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�34SSO4 vs.  [As]  and  �18OSO4 vs. AsV/AsIII correlations  provide  new  tools  even  for low  [As].
Long-term  and high-resolution  monitoring  shows  droughts  enhance  pyrite  dissolution.
Major effect  of  2003  European  heatwave  on pyrite  dissolution  and  [As]  increase.
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a  b  s  t  r  a  c  t

The  reduction  to 10 �g/l of  the limit  for  arsenic  in  drinking  water  led  many  resource  managers  to  deal  with
expensive  treatments.  In the very  common  case  of  arsenic  levels  close  to the  recommended  maximum
concentration,  knowing  the origin  and  temporal  evolution  of As has  become  of great  importance.  Here we
present  a case  study  from  an alpine  basin.  Arsenic  speciation,  isotopic  compositions  of  pyrite,  sulfate  and
water,  and  concentrations  of  major  and  trace  elements  demonstrate  a geogenic  source  for  arsenic  linked
to the  dissolution  of  pyrite.  We  provide  new  tools  to  further  study  As at low  concentrations  where  many
processes  may  be  masked.  The  observed  negative  correlation  between  �34SSO4 and  [As] is interpreted  as
yrite
ulfate
sotopes

onitoring

a  Rayleigh-type  sulfur-isotope  fractionation  during  increasing  pyrite  dissolution.  The  observed  positive
correlation  between  �18OSO4 and  AsV/AsIII could  help  to retrieve  initial  redox  conditions.  A  3-year  long
monitoring  at high-resolution  demonstrated  that  drought  conditions  enhance  pyrite  dissolution  whose
degradation  products  are  scavenged  by  recharge  water.  An  increase  in As in groundwater  may  result
from  droughts  due  to enhanced  oxygen  entry  in  the  unsaturated  zone.  The  2003  European  heatwave  had
a major  effect.
. Introduction

Many states lowered their limit for [As] in drinking water fol-
owing the WHO  guideline value of 10 �g/l [1] and costly actions
re to be prepared. For water with arsenic concentration just above
he limit, cost-effective solutions may  not be treatment but mix-
ng with low-arsenic concentration water. These solutions will be
fficient only if they are dimensioned to the potential variations in

s concentrations, and if the mechanisms able to increase [As] are
valuated. This requires that the origin of As in water is understood,
nd that the temporal evolution of [As] is assessed.
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Smedley and Kinniburgh [1] presented a review of the source,
behavior and distribution of arsenic in natural waters. Arsenic is
mostly found in the environment as arsenite (AsIII, reduced) and
arsenate (AsV, oxidized). Its dominant forms are inorganic. Miner-
als commonly known to be a source for As in surface water and
groundwater are arsenopyrite (FeAsS) and arsenian pyrite (Fe(S,
As)2). After mobilization from pyrite oxidative dissolution, As is
often adsorbed on metal oxides and oxyhydroxides [2,3]. Arsenic
can be mobilized from this secondary source either at pH above 7
or under reducing conditions [2,3].

Dissolution of pyrites is a complex process [4–7]. Mediated by
bacteria or not, it produces sulfate with distinctive sulfur-isotope
ratios used to determine its sulfide origin [8]. As pyrites may con-
tain significant amounts of arsenic (see Section 2.1), sulfur isotopes

may  thus be used to link [As] measured in water with a poten-
tial pyrite source. Fractionation of 34S and 32S between sulfide
and sulfate and fractionation of 18O and 16O between sulfate and
water have been the focus of much attention, mainly due to acid
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Fig. 1. Simplified geological setting of the Doron river catchment and location of the
samples: (1) gneisses, micaschists, granites; (2) carboniferous sandstones, dolomite,
quartzite, minor gypsum; (3) limestones and marls; (4) thrusted sedimentary units.
Dashed line: Doron river. Squares: spring water captured and distributed. Circles:
other springs. Triangle: surface water. Inverted triangles: groundwater. Black sym-
bols: [As] > 10 �g/l. PP: Plan Perrier, EU: Echères (Upper), EL: Echères (Lower), CU:
Cernix (Upper), CL: Cernix (Lower), B: Boudin, LE: Les Envers, A: Ami, Ci: Caponi
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nside tunnel, Co; Caponi outside tunnel, RS: Roselend spring, RT: Roselend tunnel,
Z: Fracture zone, HRZ: host rock zone, QP: quarry puddle, QB: quarry brook. Inset:
he  External Crystalline Massifs and the Beaufort area.

ine drainage issues [9–12]. Pyrite may  be oxidized by dissolved
olecular oxygen or ferric iron [4]. In the first case, oxygen in dis-

olved sulfate is contributed by O2 and H2O, in the second case,
xygen is contributed by H2O only. A transition from one mode
f dissolution to the other was observed during bacteria-mediated
xperiments [13]. Under certain limitations, �18OSO4 and �18OH2O
ave the potential to decipher aerobic and anaerobic conditions or
iotic and abiotic pathways [9,11,12,14].

