
Introduction

The economic extraction of metals from ore deposits
usually generates large amounts of noneconomic by-
products known as mine tailings (mine waste material).

The actual worldwide increase of metals demand in
industrial societies has caused the intensification of ore
exploitation. Most of these ore deposits are low grade,
with the concomitant generation of high amounts of
mine waste material. It is estimated that 95–99% of the
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Abstract Mine tailings may be re-
mediated using metal tolerant
microorganisms as they may solve
the limiting conditions for healthy
development of plants (i.e., low or-
ganic mater content and poor phys-
ical conditions). The aim of this
study was to investigate the conse-
quences of microbial colonization on
the chemical speciation of trace
metals. Surface samples from the
Valenciana mine tailings (Guanaju-
ato, Mexico) were used for long-
term bioassays (BA), which con-
sisted in the promotion of microor-
ganisms, development on tailings
material under stable laboratory
conditions (humidity, temperature,
and light exposure). A five-step
sequential extraction method
(exchangeable, carbonate/specifi-
cally adsorbed, Fe–Mn oxides, or-
ganic matter (OM)/sulfide, and
residual fractions) was performed
before and after BA. Extraction
solutions and leachates were ana-
lyzed by inductively coupled plasma-
mass spectrometry. OM content,
cationic exchange capacity, and pH
values were also assessed before and
after BA. The results indicate that
trace elements are generally present

in nonresidual fractions, mainly in
the Fe–Mn oxides fraction. The
concentration of total Zn, As, Se,
Pb, and exchangeable Cu and Pb is
above the recommendable limits for
soils. Despite the high bioavailability
of the former elements, biofilms
successfully colonized the tailing
samples during the BA. Cyanobac-
teria and green algae, heterotrophic
fungi, aerobic bacteria, and anaero-
bic bacteria composed the developed
biofilms. Chemical controls of trace
elements could be attributed to
absorption onto inorganic com-
plexes (carbonates, metal oxides),
while biofilm occurrence seems to
enhance complexation and immobi-
lization of Cr, Ni, Cu, Zn, As, and
Pb. The biofilm developed does not
increase the bioavailable forms and
the leaching of the trace elements,
but significantly improves the OM
contents (natural fertilization). The
results suggest that biofilms are
useful during the first steps of the
mine tailings remediation.
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material extracted from the mines is disposed as mine
tailings worldwide (Allan 1995).

Guanajuato mines, at central Mexico, have been
exploited for over 450 years (since 1548) for their gold
and silver-rich epithermal veins. Guanajuato Mining
District is still an important silver and gold producer
with nearly between 13 and 8% national production of
gold and silver, respectively (Garcı́a-Meza 1999). Esti-
mates indicate that more than 33,000 ton of silver and
some 170 ton of gold had been extracted in Guanajuato,
resulting in more than 20 million tons of tailings (Car-
rillo-Chávez et al. 2003).

Chemical analysis of different mine tailings from
Guanajuato showed that 29 trace elements were pres-
ent, more than half are in milligram per kilogram
range concentration, including Cr, Cu, Zn, As, Se, Cd,
Pb, and Hg (Carrillo-Chavez et al. 2003; Garcı́a-Meza
et al. 2004). The environmental risk associated with
these heavy elements is the potential natural leaching
(after the summer heavy rains) or aeolian dispersion
during the dry season (winter and spring). Therefore,
tailings material represents a source of heavy metals
potentially hazardous to people and the surrounding
ecosystem.

Mine tailings reclamation programs aim to stabilize
the deposits through promoting plant growth (Ernst
1988) that inhibits metal dispersal. However, soil acidity,
high metal toxicity, low content of nutrients, and poor
physical structure of the tailings may limit the plants
establishment (Ye et al. 2002). The development of
microorganisms forming biofilms in the presence of a
variety of heavy metals has been well documented in
aquatic and terrestrial environments (Admiraal et al.
1999), and also on the surface of old mine tailings
(Anagnostidis and Roussomoustakaki 1988; Garcı́a-
Meza 1999).

