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Abstract Acid mine waters (AMW) collected during high-
and low-flow water conditions from the Lousal, Aljustrel,
and Sdo Domingos mining areas (Iberian Pyrite Belt) were
physicochemically analyzed. Speciation calculation using
PHREEQC code confirms the predominance of Me"" and
Me-SOy species in AMW samples. Higher concentration of
sulfate species (Me-SQ,) than free ion species (Me™, i.e., Al
Fe, and Pb) were found, whereas opposite behavior is verified
for Mg, Cu, and Zn. A high mobility of Zn than Cu and Pb
was identified. The sulfate species distribution shows that
Fe**-S0,>", SO,*", HSO, , A-SO4, MgS0,°, and CaSO,°
are the dominant species, in agreement with the simple and
mixed metal sulfates and oxy-hydroxysulphates precipitated
from AMW. The saturation indices (SI) of melanterite and
epsomite show a positive correlation with Cu and Zn concen-
trations in AMW, which are frequently retained in simple met-
al sulfates. Lead is well correlated with jarosite and alunite (at
least in very acid conditions) than with simple metal sulfates.
The Pb for K substitution in jarosite occurs as increasing Pb
concentration in solution. Lead mobility is also controlled by
anglesite precipitation (a fairly insoluble sulfate), where a
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positive correlation was ascertained when the SI approaches
equilibrium. The zeta potential of AMW decreased as pH
increased due to colloidal particles aggregation, where water
species change from SO4* to OH  species during acid to
alkaline conditions, respectively. The AMW samples were
supersaturated in schwertmannite and goethite, confirmed by
the Me"*-S0O,, Me"*—Fe—-O—OH, or Me"*—S—-O-Fe-O com-
plexes identified by attenuated total reflectance infrared spec-
troscopy (ATR-IR). The ATR-IR spectrum of an AMW sam-
ple with pH 3.5 (sample L1) shows well-defined vibration
plans attributed to SO,4 tetrahedron bonded with
Fe-(oxy)hydroxides and the Me™ sorbed by either SO, or
Fe-(oxy)hydroxides. For samples with lower pH values
(pH ~ 2.5—samples SD1 and SD4), the vibration plans attrib-
uted to Me"™" sorption are not evidenced, indicating its release
in solution. The sorption of heavy metals on the first precipi-
tated simple metal sulfates was ascertained by scanning elec-
tron microscopy coupled with X-ray spectrometry (SEM-
EDX), where X-ray maps of Cu and Zn confirm a distribution
of both metals in the melanterite structure.

Keywords Acid mine waters - Heavy metals - Metal
speciation - Sulfates - Zeta potential - Infrared spectroscopy -
Electron microscopy - Iberian Pyrite Belt

Introduction

The acid mine drainage (AMD) is one of most severe impacts
associated with mining operations, which has high-cost liabil-
ities (Lottermoser 2007). The AMD is generated by both bi-
otic and abiotic sulfide oxidation, releasing high amounts of
sulfuric acid and metals into surface and ground waters
(Jambor and Blowes 1998; Nordstrom and Alpers 1999;
Carvotta 2008). A decrease in AMD contamination can be
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observed in time (Lambert et al. 2004), but the problems may
persist for a long period, even after mining has ceased
(Lottermoser 2007). This is particularly marked in highly
acidic waters (pH < 3.5), where metal contamination is slowly
attenuated, expressing the similar element ratios of the prima-
ry minerals from which they were released (Nordstrom 2011).