Here, we report a study of arsenic in spring water distributed
n the area of Beaufort, a town of <2500 inhabitants in the French
lps. Some springs have [As] > 10 �g/l. Once this was established
y the Regional Health Agency, a monthly monitoring started in
005. The origin of As in water was unknown. For this study, we
ampled spring water known to have [As] exceeding the guideline.

e also collected samples from groundwater and surface water
earby. From a series of measurements of major, minor and trace
lement concentrations, As speciations and S–O-isotope ratios, we
ropose a primary source for arsenic from pyrite and mechanisms

eading to its mobility. The dynamics of pyrite dissolution was  stud-
ed thanks to a long-term and high-resolution monitoring of [SO4]
nd water flow rate. The archives of the town of Beaufort on [As]
nd spring water flow rates were analyzed for their seasonal and
ong-term evolutions. The risk situations likely to increase arsenic
oncentrations in the collected spring water are presented in order
o help the resource management.

. Materials, sampling and methods

.1. Setting

The town of Beaufort is built along the Doron river. The Doron
iver catchment (Fig. 1) belongs to the External Crystalline Massifs
f the French Alps, whose backbone is an Hercynian basement made
f crystalline rocks (gneisses, micaschists and granites), partially

verlaid by a sedimentary cover.

Although this has been mainly overlooked in scientific papers,
ewspaper articles and health authorities reveal that numerous

ocalities are facing issues of arsenic in groundwater along the more
aterials 262 (2013) 887– 895

than 600-km long arc defined by the External Crystalline Massifs
in France, from the Mont Blanc-Beaufort massif (this study, and
D. Chabert, pers. comm., 2011), the Belledonne massif (L. Charlet,
pers. comm., 2011) and to the Mercantour massif [15]. The same
problem is found in Switzerland near the border with Italy (Valais,
Ticino, Grisons) following the same arc [2,16].

We  studied and sampled 10 springs that were originally
equipped for water collection by the local authority (Fig. 1). Three of
them (Cernix (Upper and Lower) and Les Envers) were abandoned,
respectively because of bacteriological problems and because of
close proximity with a road. The Caponi spring is an important
inflow of water through a large fracture in the Caponi tunnel, for-
merly used for mining copper and other metals mostly associated
with iron sulfide minerals. Extensive iron precipitates are observed
at this spring. Six springs are known to have [As] > 10 �g/l: Plan
Perrier, Echères (Upper), Echères (Lower), Boudin, Les Envers and
Ami. Four springs (Plan Perrier, Echères (Upper), Echères (Lower),
Boudin) are monitored monthly for flow rate and [As] since August
2005 by the local authority. For Echères (Upper) and Echères
(Lower), only the mean concentration value and the sum of the two
flow rates are recorded. Before the start of the monthly As monitor-
ing, 6 measurements were available over the period 1998–2002.

All the springs are located in the crystalline rock unit (Fig. 1).
Most of these crystalline rocks contain iron sulfides (mostly pyrites,
including arsenopyrite and arsenian pyrite) with whole rock [As]
in the range 1–30 ppm (see Supplementary Table 1). In the crys-
talline rock unit near Lake Roselend (Fig. 1) is hosted the Roselend
Natural Laboratory, a research facility devoted to the study of fluid-
rock interactions [17,18] and used to collect mineral and additional
water samples. There, a tunnel provided access to the heart of the
fractured-rock unsaturated zone, at 55 m depth, where sampling
sites provided access to dripwater samples. The end of the Rose-
lend tunnel corresponds at the topographic surface with a large
quarry (ca. 500 m × 150 m)  where a perennial puddle (stagnant
water, less than 80 cm deep) had developed. A large amount of
biomass is degraded in water. As a result, abundant Mn  oxides pre-
cipitates were locally observed in the tunnel since October 2005.
Reducing conditions in the quarry puddle mobilize Mn. After per-
colating through some fractures, Mn  precipitates once it finds again
oxidizing conditions in few zones of the tunnel.

2.2. Sample collection and storage

In the Roselend tunnel, dripwater samples were collected from
a fracture-dominated zone (FZ, at 120 m from tunnel entrance) and
a matrix-dominated zone (HRZ, at 125 m from entrance) [17]. Addi-
tional samples were collected at various distances along the tunnel
(at 57 m,  80 m, 100 m from entrance, respectively samples D57, D80
and D100) and surface water was  collected at its entrance (D10,
runoff water). Sample D80 was  collected in a zone locally rich in
pyrites. Minor Fe-oxide precipitates were locally observed in this
zone. The Roselend quarry was used to collect surface water from its
puddle and from the brook that flows from it. A nearby spring pro-
vided an additional sample. Samples were collected mostly in June
2011, after 1 week of heavy rain. Two samples from the quarry were
collected and analyzed in April 2011 after 3 weeks of dry weather.
Three water samples from the tunnel had been collected and ana-
lyzed in March and June 2004. The names, types of sample and dates
of sampling are listed in Table 1. We  also used [SO4] measured from
dripwater samples collected from the FZ sampling zone during a
long-term (June 2002–June 2005) and high resolution (time step

of 2–4 days) monitoring experiment described elsewhere [17]. The
protocol for the collection of water samples, including the types and
the preparation of the bottles, filtration, preservation and storage,
is reported in the Supplementary Protocol.
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Table 1
Water chemistry.

