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Abstract

Numerous areas have been contaminated by heavy metals and metalloids due to industrial and mining activities.
Studies investigating the behavior of such contaminants in the environment have identified speciation as a key factor
controlling their mobility, availability and toxicity. Here we characterize As- and Pb-bearing phases resulting from

Ž .the oxidation of sulfide-rich tailings of a former gold mine La Petite Faye, France in order to assess the risk for
Žwater quality. Elements were first pre-concentrated by granulometric fractionation sedimentation in deionized

.water and then investigated using X-ray diffraction and electron microprobe analyses. Two main As]Pb-bearing
Ž . Ž .Ž .Ž .minerals were clearly identified: scorodite FeAsO ?2H O and beudantite PbFe AsO SO OH . Minor amounts4 2 3 4 4 6

of As and Pb were dissolved in deionized water during granulometric fractionation, indicating the possible presence
of other soluble Pb-sulfates which could be some of the primary metastable products of sulfide oxidation. This
dissolution also provides information about the fate of these phases in the case of intensive leaching of the tailings.
Scorodite may not be considered as a relevant candidate for As on-site immobilization, because its solubility largely
exceeds drinking water standards whatever the pH. Since beudantite solubility has not yet been determined, an
estimation of its solubility product was obtained using the Gibbs free energy of formation of plumbojarosite
w Ž . Ž . xPb Fe SO OH . This estimation suggests that beudantite should efficiently maintain low Pb concentration in0.5 3 4 2 6
waters. However, Pb dissolution in deionized water during the granulometric fractionation led to Pb concentrations

Ž y7 y1.much higher than the French and US drinking water standards 2.4=10 mol l , which may be due to dissolution
of the suspected metastable Pb-sulfates. Accurate determination of beudantite solubility is now required to improve
the Pb risk assessment on such polluted sites. Q 2000 Elsevier Science S.A. All rights reserved.
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1. Introduction

Historic mining and industrial activities have
produced numerous sites containing high concen-
tration levels of As, Pb, Zn and Cu in several

Žregions of France. At La Petite Faye Creuse
.dept., France , 34 000 t of gold ores were processed

in the early 1960s and related wastes were left
over the site. This material contained a variety of
sulfides containing large amounts of arsenopyrite
Ž . Ž .FeAsS and galena PbS . Sulfides have been
submitted to oxidation reactions since they were
dumped under surface conditions. Such processes

Žgenerate acidic conditions Singer and Stumm,
. Ž1970 , and induce contaminant releases i.e. Pb,

.As, Zn, Cu, etc. for which the fate and transport
were investigated in a wide range of situations
Že.g. Johnson and Thornton, 1987; Mok et al.,
1988; Walter et al., 1994; Tin and Wilanders,

.1995; Roussel et al., 1998 .
Arsenic may be present in two main redox

w Ž . Ž .xstates As III and As V in natural waters
Ž .Ferguson and Gavis, 1972 ; changes in solubility
and mobility therefore occur as a function of the
redox potential and pH conditions in the environ-

Žment Wilson and Hawkins, 1978; Tallman and
Shaikh, 1980; Pierce and Moore, 1982; Roussel et

.al., 2000 . Some authors have noted an associa-
Ž .tion between As V and Fe oxyhydroxides by co-

Žprecipitation Mok et al., 1988; Masscheleyn et
.al., 1991 , as well as the formation of Ca and Mg
Žarsenates Pierrot, 1964; Voigt et al., 1996; Juillot
.et al., 1999 . It was also found that the presence

of organic matter significantly increases arsenate
Ž .adsorption Cornu et al., 1999 .

