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ABSTRACT

The secondary products of an arsenopyrite-bearing mine waste dump were characterized in
order to ascertain their mineralogical, chemical and environmental features and to appraise
their role in the abatement of As in the environment. To this purpose, representative surface
samples of weathered sulfides (including cemented phases) and hardpan samples were
collected and studied by X-ray powder diffraction (XRD), polarized light microscopy, electron
microprobe analysis (EMPA), micro-Raman spectroscopy and digestion, extraction and leaching
methods. Scorodite, amorphous ferric arsenates (AFA), elemental sulfur, hydronium jarosite,
goethite, hematite and hydrous ferric oxides were the secondary products identified in the
mine wastes. The hardpan was mainly constituted by gangue minerals, including sulfides
(arsenopyrite and pyrite/marcasite) with different weathering degrees, cemented by cracked
yellow phases corresponding to AFA with Fe/As molar ratios of 1.14-1.85 and elemental sulfur.
These cracked compounds were also the binding agent in the other cemented phases.
Hydronium jarosite and Fe (oxyhydr)oxides were enriched in As, showing values of 0.19-3.98
and 0.81-7.49 wt.% As,Os, respectively. The As leachability and lability from hardpan and
cemented phases were not decreased as compared to those from the other weathered phases

not showing cementation in the mine waste dump.
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1. INTRODUCTION

Diverse secondary products (mostly sulfates, hydroxysulfates, (oxyhydr)oxides, arsenates and

carbonates as well as some silicates and native elements) can be generated from the oxidation



of sulfidic mine wastes depending on the mine waste composition and alteration conditions.
Besides, these can occur as discrete phases, coatings and cements or aggregates within the

wastes, occasionally giving rise to cemented layers so-called hardpans [1].

The establishment of hardpans usually requires the succession of several events; these are the
dissolution of primary minerals, the displacement of dissolved constituents, the precipitation
of secondary minerals/phases (currently in the boundary region of oxidized and reduced
zones) and the drying and subsequent cementation of this accumulation layer [1-3]. The
precipitation and accumulation of secondary products can also happen in the oxidized zone
where dissolved constituents interact with carbonates [3]. Thus, hardpans are typical of
sulfide- or carbonate-rich mine wastes with miscellaneous distribution of grain sizes [2,4,5].
Mine wastes where hardpans have been developed contain frequently pyrrhotite (FeuxS), in
accordance with the high reactivity of this sulfide [2,6,7]. At times carbonates or other
neutralizing materials are artificially incorporated at or just below the surface of mine wastes
to induce the formation of hardpans [1,8,9]. Both natural and artificial cemented layers are
known to limit pore water infiltration, to restrict oxygen diffusion and to retain toxic elements
by precipitation and adsorption processes [1,3,10-12]. However, hardpans cannot be regarded
as a definitive or unalterable sink for toxic elements since these could be remobilized under
environmental conditions which provoke their desorption or the dissolution of precipitated

minerals [13].

Different cementing agents have been identified in hardpans of sulfide mine-wastes. Those
reported more frequently include Fe (oxyhydr)oxides [2,10,14,15], jarosite (KFes3(SQO4)2(OH)s)
and Fe (oxyhydr)oxides [2,10,16], gypsum (CaS04:2H,0) and jarosite [4,10,11], and gypsum,
jarosite, and Fe (oxyhydr)oxides [4,6]. In some instances the occurrence of ferrous sulfates
such as melanterite (FeS04-7H,0) and rozenite (FeS04-4H,0) has been also detected, mainly as
pore-filling materials [6,13]. The presence in hardpan cements of As-minerals/phases such as
scorodite (FeAsQO4:2H,0), amorphous ferric arsenates (AFA) and amorphous ferric
sulfoarsenates [3,17], as either binding or pore-filling materials, is also less frequent, and

related to the substantial occurrence of arsenopyrite (FeAsS) in mine wastes.

Many researches have been dedicated to study the oxidation processes and weathering
phases of arsenopyrite [e.g., 18-28], at either laboratory or field conditions, establishing its
main dissolution pathways and conditions, and identifying its most relevant secondary As
products (mostly As oxides, Fe arsenates, Fe sulfoarsenates and sulfoarsenites, Ca and Mg
arsenates, and Zn, Pb and Cu arsenates). In any case, the occurrence and prevalence of

secondary phases and their role in the As abatement in the surrounding environment are