Sample Typea Date of
sampling

pH Eh
(mV)

HCO3

(mg/l)
CO3

(mg/l)
SO4

(mg/l)
Ca
(mg/l)

Mg
(mg/l)

Na
(mg/l)

K
(mg/l)

DOC
(mg/l)

Plan Perrier Sp 6/6/2011 7.9 491 70.2 – 14.7 21.1 3.0 1.2 0.5 0.41
Echères (Upper) Sp 6/6/2011 8.1 465 107.7 <5 17.6 25.1 11.7 1.9 0.7 0.43
Echères (Lower) Sp 6/6/2011 8.1 465 109.0 <5 16.2 25.1 7.5 1.5 0.7 0.45
Cernix (Upper) Sp 6/6/2011 7.5 465 93.9 <5 40.8 36.9 6.8 2.5 1.0 5.52
Cernix (Lower) Sp 6/6/2011 7.4 473 89.7 <5 77.0 48.7 8.4 3.0 1.0 36.3
Boudin Sp 6/6/2011 7.2 458 57.2 <5 21.1 23.4 3.8 2.7 0.5 0.82
Les  Envers Sp 6/6/2011 8.4 440 112.4 7.4 19.2 38.1 5.7 1.7 0.6 0.85
Ami  Sp 6/7/2011 7.9 426 150.5 <5 42.9 49.7 8.5 0.9 0.4 0.36
Caponi outside Sp 6/7/2011 7.6 374 183.0 <5 40.2 55.8 8.3 0.2 0.4 0.35
Caponi inside Sp 6/7/2011 – – 170.3 <5 39.7 53.9 7.9 2.2 0.6 0.48
Roselend Spring Sp 6/7/2011 8.1 428 198.4 <5 97.0 75.9 12.6 1.3 5.8 2.53
Quarry Puddle SW 4/15/2011 9.9 – 110.7 24.0 21.8 28.7 7.1 4.7 39.2 13.8
Quarry Puddle SW 6/7/2011 9.0 400 117.1 <5 56.0 40.2 8.6 2.5 18.2 15.4
Quarry Brook SW 4/15/2011 8.0 – 201.4 <5 184.6 92.4 20.1 1.5 10.2 7.33
D10  SW 6/7/2011 8.2 575 113.7 <5 19.8 35.0 5.5 1.4 0.4 1.61
D57  GW 6/15/2004 – – – – 139.4 – 14.9 6.3 1.6 –
D80  GW 6/17/2004 – – – – 955.7 272.8 92.6 5.2 2.8 –
D100  GW 3/2/2004 – – – – 101.1 59.8 18.7 4.8 2.6 –
FZ-man1 GW 4/15/2011 – – – – 45.0 – – – – 5.88
FZ-auto GW 4/15/2011 8.1 – 278.3 <5 41.9 84.4 17.6 6.0 9.4 189
FZ-auto GW 5/21/2011 8.0 – 297.8 <5 42.3 90.2 18.1 6.1 13.0 5.16
HRZ-auto GW 4/23/2011 7.8 – 222.7 <5 102.0 84.0 25.8 6.1 3.2 7.0
HRZ-auto GW 5/25/2011 7.8 – 189.2 <5 97.3 74.3 23.5 5.6 2.4 11.4

Sample Fe
(�g/I)

Mn
(�g/I)

AsIII
(�g/I)

DMAV

(�g/I)
MMAV

(�g/I)
AsV

(�g/I)
As totalb

(�g/I)
AsV/AsIII �34SSO4

(%oCDT)
�18OSO4

(%oVSMOW)
�18OH2O

(%oVSMOW)

Plan Perrier 1.36 <0.02 <0.10 <0.04 <0.01 9.27 9.27 >93 7.44 ± 0.05 −4.56 ± 0.23 −12.53 ± 0.01
Echères  (Upper) 1.81 <0.02 <0.10 <0.04 <0.01 6.12 6.12 >61 8.38 ± 0.05 −5.35 ± 0.18 −12.25 ± 0.01
Echères  (Lower) 1.31 <0.02 <0.10 <0.04 <0.01 9.51 9.51 >95 7.52 ± 0.06 −6.17 ± 0.33 −12.14 ± 0.01
Cernix  (Upper) 0.74 <0.02 <0.10 20.74 <0.01 6.62 6.62 >66 6.87 ± 0.01 0.44 ± 0.28 −12.06 ± 0.01
Cernix  (Lower) 0.95 <0.02 <0.10 <0.04 <0.01 5.84 5.84 >58 10.67 ± 0.05 7.51 ± 0.22 −11.98 ± 0.01
Boudin  1.15 <0.02 <0.10 <0.04 <0.01 10.18 10.18 >101 4.94 ± 0.09 −3.13 ± 0.14 −12.02 ± 0.01
Les  Envers 1.37 <0.02 0.21 <0.04 <0.01 8.07 8.28 38.4 6.51 ± 0.06 −1.54 ± 0.22 −12.17 ± 0.01
Ami  1.05 <0.02 <0.10 <0.04 <0.01 13.94 13.94 >139 2.75 ± 0.07 −10.18 ± 0.29 −12.55 ± 0.01
Caponi  outside 2.57 17.10 0.32 <0.04 <0.01 2.86 3.19 8.9 1.85 ± 0.18 −8.59 ± 0.05 −12.59 ± 0.01
Caponi  inside 3.78 29.64 0.29 <0.04 <0.01 2.25 2.54 7.8 2.12 ± 0.08 −8.73 ± 0.28 −12.58 ± 0.01
Roselend Spring 2.37 <0.02 <0.10 <0.04 <0.01 <0.15 <0.03 18.3 7.74 ± 0.33 −5.39 ± 0.29 −12.80 ± 0.01
Quarry  Puddle 331.4 25.05 1.13 1.92 1.26 20.73 25.04 4.2 – – −12.28 ± 0.01
Quarry  Puddle 151.1 38.32 1.24 <0.04 <0.01 5.15 6.39 1.7 7.14 ± 0.18 −7.65 ± 0.37 −9.27 ± 0.02
Quarry  Brook 18.27 14.04 0.40 0.04 0.12 0.66 1.22 6.6 – – −14.32 ± 0.01
D10  1.10 <0.02 <0.10 <0.04 <0.01 <0.15 <0.03 – 1.09 ± 0.12 −8.28 ± 0.24 −12.87 ± 0.01
D57  – – – – – – 14.85 – −0.10 ± 0.30 −6.50 ± 0.30 −11.83 ± 0.02
D80  – 7.46 1.5 – – 3.62 5.16 2.4 6.25 ± 0.30 −9.89 ± 0.30 −12.17 ± 0.02
D100  – – 3.87 – – 25.5 29.40 – 0.26 ± 0.30 −4.91 ± 0.30 −11.69 ± 0.02
FZ-man1 – – – – – – <0.03 – 9.09 ± 0.03 1.55 ± 0.30 −12.26 ± 0.02
FZ-auto  1.05 1012 <0.10 <0.04 <0.01 <0.15 <0.03 – – – −12.26 ± 0.02
FZ-auto  0.91 927 <0.10 <0.04 <0.01 <0.15 <0.03 – – – −12.20 ± 0.01
HRZ-auto 1.02 3.32 <0.10 <0.04 <0.01 <0.15 <0.03 – – – −11.87 ± 0.02