Ž .Oxidation of galena PbS results in the precip-
itation of a wide variety of secondary minerals,

Ž .in which cerussite PbCO , hydrocerussite3
w Ž . Ž . x Ž .Pb CO OH and anglesite PbSO are the3 3 2 2 4

Žmost commonly reported e.g., Davis et al., 1992;
.Hudson-Edwards et al., 1996 . Numerous Pb

Žphosphates may also be formed Davis et al.,
.1993; Kalbasi et al., 1995; Morin et al. 1999 and

are the Pb mineral phases of lowest solubility.
Adsorption of Pb onto Fe- and, to a greater
extent, Mn-oxides was also emphasized by several

Žauthors McKenzie, 1980; Rauret et al., 1988;
.Morin et al., 1999 .

Speciation is thus identified as a key factor
controlling mobility, availability, and toxicity of
metals and metalloid contaminants. In the pres-
ent study, we aimed to characterize the main As-
and Pb-bearing phases and their stability on the
site of La Petite Faye. We used direct determina-

Ž .tion of the phases spectrometry, diffractometry ,
which generally implies a pre-concentration step
because of the technical detection limits. Since it
is known that the concentration of trace elements
such as As and Pb often increases with decreasing

Ž .particle size e.g. Chunguo and Zihui, 1988 , we
performed a particle size separation by sedimen-
tation in deionized water. Interaction with deion-
ized water may be compared to interaction with
rainwater or natural waters having low total dis-
solved species. Although such pre-treatment may
involve some metal-phase dissolution, thus in-
creasing interpretation difficulties, it also provides
information about the metals’ behavior when the
material is submitted to high leaching. Special
attention was therefore paid to the chemical evo-
lution of the water used for particle size separa-
tion.

2. Materials and methods

2.1. Site description

La Petite Faye tailings are located 60 km NE of
Limoges, in the southwest of France. It forms a

Ž .flat zone of variable thickness 1]5 m , which
Ž .covers a small catchment 1 ha along the Pey-

roux River. In a previous study based on the
vegetal cover and particle size distribution, the
site was found to be divided into three main parts

Žfrom the upper zone to the river Dutreuil et al.,
. Ž1998 . The highest metal concentrations 1]2

.wt.% Pb, 6]7 wt.% As and most acidic condi-
Ž .tions pH 2.5]3.5 were measured for material

sampled in the upper part of the site.

2.2. Sampling and bulk characterization

Ž .Two samples were collected at 20 S20 and 50
Ž .cm S50 in the water unsaturated zone of the

upper part of the site. Sample S20 was taken in a
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brown layer, whereas S50 was yellow. Material
was air-dried at 258C in order to preserve trace

Ž .elements speciation Bordas and Bourg, 1998 .
Organic matter content was determined accord-

Žing to the Walkey-Black procedure Jackson et
. Žal., 1984 , and pH was measured in water 2:5

.solidrwater according to the French standard
Ž .X31-103 AFNOR, 1994 using a HI 1230B com-

Ž .bined electrode 3M KCl connected to a HI
9025C pHrmV meter. Grain size distribution was
obtained by sieving and sedimentation. Total sul-
fur concentrations were measured on the bulk
material using inductively coupled plasma-mass

Ž .spectrometry ICP-MS . The material was di-
Ž .gested in acid Al-Shukry et al., 1992 , and As, Pb

and Fe concentrations were measured by graphite
Ž .furnace atomic absorption spectrometry GFAAS

on a Varian SpectrAA-800 Zeeman.

2.3. Experimental design

Ž .Material 50 g was shaken for 24 h in 1 l
Ž .deionized MilliQ water initial pH 5.3 without

any chemical addition in order to keep experi-
mental conditions as close as possible to natural

Žconditions no defloculating agent, ionic strength
.and pH not adjusted . Particles were then allowed

to settle in the shaking bottles and fractions -2
Ž . Ž .mm clay and -20 mm fine silt were separated

with a siphon system allowing the collection of
unsettled particle size fractions. Solids were sepa-
rated from the water by filtration on 0.1-mm
filters. The low % of fine grains required repeti-

Ž .tion of the solids collection seven times in order
to provide enough material for chemical and min-
eralogical investigations. Shaking bottles were
filled with freshly produced deionized water after