The ability for acid generation is not the same for
sulfide minerals. The oxidation of monosulfides (e.g.,
galena, sphalerite, arsenopyrite) by O, does not lead to
a direct acid production (Jennings et al. 2000; Weisener
et al. 2004; Walker et al. 2006; Yunmei et al. 2007). By
contrast, when the oxidation of disulfides (e.g., pyrite,
pyrrhotite) by O, takes place, the H* is released in solu-
tion (Nordstrom 1982; Nicholson and Scharer 1994).
Otherwise, the Fe’* is a strong oxidant, which may pro-
duce more acidity than by O, mediation (Singer and
Stumm 1970; Nordstrom 1982; Rimstidt et al. 1994;
Stumm and Morgan 1996; Janzen et al. 2000; Yunmei
et al. 2007; McKibben et al. 2008). The Fe?* oxidation
rates by O, in neutral to alkaline conditions are higher
than in acid conditions, where the precipitation of
Fe(Ill)-oxyhydroxides coat the sulfide minerals, reducing
the reactive surface and inhibiting the oxidation process.
At low pH, the oxidation rate of Fe’* to Fe’* is lower
than the rate of Fe** reduction by pyrite (Singer and
Stumm 1970). Other way, the presence of acidophilic
bacteria causes the acceleration of the oxidation of
Fe?*, where the Fe’* (pH < 3) is the only effective ox-
idizer of pyrite (Singer and Stumm 1970; Nordstrom
1982). Also, due to the higher proportion of pyrite re-
garding other sulfides in tailings impoundments or waste
dumps, this mineral is the one of most concern in AMD
production.

Once sulfides oxidation started, the highly acidic condi-
tions generated will promote the dissolution of other mineral
phases, and a high concentration mixing pool of elements will
persist in the aqueous system. Thus, the physicochemical con-
ditions and the interactions between the metal(loid)s and
complexing ligands will control the speciation and the
solubility/precipitation of metal(loid)s in acid mine waters
(AMW).

Different aqueous species are distinguishable energetically,
stoichiometrically, and structurally (Stumm and Morgan
1996), allowing changes of kinetic, thermodynamic proper-
ties, solubility, and toxicity (Millero 2001). Speciation that
determines, at certain extent, the metal complexation and pre-
cipitation will influence its bioavailability and hazards
(Simpson et al. 2014).

The Al and Fe are two of the most abundant cations in
AMW, where changes in the physicochemical parameters
(i.e., pH, ionic strength, and temperature) can lead to forma-
tion of Al and Fe precipitates with high surface area, low
crystallinity (Bigham et al. 1996; Bigham and Nordstrom

2000) and high sorption ability for metal(loid)s (Dzombak
and More 1990; Stumm and Morgan 1996; Bigham and
Nordstrom 2000). Likewise, SO427 is the most important an-
ion in AMD, which may form complexes with Fe and Al and
precipitate. Many of these sulfates or oxy-hydroxysulfates
(where a significant amount of metal(loid)s are adsorbed or
co-precipitated) are highly soluble and easily released those
metal(loid)s again to the waters during the first rain events,
making the aqueous system more acidic (Alpers et al. 1994;
Kimball 1994; Nordstrom and Alpers 1999; Jambor et al.
2000; Jerz and Rimstidt 2003; Hammarstrom et al. 2005;
Sanchez Espaiia et al. 2005; Romero et al. 2006; Sanchez
Espaiia et al. 2006; Nordstrom 2009).

The Iberian Pyrite Belt (IPB) has a long mining history,
where a large number of mines with similar ore genesis and
mineralogical composition are affected by AMD, making this
an attractive site for the study of aqueous geochemical
processes.

The main goal proposed in this study was to evaluate and
compare the behavior of the metals (Al, Cu, Fe, Mg, Pb, and
Zn) in high-metal and high-AMW across the IPB (Aljustrel,
Lousal and Sdo Domingos mines). The distribution of dis-
solved species and saturation indices for the most common
minerals precipitated from AMW were calculated for all sam-
ples collected. Additionally, the complexation type of metals
was studied by infrared spectroscopy, and the sorption of
metals on the first precipitated sulfates was ascertained by
electron microscopy.

Geological background

The IPB metallogenic province is recognized for its
volcanogenic massive sulfides type mineralization, which ex-
tends about 230 km from the vicinity of western Portuguese
coast close to Seville (Spain), ranging from 30 to 60 km in
width (Fig. 1). The massive sulfide ores and also some Mn
mineralization occur in the volcano-sedimentary complex
(Schermerhorn 1971; Carvalho et al. 1976; Barriga et al.
1997), ranging from Devonian to Carboniferous (Late
Famennian to Late Visean) ages (Oliveira et al. 2004).