– 

s dete

y
i
t
c
w
c

T
S

HRZ-auto 0.91 1.17 – – – 

a Sp: spring water, SW:  surface water, GW:  ground water. b Sum of the As specie

From petrographical examination confirmed by chemical anal-
ses (Supplementary Table 1), three types of pyrites were sampled
nside the Roselend tunnel from fresh surfaces in two  distinct set-
ings (Table 2) in order to get an overview of the possible isotopic

ompositions of these minerals in the crystalline rock unit. Drip-
ater was collected in the same zones of the tunnel (D57, D80) for

omparison of the isotopic compositions.

able 2
ulfide minerals from the Roselend tunnel, their As content and sulfur isotopic compositi

Sample Typea Setting 

04R06a Arsenopyrite (80 m)  cm-size cubes from 1-m thick quart
04R07a Chalcopyrite (80 m)  cm-size cubes from 1-m thick quart
04R05a Pyrite (57 m)  mm-size cubes from a micaschist 

a With indication of distance from tunnel entrance in meter.
<0.03 – – – −12.09 ± 0.02

rmined by HPLC + ICP-MS or determination by ICP-MS.

2.3. Sample analyses

Temperature, pH, redox potential and conductivity were mea-
sured during sampling using a WTW  340i multiparameter.

Alkalinity was determined within 24 h using Gran titration. The
determination of total dissolved As and Fe was performed by ICP-
MS  [19] with a precision better than 3%. Analyses of dissolved

ons and the fractionation between sulfates dissolved in water and the mineral.

As content
(ppm)

�34Smineral

(‰ VCDT)
�34Ssulfate–mineral

(‰ VCDT)

z vein 19.6 8.25 −2.00
z vein 4.20 7.80 −1.55

4.40 15.00 −15.10
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Fig. 2. Plot of the �34S value of dissolved sulfate vs. [As]. Crosses are samples
collected in zones where precipitates of Fe or Mn  oxides are observed, which is
suspected to lower the arsenic concentrations. �34SSO4 correlates negatively with
[As]. The regression line is calculated with the black dots. Sample D100 (open circle)
90 E. Pili et al. / Journal of Hazard

rsenic species (AsIII, monomethylarsenic MMA,  dimethylarsenic
MA and AsV) were carried out using anion exchange chromatog-

aphy column coupled to an ICP-MS [19]. The detection limits were
.1 �g/l for AsIII, 0.15 �g/l for AsV, 0.04 �g/l for DMA  and 0.01 �g/l
or MMA,  with a precision better than 5%. For the monthly moni-
oring, arsenic was determined following standard method NF EN
6595 (silver diethyldithiocarbamate spectrometric method). Dis-
olved major anions (Cl, NO3, SO4, PO4) and cations (Mg, Ca, Na,
) were determined by ion chromatography with a detection limit
f 0.1 mg/l and a precision better than 5%. Ionic balances were cal-
ulated and accepted when better than 7%. DOC was determined
sing a Shimadzu VCSN analyzer with a detection limit of 0.3 mg/l
nd a precision better than 2.5%.

Dissolved sulfates were precipitated as BaSO4 prior to oxygen
nd sulfur isotopes analysis with an elemental analyzer coupled
ith an isotope ratio mass spectrometer (IRMS) [20]. Determi-
ation of oxygen isotopes in water were analyzed by IRMS after
tandard CO2 equilibration [21]. Isotope analyses are reported in
er mil  notation (‰)  with reference to the Vienna Canyon Dia-
lo Troilite standard (VCDT) for sulfur (�34SSO4) and to the Vienna
tandard Mean Ocean Water (VSMOW) for oxygen (�18OSO4 and
18OH2O).

. Results and discussion

The main features of water chemistry for all the water sam-
les collected in this study are displayed in Table 1. �34S of pyrites
re given in Table 2. Averaged flow rates and [As] as well as other
escriptive parameters from the monthly monitoring are reported

n Table 3 while the complete dataset is given in Supplementary
able 2.

