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a b s t r a c t

Arsenopyrite-rich wastes from abandoned tungsten and tin exploitations were studied to determine
the composition and characteristics of the secondary phases formed under natural weathering condi-
tions so as to assess their potential environmental risk. Representative weathered arsenopyrite-bearing
rock wastes collected from the mine dumps were analysed using the following techniques: X-ray pow-
der diffraction (XRD) analysis, polarizing microscopy analysis, electron microprobe analysis (EMPA) and
microRaman and Mössbauer spectroscopies. Scorodite, pharmacosiderite and amorphous ferric arsen-
ates (AFA) with Fe/As molar ratios in the range 1.2–2.5 were identified as secondary arsenic products. The
former showed to be the most abundant and present in the different studied mining areas. Its chemical
composition showed to vary in function of the original surrounding rock mineralogy in such a way that
ine wastes

econdary or weathering products
nvironmental risk assessment

phosphoscorodite was found as the mineral variety present in apatite-containing geoenvirons. Other
ever-present weathering phases were goethite and hydrous ferric oxides (HFO), displaying, respectively,
As retained amounts about 1 and 20% (expressed as As2O5). The low solubility of scorodite, the relatively
low content of AFA and the formation of compounds of variable charge, mostly of amorphous nature, with
high capacity to adsorb As attenuate importantly the dispersion of this element into the environment

beari
from these arsenopyrite-

. Introduction

Arsenic is currently regarded as one of the most toxic inor-
anic pollutants, being responsible for severe environmental and
ealth impacts. Contamination with As is a global concern due to

ts worldwide distribution. In nature As occurs as a constituent of
ifferent minerals, but its release has been promoted by anthro-
ogenic activities such as mining. More than 300 As minerals
re known, with approximately 60% being arsenates, 20% sul-
hides and sulphosalts and the remaining 20% including arsenides,
rsenites, oxides and elemental As [1,2]. Sulphide deposits are
he main mineral source of As, in which this element can be

resent in high concentrations. Particularly, arsenopyrite (FeAsS)

s the most common As-bearing mineral, being found in a range
f ore deposits. Thus, arsenopyrite is the ubiquitous As-bearing
ineral in a variety of hydrothermal environments, from high-

∗ Corresponding author. Tel.: +34 923219606; fax: +34 923219609.
E-mail address: esther.alvarez@irnasa.csic.es (E. Álvarez-Ayuso).

304-3894/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2010.11.033
ng wastes.
© 2010 Elsevier B.V. All rights reserved.

temperature magmatic-hydrothermal porphyry-style Sn–W and
Cu(±Au) deposits to mesothermal polymetallic Cu–Pb–Zn–Ag and
gold deposits [3]. These deposits have been extensively exploited
for the economic ore minerals, inducing a wide legacy of As in mine
spoils.

Arsenopyrite is stable under reducing conditions, and mine tail-
ings containing arsenopyrite should be chemically stable during
long-term storage provided they are kept water-saturated and
moderately reduced [4]. Conversely, under oxidising conditions the
mobilisation and migration of As into the environment can take
place. All over the world, there are many historic derelict mines that
have generated a large amount of arsenopyrite-bearing waste rocks
and tailings. These wastes have been poorly managed, allowing oxi-
dation processes to occur. Arsenopyrite can be easily oxidised by
both O2 and Fe3+, this process being promoted by micro-organisms,

especially by acidophilic Fe- and S-oxidising bacteria [5].

Secondary As compounds such as scorodite (FeAsO4·2H2O),
pharmacosiderite (KFe4(AsO4)3(OH)4·6-7H2O), arsenolite (As2O3),
arseniosiderite (Ca2Fe3(AsO4)3O2·3H2O) and amorphous ferric
arsenate-(sulphate) have been reported as the most common prod-

dx.doi.org/10.1016/j.jhazmat.2010.11.033
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:esther.alvarez@irnasa.csic.es
dx.doi.org/10.1016/j.jhazmat.2010.11.033
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Fig. 1. Localisation of the Barruecopardo and T

cts of arsenopyrite weathering in natural environments, together
ith other secondary compounds such as goethite (FeO(OH)),

errihydrite (Fe2O3·0.5H2O) or amorphous hydrous ferric oxides
HFO) [6–11]. The genesis of these secondary products is depen-
ent on the original ore mineralogy and on the processes that
ave occurred during their formation (mainly redox and pH
hanges) [2]. The release of As from mine wastes is controlled
y precipitation–dissolution and adsorption–desorption reactions

nvolving the secondary compounds generated during the weath-
ring of arsenopyrite [12]. Therefore, their identification and
haracterisation are crucial for the risk assessment and environ-
ental control of the historic arsenopyrite-bearing mine spoils.
hereas many works studying wastes from gold mining areas

ave been performed [4,7,8,11,13–17], only some efforts have been
evoted to study wastes from tungsten- and tin-mining districts
18–20].

The aim of this work is to study the mine wastes from abandoned
ungsten and tin exploitations in order to identify and characterise
he secondary products generated from arsenopyrite weathering
nd to assess the potential environmental risk of such wastes.

. Materials and methods

.1. Study areas

Two abandoned mine exploitations were considered in this
tudy, the Barruecopardo and Terrubias mines, located, respec-
ively, in the north-west and centre of the Salamanca province,
pain (Fig. 1). The Barruecopardo mine corresponds to the most
mportant tungsten deposit in Spain, exploited extensively from
912 to 1983. This is constituted by subvertical quartz veins dis-
osed in parallel intragranitic bands. The main minerals present

re scheelite (CaWO4) and wolframite ((Fe,Mn)WO4), which consti-
ute the ore, and arsenopyrite, pyrite (FeS2), chalcopyrite (CuFeS2)
nd ilmenite (FeTiO3) as primary minerals. These minerals appear
n the veins and on the borders of granite in which apatite
Ca10(PO4)6(OH,F,Cl,Br)2) appears as an accessory mineral [21].
as mines and geologic outcrops in these areas.

