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ABSTRACT

One decade after closure af the Salsigne mine (SW France), As contamination persisted in surface water,
groundwater and soil near and down-gradient from the reclaimed ore processing site (OF5). We assess
the fate of As and other associated chalcophilic MTEs, and their transport in (he surface-water]
groundwaterfsoil continuum down-gradieat from the reclaimed QPS, using Sr-isotopic fingerprinting.
The Sr-isoiope ratio was used as a tracer of transfer processes in this hydro-geosystem and was combined
to sequential extraction of sol samples to evatuate the impact of contansinated soil on the underlying
phreatic groundwater, The contrast in Sr isotope compasitions of the different seil fractions veleces sev-
eral St sowrces in the soil. In the complex hytro-geosystem around the OPS, the transport of As and MTEs
is affected by a succession of factors, such as { 1} Existence of a reducing zone in the aquifer below the
reclaimed OPS, where groundwater shows relarively high As and MTEs contents, (2] Groundwater
gischarge into the stream pear the reclaimed OFS ¢ausing an increase in As and MTL concentrations in
surface water: ¢ 3} Parkial co-precipitalion of As with Fe-oxyhydroxides, contributing to some attenuation
of As contents in surface water; {4) infiltration of contaminated strearn water inco the unconfined aquifer
down-gradient lrom the reclaimed OPS: (3} Accumulation of As and MTEs in soil ivigated with contam-
inated stream- and groundwater; (6} Release of As and MTEs [rom labile soil fractions to underlying the
proundwater.

1. Intreduction

Tracking the geochemical cyeles of metaliic trace elements
(MTEs} and arsenic in a post mining context is essential for a betler
orichtation of environmental management, remediation strategy
and neighborhood protection. Arsenic centamination is a major
risk to human health and is a prominent environmental cause of
cancer {Smith, 2002} Mining activities invelving As ores have an
tmpact on the environment and on human tiealtls that may persist
for many decades after mine closure (Smediey and Kinathargh,
200,

High As concentrations are observed al numerous mining sites
(Arcue oi al. 1994; Azcoe and Nriagu, 18493) 10 an As-Au mine, the
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patural accurrence of As is assoriated with sulfide minerals, espe-
cially arsenopyrite (FeAsS), and realgar (AsS) (Cutlen and Reimer,
1989: Marschullat, 2000: Moore et al, 1938; Smedley and
Kinniburgh, 2002). In addition Lo mining effluents derived from
water treatiment, the oxidation of sulfides, such as FeAsS, is a com-
mion process, resulting in the yelease of As into the lotal environ-
ment (surface water, groundwater, soil and sediment) {Basa and
Schiwiber, 2013). Even after mine decommissioning, As sources
remain in the fovm of tailings dams, dumps, or As-bearing ore
stored on site,

Arsenic is among the most problematic and most studied met-
alloid elements in the environment because of its mobility over a
wide range of redox conditions (Smedley and Kinniburgh, 2002},
As (111} is the dominant form under reducing and actdic conditions,
while As (V) is the prevalent formt under oxidizing conditiens. In
soil, sediment and water, adsorption and desorption are the main
processes controtling As transport and fate {Burton et al, 20014,



Bleschantps of A, 205 Donsnva et al, HI 2 Feag et al, 213
Garcn-Sancher and Alvarez-Ayeso, 2003 Mukberee et oal.
A00sm Romdn Ross et ab, M0G; So o al, 20051 Arsenic adsorbs
on Fe- amd Mn-oxides, carbonates, clay and organic materials
(Bardelli er al, 200 1 Rawer and Blodaw, 2006, Guan e ai, 2009,
Pefa ofoal, 20100 Roman Ross el al,, 2006: Se ot al, 2008:
Sohwe el ab, 2006; Yolkoyanta et al, 20127 Zheng-et alb, 2004), These
processes are controlled by the prevailing physical and chemical
context, mainly redox conditions, pH, and temperature
(heldernman and (vnan, 2007 Mobkberiee @t al. 20082, 2008b;

reducing conditions, the increase of dissoived As is often explained
by the dissalution of As-bearing Fe-oxyhydroxide and ferric arsen-
ate (Deael arel Swobaoda, 1973 hMuche et ab, 2013 Welch and | e,
11305 ),

The Salsigne mesothermal Au-As mine {southern France) fies in
{he southern external zones of the French Variscan orogen (Fig, )
It was considered as the greatest Au-As mine in France and has
heen exploited for 96 years. Since the start ol mining aclivities, a
considerable amount of As has been transmiited Lo the environ-
ment suwrrounding the miing and ore-processing areas, either in
particutate form {dust), or as disselved fractions (acid mine drai-
nage), exposing the entire local ecosystem to As contamination.
After mine closure, extensive remediation actions were carried
out at the reclaimed ore processing site {OPS) (Tig. 1} Nevertheless,
As chncentrations in surface water and groundwater down-
eradicnt from the reclaimed OPS remain significantly higher than
that of the regional backeround (Khaslia et al, 2015}

Dissolved arsenic and MTEs such as Cu, Zn, Co, Ni, 3b, Sn, Td in
soil solution may be transported outside Lhe systern by downward
mass tansfer during floodwater infilcration to deeper soil layers, or
even into the underlying aquifer, or by upward mass transfer dur-
ing plant uptake, or during microbial As-methylation processes
preducing  volatile methylarsines  {Casenudm et al, 2811
Ravenseroft ot al, 2006; Smedioy and Kinnbursh, 20023 At the
same time, MTEs are involved in chemical reactions occurring in
the soil solid phase. MTE concentrarions in seil solution are gov-
erned Dby interrelated processes, such as inorganicforganic com-
plexation,  oxidationfreduction-, precipitationfdissolution-  and
adsorption/desorption reactions {Kabaia-Perchas, 2004). Predict-
ing the concentration of a given dissolved metallic element in soit
solution depends on the aceuracy of predictions of changes in soil-
environmental conditions over time, such as the degradation of
organic matter, changes in pH, redox. potential, or the chemicat
composition of soil solution. Speciation may also  evolve
accordingly.

