N

N

2P2HQTK2Mi M/ BKTH2K2Mi iBQM Q7 Km

0 2, iIBQM QT2 iQ 1Q 2biBK i2 1?72 +QMi B

i?72 M im> H ;2Q+?2KB+ H# +F;"QOQmM/ M/ Mi

BMTmib BM ;" QmM/r i2°" BM 7Q K2  KBMBM;

TTHB+ iBQM iQ 'b2MB+ M/ MiBKQMvV BM i?
ri2 b?2/ UbQmi?2 M 6 M+2V

S?BHBTT2 GBQM2H 1#2M;m2 i2; -J "+ oBM+?2b- *Q F

hQ +Bi2 i?Bb p2°'bBQM,

S?BHBTT2 GBQM2H 1#2M;m2 i2; - J "+ 0BM+?2b- *Q°BMM2 * bBQi- a
BKTH2K2Mi iBQM Q7 KmHiB@+'Bi2'B ;:°2: iBQM QT2  iQ  iQ 2biBK
'2Q+?2KB+ H # +F;"QmM/ M/ Mi? ' QTQ;2MB+ BMTmib BM ;"QmM/r i2"
TTHB+ iBQM iQ “b2MB+ M/ MiBKQMv BM i?2: “/QM "Bp2 r i2 b?2/ Ul
hQi H1MpB QMK2Mi- 1Hb2pB2 - kykk- 3R9- TTXR8RNjeX RyXRyRefDX

> G A/, ? H®@yj83y3R9
2iiTh,ff? HXKBM2b@ H2bX7'f? H®@yj83y3R9
am#KBii2/ QM kN CmH kykk

> G Bb KmHiB@/Bb+BTHBM v GOT24WB p2 Dmbp2 "i2 THm B/BbBIBTHBN
"+?Bp2 7Q i?72 /2TQbBi M/ /Bbb2KIBEBMBR MNQ@T™+B2® " H /BzmbBQM /2 /
2MiB}+ "2b2 "+?2 /Q+mK2Mib- r?2i?@+B2MMiB}2mM2b#/@ MBp2 m "2+?22 +?22- T
HBb?2/ Q° MQiX h?2 /IQ+mK2Mib MK VW+RK2Z2EF IQKHBbb2K2Mib /62Mb2B;M
i2 +?BM; M/ "2b2 "+? BMbiBimiBQWER BM?8 7M#M2I @b Qm (i~ M;2 b- /2b H
#Q /-Q 7 QK Tm#HB+ Q T ' Bp i2T2HRAB+B @2MT2BIpXib X


https://hal.mines-ales.fr/hal-03580814
https://hal.archives-ouvertes.fr

=

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Development and implementation of a muttiteria aggregation operator to estimate the
contributions of the natural geochemical background amitiropogenic inputér groundwater
in former mining regionsan application tarsenic and antimony the Gardon river watershed

(Southern France)

Philippe Lionel EBENGUE ATE®Hrc VINCHES Corinne CASIST, Sverin PISTRE

(a)Hydrosciencebontpellier, Univ Montpellier, IMT Mines Ales, CNRS ARB France

(b) Hydrosciences Montpellietdniv Montpellier, CNRS, IRD, Montpellier, France

Highlights
- The operator involves geomorphological, mine remains positioning and tectonic data
- Anthropogeniccontribution to arsenic and antimony enrichment was quantified

Mapping facilitates the identification of zones with anthropogenic As/Sb enrichment

Abstract

Establishing the contribution of natural enrichmehta substance and anthropogeninputs
has become a major issue for the management of groundwater systemsslibds made
more complex when the geology of the concerned territoridseterogeneous, at variable
geographical scales, at a site that has experienced nantngty that tas left behind mining
remains. Several studies have tritml answer this problem using different approaches
statistical, geostatistical, geologicahd geochemical. Thiamits of these studies are seen
through the incomplete integration of geological agebmorphological parameters in the
results. The aim of the present researchthgrefore, to look deeper into an approach to
estimate the respective contributions ohe natural geochemical background and
anthropogenic inputs, by simultaneousignsidemg the heterogeneity of the geology, the

variability of the spatial scale, and tlkembination of geological, geomorphological and
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statistical factors. A multriteriaaggregation operator was thus developed and implemented
on underground watebodies demited by the Gardon watershed in the Cevenrsesedion
with former miningactivities t France), in order to produce quantitative and qualitative maps
for discriminatingbetweenthe natural geochemical backgrouadd anthropogenic inputs.
176 geochemicabbservation points on groundwater quality were collected by samaifidg
through theacquisition of public data on water sources (ADES database), wdbisrahdles,

to reconstruct the spatial distribution of arsenic and antimony in the st/ An
aggegation operator was developetvhich enabled the determination tthe formulae to
calculate the natural geochemical background and hence deducearki@opogenic
contributions. Cartography of the quantitative and qualitative aspectheofgeochemical
concentrations that have been impacted by anthropogenic activiade it possible to
determine remarkable focal points located on the Cevennesdadlbther specifigoints of

geochemical interest

Keywords
mining activities, groundvater contamination, anthropogenic contribution, natural

contribution, @vennes mountais
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1. Introduction

The past exploitation of meta in Europe left behindrarious mining remnants, including
mining galleries, open pits, remains from processing plants, and walsee The
management of these areantinues to bean issue todayVic 2017) Toxic metals and
metalloidsfrom ébandoned mine sites can be a source of groundwaiatamination due to
intense watessolid interactionsduring groundwater drawdowns oexchanges between
groundwater and surface water. Concentrations of metals and metalloids exceeding
guidelines can jeopardise the use of freshwater resources for irrigation or drinking water
supplies. This is a major issue in the context of climate chamy&éereased pressure on
water resources. From the perspective of freshwater resource management at the river basin
level, it istherefore essential to identify bodies of groundwater enriched with metals linked
to past mining activity. This information das used to prioritise remediation operations and

to define sitespecific water quality objective$o do thisthe natural level of metals and
metalloids in the groundwater bodieteeds to be determinedthe natural geochemical
background (NGB). The diface between the measured concentration and the N&B
therefore consideredo bethe anthropogenic contribution to the trace metal enrichment of
groundwater. The NGB of groundwater is defined as "the natural concentration of an
element, compound or sulestice in a body of groundwater in the absence of any specific
external input, such as human activi{directive 2006/118/EC 2006)he determination of

the NGB in former miningatchment areas is hampered by the presence of mineralised rocks
in the local geology, which contribute to the release of toxic trace elements into groundwater
through natural waterock interaction processes. Local hydrogeological structures and water

flow paths cancause important changes the hydrochemical composition of groundwater
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on a seasonal basis. In this context, significant variations in NGB can occur at a localised scale.
This natural enrichment can be wrongly attributed to nmelated contanmation. In such
cases, dtermination of the local NGB will be crucial in ordetlitferentiate and quantify any
miningrelated contaminatioirom naturally occurring geochemical variations.