The Terrubias mine corresponds to a tungsten- and tin-rich
deposit worked intermittently during the last century, and whose
exploitation ceased more than three decades ago. Two Sn–W min-
eralisation types are present in this mining area: stratiform, in
calcosilicate bands, and in subvertical veins of NNE-NE and N100-
130E directions, cutting the scheelite-rich calcosilicate bands. The
paragenesis of these veins is dominated by quartz, mica, tour-
maline, wolframite, scheelite, cassiterite (SnO2) and arsenopyrite
[22].

2.2. Characterisation of weathered arsenopyrite-bearing wastes

About 25 samples of weathered arsenopyrite were collected
from the Barruecopardo and Terrubias mining areas. All these sam-
ples were surface samples. In the studied mining areas wastes
were dispersed on surface or accumulated in very small dumps
where the existence of weathering profiles was not observed.
The weathering products show yellow-greenish colours, gradu-
ating towards orange-reddish tonalities in the sample borders,
where these display numerous holes (Figs. 2a and 3a). Such
weathered arsenopyrite samples were studied by X-ray powder
diffraction (XRD) analysis, polarizing microscopy analysis, elec-
tron microprobe analysis (EMPA) and microRaman and Mössbauer
spectroscopies. X-ray diffraction analyses were performed on a D8
Advance Bruker diffractometer equipped with a diffracted-beam
graphite monochromator, using the CuK� radiation (�K� = 1.54 Å).
Solids were scanned as unoriented powder samples from 4◦ to 60◦

2� with a 0.04 2� step and a 1 s per step counting time. The anal-
yses by polarizing microscopy were carried out on polished thin
sections using a Leica DMLP microscope in both transmitted and
reflected light. Electron microprobe analyses for chemical analyses
and for electron backscatter images were conducted on carbon-

coated polished thin sections in wavelength-dispersive mode using
a JEOL Superprobe JXA-8900M electron probe microanalyser. The
analysed elements were Al, Mn, P, Ba, As, Si, Fe, S, K, Cu, Pb, Ca
and Zn. Operating conditions were an accelerating voltage of 15 kV
and a beam current of 2 nA with a spot size of 1–5 �m and spot
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Fig. 2. Images of the arsenopyrite weathering products from Barruecopardo mine wastes: (a) Hand sample of arsenopyrite, (b) Microscopic image in polarizing transmitted
l pic im
p rodite
g age of
c Q: qu

a
t
s
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S
a
t
e
w
t
r
w
c
5

S
w

ight of scorodite on the borders, in veins and inside of arsenopyrite, (c) Microsco
olarizing transmitted light of red-blackish phases occurring on the borders of sco
rey tonalities towards the crystal cores (detail of c) and (f) Electron backscatter im
ores (WP: weathering products, Sc: scorodite, Apy: arsenopyrite, Gth: goethite and

nalysis and background collection times of 10 and 5 s, respec-
ively. Calibration was carried out using the following standards:
illimanite for Al, almandine for Fe, pyrolusite for Mn, apatite for
, witherite for Ba, gallium arsenide for As, albite for Si, galena for
and Pb, microcline for K, chalcopyrite for Cu, kaersutite for Ca

nd gahnite for Zn. The microRaman spectra of polished thin sec-
ions of samples were recorded with a Via Renishaw spectrometer
quipped with a Charge Coupled Device (CCD) detector. Samples
ere excited with a 784 nm laser operating at 25 mW. A 50× objec-

ive lens was employed to focus the laser beam. The overall spectral
esolution was 2 cm−1. The Mössbauer spectra of powder samples

ere recorded at room temperature in transmission mode on a

onstant acceleration Mössbauer spectrometer equipped with a
7Co-Rh matrix source. �-Fe foil was used for velocity calibration.
pectra were fitted using the Mössbauer fitting program NORMOS
ritten by R.A. Brand.
age in polarizing transmitted light of scorodite crystals, (d) Microscopic image in
, (e) Electron backscatter image of zoned crystals of scorodite, showing intensified
colloform scorodite with zonation, showing intensified grey tonalities towards the
artz).

2.3. Environmental risk assessment of the arsenopyrite-bearing
mine wastes

In order to more accurately assess the environmental risks that
may entail the mine wastes present in the Barruecopardo and Ter-
rubias mining areas, these wastes were subjected to the subsequent
determinations: pH, net neutralisation potential (NNP), toxicity and
bioavailable content of As and other toxic elements (Cu, Pb, Zn
and Cd). pH was analysed potentiometrically in a paste saturated
with water. NNP was evaluated following the method of Sobek
et al. [23] as a measure of the difference between the neutralis-

ing potential (NP) and the acid potential (AP). Accordingly, AP was
derived by calculating the theoretical quantity of acid that could
be produced if the total S content of wastes is converted to sul-
phuric acid, and expressing this quantity in kg of CaCO3 required
to neutralise the acidity produced from 1 t of waste material (AP
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Fig. 3. Images of the arsenopyrite weathering products from Terrubias mine wastes: (a) Hand sample of arsenopyrite, (b) Microscopic image in polarizing transmitted light of
s ic ima
g ring p
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ferulitic scorodite (Sc1) and microcrystalline massive scorodite (Sc2), (c) Microscop
oethite and HFO), (d) Microscopic image in polarizing transmitted light of weathe
lectron backscatter image of colloform scorodite and (f) Electron backscatter ima
oethite and Q: quartz).

kg CaCO3 t−1) = 31.25 wt.% S), and NP was determined by neutral-
sing finely ground waste samples with 0.1 M HCl at 90 ◦C, and
xpressing the corresponding results in kg CaCO3 t−1. Toxicity was
stablished according to the TCLP test method. Thus, waste sam-
les underwent an agitation period of 18 h with buffered acetic
cid (pH 4.93 ± 0.05) on a vertical rotary shaker (30 rpm), using
liquid/solid (L/S) ratio of 20 L kg−1. The bioavailable content of
s was extracted according to the method of Wenzel et al. [24]
y subjecting waste samples to an agitation period of 16 h with
.05 M (NH4)2SO4, using a L/S ratio of 25 L kg−1. The bioavailable
ontent of the other toxic elements (occurring as cationic species)

as determined following an EDTA extraction procedure [25] in
hich waste samples underwent an agitation period of 1 h with
M CH3COONH4 + 0.02 M EDTA, employing a L/S ratio of 10 L kg−1.
he extracts resulting from these three extraction processes were
nalysed for As and/or Cu, Pb, Zn and Cd by inductively coupled
ge in polarizing transmitted light of weathering products of arsenopyrite (scorodite,
roducts of arsenopyrite, showing orange-reddish phases corresponding to AFA, (e)
AFA (detail of d) (WP: weathering products, Sc: scorodite, Apy: arsenopyrite, Gth:

plasma-atomic emission spectrometry (ICP-AES) using a Varian
720-ES unit.