.1. Water geochemistry

Total arsenic concentrations span 2 orders of magnitude,
anging from <0.3 �g/l (detection limit) to nearly 30 �g/l
Tables 1 and 3). Total arsenic concentrations in springs go up to
4 �g/l (Ami) in water sampled for this study and up to 16 �g/l
Plan Perrier) in the monitored springs (2005–2011). Arsenic con-
entrations go up to 25 �g/l in surface water (Quarry Puddle) and
p to 29 �g/l in groundwater (D100).

The geochemical processes responsible for the origin and the
obility of As may  be masked when only looking at [As]. In surface
ater and spring water, and with a minor effect in groundwater
ue to longer residence times, dilution by rain water or by very

ow-As water contributions may  greatly lower [As]. This is most
robably the case in the quarry puddle. Also, a long-lasting rain
as resulted in dilution of the sampled spring water. Indeed, our
amples collected in early June 2011 after 1 week of heavy rain
ave lower arsenic concentrations than samples collected 10 days
fter for monitoring by the local authority under dry weather con-
itions. Values are respectively 7.9 �g/l and 10.8 �g/l for Echères,
nd 9.3 �g/l and 13.3 �g/l for Plan Perrier (Supplementary Table 2
nd Table 1), which corresponds to ca. 30% of dilution by rain water
n both cases. Also, sorption of As onto Fe or Mn  oxide precipitates
nd onto natural organic matter may  strongly lower its concentra-
ion in water [3]. As shown in Table 1, relatively high concentrations
n Fe and Mn  (respectively in the ranges 2–4 �g/l and 17–30 �g/l)
n water flowing from the Caponi tunnel are associated with low
As] ∼ 3 �g/l. To a lesser extent, water samples from zone D80 in
he Roselend tunnel are associated with moderate [As] relatively

o the local abundance of arsenopyrite and minor Fe oxide precip-
tates are observed. High DOC and Mn  contents, associated with

n oxide precipitates, go with low [As] in the FZ zone of the Rose-
end tunnel. More generally, DOC > 1 mg/l goes with As < 0.3 �g/l.
is  considered an outlier. Dotted lines: �34S of pyrites. Dashed lines: fractionation
between dissolved sulfate and pyrites.

Exceptions are the quarry puddle due to its reducing conditions
(Mn  solubility, see Section 2.1) and the Cernix springs known to be
contaminated by fecal matter.

Among all samples, AsV is the major arsenic species and AsIII

is rarely detected. The expected reducing conditions in the quarry
puddle and brook are associated with AsV/AsIII ratios from 2 to 7,
while samples of water flowing through rocks rich in sulfide min-
erals in the Caponi tunnel and at zone D80 in the Roselend tunnel
have AsV/AsIII ratios from 2 to 9. AsV/AsIII ratios in spring water are
18 (Roselend Spring) and 38 (Les Envers). Organic species of arsenic,
MMA  and DMA  were only detected in organic-rich water from the
quarry (puddle and brook). In a Pourbaix diagram (not shown),
all the pH and Eh values indicate conditions where As is in the
form HAsO4

2− (AsV). This discrepancy with measured AsIII comes
from the fast equilibration with oxidizing conditions for water pH
and Eh while arsenic species equilibrate more slowly [1]. Arsenic
speciation thus keeps the memory of water–mineral interactions
at depth. This also confirms that As originates in a more reduc-
ing environment and at a lower pH than measured when water is
sampled.

If arsenic in water originates from the dissolution of iron sulfide
minerals, one may  expect to observe correlations between the con-
centrations in As, Fe or SO4. None is observed, consistently with the
fact that As mobilized from the oxidation of pyrite is often trapped
on secondary iron oxides [1,22]. Therefore the origin of As from
pyrite is lost when looking at the major element geochemistry of
water. This is one of the reasons why sulfur and oxygen isotopes
from dissolved sulfate should be used.

3.2. Sulfur isotopes

�34SSO4 values for spring water, surface water and groundwater
in the area of Beaufort range from −0.1‰ to +11‰ (Table 1). Most
of the �34SSO4 values correlate negatively with total [As] (Fig. 2,
r2 = 0.824). Exceptions are samples collected in zones where pre-
cipitates of Fe or Mn  oxides are observed, which lowers [As]. One

sample (D100, Table 1) with a high [As] may  be considered as an
outlier for an unknown reason and has been omitted in the regres-
sion line, although this does not change the general trend.



E. Pili et al. / Journal of Hazardous Materials 262 (2013) 887– 895 891

Table 3
Descriptive parameters of flow rates and [As] from three springs monitored monthly from August 2005 to August 2011.a

Month Flow rate Arsenic

Monthly
averaged flow
rate (l/s)

Standard
deviation
(l/s)

Min. flow
rate (l/s)

Max. flow
rate (l/s)

Number
of data

Monthly averaged
As concentration
(�g/l)

Standard
deviation
(�g/l)

Min. [As]
(�g/l)

Max. [As]
(�g/l)