Sequential-extraction techniques have been used for character-
izing the distribution of metallic elements in the different soil and
sediment fractions (Gleyzes e all, 2007; L and Thornton, 2001), for
predicting theiv mobility {e.g. Aubet ot ab 2004} and for deter-
mining their origin (Carmpancha ot al, 1995 Tessier et ai, 18789}
A seven-step sequential exitaction procedurs was used in this
paper on a representative soil sample in arder to: i) investigate
the distribution of MTE and As contenlts associated with the differ-
ent soil fractions, and i) determine the potential impact of the con-
taminated soil on unconfined groundwater.

Furtliermore, such Lechiiques can be combined with isotopic
composition detemination, ¢.g. Ph isotopes (Cary ot al, S
Feutsch et al, H3101), to distinguish between various possible metal
sayrces. Here, we use the Srisotopic ratio lor tracking the fate of As
and other associated chalcophilic MTEs, such as Ni, Cd, Co, Cr. Zm,
Cu, Sn and Sh, and their transport mede in the surface-waterf
groundwaterfsol! comtinuum, to assess environmental pollution
and human expasure in a post mine closuce context. ¥7Srf*Sr ratio
is widely used in pollution studies to track natural andfor anthio-
pogenic processes fAquiting et al, 30150 Cuv et al, 20014

MeArthur et ab, 2001 Négrel and Peteted-Giraud, 2005; Pennist
o al, 2089), in particular, af this study site Khaska et ab {200H3)
showed that, 97Sr/®%sr ratio is a powerfal tool for distinguishing
berween sources of Srang As. In this context, Srisotopes were used
as tracers to differentiate the natural and anthropogenic sources of
As atd other Lrace elements released {rom a mining cantext where
Ca0d is used in the water treatmenl process. They evitdenced the
mobilization of As stored in unconfined aguifer to the stream waier
during dry season, and the mobilizatdon of As with surface runoff
during intense rainy evenls al the vicinity of the rectaimed OPS,

The present study aims to track the fate of As and MTEs down-
gradient of the reclaimed OPS in the surface water{groundwater
system, and to determine the influence of As and MTE soil contents
on the underlying unconfined aquifer. Furthermore, 5r isotopes
were coupled to the geochemical composition of the different frac-
tions of the soil, derived from sequential extraction, in order to
determine the As and MTE iabite [ractions.

The ohjectives of the present study are to:

i. Determine the (ate of dissolved As and other MTEs, at the inter-
face between the reclaimed OPS and surfave water, between
sutface water and the [e-oxyhydroxide fitm precipitated on
the streambed, and in the surface-water-groundwater-sail
continuun;

2. Assess the impact of contaminated sail on water guality of the
subjacent unconfined aguifer by means of isofopic study and
sequential extractions,

3. Study the distribution of As and MTE in the different phases of
the contaminated soil, in order o determine the labile soil frac-
tion able to influence the composition of groundwater.

Woe first discuss the processes of MTE release in association
with As in surface water near the reclaimed OPS. Then we assess
the mechanism for As and MTE accumulation in the selid phase
precipitated from contaminated surface water. Thereafter, the
interaction between surface water and groundwater is discussed,
the accumulation of As and MTE in scil. as well as the impact of
contaminated soil on the underlying aquifer. Finally, we provide
a conceptual model showing the mechanism of As transfer into
the continuum of surface, groundwater and soil.

2. Geological setting

The study area is located in the southern Massil Central, SW
France. On & local scale, the area lies in the southern part of the
Orbiel Valley (Fig. 1), 4 kin down-gradient (rom the reclaimed
OPFS, The lithology of the unconfined aquiler near the reclaimed
OPS is described in Khaska el al. (Z015). The aquifer matrix mainly
consists of Tertiary formations and Quaternary molasse deposits,
with a litholegic lacies dominated by fluvial sand, loam, clay and
carbonate rocks. The heterogencous aquifer comprises fine to
coarse quartz-rich sand with abundant schist material in the shal-
low part of the aquifer, interbedded with clayey sand and gravel.
Gravel is commonly encountered at 3 i below ground surface in
the aguifer, and indurated sand forms discontinaous lenses at shal-
tow depth where past water-table fluctuations occurred (Berger
et al., 1993), The thickness of the unconfined aguifer is about 10
M Ot AVerage.

3, Material and methods

Concentrations of minor- and trace-clements were determined
for collected water samples {surface water and groundwater) and
on solid samples (soil, sequential extraction of As and MTE in the
solid soil phase, and Fe-oxyhydroxide film precipitated in the
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streambed ). These apalyses were combined with isolopic finger-
printing of dissolved strentiun: (¥7Sr/%%Sr ratic).

3.1. Water aind soil sampling

First, groundwater was collected in the wet and dry seasons
during one bhydrological cyecle in 2011 at five different sites
(Gt-GB) in the unconfined aquifer down-gradient from the
reclained OPS, Following the preliminary investigation of
grotndwater and surface water made in 2011 {in wet and dry
season} and owing to the inleresting resulis, a monthly hasis mon-
itoring of surface water was decided for 2012.

A total of 24 surface waler samples were collected at two sites
(ST and 85) for a monthly surface-water survey during a full year
from fanuary 2012 to January 2013,

The dominant agricultural soils irrigated with contaminated
Orbiel stream water were also sampled, Samples were coliected
witl: a stainless-steel scoop, sieved at 1 muim and stored at 4 °C until
analysis, For each soil-sampling site, four sub-samples were col-
lected from the surface horizon (0-20 ¢m). 500 g from each sail
sample were peoled and vigerously hemogenized to obtain a comi-
posite soil sample.

Flow data of the Orbiel stream were extracted from the national
HYDRO database (www hydroeanfvance fr); its volumetric flow is
monitored both upstream of the reclaimed OPS, at the Lastwours



cauging station (GS1), where flow was recorded over a period of
ten years from G1/01/200t o 31/12f2010, and downstream of
the reclaimed OPS at the Bouilhonnac gauging station {G32) from
01/01/2001 to 31f12/2012 (Fig 1),

3.2, Chemical and mivroscopic analyses

During the 2011 sampling campaizn, the physical and chemical
parameters {T. EC, pH and ORP) weve measured in the feld on raw
water in a flow-through celi in order to prevent equilibration with
the atmosphere. Before sampling, the domestic wetls were flushed
until stabilization of the physico-chemical parameters. All water
samples  woere  filtered in the fleld through 2 0.45um
MF-Millipore membrane on a Sartorius poly-carbonate Riter
hoider, then stored below 4°:C in 60 mL HDPE bottles pre-
cleaned with hot HNG, (10% viv) and deionized water, The (itered
water samples for As, MTE and Sr analyses were acidified to pH 2-3
wilh ultra-pure 14 N HNO,. Dissolved As concentrations were
measured by ICP-MS alter mineralization at the LERES [aboratory
{EHESP ol Rennes), in compliance with the NFENISQO 15587-1
and NF BN 17294-2 standards of the French accreditation organiza-
tion COFRAC, The uncertainly for dissolved As analyses was £22%
for comcentrations. <2 pgfL and £5% for higher concentrations.