Additionally, in order to obtain more information on the envi-
ronmental impact of these mine wastes the water quality of the
nearby ponds was also evaluated, determining their pH, Eh and
concentrations of sulphate, As and other toxic elements (Cu, Pb,
Zn and Cd). The concentrations of such species were analysed by
ICP-AES.

3. Results and discussion

3.1. Characterisation of weathered arsenopyrite-bearing wastes

from the Barruecopardo mine

3.1.1. X-ray diffraction analyses
XRD analyses were performed on the bulk samples collected

from the Barruecopardo mine waste rock dumps and on the yellow-
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ig. 4. XRD patterns of the yellow-greenish and orange-reddish phases occurring
reenish phases (Barruecopardo), b: orange-reddish phases (Barruecopardo), c: yell
c: scorodite, Fd: K-feldspar, Apy: arsenopyrite, Ph: pharmacosiderite, Gth: goethit

reenish and orange-reddish phases distinguished on them. Bulk
amples showed scorodite, pharmacosiderite and goethite as sec-
ndary minerals, and the presence of primary minerals such as
uartz, muscovite, K-feldspar and arsenopyrite, which are known
onstituents of the ore gangue and surrounding rocks. The XRD
nalyses carried out specifically on the yellow-greenish phases
evealed that these are mainly composed of scorodite; the presence
f the primary minerals muscovite, K-feldspar and arsenopyrite
as also detected (Fig. 4a). Pharmacosiderite and goethite were

ound as the main secondary minerals composing the orange-
eddish phases, with scorodite only present in minor amounts;
he presence of the primary mineral K-feldspar was also detected
Fig. 4b).

.1.2. Polarizing microscopy analysis
Microscopically different modes of occurrence of arsenopyrite

an be distinguished. Thus, arsenopyrite appears as unweathered
diomorphic crystals, in slightly weathered crystals and in highly
o completely weathered crystals, mostly keeping their original

orphology. Two kinds of arsenopyrite weathering products are
bserved: scorodite and red-blackish phases. Scorodite is the most
bundant oxidation product. This occurs on the arsenopyrite crys-
al borders, along small cracks, inside of arsenopyrite (Fig. 2b)
nd following the crystallographic planes. On occasions scorodite
ompletely replaces arsenopyrite crystals, pseudomorphing them.
ore usual is the presence of corroded relicts of arsenopyrite inside

corodite. This mineral is present in different textures: microcrys-
alline massive, spherulitic and colloform, and in prismatic crystals
f varying sizes (from �m to tens of �m) (Fig. 2c). The red-blackish

hases occur bordering the scorodite. These could correspond to
FO and goethite (Fig. 2d), but no clear identification of them could
e established due to the product mixture and to the low crys-
allinity and relatively low content of goethite, as reflected by the
orresponding XRD pattern.
weathered waste rocks from the Barruecopardo and Terrubias mines (a: yellow-
eenish phases (Terrubias) and d: orange-reddish phases (Terrubias); M: muscovite,
dravite and Q: quartz).

3.1.3. Electron microprobe analysis
A total of 95 chemical analyses were performed by EMPA on

the observed arsenopyrite weathering products (scorodite (80) and
red-blackish phases (15)). The specific number of analyses per-
formed on each weathering phase is representative of the phase
abundance. These analyses are indicated in Table 1 (only analyses
given element contents for single phases were reflected, whereas
those indicating phase mixture or presence of arsenopyrite were
omitted). According to these analyses, the main general differen-
tial characteristics of scorodite are: relatively high P contents (from
0.26 to 9.01% P2O5), moderately low contents of S (up to 1.49%
SO3) and minor or trace concentrations of other elements (Al, Si
and Cu). This scorodite displays Fe/As molar ratios in the range
1.04–1.47, differing from the scorodite theoretical value (Fe/As = 1).
The frequency distribution is as follows: 13% (Fe/As = 1–1.1), 41%
(Fe/As = >1.1–1.2), 31% (Fe/As = >1.2–1.3) and 15% (Fe/As = >1.3).
Therefore, an important proportion of the analyses performed on
scorodite (>85%) shows Fe/As molar ratios increased in more than
10% compared to the ideal value. This As deficiency is explained
by the corresponding P enrichment shown by this mineral,
giving Fe/(As + P) molar ratios in the range 0.92–1.26. The fre-
quency distribution is as follows: 80% (Fe/(As + P) = >0.9–1.1), 16%
(Fe/(As + P) = >1.1–1.2) and 4% (Fe/(As + P) = >1.2). Hence, most of
the analyses performed on scorodite agrees well with the proposed
elemental constitution. This compositional characteristic denotes
that this mineral is an intermediate term between scorodite
and strengite (FePO4·2H2O), corresponding to P-rich scorodite
or phosphoscorodite (Fe(As,P)O4·2H2O). P exists in scorodite by
isomorphous substitution of PO4

3− for AsO4
3− or by simultane-
ous incorporation into the crystal lattice, and is mineralogically
expressed as a solid solution of scorodite and strengite, though
they form only a partial solid-solution series. No continuous solid
solution is produced due to the size difference between AsO4

3−

and PO4
3− [26]. The electron backscatter images also suggest such
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Table 1
Chemical analyses of the arsenopyrite weathering products in the Barruecopardo mine wastes (Scms, Scsf, Sccl and Sccry: scorodite microcrystalline massive, spherulitic,
colloform and in crystals, and R-b ph: Red-blackish phases).