greatly determined by the original mineralogy of the exploited deposit and by the local or
regional climatic conditions. Thus, the study of arsenopyrite-bearing mine wastes in regions
with warm semiarid or arid climates has revealed that such circumstances favor the relatively
fast formation of hematite (a-Fe,0s) which traps tightly As, considering this immobilization
very efficient even for a long-term perspective [29]. Under more extreme climatic conditions,
as those typical of desert regions where high-temperature and low-water availability
dominate, the oxidation of sulfides hardly occurs, being the mechanical dispersion of particles
the mechanism responsible for As spreading [5]. In this regard, it has been found that the
arsenopyrite oxidation takes place to a greater extent in water than in air [20,28,30]. The ready
dissociation of oxygen on arsenopyrite surface, which leads to the prompt oxidation of Fe and
As sites, has been proposed as the oxidation mechanism of arsenopyrite in presence of water
[28]. Furthermore, its concurrency is regarded as crucial to such an extent that the inhibition of
arsenopyrite oxidation is hypothesized when humidity is removed [28]. By contrast, under
temperate climates arsenopyrite undergoes significant weathering when exposed to
atmospheric conditions. The mobility of released As is controlled by the precipitation and
dissolution of different secondary phases, with their geochemical dynamics being governed by
seasonal dry-wet cycles and local microenvironments [25,31-34]. Of secondary products, Fe
arsenates are the most common in weathered arsenopyrite-bearing mine wastes, including
both well-crystallized and amorphous phases [21]. Particularly, scorodite is the most frequent
one, having been found in many mining areas around the world [21]. It is highly stable under
acid oxidizing conditions, but dissolves incongruently from pH about 3, with the simultaneous
precipitation of Fe (oxyhydr)oxides, which act as a sink for the released As [23]. Kankite
(FesAs04:3.5H,0), although much rarer than scorodite, has been reported coexisting with
scorodite [25,35-37] or replacing it in places where moisture persists for long periods of time
(months) [34]. Amorphous Fe arsenates also appear frequently associated with these two
crystalline phases [25,26,38,39], but present much higher solubilities [23]. These compounds
are considered metastable and a precursor of scorodite [40]. This transformation takes place
quickly at pH 1 [40,41], being delayed exponentially with the rising pH [40]. In locations where
Ca is available, and pH values are slightly higher, yukonite (Ca;Fe11010(As04)s-24.3H,0) and
arseniosiderite (CazFes302(As04)3-3H,0) occur [39,42-44]. Particularly, arseniosiderite is stable
at pH values ranging from 3.5 to 7.5 when solutions are saturated with regard to soluble Ca
minerals [42], whereas yukonite is considered a nanocrystalline precursor of arseniosiderite,
showing some Ca deficiency with respect to this latter [42]. These Fe-Ca arsenates are also
commonly found together with pharmacosiderite (KFes(OH)s (AsQs)s-6-7H,0) or minerals of

the pharmacosiderite group [21,39,43,44]. Specifically, pharmacosiderite forms under moist
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neutral to alkaline environments when dissolved K and Fe/As molar ratios > 1 are present [34].
Nevertheless, at higher Fe/As molar ratios (> 2) the precipitation of Fe (oxyhydr)oxides would
be favored, which effectively scavenge the released As [21,34]. Like yukonite, minerals of the
pharmacosiderite group are considered less stable than arseniosiderite, especially at high Ca
activity values, being also transformed into it under such conditions [43,45]. Although less
frequently, Fe sulfoarsenates are also found in weathered arsenopyrite-bearing mine wastes,
especially when the presence of pyrite (FeS;) is also considerable, as their formation needs
acid conditions and relatively important concentrations of dissolved sulfate [34]. The main Fe
sulfoarsenates reported in this kind of wastes include bukovskyite (Fez(AsO4)(SO4)(OH)-7H,0)
[34,38,46,47],  zykaite  (Fes(AsO4)s(SO4)(OH)-15H,0)  [34,36,46,48] and  tooeleite
(Fes(AsO3)4(S04)(OH)4-4H,0) [39,46], together with beudantite (PbFes(AsO4)(SO4)(OH)e) [49-52]
in wastes where the presence of galena (PbS) is also significant. Of them, both bukovskyite and
zykaite require persistent damp conditions to be formed [34]. These two minerals have been
described as products of the bacterial oxidation process [46] as happens with tooeleite [46,53].
In this regard, microorganisms commonly present in the acid mine drainage (AMD) are known
to play an active role in the oxidation of Fe- and S-minerals [20]. In particular, acidophilic Fe-
oxidizing bacteria such as Acidithiobacillus ferrooxidans and Leptospirillum ferrooxidans have
been reported to greatly enhance the arsenopyrite oxidation process [18,54], with such
improvement being attributed to the oxidation of Fe(ll) to Fe(lll). In this respect, Fe(lll) has
been proven to oxidize arsenopyrite faster than dissolved oxygen in acidic media (at least one
order of magnitude faster) [19]. Moreover, under such conditions the rate of arsenopyrite
oxidation rises importantly with the growing concentration of dissolved Fe(lll) [55]. In addition
to this indirect mechanism, where microorganisms catalyze the arsenopyrite oxidation process
through the oxidant regeneration, it has been also reported the involvement of a direct
mechanism via the attachment of microorganisms to the mineral surface, which provokes
corrosion pits [18,56,57]. Although Acidithiobacillus ferrooxidans and Leptospirillum
ferrooxidans are typical of the AMD of temperate regions [58], and have focused a lot of
attention, many other different microorganisms can be present in other regions as the
dominant microbial community in the AMD is dependent on climatic conditions and
physicochemical characteristics of the local microenvironments such as pH, ionic strength and
temperature [58-61].

In spite of this amount of work and knowledge on arsenopyrite oxidation pathways, conditions

and products, the studies of mine wastes where the weathering of arsenopyrite has led to the

development of hardpans are scarce [3,17]. More research is basic in this regard to elucidate



their composition and properties and to assess their impact on the abatement of

environmental dangers.

The main objectives of this work were to establish the mineralogical, chemical and
environmental characteristics of the secondary products present in a former arsenopyrite-
bearing mine waste dump where cemented phases/layers occurred and to evaluate their role

in the attenuation of As in the environment.

2. MATERIALS AND METHODS
2.1. Study area

The former Barruecopardo mine is situated 2 km south of Barruecopardo, a village in the NW
of the province of Salamanca (Spain). This mine worked the main tungsten deposit in Spain,
mainly during the 1930-1960 and 1960-1982 periods, reaching its highest production between
1942 and 1945. Artisanal mining was performed in the first period of exploitation, whereas
mechanized systems were employed in the second one. The deposit is constituted by NNE-
SSW and subvertical quartz veins, with thickness typically between 2 and 30 cm, found in intra-
granitic bands of parallel arrangement; exceptional is the thickness of the main vein, ranging
from 1 to 5 m. The mineral association of quartz veins is mainly composed of scheelite
(CaWaQq,), arsenopyrite, wolframite ((Fe,Mn)WO,) and pyrite/marcasite (FeS,), with the two
former being the most abundant, accompanied by feldspar, mica and apatite. Mining activities
generated about several millions of tons of wastes that were accumulated in dumps around
the open pits. Nowadays, remnants of the past mining activities (ancient processing plant,
mine dumps, open pits, etc.) are still perceivable in the area. Hence, this area was chosen to
perform the study because in this location there are arsenopyrite-rich mine wastes that have
undergone more than 60 years of weathering, giving rise in some instances to hardpans

derived specifically from the alteration of this mineral.