MTEs and Sy conceptrations were analyred &t Gensciences
Montpellier (AETE Regmionai facility: University of Montpellier,
France) using ICP-MS with a precision of £5%. Major cation conceii-
trations were analyzed at the lLyGeS laboratory (University of
Strasbourg) using 1CP-AES with a precision of 5%,

In order to determine As and MTEs voncentrations in soil, 5300
mg of the composite soil sample was mineralized in a mixture of
& ML HNO, (65% viv), 5 mL HCI {35% wiv) and T mi HF (40% viv)
by microwave-assisted extraction in PFA vessels {ETHOS One, Mile-
stone). In the three-step program, samples were heated o 220 °C
for 15 min, maintained at that temperature for 90 min, brought
hack to 100 ~C and finally let to cool to room temperature { Table 2).
The extract was then filtered through a 0.45 um PTFE syringefilter,
1 ml. of the supernatant was completely evaporated and the resid-
val fraction was dissolved with diluted HNO» {2% vfv) for further
analyses with ICP-MS. Coated pebiles with reddishfblackish fitm
were collected from the Qrbiel streambed close to the reclaimed
OPS and analyzed by environmental scanning clectron microscopy
{ESEM), on a FEl Quanta FEG 200 coupled to an EDS (X-max 50
mm?Y at the University of Montpellier. The approximate minimum
detection limit for As with ESEM is £0.3 wit®% and the uncertainty
was 1 wi¥,

3.3. Sequential extractons

First, 1o evaluate the mobilization of As and MTEs upon & shovt
water-soil contact as would occur in the Beld during infiltration of
recharge, irrigation water or from flooding events, a leaching was
carried ooy using 1g of soif sample in 10 mL of deionizd water
undet a constant agitation {24 h},

Then, 1 g of homogenized soil sample was treated lollowing the
seven-step extraction scheme (Tessier ef al., 1979), for extracting
1) exchangeable ions, 2) carbonate-bound ions, 3) ions bound to
Fe and Mo oxides, 4) ions bound to solid-phase organic matter,
5] ions bound te humic substances, 5] ions beound to sulfide rminer-
als and, 7) wnietals remaining in the residual fraction thar are
assumed Lo be incorporated as crystalline material (Table 2). Iso-
tope analysis

Chemical separation of 5r, based on the method described by
Mo et al 2003 was performed al the GIS laboratory {University
of Nimes) with a specific extraction chromatography resin (5S¢
resin, also known as Sr-spec resin, S0-150 pm particle size,
obtained from TrisKem International Bruz, France) under a Class

100 laminar-flow hood in a clean room. The *75c/%%Sr ratios in sur-
face water, groundwater, soit extractions and Fe-oxyhydroxide film
samples were measured at the GIS laboratory on a TRITON Tl
thermal-iorization mass spectrometer. The ¥7Sr/°Sr ratios of stan-
dards and sarmiples were i) normalized to ®*%Sr/*Sr ratio = (L1194 to
correct for mass bias, and ii) corrected for possible isobaric 5" Rb
interference by measuring **Rb and using the natural *"Rb/Rb
ratio = 0.385714, For Lhe entire chemical procedure, the 5r total
blank was <1 ng. The internal precision en *7Sr/*%5r analyses was
around 6 ~ 10 © {2c) and always better than 9 x> 10 5. Over the
course of the study, repeatett analyses of the NBSS87 standard
were conducted to test the reproducibitity of ¥3r/2%r ratio mea-
siwements, giving a mean *7St/*%Sr value of 8,710245 + 0.000006G
{20, n = 65).

To investizate the major trends and the interrclationships
hetween MTEs concentrations in the data set, multivariate statisi-
cal analysis by Principal Component Analysis (PCAY was performed
using XLSTAT software. This method consists in converting a set of
variables of observations into a new st of uncorrelated variables
{(the principal components) to Gnd the commaon varlance within
the original variables.

A PCA was performed using 15 variables including major ele-
ments (Ca, Na, K, Mg}, minor clements {5r, Ba, Rb), trace elements
{(As. Co, Cu, Zn, Sb, Pb, U} and Sr isotopic ratios (575555} (Fig. 2B).

The geochentical modeling program PHREEGC Interactive 3.4.0
{Paridwrrst and Appele, 19993, using the LLNL database, was used
to support the geochemical observations established with the Sr
isotopic tracer, The PHREEQC code is widely used to simuiate an
important range of aqueous geochemical processes induding mix-
ing, speciation, batch-reaction, thermodynamic calculation of
water-rocks equilibrium.

4. Results
4.1 Geochemistry of surface water and groundwater

We can distinguish three groups of water, labeled A, B and C
{Table 1, Fig. 2). In hinary diagrams of $r vs cations and according
to the geschemical composition of water the three groups ol water
are clearly individualized (Fig. 2).

1. Group A corresponds to surface water of the Orbiel collected
upstream the reclaimed OPS (Site 51), )

2. Group B comresponds ta surface waler of the Orbief collected In
the vicinity of the reclaimed OPS (Site 55),
Group C corresponds to groundwater from the phreatic alluvial
aguifer located down-gradient from the rectaimed OPS (Sites
G1-G5).

This clustering is statistically confirmed by principal compe-
nent analyses (PCA) Water samples from Group A were character-
ized by a low mineralization, wilh total dissolved solids {TDS)
ranging [romn 57 to 115 mg.L~%, and heing near neutral to slightly
alkaline (pH 6.7-7.8). Temperature varied from 104°C o 17 °C
faverage 13.2 °C} according to the sampling period. Waters from
Group B were slightly more mineralized, with TDS ranging from
105 10 143 mgL ', pH remaining near neutral to slightly alkaline
{7.2-7.7) and, temperature ranging from 11.6 to 14.6 "C.