The Lousal mine is formed by 18 mineralized sulfide
lenses, mainly composed of pyrite, probably belonging to
the same ore body affected by folding and faults that caused
its segmentation (Matzke 1971). The Aljustrel ore deposit
comprises six sulfide masses displayed in three main parallel
alignments, where pyrite, sphalerite, galena, antimony,
sulfosalts, tin minerals, and arsenopyrite occur (Andrade and
Schermerhorn 1971; Barriga 1983; Barriga and Fyfe 1988;
Gaspar 1996; Barriga and Fyfe 1998). The Sdo Domingos
mine is characterized by a unique pyritic body with variable
amounts of chalcopyrite, sphalerite, and galena (Webb 1958;
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Fig.1 Simplified geological map .
of Iberian Pyrite Belt (adapted ‘
from Carvalho et al. 1976). ®
Location of the Lousal, Aljustrel,

and Sao Domingos study mining

areas b

Alj ustrel

Lousal

Iberian Pyrite Belt geological units

. Volcano Sedimentary Complex 0

Carvalho 1971), where a huge gossan overlying the mineral-
ization occurs at the surface.

Materials and methods
Sampling sites location

The AMW samples from Aljustrel (A), Lousal (L), and Sao
Domingos (SD) (Fig. 2a—c) were collected, such as artificial
dams used for collection and treatment of the drained waters
directly from the underground mines, open-pits, tailings im-
poundments, a decantation tank used for Cu precipitation in
the past (Aljustrel), and streams affected by AMD.

Two sampling periods (wet and dry season) were chosen to
collect samples from the Aljustrel mining area and only one
sampling period (dry season) was chosen for the sample col-
lection from the Lousal and Sdo Domingos mining areas, in
order to ascertain the variations of the physicochemical pa-
rameters and the chemical concentration.

The water samples were collected in acid-rinsed polyethyl-
ene bottles and stored refrigerated during transport to the lab-
oratory. The physicochemical parameters (pH, temperature,
and electric conductivity (EC)) were measured in field and
then in laboratory using a HI-255 multiparameter from
HANNA Instruments® with a HI-1131B combined glass
electrode for pH measurements and a HI-76310 probe for
EC determination. Both pH and EC electrodes were previous-
ly calibrated with a two-point buffer standard solution
(pH 4.01 and 7.01) and a one-point standard solution
(1413 pS cm ™), respectively. The specific conductance (SC)
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values were obtained through the correction of EC values by
the electrical conductivity temperature compensation method
proposed by McCleskey (2013).

Water samples were filtered in the laboratory under vacu-
um through 0.45 um pore size Millipore filters (no more than
24 h pass between the water collection and filtration). Three
subsamples were separated: one non-acidified for sulfate de-
termination, another acidified (pH < 2) with ultra-pure HNO;
(to prevent metals precipitation) for cations and Cl determina-
tion, and another acidified with ultra-pure HCI for Fe(Il) de-
termination. All samples were stored in a refrigerator at 4 °C
until analyses performance.

Efflorescence samples were collected from the surface of
the tailings impoundments and from the edges of the open-
sites with AMW, where the efflorescences precipitate during
the water evaporation (Fig. 2d).

Analytical techniques

The chemical analyses of waters were carried out by
inductive-coupled plasma mass spectrometry (ICP-MS) at
the ACME Labs (ACME Anal. ISO 9002 Accredited Lab,
Canada), followed a rigorous quality program, which included
the use of certified reference materials (STANDARD
WASTWATERD?), reagent blanks, and duplicate samples.
The detection limits were as follows: 1 mg L' ql,
50 ug L' Na, Mg, K, and Ca; 40 ug L™ Si; 20 ug L' P;
10 ug L' Fe; 1 ug L' AL 0.5 pg L' Zn; 0.2 pg L' Ni;
0.1 pg L ! Cu and Pb; 0.05 png L' Mn and Cd; and
0.02 pug L™ Co.
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Fig. 2 Examples of AMW
characteristics from Lousal (a),
Aljustrel (b), and Sdo Domingos
(c). Typical eftlorescences
sulfates (melanterite) precipitated
from AMW after evaporation (d)

The SO4* concentrations were determined by ion chroma-
tography in the Geochemistry Laboratory of the Geosciences
Department at University of Aveiro, using a Dionex 1000i ion
chromatograph and equipped with a Dionex AS4-SC column.
An isocratic elution composed of NaHCO5-Na,CO; was
used.