The climate in Barruecopardo is classified as Csb by the Kdppen-Geiger system. This is a
Mediterranean climate with dry and warm summers. Particularly, Barruecopardo has a warm
temperate climate, with the winter period being much rainier than the summer period. Its
annual average temperature and rainfall are 12.2 °C and 726 mm, respectively. During the
year, the temperature generally varies within 1-30 °C, rarely decreasing below -4 °C or
increasing above 35 °C. In the warm season (from mid-June to mid-September) the average
temperature attains 20.0 °C and in the cold season (from mid-November to early March) the

average temperature is 5.4 °C. November through February is the rainiest time, with a monthly



average precipitation of 92 mm, whereas the driest months are July and August, where

precipitation drops to 10 mm.

Taking into account the great influence of climatic conditions on arsenopyrite weathering, the
characterization of mine wastes of this location should only be extended to regions with

Mediterranean climate.
2.2. Sampling

The most ancient waste dump present in the study area was considered for sampling. It was
composed of host rocks and/or hydrothermal veins fragments of very different size (from mm
to tens of cm), comprising mostly gangue minerals, including sulfides (arsenopyrite and
pyrite/marcasite), and diverse weathering products of these latter. Also an exposed hardpan
with a thickness of roughly 2 cm was present. This hardpan exhibited two zones or layers. The
upper layer was about 0.5 cm thick and showed grayish colors, whereas the bottom layer was
about 1.5 cm thick and showed greenish/yellowish colors. Approximately 30 samples were
collected from this waste dump. These comprised surface samples with sulfides showing
different weathering degrees, with some of them containing cemented phases, and hardpan
samples (Fig. 1).

2.3. Mineralogical and chemical characterization of mine wastes

Mine waste samples were analyzed by X-ray diffraction (XRD), polarized light microscopy,
electron microprobe analysis (EMPA) and micro-Raman spectroscopy to establish their

mineralogical and chemical characterization.

The analyses by XRD were carried out on unoriented powder samples employing the
monochromated Cu Ka radiation (40 kV and 30 mA) on a D8 Advance Bruker diffractometer,
and performing scans over a range of 2-3° to 65-70° 20 with a 26 step size and a counting time
per step of 0.04° and 1 s, respectively. The analyses by polarized light microscopy were
performed on polished thin sections of samples using a Nikon Eclipse E400 POL optical
microscope functioning in reflection and transmission modes. Spot chemical analyses and
electron backscatter images were obtained by EMPA. To this end carbon-coated polished thin
sections of samples were analyzed in wavelength-dispersive mode by means of a JEOL
Superprobe JXA-8900M electron probe micro-analyzer working at a beam current of 50 nA and
an accelerating voltage of 20 kV, and using a spot size of 1-5 um and peak and background
counting times of 10 s and 5 s, respectively. The analyzed elements were: Al, Si, Fe, P, As, S, K,
Na and Mn. The analyses by micro-Raman spectroscopy were performed on polished thin
sections of samples using a KOSI Holospec f/1.8i spectrometer equipped with a Nikon Eclipse

E600 microscope, a laser REO LSRP-3501 He-Ne (632.8 nm) operating at 1 mW as excitation
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source and an Andor DV420A OE CCD camera as detector. The laser beam was focused on

samples by x100 objective lens. The overall spectra resolution was 5 cm™.
2.4. Environmental characterization of mine wastes

The following parameters were determined to establish the environmental characterization of
mine wastes: pH, total As content, leachable As content, labile As content and toxicity.
Different groups of samples were subjected to this characterization. These comprised samples
containing pyrite/marcasite and their weathering products, samples containing arsenopyrite
and its weathering products, cemented phases, hardpan, upper zone of hardpan and bottom
zone of hardpan. In addition, an experimental design was established to determine the
influence of pH on As leachability from the different groups of mine wastes considered in this

study.

The pH of mine wastes was measured potentiometrically in triplicate on ground samples (<
0.250 mm) using the water-saturated paste procedure. The total As content of mine waste
samples was determined in triplicate by acid digestion of ground samples (< 0.100 mm) with
aqua regia in a Milestone Ethos Plus microwave oven operating at 190 °C for 15 min. After
digestion, As was analyzed in the resulting extracts by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) by means of a Varian 720-ES spectrometer. Standard
reference materials (SRM 2709a and SRM 2711a) were employed to assess the accuracy of the
determination method; recoveries within the range 90-110 % were obtained. The leachable As
content of mine waste samples was determined pursuing the European leaching test EN-
12457-4 [62]. Thus, crushed samples (< 10 mm) underwent in triplicate a shaking stage of 24 h
with deionized water employing a liquid:solid ratio of 10 L kg in a rotary shaker functioning at
10 rpm. After the sedimentation of suspensions, 0.45 um membrane filters were employed to
filtrate supernatants. The obtained leaching extracts were analyzed for As by ICP-AES. The
labile (soluble + non-specifically adsorbed) As content of mine waste samples was appraised
following the method of Wenzel et al. [63]. Accordingly, crushed samples were subjected in
triplicate to a shaking stage of 4 h with 0.05 M (NH4),SO.1 employing a liquid:solid ratio of 25 L
kg™ in a rotary shaker. After sedimentation and filtration, the obtained extracts were analyzed
for As by ICP-AES. Toxicity of mine wastes was established according to the TCLP (Toxicity
Characteristic Leaching Procedure) test method. Thus, crushed waste samples (< 9.5 mm)
underwent in triplicate an agitation period of 18 h with buffered acetic acid (pH 4.93 + 0.05) in
a vertical rotary shaker (30 rpm), using a liquid:solid ratio of 20 L kg™. After sedimentation and
filtration, the obtained extracts were analyzed for As by ICP-AES. The influence of pH on As

leachability from the different groups of mine wastes was studied at five pH levels (1, 2, 4, 6



and 8). For this purpose, crushed samples were subjected in triplicate to shaking periods of 18
h with aqueous buffered solutions at the indicated pH values in a rotary shaker, employing a
liquid:solid ratio of 20 L kg™. After sedimentation and filtration, the obtained leachates were

analyzed for As by ICP-AES.