Ž .each solid sampling i.e. every 24 h .
Two sub-samples of each solid fraction were

digested in acid for GFAAS chemical analysis.
The mineralogical composition was determined

Ž .by X-ray diffraction XRD performed on a
Siemens D5000 diffractometer. Samples were X-
rayed using CuKa radiation with a step size of
0.0482u and a count time of 10 s per step. The
chemical composition of the As- and Pb-bearing
material was investigated using a scanning elec-

Ž . Ž .tron microscope SEM Phillips XL-30 and

Table 1
Analytical data for graphite furnace atomic adsorption spec-

atrometry

Element Detection limit Accuracy Precision
y1Ž . Ž . Ž .mmol l % %

Pb 0.005 3 5
As 0.1 4 7
Fe 0.05 7 10

a Calibration curves were obtained from Merck standards
solutions 1000"2 mg ly1

Ž .electron microprobe analysis EMPA with a
CAMEBAX microprobe equipped with four

Ž . Žwavelength dispersive spectrometers WDS 15
.kV, 10 nA, 20 s counting time .

ŽWater was collected for chemical analysis two
.sub-samples at each step. The pH was measured

and samples for cations analyses were acidified
Ž y1 .10 ml ml with Normapur concentrated nitric
acid, and stored at 48C until analyzed. Dissolved
As, Pb and Fe concentrations were determined by

Ž .GFAAS analytical data in Table 1 . Major ele-
ments concentrations were obtained by ionic

Ž .chromatography Dionex FX-100 on non-
acidified sub-samples.

3. Results

3.1. Bulk characterization

The bulk material mineralogy was quartz,
feldspar, illite, chlorite, biotite, muscovite, pyrite,
arsenopyrite and galena. Organic matter content
was 0.25% for the two samples and the pH values

Ž . Ž .were as low as 2.5 S20 and 3.0 S50 . Textural
analysis showed that S50 and S20 contained 7 and

Ž .10.8% fine silt 2]20 mm , respectively. Both sam-
Ž .ples had a low clay fraction 3.3]3.6% . The total

sulfur concentration was found to be lower in S20
Ž y1 . Ž y1 .81 mmol kg than in S50 106 mmol kg .

3.2. Grain size fractionation of Pb and As

Bulk concentrations reached 2.9]5.8 wt.% Fe,
Ž .4]7.8 wt.% As and almost 1.5 wt.% Pb Table 2 .

The clay fraction contained the highest As and Fe
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Table 2
Ž .Average Pb, As and Fe concentrations 2 sub-samples

measured in bulk material and fine granulometric fractions

Sample Pb As Fe
y1 y1 y1Ž . Ž . Ž .mg kg mg kg mg kg

Ž .S50 bulk 14 600 41 150 29 660
2-S50-20 mm 55 650 123 710 84 460
S50-2 mm 25 110 183 140 138 610

Ž .S20 bulk 14 910 78 150 58 230
2-S20-20 mm 30 010 107 380 88 980
S20-2 mm 6 120 290 970 151 100

concentration, whereas Pb was mainly bound to
the silt fraction. Arsenic and Fe were distributed
following the order clay)silt )bulk, whereas Pb
fractionation showed a decreasing concentration

Ž .order following silt )clay)bulk S50 , or silt )
Ž .bulk)clay S20 . Considering the fractions wt.%

Žw x w xconcentration in the fraction = fraction % r
w x.bulk concentration , clay fractions contained
1.5]6% of the total Pb, 13.5]14.5% As, 9]15%
Fe, and the fine silt fractions contained 21]27%
Pb, 14]21% As, 16]20% Fe.