Phases Fe2O3 (%) As2O5 (%) P2O5 (%) SO3 (%) Al2O5 (%) SiO2 (%) CuO (%)

Scms 35.0 44.9 4.16 n.d. 2.21 n.d. n.d.
Scms 34.9 45.0 4.34 n.d. 2.53 n.d. n.d.
Scms 35.3 43.4 4.24 n.d. 2.14 n.d. n.d.
Scms 35.6 48.1 0.26 0.76 0.17 n.d. n.d.
Scms 35.5 48.2 0.27 0.61 0.53 n.d. n.d.
Scms 36.1 49.5 0.36 0.42 0.84 n.d. n.d.
Scms 35.0 48.3 0.33 0.32 0.94 n.d. n.d.
Scms 36.6 47.0 1.33 1.15 n.d. n.d. n.d.
Scms 34.8 43.2 2.20 0.12 0.27 0.73 n.d.
Scms 35.3 45.9 1.59 0.48 0.10 0.23 n.d.
Scms 37.4 43.3 5.35 n.d. n.d. n.d. n.d.
Scms 37.3 42.8 3.53 0.87 n.d. n.d. n.d.
Scms 37.3 42.9 4.25 0.38 n.d. n.d. n.d.
Scms 35.9 48.0 1.37 0.75 n.d. n.d. n.d.
Scms 36.8 40.5 6.32 0.45 n.d. n.d. n.d.
Scms 37.4 43.4 5.28 n.d. n.d. n.d. n.d.
Scms 37.9 41.4 6.73 n.d. n.d. n.d. n.d.
Scms 33.1 39.2 8.02 n.d. 0.40 n.d. n.d.
Scms 35.0 47.0 0.88 1.25 n.d. n.d. n.d.
Scms 35.5 46.8 0.90 1.02 n.d. n.d. n.d.
Scms 36.6 42.2 5.33 n.d. n.d. n.d. n.d.
Scms 37.4 42.8 5.64 n.d. n.d. n.d. n.d.
Scsf 37.2 46.5 1.26 0.86 n.d. n.d. n.d.
Scsf 37.1 46.1 1.13 0.91 n.d. n.d. n.d.
Scsf 36.3 45.0 0.96 1.05 0.18 n.d. n.d.
Scsf 36.5 45.6 1.82 0.99 0.45 0.50 n.d.
Scsf 35.2 45.7 0.85 0.79 1.17 1.17 n.d.
Sccl 37.0 46.8 2.08 n.d. 0.16 n.d. n.d.
Sccl 37.1 45.7 1.44 0.90 0.33 n.d. n.d.
Sccl 37.5 45.7 2.02 0.51 0.20 n.d. n.d.
Sccl 36.9 47.8 0.93 n.d. 0.37 n.d. n.d.
Sccl 37.0 46.4 2.07 0.26 0.27 n.d. n.d.
Sccl 37.7 43.9 4.74 0.01 0.24 n.d. n.d.
Sccl 37.2 44.9 1.60 1.09 0.18 n.d. n.d.
Sccl 36.5 46.9 0.75 0.96 n.d. n.d. n.d.
Sccl 36.7 45.2 1.87 1.29 0.16 n.d. 0.56
Sccl 38.2 40.7 6.36 1.49 0.44 n.d. n.d.
Sccl 39.2 42.8 1.17 0.74 0.34 n.d. n.d.
Sccl 37.8 44.4 1.52 1.03 0.21 n.d. n.d.
Sccry 38.8 46.8 1.42 n.d. 0.14 n.d. n.d.
Sccry 39.0 47.3 2.29 n.d. 0.20 n.d. n.d.
Sccry 39.0 40.9 8.84 n.d. 0.13 n.d. n.d.
Sccry 37.8 42.5 7.92 n.d. 2.22 n.d. n.d.
Sccry 39.2 45.1 5.54 n.d. 0.91 n.d. n.d.
Sccry 37.4 43.0 7.02 n.d. 3.08 1.10 n.d.
Sccry 39.2 45.0 7.06 n.d. 0.66 n.d. n.d.
Sccry 41.7 40.7 9.01 n.d. 0.42 0.26 n.d.
Sccry 39.8 46.6 2.87 n.d. 0.69 n.d. n.d.
Sccry 37.4 47.4 4.59 n.d. 2.15 n.d. n.d.
Sccry 36.1 41.8 7.77 n.d. 2.57 0.12 n.d.
R-b ph 57.3 5.66 0.30 n.d. 1.86 n.d. n.d.
R-b ph 55.8 5.93 0.34 n.d. 1.89 n.d. n.d.

e
s
t
t
l
n
(
e
s
r

F
5
a

R-b ph 61.3 6.10 0.37
R-b ph 57.1 11.9 0.78
R-b ph 62.3 6.66 0.63
R-b ph 65.6 6.89 0.71

lemental composition. Thus, concentric zonation is observed in
corodite crystals (Fig. 2e), showing P enrichment from the borders
o the core (with P2O5 values from 1.42 to 9.01%). Accordingly, grey
onalities are intensified towards the crystal cores as elements with
ow atomic number (P) appear darker than those with high atomic
umber (As). Zonation is also observed in the colloform scorodite
Fig. 2f), with P2O5 contents varying from 0.75 to 6.36%. The P
nrichment shown by the scorodite developed in this mining area
hould be related to the occurrence of apatite in the surrounding

ocks of the exploited ore deposit.