The Fe(I)/Fe(Ill) determinations were carried out by the
Ferrozine method according to Viollier et al. (2000), and the
measurements were conducted by UV-VIS spectrophotometry
(Shimadzu, model UV2101PC) in the Geochemistry
Laboratory of the Geosciences Department at University of
Aveiro. The Ferrozine reacts with divalent Fe and form stable
color indicator, allowing the determination of Fe(Il) in solu-
tion. By adding a reduction agent (hydroxylamine hydrochlo-
ride) to the solution all the Fe(III) was converted to Fe(Il) and
the Fey,; was determined by the same procedure, whereas the
Fe(Ill) was determined by the difference between Fey, and
Fe(Il). The values of the Fe, obtained by this method were
compared with the values of Fey, from the ICP-MS analysis,
allowing verified that differences were less than 10%.

Attenuated total reflectance infrared spectroscopy
(ATR-IR) analysis was conducted in the non-acidified
and unfiltered water samples, using a Bruker Tensor-27
infrared spectrometer equipped with a Ge crystal in a
HATR unit, coupled with a temperature regulator from
PIKE Technologies. Two reference solutions were ob-
tained from melanterite and CuSO, crystals dissolution
in water. Both were analyzed to compare the typical

vibration bands of SO,> and Me™" and to ascertain
the type of metal complexes in AMW.

The zeta potential variation of the AMW was determined
for one sample using a Coulter Delsa SX440 equipment. An
initial dilution of 1 mL of the water sample was made in
100 mL of a KCI 10> M ionic solution, followed by a new
dilution of 5 mL from this solution in 50 mL of the ionic

solution. The pH of the starting point was measured and after
that the SC and the zeta potential of the solution were mea-
sured in pH intervals, from 2.1 to 10.0, adjusted by HCI or
Ca(OH), addition, respectively.

Efflorescences were studied using a high resolution
(Schottky) environmental scanning electron microscope
(ESEM) FEI Quanta 400 FEG (equipped with a Micro-XRF
analyzer, which provides small and micro-spot X-ray analysis
and mapping), an energy dispersive spectrometer (EDS) and
an electron backscatter diffraction (EBSD) from EDAX
Genesis X4M.

Speciation and saturation indices calculations

The species distribution and saturation indices (SI) in AMW
samples were calculated by PHREEQC code (version 3.0)
(Parkhurst and Appelo 2013), using the thermodynamic
WATEQA4F database (Ball and Nordstrom 1991). The solubil-
ity simulation of schwertmannite was obtained from the data
of Bigham et al. (1996).
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The speciation and mineral SI determination include a
sequence of steps according to thermodynamic quantities
and numerical approximations as described by Nordstrom
and Ball (1989) and Alpers and Nordstrom (1999). The SI
for each mineral was obtained by comparing measured solu-
tion activity, expressed as an ion activity product (IAP) with
the theoretical solubility product constant (Kp):

IAP
SI = log (—)
Ksp

SI > 0 indicates a supersaturation and the tendency for the
mineral phase precipitation, while for SI < 0, there is a ten-
dency for dissolution. The SI = 0 is indicative of apparent
equilibrium between aqueous and solid phases.

Results

Chemistry and physicochemical parameters of acid mine
waters

The pH, SC, and the chemical concentrations of the
AMW samples studied are shown in Table 1. A negative
correlation was found between pH and the total dissolved
solids (r = —0.68; p < 0.05). The pH, dilution and evap-
oration effects, and the proximity to contamination
source are the main factors that controlled the amount
of metals in waters (e.g., Al represents a water sample
with high heavy metals concentration, obtained from the
leached tailings impoundments).

The AMW samples collected close to the tailings impound-
ments or in open-pits show higher amounts of the total dis-
solved solids than the AMW samples from streams. The dilu-
tion effect in the studied areas is less because the stream flow
is intermittent and the evaporation effect is elevated. No sig-
nificant changes of physicochemical parameters were found
during wetting and drying seasons, exception making for sam-
ple A6.