3. RESULTS AND DISCUSSION
3.1. Mineralogical and chemical characterization of mine wastes

The XRD analyses (Fig. 2) revealed that the main mineral phases occurring in mine wastes were
arsenopyrite, pyrite, marcasite, quartz, muscovite and albite, as gangue minerals, scheelite and
wolframite, as ore minerals, and scorodite, hydronium jarosite ((HsO)Fes(SO4)2(OH)e), goethite
(a-FeO(OH)), hematite and elemental sulfur, as secondary minerals. In the samples of hardpan
and cemented phases mainly gangue minerals were identified, whereas only scorodite and/or

elemental sulfur were detected as secondary minerals.

Polarized light microscopy analyses in transmitted and reflected light and electron backscatter
images (Figs. 3 and 4) allowed to identify arsenopyrite, pyrite and marcasite as the sulfide
minerals present in mine wastes, with the former being the prevailing sulfide and the most
weathered of them. These minerals were present as unweathered euhedral crystals, in relicts
showing corroded borders and as entirely weathered crystals that preserved their original
shape. The observed secondary products were scorodite, goethite, hematite, jarosite-group
minerals, yellowish phases (in transmitted light) of cracked appearance, and cracked phases of
intense red color (in transmitted light). Scorodite exhibited mainly a microcrystalline texture.
The yellowish phases appeared in concentric bands showing mud-cracks. Both occurred on
arsenopyrite crystal borders and along arsenopyrite cracks. The yellowish phases also
appeared on grains of sulfides and silicate minerals, cementing them. Goethite, hematite and
cracked red phases pseudomorphically substituted for pyrite/marcasite, being frequent the
presence of relicts of these sulfides in all of them. The minerals of the jarosite group occurred
on crystal borders and along fissures of pyrite/marcasite. The minerals detected in the
hardpan layer were arsenopyrite (partially or completely altered), pyrite/marcasite and grains
of quartz, muscovite and feldspar. All of them were bound by a yellowish phase of cracked
texture. This phase was also identified as the binding material in cemented phases. The
observations in transmitted light with crossed polarizers revealed that this phase was of

amorphous nature.

A total of 121 spot chemical analyses were done by EMPA on sulfide weathering products

(Table 1). Scorodite exhibited Fe,0; (average value: 35.4 wt.%) and As,Os (average value: 47.6
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wt.%) contents very similar to its theoretical values (34.6 wt.% and 49.8 wt.%, respectively),
with only trace or undetectable amounts of the other considered elements, except for S which
showed a faintly increased level (average value: 1.0 wt.% SOs). The main major elements
present in the yellow cracked phases were Fe and As. Their Fe;03 (32.5-50.5 wt.%) and As,0s
(29.4-48.3 wt.%) contents did not exhibit a precise stoichiometry, with Fe/As molar ratios
being comprised within the range 1.14-1.85. Such composition together with their amorphous
character and their important degree of hydration suggests that these phases corresponded to
AFA. These compounds can accommodate different elements in their composition [21]. Of the
other analyzed elements, only S reached considerable values (1.4-22.1 wt.% SOs). Therefore,
these yellow cracked phases could be high-sulfur AFA known as amorphous ferric
sulfoarsenates. The Fe,03 (average value: 44.2 wt.%) and SO; (average value: 33.3 wt.%)
contents in the minerals of the jarosite group resulted in Fe/S molar ratios (average value:
1.33) lower than the theoretical value (1.5), showing a deficit in Fe. Jarosites deficient in Fe,
with Fe/S molar ratios significantly lower than that conforming to the ideal stoichiometry, are
quite common [64]. Thus, Fe/S ratios about 1.10-1.30 have been already reported [64]. The
studied jarosites were also deficient in K (average value: 0.70 wt.% K,0) and Na (average value:
0.86 wt.% Na,0) as compared to the ideal formulas of the typical jarosite (KFe3(SO4)2(OH)s) and
natrojarosite (NaFes(SO4)2(OH)e) (9.4 wt.% KO and 6.4 wt.% NayO, respectively). Such
deficiencies in K and Na together with their important degree of hydration suggest that these
mineral phases were hydronium jarosites as was revealed by XRD. On the other hand, these
minerals presented an enrichment in As (average value: 0.91 wt.% As,0s). It is well know that
jarosites are able to retain As [65,66], which can be either adsorbed on the mineral surface or
incorporated into the mineral structure substituting for sulfate [66]. A high negative
correlation (|R| = 0.93; p < 0.001) was found between their SO3; and As,Os contents, pointing
out the important contribution of this latter mechanism. In any case, the pH range in which
jarosites are stable is quite narrow (up to about pH 3) [65]. Goethite and hematite, according
to their known capacity to retain As, were also enriched in this element (average values: 2.23
and 1.32 wt. % As;Os, respectively). Additionally, other elements showed also relatively
important levels in these minerals, mainly Si (1.67 and 3.62 wt. % SiO,, respectively) and Al
(1.72 wt. % Al,Os in goethite). The cracked red phases exhibited, in general, lower Fe,0s;
contents (50.8-78.8 wt.%) than those corresponding to goethite and hematite, indicating a
higher degree of hydration. Their As,Os contents (3.95-7.49 wt.%) were in turn higher than
those found typically for the As retention by goethite and hematite (up to about 2.5 and 1.5

wt.% As,0s, respectively) [67-69], pointing out an improved As retention capacity as that



shown by amorphous or low-ordered compounds. These features suggest the occurrence of

hydrous ferric oxides in such cracked red phases.

