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ABSTRACT

Hydrogeochemical studies can provide insights to pursue a flexible and responsive groundwater resources
management.Origin of water, mixing and reactive processes are three key parameters that allow to understand
hydrological systems and resulting groundwater quality.However, those parameters may evolve strongly and
quickly over time and space, especially for hydrological system impacted by pumping activities and seasonal
variations.Within this framework, the current study aims to pursue a survey of the hydrological parameters in a
small dynamic alluvial aquifer fed by 3 contrasted end-members and used for water supply.The variations of the
end-members and the alluvial groundwaters quality (Ca®*, Mg?*, K*, Na™, Cl~, CO3", NO3, 8°H and §'%0) will
be used as a record of those parameters. 26 sampling campaigns were carried out fortnightly from October 2017
to October 2018 and data processed with two distinct mixing models: GLUE-EMMA model, which define like-
lihood of each mixing component, and PHREEQC inverse modeling, which account for the reactive processes that
occur as water chemistry evolves. For each studied groundwater, appropriate time variant end members sig-
natures as well as analytical uncertainties were accounted and models constrained to fit within 5.0% for the
major ions and 0.5%. for water stable isotopes.With suitable models for all alluvial groundwater samples, bath
GLUE-EMMA and PHREEQC highlight the mixing process between two end-members as the main parameter of
the alluvial groundwater quality. Nonetheless, Mg?* and K reactive fluxes are needed to fit with the required
constraints.Hence, the alluvial groundwater quality variations are either associated with the typical seasonal
variations of the end-member signature and the change of the mixing processes.For both models, mixing process
exhibits slow and small as well as strong and sudden changes. The first can be related with the relative capacity
of the end members to feed the aquifer according to their individual high and low water periods. The second to
the effects of alternative pumping regime between sampling campaign.The capacity of both models to evaluate
and monitor main hydrological processes, over time and space, confirms the interest to combine them as a
flexible multi process investigation suited for dynamic hydrological system.

1. Introduction

resource management strategies (Jakeman et al,, 2016). Emerging risks,
such as presence of organic contaminants and climate change impacts

In France, groundwater constitutes approximatively 62% of the do-
mestic water supply. Alluvial aquifers constitute an accessible and easily
renewed resource, recharged by surface water, and providing water
supply with more than 1500 million of m3 of water withdrawal per year
(Margat, 2006). Around 10 million people depend on this resource and
since the beginning of the last century, quality and quantity pressures
have been increasing (Scanlon et al., 2007; Schwartz and Ibaraki, 2010).
Nevertheless, these resources are vulnerable to contamination (Lap-
worth et al.,, 2012). Identification and neutralization of the ways in
which human activities impact on those systems are essential to the
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(Scheili et al, 2016b; Pereira et al.,, 2015) requires further under-
standing of the hydrological system functioning for suitable
management.

The origin of the water, mixing processes and reactive processes are
three key parameters that allow to understand hydrological systems and
resulting groundwater quality.

However, those parameters may evolve strongly and quickly over
time and space in an environment impacted by pumping activities and
seasonal variations. The current manuscript presents a methodology and
its application to identify processes and quantify contributions from
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different endmembers.

A small dynamic alluvial aquifer will be investigated and variations
of the waters quality will be used as records of those varying processes.
To identify and rank the hydrological processes, those records will be
processed in two distinct mixing models:

o GLUE-EMMA model (Delsman.,2013) which define likelihood of all
plausible sets of end members conservative mix.

e PHREEQC inverse modeling which account with the chemical
changes that occur as water chemistry evolves in a reactive
environment.

The successful application of both models will cenfirm the interest to
deploy this methodology as a flexible multi process investigation,

2. Study area characteristics
2.1. Geographical settings

[n this study, we focused on the investigation of the Comps aquifer
system. Used for the Nimes township water supply, Comps aquifer is
located in the south of France (50 km north of Mediterranean Sea) at the
immediate confluence of two rivers: the Rhone and the Gardon. The
Rhone river is one of the major European rivers with a drainage area of
98 800 km? (Fig. 1); it flows 810 km, from its source in Switzerland,
through urbanized, and industrial environments along major cities
(Geneve, Lyon, Valence, Montélimar, Avignon and Arles) before ulti-
mately reaching the Mediterranean Sea. In contrast, with a drainage
area of 2000 kmz, the Gardon river flows 127 km in a preserved, rural
environment before reaching the Vallabregues hydroelectric dam,
where it mixes with the Rhone river.

2.2, Geological settings

Comps aquifer is a 400 m wide and 1200 m long shallow alluvial
aquifer. The aquifer is bordered on the East by an arm of the Rhone river
just after its confluence with the Gardon river and on the West by a
cretaceous limestone massif outcropping and plunging Eastward (Mont
Aiguille). The Comps aquifer consists of 15 m of Helocene alluvial ma-
terials deposited by the Rhone and Gardon valley, the Comps aquifer is
covered by 5 m of loam and lies on a 200 m thick impermeable Plai-
sancien loam formation.

On a regional scale, the studied arca (Fig. 1) presents contrasted
outcrop geological domains. This layout is explained by the following
geological events:

- During the Pyrenean orogeny phase over the Eocene (136-130 Ma),
the regional cretaceous limestones is folded and fractured. (Bene-
dicto et al., 1996; Séranne et al., 1995).