Groundwater from Group C, with a TDS ranging from 215 1o
421 meg-L '}, was more mineralized than Dotlr Groups A and B.
The pH values varied between 6.6 and 7.5, and the temperature
between 11.2°C and 16.8 *C with a mean of 15-C, in agreement
with the tocal average annual temperature, 1L should be noted that
aroundwalelr temperature varies considerabiy between the dry and
the wet seasons, similar to surface water.



Tabie 1

(R Bl § #lemient sl magec-w iy canteatratons [ the tnee 5 Al eazen As g oS ol goevps A A B oaoe aded bem b L
Lo T-de Myl Trasye Flemepiy Mlanr catyespes M- EEOSD Physico-chemacal parametess
t e M La  In Au Ui b L u 1] Fe Mn My Ca Na E *sribugr £h M T EC
el ! mgl ! myv € R0
arep C Tt w1 L3 =] I s % 5 ol ila LRI <14 1513 nous [ 8 ts3 T3 34 108 n7liol A7 BA P4y G5
il " i) ] L Hi el on7? g n2 L2 nimz2 o0 93 437 33 18 07532 277 T [l 554
2 [ .l 5t 5.3 EER 1 LF] 1EY od 133 ol i 45 M J1E 13 NFilsT T i4 i 19
a4 foke 03 it L3 b1} EE k] iy LR nj (M} <[k LA L 4ln A 1% UrTIGe an? [ TE4 10
i3 tiz oS 21 240 Ata m1 G LLEVEY K| 155 <ME, o s L AL T4 1 et RE] Tu R A7
ar e[l ot =T n: LS HAY =l 00 [{3] Ele <[ < R 411 L] 1% 073itdd 271 L] Y kEi
i s al =l Pa a1 125 -nf LR (] 17 <Mk -1 L1 118 19 14 07 e 1} AR g
L “LL 18] =Ll i8] 44 1 <lik Rk 53 [da =Be <l L.y e NG 17 0.7% 000 #0F T3 115 A%
L1 =L ol “pL L] 1] TR <1 ird] L au O ~l1l LR U] T 27 T3 t1z Era)
RLELA AT in [E0] el aot LN I U1 3 +0 4 53 LU A L min 1t
kY 2l Br Ly LA LR LU 1 <0 L] T 35 na 0 Fia36 [Eh nm HL
i p} ol rn ni .71 s 13 3 H 72 L o BrL4naL R um om
hH At 3] L3 0.0 934 e EL L] LX) 1z 5t 11 07457 [ i BN
LY PR LN 0§ NrE LE] LhTlie Ehl i a0 4.4 b 11 UrI471 BT nz i
5. n 1 1.t i a44 A 44 [ &4 T3 51 LR RS P [0 i ]
i 14 i3l L9 ibars 2 I T ATE B ) 16 44 LECL B [ (P T 4 nm ey un
. in e 1t LIRS LK I L (F S 174 &N i 18 L7 OTIaRE nm am nm
KM 14 i L) U4l a7 131K} 33 Bl xa 13.0 75 3] 0.7 1438 Hin T mn
5. 1% 3] us L:EL) o.n nnl Ag 1Y ia L] 73 r] B aae nm [ Am
N 18 L3 ur A B 404 BL 2 EX u? Ll tl OISR un [ nim
LN au " Le L bl L1 ? R D] o Bl L2 D150 i NiZEE mm
5. P i 153 L3 R nic o.o4 an 45 ia 13} 8 (XU [ERI BT um [ i
furesars BU2LSZ) w4 B 5] na 13 e o2 g4n q1 M 150 1) 12 16 1] H_UU i nm it L]
b¥] 21 w2 nu [ 41 als It 54 11§ g 183 2 [X1] U1 nm [T Bk ]
5 14 o1 0] a4 a1 Hl1? a4 &1 11 d %1 L) T 071335 wm unx [ 13y
" Al 132 13 4 RIS [ N L 117 Hn 144 14 [T AR L] L TR 1) [ ]
% 1% i1 4} |4 adl nan .3 ai 0l 9.0 111 96 13 ¥ I9RT nm Aam nR nm
il A4 nj [ ha [ETH Bl nt4 47 13 1&n 17.3 " L3 T TU566 o nm (LY nm
5% an a1 13 i g.0z [reley i K 7 a0 281 PR 1.7 BTI328 niit T (1] nm
w5 LR ¥ 16 LI oz ul? o e 4 06 1245 Yo LY 265 1 hnt o i nm
%% H o2 a0 A 0 o N 1 ) 11 471 28.1 44 RraBLL] nm o [E) it
5 i 1.5 3.4 a1 Bd nx Lg 2ith Feh Rol] R P 31243 (] T nm nm
»% FE] 13 H w4 i | L B 15 sl 4949 150 [ PRI um ol e Lt
b3 i 2 14 14 [eX1)] non .16 T Al iy 219 inn 1.3 B71 30 Am nm R om
A L4 i1 1 13 [sX)] [(er] 0l Lt 17 220 [Ty 2 [ 33 71366 arn um [T nas

ot Lhnets iy et Swavered



Table 2
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1 L HF {402 wiv)
Bulk sail & ml HNO, {055 viv], 1 mL HF {40% viv) 22070, 800 mbar in AME LE:] 07
sl H:0 teachate UTira paere warer (33 ICH) W 1] Cantinuat 24

Variations in the oxidation-reduction potential (ORP) of the
uncenfined greundwater along the Orbiel stream during the dry
season showed a net reducing zone in the vicinity of the reclaimed
OPS (Khaska el al., 2015) In the current study, the ORP measured
upstream and downstream {rom the reclaimed OPS {Groups A
and €} ranged from 0.2 to 0.3 V. This shows that upstream surface
water and downsteeam groundwater from the reciaimed OFS were
under moderately to oxidizing conditions (Stumim and ’organ,
[R5, in agreement with low concentrations of redox-sensitive
clements such as Fe and M. In contrast, in the vicinity of the
reclaimed OPS, the ORP vatues of surface water (Group B) were sig-
nificantly lower, ranging from .04 o 0.13 V sce Sapplemuentary
sfenmation (8% iz 81 indicating the presence of a veduced zone
{ihaska ot al, 2015}

4.2 As and MTE conterus in surface and groundwaler

The lowest concentrations of As and MTE were observed in sur-
face water upstreamt from the reclaimed OPS, at site 51 (Group Al
They siznificantly increased at the vicinity of the reciaimed OPS
(Group B (Fius. 3 and 4). Among the measurcd MTE. only As
exceeded the recommended drinking-water standard of 10 pgL !
{WWHO, 19u9n)

Binary diagrams (Fig. 3) show that As, 5b, Ni, Co, U, Ni and Sr
concentrations in surface water at the vicinity of the reclaimed
OPS at site 55 (Group B) are perfectly correlated with Fe, and
Mn concentrations (. 6 <R* <098} due 1o a unique source in a
cantext of reduced conditions. Fe and Mn in alluvial groundwater
are less than the detection limit of 0,002 and 0.008 pgl”!
respectively.