Determination of the NGB is usually performed using statiséicahiques, probability plots,
screening methods (Preziosi et al. 2014), or a combination of these methods and tools
(Parroneand al.2019). Statistical techniques aim to identify outliers in series, based on
assumptions orthe characterisation of distrildiions. Probability diagrams express the
continuity trend of valueZonesof discontinuityreveala change in structure or a nogable
disturbance. Atypical values are then observed that deviate from the general trend and help
to describe the resulting pcesses. Changes in the slope of the curves describing the
distribution of measurements may correspond to the transition between different
populations. These changes could therefore separate the natural from the anthropogenic
components, but they could al$e indicative of a natural variation in geochemical facies or

a local geochemical anomaly. Screening methods consistngfa selection of groundwater
samples that have not shown evidence of anthropogenic inputs; these samples are used to
determine theNGB. In former mining catchments, where both mining remains and natural
mineralisation can induce significant variations in trace element concentrations (Zaporozec
1981; Bril. H et al. 2000; Tiwamst, al. 2006; Spraguest al. 2018), especially in surface
aquifers, all of these methods may underestimate the N&B aresult, trace element
enrichment related to natural sourcesiay be wrongly attributed to anthropogenic
disturbances. In thissituation other factors should be considered to quantify the
anthropogenic (mining) contribution to groundwater trace metal enrichment. Several factors

may tip the balance in favour or against anthropogenic contribution: the geographical
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proximity of the mine remnants, theaititude and distancefrom the groundwatetevel, the
geological heterogeneity of the sampled area, and the proximity of tectonic structures of
significant extension.

In the present study, we used a methodology based on a-amitéria clustering operator

that involved both quantitative and qualiive parameters t@onsiderthese various factors.

The methodology was applied to study arsenic and antimony enrichment in groundwater in
the Gardon catchment area on the sowhstern border of the French Massif Central. The
area has been mined since rRan times for lead, zinc, silver, antimony and coal.
Concentrations exceeding the guidelines have occasionally been observed in tap water for
arsenic and antimony, two metalloids of concern in terms of their toXicitiie area, arsenic

and antimony arepresent in the form of sulphideshat undergo oxidative dissolution
(Resongles et al. 2014)his process occurs naturabiyt isincreasedin mine tailings and
waste piles compared to unmineocks due to the presence oflarger reactive surface area

of fine particlegNordstrom 2011; Rawle 2003Jhe objective is to quantify the overlay of
mine-related contamination with the natural background of arsenic and antimony in the

region.

2. Geological, hydrogeological and mining contexts

2.1 Geological and hydrogeological corgext

The study site in sougin France(betweenthe Gard and Lozerdepartmentg extends over
2200 km2 and is characterised by two geomorphological complexes oriented in a
North/Western- South/Eastern direction. THgsvennes coveringthe upstream section to
the northrwest, covers more than threguarters of the total surfacarea with locally very

steep slopeg5%to 259, creating deep valleys which cut the relief into sharp ridges. The
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downstream part, to the southast, idocated inthe Gavennes foothills, with relatively very

low slopes(less than 2% The study site idrained by the hydrographic network of the
Gardon watershed, which has its sources in the haylerthes. The Gardon flows into the
Rhéne after a journey of 127 km (Agence de I'Eau Ri@déerranee Corse2021) The site

is part of the Mediterranean clate domain (Smage des Gardons, 2011). The geological
context consists of the three classic types of geological formations: magmatic, metamorphic
and sedimentaryFigure 1(a))The granitic &ennesare comprised primarilpf magmatic

rocks They generally consi$ of porphyitic granite, with large crystals of orthoclase
(potassium feldspar)several centimetresn size The establishment of this graniteas
probably linked to the end of the Hercynian phase during the Carboniferous period, around
330 million years ago (Rolley, 200After are the schistose Cevennes, with mainly
metamorphic rocks. The main dominant rogesare mica schists and gneissesesehmica
schists generally result from the metamorphism of ancient sedimentary rocks (clay
sandstone), whereas the gneisses containing large feldspar crgstalsgheisses) probably
come from the oriented recrystallisation of old granites (Peyrolesgfwigxample). These
metamorphic formations are intersected by veins of milky white quartz, sometimes
mineralised, and by a few veins of magmatic rqBldley, 2007). Finally, the sedimentary
formations constitute the coalfields, the limestone plateadsttee Causses, and the
secondary terrains of the su@evennes border. Thee@ennes coal basin, covering about 200
kmz2, is shaped like a triangle around the Rouvergue gneissic massif, to the noet af Al

the junction of two faults; the Villefort faulN 155° East) and thee@nnes fault (N 30° East).
The limestone plateaus of the Causses cover the crystalline formations (schists, granites)
along the base of theeZennes, at the limit between the Gard anddrezdepartments. In

the south, this series gerally starts with the conglomerate sandstones of the Triassic, which
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cover an irregular surface. The Triassic series continues with limestone, often dolomitic, and
then marl. Above this, the more recent Jurassic series of aratl limestone developeda |
addition, aquifers are formed through these geological format{grgure 1(b))The alluvial
aquifer systems, formed on the one hand by recent river alluvium, and on the other hand by
ancient alluvium, are of Villafranchian age and are layered intacesrmore or less
preserved from erosion. These aquifers are generally relatively homogeneous and
continuous, with interstitial permeability. They are made up of sands, gravels and pebbles
with a fine matrix that is sometimes clayey or finely sandy. liti@adsedimentary aquifers

were identified which may or may not be kars8edimentary karst aquifers are marked by
tectonic activity and variations in the base level, responsible for the creation of more or less
superimposed karst conduithese system are often binary and drain surface runoff
through losses, in addition to directly infiltrating into the limestone. -Kastic aquifers

were identified in the Oligocene basin between Boisset Gaujac and Saint Ambroix (marlstone)
via Aks, which are praatally impermeablerift valleysfilled by aseries of marls) (Blais al.

2006). Next, can be distinguished thabstratumaquifer systems, identifiedy crystalline
formations (granite, gneiss, micschists, schists), characterised at the surface by a
discontinuous altered horizon resting on a substratum. The main elements that favour their

permeability are the discontinuities (fractures and faults).

2.2 Mining context

The study site has a history of minifiggure 1(a)for coal and meta$ {ron, antimony,
copper, lead zing, or the extraction of aluminium from bauxiiedustrial site of Salindrgs
Several types of mineralised depositsre discovered and exploiteih the 19" and 20"

centuries Industreslinked to the processing of pyrite, barytgiartz, and combustible rocks



168 (lignite, coa) were also developedSince 1980, the activity has been greatly redwhesl to
169 the depletion of deposits, foreign competition, and the consequences resulting from the

170 disruption of ecosystems and the environthe
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3. Materials and methods

3.1 Data

Several types of data were collected during this study: geological, hydrogeological,
geomorphological, mining, and water quality data. The collection of geological,
hydrogeologicalgeomorphological and mining data was achieved mainly through the
exploitation of existing maps and the synthesis of previoussiatabouvetteet al. 1988;
Faureet al. 2008; Guerangkozes et al 1990; Elmiet al. 1989; Berger 1972; Arerst al.

1978; Rbey 2007; Fauret al 1999; Vic 2017; BRGM 1994; Coddtedl. 2018; RBziatet al.

1995; Coste 2003)A detailed analysis was carried out at different scales in order to obtain
more specifics on the lithological and structural formations and the hydagjeal
characteristics of the various aquifers. The mining data was acquired by carrying out an
inventory of old and recent mining structures. The location of the mining gieetypes of
mineralization exploited, their geological and geometltaracteristics (quality and
guantity) were recorded at different scalBRGM 1994; diat et al. 1995)Additional
geological field reconnaissance gagns enabled certain information that was imprecise in
the bibliography to be updated and better appreciated.