Number
of data

Echères
Jan 8.5 2.2 5.5 11.1 5 10.0 1.0 8.6 11.6 6
Feb  8.1 1.8 5.5 10.4 6 – – – – 0
Mar  9.8 6.4 5.6 20.9 5 10.9 1.7 9.2 12.8 6
Apr  16.4 7.9 11.1 31.7 6 – – – – 0
May  22.6 9.3 10.4 36.5 5 10.8 1.0 9.9 12.5 6
Jun  31.6 12.8 12.1 42.5 6 10.1 0.6 9.2 10.8 6
Jul  20.6 7.5 13.0 30.2 5 10.8 0.6 10.0 11.6 5
Aug  12.7 3.8 9.2 17.8 6 10.1 1.3 8.5 12.2 6
Sep  11.5 3.2 8.0 16.9 6 9.4 0.8 8.8 10.3 3
Oct  9.9 2.7 6.5 13.7 6 10.3 1.0 8.6 11.3 6
Nov  7.1 1.2 5.7 8.3 4 10.6 1.2 9.2 12.3 6
Dec  10.3 3.6 8.0 15.7 4 11.6 1.3 9.7 13.6 6

Plan  Perrier
Jan 7.9 2.6 5.1 12.0 5 – – – – 0
Feb  7.4 1.6 5.0 8.7 6 – – – – 0
Mar  12.3 8.3 4.9 20.8 4 13.4 2.2 10.5 16.1 5
Apr  13.6 6.7 8.8 25.0 5 – – – – 0
May  17.1 9.8 6.7 32.4 5 12.0 1.9 9.7 14.9 6
Jun  16.4 9.0 8.8 29.5 5 11.4 2.7 9.5 13.3 2
Jul  17.0 7.8 9.2 30.0 5 – – – – 0
Aug  11.6 4.4 7.9 20.0 7 12.9 2.0 10.9 15.1 4
Sep  10.3 2.3 6.7 13.6 6 11.2 1.7 10.0 12.4 2
Oct  8.3 1.7 5.6 10.0 6 10.4 – – – 1
Nov  6.2 0.9 4.9 7.0 4 13.6 2.5 11.8 15.3 2
Dec  10.0 3.5 6.9 14.7 4 12.9 1.7 11.2 15.6 6

Boudin
Jan  1.4 0.6 0.7 2.5 6 – – – – 0
Feb  1.1 0.3 0.7 1.5 6 – – – – 0
Mar  1.5 1.1 0.9 3.8 6 12.4 1.8 10.3 14.2 4
Apr  2.4 1.8 1.1 6.1 6 – – – – 0
May  1.6 0.4 1.0 2.1 6 12.5 0.6 11.9 13.1 5
Jun  1.8 0.4 1.3 2.5 6 15.0 – – – 1
Jul  1.6 0.3 1.4 1.9 6 – – – – 0
Aug  1.3 0.4 0.7 1.7 7 11.3 1.6 9.3 13.3 6
Sep  1.3 0.5 0.9 2.1 6 11.0 1.4 10.0 12.0 2
Oct  1.1 0.4 0.8 1.8 6 10.0 0.6 9.6 10.4 2
Nov  0.9 0.3 0.7 1.5 6 10.4 0.8 9.8 10.9 2

a
A
t
o
p
o
t
1
b
(
a
a
a
t
−
n
b
c
s
t
c
f
o

Dec  1.5 1.0 0.7 3.2 6 

a Complete data set is given in Supplementary table* 1.

The relationship between [As] and �34SSO4 can be understood
s follows. Both As and SO4 come from pyrite dissolution. Higher
s concentrations in water mean either dissolution of pyrite con-

aining higher amounts of As (Hypothesis #1) or higher amounts
f dissolved pyrite (Hypothesis #2). Because SO4 comes from
yrite dissolution, �34SSO4 has to be compared with �34Smineral
f the parent pyrite. The �34Smineral values of 3 pyrites thought
o be representative of the study area are 7.8‰,  8.25‰,  and
5‰ (Table 2). The production of SO4 from pyrite is known to
e associated with a small fractionation of the sulfur-isotopes
hereafter referred as �34ssulfate–mineral), typically between −1.8‰
nd +0.8‰ [11,12]. The oxidation of chalcopyrite by Fe(III) is
ssociated with �34ssulfate–mineral of −4.0 ± 0.4‰ (biologically medi-
ted) and −3.7 ± 1.2‰ (abiotic), while oxidation by O2 leads
o �34ssulfate–mineral of −1.5 ± 0.2‰ (biologically mediated) and
0.5 ± 0.7‰ (abiotic) [23]. Following Hypothesis #1, the observed
egative correlation between �34SSO4 and [As] in water should
e associated with progressively decreasing �34Smineral for pyrites
ontaining increasing amounts of As. We  are not aware of any
tudy reporting such a relation between �34Smineral and As con-

ent in pyrite. In addition, the apparent �34ssulfate–mineral can be
alculated from the isotope composition of dripwater collected
rom the zones where pyrites are sampled (Table 2, Fig. 2). We
btain small values as expected from literature data [11,12,23],
13.5 1.9 11.2 15.8 6

with �34ssulfate–mineral = −2.0‰ for arsenopyrite and −1.6‰ for chal-
copyrite, assuming the same water (sample D80) has been in
contact with the two  types of sulfide. However, a very large appar-
ent fractionation factor of −15.1‰ is calculated for our pyrite and
water (D57) samples. This leads to favor Hypothesis #2, where
the observed negative correlation between �34SSO4 and [As] in
water is associated with increasing pyrite dissolution. The appar-
ent �34ssulfate–mineral progressively increases due to cumulative
fractionation at each step of dissolution. This suggests a sulfur-
isotope fractionation process during the dissolution of As-bearing
pyrite similar to a Rayleigh model [24] where sulfate is assumed
to form in isotopic equilibrium with the parent pyrite and to be
removed immediately. With such a model, small fractionation fac-
tors as experimentally measured [11,12] may  thus account for large
apparent fractionations. Alternatively, or in addition, successive
oxidations of intermediate sulfoxy species [5,7,11,25] may  be the
elementary steps responsible for cumulated fractionations. In this
view, the variety of �34S values of the source pyrites may  not be the
main contribution to the variety of �34SSO4 values. If it proves to be
generalized, this relation between �34SSO4 and [As] could be used