Positive correlations for Group B were alseo found for As vs. Sh,
Ni, Co, U and Sr suggesting that these clements were released
simultanecusty by a single geochemical process, at the OPS. In con-
trast, the analyzed values for Cd. G Ph apd Zn do not correlate
with As concenlrations, as their concentrations in the vicinity of
the reciaimed OPS {site 55) remain within the range of those mea-
sured upstieam at site 51 {Liz S2)

The average concentrations of major cations, MTEs and As in
sraundwater downstream from the reclaimed OPS (Group C) fall
within the same range of those observed for surface water at sile
S5 (Group B suggesting the influence ol surface water on
groundwater.

4.3, ESFM analyses of the streambed Fe-oxyhydroxide fitm

The occurrence of As-bearing Fe-oxyhydroxide precipitate on
the streambed at site 35 was indicated by Khaska et al. (20134
Two types of As deposits in pebble coatings were distinguished
by ESEM analyses presented in Figo 4, (i} a regular Fe-
oxyhydroxide coating, and {if} abundant nodules up to 18 um in

size. Arsenic coricentrations are rwice as high in nodules (4 wix,
n =8, 5D =0.6 wi¥)} than in the surrounding Fe-oxyhydroxide coat-
ing (2 wt¥%, n =12, 50 =1.1 wi%) (Table &1}. Low arsenic percentage
[~ 1%} was observed in the uncoaled microorganisms { porous dia-
toim silica) (Fig. 4)

4.4. Arsenic and MIE in agriculiural sofls

The rexture of the studied soils is classified as loamy, and the
physical, chemical and mineralogical parameters of the soil sam-
phes are shown in Table 52, Sofl pH is fairly constant, ranging fram
7.7 to 8.0 and correspanding to a slightly alkaline soil with low car-
ponate contert, The soil ORP is 33 mV to —-20mV (vs. NHE),
reltecting moderately reducing corieitions. Analylical results of
the sequential extraction carried out on the sofl samples are given
in Table 3 and Fig. 5 Al MTE, except As, Zn and Cu, show concen-
trations below the regional Pedo-Geocliemical Baseline {PGB),
acquired from the INRA Infosol database (National Institute for
Agricultural Research) on a neighboring catchment with similar
geological sefting, not impacted by mining activities (Table 3}
The As concentration in sofl {104 mg-kg ) was 3 times higher than
the local PGB and 10 times higher than in pristine non-
contaminated soils where As contents are typically below 10
mglkg ! (Adviano, 1986). It exceeds 100 mg-kg ! which is cohsid-
ered as a trigger level for remediation according ta Lhe United
Srates Environmental Protection Agency (LS. EPA, 1950),

The PCA multivariate statistical technique helps in distinguish-
ing groups of clement categories according te Wheir distribution in
solid fractions of the studied scil, obtained from sequential disso-
lution. PCA combines 7 variables corresponding to different soit
phases in 10 row samiples, of the MTEs, As, and Sr propottions in
vach phase compared (0 the total content in sail (Fig. 5).

In our case, four categories were identified:

1. Category | consists of elements—including As and Cu—that are
spread through many of the soil phases including residual,
humic-substance, sullide and oxides as well as organic matter
for copper.

2, Category 1 consists of elements—inciuding Sh, 5n and
Cr—mostly found in the residual [raction in a proportion af
about 80 to 90%. The remaining amount of Sb and Sn is associ-
ated with the humic fraction. Most of the remaining Cr was
associated with the soil sulfide fraction. Very low MTEs levels
in Category Il were bound to the exchangeable, carhanate and
Mn-Fe-oxide fractions.

3. Category 11! consists of elements—including Sr and Cd also
bound to the residuat phase in stightly lessen proporiion (713
and 40% respectively). Thie remaining Sr and Cd were mostiy
bound to the exchangeable and carbonales soil fractions
(23%-33%). Finally, 12% of the Cd is found in the oxide Iraction.
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4. Category IV consists of elements—inctuding Zn, Ni and Co with
<50% associated with the residual phase. The fractions associ-
ated with sulfide and oxides are important 35-50% respectively.
in paralled, high As, Cu, Srand €d concentration were observed
in the soil H.O-leachate, and in contrast, the MTEs concentra-
tions showed low concentrations in the leachate.

4.5, Environmental isotopes £ 5i7%5r)

Large isotopic variations were observed in the ®7Srf*®Sr ratios,
decreasing from highly radiogenic values In surface waler coming
from contaminated groundwater near the reclaimed OPS {Group B)
(0.71285~0.71328; Khaska et al, 2015), to much lower ratios of
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Table 2

Auralytical resubes of the sequential extraciions carded gu on seil sample amd comgred 1o e regional pedo-geachenieal baseline (INRA, RMOS/GISSGL)