Data on groundwater quality were acquired by two means: exploitation of public databases
and sampling. The collection of existing data on ghaater quality was mainly carried out
through the national portal of Access to Groundwater Data for Metropolitan France and the
Overseas Departments (ADES). This portal gathers on a public website quantitative and
gualitative data on groundwater (ADES 20ZHor the data acquisition by sampling, a
sampling strategy was definedhichintegrated an optimised spatial layout of the sampling

points. This strateggonsideredthe geological and hydrogeological formations traversed,

10
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the means of access to the dahie sampling, the proximity to tlamthropisationindicators

linked to the geochemical parameters sought, and the proximity to particular geological
structures (faults, folds, shear zones, seams, lithological contacts, etc.). Springs and
boreholes were e main sampling points. The springs incorporate all the chemical
characteristics of the water table encased by the host aquifer. They are therefore
representative of the system because their supplies have been identified with sufficient flow
rates. Borehkes, in turn, allow access to deeper water amcteaseunderstanding of the
vertical variability of the chemical characteristics of the water tdhkesamples were taken
during the lowwater period (summers of 2018 and 2019) to allow the most perennial
sources to be sampled. In this way, it is easier to identify the source's.deyphermore,
during these lowvater periodsit can be considered that thesample of groundwater

have hadhe longest possible transfer time, allowing chemical equilibwitinthe bedrock

The choice of sampling points depended on the existence, availability and geolocation of
springs and boreholeas well aghe lithological type on which the sampling is based. Each
sampling point was georeferenced in the Lambert 93 dinate system. Physical
parameters(pH, electrical conductivity, and temperatymere measured in sitand water
samples were collected, filtrated, preserved and analysed for major and trace element
concentrationsaccording tostandardised methodased atHydroSciences laboratqrand
described in previous studigResonglest al. 2015). Arsenic and antimony were the
contaminants of interest ithis study.The quantification limits were 0,01 ug/L for arsenic
and 0,09 pg/L for antimony for samples coll€cite the present study and 0,1 pg/L an@10,

Mg/L, respectively for ADES datan order to make the data set suitable for mapping

purposes, all concentrations less than the greater of the two quantification limits were

11



219 modified and replaced with thgreater limit of quantification valuesessthan 5% of
220 samples were below the limit of quantification

221 3.2 Methods

222

223 The general methodology integrates a combinatiostafistical methods and geological and

224  geomorphological factorgigure 2.

225

226 Figure2:Conceptual Flow Chart of Analysis, Modelling and Data Interpretation

12



227
228

229 3.2.1 Statistical methods

230

231 Descriptive statistics and graphical methadgroundwater As and Sb concentrations datre

232 described for each geologidarmation usingclassicapositional criteria (mean, median) and

233 dispersion criteria (standard deviation, interquartile range, extremBs). methods of

234 Lepeltier and Gauss were usédl detect anomaliesLepeltier proposed a method for

235 detecting chemical anomalies in the context of mineral prospecting, based on the cumulative
236 sum of frequencies and represented on a dodbte scale graph (Lepeltier, 1969). This
237 methodassumeghat trace element values follow a lagmal distribution. By accumulating

238 the frequencies on a scale, a deviation from the lognormal distribution can be easily shown
239 by an abrupt change in slope. This approach has been used in soil geochemical background
240 characterisation (Matschullaand al. 2000). It was used in this work with a slight
241 modification, as it was coupled with the occurrence probabilities to highlight the major
242 geochemical trends that provide information on the local geochemical specificities of the
243 area studied. It was not usedreeto directly determine the geochemical background, but to
244 highlight the geochemical variability due to the variation in scale. Furthermore, several
245  statistical tests assume that the variables describing the elements of the population follow a

246 normal distibution.

247 ldentification of outliers outliers are infrequent observations that do not follow the
248 characteristic distribution of the rest of the data.this study, outliersepresentthe As and
249  Sb concentrationglata thatsignificantly deviate from a standardised trend in regional data.

250 Highlighting these atypical points allows initial hypotheses to be made about the likelihood

13
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that the sample in question has been subject to significant anthropogenic disturbance.
However,in mineralised areasatypical points can also originate froma particular natural
geological contextThus, b better ensure the determination of these atypical points, the
statistical and geological approachdsave beencombined in thepresent method. The
statistical approach usdtie F1<method (Reimann andl. 2005; bridgewp2 2006; Galuszka
2007) The geological approach to identifying atypical powts mainly based onhe
consideration ofhe predisposition of a sample to present high levels siftzsstance or notA
conditional probability of the eventualities of the sources/origins of the sample
concentrationsvasdetermined,consideringhe geological characteristics of the aquifire
relationshipbetween this geology and th@e depositgenesisof the parameter soughtnd

the hydrogeological context (characteristics of the aquifer, permeability, water circulation

lines)

3.2.2 Integration of geological and geomorphological factors

The following geological and geomorphological factore weegrated ito the methodology:

the lithological typesthe variation in elevation between the groundwater sampling point and
the lowest elevation of the mine remnant, the proximity (acceptable radius of one kilometre)
between the sampling point andéhmine remnant, the proximity (less than 200 metres as
the crow flies) between the sampling point and particular geological structures such as

lithological contacts, faults and veins, and magmatic intrusions.

3.2.3 Multkcriteria aggregation operator
Themulti-criteria aggregation operatonis defined by the composition lagwhich takes as

input a sample point characterised by its grade, its position within a geological formation, and

14
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its position relative to nearby anthropisation (old or recent mining). Boolean characteristic
variables are associated with these inputs inaadardised formatThe followingdomains

are used (i) An area subject only to tmntributionof natural processes such as climatel
erosion (absence of anthropisatiorf)) Area geologically enriched in substances that may
imply mining (geological noentration potential due to two main factors: lithological
boundaries and tectonic history)and (iii) Area that has been mined (confirmed

anthropisation).

3.2.3.1 Definition of variables

s (E] o thevariable "a" is defined by the event: the sample taken shows a predisposition
to natural enrichment of theneasuredparameter. By predisposition to natural enrichment,
we mean the combination of factors and processes that favour the release and mobilisa

of the parameters measured in the groundwater. This predisposition includes the
mineralogical composition of the host rock and the hydrogeological characteristics of the
aquifer. The distribution of arsenic (Wele@t al. 2000; Ungaro et al. 2008) aofdantimony
(Onishi 1969; Ziserman 1971) in rocksenlaeen documentedFor rocks rich in sulphides
accompanying arsenic or antimony, the r@eder-oxygen contact may favouwxidative
dissolutionof As and Skbearing sulphidegeading to the release andobilisation of arsenic

or antimony in water. If, in addition, the characteristics of the aquifer are favourable
(permeability, porositythis process can be accentuated. The variable "a" therefore integrates
the proximity to geological structures (litbgical contact, faults, veins, etc.), the
mineralogical composition, and the hydrogeological characteristics of the aquifer containing

the measured sample. Clearly, "a" expresses the probability that, in the absence of

