl, Ma, and K,
as is the alluvial groundwater following the Na-K-HCO5 trend.
This Cl, Na and K enrichment, also observed in stream water sam-
ples, is generally due to the contribution of sewage effiuents (land-
fills, septic tanks, wastewater treatment plants), specifically rich in
these elements, to the surrounding environment {(Andersen et al.,
2004). In karst samples, it may be explained by the impact of a
municipal landfill {highly mineralized suboxic system; Maréchal
et al., 2004) upgradient from the bereholes or by the influence of
a dense individual septic tanks system in this urbanized area. In
streams, the water quality is more likely influenced by direce dis-
charge of wastewater treatment plant {WWTP) effluents (Fig. 15}

The CI reference “Clq” {Grosbois er al., 2000, Huang and Pang,
2010), corresponding ta the Cl input from evapo-concentrated
rainwater infiltration to groundwater, is determined by multiply-
ing the Cl concentrations in rainwater, here varying between 0.03
and 0.13 mmol L~! {(Ladouche et al., 2009 and this study) by a con-
centration factor "f", where:

f = Rainfall/{Rainfali — Evapetranspiration).

The f factor is derived from monthly rainfall and potential
evapotranspiration data, on Nimes-Courbessac weather station,
over the last 30 years {http:/{publitheque.meten.fri).

Dver that period, the average annual precipitation and
evapotranspiration amounts are of 758 mm and 485 mm respec-
tively, and the annual f factor ranges between 1.8 and 84, giving
a Clye varying between 0.05 and 1.1 mmol L7,

(] concentrations in the Vistrenque groundwater show sig-
nificant variations between 0.5 and 3 mmol L"!, corresponding to
3 times the Cl.r. As a first hypothesis, the Vistrengue groundwater
sampies with Cl concentrations lower than the Cler e
(1.1 mmoi L™") (sites 1-4, 7-12, and 20) may be issued from a
direct recharge, as is also the case of the Costidres and pristine
karst groundwater. The pristine alluvial groundwater is deter-
mined on the basis of the Cl; and the comparison with the Cost-
itres groundwater composition. The Vistrengue groundwater
samples with Cl concentrations higher than the Cliyr max either



located near stream water bodies (sites 5, 6, 15), in areas with
intensive agricultural activity {sites 16, 17, 18, and 21) or in the
FPE spreading field (sites 13, 14), as well as karst water samples
of this stady and stream water samples, imply an additional source
of C! in the water bodies such as fertilizers, de-icing streets, septic
efftuents. or landfilis leachates.

The saturation indices {51} with respect to catcite of the Vistren-
que samples, computed with the geochemical code PHREEQC,
show rhat groundwater samples are near equilibrium with respect
to calcite (Sl = - ©.5 to 0.8).
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Na, K, Ca, BrfCl molar ratios, 504, and NOy are plotted vs. Cl, in
binary diagrams, for all water bodies {Fig. 3a-f). The Br/Clyar
ratios in precipitations ranged berween 011 x 10-% and
2.63 » 10 3, with an average of 1.45 » 1073, close to the Mediter-
ranean s6a BrjClnoar Tatio (1.57 x 1873, de Montety et al., 2008).
In groundwater bodies, Br{Cl . ratios are mosily above the aver-
age BriCl ratio of rainwater; they vary between 1.13 x 10~% and
3.44 x 1073 (¥ig. 3b), and tend to decrease with the increase in Cl
concentrations. [mported water shows significant variations in
B/Cl ratios, according to the different sampling dates, while
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Fig. 2. Na (a), K {c}, 50, (d), Ca {e), NOs3 [{} concenlrations and BrfC! molar ratios (1) vs, C! concentrations plots. Groups -V corespond to the sub-groups of the Vistrenque
groundwater {Section 5.1). The straight iine represents the rainwater concentration line (RCL}. In (e}, the dashed box delineates the natural alluvial groundwater signature.



stream water samples, collected over ane day, provide a more con-
stant Br{C! ratio falling between the buik of the Vistrengue ground-
water and the WWTP effluent compositions (Brf
Cliyorar = 0.8 x 1073). The WWTP effluent is characterized by high
Cl and low Br contesits, giving a low Br/Cl ratio, in agreement with
literature {Pannu et al, 2006; Vengosh and Pankratoy, 1998),