to retrieve [As] that should be observed in the absence of secondary
trapping of As. This may  help to determine a baseline in case of any
natural or anthropogenic event that might modify this secondary
reservoir of As known to be versatile [1–3].
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Fig. 3. Plot of the �18O value of dissolved sulfate vs. the �18O value of water. The
solid line represents zero fractionation (�18OSO4 = �18OH2O), the three dashed lines
represent the anaerobic condition end-member constructed for three entitled sam-
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les (see Section 3.3). The grey zone represent the aerobic condition end-member.
18OSO4 values increase with an increasing amount of O2 participating in pyrite
issolution.

.3. Oxygen isotopes

Numerous literature data show that oxygen in sulfate is mostly
ncorporated from water [11,12]. The higher the �18OSO4, the lower
he water-derived oxygen proportion. The plot �18OSO4 vs. �18OH2O
Fig. 3) may  be used cautiously to estimate if conditions were
erobic or anaerobic during pyrite dissolution. �18OSO4 values in
ur samples span a large range from −10‰ to +7.5‰ (Fig. 3),
hile �18OH2O values are mostly around −12.3‰ similar to the

verage local meteoric water and groundwater [18]. Water from

he quarry puddle has a markedly different isotopic composition
�18OH2O = −9.27‰)  because it results from a direct collection and

ixing of precipitations whose monthly averaged �18OH2O vary
rom −6‰ to −19‰,  with a monthly averaged value for June at
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ig. 4. Plot of the �18O value of dissolved sulfate vs. the AsV/AsIII ratio. Dots are
amples with measured amounts of AsIII and AsV. Open symbols are samples with
sIII < 0.1 �g/l (detection limit).

Fig. 5. Temporal evolution of monthly averaged [As] (black) and flow rates (grey) for

the three monitored springs. Averages calculated from August 2005 to August 2011
(Table 3). Dashed lines and open symbols are min–max values. Crosses represent
values measured before 2005.

−7.6‰ [18,26]. Evaporation may  also be responsible for an increase
in �18OH2O.

The large range in the �18OSO4 values (Fig. 3) reflects variable
conditions from anaerobic to aerobic for the dissolution of pyrite
and the production of arsenic. The measured �18OSO4 values do not
correlate with [As]. This may  be related with our limited sample set
compared to a complete hydrological year. It may  also be related
to the complex redox processes controlling As mobility [1–3]. If
�18OSO4 is controlled by the type of dissolution, aerobic vs. anaer-

obic, these conditions should also be recorded in the measured
AsV/AsIII ratios. Indeed, the �18OSO4 values are correlated with the
AsV/AsIII ratios (Fig. 4). However, this correlation is lost for water
samples with [AsIII] < 0.1 �g/l (detection limit). This suggests that
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ig. 6. Temporal evolution of [SO4] (open circles) and flow rate of water dripping
verage  [SO4] calculated from June 2002 to August 2003. Summer and winter droug

18OSO4 values keep memory of the initial conditions that mobi-
ized As from pyrite dissolution, while the AsV/AsIII ratios are losing
his memory below a threshold [AsIII].

A precise quantification of the water-derived oxygen proportion
n sulfate requires that values of the fractionation factors for oxy-
en between sulfate and water (�SO4–H2O) and between sulfate and
olecular oxygen (�SO4–O2) are known [11], following the equation

12]:
18OSO4 = X(ı18OH2O + εSO4–H2O) + (1 − X)(ı18OO2 + εSO4–O2), (1)

here X and (1 − X) are the relative proportions of water-derived
nd molecular oxygen in sulfate, respectively. From experimental
ata, the slope of a linear regression of �18OSO4 vs. �18OH2O values
quals the water-derived oxygen proportion in sulfate. These lines
annot be traced from our field data because �18OH2O values do
ot vary much and our samples do not represent the same condi-
ions in terms of source pyrite, chemistry and isotopic composition
f water, and residence time. Assuming that the measured low
18OSO4 values correspond with the oxidation of pyrite without O2
X → 1), we may  tentatively estimate �SO4–H2O = �18OSO4-�18OH2O.
his is a measurement of the minimum distance between the line
18OSO4 = �18OH2O (zero-fractionation line) and the nearest sam-
les. As shown in Fig. 3, three samples are entitled to this task. All
hree show evidence for strong reducing conditions (see Section
.1). We  obtained �SO4–H2O values of 1.6‰,  2.3‰ and 2.4‰,  for sam-
les Quarry Puddle, D80 and Ami  respectively (Table 1 and Fig. 3). A
ange in �SO4–H2O values from 0.5‰ to 3.1‰ was determined exper-
mentally [12,27]. Literature data indicate �SO4–O2 = −10.2 ± 0.5‰
11]. With this range of fractionation factor and �18OO2 = 23.5‰
28], an indicative upper limit for the aerobic conditions can be
rawn in Fig. 3. �18OSO4 from our samples cover a large range
etween aerobic and anaerobic conditions. As for the biotic/abiotic
onditions, there is a debate in the literature whether this can be
stimated from the �18OSO4 values [14,29,30] or not [11,12].