The analyses performed on the red-blackish phases show
e2O3 and As2O5 contents comprised, respectively, in the ranges
5.8–65.6% and 5.66–11.9%. Such values suggest that these phases
re not composed of single goethite as their Fe2O3 content should
n.d. 2.26 n.d. n.d.
0.24 n.d. n.d. n.d.
0.68 n.d. n.d. n.d.
0.78 n.d. n.d. n.d.

be higher (theoretically close to 80%) and their As2O5 concentra-
tion should display much lower values. Different studies performed
on the As(V) adsorption capacity of goethite [27,28] have revealed
that the maximum As(V) adsorption values attained by this min-
eral are about 1% As2O5. Conversely, HFO display much elevated
As(V) adsorption capacities due to their higher number of reactive
hydroxyl groups [27,29]. The relatively high As2O5 contents shown
by these phases together with their apparent hydrous character
(as derived from the low total elemental composition) suggest the

presence of HFO as important constituents of them. It is also worth
mentioning that the P2O5 content of these weathering phases
ranges from 0.30 to 0.78%. It is well known the ability of compounds
of variable charge, as those present in such phases, to adsorb phos-
phate. This ability and the presence of apatite in the studied area
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ig. 5. Representative microRaman spectra of the arsenopyrite weathering produ
oethite (Barruecopardo), c: scorodite (Terrubias) and d: goethite (Terrubias)).

xplain such P2O5 contents. Phosphate and arsenate are chemical
nalogues with comparable dissociation constants for their acids
nd similar chemical properties, competing directly for binding
ites. Moreover, at similar concentrations phosphate outcompetes
rsenate for adsorption sites because of its smaller size and higher
harge density [30].

.1.4. MicroRaman spectroscopy
The microRaman spectra of the weathering phase identified as

corodite agree well with that of scorodite reported in literature
31–33], confirming the important occurrence of this mineral as

secondary product of arsenopyrite. The representative micro-
aman spectrum corresponding to the most crystalline scorodite
Fig. 5a) displays in the arsenate stretching region two high inten-
ity bands at 812 cm−1 (�1, symmetric stretching mode) and
t 892 cm−1 (�3, asymmetric stretching mode), characteristic of
corodite. The low wavelength region is characterised by several
ands at 338 and 388 cm−1 (�2, symmetric bending mode) and at
19, 458 and 485 cm−1 (asymmetric bending mode), also in accor-
ance to the low wavelength region of scorodite. The microRaman
pectra derived from zoned crystals of scorodite with different P
oncentrations do not reflect such compositional variations. Also
imilar vibrational positions are shown by the microRaman spec-
ra corresponding to scorodite in microcrystalline forms, although
xhibiting poor definition.
The microRaman spectra corresponding to the red-blackish
hases distinguished by polarizing microscopy show goethite as
he only crystalline secondary mineral occurring in them. Its rep-
esentative microRaman spectrum is displayed in Fig. 5b, where
he following bands are distinguishable: 249, 303, 390, 485 and
the Barruecopardo and Terrubias mine wastes (a: scorodite (Barruecopardo), b:

556 cm−1. These bands are in good agreement with the character-
istic pure goethite Raman modes reported by de Faria et al. [34].
Several microanalyses performed on these red-blackish phases give
spectra with no apparent Raman modes, indicating the amorphous
nature of some of their constituents, which could be compatible
with the presence of HFO.

3.1.5. Mössbauer spectroscopy
The Mössbauer analyses were performed on the yellow-

greenish and orange-reddish phases distinguished on the waste
rocks collected from the mine dumps. The representative Möss-
bauer spectra obtained from the analyses of these phases are
shown in Fig. 6a and b, respectively. According to Takano et al.
[35], scorodite has values of ı = 0.39 mm s−1 and QS = 0.42 mm s−1,
whereas pharmacosiderite displays values of ı = 0.36 mm s−1 and
QS = 0.68 mm s−1. The spectrum corresponding to the yellow-
greenish phases is solved assuming a single doublet fit. Its
Mössbauer parameters are ı = 0.39 mm s−1 and QS = 0.44 mm s−1,
which are in agreement with those of scorodite. The spectrum
corresponding to the orange-reddish phases is principally a dou-
blet accompanied by a weaker sextet. The Mössbauer parameters
of the main component are ı = 0.37 mm s−1 and QS = 0.57 mm s−1.
The doublet has values intermediate between those of scorodite
and pharmacosiderite, suggesting the presence of both minerals
in these phases. The sextet is related to goethite with BHF = 34T.

This value is significantly reduced when compared with the typ-
ical BHF value of goethite, which is 38T [36]. Structural defects,
like vacancies and/or isomorphic substitution, and also small
particle size are the main contributors to reduced BHF values
[37].
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.2. Characterisation of weathered arsenopyrite-bearing wastes
rom the Terrubias mine

.2.1. X-ray diffraction analyses
XRD analyses performed on the bulk samples collected from the

errubias mine waste rock dumps showed scorodite and goethite
s secondary minerals, and the presence of the primary miner-
ls quartz, dravite (a tourmaline variety) and arsenopyrite. Similar
ineralogical composition, except for the presence of goethite,
as displayed by the XRD analyses performed on the yellow-

reenish phases occurring on the weathered waste rock samples
Fig. 4c), whereas goethite was the only crystalline secondary min-
ral detected in the orange-reddish phases together with quartz as
rimary mineral (Fig. 4d).

.2.2. Polarizing microscopy analysis
Microscopically arsenopyrite appears as unweathered euhe-

ral crystals embedded in quartz, as partial or totally weathered
rystals that keep their original shape and in relicts with cor-
oded borders. Several arsenopyrite weathering products are
istinguished: scorodite, goethite, red-blackish phases and orange-
eddish phases. Scorodite is the most abundant oxidation product.
his mineral is present in different textures: microcrystalline
assive, spherulitic and colloform. The latter is very profuse,
hereas the spherulitic texture is mainly limited to zones of
igh porosity. The massive texture is also widespread, appearing
round the arsenopyrite, filling small cracks in quartz and locally
ggregating the scorodite spherulites (Fig. 3b). Goethite and the
ther red-blackish phases occur bordering the scorodite (Fig. 3c).
hese latter phases are isotropes, with numerous internal reflec-
ions. Such secondary products seem to correspond to HFO. The

range-reddish phases are very rare and generally occur embed-
ed in scorodite masses and, more rarely, in direct contact with
orroded relicts of arsenopyrite. These show a cracked appear-
nce (Fig. 3d), being consistent with amorphous ferric arsenates
AFA).
ish phases (b and d) occurring on the weathered waste rocks from the Barruecopardo
oethite (Barruecopardo), c: scorodite (Terrubias) and d: goethite (Terrubias)).