Overail, Na, I and SO, roncentrations increase with €I concen-
frations in the Visitenque groundwater (Fig. 3a, ¢, and d). Almost
all the aituvial groundwater samples from wells locared near the
karst boundary {sites 2, 4, 10, 11, and 12) show chemical composi-
tions close to that of pristine karst water, clearly evident in the Ca
vs. Cl diagram (Fig. 3e). This result matches with the hypothesis of
a tateral recharge of the alluviat aquifer by the karst adjacent agui-
fer (Darfliger et al., 1999; Fabre, 1988; Michel and Francois, 1995).
At site 19, also located near the karst boundary, Ca contents
decreases and groundwater signature fails between the bulk com-
position of the Vistrenque groundwater and that of imported water
in the Ca vs. Cl diagram (Fig. 3e).

The trend of the Vistrengue grountdwater at sites 5, G and 15
toward stream water composition, as seen with Piper diagram, is
confirmied in all binary diagrams (Fig. 3a-f), highlighting the influ-
ence of WWTP effluents an these water samples.

Nitrates concentrations are iow in most water bodies, remnain-
ing below the Eurapean drinking water guideline (0.8 mmol L ).
However, sites located in areas with intensive agricultural activity
{16, 17 and 18) make exceptions with NO; concentrations reaching
5 mmei L ' (Fig. 3f), most likely related to leakage of nutrient rich
solutions, used in hydropanic cuitures, toward the aquifer
{Finrorte, 2010}, 1n other sites (13, 14), characterized by suboxic
conditions (DG = 0.1-2 mg L"), with. an emission of H,S smelled
in the field, NO3 and S04 seems to be biotically reduced, NO;
may also be reduced at site 21 (DO =03-1.2 mgL™"), due to the
canfinement of the aquifer.

4.4, Sr isotopes
Among all water bodies, karst groundwater shows the less

radiegenic *5r/2%Sr ratios (0.7076-0.7082) and the highest Sr con~
centrations (6.4-17.6 pmol L' '), [n the Sr mixing diagram (Fig. 4),

0.7110 - #Geupl @ Groupil @ Group It
~ OGrouplv 2GtoupY BVisrengue supp. data
. CCostiéres GW & Karst GW & Prisline karst GV
0,7106& ®hportedwater O Slreamwater © Rock samples
:_Rl;'b"""-._._‘
0.7102 ¢ e
0.7086 el
@ Tl
= 0.7094 " P,
g} X ‘: @ ™ -
e, @
B B
@ p7o80 &b
- g End-momber 2
: Evapo-
07084 » concentrated »
rainwater
0.7082 i
07078, ge e
R
0?0?4?-‘. .- :. L T
o 100 200 300 4400 500 600 yo0

1/8r (L.mmol)

Fig. 4. ™3rf*sr ratios vs. 1/Sr diagram showing the different water bodies
signafures on the Visttengue catchment The dashed lines represent the water-
rock inieraction {WRI) processes between evapo-coicentraled rainwater and the
tock composition. The Vistrengue supplementary data are from Table 25 {Supple-
mentary data’,

pristine karst groundwater samples (Maréchal et al., 2005) plot
oh a straight line representing the water-rock interaction (WRI)
between evapo-concenirated rainwater and the carbonated {rac-
tion composition of Hauterivian limestone, R1 (#7Sr/%%sr = 0,7075;
Table 35) as end-members {Faure, 1986) (Fig. 4. A concentration
factor of 4 is considered for rainwater, The karst water in Hau-
terivian formation seems less radiogenic compared to karst
groundwater from Jurassic {Aquilina et al., 2002} and Urgenianf
Cretaceous formations (Khaska er al, 2013}, on a regional scaie.
Karst water sampled during this study shows slightly more radio-
genic 5r isotopic compositions compared to pristine karst water.
This signature is most likely related to anthropogenic wastewater
influences evidenced with Ci, Na and K contents in Section 4.3.
Indeed, the WWTP effluents, that may also represent septic tanks
sewage, show a more radiogenic signature than karst groundwater,
implying that anthropogenic Sr may have a mere radiogenic signa-
ture than pristine karst groundwater.