Stage Frachen A Cr Ca Wi i In S Ctk Sir S 1 Fintier
py g
Seqirerritel extraction
1 Lxchangeable phase 935 as0 34 11 801 724 10,64 139 | 20 1 0.71657
2 Carbonaics plase 4643 37 ATh HH3 4069 344 5373 168 1 0 23 7101
3 Fe, Mir oxides phase 14,278 1352 2837 4258 11,086 20922 T80l 1049 t 17 ta4 0.21086
1 Crgamc matter phase 5103 253 i [ 82 2558 743 7 0 4 26 071346
5 Humic substances phase 33875 1481 93 39 14,373 226 63 3 321 419 GQ 071117
b Subticdes phase 17,238 7928 21 5115 10.557 22404 2244 37 20 1 173 071689
7 Residual thase 265,895 58565 2179 4523 72 33,444 51034 437 4644 2054 2355 L.73086
Btk s 104,117 49,525 32 20,557 63,152 749,278 54,205 w67 2707 ¥77h 230
Soll Hp leachate 1639 4.7 T4 20.4 4525 47.4 3654 a4 07 164 [1%:} 1.71047
Pedo-peochemical baselme 31,064} Q.1.0a0 30 PO 31004 2,000 ek 98 ot ne i ne
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Fig. 5. Resulls of the principal compraient analvses combings 7 variables cotre-
sponding 1o different soil phases in 10 row samples of the MTEs, As. and S
proapaetnng e cach phase cempared o the tofal content in soil comeipanding to
anaiyzed elemenls, Rased on the PUA analysis four categories were identified,

0.7101 in alluvial soil. Groundwater in the unconfined aquifer
downstream of the reclaimed OPS {Group C) showed an intermedi-
ate *78r/PSr ranging from 0.71058 to H.71 160

The T8 P88 ratios of the extracted soil solid phases varied sig-
nificantly between 0.7130 for the residual rminerals lraction, and
0.7099 for the carbonate fraction. While, Lhe residual, the sulfide
and organic-matter fractions showed significantly contrasted iso-
topic ratios, most of the other fractions, {oxides, exchangeable
and carbonates) have relatively low *7Srf"Sr ratios close o that
of carbonate fraction.

The #5565 ratio of soit H,0-leachate was similar to that of
oxides, exchangeable and carbonates {Table 3).

4.6. PHREEQC mode!

The geochemical modeling simulations, performed using the
LLNL database, with PHREEQC interactive 3.4.0 (Parichurst and
Apselo, 1999} supported the results evidenced with v isotopes
and muliivariate statistical approach.

A mixing model, between the labile soil fractions and the aver-
age composition of surface water {Group €), was carried cut. This
model takes into aceount the physico-chemnical parameters of the
solutions and the caleulated mixing properiions based on PS5
mixing diagrams. The results of modeling is presented in Table 53.
The results fit well with the observed concentrations MTES.

5. Discussion

First we discuss the fate of arsenic reieased from the reclaimed
OPS in streamn flow.

As precipitates and Dbicadsorbes on pebbles surface on the
streamthed.

CSEM meastirements of coating streambed indicated the combi-
nation of two processes (Fig. 4}

1, Precipitation of fereous iron {Fe?*) teading to the precipitation of
a Fe-oxyhydroxide as abserved on all the surfaces of the
bedstream,

2. Binadsorption of As by aguatic microorganisms such as porous
diatom silica shells with a higher As adsorpiion capacity.
Zhang et al. {20157 demonstrated the efficiently of the porous
diaton silica shells as a sorbent for the removal of arsenic in
aguegus soiutions, where the binadsorption capacity reaches
3.3 mgg ' for raw diatoms and 12 mgg | for modified diatom.

The nodular form observed at pebbles surface in streambed at
site 55 results from microorganisms biological activity {e.g. diatoms,
hacteria, etc. ..) coated by a Fe-oxyhydroxide precipitate. Preferen-
tial adsorption of As on such organism can explain the higher can-
ent in As on nodules surfaces (4wi% n=8, 8D =0.6wi%}
compared to Lhe surrounding Fe-oxyhydroxide coating {2 wti
n=12, 50 =11 wi¥}.

The origin of the As in the precipitated phase was confinmed by
the ¥75r/F5Sr ratios as the ¥7Sc/%%Sr ratios of the Fe-oxyhydroxide
coating {0.7132) is similar that of surface water collected at Site
55 {0.7120 on average} originating from contaminated groundwa-
ter draining the reclaimed OPS (Khaska ot al., 2015

Subsequently, this process contributes (o the attenuation ol As
content in surface water {Khaska et al., 2015), To evaluate the atten-
uation capacity of the iron hydroxide precipitation we evaluale the
Asfle partitioning coefficient hetween the Fe-oxyhydroxide and
water, According to the kinetics and stochiometry of Fe and As
release (Ravenscroflt et al, 2009 Smedley and Kinniburgh, 2002),
we assume that the partition coefficient of & between the Fe-
oxyhydroxide precipitate and water follows a homogeneous distri-
bution law. This partitioning voefficient, Ky, between the solid and
the sglution phases is caleulated as follows (Ravenscroft et ., 2009):

[E2]
Fel [e-acuhwdroxide preapstate

TR
Fel styeam veater
Ay el i . z g 3 fati
where [} Fe-savhydroside preciate 19 the ratio of As and Fe concentrations

sorbed on the Fe-oxyhydroxide film (ug-kg ') and [

] T
Fedotroam witen
the ratio of As and Fe concenirations dissolved in stream waler

(ngl ')



Considering the average As and Fe concentrations of stream
water mweasured hbetween 2006 and 2012 (40pgl ' and
143 ugl ', respectively) and that of precipitated Fe-
nxyhydroxide coatings (31 gkg ™! and 300 gke '), a Ky value of
2.36 has been calculated. This value reffects a refatively low As-
atlenuation capacity of Fe-oxyhydroxide precipitate. in addition,
the siveambed zone covered with this Fe-oxyhydroxide precipitale
is limited to the very close vicinily of the reclaimed OPS, which
means that the simultaneous co-precipitation of As is also limited
to this zone, As a resuit, refatively high As concentrations remains
in stream flow observed downr-gradient of this area.

As and MTEs remaining in solution in the stream water is fur-
ther reintroduced into the downstream alluvial aquifer.

While part of the arsenic co-precipitates with Fe-oxyhydroxide
in rhe Orhigl streambed near Site 55, most As is transported farther
downstream. The average monthly stream flow, recorded
upstream of the reclaimed OPS at the 51 gauging station
(3.3-6.8 m"s7 "), is clearly higher than that measured downstream
of Lhe reclaimed OPS at the GS2 gauging station (0.2.5.9 m*s71)
{Fie. ), The loss of flow belween CGS1 and G52 ranges from 10%
during the wet season up to 90% during the dry season.