3.2.3. Electron microprobe analysis
A total of 115 chemical analyses were performed by EMPA on

the observed arsenopyrite weathering products (scorodite (78),
goethite (9), red-blackish phases (14) and orange-reddish phases
(14)). The specific number of analyses performed on each weath-
ering phase is representative of the phase abundance. These
analyses are indicated in Table 2 (only analyses given element
contents for single phases were reflected, whereas those indi-
cating phase mixture or presence of arsenopyrite were omitted).
The scorodite chemical composition varies within short ranges,
namely Fe2O3 = 34.0–37.8% and As2O5 = 46.4–51.2%, displaying
really minor or trace concentrations of other elements (S, Ba, Cu
and Al). This scorodite shows Fe/As molar ratios in the range
0.99–1.09, values very close to the theoretical value, with all the
variations accounting for less than 10% as compared to the ideal
value. The corresponding electron backscatter images reveal the
important occurrence of colloform scorodite (Fig. 3e). The chemical
composition of the orange-reddish phases is very variable, with-
out clear stoichiometry, showing Fe2O3 and As2O5 contents in the
ranges 30.7–49.1% and 25.3–42.1%, respectively. Their SO3 content
is relatively low, ranging from 0.04 to 3.84%. Occasionally some
impurities of Cu, K, Ba and, in a lesser extent, Zn and Ca are present.
The described chemical composition of these amorphous gels with
the typical mudcrack-type texture, also observed in the electron
backscatter images (Fig. 3f), confirms that these are constituted by
AFA. The presence of amorphous ferric sulphoarsenates (AISA) can
be discarded in view of their low SO3 content. The Fe/As molar ratios
of these compounds vary from 1.21 to 2.51.

The analyses carried out on goethite show Fe2O3 and As2O5
contents comprised, respectively, in the ranges 59.0–79.1% and
0.32–1.38%. The indicated As2O5 values agree well with the As(V)
adsorption capacities reported in literature for this mineral [27,28].

Significant SiO2 contents are also displayed by this mineral, from
0.56 to 9.43%, with the highest values in correspondence to the
lowest Fe2O3 contents. The chemical composition of the other red-
blackish phases displays Fe2O3 and As2O5 contents comprised,
respectively, in the ranges 50.1–63.3% and 16.4–21.7%. Such high
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Table 2
Chemical analyses of the arsenopyrite weathering products in the Terrubias mine wastes (Sc: scorodite and Gth: goethite).

Phases Fe2O3 (%) As2O5 (%) SO3 (%) Al2O3 (%) SiO2 (%) CuO (%) K2O (%) BaO (%) ZnO (%) CaO (%)

Sc 37.0 49.2 0.20 n.d. n.d. 0.16 n.d. n.d. n.d. n.d.
Sc 34.0 49.4 0.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 35.5 51.2 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 37.5 49.5 0.12 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.1 49.5 0.31 n.d. n.d. 0.12 n.d. 0.04 n.d. n.d.
Sc 35.8 49.2 0.12 n.d. n.d. 0.28 n.d. 0.09 n.d. n.d.
Sc 35.9 49.6 0.12 n.d. n.d. 0.11 n.d. n.d. n.d. n.d.
Sc 36.2 50.0 0.26 n.d. n.d. 0.23 n.d. n.d. n.d. n.d.
Sc 37.8 49.1 0.08 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.8 49.7 0.10 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 35.5 49.7 0.20 0.12 n.d. n.d. n.d. n.d. n.d. n.d.
Sc 35.1 47.1 0.34 0.20 n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.0 49.4 0.14 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 37.2 49.8 0.08 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.9 50.0 0.19 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 37.2 49.6 0.34 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.8 49.7 0.28 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.5 49.3 0.24 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.3 49.2 0.24 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 34.9 48.8 0.25 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.9 50.4 0.23 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.9 49.9 0.22 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 37.5 49.5 0.29 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.6 46.4 0.63 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 36.9 50.9 0.11 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Sc 37.0 50.0 0.16 0.12 n.d. n.d. n.d. n.d. n.d. n.d.
Sc 37.2 49.8 0.20 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFA 40.4 39.0 2.14 n.d. n.d. 0.98 0.23 0.19 n.d. n.d.
AFA 37.1 25.3 3.07 n.d. n.d. 0.33 n.d. n.d. n.d. n.d.
AFA 50.2 28.7 0.36 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFA 33.2 28.1 0.18 n.d. n.d. n.d. n.d. n.d. 0.22 n.d.
AFA 49.1 31.3 0.42 n.d. n.d. n.d. n.d. n.d. n.d. 0.10
AFA 49.0 31.2 0.40 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFA 37.3 39.1 0.04 n.d. n.d. n.d. 2.42 0.20 n.d. n.d.
AFA 36.3 37.3 2.28 n.d. n.d. n.d. 0.67 4.10 n.d. n.d.
AFA 43.5 42.1 0.33 n.d. n.d. 0.37 n.d. n.d. n.d. n.d.
AFA 43.2 41.2 0.47 n.d. n.d. 0.11 n.d. n.d. n.d. 0.10
AFA 30.7 33.7 1.47 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFA 31.1 37.0 1.27 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFA 36.4 34.2 3.84 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
AFA 39.9 35.4 3.73 n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Gth 59.0 0.38 n.d. n.d. 9.43 n.d. n.d. n.d. n.d. n.d.
Gth 65.6 0.32 n.d. n.d. 6.08 n.d. n.d. n.d. n.d. n.d.
Gth 66.2 0.73 n.d. n.d. 5.86 n.d. n.d. n.d. n.d. n.d.
Gth 75.1 0.51 n.d. n.d. 1.65 n.d. n.d. n.d. n.d. n.d.
Gth 68.3 0.70 n.d. n.d. 2.21 n.d. n.d. n.d. n.d. n.d.
Gth 77.3 0.86 n.d. n.d. 0.99 n.d. n.d. n.d. n.d. n.d.
Gth 79.1 1.38 n.d. n.d. 0.69 n.d. n.d. n.d. n.d. n.d.
Gth 74.3 0.91 n.d. n.d. 0.77 n.d. n.d. n.d. n.d. n.d.
Gth 73.2 0.92 n.d. n.d. 0.56 n.d. n.d. n.d. n.d. n.d.
HFO 62.2 18.1 1.41 n.d. n.d. 0.29 n.d. 0.13 n.d. n.d.
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n.d
1.56

A
p
g

3

m
r
t
R
t
w
T
a
c

HFO 51.7 18.7 1.80 n.d.
HFO 50.1 16.7 1.08 n.d.
HFO 61.3 21.7 0.59 n.d
HFO 63.3 16.4 0.45 n.d.

s2O5 values together with the apparent hydrous character of these
hases (as derived from the low total elemental composition) sug-
est that these are constituted by HFO on which As(V) is adsorbed.