in contrast, the Costigres groundwater samples exhibit relative-
ly high 37Sr/®*8sr ratios (0.7086-0.7092) and low Sr concentrations
(3.2-4.3 umol L7"}{Fig. 4). This Sr signature is coherent with a WRI
process involving a more radiogenic component, most likely clayey
rich fraction of the alluvial sediment matrx or the outcropping
Plaisancian marls rocks of the aquitard. Leaching experiment with
de-ionized water on Plaisancian marls, representing the easily
leachable Sr. provides a ¥5r/*%5r compesition of 0.7092 (R2a;
Tabie 35), very similar to that of the Costiéres groundwater, and
less radiogenic than the rock tofal Sr isotopic composition of
0.7105 (R2b) (Medini et al., 2014; Table 35).

The Vistrengoe atluvial groundwater exhibits a large range of
875¢/855r compositions, varying from that of the karst system
(0,7677) to a more radiogenic composition [0,7096), close ta that
ol the casily leachable Sr (R2a; 0.7692) (Table 35), with decreasing
Sr concentratiens (8.8-2.2 umol L !} (Fig. 4) and (Fig. 25: Supple-
mentary data). Both imported and stream water Sr signatures plat
in the Vistrenque groundwater group, with Sr isotepic composi-
tions and concentrations on the order of 0,7085 and 5.4 pmol L
respectively (Fig. 4). Stream water signature is close to that of karst
water toward the head and tends toward either the Costiéres com-
position or the WWTP compositions, suggesting either a discharge
of ailuvial proundwater in the stream or an input of Sr from WWTP
effiuents. The similarity between Sr signatures of imported water
and the Vistrengue groundwater is more likely due to the common
origin of both Villafranchian and Rhoedanien alluvium.

4.5, Pesticides

The frequencies of detection and concentrations of iriazines in
water samples collected in September 2011 and March 2012 are
represented in Fig. 5a and b respectively. Triazines are detected
in ail the Vistrengue groundwater sampies with concentrations
varying between 7 and 280 ng L™, Their frequencies of detection
decrease in karst groundwater and stream water, to 40% and 50%
respectively. Observed concentrations in these water bodies also
decreased to values lower than 15 ngl ' Triazines were not
detected in imported water {2 samples).

5_ Discussion
5.1. Source partitioning in the affuvial aquifer

In order to investigate the influence of the different water bod-
ies on the Vistrenque recharge, principal component analyses

{PCA) is applied using XLSTAT Software, considering a 85% confi-
dence interval. The PCA is a statistical technique used fo reduce



100 ¢ =] a

a1

a0t

Frequency of detection (%)

20

Afuetat Karsl Slream waler  Imported waler

groundwater  groundwater {n=4} {n=2)
{n=40 {n=5)

350 ¢ EPN—

" TREY
300 + Maximum
L3
* i Cutkers
250 1
i
7 TEY pefeentiln
g, 0y -+ Mesn
‘;- |—— Median
@ 25 percenth
£ 1501 . X 25 pereenti
N "
=
[
F o100+ .[
50 1 ¥
0+ + == =
Alluvial Karst
groundwaley groundwaler Siream waler Import.s':_d
{n=40) {n=5} {n=4) waler {n=2}

Fig. 5. () Frequencies of detection (FD) of riazines in 4 water bodies [rom the Vistrengue catchment (in imported water, F3 = 03 (b] a box plot representing concentrations
of triazines in the 4 water bodies. 5 represents the oumber of observations for each water body.

the number of variables in large data sets to a smaller number of
principal components (Wald et al., 1887

The analysis combines 8 variabbes {1/St, ¥Stf#Sr, 5°H, Ca, HCOs,
Na, K, C1) including both major elerents and stable isotopes data,
used in the above described multi-tracers approach, for 30 row
Vistrenque data samples from Table 15, as well as for karst water,
stream water, imported water, and WWTP effluents (Fig. ). The
7 years VWA &H composition of Nimes rainwater was assigned
to the pristine karst water in ordet to include it in the analysis.
Only 2 factors are used for interpretation, as they explain 76% of
the total variance. The first axis (F1), explaining 41.9% of vari-
ability, is mainly defined by Ca, HCO;, and 1{5r; which are correlac-
ed in a carbonated system. The second axis {F2), explaining 33.9%
of variability, is mainly defined by Na and K, which are positively
correlated to Cl in sewage signature.