This 10-90% stream-{low decrease between G51 apnd GS2 plays
a major rofe in As and MTE transler inte the unconfined aquifer
downstream of the reclaimed OPS. The surface-water loss may be
due to stream-water infHiration into the voconfined aguiler as 2
result of natural processes, such as the widening of the afluvial
plain, or the evolution of the aquifer materials from Variscan base-
meril hard rock ab the GS1 station to alluvial sandy loam and detii-
tal material with high permeability and porosity at GS2. This
stream-water 1oss may alse be due te anthroposenic processes,
such as surface walter pumping lor agriculture fromm private wells
in the aguifer, or the diversion of siream water into irrigation chan-
ntels or even groundwater extraction in the clese vicnity af the
sgream

Mixing of surface water and groundwater will impact the lat-
iers quality, The MTE and As input from the infiltraging contami-
nated surface water into groumdwater can be estimated based on
stream-flow loss rate. The C.., weighted average of As and MTE
concentrations in surface water recharging the aquifer can be esti-
mated as [ollows:

. i loss < Qe ~ 30
(-f“-J P A e Y
S0 loss 2 Qg
where % loss i the percentage of stream-flow loss depending upon

the samuyling peried, Qug, (M7 57 ') is the stream Aow, and C {pg-L7")
are the As and MTE concentrations in the stream waler.
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According to weighted-average calculations, the observed MTEs
concentrations in  alluvial groundwater, As conceptrations
excepted, are 2-3 times higher than the calculated concentralions,
depending on the considered element. in contrast, the observed As
concentrations, lower than the calcuiated concentrations, suggest a
high retention rate of the introduced As in alluvial aquifer by
adsorption process andfor oxidation process, The increase in MTEs
concenLratigns suggests that another MTEs source must be consid-
ered. indeed, in binary diagrams of Sr vs. MYEs and As {Fig. 54}
groundwater, from (he downstream unconfined aqguifer {Group C)
plots betweei the surface water end member {Group B) and the
sail-fraction leachate. This suggests that As and MTEs acoumulated
in alluvial-plain soil may constitute a possible additional source of
these elements in groundwater. In order to define the soil fraction
contributing to As and MTEs concentrations in groutdwater, we
used St isotopic data.

Here, we investigate the role of soil in the fate of As and MTE in
the groundwater.

Strontiem isotopes are suitable tracers for tracking As and MTE
transfer in the soil water/groundwater, because of!

1. High Sr concentrations in the different solid-phase fractions of
soil, ranging from 0.06 mg-kg ! for the humic-substances frac-
tion to 54 mg-dyr | for the residual fraction;

2. The similar geochemical behavior of Sr and MTE, including As,
in most geochemical processes ocourring in soil, such as adsorp-
tion, sorption, cationic exchange, complexation on clay-humic
complexes or reductive dissolution of oxides, and,

3. Contrasting isetopic compositions between dilferent soil frac-
tions that refiect multipte sources of Sr in soil, and multiple pro-
cesses affecting the As and MTE contents.

The velatively low ¥7Sr/*%5r ratios of the autogenic soil phases
represented by carbonate minerals, Fe-Mn oxides, humic sub-
stances and exchangeable tractions, compared to surface water,
can be explained by the influence of anthropogenic Sr from the
reclaimed OPS on sail. Stich Sr is characterized by relatively low
BISr298r ratios (0.7122) and its influence on the soil signature is
noticeable subsequently flooding periods {Khaska et al., 2(H5)

Based on the very good correlation between As and Sr as well as
between As and MTE (Fig. 52), As and MTE in autogenic soil frac-
tions mainly come from contaminated irrigation water and/for from
flooding periods. The similarity of #7Sr/*®sr ratios of carhonate
minerals, Fe-Mn oxides and exchangeable scil fractions indicates
that As and MTE are derived from a single source.

However, the allogenic solid phase [fractions such as sulfide
minerals and residual crystal minerals come from weathered Var-
iscan crystailine rocks as a detrital phase. The ¥5r/5%5r ratios of
suifides and residual crystal mineral fractions are significantly
more radiogenic than those of autogenic sefl and correspond to
the *7Sr/#"Sr ratios of eroded crystalline rock.

The As and MTE associated with the sulfides and residoal crvstal
minerals in the studied soil further derive from weathered Varis-
can metasedimentary rack Lhat containg relatively high concentra-
tions of these melals {Demange vt al, 2006). Similarly, MTE and As
in solid-phase organic matter seem to be of allogenic soil con-
stituents, as the organic-matter fraction has a slighily more radio-
menic geochemical and Sr-isotopic signature than the autegenic
fraction.

The implication of contamiuated soil ons the As and MTE con-
tents of groundwater can be tracked by 5risotopes. I the *7Srf50Sr
vs. 1{Sr diagram (Fig. 7). groundwater [rom the unconiined aguifer
downstream from the reclaimed OPS (Group C) falls along a water-
soil interaction line suggesting the influence of botli end niembers.
The most radisgenic end-member is Orbiel siream water alfected
by contaminated groundwater at the reclaimed OPS {Site S5, group
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B), with %'S¢f*Sr ratios ranging from 0.7128 to 0.7140 (Table 1), underlying unconfined groundwater, The soil Hy0-leachate was
The least radiogenic end-member has a *7Sr/%%Sr ratie similar to considered as the least racdiogenic end-member representing the
those of the autogenic fractions constituting the labile reservoir equilibrium hetween infiltrated water through soll and labile soil
in the soil, thus suggesting an impact of contarinated soil on the fractions.
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The high #Sr/*Sr ratios of the allogenic fractions (sulltdes and described as non-labile in the physico-chemical context of the

residual crystal minerals) compared to those of the autogenic frac- studied soil. The labile As and MTE fraction constitutes approxi-
tions (Fe-Mb oxides, carbonates and exchangeable fractions), con- rately 33% of the total amount of MTES in soil {Table 4).
firm the lack of a contribution by allogenic fractions to the As and Based on a two homogenous components mixing modef (Fawre,

MTEs content in groundwater. Hencee, the allogenic fractions can be 1986) in the ¥Sr/*8Sr vs. Sr diagram between the seil labile



Fractions, as the soil H..O-leachate, and the Orbiel stream water it
site S5 (Fig. 7), the mixing proportion of the soil labile fraction
solulion can be estimated to be between 25 and 40% in the uncon-
fined groundwater. The calculated proportions of MTEs from the
sail labile fraction are in the range of that calculated for 5r (0%
for M, Cd and 60% for Cd and U) which may suggest a similar geo-
chemical behavior during the transport of these MTEs from agricul-
tural seil o underling groundwater.