Sulfide weathering products were also analyzed by micro-Raman spectroscopy. The
representative micro-Raman spectra of analyzed phases are shown in Fig. 5. The micro-Raman
spectrum of the mineral identified as scorodite showed strong sharp peaks at about 180, 800
and 900 cm?, with the two latter corresponding to the typical As-O stretching vibration bands
of this mineral [66]. Also other minor bands at 250, 290, 335, 380, 422 and 450 cm™ were
observed in agreement with other scorodite spectra reported previously [37,70]. The yellow
cracked phases exhibited a micro-Raman spectrum with most bands appearing below 500 cm?,
i.e. at 151, 185, 217, 245, 438 and 471 cm™. These bands are typical of the S-S vibration of
elemental sulfur [71]. Additionally, a broad band within the typical frequency region of
arsenate (700-950 cm™) [71] was also observed. These data are consistent with the occurrence
of mixtures of elemental sulfur and AFA rather than with the occurrence of amorphous ferric
sulfoarsenates. The minerals of the jarosite group showed spectral bands at 222, 304, 349,
420, 450, 568, 621, 1008, 1100 and 1157 cm™. These bands agreed well with those reported
for hydronium jarosite [72]. Additionally, a band at about 820 cm™ was also present. This was
in the region where the bands of As-O stretching modes appear [73], being in accordance with
the presence of retained As. The micro-Raman analyses performed on Fe (oxyhydr)oxides
revealed that these phases are mainly constituted by goethite. Thus, Raman peaks
characteristic of goethite [74,75] appeared at 244, 300, 389, 480, 552 and 688 cm™, with that
at 389 cm being the strongest. In addition, a broad peak at about 840 cm™ was also present.
This band is consistent with the occurrence of adsorbed arsenate [76,77]. The analyses on Fe
(oxyhydr)oxides also revealed the presence of hematite, showing its characteristic Raman
peaks [74] at 225, 245, 294, 408, 495, 610 and 1318 cm™, with those at 225, 294 and 408 cm™?
being the most intense. Another peak at 660 cm™ was also observed. This peak has been
previously found and related to structural disorder [77]. No other minerals were detected by
the analyses performed specifically on the cracked red phases, indicating that these phases

were mainly composed of different mixtures of goethite and amorphous ferric oxides.

According to the mineralogical and chemical characterization performed on mine wastes
scorodite, AFA, elemental sulfur, hydronium jarosite, amorphous/low ordered hydrous ferric
oxides, goethite and hematite are the main secondary products arising from the long-term

weathering of these arsenopyrite-bearing mine wastes.

Scorodite, AFA and amorphous/low ordered hydrous ferric oxides are frequently found

associated in this kind of wastes after different periods of alteration (< 50-> 500 years)
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occurring under acidic conditions [25,26,38,39], favored by the ongoing sulfide alteration. Of
them, AFA are the first phase that precipitates from solutions with a wide range of Fe/As molar
ratios (1-4) at low pH values [40]. Nevertheless, AFA are metastable and transform to scorodite
from pH about 1 and to hydrous ferric oxides from pH about 2 through incongruent dissolution
[40]. The transformation of AFA into scorodite is very rapid at pH about 1, but slows down

exponentially with the increasing pH [40].

Although less often, elemental sulfur has also been reported as an important common
secondary product resulting from the alteration of arsenopyrite-rich mine wastes [25,37,78]. In
addition to the occurrence of elemental sulfur in advanced phases of arsenopyrite oxidation,
elemental sulfur has also been reported in the initial steps of the weathering process [79] and
described as an intermediate oxidation product [80]. In the initial phases of weathering
elemental sulfur appears forming thin layers or patches on arsenopyrite [54,79,81]. When
oxidation progresses it usually occurs as microscopic crystals or forming grainy aggregates that
pseudomorphise arsenopyrite [25,37]. Such elemental sulfur pseudomorphs appear frequently
rimmed or surrounded by other secondary phases, mostly scorodite [25,37,78], what differs
from the present study in which elemental sulfur was found associated with AFA. In this case
AFA was the dominant arsenopyrite weathering product and constituted the cementing
material. In this regard, unlike what happens in these mine wastes, scorodite is usually the
secondary As phase derived from the alteration of As-rich mine wastes constituting the binding
agent in cemented masses or crusts developed in mine wastes [25,34,78,82,83]. Although
much more rarely, also other secondary As phases have been identified as cementing
materials, including AFA [25], kankite [25,34] and bukovskyite [34], with this latter appearing
only in cements of the interior of dumps. As regards hardpans, the secondary As phases
reported as binding agents in these cemented layers include both scorodite and AFA, with
their predominance being dependent on the specific pH of the acid microenvironment [3]. In
any case, these phases evolve to hydrous ferric oxides when weathering progresses and the pH
of pore waters attains circumneutral values [3]. Also the presence of amorphous ferric

sulfoarsenates has been reported in hardpans, but in this case as a pore filling material [17].