15
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anthropisation, the sample will befluencedby natural processes that involve significant
rockwater interaction. This predisposition is conditioned by ¢ine deposit genesiand
mineralization of the host rock, the geology and structures that affect it, and the dynamics of
natural processes of release and mobilization of the meassubgtances. Thevent "a" is

quantified by a Boolean variable defined by:

"a"={1}]( "~ trug="the sample has a predisposition to natural enrichment of the measured
parameters”. A groundwater sample defined by the variable "a" is therefore foalodhiain

(i). == {0}]( ™ falde A groundwater sample defined by the negation of théb/] -e-Y
XX3+3s therefore found imlomain(i)

s (E] o:tHe variable "b" is defined by the event: the sample has a predisposition to
anthropogenically induced enrichment of the measured parameter. Predisposition to
anthropogenically inducednrichment refers to the possibility that the measured sample is
influencedby anthropogenic processes and factors. In the case of this study, the notion of
anthropisation is centred around past or recent mining activities. Based on the observations
made in the mining inventory, the areas of mining remnants extend over a maxadius r

of 1km with a maximum mining depth of 100m. Thus "b" refers to the probability that in the
presence of an anthropogenic factor (mining works and structures), the sanyglaeaced

by anthropogenic processes (drilling, milling, in situ processivag)involve significant
exchange between the anthropogenic structures and the sampled wdteis predisposition

is conditioned by the geomorphological gradient between the sampled point and these
anthropogenic structures (mining works). The gradientdé&ined by the rate of
geomorphological change which relates the change in elevation to the distance between the
sampled point and thanthropisationpoint. The event "b" is quantified by a Boolean variable

defined by"b" = {1}](b” ]+ S'@Beusamplepresents a predisposition to an enrichment of
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the measured parameters induced by anthropisation”. A groundwater sample defined by the
variable "b" is therefore in the domain (il)® = {0} ] (b~ TFalse A groundwater sample

defined by the negation dhe variable "b", that is ¥, is thusin the domains (i) or (ii).

s (E] o: the variable "c" is defined by the event: the measured concentration belongs to

the main population. To determine the atypical values of a measured population proven to be
anthropogenically |*SpE&E U SZE <Z}o « & 0O Ho § C SZ ' pee (}E
95% confidence). The calculation of this threshold makes it possible to highlight two
geochemical populations, a main Gaussian population and a secondary residuatigrop

The event "c" is quantified by a Boolean variable defined by:

"¢c" = {1}](c” ]« SGh@ sample belongs to the Gaussian main population”. The main
population is grouped around a range and centred around a central characteristic (mean or
mediar). 6%6= {0}](c” falseUv 3Z (}oo}A]JvP W3Z&E Jo %EqQE o}VvPe 8} §Z
E ] Ho e }v EC-%XPEIUYA § E » u%o0 vV S @ B} o
v P Y}a 3 can be found in all domains (i), (i) or (iii). In sunymtre multicriteria

integration of variablesncludes:1) parameter ‘a_which considersmineral composition,
hydrogeological characteristics, and proximity to particular geological struct@jes

% E u § E ~ codsideprakimityto mining remnantselevation variation between

uJvl]JvP € uv v3e Vv ¢ U%O0 %}]v3eU v iecofGideEssiatistical ~* AZ

considerations.

3.2.3.2 Definition of the operator
This multicriteria aggregation operator is defined by the functi®which takes as input a
sampled groundwater source S and is governed by the three characteristic Boolean variables

(a, b, c)(Figure 3) It combines and outputs the geochemicahtributiors that this sample
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347 has undergone. The function returns qualitaiiv®rmation that will help guide the choice of
348 the calculation of the natural geochemical background. It is therefore expressed by a law
349 noted "& which means "and". For example, the expression $a&c) reads: the sample S
350 was taken iran aquifer natrally rich in the measured parameter (arsenic or antimony in the
351 case of this study) "and then" this aquifer has not experienced any mining activity "and then"
352 the content of S of the measured parameter belongs to the local trend. We can therefore
353 definea set ofcriteria K made up of the three variables according to whether the propositions
354 that characterise them are true or fal®o K= {a, b, & $, )8 The law &" is governed by a
355 relative chronology of events described by the variables a, b aftecefore "8 is not
356 commutative.
357
358 We then define3 (S) by:
Description Interpretation
359
c = aéb éc = abc = 111 Predisposition for natural and  The natural contribution has an
anthropogenic enrichment and expected influence and the
360 b no noticeable impact anthropogenic contribution has no
noticeableinfluence.
361 Saéb & §ab § 110 Predisposition for natural and ~ Superimposition of natural and
anthropogenic enrichment and anthropogeniccontributionswith a
ra noticeable impact noticeableinfluence
362
c=ae $ec = a% = 101 Predisposition for natural Expected naturadituation.
363 enrichmentand no noticeable
$ impact
364 e Predisposition for natural (Noticeableinfluenceof natural
§ae$e 5a%5100 enrichrFr:entand noticeable contribution characterised by a
impact geologi@l proces$ or (noticeable
365}(3) = influence due taanunidentified
anthropogeniccontribution).
366 L _ . . -
c=%eb ec =%c =011 Predisposition for Anthropogeniccontribution, not
anthropogenicenrichmentand  associated with local geologyith
367 b no noticeable impact no noticeablenfluence
§ $éb & § $ §010 Predisposition for Anthropogeniccontribution, not
368 X i . . )
anthropogenicenrichmentand ~ associated with local geologwith
-9 noticeable impact noticeableinfluence
369 c=%e%ec=9%% =001 No predisposition foboth Expected naturasituation.
naturalandanthropogenic
$ enrichmens, nonoticeable
impact
§ $e$e& § $% 5000 No predisposition foboth Unidentified contribygion
naturalandanthropogenic (geological or anthropogenic) with
enrichmens, noticeable noticeableinfluence
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Figure 3: Definition of the multicriteria operator from the variableg:* = predisposition to natural enrichment of the
measured parameter” = predisposition to anthropogenically induced enrichment of the measured pargmteterthe

measured concentration belongs to the main populdtion

3.2.4 Discrimination of the natural geochemical background from anthropogenic
contributiors

Definition of the natural geochemical background calculation function

In order to separate the natal geochemical background from diffuse anthropogenic inputs,

a function for approximating the natural geochemical background was defined. It takes as
input the image of a sample by the aggregation operator and its concentration of the
measured parameterot determine the upper limit of the characteristic range of the natural
geochemical background. At the scale of each sample, a local geochemical badk@Bisd

defined by:

NGB="Mi", if n{S) = {111; 101; 011; 001; 10@here M is themeasurement of the concentration of
NGB (Sk the sample S of the fixed parameter.