Table 2
Darey velocities estimate from each end-members.

During the Miocene stage, those cretaceous limestones arc partially
recovered by the peri alpine sea resulting calcareous molass forma-
tion deposit.

During the upper Miocene, the Messinian crisis scoured the pre-
Rhone valley accompanied with detritic deposits.

During the Pliocene, the pre-Rhone valley gradually evolves into a
Ria filled with Plaisancien clay deposit which constitutes the sub-
stratum layer for Comps aquifer.

Finally, this 200-m-thick impermeable layer is overlain by Quater-
nary and Plio detritic and sand formations. This alluvial formation
constitutes the Comps aquifer.

2.3. Hydrological and hydrogeological settings

Comps alluvial groundwater level varies between six and 10 m below
ground surface. The water level variation is mainly due on one hand to
the continuous pumping for drinking water supply, and on the other
hand, to the strong hydraulic connection between the aquifer and the
surface water level (Plagnes, 1994):

- Pumping rate varies between 1600 and 2000 m*/h according to the
demand (day/night cycles; summer tourism inflow).

- Attheriver's confluence location, the water level of the Rhone arm is
artificially controlled by the Vallabregues hydroelectric dam situated
just upstream of the confluence (Fig. 1) while the Gardon's water
levels varies according to the seasons.

Comps aquifer does not receive direct rainfall recharge due to an
impermeable loam deposit occurring during historic river floods.
Nevertheless, the groundwater level remains below the impermeable
deposit and the groundwater is unconfined.

The groundwater main natural flow direction is North-South, par-
allel to the surface water flow direction. The aquifer permeabilities may
vary significantly from 1.5 x 10 ?to 3.8 x 10~ m/s due to local alluvial
material heterogeneity.

As discussed by Plagnes (1994), western adjacent limestone massif
hosts a karst aquifer. Its interaction with the Comps alluvial aquifer was
previously investigated on the basis of pumping tests, flow analyses and
geochemical analyses. Results show a potential recharge of the alluvial
aquifer by the karst groundwater.

3. Materials and methods

Based on an annual survey, geochemical and isotopic signatures of
the Rhone, the Gardon surface waters, the limestone massif and Comps
aquifer groundwaters are defined. The Comps groundwaters quality will
be first investigated with Principal Component Analyses (PCA) and bi-
nary diagrams. Then two mixing models will be processed to evaluate
the importance of mixing and reactive processes over time and space.

Boreholes  Distance from endmember  Permeability (m/s) 1993 Average hydraulic Water velocity {m/s) Transfer time (days)
gradient
Low flow  High flow Low flow High flow  Low flow  High flow
Surface waters PN4 65 1.8E-03 7.7E-02 1.2E-01 6.9E-04 1.0E-03 1 1
PAl 70 4.3E-03 5.7E-02 1.0E-01 1.2E-03 2.1E-03 1 0.4
PNORD 45 3.1E-03 4.4E-02 1.1E-01 6.9L-04 1.7E-03 1 0.3
PNS 140 2.0E-03 4.3E-02 5.7E-02 4.3E-04 5.7E-04 4 3
PN7 170 9.7E-04 3.2E-02 4.7E-02 1.5E-04 2.3E-04 13 9
Limestone groundwaters ~ PN4 230 1.8E-03 1.7E-02 2.4E-02 1.6E-04 2.2E-04 17 12
PAl 270 4.3E-03 7.8E-03 1.5E-02 1.7E-04 3.2E-04 19 10
PNORD 140 3.1E-03 1.2E-02 1.5E-02 1.9E-04 2.3E-04 9 K
PN5 160 2.0E-03 2.5E-02 3.1E-02 2.5E-04 3.1E-04 7 6
PN7 190 9.7E-04 1.3E-02 3.0E-02 6.4E-05 1.5E-04 34 15
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Fig. 1. Studied area geological description and sample site locations.
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3.1. Sampling procedure

With the same pumping regime configuration for each sampling
campaign, groundwater samples were collected from five different
bareholes in the Comps alluvial aquifer: three on the eastern side of the
aquifer (Pnord, PN4 and PA1), situated approximately 60 m from the
banks, and two on its western side (PN5 and PN7), approximately 160 m
from the bank and 100 m from the Limestone outcrop. Surface water
samples were collected both in the Rhone and the Gardon rivers. The
limestone massif groundwaters were collected in two boreholes about
200 m south east of the well field (Brasserie, Magnannerie). 26 sampling
campaigns were carried out fortnightly from October 2017 to October
2018 in order to cover a full hydrological year.

Before collecting groundwater samples, physico-chemical parame-
ters (temperature, pH, oxydo-reduction potential, specific conductance
at 25 °C and dissolved oxygen) were measured in the field with a WTW
multi 3630 in a flow through cell to prevent contact with the
atmosphere.

Alkalinity was measured in the field with a Hach SL1000 portable
analyzer or in laboratory the very same day by volumetric titration
(0.16 N H2504) using a Hach Lange titrator. Alkalinity standards yiel-
ded to the same results when analyzed with both methods. 40 mL of the
samples were filtered with a 0.22 pm cellulose acetate filter and dis-
patched in two 11 mL polyethylene tubes for cations and anions anal-
ysis. In order to avoid carbonate mineral precipitation cation samples
were acidified to pH 2-3 with ultrapure HNO3. Raw water was collected
in 10 mL, glass bottles avoiding air bubbles, for 5'%0 and &°H analyses.
Surface water samples followed the same protocol after being collected
in a rinsed bucket thrown approximately 10 m from the banks.