.2.4. MicroRaman spectroscopy
Of the different weathering phases distinguished by polarizing

icroscopy (scorodite, goethite, red-blackish phases and orange-
eddish phases) the corresponding microRaman spectra confirm
he presence of scorodite and goethite. The representative micro-
aman spectrum of the analysed scorodite (Fig. 5c) displays the

ypical bands in the arsenate stretching (809 and 891 cm−1) and low
avelength (337, 385, 420, 451 and 486 cm−1) regions of scorodite.

he Raman modes reflected by the representative spectrum of the
nalysed goethite (Fig. 5d) (240, 294, 383, 479 and 552 cm−1) also
orrespond to the characteristic bands of pure goethite. The micro-
0.10 n.d. n.d. n.d. 0.20
0.11 n.d. n.d. n.d. 0.10
0.36 n.d n.d n.d 0.10
0.45 n.d. n.d. n.d. 0.10

analyses performed on the red-blackish and orange-reddish phases
give spectra with no apparent Raman modes, confirming their low-
crystalline or amorphous nature, as is the case of HFO and AFA, with
which are, respectively, compatible.

3.2.5. Mössbauer spectroscopy
The Mössbauer spectra of the yellow-greenish and orange-

reddish phases distinguished on the waste rocks collected from
the mine dumps are indicated in Fig. 6c and d, respectively. The
representative spectrum of the yellow-greenish phases is a super-

position of two doublets, one of them really weak and with a very
low contribution. The main doublet has values of ı = 0.40 mm s−1

and QS = 0.43 mm s−1, compatible with those of scorodite. The rep-
resentative spectrum of the orange-reddish phases is fitted by a
sextet with BHF = 37T, corresponding to that of goethite.
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Table 3
Environmental characterisation of the Barruecopardo and Terrubias mine wastes.

Barruecopardo Terrubias

NNP (kg CaCO3 t−1) −60 −350

pH 1.82 1.82
TCLP concentrations (mg L−1) As 3.67 12.9

Cu 0.008 0.319
Pb 0.056 0.671
Zn 0.013 0.743
Cd 0.011 0.049

Bioavailable fraction (mg kg−1)
(NH4)2SO4 procedure

As 76.4 52.1

Bioavailable fraction (mg kg−1)
EDTA procedure

Cu 0.608 12.9
Pb 33.0 65.9
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Zn 0.328 12.6
Cd <0.05 0.288

CLP limits for toxic characterisation: As (5 mg L−1), Cd (1 mg L−1) and Pb (5 mg L−1).

.3. Environmental risk assessment of the arsenopyrite-bearing
ine wastes

The environmental characterisation performed on the Barrue-
opardo and Terrubias mine wastes is reflected in Table 3. Mine
astes exhibit negative NNP. Theoretically, wastes with positive
NP values have no potential for acidification whereas wastes with
egative NNP values do, especially at levels < - 30 kg CaCO3 t−1.
ignificant lower values are displayed by concerned mine wastes,
ndicating their potential of acid generation. Accordingly, the cor-
esponding pH values are low. These pH values are also consistent
ith the occurrence and persistence of scorodite as main arsenopy-

ite weathering product. According to the TCLP test, the Terrubias
ine wastes are characterised as toxic as the regulatory limits are

reatly exceeded for As. The As leached from the Barruecopardo
ine wastes also displays a concentration close to the limit for

his characterisation. The bioavailable fraction of As as determined
y the (NH4)2SO4 extraction procedure shows important contents,
eflecting higher values for wastes from the Barruecopardo mine.
hese concentrations could imply an As transference to different
nvironmental compartments. In this regard, soil total concentra-
ions of As about 1200 and 1350 mg kg−1 have been reported in the
nvirons of the Barruecopardo and Terrubias mine dumps, respec-
ively [27]. The bioavailable fraction of the other toxic elements as
etermined by the EDTA extraction procedure displays in general
elatively low contents, especially in wastes from the Barrueco-
ardo mine, with Pb showing in both cases the highest values.

The parameters analysed to establish the water quality of the
earby ponds are indicated in Table 4. Lower pH and higher Eh val-
es as well as lower concentrations of As and other toxic elements
ere shown by the pond present in the Barruecopardo mining area.
he unexpected water characteristics found in the Terrubias min-
ng area pond could be explained taking into account that carbonate
nd calcosilicate rocks outcrop in the basin of this pond. This feature
inimises importantly the impact of mine wastes on water, raising

able 4
ater quality parameters of ponds present in the Barruecopardo and Terrubias
ining areas.

Barruecopardo Terrubias

pH 3.45 7.81
Eh (mV) 518 142
Sulphate (mg L−1) 600 185
As (mg L−1) 0.218 0.133
Cu (mg L−1) 0.444 <0.005
Pb (mg L−1) <0.05 <0.05
Zn (mg L−1) 1.86 <0.005
Cd (mg L−1) 0.009 <0.005
s Materials 186 (2011) 590–601 599

water pH and decreasing the sulphate content as well as those of
toxic elements existing as cationic species due to the formation of
insoluble compounds.