NGB A —u = i X®OgSy={1L0} 010; 00G}heremedis§Z u ] v Vv =« §Z 8§\
deviation of the main population, separate from the residual secondary poipuldébr 95% tespower

Depending on the density of available data, the approximation confidence can be adapted to
obtain a better estimate. At the scale of a territory, the geochemical background is presented

as an interval of values whose upper limit is defined by:

upper limit= max 'NGB'. Therefore NGB-=]0; max 'NBG"|[
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391 Assessment dhe anthropogenicontribution

392 Thecontributionfrom anthropogenic activities was assessed by defining and implementing an

393 anthropogeniccontribution ( S}E rX /S ] . v 832 A E] 8]}v }( 8z
394 background due to anthropogenic activities that may modify it in time and space. It is defined
395  r A NGB/ M, In the absence of anthropogergsontribution, NGB converges twards

3906 M, *}r 8 ve3}A E « iX /( §Zconubidtidh]IsiyRficahnt, Mnoves away from

397 NGBandsor § v « §}A E « iX

398 4. Results and discussions
399 4.1 Results

400 4.1.1Statistical analysis

401

402 Table1 summarises the description of the data representativéhefdistribution of arsenic
403 and antimony in the groundwater of the different aquifers of the study $Sietailed
404  distribution and dispersion models can be found in the supporting information SI (FBgures

405 1,2,3)
406 Arsenic

407  Arsenic concentrationsanged from 0.1ug/L to 156 pg/L. A significant difference (15ug/L for
408 the crystalline bedrock and masdifrmations, and 2.5ug/L on average for the other
409 geological formations) between the medians and the respective averagdenced

410 geochemical series shifted the right. Some observed values are more thawe standard

411 deviations above the mearalue.This implies the existence of strong perturbations to the
412 right of the distribution. Moreover, the values of the interquartile ranges are significant

413 (14.23pg/Lfor the crystalline bedrock and massdénd 4ug/L on average for the other
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geological formations) and the standard deviations are on average five times lower than the
ranges of the respective series. Thus, these series can be qualified as having a strong
statistical dispersion, with a multimodal distribution, deviating from the conventional

hypothesis of the existence of a local geochemical background, characterised by a

monomodal distribution.

The distribution of arsenic concentrations allows two geochamigopulations to be
observed, with very similar dispersion forms for each geological support (#ag@R). The

first densest populations are marked by steep slopes (80° on average) of the cumulative
frequencies and are intersected by the highest probabilities (0.4 on average). They have a
relatively localised dispersion characteristic around a naramge of values (modal class).

The second populations have similar characteristics from one geological formation to
another: relatively low slope, with very discrete and isolated concentrations, they tend not to
cluster around a central trend. The first tas@orphic basement population is concentrated
around the range of 0.5 to 7.32 pg/L. Its second population is marked by isolated
concentrations such as 17.65 ug/L, 27.48 ug/L and 58 pg/L. The crystalline basement and
massif define their first population amd the range of 0.1 to 6.98 pg/The second
population is marked by isolated concentrations of 18.83 ug/L, 25.2 pg/L and 156.81 ug/L.
The sediment cover and surface formations have essentially the same first populations
concentrated around the range df to 6 pg/L at the same frequencies. Their respective
second populations are different with isolated concentrations of 11.45 pg/L, 17.48 pg/L and
18.48 pg/L for the sediment cover; 10.48 ug/L, 12.57 pg/L and 43.98 ug/L for the superficial

formations.

Antimony
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In contrast to arsenic, the variations for antim@aycentrationsare relatively less important,
rangingfrom 0.01ug/L to 8.51ug/L. The differences between the medians and averages are
relatively small (2ug/L for therystalline bedrock and masg$drmations, and 0.3ug/L on
average for the other geological formationshowing data centre@round the median.
However, in general, the maximums are far from the upper limit of the modal classes (by
three standard deviations for thaystalline bedrock anohassifformations and six standard
deviations on average for the other geological formations). The interquantidges are low
(1.86pg/L for the superficial formations, and 0.05ug/L on average for the other geological
formations) and the standard deviat® are almost equivalent to the amplitude of the model
classes. It can be hypothesised that there are disturbances in thectouantrationsof
antimony, but they are relatively low in scattering density.

The pattern of distribution of antimony concentrations in groundwater is similar to that of
arsenic (Figurdb; S13). For all geological media, two geochemical populations are observed.
The first populations on steep slopes are the densest and mostsémtallhey are
concentrated around a narrow range of values (modal class presented in the descriptive
statistics), grouped around the range between 0 and 1 pg/L. The second populations are
discretely distributed and isolated, with values such as 3.96 pgiL7&28 ug/L for the
metamorphic basement, 2.54 ug/L for the crystalline basement and massif, 2.22 ug/L and
5.34 ug/L for the sedimentary cover, 2.41 ug/L, 6.78 ug/L, 7.11 pg/L and 8.21 pg/L for the

superficial formations.

Modified Lepeltier distributio and Gaussian distributionhe first populations from the
modified Lepeltier distribution model constitute the main Gaussian bell curves (Figure 4b; S

3). They have the highest probability densities for low variance bell curves. The second
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populations onstitute the secondary or residual curvéhesepatterns confirm the actios
of two modification factors of the natural geochemical background: a regional modification
factor (natural hydro and biogeochemical processes) giving rise to the main aoave
localised or isolated modification factor (anthropic disturbance) giving rise to the residual

curves.

Determination of atypical concentratiorgo identify outlier concentrations, we determined a
(Jod E SZE +Z}o A op pe]vP §Z 95MEaniidenae=Thedcalculdtiohad
made with the median as the central vglwéich is recommended for a small number of
data (less than 30 or 20), as it is more stable than the mBam.values of the filtering

thresholds, allowingisto distinguish themain population from the atypical concentrations,

are indicated in Table 1 for each geological supyp-.
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Parameter Arsenic Antimony
Crystalling .
. . . | Crystalline .
: Metamorphic| Bedrock | Sedimentary Surface | Metamorphic Sedimentary Surface
Geological support . Bedrock an .
base and cover formations base . cover formations
. Massif
Massif
Size of population 40 15 22 20 31 15 19 13
%<LQ 2,5% 6,67% 4,54% 0% 6,45% 0% 0% 0%
Min 0,333 0,1 0,1 0,4 0,031 0,035 0,04 0,01
Max 58,36 156,81 18,47 43,99 7,28 2,54 5,34 8,21
Scope 58,02 156,71 18,37 43,59 7251 2515 53 8,2
Standard deviation 10 865 39,43 5,74 9,48 1,43 0,57 1,17 2,97
Average 7,44 17,59 5,28 6,86 0,88 0,58 0,83 2,33
Median 5 069 2,65 2,52 4,13 0,55 0,54 0,54 0,59
C.Modal [2;6] [2;3[ [2;4( [2;6[ [0;1] [0;1] [0;1] [0;1]
Quartile 1 2 205 2282 2,16 2,47 0,53 0,51 0,52 0,53
Quartile 3 5881 16,52 5,68 6,88 0,58 0,56 0,57 2,4
Interquartile range 3676 14,23 3,52 4.4 0,05 0,05 0,05 1,86
A~GR9eAUu v=i)2537 82,66 14,75 22,5 3,24 1,53 2,67 7,24
S(95%AuU ] v=iX{(22,99 67,72 11,99 19,78 2,91 1,49 2,47 55
474 Tablel:descriptive statistics for arsenic and antimony measurements
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Figure4: Distribution of concentrationfor one type of geological formaticaccording to Lepeltier (left) and
Gauss (right) methods. Example for arsenic on metamorphic baséimemases oérsenic and antimony on
the different types ofeologicaformations arerepresented irsupplementary Informatioffigures S+2 and S

3).