3.2. Analytical methods

Major elements (Ca®", Mg2 - Na®,K*,Cl, 507, and NO3) analyses
were carried out on ion chromatography (METHOHM 930 Compact IC
Flex) with five percent uncertainties measurement (used later as stan-
dard deviation). The 6'%0 and 5°H isotopes compositions were deter-
mined by cavity ring down spectrometry using a Picarro L2130i
according to the analytical scheme recommended by the IAEA (Penna
etal., 2010). 5'%0 and 5°H values are reported in per mil (%o) relative to
the V-SMOW2 (Vienna Standard Mean Ocean Water) reference material,
and calibrated with the internal laboratory standards. Maximum un-
certainties are respectively 0.25 and 0.5%o (used later as standard
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deviation).

All major elements and isotopic analyses were carried out at the
Laboratory of Environmental Isotope Geochemistry, University of
Nimes, EA 7352 CHROME.

3.3. Mixing models

3.3.1. GLUE-EMMA conservative mixing model

As described in Delsman et al. (2013) work, the Generalized Likeli-
hood Uncertainty Estimation End-Member Mixing Analysis
(GLUE-EMMA) tool is a conservative mixing model which can take into
account multiple parameter sets (random end-members, random
tracers). It leads to the likelihood of the contribution for each considered
end-member.

In EMMA, the Euclidean distance between end-members and their
projection in the mixing space is used as a measure of the ability of the
end-members to explain mixing water concentrations. GLUE-EMMA's
approach allows for varying end-member combinations to find suitable
models, while taking into account the time-variant data of end-
members. A GLUE-EMMA mixing model consists of: (1) a combination
of end-members as a subset of all possible end-members, (2) end-
member fractions, and (3) end-member tracer concentrations. A
GLUE-EMMA mixing model follows the notation of Christophersen and
Hooper [1992], represented in matrix by (1):

IB=x;

where |; represents the k sized row vector of end-member fractions, B the
k x p sized matrix of end-member concentrations, and x; the p sized
vector of tracer concentrations in the mixing water sample, with k and p
as the number of end-members and tracers, respectively. End-member
fractions are sampled from a uniform distribution, yielding a uniform
distribution of mixtures while ensuring mass balance closure (end-
members always sum to one).

For each separate mixed water sample, a large number of mixing
models are generated by uniform Monte Carlo sampling and evaluated
against the observed concentrations. Simulations are considered suit-
able only if calculated values for all tracers fall within one standard
deviation of the analytical value. Distribution of suitable models are
considered uniform. Likelihoods are rescaled to sum to unity over the
ensemble of behavioral models identified for each time step indepen-
dently. Finally, end members contributicns likelihoods are described
with median, inter quartile and 5-95 percentile range. All software and
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Fig. 2. a) Water levels of river (blue), limestone massif (green) and Comps boreholes (red/yellow) are displayed on principal axis, precipitation (black) are displayed
on secondary axis, sampling campaign dates are represented with crossed marks on horizontal axis; b) river flow rate (blue) and borehole pumping rate (red/yellow)
are displayed on primary and secondary axis. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)
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source code written to facilitate the GLUE-EMMA’s procedure are
available for download at http://g-emma.deltares.nl/.

3.3.2. PHREEQC reactive inverse model

Inverse modeling using Geochemical PHREEQC allows, in addition
to mixing, to account for the chemical changes that occur as water
chemistry evolves in a reactive environment between two points of
observation. The basic approach in inverse modeling is to solve a set of
reactions that account for the changes in the concentraticns of each
elements due to reactive processes, including dissolution, precipitation
of minerals, exchange, sorption ..., respecting the ionic balance (Garrels
and Mackenzie, 1967; Parkhurst, 1999).

[nverse models compute fractions of the defined end members and
mole transfers of a defined elements that produces the composition of a
studied solution. The inverse model is considered acceptable when the
simulated solution respects ionic balance and uncertainty limit for each
element, according to PHREEQC inputs parameters.

4. Results
4.1. Comps aquifer hydrological configuration

Water production monitoring network provides records of the Comps
aquifer water table levels, boreholes’ production rate and surface water
level (the Rhone river height, along the alluvial aquifer). In addition to
that well field monitoring network, the height of the water table in the
karst aquifer is measured using a pressure sensor at the Brasserie bore-
hole while local rainwater is measured at the closest weather station
(Fig. 1). Recorded data over the studied period are displayed below
(Fig. 2):