It is well known that metals are present in soils in
different chemical forms, which influence their reac-
tivity, and therefore, their mobility and bioavailability
(Morgan and Stumm 1995). That is why it is widely
recognized that the quantification of the chemical
forms of metals in soils is essential for the environ-
mental evaluations of soil pollution (Gupta et al. 1996;
Abollino et al. 2002). On the other hand, the use of
sequential extraction provides information about the
mode of occurrence of trace metals (Tessier et al.
1979); the proportion of bioavailable or mobile metals
(exchangeable fraction, adsorbed to carbonate or spe-
cifically adsorbed) as well as the proportion of metals
strongly held within the soil is normally unavailable to
plants (residual fraction) (Li et al. 1995). The different
fractions also reflect some of the important soil
properties, such as soil pH (soil acidity), clay content,
organic matter (OM), and the amount of sulfides and
oxides.

Tessieŕs sequential extraction scheme (Tessier et al.
1979; Li et al. 1995) was used to analyze the chemical
behavior and partitioning of some trace elements in
mine tailing samples, before and after biofilm coloniza-
tion, to elucidate the possible effects of biofilm devel-
opment on the speciation of trace elements. Extraction
solutions and leachates were analyzed by inductively
coupled plasma-mass spectrometry (ICP-MS). The
consequences of biofilms on metals speciation is dis-
cussed in detail.

Sampling site description

The tailing piles from the Valenciana Mine are 4 km
northwest of the city of Guanajuato, Mexico (21�01́–
21�14’ N and 101�15’–101�26’ W), at the lower eleva-
tion of the Guanajuato Mountain range (Fig. 1). The
average elevation of the study site is 2,120 m above sea
level in a semidry climate, with heavy rain during the
summer months. There are three tailing piles in the
area, two are continuous terraces and one is in different
steps (different heights). These piles are composed from
sand-like material derived from the exploitation of the
gold and silver-rich epithermal veins. This material and
the ore material itself do not generate acid mine
drainage due to their high carbonate/sulfide ratio (12:1)
characteristic of the quartz–calcite ore deposits (Car-
rillo-Chávez et al. 2003). The combined volume of the
tailing piles is of 20 millions tones of material, covering
an area of approximately 0.5 km2, and with a thickness
of 10–15 m (Carrillo-Chávez et al. 2003). The most
recent pile (abandoned in 1998) was chosen for the
present work.

The major constituents of the mine tailings are sili-
cates (mostly quartz and feldspars, 50–65%), carbonates
(calcite, 12%), and gypsum (<10%); the minor com-
pounds include clay minerals (6%) and Fe oxy-hydro-
xides (3%). Chemical analyses show minor amounts of
heavy metals (Cr, Ni, Cu, Zn, As, and Pb) not detected
in XRD mineralogy. The tailings have very low OM
content (<1%), <1% sulfide, a relatively low cation
exchange capacity (CEC), and low vertical permeability
due to its texture type (sand-lime) and porosity (0.51)
(Garcı́a-Meza et al. 2004).

Ten samples of tailing material were collected from
the youngest Valenciana tailing pile in November 1999.
The samples were collected from the central part of the
pile. A circle of 15 m in diameter was marked in the
field, and the samples were taken from the surface
material (less than 5 cm depth). All the samples from the
same site were mixed thoroughly to obtain a single
composite and homogeneous sample. The samples were
set in double sealed plastic bags.
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Methods

Sample analysis before the bioassay

The samples were analyzed for OM content by ignition
at 550�C and by titration (Walkley 1947), CEC
according to Bower (1952) and pH. The measurements
were done in triplicate. Metal extraction was carried out
by the five-step sequential extraction procedure (Tessier
et al. 1979; Li et al. 1995). Each of the chemical fractions
is defined as:
– Exchangeable—tailings sample extracted with 8 ml of

0.5 M MgCl2 (pH 7) for 20 min, with continuous
agitation at room temperature;

– Bound to carbonates or specifically adsorbed—the
residue from (i) was extracted with 8 ml of 1 M
NaOAc (pH 5) for 5 h, with continuous agitation at
room temperature;

– Bound to Fe–Mn oxides—the residue from (ii) was
extracted with 20 ml of 0.04 M NH2OH/HCl in 25%

HOAc for 6 h, with occasional agitation at 96�C; after
the extraction, the extract solution was diluted to
20 ml with deionized water (DIW) and subjected to
continuous agitation for 10 min;