4.1.2 Integration of geological and geomorphological parameters

(Figureb) superimposethe geographical characteristics of ttempledikely to play a role in

the enrichment of the watein a substance orone type of geological formatioon the
measurements observed ftinis substanceThese include the variation in elevation between
the groundwater sampling point and the bottom of tiheine remnant, the proximity
(acceptable radius of one kilometre) between the sampling point and the mine remnant, and
the proximity (less than 200 metres as the crow flies) between the sampling point and specific
geological structures such as lithologmatacts, faults and veins, and magmatic intrusions.
The objective of these representations is to highlight possible correlations between
concentrationvariation and proximity to one of these structurgsgeneral, albf the samples

with the highest arsgic and antimony contents (secondary populatiomg)e in the vicinity

(less than 200 metres as the crow flies) of particular structures (lithological contacts, zones of
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intense tectonics, dropffs, faults). These samplegre located on average withinradius of

4 km of a mining sitéNo correlation was observed due to the variation in elevation between
the sampling points and these mining remains. Depending on whether or not the elevation
differenceswere significant, and whether or not the respective piezometric levels of the
sampling pointsvere above the elevation levels of the bottoms of the mining remains, the

levels of arsenic and antimowmyere more or less high.

Figure5:Superimposition of the geographical characteristics of the samples (distance (grey bars) and difference in altitude
(orange bars) between remnant and sample; proximity to particular geological structure (dark triangle)) on the
measurements observed forsabstance (samples belonging to the first population are represented with a black circle;
samples belonging to the second population (above the filter threshold value) are represented with a red circle). Example of
arsenic on metamorphic basement. Theesasf arsenic and antimony on the different types of geological formations are
represented in the Supplementary Information, Figu) SI

4.1.3 Discrimination of geochemical background from anthropogsomtributiors

The operator's calculatiorprovided the upper limit of the geochemicalbaclground
concentrationrangeto the scale of the geological formatjamgether with the contribution

of anthropisationto As or Sb enrichment gach sampléTable2). It is clear that there are
natural and anthropogenicontributiors that may or may not be geologically identified. It is
generally noted that the calculated geochemical background does not stray too far from the

main population (Tabl2).
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Arsenicfor metamorphic base aquifers the calculated geochemical background varies in the
range]0.3; 8[ug / L with a meanf 4.25 ug / L and a median of 5.06 ug / L. For crystalline
bedrock and mass#quifers the calculated geochemical background varies in the range] 0.1;
5.54 [ug / L with a meanf 3.46 pug / L and a median of 2.65 pg / L. For aquifers of the
sedimenary cover, the calculated geochemical background varies in the range] 0.1; 3.79 [ug /
L with a mearof 2.58 ug / L and a median of 2.52 ug / L. Finally, for surface aquifers, the
calculated geochemical background varies in the interval] 0.4; 6.52 [ug / L with affddth

Mg / L and a median of 4.13 pg / L.

Antimony:for metamorphic base aquifers the calculated geochemical background varies in
the range] 0.03; 0.89 [ug / L with a meah0.5 pg / L and a median of3h pg / L. For
crystalline basement and masaquifers the calculated geochemical background vanes i

the range] 0.03; 0.87 [ug / L with a meah0.47 pug / L and a median of 0.54 pug / L. For
aquifers of the sedimenty cover, the calculated geochemical background varies in the
range] 0.04; 0.81 [ug / L with a meah0.52 ug / L and a median of 0.54 [i4.. Finally, for
surface aquifers, the calculated geochemical background varies in the interval] 0.01; 0.92 [ug

/ L with an average of @ ug / L and a median of32 ug / L.

Uncertainty

The error in this assessment of the natural geochemical background lies in the approximate
values of the true mean and standard deviation. Since by definition the natural geochemical
background is centred around a central feature (mean or median) as, dhertethis error

tends towards O the higher the power of the test. A descriptive and comparative analysis of

the dispersion characteristics of ttmeasured concentrationghe calculated geochemical

27



540

541

542

543

544

545

546

547

548

background and the main population was métiable2; Fgure SI5). Generally speaking, the

main population showed very similar characteristics to the calculated geochemical

background. The median, mean and standard deviatiere quite stable. Theneasured

concentrations unlike the main population and thgeochemical background, shewva

strong variation in the dispersion characteristics, in particular the mean and standard

deviation. This proves that the residual secondary popul&itre main factor modifying the

natural geochemical background.

Parametes Arsenic Antimony
Geological |Metamorphic Crystalling SedimentanSuperficial Metamorphic Crystalline Sedimentary Superficial
Bedrock ) Bedrock .
support Base | Cover [FormationsBase : Cover | Formations
and Massi and Massif
Geochemical support
Measures 10,3 :58,36[ 0,1 ; 156[[0,1 ; 18,47[[|0,4 ; 43,98]0,03 ; 7,28 0,03 ; 2,54[[|0,04 ; 5,34[ | ]0,01:;8,21]
Geochemical . . . . . . . .
background 10.3; 8 10,1;5,54{10,1 ; 3,79[ 0,4 ;6,52[ [0,03 ;0,89 [0,03; 0,87[[0,04 ; 0,81[| 10,01 ;0,92
Contributionof 0. o004 12006: 954125% : 80%[]30% : 85%70% : 90%T [60% : 70%[]60% : 85%[| 165% ; 90%|
anthropisation
Characterisation and evaluation of geochemical media
Characteristics of the measured contents
Mean 7,44 17,59 5,28 6,86 0,88 0,58 0,83 2,33
Median 5,07 2,65 2,52 4,13 0,55 0,54 0,54 0,59
Standard 10,87 (39,43 5,74 9,48 1,43 0,57 1,17 2,97
deviation
Characteristics of the calculated geochemical background
Mean 4,25 3,46 2,58 4,03 0,5 0,47 0,52 0,62
Median 5,06 2,65 2,52 4,13 0,55 0,54 0,54 0,59
Standard 25 1,9 1,12 2,11 0,24 0,22 0,18 0,3
deviation

Table2: abstract of discrimination of geochemical background from anthropogmmtigbutiors
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4.14 Cartography Summary

4.14.1 Qualitative classification of anthropic disturbances

The application of the multriteria aggregation operatonto the study site allowed us to
determine a qualitative classification of the collected geochemical data augddditheir
degree of geochemical disturbance. From the two sources of enrichment of a sample (hatural
and anthropogenic), specificities were determined. The different qualitative synthesis maps
for arsenic and antimony (Figu® illustrate the eight spdéftc geochemical disturbance

classes.