In the winter period, the river flow rate is high with an average of
1800 m>/s and significant variations reaching punctually 3000 m3/s.
From spring to fall, the average flow drops dramatically to 20 from 100
m?/s. These variations of the flow rate are accompanied by fluctuations
in water levels. The height of the Rhone river range from 4.8 m NGF
during low flow and up to 9.3 m NGF during peak flow. It can be seen
that for the year 2017-2018, the low water period of the Rhone extends
from April to October while the high water period extends from
December to March. The latter is composed of several recharge events,
the most important of which take place in January and February.
Regarding the Comps boreholes, the monitoring of pumping rates shows
an almost continuous operation over the studied period. PN4 and PA1
are particularly concerned with an average and even pumping rate
throughout the period of 360 and 450 m®/h respectively. Pnord, PN5
and PN7 boreholes, are more frequently concerned with short inactive
period over the studied period. Nevertheless, theses boreholes are all
actively pumping on each day of the sampling campaign with an average
pumping rate of 130, 150 and 340 m®/h respectively. Under pumping
conditions, the boreholes groundwater table levels vary, from —3 to +4
m NGF depending on the borehole location. While under non pumping
conditions, the water table rises approximately by 2 m for PN5 and PN7
and 1 m for Pnord, and up to two to 3 m for PN4 and PAI on the rare
occasions when the pump stops. Beside the pump influence, in all cases,
the Comps aquifer water levels varies concomitantly with the surface
water level. The limestone groundwater levels vary between 1.5 and 6 m
NGF along surface water fluctuations. This relation suggests the exis-
tence of a hydraulic continuity between the limestone massif by the
surface waters as suggested by Plagnes (1994). Investigations witnessed
the presence of limestone at a shallow depth under the alluvial deposits
of the Rhone close to the Vallabregues dam (Fig. 1). Local rainwaters are
ruled by the Mediterranean regime. With low numbers precipitation
events occurred over the studied period, they fan out with a dry
summer-autumn period (130 mm) and a late wetter winter-spring period
(380 mm). Comps water table level are not impacted by the rainwater
variations.

4.2. Physico-chemical parameters

Physico-chemical parameters show an overall contrasted signature
between the three types of recharging water bodies: the Rhone’s and the
Gardon'’s surface waters and the limestone massif groundwaters.

Average temperatures for surface waters and limestone massif
groundwaters are relatively close with an annual average of 15.4 and
15.0 °C respectively. However, surface waters exhibit important varia-
tions over the year ranging from 6.4 to 28.9 °C, unlike the limestone
massif groundwater which shows a narrower range of values between
12.0 and 20.8 °C. Comps alluvial groundwaters exhibits an intermediate
signature with an average value of 17.0 °C, ranging from 13.0 t0 20.0 °C.

Total Dissolved Solutes (TDS) shows similar contrasting results.
Surface waters average TDS is 268 mg/L and ranging between 123 and
360 mg/L whereas limestone massif groundwaters shows higher and
nearly steady values around 490 mg/L. Comps groundwater TDS ranges
between both surface waters and limestone massif groundwaters sig-
natures in two distinct groups: the Comps western boreholes signature
showing higher mineralization (close to 430 mg/L) and the Comps
eastern boreholes, with lower mineralization (around 294 mg/L).

The dissolved oxygen (DO) content in surface waters is at equilib-
rium with the atmospheric oxygen content (X~ = 10.1 mg/L). Limestone
massif groundwater DO is slightly lower (6.0 and 7.9 mg/L) while
Comps water is even more depleted in DO, especially in the eastern
boreholes, ranging from 0.6 to 3.3 mg/L.

Hydrogen potential (pH) is neutral to slightly basic. Surface water
presents the highest pH values ranging between 7.0 and 8.5, while
limestone massif water pH is close to neutral showing only small vari-
ations (between 7.1 and 6.8). Comps alluvial groundwater exhibits an
intermediate signature ranging between seven and eight.

4.3. Water facies and major ions concentrations

Data from fortnightly sampling are given in Table 1 (supplementary
data). Major ion analyses, for all considered water bodies in the studied
area, exhibit a typical Ca-HCOj fresh water type (Fig. 3.).

Despite a shared Ca-HCOs facies, water bodies still exhibit some
contrast accerding to their origin: limestone massif waters present
higher proportion of calcium and nitrate ions while surface waters
exhibit higher proportion of magnesium and sodium ions.

The annual ion concentrations survey (supplementary data) confirms
the contrasts between the different water bodies composition and their
temporal variability:

Over the studied year, concentratiens of calcium and nitrate ions are
three to five times higher in the limestone waters than surface waters
signature.

Those higher rates can easily be explained by dissolution of calcite
for Ca®* and local agricultural activities for nitrate ions.

Surface water exhibits higher fluctuations than the relatively steady
limestone water signature. Sulfates, chlorides and sodium are the most
concerned ions follow seasonal variations.

As shown before, Comps alluvial groundwaters plot between surface
waters and limestone massif groundwaters.

4.4. Water stable isotopic signature

The Rhone river shows very depleted waters, with 8%H values
ranging from —57%o to —75%o vs. V-SMOW2, while the Gardon waters,
in contrast, are much more enriched, with 5°H values ranging between
—34%0 and —22 vs. V-SMOW?2 (Fig. 4). Rhone surface waters plot mainly
along the Global Meteoric Water Line (GMWL: 82H = 8.135'%0 + 10.8
Craig, 1961; Rozanski et al., 1992). Gardon’s water signatures plot along
the Local Meteoric Water Line - LMWL (Ladouche et al., 2009). For
simplification purposes, 5'%0 and §°H following relatively similar
trends, 5°H data will be considered hereinafter, since it is the most
discriminant parameter of both.
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Fig. 3. Piper’s diagram of studied waters in the area.
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Fig. 4. 6'%0 vs. 82 (%o vs. V-SMOW2) diagram. The GMWL is plotted in straight line and the LMWL in dotted line (local rainfall values Ladouche are also displayed

from Ladouche et al., 2002).