– Bound to OM and sulfide—the residue from (iii)
was extracted with 3 ml of 0.02 M HNO3 and 5 ml
of 30% H2O2 (pH 2); the sample was heated pro-
gressively to 85�C and maintained at this tempera-
ture for 2 h with occasional agitation; then, 3 ml of
30% H2O2 was added, and mixture was heated to
85�C for 3 h with intermittent agitation; after
cooling, 5 ml of 3.2 M CH3COONH4 were
added, by diluting to a final volume of 20 ml with
DIW, with the samples continuously agitated for
30 min;

– Residual (metals present as scatters within the
crystal lattice of the rocks and minerals)—the resi-
due from (iv) was digested with 10 ml of HNO3 in a
microwave oven according to the method EPA
3051.
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Guanajuato Mining 
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Fig. 1 Localization of the
Guanajuato mining District
(Central Mexico) and Valenci-
ana mine tailings in Guanajuato
City
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Further information describing the sequential
extraction procedure is available in Li et al. (1995).

A PQ3 (VG-Elemental) ICP-MS was used for trace
elements analyses throughout this study. Ion lens setting
and the X–Y–Z position of the torch were manually
optimized for maximum sensitivity (5·105–
1·106 counts/s) for isotope 115 of In and the minimum
percentage for BaO/Ba2+ (below 3%) using a solution
containing 10 lg/l of Be, Co, In, Tb, Bi, and Ba. Under
routine conditions one element menu is used for the
characterization containing the metals and metalloid to
analyze. The measurements were done in duplicate at the
Laboratory of Geochemistry of the Institute of Geo-
physics–UNAM and the Laboratory of Geochemistry of
the University of Wyoming.

Bioassay setup

The mine tailing samples were distributed in six acrylic
boxes or cells (24 cm height, 20.5 cm width and 40 cm
length). The cells were filled with the material until 5 cm
deep, for a final volume of 4,100 cm3. Four cells were
inoculated with algae biofilms (cyanobacteria and green
algae or chlorophytes) for the bioassay (BA). A control
(no inoculums addition) was also carried out in dupli-
cate. All the cells were humidified daily with 100 ml of
sterile tap water (distilled water) and the leachates were
collected using plastic flasks. The cells and flasks were
previously acid cleaned. Each cell was illuminated with
artificial sunlight. The light intensity was maintained
constant at 48 lmol m–2 s–1 (LICOR LI)185B) follow-
ing a 14–10 light–dark cycle. The room temperature was
set at 25+1�C. The BA was performed per 21 weeks.

During 16 weeks, cyanobacteria, algae, and fungi
determination was done by direct microscopic observa-
tions (1,000·) of the biofilms sampled placed in a sterile
Petri dish with 1–2 ml of sterile water to assist biofilm
segregation. Morphological and morphometric charac-
teristics were used to identify the genera or species.
Bacteria determination was done with biochemical tests
sensu McFaddin (1990) and using API biochemical
identification system (BioMeriux� biochemical tests,
API-STAPH, API-20E, RAPID-ID324), after the iso-
lation of the strains in anoxic cultures.

Analysis after the BA

The mine tailing samples of each cell were collected
separately in black plastic bags. Samples and the
leachates were previously acidified and stored at –4�C
until their analysis. The treated tailing samples were also
analyzed for OM, CEC, pH, and multi-elemental
determination by a five-step sequential extraction pro-
cedure, as previously described (before the BA). The

leachates were acidified with ultra-pure HNO3 (J.B.

ULTREX II) for multi-elemental determination using
ICP-MS. All the glasswares and plastic wares were
cleaned with 10% HNO3 and rinsed with DIW.

Statistical analysis

Significant differences between treatments were tested
with nonparametric test Kruskal and Wallis at a sig-
nificance level of P<0.05, for n>2. For paired treat-
ments, one-tailed student’s t tests (Sokal and Rohlf
1995) were used. Pearson correlation index was ob-
tained, between fractions. The statistical tests were
performed with SPSS 10.0.5 for Windows (Microsoft
1999).

Results

Trace element partitioning before the BA

Table 1 and Fig. 2 summarize the results of the
sequential extracted tailings sample after the BA. The
results indicated that most of the sequential extracted
elements are present in the third fraction (bound to the
Fe–Mn oxides), though any of these elements are also
strongly bound to the tailing matrix (residual fraction),
with the exception of Ti, the only inert element (87.7%
of total Ti is in the residual fraction).