The water samples with pH values from 1.7 to 3.5 and high
amounts in metals are classified in the Ficklin diagram
(Ficklin et al. 1992) (Fig. 3) as acid to high-acid and high-
metal to extreme-metal. High variation of metal concentra-
tions and maximum levels were found for Mg, Al, Fe, Cu,
Zn, and SO,4. A positive correlation was found between Al/Fe
(r = 0.89; p < 0.05), Al/Cu (r = 0.98; p < 0.05), Al/Zn
(r = 0.91; p < 0.05), AlIISO4 (r = 0.98; p < 0.05), Fe/Cu
(r = 0.80; p < 0.05), Fe/Zn (r = 0.79; p < 0.05), Fe/SO4
(r = 0.86; p < 0.05), Cu/Zn (r = 0.93; p < 0.05), Cu/SO4
(r=0.98; p < 0.05), and Zn/SO4 (r = 0.97; p < 0.05). The
SC values ranging from 1510 to 41,594 uS cm ' showed a
positive correlation with these ions (0.86 <7< 0.97; p < 0.05).
Lead showed lower levels than Zn and Cu in the waters, and a
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good correlation was found between Pb and K (r = 0.78;
p < 0.05).

Metal speciation

Metal species calculation provide a useful information
concerning the thermodynamically reactions that can lead to
the dissolution or precipitation of mineral phases (Alpers and
Nordstrom 1999).

The free metal ion (Me"") and ion pair between metal
and sulfate (Me—SO,) are the dominant species in AMW
samples (Fig. 4). A comparison between the Al species
and pH (Fig. 5) shows that the AISO4*, Al(SO4)*", and
AIP* are the most important species in the pH range of
AMW samples. The Al species show a similar trend,
well comparable with the Al concentrations in AMW.

The most important Fe species in the pH range 2 to 3.5 is
the FeSO,", followed by Fe**, Fe**, and FeSO,° (Fig. 5). The
FeSO4* and Fe** show quite similar trends and accompanying
the changes in Fe and SO, concentrations. Although, at pH
greater than 2.3, the dependence on SO, concentrations are
not so marked for these two species, contrary to Fe** and
FeS0O,°, which show more similarity with SO, variations.

The Me** and MeSO,° are the dominant species in AMW
samples for Mg, Cu, Zn, and Pb (Fig. 4), where the two spe-
cies show an equal trend of the Me concentration in AMW
(Fig. 5). Magnesium and Zn species also show a similar trend
with SO4 concentrations, and for Cu, this is observed only at
pH < 2.2 (Fig. 5). For Pb, the Me** and MeSO, trends are
distinct from SO, concentrations (Fig. 5).

The sulfate species formed in the AMW systems provide
useful information concerning the precipitation of sulfate min-
erals, where the toxic metals may co-precipitate or are
adsorbed on edge surfaces. In the more acidic AMW samples,
the Fe>*~S0,> species are dominant, followed by the free
ionic SO,> /HSO,4 species, which proportion tends to in-
crease with pH increase. The Al-SOy,, MgSO4O, and CaSO,°
are also important sulfate species of these waters. As a general
approach, the Al-SO, tends to be higher in lower pH, while
MgS0,” and CaSO,° tend to increase in higher pH conditions
(Fig. 6). These general trends own to relative metals concen-
trations in waters, indicate the precipitation of sulfate minerals
(efflorescences) by direct nucleation from AMW.

Molecular complexation of metals in acid mine waters

The molecular behavior of the AMW samples was stud-
ied by the ATR-IR technique, because the type of com-
plex plays a key role in the regulation of metal adsorp-
tion process and precipitation.

Dissolved melanterite in distilled water (the pH of solution
obtained was less than 2) and 1 M CuSO, solution were used
in our ATR-IR experimental measurements (Fig. 7a). The
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Fig. 3 Ficklin diagram (Ficklin 100000000 - —
et al. 1992) projection of the Ultra-acid, High-acid,
Ultra-metal Ultra-metal
AMW samples
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ATR-IR spectrum of dissolved melanterite is characterized by
a strong stretching vibration at 1100 cm ™' typical of a 7d
(distorted tetrahedron) SO~ symmetry. In the case of
CuSO, solution (pH ~ 4), the S0,> stretching vibration is
splitted into two vibration plans (1128 and 1090 cm™ "), which
confirmed that Cu is sorbed by SO,*".

The ATR-IR spectrum of AMW sample L1 (pH 3.5) shows
four vibration plans at 1097, 1118, 1166, and 1200 cm !