However, to support the precision of proportion calculations,
complementary experiments on soil-water kinetic equilibrium is
required to better define the soil H,O leachate composition,

The geochiemical processes contralling the As and MTEs release
into sroundwater are controlled by the interactions between the
different soil constituents and water percolating in soil. such as
irrigation water, effective precipitation or {lood water,

The labile soil fraction as indicated by the isotopic approach
includes:

1. A carbonate fraciion through the dissolution process causing
the release of metals sorhed andfor incorporated into the calcite
crystal laktice;

2. An exchangeable fraction associated with clay minerals, organic
marter or humic substances that may release MTEs through
ionic exchange. It is well known that the adsorption{desorpticn
process is pH-dependent (2.g., Peters, 2008). High MTEs concen-
trations are usually associated with alkaline pH in water. Hence,
the relatively high pH value observed in the soil promotes the
release of As and MTEs into groundwater through effective pre-
cipitation [about 250 mm/y in the stedy arca), infiltration of
contaminated water during irrigation, andjor flooding events;

3. lron exides, from which MTEs releases is also conurolled by
adsorptionfdesorption. The high specific-surface area of iron
oxides {up to 250-300 m°-g '}, and its high adsorption capacity
{up to 55 gkg ') make it a privileged component for exchang-
ing other MTEs with soil selution (Driehaus, 2002}

While, the mobilization of MTEs from sulfides can be due to
the oxidatinon processes that release these elements in soif
{vicore of al, 1983 Smedtey of al, 1986), However, our approach
shows that the disselution of sulfides cannat explain the MTES
release from conlaminated soil, as the *7Srf*St ratios of the sub
fide fraction are signifficantly higher than the required end-
member, This observation is further consolidated by the reducing
character of ihe studied soil. The observed shift in As concentra-
tions, from the mixing corve {Fiz. 7), may be explained by reten-
tion of As inte the alluvial aquifer materials by oxidation and co-
precipitation processes. This hypothesis is supported by the very
low Fe and Mn concentrations resuiting from the oxidizing condi-
tions of the alluvial groundwater where As is adsorbed in such
conditions. Moraover, the high redox potential of alluvial ground-
water enhance As sorption {Gao ol al., 23}, Opposite processes
were observed by Huodal et al. {2013 where arsenic mohilization
from alluvial soil was observed in relation to decreasing redox
potential,

Also, based on the PHREEQC modeling results, the calcutated
MTEs (otal concentrations were plolled against the measured
MTEs concentrations for comparison, The modelled concentrations
fall wlobally within <16% ef variation compared to of the ohserved
data.

Based on these observatlons a conceptual model of the pro-
cesses affecting As and MTE transport is constructed,

A conceptual model was developed integrating the results
derived from the present study and that of Khaska et ak {2015)
{Fie 83, The hydrodynamic and hydrochemical processes affecting
As and MTE transport in the studied hydrelogical systern are sum-
marized below:

1} A reducing zone exists in the aguifer near the reclaimed OFS,
which is enriched in As- and MTEs via the reductive dissolu-
tion process;

2} Discharge of groundwater down-gradient of the reclaimed
QOPS. leading to an increase in As and MTE concentrations
in surface water;

3} Precipitation of the Fe-oxyhydroxide, with only low partial
precipitation (I = 0,36} of dissolved As content from the
surface water,

4) The contaminated surface water is then reintroduced into
the unconfined aquifer farther downgradient of the
reclaimed OPS,

5) Release of As and MTEs from the contaminated labile soit
fractions linked to carbonate, Fe-Mn oxides and exchange-
abile sites.

6. Conciusions

We assessed Lhe fate of As and other associated chalcophile
MTEs and their transport mechanism in the surface-waterf
groundwaterfsoil continuwm in a reclaimed mining context.
Sr-isotope ratios used as tracers of As and MTEs transfer and their
combination witl sequential soll-extraction waorlk, have preved
that increasing As concentrations in surface water are explained
by As released from unconfined groundwater associated with the
occurrence of a reducing zone down-gradient of the reclaimed
0OPS. Such reducing conditions contribute onily slightly to the
imimohilization of As in surface water, where the oxidation of Fe
(1} e Fe{ill} is confirmed by As-rich Fe-oxyhydroxide precipitate.
The major part of As in surface water is reintroduced inlo the
vpconfined aguifer downstream ol the contamination piune
thraugh surface-water infiltration. Study of the *7Srf*Sr ratios
iclentified the soil fractions influencing the underlying groundwa-
ter. Moreover, our data show that the mobilization of As and MTEs
in contaminated soil varies significantly as a {unction of the MTEs
categories. 1t varics between 5% for Cr in Category 2, and 52% for As
in Category 1. The lahile fractions are mainty bound to carhonate,
Fe-Mn oxides, and exchangeable and humic substance fractions.

This study, based on an original methodology, has strong impli-
cations in characterizing the cycling of MTEs and arsenic in a post-
mining context, where pollution by these clements persists even
after mine closure. Our study aisa has led to a belter upderstanding
of the key geachemical processes that oceur during interactions
between groundwater and surface water, and their implications
on the Fake of' As and MTEs. For post-closure management and envi-
ronmental issues, it is of outstanding importance to determine the
ariging of pollution (e.g. soils, sediments. tailing dams, runoff,
streams, or groundwater) in the local hydrogeological context that
was strongly modified during mine exploitation, the different pol-
lutant transfer processes, and the impact of poliutant mobilization
on the underlying upconfined aquifer especially when such
groundwaler is used for irigation of agricultural products and pri-
vate vegelable gardens,

Aclinowledgements

This research is a part of the ongoing rescarch program < Trans-
disciplinary approach to environmental risks:. funded by the
University of Nimes-CHROME. The authors want to thank the
Orbiel Valley inhabitants and Salsigne ancient miners for their
warm wetcome, informative discussions and their assistance in
Aeld for groundwater sampling. Guy Augé and Robert Mantanet
are particularly thanked for theilr help during sampling. The
authors rthank the editor and the two anonymous reviewers for
their constructive suggestions to improve Lhe guality of the
Mmanuscript.



Appendix A Suppiementary data

Supplemnentary data associated with this article can be found, in
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