With rainfall brought by runoff from higher latitude and altitude
catchment areas, the Rhone relatively depleted signatures are expected
(Rozanski et al., 1992). The Rhone river signature varies widely over the
studied year (Fig. 4). The observed seasonal variations can be related to
varying contribution of the different catchment areas according to
5easons.

In contrast, the Gardon river narrowed and enriched values are ex-
pected due to a smaller catchment area and the proximity to the Medi-
terranean Sea.

Limestone massif signature exhibits an intermediate steady isotopic
signature, with 3”H ranging between —45%s and —40%s. Values are
consistent taking account local precipitation as well as Rhone river
recharges.

Similarly, as for physicochemical parameters and major ions anal-
ysis, Comps alluvial groundwaters signature falls in between surface

waters (eastern boreholes) and limestone massif groundwaters (western
boreholes) signatures. $'%0 and 8°H followed similar trends, 5°H data
will be considered hereinafter, for simplification purposes, since it is the
most discriminant parameter of both.

4.5. PCA and binary tracers’ diagrams

In order to extract from all collected data, insights on the different
waters bodies’ contribution to the Comps aquifer recharge, principal
component analyses (PCA) is carried out using XLSTAT Software. PCA
main interest is to reduce variability induced by numerous parameters of
a large data set to a smaller set of artificial principal components (Wold
et al., 1987).

The analysis combines 9 variables (5°H, 8'%0, Na”, Ca® ", K, Cl,
[\Igz', HCO3, NOj3., SOF ) including both major elements and stable
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isotopes data for a total of 275 water samples from Table 1, including
limestone massif groundwaters, surface waters and Comps
groundwaters.

Two factors, used for interpretation, explain 70% of total variability
(F1 = 45%; F2 = 25%).

The first axis is mainly defined by major elements (Na™, ca?t: 1t
Cl, Mg%, HCO3, NO3, SOF") positively correlated with the water
mineralization, while the second axis is defined by the water stable
isotopes signature (52H, '%0).

Plotted on the PCA diagram the Rhone, Gardon and limestone water,
are well identified in three differentiated groups of water (see Fig. 5):

- Low to lightly mineralized waters (X = —1.1; ¢ = 1.1) and with
enriched water stable isotope signature (Y = 2.7; ¢ = 0.5) corre-
sponding to the Gardon river waters;

- Slightly mineralized water (X = —1.1; ¢ = 1.3) and depleted water
stable isotope signature (Y = —1.0; ¢ = 1.3) the Rhéne surface
waters;

- Water with higher mineralization (X~ = 3.1; o = 0.6) and lightly
enriched stable isotope signature (Y = 1.1; ¢ = 0.6) corresponding to
limestone massif waters.

For Comps alluvial groundwaters, PCA define two distinct groups:

- Low to lightly mineralized water (X = -0.8; 6 = 0.6) and depleted
water stable isotope signature (y = —0.9; ¢ = 0.8): this group
correspond to the water boreholes from the eastern border of the
Comps well field.

Medium to mineralized waters (X = 2.8; ¢ = 0.8) and intermediate
water stable isotope signature (y = 0.1; ¢ = 0.4): this group corre-
sponds to the water boreholes from the western border of the Comps
well field.

Therefore, PCA data processing indicates two dominant influences
on the alluvial Comps groundwater, a major Rhone river contribution
for eastern boreholes and a mixing process between limestone massif
waters and Rhone river for western boreholes.

PCA results indicate a limited Gardon river contribution. Those
trends are also evident on the Cl°, Ca®*, NO3 vs 8°H diagrams which,
over other parameters, show good contrast between the potential

contributors (Fig. 6).

Those diagrams also provide additional information on potential
reactive processes:

At the Comps eastern boreholes, a small calcium ions enrichment
with respect to the Rhone water is revealed. This enrichment could be
explained either by a slight limestone massif water contribution or by a
mineralization process during water flow through the alluvial aquifer.

In addition, Comps eastern boreholes waters are also concerned by
nitrate ions loss. Denitrification process due to bacteria activity during
water flows through the bank and the aquifer could provide a suitable
explanation (Grischek, 1998).

Hence, results indicate that a combination of mixing and reactive
processes could explain the Comps groundwater quality.

In order to evaluate those processes over time and space, two models
will be used: the GLUE-EMMA model, which defines all potential con-
servative mixing process with the associated end-members contribution
likelihood, and the PHREEQC inverse modeling, which accounts for
chemical changes from the reactive process.

4.6. Mixing models
4.6.1. GLUE-EMMA conservative mixing model

4.6.1.1. Model parameters. In literature, the most commonly applied
tracers in mixing studies are Ca®’, Mg?', K*, Na', €, CO3 ", NO3, 8°H
and 8'%0 with a minimum of n tracers for n+1 end-members. (Barthold,
2011; James, 2006; Hooper, 2003).