Al species Fe species

u AISO4+
uAI(S04)2
AK3

H Others

Cu species

u Cu+2
H CuSO4
u Others

Zn species

(Fig. 7b), which represent the axial deformation of the SO,
tetrahedron bonded with the Fe-oxyhydroxides (or goethite)
and the Me"™* sorbed by either SO, or Fe-(oxy)hydroxides.
The ATR-IR spectra of the AMW samples SD1 (pH 2.6)
and SD4 (pH 2.5) show a vibration plane at 1096 cm™ " ac-
companied by two other plans at 1072 and 1111 cm™!
(Fig. 7c). These plans correspond to SO, bond to Fe(III) com-
plexes. However, the axial deformation (stretching) assigned

Mg species

H Fe+2

u (Fe+2)-S04
u (Fe+2)-OH
M Fe+3

u (Fe+3)-S04
w (Fe+3)-OH
u Others

uMg+2
m Mgso4
m Others

Pb species

m PbSO4

W Pb+2

= Pb(S04)2-2
m PhCl+

u Others

N Zn+2

M ZnSO4

= Zn(S04)2-
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Fig. 4 Percentage distribution of Al, Fe, Mg, Cu, Zn, and Pb species in the AMW samples
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Fig. 5 Distribution of Al, Fe, Mg, Cu, Zn, and Pb concentrations and their dominant species in the AMW samples as a function of pH range and the

comparison with SO, concentrations

for SO4 (observed in the case of the dissolved melanterite
solution) is accompanied by two vibrations plans.

Zeta potential of acid mine waters

The evolution of the zeta potential and the SC values accord-
ing to pH variation is shown in Fig. 8. The zeta potential
decreases from 23 to 7 mV within the pH range. The stability
of zeta potential occurs between the pH values of 3.9 to 5.2
and a slight slope is observed between 5.2 and 8. The SC

decreased rather abruptly when the pH increased from 2.1 to
3.9.

A sequence of pie charts of Fe aqueous species distribution
obtained with PHREEQC, according to pH values range,
shows that a significant slope of the zeta potential and SC is
accompanied by changes of species in the AMW (Fig. 8). The
free metal ion (Fe**) and the sulfate species are dominant as
pH decreased, while the hydroxide species became dominant
in the alkaline pH. The cationic species occur at pH < 7,
whereas the anionic species gain relevance at an alkaline pH.

@ Springer



4570

Environ Sci Pollut Res (2017) 24:4562-4576

SO, species

M [SO4-2] + [HSO4-]
u (Fe+3)-S04
u Al-SO4
H MgS0o4
m CasSO4
Zn-SO4
H CuSO4
B Others

Fig. 6 Percentage distribution of the main sulfate species in AMW
samples

Metal precipitation

The SI calculated show that AMW samples were supersatu-
rated (SI > 0) in relation to sulfates (namely gypsum), oxy-
hydroxysulphates (jarosite series and schwertmannite),
Fe-(hydr)oxides (e.g., goethite and hematite) and silicates
(mainly SiO, polymorphs). No Zn species were found to be
supersaturated despite their high amounts measured. Cupric
ferrite and cuprous ferrite were found supersaturated for the
less acidic AMW samples, which are not expected to precip-
itate due to the low kinetics of these minerals. Also, no Pb
species were found supersaturated in AMW samples, with
exception of anglesite for two samples showing the high Pb
concentrations.

The projection of the SI values of melanterite, epsomite,
anglesite, jarosite-K, alunite, goethite, and schwertmannite
were compared with the dissolved amounts of Cu, Zn, and
Pb. The SI of melanterite, epsomite, and jarosite-K show a
slight increase as increasing the dissolved amounts of Cu
and Zn in AMW (Fig. 9). No correlation was observed be-
tween Pb and the SI of melanterite and epsomite (graphics not
shown).

Lead is lesser retained by simple sulfates, but the mixed
sulfates or oxy-hydroxysulfates have a tendency for the sorp-
tion of Pb (Durdes 2011). The SI projection of the jarosite-K
against Pb concentrations in AMW samples shows no corre-
lation when the amount of Pb is very low, while a positive
correlation is observed when the amount of Pb is greater than
2 mg L™! (Fig. 9). In the case of the highest Pb concentrations,
there is a tendency of SI decreasing for jarosite-K, probably
caused by the substitutions of K for Pb. Similar behavior was
found for alunite (graphic not shown), where Pb can also
substitute K (plumboalunite). A good correlation of Pb was
found for the SI of anglesite (Fig. 9), where the increase in the
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amount of dissolved Pb in waters is accompanied by the SI
increase of anglesite (SI closer to the equilibrium).