The PCA reveals 3 main groups of variables characterizing 3 dif-
ferent rrends, each one corretated to a potential recharge source of
the alluvial aquifer.
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The samples representing the pristine alluvial groundwater,
determined ot the basis of Clr values and the Costidres ground-
warter hydrochemistry, plot near the origin of F1 and F2 axes
{Fig. 6) along 1/Sr and 57Sg/®8Sr variables, attesting from the fact
that they are not influenced by other water sources, The natural
average signature of the Villafranchian alluvial groundwater is
characterized by §*H and $'20 signatures ranging in the local
recharge domain, Cl concentrarions ranging between 0.6 and
1mmol L™, refatively radiogenic 57Sr/®Sr compasitions of
0,7088-0,7092 and low Sr concentrations of 3.4 umolL ', giving
Cl{Sr ratios ranging between 200 and 300.

The first trend groups 5751/%°Sr and 157 in the first quarter of
the chart, to which the karst groundwater is inversely correlatesl,
In fact, karst groundwater shows the lowest 1/Sr ratios
(150 . mmol~"} and the lowest #7Sr/6St compositions (=0.7076).
The pristine karst groundwater is also characterized by a fow min-
eralization in major elements, except in Ca and HCO; (Fig. 3e)
(Maréchal et al., 2005} Alluvial groundwater sampled near the
karst boundary (sites 4, 10, 11, 12) plots between the pristine allu-
vial groundwater and the lkarst groundwater bodies (Fig. G}, The
second trend groups Na, K and, C] variabies in the second quarter,
to which local stream water is positively correlated following the
trend toward the WWTP effluents, The third trend groups Ca,
HCO; and 8°H in the fourth guarter, to which imported water is
inversely correlated. Only one Vistrengue groundwater sampie
(site 19} is identified as highly influenced by imported water, Final-
ly, groundwater sampies collected from sites influenced by anthro-
pogenic inputs (sites 13, 14, 16, 17, 18) were not considered in the
PCA, though they were reported in the graph for comparison. These
samples plot on the left half following diverse trends, along the Na,
Cl. K. or Ca and HCO5 facters (Fig. 8), according to the different
anthropogenic sources.

Therefore, the alluvial groundwater samples will be classified in
5 groups accordingly:

(i} Group I: representing the pristine alluvial groundwater

{sites 7, 8, 9).

(ii} Group [i: representing alluvial groundwater influenced by
karst groundwater (sites 1, 2, 3, 4, 10, 11, 12, 20}

{iii) Group [B: representing alluvial groundwater influenced by
imported water (site 19).

{iv) Group [V: representing alluvial groundwater influenced by
local stream water (sites 5, 6, 15).



(v) Greup Vi representing alluvial groundwater influenced by
anthropogenic sources (sites 13, 14, 16, 17, 18).

An ascendant hierarchical classification is established to illus-
trate the relationship berween the potential sources and empha-
size the relationship between the groups (Fig. 7).

5.2, Origins of water defined using stable isotopes

On the §'%C vs, 5°H diagram (Fig. 2a), two contrasting end-
members are easily identified: {1) local rainwater showing the
most enriched water body in heavy isotopes, and (2} imported
water, showing the most depleted signature. Mest of the Vistren-
que groundwarer samples fall in the domair of local recharge,
highlighting the infittration of local rainwater in the aguifer, For
the remaining Vistrenque samples, showing a depleted signature
with respect to the iocal recharge, an influence from imported
water can be evidenced through a mixing process. This influence
may directly occur, through excess irrigation water or canal loss,
or indirectly, through depleted suarface water infiltration in the
aquifer.