The exchangeable fraction represents the largest
fraction of Zn (34.8%), As (27.0%), Se (15.8%), and Pb
(11.9%). High proportions of Mo, Cd, Sb, and Tl are
also exchangeable (57.7, 16.8, 18.7, and 30.1%, respec-
tively).

The second fraction (metals bound to carbonates and
specifically adsorbed phases) represents the second
largest phase of Cd (31.5%), Mn (18.9%), and Ni
(8.2%). While the fourth fraction (metals bound to OM
and sulfides) represents the second most important
phase of Cu (39.1%), Co (28.3%), total Cr (16.4 %), Ni
(16.2%), and Be (14.2%). The Se is the only element
adsorbed mostly within the fourth fraction (65.0%).

Trace element partitioning after the BA

In general, the results of the treated tailings samples
(after the BA), indicate that the fractions remain rela-
tively invariable (Table 2; Fig. 3).

Only the decrease of Co exchangeable, the increase of
Cr total, Ni, and Cu in the OM-sulfide fraction, and the
increase of Ni, Cu, As, and Pb on carbonates/specifically
adsorbed are significantly different after the BA
(P<0.05) than before the BA.
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Fig. 2 Relative abundance of
sequential extracted trace ele-
ments in samples of the surface
of Valenciana mine tailings.
Percentages of each fraction
with respect to the total con-
centration. Data: average
(standard deviation), n=3

Table 1 Sequential extracted trace elements in superficial samples of Valenciana tailings

Exchangeable Carbonate Fe–Mn oxides OM/sulfide Residual Total

Be 0.012±0.004 0.003±0 0.53±0.03 0.092±0.02 0.01±0.005 0.65
Ti 0.03±0.017 0.17±0.01 0.09±0.01 0.58±0.6 0.51±0.05 1.2
V 0.28±0.1 0.037±0.02 2.87±0.28 0.19±0.19 0.12±0.02 3.53
52Cr 0.26±0.11 0.25±0.01 7.9±0.48 1.72±0.22 0.13±0.02 10.25
53Cr 0.38±0.02 0.13±0.018 7.62±0.54 1.66±0.23 0.113±0.01 10.28
Mn 18.4±1.56 102±6.59 375±30 44.8±10.8 0.94±0.001 541
Fe 57.94±44.84 40.03±18.5 3,474±0 147.33±46. 3.82±0.02 3,772
Co 0.27±0.03 0.16±0.03 1.27±0.14 0.69±0.09 0.01±0 2.44
Ni 0.76±0.06 0.88±0.16 7.26±0.56 1.8±0.22 0.04±0 10.74
Cu 2.28±0.91 5.01±0.21 15.88±0.9 15.17±0.37 0.06±0.01 38.83
Zn 399±62 139±130 513±178 83.3±27.8 1.09±0.01 1,135
As 1.4±1.6 0.12±0.02 1.82±0.02 0.5±0.06 0.16±0.01 5.66
Se 0.16±0.1 0.063±0.02 0.1±0.02 0.52±0.08 0.02±0 0.8
Mo 0.56±0.08 0.046±0.02 0.3±0.02 0.03±0.01 0.04±0 0.54
Cd 0.18±0.04 0.332±0.06 0.44±0.03 0.1±0.01 0.044±0 1.05
Sb 0.05±0.0 0.035±0.01 0.14±0.01 0.03±0.01 ND 0.25
Tl 0.02±0 0.008±0 0.21±0 0.02±0 ND 0.07
Pb 2.67±1.23 2.303±0.07 14.6±1.04 1.56±0.25 0.024±0.01 22.16

Concentration: milligram perÆkilogram, Data: average + standard deviation (n=3). Total: represents the sum of the five fractions. ND not
detected
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The content of metals in the leachates of the control
sample is relatively low and does not show significant
differences before and after the BA (P<0.05). The ex-
ceptions are Zn and Pb, the concentration of both in
trial samples (after the BA), is significantly lower than
the control leachates (P<0.05, Table 3).