Goethite and schwertmannite, which are frequently as-
sumed to be good adsorbents of metal(loids) (Bigham and
Nordstrom 2000), show a supersaturation in the AMW sam-
ples. Although no correlations were found between the
amounts of Cu, Zn, and Pb and SI values (graphic not shown).

Efflorescences precipitation—first simple sulfates

Melanterite is one of the first simple sulfates precipitated from
AMW. The morphology of melanterite observed at scanning
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Fig. 8 Variation of the zeta
potential, specific conductance,
and Fe species distribution in a
AMW sample (sample A2)
according to an acid to alkaline
pH range
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electron microscopy exhibits a pseudo-octahedral, prismatic,
or tabular habit (Fig. 10a). Incipient dissolution is character-
ized by pit-etch and holes observed on the surface planes of
melanterite (Fig. 10b). Also, the dehydration process of
melanterite is accompanied by its dissolution, generating acid
production. Thus, the efflorescent salts are highly soluble and
provide an instantaneous source of acidic water upon dissolu-
tion and hydrolysis (Nordstrom 1982).

Simple sulfates as melanterite stored rapidly the heavy
metals solubilized from AMW during evaporation.
Isomorphic substitution of Fe** for Cu®* or Zn** may occur
during the dehydration—hydration process of melanterite,
generating a structural reorganization of the tetrahedral sul-
fate, well observed by ATR-IR (Fig.7a). The heavy metals
(i.e., Cu®*, Zn>") from solution trapped in a new structure
corresponding either to Zn-(Cu) melanterite or Cu-(Zn)
melanterite.

X-ray maps of melanterite corresponding to O, S, and Fe
distributions are shown in Fig. 11. Also, X-ray maps of Cu and
Zn confirm a distribution of both metals in the melanterite
structure (Fig. 11).

Discussion

The AMW samples collected from the Lousal, Aljustrel, and
Sado Domingos mining areas are characterized by extreme low
pH values and high amounts of metals (i.e., Mg, Al, Fe, Cu,
Zn) and SOy, which are responsible for the high SC values.
Comparing with the background geochemical levels of the
water-type from this region (Ferreira da Silva et al. 2005,
2006, 2009), the following enrichment factors were found:

2.09

4.12 5.16 6.13 7.50 8.02 9.26 10.00

pH

3.95

Al (170-437,200 times), Fe (11-159,000 times), Cu (15—
322,000 times), Zn (33-101,333 times), and SO, (31-7527
times).

The low Pb amounts in AMW are probably related to its
retention by Fe-oxyhydroxides or sulfates, with a greater sorp-
tion capacity for Pb than for Cu and Zn in lower pH conditions
(Dzombak and Morel 1990; Drever 1997).

Poor correlation was verified between the two sampling
periods (wet and dry) in Aljustrel samples due to the excep-
tional dry year and to the different types of collected samples
(e.g., dams, streams). High difference was found for sample
A6 affected by dissolution and precipitation cycles and col-
lected near to tailing impoundments.

The speciation calculation indicates that the free ion (Me
and the Me—SO, type species are dominant in AMW condi-
tions (pH 1.7 to 3.5). The cationic sulfate species (Me®*
)SO,4*), in the case of Al and Fe, show the highest concentra-
tions followed by the ion trivalent species (Me*). The greater
expression of Fe>* than Fe** in high acidity conditions, where
the oxidation rate of Fe is lower than its reduction by pyrite,
indicates that acidophilic bacteria may mediate this oxidation
reaction (Singer and Stumm 1970).

The high SO,>~ concentration in extreme low pH promotes
the speciation of Me™ with SO4> and the increase of Me—
SO, type species, as reported in previous studies (Monterroso
et al. 1994; Shum and Lavkulich 1999). The free ion (Me*")
and the MeSO40 type species for Mg, Cu, Zn, and Pb show
similar concentrations and trends with a slight domain of
Me?* for Mg, Cu, and Zn, whereas the PbSO40 concentration
is higher in the case of Pb. A dependence on the metal species
formed and the SO, concentrations was observed, with excep-
tion of Pb.

n+)
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The distribution of the sulfate species is coincident with the
chemical composition of the typical sulfate mineral phases
that occur in the studied area (Duraes 2011).