3.3. Characterization of As- and Pb-bearing minerals

Scanning electron microscopy showed that
heavy elements are present in some omnipresent

Ž .small flake-shaped aggregates Fig. 1a which con-
tain Fe, As and Pb as shown on the EDS spectra
Ž .Fig. 1b . Minerals containing only Fe and As
generally had a tabular appearance. The X-ray

Ž .powder diffraction Fig. 2 identified the presence
Ž .of scorodite FeAsO ? 2H O and beudantite4 2

w Ž .Ž .Ž . xPbFe AsO SO OH . Although none of the3 4 4 6
XRD patterns indicated other bearing mineral in
these samples, this could be due to the detection
limits and we could not confirm here that such
minerals were not present in small quantities. A

˚Ž .weak peak 9.96 A was also observed in sample
S20, indicating that illite was present in this sam-
ple.

Plotting As, Fe and Pb concentrations from
Ž .Table 2 in a ternary diagram Fig. 3a showed that

most analyses are distributed on the AsrFes1:1

line, close to the Pbs0 pole, indicating the pre-
dominance of 1:1 Fe arsenates. The EMPA data
Ž .Fig. 3b,c also indicate that scorodite and beu-
dantite are the major bearing minerals, but some
of the plots seem to show that another Pb-phase
was not identified in the XRD patterns. In the
same way, location of the plots in Fig. 3a suggests
that scorodite and beudantite were not the only
mixing poles. In particular, plots for the -2-mm
fraction of sample S20 display an As enrichment,
indicating the presence of a third As-bearing
phase which was not detected by XRD analysis.

3.4. As and Pb release

Measurements of the solution pH after 24-h
Žshaking with deionized water removed and

.changed every 24 h, initial pH 5.3 exhibit an
Ž .increasing pH trend for the two samples Fig. 4 .

Very small amounts of metals were dissolved.
Compared to the initial bulk concentrations,
0.04% As and 0.01% Fe were removed in solu-
tion. Dissolved As exhibited a minimum at pH

Ž y43.6]3.7 for the two samples 8=10 and 3=
y3 y1 .10 mmol l for S50 and S20, respectively and

the final concentrations were approximately 2=
10y3 mmol ly1 after seven shaking steps. Lead
appeared to be much more soluble, with total
dissolved % reaching 5% of the total sample
content. Dissolved Pb concentrations decreased
sharply from 6.0]7.8=10y2 mmol ly1 to 7.5]4.5

y3 y1 Ž .=10 mmol l S20]S50 at the end of the
experiment. Other dissolved species were mainly
Na, K, NH , NO , Cl, and SO , which was by far4 3 4
the most concentrated. All the concentrations
rapidly decreased with increasing leaching. A
strong relationship was noted between dissolved

Ž w x w xSO and Pb log SO s0.63"0.01 log Pb y1.004 4
2 ."0.04; R s0.95"0.02 , and a good negative

correlation was also found when plotting Pb con-
Ž .centrations vs. pH Fig. 4 . However, it is clear

that such correlations were not obtained from a
standard solubility experiment and that we did
not expect to provide a solubility product from
the above relationship.
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Ž . Ž .Fig. 1. a: SEM backscattered electron of the -20-mm fraction S50 showing quartz grain surrounded by high-contrast white
flakes. b: EDS spectra indicating the As]Fe]Pb composition of the white flakes.

4. Discussion

4.1. As]Pb-bearing phases

Our results clearly show that sulfides were
largely oxidized in the two studied samples, with
the result that S molar concentrations are highly
depleted compared to As and Pb. Two main As
and Pb secondary phases were identified, which
are consistent with a sulfide oxidation model.
Arsenopyrite oxidation may result in dissolved

Ž Ž ..arsenate and ferric iron release Eq. 1 , or
Ž .scorodite precipitation according to Eq. 2 as

Ž .suggested by Dove and Rimstidt 1985 . The com-
bination of As, Fe and Pb released by oxidation

Ž Ž . Ž ..of both arsenopyrite and galena Eqs. 1 and 3
Ž Ž ..results in the formation of beudantite Eq. 4 .

7FeAsSq O qH O«2 22

Fe3qqSO2yqH AsOy
4 2 4

Ž .1
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Ž .Fig. 2. XRD patterns of the -2 mm and -20 mm fractions S50 and S20 . Abbreviations: B, beudantite, S, scorodite, Q, quartz.