Jarosite group minerals are typical secondary products in sulfidic mine wastes, being also
found in arsenopyrite-bearing mine wastes in which other Fe sulfides, especially pyrite, are
present [38,52,84,85]. Typically, these minerals occur as over-growths on Fe sulfide minerals in
the form of grains or nodules of variable size [38,84,85]. Although hydronium jarosite is not
among the most common minerals of this group, its presence in acid mine wastes is not

infrequent either [38,52,85,86]. Its reported As contents (0.16-0.90 wt.% As,Os [52]) are similar
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to that found in the studied area (average value: 0.91 wt.% As,0s). Such contents are also in
line with those reported for the typical jarosite (0.04-3.35 wt.% As,0s[25,52]). Nevertheless,
hydronium jarosite is much more soluble than this latter [87], and, therefore, a less efficient
reservoir for As. Another hydroxysulfate found in weathered sulfidic mine wastes, quite often
associated with jarosite group minerals, is schwertmannite (FesOs(SO4)(OH)s). Although the
formation of schwertmannite is known to be kinetically favored from the oxidation of Fe
sulfides with regard to other ferric minerals/compounds, this is a metastable phase and
transform to jarosite minerals or Fe (oxyhydr)oxides, depending on the pH conditions [87-90].
Furthermore, in ferric sulfate media with As/Fe molar ratios above 0.15-0.2 the formation of
AFA takes place instead of schwertmannite [91,92], due to the positioning effect of As in its the
oxidized state that avoids or restricts the nucleation of schwertmannite [92]. Therefore, apart
from its metastability, its absence in the studied area as well as in other oxidized mine wastes
in which the occurrence of arsenopyrite was considerable is explained and expected.
Conversely, the presence of Fe (oxyhydr)oxides is almost ubiquitous in sulfidic mine wastes
containing arsenopyrite, with hydrous ferric oxides, goethite and hematite being the most
common [29,31,38,43]. These phases scavenge As in important amounts, especially hydrous
ferric oxides. Their As contents found in this study (3.95-7.49 wt.% As,0s) agree well with

those reported previously in literature (< 0.1-24.7 wt.% As,0s [25,38,43,44]).
3.2. Environmental characterization of mine wastes

The environmental parameters determined on the different mine waste samples are shown in
Table 2. All the considered samples had pH values within the range 2.6-3.4. In general, pH
values below 4 indicate that materials are acid producing. The lowest pH was shown by the
sample containing arsenopyrite and its weathering products, which is consistent with the
occurrence of scorodite. It is well known that the minimum solubility of scorodite is close to pH

3, from which it dissolves incongruently [23].

The leachable As content of mine waste samples as determined following the European
leaching test EN-12457-4 [62] reached high values, varying between 76.7 and 14.5 mg kg
according to the following sequence: arsenopyrite and its weathering products > upper zone of
hardpan > hardpan > cemented phases > bottom zone of hardpan > pyrite/marcasite and their
weathering products, although differences were not significant (p > 0.05) between most
correlative samples. Except for pyrite/marcasite and their weathering products, all the other
samples (arsenopyrite and its weathering products, hardpan and their different layers, and
cemented phases) showed leachable As contents higher than the limit established for wastes

to be accepted at landfills for hazardous wastes (25 mg kg™ [93]). Therefore, a treatment to

12



reduce their leachable As contents down to the indicated limit would be required even for
their disposal in this type of landfills. Such leachable As contents, although being high, only
represented small fractions (about 0.03-0.06%) of total contents, which varied between 25.6
and 5.0%. Therefore, even if the hardpan as a whole accumulated important amounts of As
(7.9%), the As leachability from it was of the same order as those from the other groups of

phases, either cemented or not, that integrated the studied mine dump.

The labile As content of mine waste samples showed values comprised between 220 and 17.8
mg kg, with the highest level corresponding to the sample containing arsenopyrite and its
weathering products and the lowest to the sample containing pyrite/marcasite and their
weathering products. In any case, all of the mine waste samples exhibited very risky labile As
contents, even if they represented only a reduced fraction (about 0.04-0.29%) of total As. This
As pool, which accounts for soluble and non-specifically adsorbed As, has been suggested as
the most important in relation to environmental risks [63,94]. Again the As lability from the
cemented phases and layers was not reduced with respect to those from the other groups of

phases present in the studied mine dump.

According to the TCLP test, only the As concentration released from the mine waste sample
composed of arsenopyrite and its weathering products (6.3 mg L) surpassed the regulatory
limit set for toxic characterization (5 mg L), and, therefore, is characterized as toxic. The As
concentration released from cemented phases and hardpan samples (4.4-2.4 mg L), although
not exceeding the established limit, attained values relatively close to the toxic
characterization, whereas the sample integrated by pyrite/marcasite and their weathering

products would have required to increase the discharge of As in one order of magnitude.

Generally, hardpans in mine dumps include Fe (oxyhydr)oxides in their composition, being
either the main or one of the main constituents of the cementing phase [2,4,6,10,14-16]. It is
well know that Fe (oxyhydr)oxides have an important capacity to adsorb different toxic trace
elements, including As. The adsorption of As by them mostly takes place specifically via inner-
sphere complexes [95]. Moreover, when Fe (oxyhydr)oxides are generated in situ, as happens
in mine scenarios, their capacity to remove As is greatly increased, as this element can be
incorporated into the Fe (oxyhydr)oxide precipitates [96,97]. The important amount of As
susceptible of being retained by these phases and the main mechanisms involved in its
retention, either specific adsorption or incorporation into the solid phase, explain the ability
usually shown by hardpans to lessen the mobility of As. In the hardpan and cemented phases
of the studied mine waste dump AFA were identified as the occurring cementing material.