P-rich scorodite, pharmacosiderite, goethite and HFO were the
secondary products identified in the weathered arsenopyrite-rich
wastes from the Barruecopardo mine, whereas scorodite, AFA,
goethite and HFO were the weathering phases detected in wastes
from the Terrubias mine. Such specific secondary phases are
responsible for the As control in the studied mining areas.

In both of the studied mine wastes scorodite was found the most
abundant oxidation product. Its formation takes place according to
the following reaction [38]:

FeAsS + 14Fe3+ + 10H2O → 14Fe2+ + SO4
2−

+FeAsO4 · 2H2O + 16H+ (1)

Many studies have been performed studying the solubility and
stability of scorodite [38–41] and, although some discrepancy has
been found between the reported solubility products (Ks: 10−21.7

to 10−25.4), scorodite is considered to have low solubility and rel-
atively high stability under oxidising conditions. The solubility of
scorodite is minimum (<0.5 mg As L−1) at pH slightly less than 3,
from which its incongruent dissolution takes place with the con-
comitant precipitation of HFO and As release according to the
following reactions [42]:

FeAsO4 · 2H2O + H2O → H2AsO4
− + Fe(OH)3 + H+ (2)

FeAsO4 · 2H2O + H2O → HAsO4
2− + Fe(OH)3 + 2H+ (3)

The released As is adsorbed on the precipitated HFO. These pro-
cesses keep soluble As at really low levels up to pH values about
6 [39,40]. The scorodite solubility has been reported not to be
influenced by the mineral particle size [43]. Moreover, its disso-
lution kinetic has been proven to be slow, with dissolution rates
on the order of 10−10 to 10−11 mol m−2 s−1 [43,44], which explains
why scorodite persists at mine waste sites after many years of
weathering. Therefore, the prevalence of scorodite in the studied
mine wastes should limit greatly the release of As into the sur-
rounding environmental compartments, unless drastic condition
changes (mainly redox and pH changes) take place. Anyway, it must
be taken into account that phosphoscorodite is the mineral vari-
ety present in the Barruecopardo mine wastes, which could entail
a differential behaviour. Thus, although considerable lower sol-
ubility values have been reported for strengite [45], it has been
found that the presence of phosphate leads to the formation of
P-rich scorodite of somewhat reduced stability [46]. This aspect
together with the simultaneous incorporation of phosphate dur-
ing the scorodite crystal lattice formation or the latter phosphate
substitution for arsenate implies a reduced scavenger action of this
mineral in the Barruecopardo mining area.

Low solubility values have been also reported for HFO and
goethite, with Ks values of 10−37.1 and 10−44.2, respectively [47]. In
spite of the low solubility of HFO, their conversion to goethite can
occur spontaneously in acidic media (also in basic media) through
reconstructive transformation. However, high loads of As on HFO
inhibit the transformation of these to the crystalline goethite [48].
This has important environmental implications since such decom-
position proceeds with a release of As. Moreover, when goethite
dominates the stability field of scorodite is significantly smaller
than when HFO are the dominant species [44]. In this regard, the As

loads shown by the HFO present in the Barruecopardo mine wastes
are lower than those of the Terrubias mine, which may suppose a
reduced inhibition of the HFO transformation to goethite, and so
higher environmental risks. It is worth mentioning that, although
goethite was found in mine wastes from both areas, in the case of
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arruecopardo mine wastes HFO and goethite are present as a con-
inuous mixture, whereas in the Terrubias mine wastes HFO and
oethite are mainly present as differentiated phases, with goethite
nly appearing very locally.

Concerning AFA, these have been proven to display higher sol-
bilities (Ks: 10−23.0) and dissolution rates than scorodite, about
00 times higher [2,40,43,49]. AFA show low stability, dissolving

ncongruently from a lower pH value than scorodite [43]. These
ompounds are considered the precursors to scorodite formation,
eing a dissolution process suggested as the mechanism involved

n this transformation [50]. AFA were only detected in the Terrubias
ining area, showing a really restricted presence, which is consis-

ent with the mentioned characteristics and transformation. Such
onversion should limit the As dispersion into the environment.

To our knowledge, no solubility and thermodynamic data have
een determined for pharmacosiderite, so its role in the As control

n the Barruecopardo mine wastes in which this mineral appears
annot be assessed.

In general, it seems that the secondary products present in the
tudied mining areas should restrict importantly the As release
rom mine wastes provided that environmental conditions keep

ore or less stable. This aspect is especially important for scorodite
the most abundant arsenopyrite weathering product). The low pH
isplayed by mine wastes is responsible for the stability and low
olubility of this mineral, and so for the derived As immobilisa-
ion. This low pH should be also determinant for the presence and
tability of AFA. Anyway, in the case of Barruecopardo the P-rich
nvironment and the relatively reduced As load shown by the HFO
here present could enhance the As mobility and migration.

. Conclusions

The long-term weathering of arsenopyrite-rich wastes from
ungsten and tin mines, particularly from the abandoned exploita-
ions of Barruecopardo and Terrubias (Spain), has generated diverse
econdary As products, namely scorodite, pharmacosiderite and
FA with Fe/As molar ratios ranging from 1.2 to 2.5. Scorodite
as found to prevail in both studied mining areas. This mineral

ccurs in variable particle sizes and textures and with differ-
nt chemical composition depending on the original surrounding
ock mineralogy. Thus, phosphoscorodite was the mineral vari-
ty detected in apatite-containing geoenvirons, with P contents up
o 9% P2O5. Goethite and HFO were also identified as weathering
hases, showing, respectively, As loads up to 1.4 and 22% As2O5.
he characteristics and contents of all these secondary phases, i.e.
ow solubility of scorodite, low content of AFA and high capac-
ty of HFO to adsorb As, should limit importantly the As release
rom these arsenopyrite-bearing wastes. Although in the case of
astes generated from P-rich geoenvirons and where the gener-

ted HFO display relatively reduced As loads (as happens in the
arruecopardo mining area) the As mobility and migration could
e enhanced. Anyway, the environmental characterisation of these
astes reveals their toxic or hazardous character in terms of the

CLP test, the bioavailable fraction of As and the acid generation
apacity. Therefore, proper planning should be undertaken to man-
ge these wastes.
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