In our study, to pursue mixing calculation between the three end-
members, the limestone massif waters, the Gardon and the Rhone sur-
face waters, two conservative, contrasted and independent tracers
would be sufficient. In our set of parameters, Cl ™ and 8%H are the most
relevant tracers as their conservative behavior is well studied in litera-
ture and the observed contrast between endmember signatures is sig-
nificant. However, owing to the temporal viability of the end-member
signature, the resulting part of mixing are not constrained enough,
varying between 20 and 60%. A central feature of GLUE-EMMA is its
capability to use more tracers than necessary to validate a model and
constrain results. Hence, Ca®~ jons, as part of the discriminant elements
according to PCA and binary diagrams, is considered as a potential third
conservative tracer. The hypothesis that Ca is conservative will be
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Fig. 5. Principal Component Analysis diagram.
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Fig. 6. Binary diagrams: Cl-, NO3, Ca®* vs 3°H vs V-SMOW?2.

further investigated, in the following section, using PHREEQC model.

As explained above, GLUE-EMMA's main interest lies on its capacity
to integrate end-members temporal variations as well as and analytical
result uncertainties to validate a mixing model.

As input to the model, an analytical uncertainty of =5% for the major
ions and 0.5%. for deuterium, was considered for each analysis. Along
with this uncertainty, a time window needs to be wisely set to constrain
the time variant end member signatures.

According to the last borehole permeability measurement (K),
aquifer materials porosity (20%) and the hvdraulic gradient between
end-members and Comps boreholes, various flow paths may be engaged

which span travel times in the order of few days to 40 days (see

The transfer times calculated below correspond to a rough estimate
of the shortest pathway. Perpendicularly from Comps boreholes to the
river bank and the shallow limestone massif bounds, it is therefore the
smaller possible transfer time. Longer pathways, and therefore a longer
transfer time, around the cone of depression needs to be envisaged.
Moreover, permeability values have probably reduced since 1993 and
need to be reconsidered. Indeed, transmissivity already fell sharply from
60% to 80% between 1976 and 1993 (Plagnes, 1994). These decreases
can be explained by local clogging in the immediate environment of the
studied boreholes or on a larger scale, along the river banks.
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Based on this estimate, time variant end members signature was
defined with the range of the measured concentrations observed during
either the last 60, 30 or 15 days before each considered groundwater
sampling collection date. Thus, three specific model configurations were
defined for each one of the 26 sampling campaigns, including:

- The Comps ground waters measured at a sampling date

- The time variant end member’s signature (60, 30 or 15 days). Those
end members signatures are defined with the minimum, average,
maximum and standard deviation of the measured concentrations
over the considered period.

Overall, for each time window, a set of 26 distinct model configu-
rations of 10% Monte Carlo runs were pursued.

Mixing models are accepted when simulated results fall within +5%
for the major ions and 0.5%. for deuterium. Then, based on the uniform
distribution of suitable mixing model results, likelihood of all compo-
nent contribution is calculated.

4.6.1.2. Model results. Based on the positive fits for G-, Ca®" and 5°H
tracers for the 60 days end-members time variant simulations, GLUE-
EMMA resulted in an average of 5.3 x 10* suitable models, out of a
possible 10% runs, for 107 of the 113 Comps groundwater samples
(Table 3 -supplementary data).

Note that, 9 of them yielded suitable models only if the defined un-
certainty on Cl~ and Ca®" is set at 10%. Finally, only 6 samples yielded
to no suitable models.

The last Comps groundwaters that could not be simulated are
exclusively PN4's waters between March and May 2018. For those
samples, suitable models are yielded when the time window of the end-
members signature are increased from 60 days to 100 days. This longer
time travel is temporary engaged but still essential. For the 6 concerned

groundwaters, this flexibility is considered acceptable without none-
theless distorting the targeted compositions. Thus, with acceptable
relaxed constraints, all Comps groundwaters managed to be simulated.

Those constraints define the initial model’s capacity to generate
suitable models.

With time variant end-member reduced to 30 days and 15 days,
fitting constraints increase and simulations lead to too many situations
with no solution.

Over the 113 Comps groundwaters, suitable models are generated for
74 and 57 of them respectively, with eastern boreholes groundwaters
the most impacted. The remaining suitable models did not exhibit sig-
nificate different composition with the 60 days time variant end-
members simulations.

Hence, the 60 days time variant end-members simulation results are
hereinafter considered as it is essential to include short-term as well as
long-term flow paths in order to simulate all waters.

Based on the results, a conservative mixing process of the three
considered end-members, the limestone massif groundwater and the
Gardon and Rhone surface water, appears sufficient to account for the
majority of the observed groundwater quality as well as the calcium ions
enrichment observed for the eastern boreholes.

The modeled parts of mixing distributions for the different samples
are plotted on Fig. 7, with their calculated likelihood represented by the
median values (dark colored marker) and the 5-95 and 25-75 percentile
ranges (shaded and colored bands). Based on distribution of median and
inter quartile of suitable models, end-members variability is narrowed
between 10 and 20%.

For the eastern Comps boreholes (PNord/PN4/PA1), the average of
the median component contributions is 85% of Rhone water, 9% of
limestone waters and 6% of Gardon waters.

Those contributions tend to vary along the year showing a higher
Rhone river contribution between October and April, reaching 90 to
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nearly 100%, before a decrease for the rest of the year down from 70 to
60%.

Regarding the western boreholes (PN5/PN7), the average median
component contributions are 58% of limestone waters, 37% of Rhone
waters and only 5% of Gardon waters, The limestone component
contribution trends to increase between April and October, reaching
80% in summer period.