.4. Temporal evolution
The evolution of monthly averaged [As] and flow rates for the
hree monitored springs over the years 2005–2011 is illustrated in
ig. 5. These data are partial because it is difficult for a small town
o maintain such a monitoring. Flow rates show a peak between
 the FZ (fracture-dominated) zone in the Roselend tunnel. The dashed line is the
nditions are associated with increases in [SO4].

April and June, due to recharge by snow melting and rainfall. Low-
flow is observed in November. No clear tendency can be found
regarding the relation between flow rates and [As], except a slight
change (decrease then increase) in [As] in September or October
when flow rate is decreasing. The lack of [As] measurements on
certain months and the monthly resolution are two disadvantages
in this approach. Nevertheless, our 2005–2011 monthly averages
may  be use for comparison with some rare older values from year
1998–2002 (Fig. 5). Flow rates measured in June 1998, August 2002,
September 1999 and November 2001 plot in the same min–max
range as the 2005–2011 data. With regard to [As], all but one sam-
ple plot below the minimum values, three samples plot within 1�
(standard deviation) from the mean value, 1 sample plots within
2�, and 2 samples plot within 3� (Table 3, Supplementary Table 2).
Although this statistical description is hampered by the small num-
ber of data, there are some indications that [As] in years 1998–2002
may  have been lower than in years 2005–2011.

For a better understanding of the temporal evolution of con-
centrations, a higher-resolution is needed. The monitoring of [SO4]
and flow rates from the FZ sampling zone of the Roselend tun-
nel is presented in Fig. 6 for the period June 2002–June 2005.
High water flow rates measured in this zone around 700 ml/h are
known to indicate that rocks are saturated [17]. At first order,
a yearly cycle is observed, with low [SO4] in winter and spring
when flow rate is high (dilution) and high [SO4] in summer when
flow rate is low (concentration). The mean [SO4] over the period
June 2002–August 2003 is 38 mg/l and it is consistent with the
mean concentration for the period May  2004–February 2005. A
severe drought occurred as a result of the 2003 European sum-
mer  heatwave. Water recharge after drought was  immediately
followed by a large increase in [SO4] that lasted about 5 months.
From July 2003 to January 2004. [SO4] is multiplied by a fac-
tor of 3. Severe drought conditions were also observed in winter
2004–2005 with a smaller increase in [SO4]. Sulfate production
is needed in order to increase its concentration. During drought
conditions, air replaces water in the rock porosity. Our monitoring
indicates that pyrite dissolution is enhanced in these conditions,

and that the produced sulfate is flushed on recharge. The change
from a water-saturated environment to an aerated one may  have
resulted in the change from chemical oxidation pathways to micro-
bially mediated pathways as also suggested by Taylor et al. [29].
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he fact that the summer drought had more effect than the win-
er one may  be due to a temperature effect, an effect of the snow
over on gas exchange or to the availability of nutrients. Although
ot measured at that time, arsenic that comes with pyrite disso-

ution might well have had the same increase in concentration.
he suspected increase in arsenic concentrations between years
998–2002 and years 2005–2011 (Fig. 5) could have resulted from
n enhanced As production promoted by an enhanced dissolu-
ion of pyrites due to air entry in the unsaturated zone during the
roughts of summer 2003 and winter 2004–2005 (Fig. 6). Sim-

larly, extensive pumping is suggested to promote atmospheric
xygen entry into aquifers, altering redox conditions, and increas-
ng the rate of As release from sulfide oxidation into groundwater
31].

. Conclusion

We  provided new tools to further study As at low concen-
rations where many processes may  be masked. The negative
orrelation between �34SSO4 and [As] is here interpreted as a
ayleigh-type sulfur-isotope fractionation during increasing pyrite
issolution. Laboratory experiments are necessary to confirm this
esult. The alternative hypothesis would require progressively
ecreasing �34Smineral for cogenetic pyrites containing increas-

ng amounts of As. This is not yet reported in the literature
nd could be tested from experiments or measurements from
atural examples. AsV/AsIII keeps better memory of the redox
onditions than Eh. The positive correlation observed between
18OSO4 and AsV/AsIII confirms that �18OSO4 is controlled by
he type of dissolution, aerobic vs. anaerobic. A �18OSO4 vs.
sV/AsIII plot could prove to be more meaningful than a clas-
ical �18OSO4 vs. �18OH2O one, especially when �18OH2O values
o not vary much. It could help to retrieve initial redox condi-
ions. Long-term and high-resolution monitoring demonstrated
hat drought conditions enhance pyrite dissolution whose degra-
ation products are scavenged by recharge water. The 2003
uropean heatwave had a major effect. Among the potential mech-
nisms able to increase the rate of As release in groundwater,
rought conditions must be taken into account. It mainly acts
hrough oxygen entry in the unsaturated zone. Other human
ctions with similar effects should be avoided, such as an increase
n groundwater pumping or a multiplication of the number
f collection points for spring water that would otherwise be
e-infiltrated. In the studied alpine catchment, As concentra-
ions in groundwater increased between 1998 and 2005 most
robably after the droughts of summer 2003 and of winter
004–2005.
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