FeAsSq14Fe3qq10H O«2

14Fe2qqFeAsO ?2H OqSO2yq16Hq
4 2 4

Ž .2

q 2q y Ž .PbSqH «Pb qHS 3

Pb2qq3Fe3qqSO2yqH AsOyq6H O«4 2 4 2

Ž .Ž .Ž . qPbFe AsO SO OH q8H63 4 4

Ž .4

Although scorodite and beudantite were identi-

fied by direct determination, some of the As- and
Pb-bearing phases were not seen using XRD,
SEM observation or microprobe analyses. This is
particularly clear for As in sub-samples S20-

Ž .2 mm Fig. 3 . Many Fe]As associations may
occur in this kind of environment, ranging from
As-rich Fe oxyhydroxides to well crystallized Fe

Ž .arsenate such as those listed by Voigt et al. 1996 .
Most of these Fe arsenates have a FerAs molar
ratio higher than 1:1, except for kaatialaite
w Ž . xFe H AsO ? 5H O for which FerAss1:3.2 4 3 2

However, if it were present in sufficient quantities
to explain the position of plots for S20-2 mm in
Fig. 3, kaatialaite would have been clearly seen

Fig. 3. a: Ternary diagram for As, Fe and Pb total concentrations measured in the bulk material, -2-mm and -20-mm fractions
Ž .duplicated analyses are plotted . Legend: squares, bulk material; circles, 2]20-mm fraction; triangle, -2 mm. Symbols in black for
sample S50 and in white for S20. b,c: Microprobe analyses of the As]Pb-bearing phases. Abbreviations: Scor., scorodite; Beud.,
beudantite.
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Fig. 4. Dissolved Pb, SO , As and pH measured vs. time. Water was removed and changed after each sampling.4

Žon the XRD patterns the main diffraction peaks
˚at 9.91, 8.35 and 7.72 A do not overlap with other

.mineral patterns . As a consequence, we do not
believe that other Fe arsenates in addition to
scorodite occur in this material. The organic mat-

Ž .ter O.M. content in our samples was also too
low to consider that As'O.M. complexes could
explain the As enrichment seen in fraction -2

Ž .mm S20 . As it is generally admitted that the -2
mm fraction contains more clay minerals than
others fractions, we suspect that As could be at
least partially sorbed onto clay particles. This
assumption is strongly supported by the fact that
illite was effectively found in sample S20, and that
illite edges possess positive charges, conferring to
this mineral a strong ability to adsorb arsenic
anions.

It was also found that beudantite is the main
and not the only secondary Pb-bearing mineral.
Indeed, Pb was the main dissolved metal found
during size fractionation, and comparing
As]Fe]Pb and S removal in some ternary dia-

Ž .grams Fig. 5 strongly suggests another Pb-pole
than beudantite. It also appeared in the
As]Fe]Pb diagram that dissolved concentrations
were not consistent with a mixing model between
the identified minerals and the undetermined
Pb-pole. If any dissolution of beudantite oc-
curred, we can presume that Fe did not remain in
solution and was rapidly precipitated as Fe oxyhy-
droxides, which could explain the fact that beu-
dantite does not appear as a mixing pole in this

Ž .diagram Fig. 5a . Fig. 4 and the Fe]S]Pb dia-
Ž .gram Fig. 5b suggest the dissolution of some
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Fig. 5. a,b: Ternary diagrams for dissolved concentrations. Abbreviations: Scor., scorodite; Beud., beudantite; Angl., anglesite,
PbSO . Black stars and white triangles for S20 and S50, respectively.4

Pb-sulfates when the pH increases. These sulfates
Ž .could be anglesite PbSO or many other4

wmore or less crystallized hydroxysulfates e.g.
Ž .Ž . xPb OH SO . Nevertheless, these minerals4 0.5

constitute minor Pb-bearing phases compared to
beudantite.