The AMW samples analyzed show a very weak chemical
bond of the Me™*—S-O-Fe-O with various symmetry config-
urations (v}, 15, 13, and v4). The Me™ are adsorbed by either
SO4> or Fe-oxyhydroxides forming outer- or inner-sphere
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complexes. The vibration bands obtained were identified
and discussed by Bobos et al. (2006) in AMW from
Aljustrel mines, where bands related to SO, and
schwertmannite were found (Bishop and Murad 1996). The
types of symmetry forming vibration molecular plans of SO,
caused by metals are detailed described in literature (Hug
1997; Peak et al. 1999; Zhang and Peak 2007).
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Fig. 10 Scanning electron
microscopy (SEM) photos of
melanterite showing the typical
morphology (a) and pit-etch and
holes on the surface planes (b)

The vibration plans confirm a strong protonation of either
S04*” and Fe-oxyhydroxides, which formed mono- or
bidentate bonds, where monodentate coordination became
more relevant with the increase of acidity. This fact may help
to explain why in samples with extreme low pH, the Me™*
species tends to increase in solution, since the monodentate
ligand establish a weaker bond with the metal than a bidentate
ligand. Also, sulfate bidentate to monodentate type complexes
were also identified in goethite surface with a pH decreasing
of AMD (Peretyazhko et al. 2009).

The colloidal particles suspended in waters show different
electrical potential, conditioned by different electrical charge
of chemical elements. The pH, concentration, and ionic
strength of solution influence the complexation type. Large
amount of H* in solution will compete with metals, favoring
the oxyanions adsorption. By contrast, at high pH values and
greater number of OH™ in solution, it will favor the competi-
tion with anions and the cations adsorption (Dzombak and

Morel 1990; Stumm 1992; Stumm and Morgan 1996;
Bigham and Nordstrom 2000). This aspect was observed by
zeta potential measurements with pH variation, where signif-
icant value variations were accompanied by changes from
cationic sulfate to anionic hydroxide type species. The de-
creasing of SC and zeta potential with pH increasing could
be related with the beginning of the colloidal particles aggre-
gation, where metals can be adsorbed regarding the negative
charges formed at its surface.

The precipitation of Fe and Mg simple sulfates, gypsum, Fe
and Al mixed sulfates, and Fe-hydroxides or oxy-
hydroxysulfates are the main mineral phases supersaturated
in these AMW. During dry periods, the AMW evaporation
increases the ionic concentration of these waters and sulfates
precipitate. Both Cu and Zn are preferably retained by simple
sulfates as melanterite and epsomite. A previous study indi-
cated that epsomite has a greater ability for Zn sequestration
than for Cu (Duraes 2011).

Fig. 11 X-ray element (O, S, Fe, Cu and Zn) distribution maps in melanterite crystals
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Lead seems to be more controlled by anglesite precipita-
tion, which is a very insoluble sulfate. Jarosite, which precip-
itate in high acidic conditions (Bigham et al. 1996; Bigham
and Nordstrom 2000), may sequester Pb, forming a mixed K-
Pb jarosite, and the same situation may occur with alunite.
This is reinforced by the positive correlation between Pb and
K identified in AMW samples. Goethite shows a greater sta-
bility in a large pH range (Bigham et al. 1996), which it may
form surface complexes with metals (e.g., Cu, Zn, Pb).
Although in AMW the sorption of heavy metals in goethite
or schwertmannitte is well-known proved (Bigham and
Nordstrom 2000), metal adsorption by sulfates or oxy-
hydroxysulfates in AMW samples seems to be a more effec-
tive process in quantitative terms.

The ATR-IR spectroscopy of AMW enabled the identifica-
tion of molecular vibration bands corresponding to species
theoretically calculated (i.e., Fe™ and SO, species) and the
molecular complexes formed previously to mineral precipita-
tion after water evaporation. The Me™" were weakly adsorbed
by ternary surface complexes (FeOHMeSO,), confirmed by
the crystal-chemistry of melanterite, one of the first phases
precipitated after AMW evaporation.
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