Moreover, at the PN5 borehole, the water composition changes
suddenly from December to February 2018, During this period, simu-
lations exhibit a very high Rhone water contribution (92% average
median) before PN5 composition restores to its precedent behavior
(Rhone water contribution lower than 40%).

4.6.2. PHREEQC reactive inverse model

4.6.2.1. Model parameters. As indicated above, combination of mixing
and reactive process could explain the Comps groundwaters quality.

The main interest in using PHREEQC is to account for the chemical
changes that occur as the solutions equilibrate after mixing and as
reactive processes occur in the alluvial reactive environment.

In the inverse modeling procedure, we consider the same three end-
members, the set of known conservative tracers (Cl , 62H) and the
complementary set of ions, with a potentially reactive behavior ca’t,
K, Na~, Mg?*, SO%~, HCO3, NO3.

Here, Ca®" is set free to be engaged in reactive process. Hence, its
conservative behavior will be evaluated along with its legitimate use in
the GLUE-EMMA model.

PHREEQC inverse modeling requires the characterization of un-
certainties for each element input and output. Hence, in agreement with
the parameters used in GLUE-EMMA model, the composition of the time
variant end members is defined by the range of composition observed
during the 60 days period before each sampling date. We set the vari-
ability of each analysis to their respective analytical uncertainty (+5%
for major ions and 0.5%o for deuterium).

Hence, models input files consist of 26 batchs of field-measured pH,
concentrations of major ions and water stable isotope signatures,
described by their mean and the associated uncertainties (based on
minimum and maximum values over the period).

Regarding the reactive process, cationic exchange (KX/Ca2X/Mg2X/
NaX) and calcite mineral dissolution/precipitation were considered as
reactive phases, in agreement with the aquifer material. Nitrate atten-
uation and nitrogen production in the aquifer may occur vial bacterial
heterotrophie denitrification. To simulate those processes, N2(g) output
along with CHO input, as organic matter, are accounted as additional
phases.

The inverse models were run using the phreeqe.dat data base, which
defines rate expressions, stoichiometric and thermodynamic properties
of all of the aqueous phase species, exchange species, surface species,
and pure phases.

Output files provide for each suitable solution which respect uncer-
tainty constraints and ionic balance, the contributions of the end-
members and the associated reactive phases.

4.6.2.2. Models results. PHREEQC inverse modeling yield to simulate
90 of the 113 COMPS groundwaters within initial parameters. 17 sam-
ples yielded suitable models only if the defined uncertainty on elements
balance is set at 10%. Only six groundwater samples yiclded to no in-
verse model fitting either due to the water balance misfit and/or to the
uncertainty constraints. Simulation yields on average 25 distinct models
for each Comps groundwaters. All suitable models include only a few
different end-members mixing combinations (average of five). Each one
of them is combined with different reactive phase inputs.

The results are described in output files with the end-members part
of mixing and the associated reactive phases contributions.

Regarding the end-member result combinations, minimum, average

and maximum end-members contribution are used to display the results
range. Parts of mixing computed with the PHREEQC model exhibit
similar results as GLUE-EMMA'’s: the Rhone river average contribution
in the Eastern comps boreholes (PNord/PN4/PAl) is 84%, while in
western boreholes (PN5/PN7) the Rhone and limestone massif waters
part of mixing are 36 and 61% respectively. Those contributions evolve
over the studied year for each borehole in accordance with the GLUE-
EMMA's results.

Considering the full range of possible values, the calculated contri-
butions vary only slightly, ranging between 10 and 20% across all
models’ outputs. However, variability of plausible models is more or less
narrowed depending on the simulated waters.

Regarding the reactive phase’s contributions, the ion concentration,
which leave (negative value) or enter (positive value) the simulated
solution, are provided in Table 3. The highest input is for Ca®* due to
calcite dissolution/precipitation with an average flux in the order of
0.01 mmol (¢ = 0.15) ranging from —0.4 to +0.7 mmol. The fluxes of the
Na, K, Mg cations and nitrates are 2-20 times lower than that of Ca and
remain below 0.2 mmol/L. However, the significance of each reactive
flux needs to be accounted with respect to the initial concentrations of
the simulated solution.

Hence, the relative contribution of each flux across the ground wa-
ters composition are calculated and displayed as boxplot in Fig. 7.

Mainly, the most significant relative inputs are that of K™ and Mg?™.
Those cations are engaged in all models in non-negligible proportions
ranging between —10% and +16% for K— and —14% to ~23% for Mg?".
In contrast, Na~ and Ca®" fluxes are less significant: Ca®" flux range
between —5 and +4%, and Na~ between -6 and 5%. Those fluxes are
quite small and falls within the acceptable uncertainties set for the
models. Hence in the GLUE-EMMA's model Ca®" can be considered as a
conservative tracer within the given constraints. On the other hand, NO3
output fluxes range between 0 and 500% of remaining measured con-
centrations. Indeed, N2 (g) phase is particularly engaged for PA1l, PN4
and Pnord groundwater rather than PN5 and PN7.