The initial and final OM contents and CEC values of
the tailing samples are shown in Fig. 4. The results
indicate a significant increase (P<0.05) of the OM,
[from 0.8+0.4% (before the BA) to 3.5+0.4% (after the
BA)]. Furthermore, the OM represents a chemical sur-
face with a higher activity, which may support the CEC
increase after the BA (2.7+0.6–3.8+0.5 meq 100 g–1).
On the other hand, there are no significant changes in
pHs from the original and treated tailings samples
(7.8+0.3).

Biofilm colonization

After 4 weeks, the development of biofilms becomes
evident in the inoculated. Twenty weeks later, the bio-
films covered up to 70% of the tailings surface. The
microorganisms colonized the mine tailings samples
during the BA as autotrophic biofilms, composed mainly
by two unicellular green algae (Chlorococcals) and three
species of filamentous cyanobacteria (Table 4). The col-
onies of green algae were well embedded into the cy-
anobacteria filaments network, which maintained the
biofilm structure (microscopic observations). Hetero-
trophic aerobic bacteria (eight species), anaerobic bac-
teria (two species), and some fungi (three species) were
also observed (Table 4). These groups of microorganisms
were closely linked with cyanobacteria and algae, since
they were directly isolated from the autotrophic biofilm.

Discussion

Microorganisms colonization during the BA

The presence of viable algae indicated a continuous
performance of the photosynthesis, with the parallel
processes of oxygen and organic carbon release. While
the occurrence of nitrogen-fixing cyanobacteria (An-
abaena sp) in the autotrophic biofilms could be linked
with low sulfide concentration and/or oxygen-rich con-
ditions; it may also be related with saturated conditions
(Sabater et al. 2000).

The main bacteria genera present in the developed
biofilms were Bacillus, Pseudomonas, and Corynebacte-
rium (Table 4). Chappell and Craw (2002) also found the
aerobic bacteria—Bacillus subtillis, Pseudomonas aeuro-
ginosa, and Corynebacterium spp.—in an old Au-mine
tailings of Otago, New Zealand. These authors suggest
that the organic C (1%) and carbonates are present in
high enough concentration to act as organic electron
donors for growth of these heterotrophic bacteria. The
observation in the present work suggests that the auto-
trophic biofilms are the primary C supply for the het-
erotrophic bacteria and fungi, since the cyanobacteria
and algae were the initial colonizers.

The reason why autotrophic biofilms can grow on
mine tailings and are metal tolerant is not well under-
stood. An earlier study on metal exposed cyanobacteria
and algae has shown that a thick packing of cells
embedded in a dense mucus matrix increased overall
tolerance. The biofilm matrix is mostly composed of
extracellular polymeric substances (EPS), which provide
a suitable microenvironment for microbial development
and interactions. EPS can also act as a detoxification

Table 2 Sequential extracted trace elements in samples of Valenciana mine-tailings after the BA

Exchangeable Carbonate Fe–Mn oxides OM/sulfide Residual Total

Be 0.01±0 0.02±0.1 0.53±0.03 0.092±0.02 0.01±0.005 0.65
Ti 0.04±0 0.05±0.02 0.09±0.01 0.58±0.6 0.51±0.05 1.2
V 0.15±0.03 0.10±0.05 2.87±0.28 0.19±0.19 0.12±0.02 3.53
52
Cr 0.21±0 0.36±0.06 7.9±0.48 1.72±0.22 0.13±0.02 10.25

53Cr 0.35±0.06 0.24±0.06 7.62±0.54 1.66±0.23 0.113±0.01 10.28
Mn 6.45±0.18 104±16.74 375±30 44.8±10.8 0.94±0.001 541
Fe 42.32±13.9 58.95±23.8 3,474±0 147.33±46. 3.82±0.02 3,772
Co 0.08±0.02** 0.19±0.01 1.27±0.14 0.69±0.09 0.01±0 2.44
Ni 0.10±0.04 1.3±0.15** 7.26±0.56 1.8±0.22 0.04±0 10.74
Cu 1.47±0.46 6.13±0.14* 15.88±0.9 15.17±0.37 0.06±0.01 38.83
Zn 275±98.5 323.7±102 513±178 83.3±27.8 1.09±0.01 1,135
As 2.43±0.52 0.19±0.01* 1.82±0.02 0.5±0.06 0.16±0.01 5.66
Se 0.13±0.05 0.09±0.07 0.1±0.02 0.52±0.08 0.02±0 0.8
Mo 0.51±0.32 0.09±0.01 0.3±0.02 0.03±0.01 0.04±0 0.54
Cd 0.25±0.06 0.36±0 0.44±0.03 0.1±0.01 0.044±0 1.05
Sb 0.04±0.01 0.06±0 0.14±0.01 0.03±0.01 ND 0.25
Tl 0.03±0.01 0.02±0.01 0.21±0 0.02±0 ND 0.07
Pb 095±0.23 2.96±0.03* 14.6±1.04 1.56±0.25 0.024±0.01 22.16