These compounds are metastable and greatly soluble [40]. Anyway, their stability and

13



solubility are dependent on their Fe/As ratio. Thus, their stability turns out to be broader and
their solubility lower with the increasing Fe/As ratio [98]. Solubility differences of about 100-
1000-fold have been found between precipitates with Fe/As ratios varying from 1 to > 4 within
a broad range of pH values [98]. The AFA occurring in the hardpan and cemented phases
showed Fe/As molar ratios comprised within the range 1.14-1.85 (average value: 1.41). Such
Fe/As ratios were relatively close to those of AFA having higher solubilities, what explains the
levels of As solubilization showed by these cemented phases and layers. This is in line with the
unsatisfactory performance exhibited by AFA for the As restraint in mine discharges [23]. In
this regard, much lower solubilities have been found for scorodite (about 1-7 orders of
magnitude lower), which would make the precipitation of this mineral suitable to
appropriately treat mine discharges [23]. Nevertheless, the great dependence of the scorodite
solubility with pH [23] would be the main constraint to the lasting effectiveness of such a
treatment. Thus, the long-term As retention by hardpans whose cement composition was
based on scorodite, on AFA or on mixtures of both was not expected either in other historical
arsenopyrite-bearing mine tailings [3]. The progression of sulfide weathering has been found
to play a decisive role in the cement formation, composition and stability as it determines the
pH conditions and the availability of Fe(lll) and As(V) [3]. It is known that AFA dissolve
incongruently to produce ferrihydrite as the pH is raised from pH values about 2 [23,40,41]. As
the Fe/As ratio of precipitates increases, the occurrence of ferrihydrite rises and that of AFA
decreases, with these latter disappearing in precipitates with Fe/As ratios of 5 and greater
[41]. The increase in the Fe/As ratio of precipitates enhances the As stabilization by them [41].
Therefore, the cemented phases and layers present in the studied mine dump could be
expected to be dissolved when local conditions were propitious for the formation of
ferrihydrite. The As released by the dissolution of AFA could be immobilized in great extent by
this freshly precipitated phase, which could reach As(V)/Fe molar ratios up to about 0.7 [96].

The influence of pH on As leachability from mine wastes considered in this study is shown in
Table 3. Differences in As solubilization within the same group of mine wastes were found not
significant (p > 0.05) between pH values of 6 and 8. Nevertheless, below them the As release
increased drastically from all the samples with the decreasing pH, pointing out the significant
role played by pH in As leachability. For most of the sample groups the As solubilization was
increased from pH 6-8 to pH 4, 2 and 1 about 2-10, 20-50 and 125-250 times, respectively. The
sample composed of arsenopyrite and its weathering products showed the least pronounced
rises, attaining at the indicated pH values (4, 2 and 1) As releases about 2, 5 and 15 times as

much as those at pH 6-8.
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Different processes can explain the increased As release from mine waste samples with the
decreasing pH. At pH values < 3 the solubilization of Fe (oxyhydr)oxides can take place,
releasing the As previously retained by them. Additionally, Fe(lll) becomes free to act as an
oxidizing agent of sulfides. Furthermore, the activity of acidophilic Fe-oxidizing bacteria is
favored below pH 3, and, therefore, the regeneration of Fe(lll) could be produced. Anyway,
although this experiment was not performed under sterile conditions, their involvement in
such process should be much lesser than under natural conditions. On the other hand, the
solubility of scorodite increases greatly below pH 2 [23], and, consequently, the release of As,
whereas above this pH value the gradual transformation of AFA into hydrous ferric oxides
implies the progressive stabilization of As. A similar process occurs with jarosite minerals at pH

values close to 3 [87].

4. CONCLUSIONS

The characterization of sulfidic mine wastes comprising important amounts of arsenopyrite
along with pyrite/marcasite revealed the occurrence of scorodite, AFA, elemental sulfur,
hydronium jarosite, goethite, hematite and hydrous ferric oxides as the main weathering
products. The hardpan mainly consisted of arsenopyrite (partially or completely altered),
pyrite/marcasite and grains of other gangue minerals (quartz, mica and feldspar), cemented by
a yellowish phase of cracked texture. This phase corresponded to AFA together with elemental
sulfur, and was also the binding material occurring in the other cemented phases. Hydronium
jarosite and Fe (oxyhydr)oxides were enriched in As, with values of 0.19-3.98 and 0.81-7.49
wt.% As,Os, respectively. AFA presented Fe/As molar ratios comprised within the range 1.14-
1.85. Accordingly, the hardpan and cemented phases accumulated high As levels (up to 7.9%).
Nevertheless, their As leachability and lability were not decreased with respect to those of
weathered phases not showing cementation in the mine wastes. Moreover, their leachable As
contents make them to be classified as wastes not acceptable at landfills for hazardous wastes
unless a treatment was applied to reduce such contents down to 25 mg kg?. The different
weathered phases presented pH values characteristic of acid producing materials, pointing out
that the alteration of sulfide minerals was still progressing. Such conditions allowed the
occurrence of different secondary products such as hydronium jarosite, scorodite and AFA.
Therefore, the stability of the hardpan and cemented phases could be compromised as sulfides
became consumed. Nevertheless, at higher pH levels (> 4), especially when circumneutral

conditions dominate, the release of As from mine wastes decreased drastically, with this As
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abatement being likely caused by the precipitation and scavenging action of Fe

(oxyhydr)oxides.
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Table 1. Spot chemical analyses of sulfide weathering products.