5. Discussions and conclusions
5.1. Mixing models

Mixing models are powerful tools which allow the run of multiple
scenarios and provide a range of possible solutions that are useful for
characterizing hvdrological systems and for decision-making processes
(Soulsby et al., 2003a; Uhlenbrook and Hoeg, 2003). They offer valuable
information if determinant parameters such as uncertainties and reac-
tive process are adequately accounted for. The main issues in our study
are to constrain mixing models with the time variability of the end-
members signatures, mainly observed with surface waters, while ac-
counting for potential reactive mixing processes.

GLUE-EMMA was used as a powerful statistical tool which define
each suitable conservative model mix and calculate likelihood of each
component contribution. A central feature of GLUE-EMMA is to use
more tracers than necessary which helps with constraining the results.
For this study, the three end-members mixing model solutions were
generated by combining the two minimum required conservative
tracers, Cl~ and 2H, with Caz‘, to narrow the results variability.

Along GLUE-EMMA models, PHREEQC inverse modeling was used to
assess reactive processes occurring during flow path and their influence
in the Comps groundwater quality variations. With respect to the aquifer
material, cation exchange, calcite dissolution/precipitation and deni-
trification process were considered. Moreover Ca®* conservative
behavior is be confirmed and with it, its pertinence as a GLUE-EMMA
model tracer along with Cl~ and *H.

One of the key parameters to narrew both models’ results is to
constrain the end-member time variant signatures with respect to the
apparent travel times of the multiple flow paths. A 60 days time window
optimum was considered, based on hydraulic parameters and capacity
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of models to fit. This required time window for the models provides
further information on the groundwater travel time confirming a mini-
mum of 60 days for the longest flow path. This is consistent with a
permeability decrease since their last estimate in 1993. Hence with two
distinct approaches, both the GLUE-EMMA models and PHREEQC in-
verse models provide coherent results accounting for time and space
variability of the Comps ground waters quality. This application illus-
trates the interest in using a combination of complementary models
based on suitable and verified hypotheses to the management of the
water supply resource.

5.2. Comps water resource management

The observation and model results shed some light on the Comps
groundwater mechanisms. The Comps groundwater quality can be
explained by mixing process dominated by the Rhone river waters and
limestone massif waters.

Therefore, the variation of the Comps ground waters quality is
influenced by the end-member seasonal signature.

The model’s configuration provides some insight to constrain the
time travel along the flow path. The minimum required time window for
the successful application of models, here 60 days, is an indicator of the
time travel. This insight is pertinent in relation with end-members which
show significant variation in the water signature, here the Rhone river.
As the main recharge, its variability will be transmitted to the ground-
water composition with a delay which is used as the main discriminant
factor. In this study, this application has an interest for the eastern
boreholes, which are mainly fed by the Rhone river waters with a
highest signature variation.

In first instance, the Rhone river and limestone massif influence are
strongly linked to the Comps boreholes distance from the end-members.
Variations of the mixing process over the year can be explained by the
competition between the two main end-member’s influence on the
Comps aquifer. This competition is potentially ruled by the Rhone river
and Limestone massif relative capacity to feed the aquifer according to
their individual high and low water periods. Those periods depend on
the recharges for the Limestone massif, on one hand, and the Vallab-
regues dam water release for the Rhone river, on the other hand. Those
seasonal parameters are most likely responsible for the Rhone river and
limestone massif contribution trends exhibited during the first and
second half of the studied period.

Variations of the mixing process could also be related to changes in
the pumping regime of the selected bereholes between the sampling
campaign dates. As exposed by the pumping rates survey, alternative
pumping regimes are often set up. This modify the borehole zones of
influence and therefore the end member solicitations. Remnants of those
effects could still be significant on sampling campaign dates even though
the pumping configuration was always the same at the time of sampling.

This interfering configuration could explain the complete and sud-
den signature modification exhibited by the western PN5 borehole from
December to February.

Along with conservative mixing processes, PHREEQC models indi-
cate that non negligible relative fluxes of Mg?* and K~ are needed to fit
with the required constraints for each Comps groundwater simulation.
More over significant NO3 output fluxes are accounted for eastern
boreholes groundwaters. A consistent denitrification process consid-
ering their depleted dissolved oxygen concentrations. PHREEQC models
also confirm the relative conservative behavior of Ca®* ions and legiti-
mate its use in GLUE-EMMA conservative models.

6. Conclusions

This study exposed the interest in a small dynamic aquifer to
combine GLUE-EMMA and PHREEQC models. Both help to define the
main factors influencing the groundwater quality variations and assess
the most likely models.

Successful application and combination of those models lies on key
parameters. In our study it may be attributed to the small size of the
studied site, chemical contrast between end members, strong seasonal
signals and a close monitoring.

Understanding in detail the mechanisms of the well field is essential
to manage the current and futures pressures. As we showed that the
Rhone river is the main source of recharge water to the Comps well field,
predominant with respect to the other two sources the Gardon river and
the Karst aquifer, it has implications in terms of both quantity and
quality for the water resource,

Indeed, the Rhone river flows through a strongly anthropized envi-
ronment and collect a variety of industrial, urban, agricultural effluents.
Hence the Rhone river brings contaminants that can be transferred to the
well field and this risk needs to be address. In addition, due climate
change impacts, by 2060 the Rhoéne river water level is expected to
decrease by 30-70% in summer when the water supply demand is the
highest of the year (Chauveau et al., 2013; Huss, 2011; Jean-Baptiste,
2020). Hence the risk of decreasing recharge to the Comps well field in
future summer need to be addressed.
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