The most depleted Vistrenque groundwater sample presents a
&°H composition of —61%. vs. V-SMOW on site 12 (group [If), locat-
ed at approximately 600 m downgradient from the imported water
canal (Fig. 1a). O and H isotopes are used in mixing medeis with 2
end-members fo Turther constrain the contribution of imported
water te recharge, Assigning the winter VWA rainwater composi-
tion as end-member 1 with §°H = —42.5%., and the average compo-
sition of imported water as end-member 2 with 52H = - 72.5%, the
proportion of imported water on site 19 is estimated at 70% over
the 2 years study period. Given this none negligible propartion,
this suggests a canal Ioss at this location.

Imported water may alsc influence the streamn water signature
(Fig. 2a), through irrigation, WWTP effluents, and groundwater dis-
charging into the stream.

5.3. Groundwater cliermistry

The pristine alluvial groundwater chemistry is classically
defined by rainwater infiliration followed by water-rock interac-
tion (WRI) process. As seen in Section 5.1, its hydrochemical signa-
ire may be modified by additional sources through mixing
processes.
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Fig. 7. tlierarchical ascendant classification allowing to define the Vistrenque
groundwaler groups according to recharge and mineralizatien origins.

Cn the one hand, karst water influence may be evidenced by Sr
signature. Groundwater sites of group II, located in the confined
area of the aquifer (group Ha: 2, 4, 10, 11, 12, with 24, 25, and
27}, show a similar Sr composition as the karst groundwater
(¥75r{5%5r = 0.70773-0.70785; {Sr}=6.1-8.8 umol L"), suggesting
a high contribution of karst water to the recharge at these sites.
Groundwater sites of groap ), located in the unconfined area of
the alluvial aguifer (group llb: 1, 3, 20 and 31-34), show an inter-
mediate composition between pure karst water and the Vil-
lafranchian alluvial groundwater compositions (Fig. 4),
suggesting a mixing process between both water bodies. Such sig-
nature coutd also be issued from a WRI process with alluvial sedi-
ments comprising different carbonated fractions. However, on the
basis of the 87St/5%St vs, CIfSr diagram (Fig, 8), samples of group 11b
still show an infermediate composition between karst groundwa-
rer and pristine alluviat groundwater compositions. Owing to the
independent nature of Cl with respect to the calco-carbonic sys-
tem, the mixing process hypothesis seemns to be confirmed for
sroundwater of group [b.

Assigning the average pristine alluvial groundwater component
as end-member 1 (¥751/%%Sr = 0.70892 and CI/Sr =245}, and the
average karst groundwater component as end-member 2
(®75r{%851 = 0.70767 and Cl{Sr= 62), the proportion of ¥arst ground-
water is estimated using binary mixing models with the 2 end-
members (Fig. 8). The karst water proportion reaches 74-100%
far groundwater samples of group Ha. This proportion declines to
12-56% for groundwater samples of group [ib.

Hence, the lateral karstic recharge to the Vistrenque groundwa-
ter is observed at the scale of the entire North Western border of
the aquifer, in varying proporfions, and may reach the mid-width
of the aquifer. [n cur study, there was no-evidence of contaminated
karst water contribution to the recharge of the alluvial aquifer.

On the other hand, mixing processes between pristine alluvial
groundwaler and stream water, discharging in the aquifer, provide
an increase of Cl, Na, and K concentrations (group [V} in alluvial
groundwater. On the basis of Cl contents of the average alluvial
groundwater and the neighboring stream water, the proportions of
strearn water infiltrating in the aquifer vary between 20% (sites 5
and 6) and 55% (site 15), When stream water displays more depleted
signature in 80 and 2H than tocal recharge, asis the case of the Vistre
stream near site 15, 8'%0 and 8°H may be used to estimate the pro-
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portion of stream water infiltrating in the ageifer. The stream water
proportion, at site 15, calcutated on the basis of %0 and *H data,
reaches 60% which is consistent with that estimated using CL Finally,
an increase in the alluvial greundwater mineralization may also be
provided by agricuitural or urban inputs {group V}.