4.2. Stability of identified minerals

Scorodite is commonly found in association with
As-bearing ore deposits as a weathering product
and is known to be stable under oxidizing condi-

Ž .tions in an acidic environment Vink, 1996 . Its
solubility has been investigated and discussed by

Žseveral authors Dove and Rimstidt, 1985; Robins,
1987; Nordstrom and Parks, 1987; Krause and

.Ettel, 1988 . Scorodite is metastable above pH 1.5
and its dissolution is congruent below pH 2.4,
whereas it exhibits incongruency for higher pH
values, resulting in iron hydroxide precipitation.

Ž .The reported solubility products Ksp vary con-
siderably from one author to another, from Ksp

y21.7 Ž .s10 Dove and Rimstidt, 1985 to Ksps
y24.4 Ž .10 Krause and Ettel, 1988 . Scorodite solu-

bility was shown to be strongly dependent on pH
with a minimum at 6.7 10y4 mmol ly1 at approxi-

Žmately pH 4.0 i.e. equal to the As concentration
limit for French and US drinking water stan-

.dards , and sharply increases for lower and higher
Ž .pH values Krause and Ettel, 1988 . Our results

are quite consistent with these previous studies.
The lowest As dissolved concentrations were ob-

Ž .tained at pH 3.6]3.7 Fig. 4 and dissolution

increases above this value as shown for sample
ŽS50 the trend of the curve suggests that it could

also be expected for S20 if the experiment had
.been pursued further . The total dissolved As was

very low compared to the total amount contained
in the material, but As concentrations were higher
than drinking standards whatever the pH. These
results imply that scorodite is not a relevant can-
didate for As on-site immobilization because of
the high As concentrations at equilibrium and the
high pH-dependence for its stability.

Several studies have already investigated the
Žstructure of beudantite e.g. Szymanski, 1988;

.Giuseppetti and Tadini, 1989 , but parameters
such as solubility are not available. Beudantite is
structurally very close to the jarosite group for

Ž . Ž .which the general formula is AFe SO OH3 4 2 6
Žwhere A may be K, Na, NH , H O, Ag, Pb, Ca,4 3

.Sr or Ba . Anionic substitutions may occur in
these minerals resulting in the replacement of

Ž .3y Ž .3ysome sulfate groups by AsO or PO , and4 4
it has been shown that there is very little change
in the unit-cell parameters upon replacement of a
sulfate group by an arsenate in the jarosite struc-

Ž .ture Jambor and Dutrizac, 1983 . Some solid
solutions have also been reported between K-

w Ž . Ž . xjarosite, plumbojarosite Pb Fe SO OH0.5 3 4 2 6
Ž .and beudantite Sanchez et al., 1996 .`

Ž .The solubility product Ksp of a given mineral
is theoretically related to the Gibbs free energy of
the dissolution reaction, following Ksp s

Ž .exp yDG 8rRT . Because the beudantite Gibbsr
free energy of formation has also not yet been
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determined, an approximation of its value was
obtained using the Gibbs free energy of forma-

Ž .tion proposed by Kashkay et al. 1975 for Pb-
Ž .jarosite Table 3 , assuming an equilibrium state

between beudantite and Pb-jarosite, i.e. assuming
Ž .that DG 8 beudantite could be expressed as inf

Ž .Eq. 5 :

Ž . Ž .DG 8 beudantite sDG 8 Pb- jarositef f

Ž 2y .yDG 8 SO q0.5DG 8f 4 f

Ž 2q . Ž y.Pb qDG 8 H AsOf 2 4

Ž .5

This approach provides a relatively low solubility
y15 Ž .product of 10 DG 8 beudantite sy727.5 kcalf

moly1. The same type of estimation was per-
formed using the DG 8 obtained by Baron andf

Ž .Palmer 1996 for K-jarosite, and provided a sig-
nificantly different value for the beudantite solu-

Ž y21.bility product Ksps10 , which might make
this estimation method questionable. However,
we believe that the Ksp obtained from the Pb-
jarosite data is the most reliable value because of
the high structural and chemical similarity
between beudantite and Pb-jarosite.