Concentration: milligram per kilogram, Data: average + standard deviation (n=3). Total: the sum of the five fractions. Differences
between values before and after the BA: *P<0.05, **P<0.01

442



agent against metals, since they contain large amounts
of negatively charged functional groups like carboxyl,
phosphate and sulfate groups, and acting as metal
binding sites (Wingender et al. 1999).

Mine tailings characteristics before the BA

The results of the sequential extracted mine tailings
sample after the BA (Table 1) indicate that the trace
elements from the Valenciana tailings are in a lower
concentration than those obtained in soils affected by
mine tailings of other countries (Brierley et al. 1989; He
et al. 2002; Leonard 1995; Li and Thornton 2001; Simón
et al. 2001). However, the total concentration of Zn and
Se is above the acceptable limits for soils (Kabata-Pen-
dias and Pendias 1992; Abollino et al. 2002), while Cr,
Zn, Se, and Cd totals are above the environmental leg-

islations of USA, and the European Community, and
Cu and Pb mobilizables are over the Swiss Guide Values
for pollutants in soils (Gupta et al. 1996).

Additionally, the sum of the first fraction
(exchangeable) and second fraction (carbonate/specifi-
cally adsorbed) results in high proportion of some
metals in these two nonresidual fractions (21.9% Cu,
47% Zn, 29.8% As, 21.9% Se, 47.2% Cd, and 22.2%
Pb; Fig. 2), which could limit the plant development (Li
et al. 1995; Ma and Rao 1997). The proportion of the
exchangeable phase of Zn, As, Se, and Pb was up to
10%. According to Kabata-Pendias and Pendias (1992),
metal availability above 10% indicates that metals have
not been retained by soil compounds (oxy-hydroxides,
clay, carbonates), so Zn, As, Se and Pb are potentially
leachables. Finally, the residual fraction is the minor
fraction of trace elements with the exception of Ti (Ta-
ble 1 and Fig. 2). In soils, the nonresidual fractions are

Fig. 3 Relative abundance of
sequential extracted trace
elements in samples of Valenci-
ana mine tailings after the BA.
Percentages of each fraction
with respect to the total con-
centration. Data: average
(standard deviation), n=3
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associated with exogenous material (Abollino et al.
2002); but the low proportion of residual fractions in
Valenciana tailings could be a consequence of the degree
of the material alteration during the mineral ores con-
centration.

On the other hand, the largest fraction of most of the
elements is the third one (bound to Fe–Mn oxides)
(Table 1 and Fig. 2). The Fe–Mn oxides are excellent

binders of metals (Tessier et al. 1979) because the an-
ionic character (Morgan and Stumm 1995) and the
metals absorbed onto this fraction are normally
unavailable to plants (Li et al. 1995). The amount of Fe-
oxy hydroxides of the Valenciana mine tailing (3%)
suggests that the Fe-oxy hydroxides may play a key role
in the natural absorption processes of the elements.
Results obtained by Carrillo-Chávez et al. (2003) indi-
cated that Fe oxides are the most probable adsorbing
surfaces in tailings of the Guanajuato mining area,
controlling complexation reactions and adsorption
processes onto the mineral surface.

Despite the high proportion of nonresidual fractions,
the carbonate, oxides, and sulfide complexes ensure the
metal immobilization due to the favorable (high) pH of
Valenciana tailings, but especially if the pH remains
unchangeable (Morgan and Stumm 1995; Stark et al.
1996).

Mine tailings characteristics after the BA

Results indicate that OM in the tailings material after
the BA increased significantly. The pH remained slightly
alkaline, mostly due to the high buffer capacity of the
Valenciana tailings (high carbonate content, