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Abstract

Detailed mineralogical and geochemical investigations were conducted within abandoned Pb and Zn flotation tailings at
‘‘El Fraile’’ impoundments in Taxco, Guerrero, central-southern México. These tailings are divided into an active oxida-
tion zone near the surface, an underlying transition zone and an unoxidized zone. Although these tailings have undergone
30 a of sulfide oxidation, the active oxidation zone has only penetrated to a depth of 0.2 m in the settling pond, and to 0.6–
1.2 m in the dam. The oxidation of sulfide minerals and the insufficiency of pH-buffering minerals have produced low-pH
conditions (pH = 1.9–4.4) and high concentrations of dissolved SO2�

4 , As and heavy metals: SO2�
4 (1534–10086 mg L�1), Fe

(1.5–2568 mg L�1), Zn (36.7–2435 mg L�1), Cd (0.4–30.6 mg L�1), Pb (<0.01–0.6 mg L�1), Cu (0.5–38.2 mg L�1) and As
(0.01–164 mg L�1). These concentrations of dissolved constituents are attenuated by a series of precipitation and sorption
reactions. Precipitation of secondary phases, gypsum, goethite, hematite and K-jarosite has led to the formation of cemen-
ted layers within the active oxidation zone in the tailings dam. These cemented layers act as a trap for released, potentially
toxic elements from the overlying oxidized tailings. Adsorption and coprecipitation on Fe-precipitates play an important
role in the mobilization and attenuation of Zn, Cd, Cu and As within the ‘‘El Fraile’’ tailings. Additionally to the well-
known ability of Fe-precipitates to strongly trap As and heavy metals, this study shows that precipitation of beudantite
(PbFe3AsO4SO4(OH)6) appears to be one of the solid-phase controls on the natural attenuation of As and Pb and other
heavy metals in these tailings.
� 2006 Elsevier Ltd. All rights reserved.
1. Introduction

Historically, mining activities have produced vast
quantities of inactive sulfide-bearing mine tailings in
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several regions of Mexico and throughout the world.
These inactive tailings constitute potential environ-
mental pollution sources due to the oxidation of
sulfide minerals, which may result in the generation
of acidic mine drainage (AMD), usually containing
high concentrations of dissolved potentially toxic
elements (PTE) and SO2�

4 . However, in mine tailings,
acid-generating minerals (sulfide minerals) often
.
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occur in close association with acid-neutralizing
minerals such as calcite and aluminosilicates. When
sufficient acid-neutralizing minerals are present, the
acid generated by sulfide oxidation is balanced by
acid consumption and consequently, dissolved con-
centrations of PTE in tailings leachates and pore
waters are relatively low (Blowes et al., 1998; Lin,
1997).

AMD has been recognized as the main environ-
mental problem derived from mining activities
(Dold and Fontbote, 2001; Holmstrom et al.,
2001). The released PTE may be transported to
the surrounding environment and contaminate soils,
sediments, ground and surface waters (Armienta
et al., 2001; Bain et al., 2000; Jung, 2001), thereby
affecting the entire ecosystem. However, high con-
centrations of dissolved potentially toxic elements
in AMD may be attenuated by a series of pH-buffer-
ing, precipitation and sorption reactions. Secondary
minerals that precipitate during the oxidation-neu-
tralization reactions can permanently or temporar-
ily sequester PTE (Holmstrom and Ohlander,
2001; Levy et al., 1997). The secondary minerals
more commonly reported in mine tailings are Fe-
oxyhydroxides, jarosite and clay minerals, which
function as a trap for released PTE through sorp-
tion processes.

Many authors have reported that these second-
ary Fe-precipitates and clay minerals have a large
capacity for adsorption and coprecipitation of As
and heavy metals. Consequently they are considered
the main solid-phases’ control on the mobility of
potentially toxic elements in mine tailings (Cour-
tin-Nomade et al., 2003; Dold and Fontbote,
2001; Foster et al., 1998; Fukushi et al., 2003;
Holmstrom and Ohlander, 2001; Levy et al., 1997;
Lin, 1997; Ljungberg and Ohlander, 2001; McGre-
gor et al., 1998; Moncur et al., 2005; Savage et al.,
2000). In addition, the occurrence of secondary sco-
rodite has been identified in mine tailings (Foster
et al., 1998; Paktunc et al., 2004; Roussel et al.,
2000). Nevertheless, scorodite is not a relevant can-
didate for As immobilization in situ, due to the high
pH dependence of its solubility and to high As con-
centrations at equilibrium (Roussel et al., 2000).
Finally, a few authors have reported that precipita-
tion of secondary beudantite may play an important
role on the natural attenuation of As and Pb in mine
tailings (Courtin-Nomade et al., 2002; Roussel
et al., 2000).

Precipitation of secondary minerals within shal-
low zones of inactive sulfide tailings additionally
causes the formation of cemented layers (Blowes
et al., 1991; Courtin-Nomade et al., 2003; McGre-
gor and Blowes, 2002). According to these authors,
the cement layers act as an accumulation zone that
retains PTE in the tailings and thereby moderates
the severity of their environmental effects. Second-
ary minerals precipitated in acid mine environments
may be the dominant sink for released PTE and
therefore, from a remediation standpoint act as a
natural attenuator of these elements. In this respect,
secondary minerals may be preferable to engineered
containment methods (Levy et al., 1997).

To develop an effective management strategy for
AMD, it is necessary to understand the geochemical
processes occurring in the tailings to identify the
solid-phase controls on the mobilization and atten-
uation of PTE. However, the identification of these
solid phases in bulk tailings samples (using X-ray
diffraction and microscopy) is extremely difficult,
because -within flotation sulfide tailings-, more than
80% of the concentration of PTE is contained in the
finest particles (<40 lm) (IMMSA, 1980). A
detailed geochemical investigation was conducted
to assess a tailings remediation program at ‘‘El
Fraile’’ inactive sulfide-rich impoundment in Taxco,
Mexico. The objectives of this study were: (i) to
evaluate the extent of sulfide oxidation within the
tailings impoundment and subsequent release of
the oxidation products, (ii) to evaluate the potential
for the development of acidic drainage (iii) to iden-
tify the solid-phase controls on the mobility of sul-
fide-bound elements, in particular that of Pb, Zn,
Cd, Cu and As.

2. Study site

The flotation treatment plant ‘‘El Fraile’’ started
operations in 1945 and finished them around 1973.
The average composition of the processed sulfide
ore was 160 g t�1 Ag, 3.6% Pb and 7.6% Zn. In this
period, 5.4 · 106 tons of sulfide mine tailings were
generated and discharged in two adjacent narrow
valleys. The tailings were deposited on calcareous
shale of the Mexcala formation resulting in tailings
impoundments ‘‘A’’ and ‘‘B’’, covering an area of
20 ha in the Taxco region, located in south-central
México (Fig. 1).

The disposal technique at ‘‘El Fraile’’ caused
hydraulic sorting of the tailings particles, resulting
in the formation of a shallow, basin-shaped deposit
of smaller particles (settling pond) and a high con-
tainment dyke of coarser particles (dam). In 1974,



Fig. 1. Geological map showing the location of the ‘‘El Fraile’’ tailings impoundments.
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the tailings deposited in the settling pond were cov-
ered with calcareous shale, and today this part of
the tailings is totally vegetated and integrated to
the natural landscape. At present, only the tailings
dam remains exposed (Fig. 2).

The Taxco mining area has been one of the most
important producers of base and precious metals
since pre-Hispanic times. Mineralization appears
mainly in hydrothermal veins, replacement ores
and stockworks hosted in limestone, shale and
schist (Fig. 1). The main sulfide minerals in the area
are pyrite (10–15%), sphalerite (11%) and galena
(4%). Among the main gangue minerals, quartz, cal-
cite and feldspar have been reported (IMMSA,
1973). Other primary sulfide minerals in veins
throughout the Taxco area are chalcopyrite, argen-
tite, pirargite, proustite and arsenopyrite. The ore
also contains minor quantities of goethite, hematite,
cerusite, anglesite, melanterite and barite. This min-
ing area is located at an altitude of 1700 masl.

The climate of the region is warm and sub-humid
with an annual average temperature of 26–30 �C
with a minimum of 12 �C and a maximum of
35 �C. The historical precipitation registry indicates
an annual average of the order of 1000 mm (INEGI,
1999). However, this precipitation concentrates
from June to October with maximum values in Sep-
tember (300 mm). Maximum temperatures of 35 �C
are registered in these months favoring evapo-tran-
spiration. From December to May the precipita-
tions are scarce with minimum values in February
(1.2 mm). These weather conditions have led to



Fig. 2. Sampling location of tailings at ‘‘El Fraile’’ impoundments ‘‘A’’ and ‘‘B’’ S1, S2, S3, S4 correspond to excavation pits of 50 cm
depth and and P1, P2, P3, P4, P5 correspond to excavation pits of 200 cm depth.
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water level depths deeper than 2 m within the tailing
piles.

3. Methods

A total of 37 solid samples were collected in exca-
vation pits of 50 and 200 cm depth (Fig. 2). The
sampling sites were selected according to the heter-
ogeneity of tailings taking into account color, tex-
ture, degree of concretion and pH measured in
field. According to visual characteristics, sampling
intervals at each core varied between 10 and
30 cm. The solid samples were stored in hermetically
sealed plastic bags to minimize dust contamination
during transport to the laboratory. Samples were
air dried, disaggregated and homogenized.

Total concentration of major elements was deter-
mined using X-ray fluorescence spectrometry (XRF)
with a sequential XRF Spectrometer (SIEMENS
SRS 3000). The potentially toxic elements were ana-
lyzed with Inductively Coupled Plasma Atomic
Emission Spectroscopy (ICP-AES) according to
the EPA 6010 A method (USEPA, 1996), after
microwave assisted acid digestion following the
USEPA 3051 procedure (USEPA, 1994).

All samples were analyzed as bulk samples by X-
ray diffraction (XRD) using a SIEMENS D5000
difractometer (Cu Ka radiation, k = 1.5406 Å). Pol-
ished thin sections from 12 representative samples
were prepared and analyzed by optical and scanning
electron microscopy with energy dispersive X-ray
spectrometry (SEM-EDS). SEM-EDS analyses were
done using a JEOL JXA-8900R superprobe.

Samples were also sieved through U.S. Standard
Sieves with the purpose of concentrating particles
smaller than 40 lm, which retain most of the PTE
(IMMSA, 1980). Concentrated samples were ana-
lyzed by XRD and SEM-EDS. A transmission elec-
tron microscopy (TEM) analysis of Pb-As-rich
particles was done on a JEOL 2010 FEG transmis-
sion electron microscope, working at 200 kV and a
resolution of 1.7 Å. The selected area aperture to
obtain electron-diffraction patterns was approxi-
mately 10 lm in diameter. Sample powder was dis-
persed in ethanol and deposited on Cu mesh grids,
previously covered by a graphite film. This tech-
nique allows a direct identification of the minerals
containing the PTE, generally in low concentrations
in mine tailings, and therefore not easily detected by
conventional techniques. TEM electronic diffraction
patterns provide the crystalline structure of the par-
ticles that contain the PTE of interest enabling the
recognition of the specific PTE mineral.

Paste pH was determined by weighing 20 g of air-
dried sample and adding 20 mL of distilled water.
After mixing for 5 s the slurry was left to stand
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for 10 min. The electrodes were then inserted in the
slurry and after swirling slightly the pH was mea-
sured until a constant value was obtained.

Since climatic conditions did not allow the
extraction of pore tailings solution in the field, in
order to evaluate the chemistry of aqueous tailings
leachates a 50-g homogenized sample was sus-
pended in 150 mL de-ionized water in plastic bot-
tles. Sample suspensions were agitated on a rotary
shaker at 120 rpm until the stabilization of pH
and electric conductivity (EC) was obtained (8
days). This method has been successfully used by
Martycak et al. (1994) in samples of ore deposits,
as well as Lin (1997) in tailing’s samples. The
method is based on the presumption that leachates
are developed from primarily dilute pore solutions
which interact with the disintegrated solids. The
complete transition of the pore solution into leach-
ates is indicated by the pH stabilization of the
extractant (Martycak et al., 1994). These leachates
were used to approximate the tailings pore solution.
After pH and EC stabilization, leachates were dec-
anted and filtered through a 0.45 lm Millipore filter.

Each clear aqueous extract was divided into two
subsamples. One was acidified with HNO3to pre-
serve metal concentration, and the other was left
unacidified. Unacidified extracts were analyzed for
pH, redox potential, carbonate species, SO2�

4 , and
Cl�. Acidified extracts were analyzed for Ca, Mg,
Mn, Al, Na, K, Fe, Zn, Cd, Pb, Cu and As using
ICP-AES. Carbonate and HCO�3 were measured
by acid titration. Sulfate was determined by turbi-
dimetry through the formation of Ba SO4 by adding
BaCl2. Chloride was determined by potentiometry
using an ion selective electrode. Redox potential
was measured with an Ag/AgCl electrode. Analyti-
cal data quality was controlled through the analyses
of all samples in duplicate, and of blanks and refer-
ence materials (Sulfide ore mill tailing RTS-3 Cana-
dian standard). Analysis of duplicate samples
indicated 10% reproducibility. Accuracy was within
90–115%. Charge imbalance calculations in the
aqueous extracts were below 8%.

Chemical modeling of the aqueous extracts was
performed using the MINTEQA2 (Allison et al.,
1991) computer code. MINTEQA2 is an equilib-
rium speciation model that uses a pre-defined set
of components including free ions and neutral and
charged complexes. The data base of reactions is
written in terms of these components as reactants.
The program solves the multiple-component chemi-
cal equilibrium by the simultaneous solution of the
nonlinear mass action expressions and linear mass
balance relationships. Concentrations determined
in the leachates were used to calculate the ionic
strength by the model. Activity coefficients were cal-
culated with the Davies equation. Initial activity
guesses for the input components are provided in
the input file for a given problem in the MINT-
EQA2 program. Successive sets of activity coeffi-
cients are calculated for all solution species at each
iteration. Each iteration improves the estimation
of species concentrations and activity corrections.
MINTEQA2 terminates the calculations if the
charge balance exceeds 10%. Saturation indexes
were computed with the model considering a tem-
perature of 25 �C. Ksp values were taken from the
database of the geochemical program.

4. Results and discussion

4.1. Zoning characterization

The tailings at ‘‘El Fraile’’ impoundments ‘‘A’’
and ‘‘B’’ have been subjected to supergene alter-
ation, which has led to a characteristic zoning.
However, different degrees of exposure between
the dam and settling pond have led to different
degrees of alteration. The tailings dam has been
exposed to oxidizing agents during 30 a. On the
other hand, the settling pond was covered with a
layer of calcareous shale immediately after the end
of mining operations. The alteration process has
consequently been more intensive in the tailings
dam in relation to the settling pond. In cross-section,
3 main geochemical zones can be distinguished in
impoundments ‘‘A’’ and ‘‘B’’. These zones are
distinctive in color, cementation, pH values and
mineral content and comprise, from bottom to
top: an unoxidized zone, a transition zone, and an
active oxidation zone.

4.1.1. Unoxidized and transition zones

The unoxidized zone is composed of friable and
dark gray tailings with near neutral paste pH values
(pH = 6.5–7.2). This zone occurs at depths between
65 cm and 120 cm below the tailings surface in the
dam and in the settling pond (Fig. 3). The transition
zone overlies unoxidized tailings and consists of fri-
able tailings of gray–green color with near neutral
paste pH values (6.0–7.0). The thickness of the tran-
sition zone varies between 15 and 80 cm.

XRD and microscopic studies in bulk samples
from the dam and settling pond showed that in



Fig. 3. Representative profiles through the ‘‘El Fraile’’ tailings: (a) in the settling pond, and (b) in the dam. CM: cover material, OZ:
oxidation zone, CL: cemented layer, TZ: transition zones, UOZ: unoxidized zone.
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the unoxidized and transition zones the original sul-
fide assemblage is dominated by pyrite and sphaler-
ite. Results of SEM-EDS analysis showed that some
pyrite and sphalerite grains contain traces of As and
Cd respectively. These sulfide minerals show no sign
of weathering in the unoxidized zone while the tail-
ings in the transition zone are weakly altered. The
approximate relative abundance of sulfide minerals,
which was determined by point-counting in the pol-
ished sections, indicates that unoxidized tailings
contain approximately 10% pyrite, 4% sphalerite
and only traces of chalcopyrite and galena. Among
the pH-buffering minerals, only aluminosilicate
minerals were identified (plagioclase, orthoclase,
epidote, ilvaite, muscovite and chlorite). Mineralog-
ical analyses did not identify any discrete carbonate
minerals, probably due to their relatively low abun-
dances. SEM-EDS and optical microscopy analysis
showed some grains of goethite, limonite, hematite
and cerusite. These secondary phases in the unoxi-
dized tailings are interpreted as a product of the
supergene alteration of Pb–Zn ore, from which
these tailings were derived.

4.1.2. Oxidized zone

The uppermost part of ‘‘El Fraile’’ tailings
impoundment is an oxidation zone, both in the
dam and in the settling pond and it is composed
of tailings of yellow – brown color (Fig. 3). The oxi-
dation zone in the dam starts at the tailings surface
and reaches 65–120 cm depth. In general, near the
surface, the oxidation zone consists of weakly
cemented tailing layers that are mainly brownish
yellow with a low paste pH (pH = 2.0–2.5).
Towards the bottom, the tailings are lithified and
cemented by brownish and reddish yellow precipi-
tates, wherein paste pH values increase to 3.4–4.6.
These cemented layers occur at depths between 20
and 50 cm below the surface, their total thickness
varies from 15 cm to 80 cm.

The active oxidation zone in the settling pond
consists of friable and brownish yellow tailings
(uncemented) with low paste pH values
(pH = 2.8–4.1). They are overlain by about 45 cm
of calcareous shale used as cover material during
remediation. The oxidation zone in the tailings set-
tling pond has little development (thickness = 10–
20 cm) in relation to the dam (Fig. 3). This may
have resulted from the presence of the cover mate-
rial as well as from a finer sized fraction of the tail-
ings deposits that have restricted the oxidizing
agent’s diffusion through the settling pond, leading
to a less extensive sulfide oxidation.

XRD and microscopic studies of bulk oxidized
samples showed that the primary non-metallic min-
erals are dominated by quartz, orthoclase and



F.M. Romero et al. / Applied Geochemistry 22 (2007) 109–127 115
muscovite. Sulfide and carbonate minerals were not
observed. Oxidation and acid-neutralization reac-
tions have depleted the pyrite, sphalerite, plagio-
clase and chlorite content in oxidized tailings,
allowing the formation of secondary minerals.
XRD analysis showed that the secondary mineral-
ogy of bulk oxidized tailings is dominated by gyp-
sum, kaolinite, K-jarosite, lepidocrocite, goethite
and hematite. The study of polished sections
showed that sulfide oxidation was complete in the
oxidized tailings dam and sulfide minerals were
totally replaced by secondary Fe solid phases. Nev-
ertheless, pyrite grains were found to be coated by
Fe oxyhydroxides in some oxidized uncemented
tailings within the settling pond.

4.2. Sulfide oxidation, acid generation and release of

potentially toxic elements

Sulfide oxidation has been extensively reviewed
in the literature and it is generally accepted that pyr-
ite (FeS2) oxidation is the main acid generating
source (Balistrieri et al., 1999; Dold and Fontbote,
2001). Pyrite oxidation generates acid, SO2�

4 and
Fe. Nevertheless, the oxidation of other sulfide min-
erals, such as sphalerite (ZnS), galena (PbS) and
chalcopyrite (CuFeS2), may release metal ions (Zn,
Fe, Cu and Pb) but may not generate acidity (Bali-
strieri et al., 1999).

Oxidation of pyrite, the predominant sulfide min-
eral within the ‘‘El Fraile’’ tailings and insufficiency
of pH-buffering minerals have produced low pH
leachates in the oxidized zone. The acidic leachates
contain high concentrations of SO2�

4 , heavy metals
and As. These elements were released by the oxida-
tion of pyrite and the other sulfide minerals identi-
fied. In general, the highest concentrations of
dissolved constituents coincide with the lowest pH
values in the leachates. Table 1 shows the ranges
and average concentrations of dissolved constitu-
ents in oxidized tailings leachates, subdivided by
their different pH values. The pH values and content
of dissolved constituents form a stepwise profile in
the tailings. Data from representative profiles from
the tailings dam are shown in Fig. 4, and from the
tailings settling pond in Fig. 5.

Near the surface of the oxidized tailings dam the
leachate pH values are low (pH = 1.9–2.7). These
low pH values rise gradually (pH = 3.5–4.4) where
the underlying cemented layer is first met, which
indicates that generated H+ ions are consumed by
dissolution of the identified aluminosilicate miner-
als. The highest concentrations of dissolved constit-
uents were registered in these acidic and mildly
acidic leachates of tailings from the oxidized zone
(Table 1, Fig. 4). Below the cemented layer, wherein
weakly altered and unoxidized tailings occur, the
pH increases abruptly to near neutral (pH = 6.4–
6.9) and dissolved concentrations of most metals
and SO�2

4 decrease (Fig. 4). These results suggest
that the cemented layer in the tailings dam has
restricted the oxidizing agent’s diffusion through
them and has reduced the transport of dissolved
constituents from the oxidized to the transition
zone.

Sulfide oxidation of tailings from the settling
pond, has resulted in the generation of mildly acidic
leachates (pH = 2.9–4.0) in the oxidized zone. These
pH values increase to near neutral (pH = 6.5) with
depth, wherein the weakly altered tailings of the
transition zone occur. The leachate pH values in
the oxidized zone of the settling pond are higher
in relation to those registered in leachates of the oxi-
dized tailings dam and consequently, dissolved con-
centrations of constituents are lower. These results
also suggest that sulfide oxidation has been less
extensive in the settling pond, because the cover
material has restricted the oxidizing agent’s diffu-
sion into the underlying zone. Nevertheless, the
highest concentrations of most dissolved constitu-
ents were registered in leachates from transition
zones in the settling pond (Fig. 5), suggesting that
the absence of the cemented layer in the oxidized
zone of the settling pond has allowed the transport
of dissolved constituents from the oxidized to the
transition zone. Below this zone, wherein unoxi-
dized tailings occur, the leachate pH values are neu-
tral (pH = 7.1) and most dissolved constituents
show a sharp concentration decrease (Fig. 5).

Dissolution of secondary phases identified in the
unoxidized tailings dam and settling pond associ-
ated to the supergene alteration of the Pb–Zn pri-
mary ore, may be the main source of the relatively
low concentrations of dissolved SO2�

4 and PTE in
the unoxidized tailings leachates. Additionally, dis-
solved SO2�

4 and Zn may be related to the reactants
used in the flotation process.

On the other hand, sulfide oxidation reactions in
the ‘‘El Fraile’’ tailings have depleted sulfide bound
metals in the oxidized zone (Figs. 4 and 5). Table 2
shows that total concentrations of Fe, Cu, Zn and
Cd are lower in the oxidized than in the unoxidized
zones. The average bulk concentration of Fe
(expressed as oxides) decreases from 15.6 wt.% in
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Fig. 4. Chemical composition of tailings solid samples (d) and leachates (h) from representative profile from tailings dam.
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the unoxidized tailings to 11.2 wt.% in the oxidized
tailings. Similarly, Zn concentration decreases from
25267 to 6079 mg kg�1, Cd decreases from 186 to
33 mg kg�1 and Cu decreases from 340 to
199 mg kg�1. The H+ generated during pyrite oxi-
dation, has favoured the incongruent dissolution
of the aluminosilicate minerals that were identified
(plagioclase, epidote, ilvaite, muscovite and chlo-
rite) and consequently, the release of Al, Mn, Mg
and Na into tailings leachates (Table 1). Aluminosil-
icate dissolution is indicated by depletion of the
main aluminosilicate-bound elements Al, Mn, Mg,
and Na. The bulk concentration of Al (expressed
as oxides) decreases from an average of 4.7 wt.%
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in the unoxidized tailings, and 5.4 wt.% in the tail-
ings of the transition zone, to an average of
4.1 wt.% in the oxidized tailings. Similarly, Mn con-
centration decreases from 0.9 to 0.3 wt.%, Mg con-
centration from 1.2 to 0.5 wt.%, and Na
concentration decreases from 1.0 to 0.3 wt.%
(Table 2).
4.3. Solid-phase controls on the mobility of sulfide-

bound elements in the oxidized zone

The concentration and mobility of dissolved con-
stituents within ‘‘El Fraile’’ tailings are controlled
by a complex series of oxidation, precipitation–dis-
solution and sorption–desorption reactions. The
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concentrations of each dissolved constituent are a
function of pH and of the mineralogy of the tailings.
The chemistry of aqueous leachates of oxidized tail-
ings indicates that the mobility of SO2�

4 and sulfide-
bound elements observed in the ‘‘El Fraile’’ tailings
follows the sequence SO2�

4 > Fe > Zn > As >
Cu > Cd > Pb.

4.3.1. Sulfate

Oxidation and subsequent dissolution of sulfide
minerals, mainly pyrite and sphalerite, is the main
source of SO2�

4 in the oxidized tailing leachates.
However, SO2�

4 may also come in the initial sludge
since SO2�

4 salts are used within the mill process. Sul-
fate is the dominant anion throughout the tailings
leachates. The highest dissolved SO2�

4 concentra-
tions were registered in the strongly acidic leachates
of the superficial tailings dam (8237–10086 mg L�1)
and in the mildly acidic leachates of cemented tail-
ings layers (3715–8541 mg L�1). The lowest concen-
trations were obtained in the mildly acidic leachates
of the settling pond (1534–2047 mg L�1). Geochem-
ical modeling indicates that the oxidized tailings
leachates are gypsum oversaturated (SI = 0.1–0.2),
and according to the mineralogical study, gypsum
and K-jarosite are the most abundant secondary
minerals detected within the oxidized tailings. These
results indicate that precipitation–dissolution of
gypsum and K-jarosite are the major control for
the dissolved concentration of SO2�

4 within the tail-
ings impoundment, as has been widely reported for
similar sites (Johnson et al., 2000; McGregor et al.,
1998). Nevertheless, these SO2�

4 concentrations par-
tially can be attributed to the dissolution of soluble
Cu, Fe and Zn-sulfates, which were not identified
probably due to their relatively low abundances.

4.3.2. Iron (Fe)

Oxidation and subsequent dissolution of pyrite is
the main source of dissolved Fe in oxidized tailings
leachates. The highest dissolved Fe concentrations
were registered in the strongly acidic leachates of
the superficial tailings dam (2288–2568 mg L�1)
and in the mildly acidic leachates of cemented tail-
ings layers (659 mg L�1). However, low concentra-
tions were obtained in the mildly acidic leachates
of the tailings settling pond (1.5–5.8 mg L�1).

Pyrite oxidation initially produces Fe-sulfate
minerals such as melanterite, the mixed Fe(II)–
Fe(III) mineral copiapite and schwermannite (Levy
et al., 1997). XRD and microscopic studies showed
that the dominant Fe-bearing secondary mineral in
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oxidized tailings is K-jarosite (Fig. 6). Besides,
according to the MINTEQA2 calculation, the study
site’s oxidized tailings leachates are oversatured
with regard to jarosite (SI = 1.5–11.7), goethite
(SI = 1.4–7.2), lepidocrocite (SI = 0.5–6.3) and
hematite (SI = 7.8–15.8), and they are below satura-
tion regarding ferryhidrite and ferrous sulfate min-
erals. This identified mineralogy is consistent with
the Eh measured in these samples (ten samples from
uncemented layers of oxidized tailings A and B)
from 700–800 mV. Jarosite dissolution under the
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observed conditions (pH < 3) is not favoured, since
K-jarosite is a relatively stable secondary mineral
under acidic conditions (Baron and Palmer, 1996;
McGregor and Blowes, 2002). This suggests that
its contribution to the high dissolved Fe and SO2�

4

concentration registered in acidic tailings leachates
(Table 1) is not important.

Other Fe-bearing secondary minerals detected
were goethite (Fig. 7) and lepidocrocite. The
solubility diagrams of Fe-oxyhydroxides indicate
that under acidic conditions, goethite and
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lepidocrocite are soluble solid phases and as pH
increases their solubility gradually decreases,
reaching a minimum between pH 7 and 8 (Cornell
and Schwertmann, 1996). Dissolution of Fe-oxy-
hydroxides is then favoured under acidic and
mildly acidic pH conditions and it may be the
main source of highly dissolved Fe concentrations
registered in acidic and mildly acidic leachates.
Nevertheless, dissolved Fe may partially result
from dissolution of soluble Fe-sulfates, as men-
tioned before.

The Fe released in the oxidized acidic tailings dam
near the surface (Table 1) is mobile under the prevail-
ing acid conditions and migrated partially down-
wards through the tailings impoundments. Iron was
then removed from leachates, precipitating as goe-
thite, hematite and jarosite at depths where an
increase in the pH values of leachates was observed.
This mechanism led to the formation of the Fe-
cemented layers within ‘‘El Fraile’’ tailings dam, as
indicated by the increase of total Fe concentration
in the cemented layers. The bulk chemical composi-
tion of the oxidized tailings dam indicates that Fe is
enriched within the cemented layer with respect to
the overlaying oxidized uncemented tailings (Table
3, Fig. 4). The average Fe concentration within
cemented layers was 24% greater than the average
within the overlying uncemented tailings. Similar
Fe-cemented layers have been reported in other inac-
tive tailings deposits (Lin, 1997; McGregor and
Blowes, 2002).
Table 3
Chemical composition of tailings bulk samples from uncemented an
impoundments

Constituent wt.% Uncemented layers

Mean ± SD Range

SiO2 58.5 ± 5.5 47.9–65.
TiO2 0.2 ± 0.1 0.2–0.4
Al2O3 3.8 ± 1.4 2.7–7.1
CaO 6.3 ± 1.8 3.5–8.7
K2O 1.6 ± 0.2 1.3–1.9
Fe2O3 10.5 ± 2.7 5.2–13.8
MnO 0.3 ± 0.6 0.1–1.8
MgO 0.4 ± 0.3 0.1–1.2
Na2O 0.3 ± 0.2 0.1–0.7
P2O5 0.04 ± 0.02 0.02–0.0
LOI 10.3 ± 1.7 7.9–12.3
Zn, mg/kg 5975 ± 8898 1550–27
Pb, mg/kg 4369 ± 1203 2693–59
Cu, mg/kg 168 ± 70 83–120
As, mg/kg 1556 ± 304 1196–20
Cd, mg/kg 27.4 ± 30.5 8.0–96

Note: LOI, loss on ignition.
4.3.3. Zinc and cadmium

Zinc is released to leachates by oxidation and dis-
solution of sphalerite that may also contain traces of
Cd. The concurrent presence of Cd and zinc suggests
that sphalerite oxidation and subsequent dissolution
is the primary source of Cd in oxidized tailings leach-
ates. Nevertheless, some Zn may come from the use
of Zn-sulfates in the extraction process. The highest
dissolved Zn and Cd concentrations were registered
in the mildly acidic leachates of cemented tailings
layers (Zn = 645–2435 mg L�1 and Cd = 3.6 –
30.6 mg L�1) and in the strongly acidic leachates of
the superficial tailings dam (Zn = 107–1309 mg L�1

and Cd = 1.1–18.2 mg L�1). The lowest concentra-
tions were found in the mildly acidic leachates
of the tailings settling pond (Zn = 36.7–50.4
mg L�1and Cd = 0.4–0.6 mg L�1). Mineralogical
studies did not detect any secondary Zn and Cd pre-
cipitates in oxidized tailings, but SEM-EDS analysis
revealed the presence of Zn and Cd traces in K-jaro-
site (Fig. 6) and Fe-oxyhydroxides grains (Fig. 7) in
acid and mildly acid conditions respectively.

These observations suggest that the solid-phase
control on the mobility of Zn and Cd, under acidic
conditions, appears to be sorption reactions with K-
jarosite. However, under mildly acid conditions, the
dissolved Zn and Cd concentrations seem to be
attenuated by sorption onto Fe-oxyhydroxide
grains.

The high concentration of dissolved Zn despite
retention by K-jarosite and Fe-oxyhydroxides can
d cemented layers in the dam’s oxidized zone at ‘‘El Fraile’’

Cemented layers

Mean ± SD Range

8 55.2 ± 7.8 49.5–66.6
0.2 ± 0.1 0.2–0.3
4.3 ± 0.9 3.3–5.3
5.8 ± 2.1 3.4–8.4
1.6 ± 0.1 1.5–1.7

13.8 ± 3.8 8.4–16.5
0.3 ± 0.1 0.1–0.4
0.5 ± 0.3 0.3–0.9
0.4 ± 0.3 0.1–0.7

7 0.07 ± 0.02 0.05–0.10
10.4 ± 3.2 7.0–14.5

700 8500 ± 5463 2300–13850
40 2626 ± 626 1692–3009

297 ± 170 121–486
99 2768 ± 817 1640–3379

59 ± 46 11.0–54
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be partially attributed to the dissolution of soluble
Zn-sulfates from the flotation process, which were
not identified probably due to their relatively low
abundances.

Zinc and Cd released from the oxidized acidic
tailings dam, near the surface, have partially
migrated downwards through the tailings impound-
ments and were then sorbed onto Fe oxyhydroxides
surfaces, as indicated by the enrichment of this ele-
ment directly above or in the cemented layers (Table
3, Fig. 4). The average Zn and Cd concentrations
within these layers were 30% and 54%, respectively,
greater than the average concentrations within the
overlying uncemented tailings.

4.3.4. Copper (Cu)

Oxidation and dissolution of chalcopyrite is the
main source of dissolved Cu concentration. How-
ever, small amounts of Cu would also be provided
by the initial sludge, due to the use of Cu-sulfate
in the process. The highest dissolved Cu contents
were registered in the strongly acidic leachates of
the superficial tailings dam (15.6–18.3 mg L�1) and
in the mildly acidic leachates in layers of cemented
tailings (0.5–38.2 mg L�1). Low concentrations were
observed in the mildly acidic leachates of the tailings
settling pond (1.1–2.2 mg L�1). Calculations with
MINTEQA2 indicate that oxidized tailings leach-
ates are undersatured in all discrete Cu-bearing sec-
ondary minerals included in the data base.
Mineralogical studies did not detect any secondary
Cu precipitates in oxidized tailings, but SEM-EDS
analysis revealed the presence of traces of Cu in
Fe oxyhydroxide grains (Fig. 7). These observations
suggest that coprecipitation or adsorption reactions
are the dominant solid-phase controls on the mobil-
ity of Cu.

Copper released in the oxidized acidic tailings
dam near the surface has partially migrated down-
wards through the tailings impoundments and has
then been sorbed onto Fe oxyhydroxides surfaces
as indicated by the enrichment of this element
directly above or in the cemented layers (Table 3,
Fig. 4). The average Cu concentration within these
layers was 44% greater than the average within the
overlying uncemented tailings.

4.3.5. Lead (Pb)

Oxidation of galena is the primary source of dis-
solved Pb in the tailings leachates. In contrast to the
other heavy metals, which are mobile under acidic
conditions, dissolved Pb concentrations were below
the detection limits (<0.01 mg L�1) in the superficial
oxidized tailings dam, where the leachates are
strongly acidic (pH = 1.9–2.0). Nevertheless, in
cemented oxidized tailings dam wherein the leach-
ates are mildly acidic (pH = 3.5–4.4), the dissolved
Pb concentrations reach a maximum of 0.1–
0.6 mg L�1.

Geochemical modeling indicates that the mildly
acidic leachates are near satured regarding anglesite
(SI = �0.7). SEM-EDS analyses indicate the pres-
ence of anglesite in acidic oxidized tailings samples
and plumbojarosite in mildly oxidized tailings.
Anglesite and plumbojarosite are relatively stable
phases under acidic pH conditions, but as pH
increases, the dissolution of Pb-sulfates is favored
(Roussel et al., 2000). Hence, under the mildly acidic
pH conditions that are observed within the cemen-
ted tailings dam and uncemented tailings settling
pond, the dissolution of Pb-sulfate may contribute
to the Pb concentrations registered in these mildly
acidic leachates (Table 1).