5.4. Triazines as groundwater fracer

Despite their prohibition in 2003, triazines are stilt detected in
groundwater bodies due to their persistence in the underground
system (Baran el al, 2007; Lapworth and Goaddy, 2008; Loos
et al., 2010; Steele et al, 2008; Tesoriero et al, 2007; Vonberg
et al., 2014}, or in some cases to the persistence of their usage.
These compounds, used as selective herbicides in agriculture, can
differentiate groundwater originating from different hydrogeosys-
tems with different land uses. Triazines concentrations may vary
over the aquifer surface and depth depending on their previous
uses and their degradation rates (Baran et ai., 2007; Kelpin et al,,
1997; Steele et al., 2008; Tesoriero et al., 2007). e this study, the
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Fig. 9. 57Srf®Sr ratios vs. simazine concentrations diagram showing fow simazine
concentrations for groundwater sapiples of groups Ha and IV,
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substaneial difference in the frequencies of detection and concen-
trations of triazines among the agquifer types (Fig. 5a and b) is
due to the difference in langd uses over both the karst area, mainly
urbanized or covered with "garrigues” natural type vegetation, and
the Vistrenque plain. mainly occupied by agricultural activities.
Consequently, the lateral karst recharge induces a dilution in tri-
azines of the Vistrenque groundwater {group lla) (Fig. 3). Similarly,
surface water infiltration, showing low triazines concentrations
due to the current interdiction, leads to triazines dilution (group
1V} in the atluvial aquifer (Fig. 9).

With respect to imported water influence, difution of triazines
is also expected. [ndeed, no rriazines were detected in imported
water although, 2 samples were only analyzed. The relative
ahsence of triazines is confirmed by analyses of the Rhone River,
carried out between 2010 and 2013, showing only 3 occurrences
of triazines over that period (http: /v eanfrance. fr{}. However,
site 19 (group II[) showed high triazines concentrations. This may
be dee to higher triazines cancentrations in imported water in the
past or t0 an important local application of triazines which persist
in the unsaturated zone reservoir.

5.5. Vuilnerability of groundwater

The quality of the Vistrengue alluvial groundwater is enhanced
with respect to triazines and NC» contaminations through dilution
by adjacent karst groundwater lateral recharge, or by imported
Rhéne River water infiltration, as these water bodies showed low
NQ3 and triazines concentrations (Fig. 10) Yet, the groundwater
quality was shown to be locally degraded through mixing process-
es with infilirating stream water, which does not only increase the
mineralization of groundwater but also may convey microorgan-
isms and emerging organic contaminants such as pharmaceutical
compounds and endocrine disruptors. On a larger scale, the degra-
dation of groundwater quality remains dominated by anthro-
pogenic activities on the swface, in particular by agricultural
inputs. )

Furthermore, in the FPE spreading field, the water chemistry is
strongly impacted by the organic matter input {eading to suboxic
conditions and therefore to biotically driven reduction of NOs
and 5QO..
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6. Canclasion

It conclusion, the recharge of the Vistrenque alluvtal aquifer is
dominated by a direct recharge over the unconfined area as shown
by water stable isotopes. Then below the semi-confining fayer, on
the North Western border, recharge is dominated by the Karst adja-
cent aquifer discharge, which is evidenced by Sr isntopes and con-
firmed by low contents of pesticides of agricultural usage. Stream
water and imported water influences on the Vistrenque aituvia
groundwater are locally identified cansidering §'80, §2H and che-
mical composition, especially in CI, Na and K. Karst and imported
water may induce dilution of existing NO; or anthropogenic pollu-
tions in the aquifer while stream water may increase the major ion
concentrations of groundwater rthrough an indirect input from
WWTP effluents, Anthropogenic activities turned out te have a
non-negligibie influence an the quality of the alluvial groundwater
hightighting the vulrerability of this shallow aquifer to surface
coritaminations,

A multi-tracer approach, including traditional elements, iso-
topes, and micropoliutants, proves useful and necessary to answer
questions about the groundwater origin and mixing processes
occurring in the alluvial aguifer. This method, supported by statis-
tical analyses {PCA), can now be used at a larger scale to identify
the origin of groundwater bodies in order to protect the water
resource quality.
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