Composition Sc CYPh Jar Gth Hem CRPh

(%) (n=22) (n=41) (n=10) (n=10) (n=7) (n=31)
Fe,03 35.42 (31.07-37.23) 38.46(32.46-50.46) 44.21 (41.20-45.45) 76.86 (73.84-79.84) 86.38 (83.54-88.58) 71.71 (50.80-78.84)
As,0s 47.63 (42.24-49.65) 39.49 (29.41-48.29) 0.91 (0.19-3.98) 2.23(1.30-2.81) 1.32(0.81-2.11) 5.84 (3.95-7.49)
SOs 1.03 (0.59-4.45) 7.36 (1.36-22.11) 33.29 (29.83-35.24) <1.d.-2.42 0.36 (0.17-1.05) <1.d.-7.58
P20s <1.d-0.05 <1.d.-2.76 <1.d.-0.05 0.72 (0.60-1.16) 0.54 (0.34-0.78) 1.30(0.84-1.85)
MnO <1.d-0.07 <1.d.-0.07 <1.d.-0.02 <1.d.-0.12 <1.d.-0.03 <1.d.-0.16
Na,O <1.d-0.05 <1.d.-1.02 0.86 (060-1.12) <1.d.-0.08 <1.d.-0.05 <1.d.-0.85
SiO; <1.d-0.06 <1.d.-6.28 1.57 (0.43-4.75) 1.67 (0.71-3.02) 3.62 (3.04-3.97) 1.38 (0.22-7.68)
KO <1.d-0.02 <l.d.-0.11 0.70(0.27-0.96) <1.d.-0.05 <1.d.-0.01 <1.d.-0.62
Al,05 <l.d <1.d.-2.45 0.30(0.08-1.02) 1.72 (0.01-4.18) <1.d.-0.09 2.51(1.13-6.79)

Sc: Scorodite, CYPh: cracked yellow phases, Jar: jarosite group minerals, Gth: goethite, Hem: hematite, CRPh: cracked red phases.
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Table 2. Environmental parameters of the different types of mine waste samples. (Different
letters (a-e) within values of the same environmental parameter mean significant differences
at p < 0.05, evaluated by the Student's t-test).

Py/Mrc Apy Cemented Hardpan Upper zone Bottom zone
and WP and WP phases (hardpan) (hardpan)
pH 3.1+0.1° 26+0.1° 34+01°¢ 3.1+0.1° 3.2+01° 3.1+0.1°

Total As (%) 5.03+0.30° 25.6+3.7° 6.35+0.83¢ 7.93+0.79¢ 104+1.2° 7.04+0.293%
Leachable As (mg kg?) 14.5+0.92 76.7+4.6° 28.0+0.8¢ 39.6+4.4 591+44" 21.8+1.7°
Labile As(mg kg™) 17.8+1.1° 220+3° 186 + 19 ™ 96.3+59°¢ 210+1¢ 76.2+1.5°¢
Toxicity (As (mg L?)) 0.50+0.01° 6.3+1.2° 24+03° 3.0+04¢ 44+0.8¢ 20+0.1°¢

Py: Pyrite, Mrc: marcasite, WP: weathering products, Apy: arsenopyrite.
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Table 3. Contents of As released from the various types of mine waste samples at different pH
values. (Different letters (a-d) within pH values of the same type of mine waste sample mean
significant differences at p < 0.05, evaluated by the Student's t-test).

e R G g Ui e
As (mg kg™)

1 1923+65°  5890+568 11375+292° 10312+1782  13027+29° 11228 +764°

2 449+40°  2154+156° 1398 +48° 888 +25° 1914 +37° 784 + 83"

4 91.4+115° 667 +13° 135+11° 73.7+3.2°¢ 145+ 4°¢ 62.2+0.9¢

6 9.2+21¢ 417 +8° 75.4+9.0° 52.7+1.9¢ 103 +1¢ 44.2+2.4°

8 7.5+3,0¢ 452 +12° 65.0+8.0¢ 53.0+1.8¢ 99.2+2.4¢ 456+1.2°

Py: Pyrite, Mrc: marcasite, WP: weathering products, Apy: arsenopyrite.
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Figure captions

Figure 1. Images of hand samples: hardpan fragments (a), arsenopyrite weathered to scorodite
(b), weathered pyrite/marcasite (c), fragment of gangue minerals with cemented phases (d),
and cemented phases (e) (Apy: arsenopyrite, Cm: cementing material, CPh: cemented phases,
Mrc: marcasite, Ms: muscovite, Py: pyrite, Q: quartz, Sc: scorodite, WP: weathering products).

Figure 2. Representative XRD patterns of mine waste samples: weathered sulfides (A, B and C),
cemented phases (D), hardpan (E) and ore minerals (F) (Ab: albite, Apy: arsenopyrite, Gth:
goethite, Hem: hematite, HJ: hydronium jarosite, Mrc: marcasite, Ms: muscovite, Py: pyrite, Q:
quartz, S: elemental sulfur, Sc: scorodite, Sch: scheelite, Wo: wolframite).

Figure 3. Microscopy images of weathered sulfides: arsenopyrite altered to microcrystalline
scorodite (a and b), pyrite weathered to cracked red phases (c and d), pyrite weathered to
goethite and hematite (e and f), marcasite altered to jarosite-group minerals (g, h and i)
(transmitted light-x40-uncrossed polarizers: a, ¢, e and g, reflected light-x40-uncrossed
polarizers: b, d, f and h (x100: yellow box in f), transmitted light-x40-crossed polarizers: i) (Apy:
arsenopyrite, CRPh: cracked red phases, Fe Ox: Fe (oxyhydr)oxides Gth: goethite, Hem:
hematite, Jar: jarosite-group minerals, Mrc: marcasite, Py: pyrite, Sc: scorodite).

Figure 4. Microscopy and electron backscatter images of cemented phases (a, b and g) and
hardpan (c, d, e, f and h) (transmitted light-x40-uncrossed polarizers: a and c (x100: red box in
a), transmitted light-x40-crossed polarizers: b and d, transmitted light-x100-uncrossed
polarizers: e, reflected light-x100-uncrossed polarizers: f, electron backscatter images: g and h)
(Apy: arsenopyrite, Cm: cementing material, CYPh: cracked yellow phases, Fd: feldspar, Ms:
muscovite, Py: pyrite, Q: quartz).

Figure 5. Representative micro-Raman spectra of sulfide weathering products (Sc: Scorodite,
CYPh: cracked yellow phases, Jar: jarosite-group minerals, Gth: goethite, Hem: hematite).
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