4.3.6. Arsenic (As)

The occurrence of As with pyrite suggests that its
oxidation and subsequent dissolution is the primary
source of As in oxidized tailings leachates. Indeed,
in the oxidized tailings dam of impoundment ‘‘B’’,
where the leachates are strongly acidic (pH = 1.9–
2.0), the highest dissolved concentrations of As
(101–164 mg L�1) were registered. These high con-
centrations decrease as pH increases: (i) in oxidized
tailings dam leachates of impoundment ‘‘A’’, with a
pH from 2.3 to 2.7, the dissolved concentration of
As ranges from 0.01 to 4.0 mg L�1, (ii) in the oxi-
dized tailings settling pond, where the leachates
are mildly acidic (pH = 2.9–4.0) dissolved concen-
trations of As range from 0.02 to 0.10 mg L�1 and
(iii) within cemented tailings leachates, where pH
values range from 3.5 to 4.4, the dissolved concen-
trations of As vary from 0.04 to 0.4 mg L�1.
According to the MINTEQA2 calculations, tailings
leachates are undersatured regarding all discrete As-
bearing secondary minerals included in the data-
base. A mineralogical analysis of oxidized tailings
samples did not detect any As-bearing secondary
minerals, but SEM-EDS analyses showed that Fe
oxyhydroxides contain As traces (Fig. 7). Arsenic
contents in grains of Fe-oxyhydroxides analyzed in
15 samples from oxidized tailings varied from
0.2% to 5.2%. These analyses also showed the pres-
ence of very small white particles (h < 5 lm), which
contain Fe, Al, S, As, Pb, Zn and Cu in tailings
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from cemented layers (Fig. 8). These particles were
present everywhere in samples of concentrated oxi-
dized tailings. XRD patterns of these samples
revealed peaks that correspond closely to the d-
spacing of beudantite (Fig. 9).

These results suggest that the As released is co-
precipitated with Fe oxyhydroxides from leachates,
or that it is adsorbed after the formation of Fe oxy-
hydroxides. A change to acidic conditions produces
the dissolution of Fe oxyhydroxides and releases As
to leachates in the oxidized acidic tailings dam near
the surface. Arsenic has partially migrated down-
wards through the tailings impoundments and has
been sorbed onto Fe oxyhydroxide surfaces or pre-
cipitated as beudantite in cemented tailings dam.
Occurrence of this process is indicated by the
enrichment of As directly above or in the cemented
layers (Table 3, Fig. 4). The average As concentra-
tion within cemented layers was 44% greater than
that within the overlying uncemented tailings.

The occurrence of As with Fe oxyhydroxides sug-
gests that removal of As through coprecipitation or
adsorption reactions is most likely, the dominant
solid-phase control on the mobility of As in these
oxidized tailings. Besides, the identification of beu-
dantite in cemented layers indicates that precipita-
tion of this mineral is another important control
in the mobility of As under mildly acidic conditions
within cemented tailings. The identification and sig-
Fig. 8. SEM (backscattered electron) of the concentrated (<40 lm) ox
grain (J) and small white particles (1, 2, 3, 4, 5 and 6) which contain F
nificance of the occurrence of beudantite within ‘‘El
Fraile’’ oxidized tailings will be discussed next.

4.3.7. Identification and significance of Beudantite
Beudantite, an As and Pb-containing species

structurally related to the alunite–jarosite family
of minerals, is characterized by roughly equal pro-
portions of As and S instead of S only as well as
by the predominance of Fe rather than Al as the tri-
valent cation (Szymanski, 1988). Certain identifica-
tion of beudantite within the ‘‘El Fraile’’ tailings is
significant because several authors have reported
that it plays an important role in the natural atten-
uation of As and Pb in sulfide oxidation processes.
Beudantite has been reported as a natural mecha-
nism of As and Pb fixation in superficial sulfide
deposits (Nieto et al., 2003). In La Petite Faye tail-
ings in France, beudantite ensured an efficient trap-
ping of As and Pb in Au-mine tailings (Courtin-
Nomade et al., 2002; Roussel et al., 2000). The accu-
mulation of As in a jarosite-beudantite solid solu-
tion at Berikul Au mine (Siberia, Russia) has also
been reported (Giere et al., 2003).

Roussel et al. (2000) identified the presence of
beudantite using SEM-EDS and X-RD methods.
However, considering the similarity of XRD pat-
terns (‘‘d’’ values/Å intensity %) for beudantite
(3.07/100, 5.94/74.7, 3.66/40.4, 1.98/26.8, 2.27/
24.7, 1.83/20.16, 2.97/17.3, 2.31/8.4) and those for
idized tailings sample from cemented layers showing K-jarosite
e, S, As, Pb, Zn and Cu.
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K-jarosite (3.08/100, 3.11/63.7, 5.10/55.9, 5.94/36.7,
1.98/33.3, 2.30/31.9, 2.97/14.9, 3.66/12.2), the iden-
tification of beudantite in tailings samples is extre-
mely difficult using only these two methods.

The presence of beudantite detected by SEM-
EDS and XRD in concentrated oxidized tailings
samples (<40 lm fractions) of the ‘‘El Fraile’’
impoundments was verified in this work using trans-
mission electron microscopy (TEM) with energy
dispersive spectrometry (EDS). Fig. 10 shows
TEM images and energy dispersive spectra (EDS)
for small white grains of oxidized tailings. Crystallo-
graphic ‘‘d’’ values calculated from the selected-area
electron diffraction pattern (Fig. 10b) conform with
those of beudantite. EDS analyses (Fig. 10c) indi-
cate that the chemical composition is also consistent
with the occurrence of beudantite. Besides, EDS
showed the presence of Zn and Cu, possibly copre-
cipitated in beudantite crystals. The high-resolution
image showing regular lattice fringes (Fig. 10d) and
the obtained electron diffraction pattern (Fig. 10b)
show the crystalline character and rhombohedral
crystal system of beudantite (Szymanski, 1988).