Predisposition for natural enrichment and no noticeable imf#dt)andNo predisposition for

both natural and anthropogenic enrichments, no noticeable imf@@t) In both cases the
interpretations are similar, i.expected natural situatiorl8% of the arsenic and 27% of the
antimony measurement pointshow a naturalcontribution with expectedinfluence The
influenceis said to be expected because, in the absesfcanthropisation, these samples
have levels within the characteristic ranges of the regional trend, i.e., below 10ug/L for
arsenic and 5ug/L for antimony. Two characteristic cases can be distinguished: samples with a
low probability of natural enrichmenf001) (alluvial aquifers) and samples with a high
probability of natural enrichment (other types of aquifers). Alluvial aquifers are generally
recent and do not always show a natural predispositiomatds arsenic and antimony
enrichment. In the case of lmer aquifers, the samples belong to radii that are relatively
unaffected by mining remains (minimum distance from the nearest remains is 5km (for

arsenic) and 3km (for antimony).
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Predisposition for natural enrichment and noticeable imga00) Noticeabé influence of
natural contribution charderised by a geological processmmticeable influence due to an
unidentfied anthropogenic contributianVe note a datgoint that behaves as an outlier to

the local trend while there is no characterisdiathropogeric activity (old or recent) in the

radii. 1% of samples show this characteristic for arsenic with a content of 17,.&najt.is

not observable for antimony. The specific geological structures and natural processes that
made this data remarkable weerdentified. A detailed assessment of the context allows us to
identify that these samples are located in an intense fault zone with a lithological contact
between schist, limestone and granitic belt, all of which are likely to be carriers of arsenic
mineralization. There are no mining remains within a radius of at least 6km with an altitude
variation of over 200m. No specific industry or other anthropogenic activity has been
recorded in this environment. It was concluded that this feature is a resulieose water

rock exchange catalysed by tectonic structures that favour arsenic release and mobilisation

processes (Smedley and Kinniburgh 2002c).

Predisposition for natural and anthropogenic eimment and no noticeable impag11) The

natural contribdion has an expected influence and the anthropogenic contribution has no noticeable
influence. The influence of anthropgsation is not perceived evethough it exists. The data
behaves like a sample from a ramthropogenic environment. 54% of the arsemd &3% of

the antimony measurement points have this characteristic. It has the largest number of
samples. The samples were taken from aquifers likely to contain mineralization and were
relatively close to mining remains (generally less than 3km distd®eeguse of the dual
natural and anthropogenic predisposition to arsenic and antimony enrichment, the different

inputs are superimposed. Since the observed concentrations also belong to the regional
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trend, this proves that the anthropogenic disturbance naissufficient to raise the chemical
concentrations to atypical levels. Thus, there is a high probability of anthropogenic

disturbance, but witmatural processesausinga greaterimpact.

Predisposition for natural and anthropogenic enrichment aadiceable impact(110)
Superimposition of natural and anthropogenic contributions with a noticeable influnee.
influenceof anthropisationwas perceivedo be absorbing the naturatontribution as the

data behave as outliers to the local trend. 1afdthe arsenic and 6% of the antimony
measurement points show this characterisfidiis includes the samples with the highest
concentrations. As in the characteristic (111), the samples are located in aquifers likely to be
mineralized and are relativelyosk to mine remnants (generally less than 3km distance). Due
to the dual natural and anthropogenic predisposition to arsenic and antimony enrichment,
the different inputs are superimposed. The concentrations are particularly atypical and depart
from the regional behaviour of the support aquif@herefore we note a strongeffect from
anthropogenic disturbance superimposed on the regional trend which represents natural

modifications.

Predisposition for anthropogenic enrichment and no noticeable in{@ddf) anthropogenic
contribution, not associated with local geology, with no noticeable influek@¥ of the
arsenic and6% of the antimony measurement points have this characteristic. The
contribution is qualified as anthropogenic and not geologicalgntified because the
geological support which constitutes the aquifer is alluvial, which does not always present the
predispositions for natural enrichment in arsenic and antim@&pgcifically, in the case of

alluvial aquifers, the anthropogeniontribuion can go beyond lkpdue tothe dynames
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within these aquifersFurthermore, theinfluenceis said to be negligible because the
concentrations are part of the regional trend through characteristic ranges below 10ug/L for

arsenic and 5ug/L for antimony.

Predisposition for anthropogenic enrichment and noticeable imfab®) anthropogenic
contribution, not associated with local geology, with noticeable influed¥%eof the arsenic

and 1% of theantimony concentration measurement points have this characteristic. As in
case (011), thecontribution is qualified as anthropogenic and not geologically identified
because the geological support which constitutes the aquifer is alluvial, superficietant r
which does not always present the predispositions for natural enrichment in arsenic and

antimony.

No predisposition for both natural and anthropogenic enrichments, noticeable irfQ2ajt
unidentified contribution (geological or anthropogenih noticeable influenceNo mining
remnants are recorded in the sample environment, but faenple presents data that
behaves as an outlier to the regional trend. 1% (1 point) of the arsenic and 1% (3 points) of
the antimony measurement points show thkisaracteristic. In the case of arsenic, the point
with a content of 17 pg/L is based on a lithological contact between shale and limestone.
Since the shales at the study site are the carrier of mineralization, the hypothesis of arsenic
enrichment is suppoéed by this lithological contact structur@s in case 010, it is important

to note that the anthropogenicontributioncan go beyond lkmdue tothe dynameswithin

these aquifersin the case of antimony, the points are underlain by recent superficiaiaall
aquifers which cannot reveal the source of production of these concentrations; hence they

are termed geologically unidentified.
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4.14.2 Quantitative perception

The following maps (Figur@ summarise anthighlight the quantitative contragtetween the
measured concentrationsf arsenic and antimony and tmatural geochemical background

after extraction of anthropogenic input& 3D representation allows better visualization and
appreciation of this decompositioRrigureSI7).

Arsenic

There ardive focal points where the anthropic disturbances are most expressed. They can be
classified into two main areas: the area around teee@Gnes fault mining field and the area

to the northwest, upstream of the catchment area in BaiesCevennes, closdo the

mining remnants. For the domains located around tkee@nes fault, the most impdat
disturbance is due to mining activityivenits proximity to mining remains and the brutal
variations in concentration between the natural geochemical backgranddhe measured
concentrations. The most important anthropogenic impact linked to past mining activity is
located on the trajectory of thee@ennes fault in the vicinity of the communes of Saint
Sbastien d'Aigrefeuille, Cendras, Soustelle, Szantla-Coste and Saint Jean du Pin.
Concentrations measured recently of up to 156 pg/L of arsenic did not exceed 20 pg/L from
the calculated geochemical background. This variation expresses an increase of about eight
times in the concentrationsompared tothe calculatednatural geochemical background. In

the commune of Sainteandu-Gard and the vicinity of the communes of @stbAnduze and

Generargues, we also note a zone of significant disturbance where the concentrateons
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693 twice those ofthe calculatednatural geochemical backgroundf about 10ug/L. In the

694 commune of SaiAWartial and peripheryone also retains a strong disturbance which started
695 from a natural geochemical Geground of 7ug/L up to observed and measured

696 concentrationsof around 58ug/L An accentuation that multiplied the levels by 8. For the
697 BarredesCevennes area, we note very punctual variations without any correlation with the
698 proximity of the mining remains (located at approximately 7km from the measurement
699 points) In addition tothe classification results, it can be concluded that this area has
700 experienced mining activity that is not geologically identifidee input would therefore

701 come from another anthropic activity rich in arsenic (mine tailings dam, other industry).