Assuming that beudantite dissolves congruently
Žin the pH range 2]4.5, the stability diagram Fig.

.6 was developed using concentration data from
Ž .Neel et al. submitted . It is clear from this dia-´

gram that Pb concentrations should remain below
Ž y7the drinking water standard for Pb 2.4=10

y1 . Ž y15.mol l from pH 2.2 to 4.5 Ksps10 or for

Table 3
Selected thermodynamic data

Species DG 8 Referencesf,298
y1Ž .kcal mol

aPb-jarosite y722.5
bK-jarosite y795.6

2q cPb y5.83
y cH AsO y1802 4

cH O y56.72
2y cSO y177.94

q cK y67.5

a Kashkay et al., 1975.
b Baron and Palmer, 1996.
c Wagman et al., 1982.

Fig. 6. Stability diagram for beudantite with Ksps10y15 and
Ksps10y21. Ionic activities were taken to be 1.8=10y6 mol
ly1 for Fe3q, 5.2=10y3 mol ly1 for SO2y and 1.3=10y6

4
mol ly1 for H AsOy.2 4

Ž y21.the full pH range Ksps10 . However, Pb
concentrations obtained when leaching solids with
deionized water were very high, and remained
5]30 times greater than drinking water standards
when leached concentrations were the lowest. We
suspect that this Pb release is due to the presence
of metastable Pb-sulfates that may be considered
as the first oxidation products of galena. As an
example, if Ksps10y15 for beudantite, anglesite
Ž y7.7.Ksps10 should be the Pb solubility limiting
phase for pH-2.0, corresponding to the high
acidic conditions induced by sulfide oxidation. As
acidity rapidly decreases after oxidation because
of various natural buffering salts, such sulfates
become unstable and may combine with Fe and
arsenates to form beudantite.

5. Conclusions

The particle size fractionation by sedimenta-
tion in deionized water was very efficient in pre-
concentrating the As- and Pb-bearing phases. The
highest concentrations were measured in the frac-
tion-2 mm for As and in the fraction 2]20 mm
for Pb. Although minor amounts of metals were
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dissolved during the fractionation in water, these
dissolutions provide information on behavior of
the bearing phases when submitted to high leach-
ing. For these special leaching conditions, in which

Ž .the solidrsolution ratio 1:20 is very low com-
pared to the natural conditions occurring on the
site, all the Pb and As concentrations were largely
above the French and US drinking water stan-
dards of 6.7=10y7 and 2.4=10y7 mol ly1 for As
and Pb, respectively.

Two main secondary minerals were found in
these As]Pb-rich mine tailings. Arsenic is mainly

Ž .in the form of scorodite FeAsO ?2H O , and4 2
w Ž .Ž .Ž . xbeudantite PbFe SO AsO OH is the main3 4 4 6

Pb-bearing mineral. The formation of sulfates
Ž .such as anglesite PbSO as metastable primary4

products of galena oxidation is also strongly indi-
cated by our results, although these minerals were

Žnot identified by direct determination i.e. XRD,
.EMPA and SEM .

Scorodite and beudantite are the solubility-
limiting phases of As and Pb, respectively. In
accordance with previous studies on scorodite
solubility, we found out that scorodite is not a
relevant candidate for As in situ immobilization
in polluted soil, due to the high pH dependence
of its solubility and to high As concentrations at
equilibrium. On the other hand, and despite a
lack of knowledge concerning its solubility, our
thermodynamic estimation reveals that the pre-
cipitation of beudantite should maintain low dis-
solved Pb concentrations. However, this conclu-
sion has to be moderated because minor amounts
of Pb are also included in much more soluble

Ž .species sulfates resulting in potentially high Pb
release in percolating water. An accurate de-
termination of the beudantite solubility is also
needed to improve the Pb risk assessment on this
site.
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