There may be two possible mechanisms for the
formation of beundantite (PbFe3(AsO4)(SO4)(OH)6)
within ‘‘El Fraile’’ tailings. One is the replacement of
SO2�

4 groups by AsO3�
4 in detected plumbojarosite.

Similar anionic substitution has been reported in
roasted sulfide ore from the Spenceville Mine,
wherein AsO3�

4 replaced SO2�
4 groups in K-jarosite

(Foster et al., 1998). An alternative mechanism is
direct precipitation, through the combination of
As, Fe, Pb and S released by dissolution and desorp-
tion reactions of the respective solid phases that take
place in the cemented layers under mildly acidic pH
conditions.

Few data have been reported on the solubility of
beudantite. Roussel et al. (2000) estimated a value
from 10�15 to 10�21 for the solubility constant of
beudantite, at 298 �K, using the standard Gibbs
energy of formation of plumbojarosite of
�727.5 kcal mol�1, which is very similar to the pre-
dicted Gibbs energy of formation of beudantite
(Gaboreau and Vieillard, 2004). These values indi-
cate the low solubility of beudantite. In the cemen-
ted tailings dam of the ‘‘El Fraile’’ impoundment,
where beudantite appears to be one of the solid
phase controlling the mobility of As, the concentra-
tion of dissolved As is up to one order of magnitude
greater in impoundment ‘‘B’’ (As = 0.4 mg L�1)



Fig. 10. TEM images of concentrated tailings sample from cemented tailings dam. (a) White dots show location of energy-dispersive
analyses (EDS). (b) Electron diffraction pattern. (c) EDS spectra and (d) High-resolution image.

F.M. Romero et al. / Applied Geochemistry 22 (2007) 109–127 125
than in impoundment ‘‘A’’ (As from 0.04 to
0.10 mg L�1) (Table 1). These values suggest differ-
ences between the solubility of beudantite present
in the cemented layers of each tailings impound-
ment. The apparent difference in beundantite’s solu-
bility could be explained by the presence of other
elements incorporated into the mineral structure.

The SEM-EDS analyses showed different con-
tents of Zn and Cu in beundantite particles in sam-
ples from each impoundment. Beudantite grains in
tailings sampled from cemented layers of impound-
ment ‘‘A’’ contain approximately 5–18% Zn and
2–3% Cu. However, beudantite grains in tailings
sampled from similar layers of impoundment ‘‘B’’
contain 1–5% Zn and they do not contain Cu. These
results suggest that the formation of beudantite, in
the presence of dissolved Zn and Cu results in a sig-
nificant co-precipitation of these metals in the
beudantite phase; the co-precipitation was more
pronounced in cemented tailings dam at impound-
ment ‘‘A’’, than at impoundment ‘‘B’’. These obser-
vations indicate that the incorporation of significant
Zn and Cu into the structure of beudantite in the
cemented tailings dam at impoundment ‘‘A’’ may
be the cause of the low solubility of beudantite in
these tailings and consequently, of the lower dis-
solved concentration of As in the leachates. How-
ever, the role of coprecipitated Cu and Zn on the
solubility of beudantite, has to be studied further
to better support the above considerations. It is thus
necessary to conduct experiments with synthetic
beudantite and variable concentrations of Cu and
Zn.

5. Conclusions

Sulfide oxidation reactions in the ‘‘El Fraile’’ tail-
ings impoundment have produced low pH conditions
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in the oxidized zone and high concentrations of
water-leachable heavy metals, As and SO2�

4 . The
oxidation process has been less extensive in the
settling pond than in the dam and the oxidation
front has consequently penetrated down to depths
of approximately 60–100 cm in the dam, and only
20 cm in the settling pond.

The leachate pH values and concentrations of
dissolved constituents form a stepwise profile in
the tailings, with noticeable differences between the
dam and the settling pond: (i) in the tailings dam,
the low pH values (pH = 1.9–2.7) of the leachates
in the uppermost parts of the oxidized zone indicate
the readily available acidity in the active oxidation
zone. These low pH values rise gradually with depth
(pH = 3.5–4.4) indicating that the generated H+

ions are consumed by dissolution of the identified
aluminosilicate minerals. This pH rise causes the
precipitation of Fe oxyhydroxides, forming the
cemented layers in the dam from ‘‘El Fraile’’ tail-
ings. These layers have restricted the oxidizing
agent’s diffusion through the tailings and this, in
turn, has restricted the transport of dissolved con-
stituents downwards through the tailings dam.
Below the cemented layer, where weakly altered
and unoxidized tailings occur, the pH increases
abruptly to near neutral (pH = 6.4–6.9) and soluble
concentrations of most metals and SO2�

4 decrease.
(ii) the leachate pH values in the oxidized zone of
the settling pond (pH = 2.9–4.0) are higher than
those registered in leachates of superficial oxidized
tailings dam, consequently soluble concentrations
of constituents are lower. These pH values increase
to near neutral (pH = 6.5) with depth, where the
weakly altered and unoxidized tailings occur. Nev-
ertheless, the absence of a cemented layer in the oxi-
dized zone of the settling pond has allowed the
transport of dissolved constituents downwards
through the tailings.

The concentration and mobility of potentially
toxic elements (PTE) are controlled by a series of
precipitation and sorption reactions. The main con-
trols on the mobility of PTE within the ‘‘El Fraile’’
tailings impoundments appear to be sorption and
desorption reactions on Fe-precipitates. The very
low dissolved concentration of Pb in acidic leach-
ates may be attributed to precipitation of plumboj-
arosite and anglesite that are relatively stable phases
under acidic pH conditions, but as pH increases,
dissolution of Pb-sulfates may contribute to dis-
solved Pb in mildly acidic leachates. Additionally,
it was observed that As and Pb in mildly acidic
leachates from cemented layers were effectively
removed by the precipitation of beudantite and
had been naturally attenuated. Beundantite’s solu-
bility appears to be retarded by the incorporation
of significant Zn and Cu in the structure; attenua-
tion of As and Pb by beudantite is thus expected
to be maintained over a long term in these Zn and
Cu rich tailings.
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