702

703  Antimony

704 As a general remark, the calculated geochemical background concentrations do not exceed 3
705 pg/L, whereas the measured concentrations are up to 8 pg/L. Therefore, in the case of the
706 most impactful disturbance, the concentrations were increased toiyes compared to the

707 calculated natural geochemical backgrouftis is the case for the concentrations observed
708 in the communes of Sainte€lle d'Andorgeand Branouxles-Tailladesand in the vicinity of

709 the communes of Grand Combe and Saint Julien dieésPThese significant variations are
710 also observed in the surface formations to the southeast at the intersection of the Anduze
711 and Aks Gardon rivers in the commune of Ners. We also note a significant variation to the
712 northeast(in the communes of Camt-Cevennes in the vicinity of the communes of Barre
713 desCevennes and Cassaghasaking the concentrations from a geochemical background
714 estimated at around 1pg/L to measured values of up to 5 ug/L, i.efold Screase. Two

715 other areas present a rdlaely weak but remarkable variation located on tleseDnes fault

716 in the vicinity of the communes of Anduze arehé&argues on the one hand, and Cros and
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717  SaintRomande-Corderes on the otherhand The variations ranged fromcalculatedhatural
718 geochemical background around 1ug/L to measured concentrations of up to 2 pg/L.
719
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Measurements NGB
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Measurements NGB

740
Figure7: Map representing measured isoconcentratamves (left side) and estimated Natural Geochemical Background (right side) for ¢
(up) and antimony (down)
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4.2 Discussion

Anthropogenic versus natural origin of arsenic and antimony enrichmiet studied area:

The proposed methodology allowed the mapping of natural and anthropogenic contributions to
arsenic and antimony concentrations in a former mining catchment. The results showed one are:
for antimony and five areas for arsenic with a sicgnit anthropogenic contribution; this induced

an increase in concentrations up to a factor of five for antimony and eight for arsenic compared to
the natural geochemical background values. It was associated with the proximity of former mining
sites. Thempact of these remnants on the quality of surface water had been demonstrated in
several studies (Casiot et al., 2009; Resongles et al., 2015) but this is the first time that th
anthropogenic contribution related to past mining activity has been quahtifighe studed area.

The results also showed that in the arsesmciched areas, the contribution of the natural
geochemical background exceeded the European standard of 10 ug/L for water intended for humai
consumption. This was not the case for antimomyhose calculated natural geochemical
background contribution remained below the standard of 5 pg/L. This has implications for the
management of groundwater resources in thedstd area. Groundwater quality would likely
benefit from the remediation of ament mines in the catchment; however, arsenic concentrations
would likely continue to exceed 10 pg/L locally.

Relevance of the methodology for the determinatiothefnatural geochemical background:

There is no universal approach to determine the natgemichemical background with absolute

certainty (Galuszka 2007). The statistical approach considers the distribution of data as

37



765

766

767

768

769

770

771

772

773

774

775

776

777

778

779

780

781

782

783

784

785

786

787

788

superposition of two populations corresponding respectivelthéogeochemical contributions of
natural and anthropogenic oifg The method assumes that different sources generate different
populations that can be separated by statistical procedures. However, the large discrepancy
between different concentrations of sampled elements and analyses may not be related to an
anthropagenic contribution (Galuszka 2007). This is especially true in mineralized areas with higl
geological and geomorphological heterogeneity, as in our case study. Different ikhaldg
produce different geochemical pattexn Thus, data treatment shouldonsider the spatial
distribution of the samples, in relatida geology, geomorphology, and location of anthropogenic
sources. Until now, none of the approaches used for natural geochemical background
determination allowed the integration of geological terogeneity criteria at a large scale,
consideringlocal geochemical and environmental realities. In a region that experienced a mining
history, the consideration of geological structures and geomorphology in the determination of the
natural geochemical lskground is of prime importand®tller et al. 2006; Griffioeand al2008;
Marandiand al.2008; Hinsbynd al.2008; Wendland et al. 2008; Coetsiers et al. 2009; Prazxidsi
al2010a; Molinari et al. 201Rotiroti et al. 2015; Zabala et al. 201B) the present casstudy,
sulphiderich rocks, which are rich in arsenic and antimarigeralisatios, were found in the
metamorphic base and crystalline base. Intense tectom@me also present, marked by shear
zones, faults and fractures (sometimes filleg the crystallisation of hydrothermal fluids) and
lithological contacts. These structural elements are sometindisativeof geochemical activity

and oxygen supplysing the fracture networkOxidation reactions are favourable and exchanges
between rockand water are accentuated. In the sedimentary basemérgre are several
lithological contact zones due to sedimentation processes and tectonic zones. Thews
sedimentary basemeribrmations are not very rich in arsenand this correlated, in our aasthe

spatial distribution of the mining remain&or the samples from the surface formations, the

38



789

790

791

792

793

794

795

796

797

798

799

800

801

802

803

804

805

806

807

808

809

810

811

812

predominant structures are lithological contacts. Since these formations are recenarand
regularlybeing reworked, theskthological contacts serve azahanges between surfaveaterand
groundwater. Their sources 8k enrichment are mostly from surface water, as these formations

do not carry arsenidch mineralization.

Is the methodology generalizable?

The proposedgeochemical mukcriteria aggregation operatavas built with a view tgeneralise

the tool to all types of chemicalements, ando any variation in spatial and geologiseale The
geological and hydrogeological natsio# the aquifersvere consideredwith the geomorphological
parameters favoung the exchanges between rock and water. This makes it possible to extend the
application of this tool to any type of chemical element that enters the mineral compositioe of
aquifer host rocks In addition,the description of the operator's components and the method of
calculating the geochemical background integrates the lithological types on the one hand, and the
density of sampled data on the other hand order to appreciate the relevant geochemical
information associated with the geological support. The example of the study site presents a
heterogeneous catchment made up of the three main rock families (magmatic, crystalline and
sedimentary). Thus, bgonsideringthe variations of geographical scalesdathe variation of
geological supports, this aggregation operator respondshé cases ofregions with highly
heterogeneous geology. This is where one of the original points of this method lies, through the
integration of geological heterogenedya gven scale. Arsenic concentrations have been observed
that do not belong to the regional trend but are of natural origin. Purely statistical approaches
would have classified this as an anthropogenic disturbance (Portier 2001; Reitrein2005;
Preziosi eal. 2014).

Which limitations?
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More detailed studies on the characteristics of each geological formation are needed to improve
the integration of mineralogical parameters in this operator. For alluvial aquifers, the area of
contribution of mining remains should be considered with cautiioe to river water exchanges. If
this approach is applied to another type of anthropogenic activity than mining, it will be necessary
to reconstruct the variable "a", a variable tlwansidersthe characteristics of the anthropogenic

activity.

5. Conclu®n

The methodology proposed in this study provided the development and implementation of-a multi
criteria geochemical aggregation operator able to determine both the element concentrations
inherited from the natural geochemical background and those gdlby anthropogenic activities
related to the mining history of the territory. An application to the Gardon catchment area
highlighted zones where the water bodies were most impacted by anthropogenic inputs. The
developed methodology incorporates qualiatidata (geology, hydrogeology, geomorphology,
anthropogenic activities) characterising the measurement points, making it possible to identify
predisposition to enrichment of natural or anthropogenic origiith statistical analyes, for the
determination of threshold values between the main population and outliers in each geological
formation. Qualitative classification maps of anthropogenic disturbances and quantitative
concentration maps ahe natural geochemical background facilitate the perceptiotheforigin
(natural or anthropogenic) of contaminatidh.may help to sharenformation between scientists,

the public and water management stakeholsldo optimizethe management of water resources

at the scale of a territory.
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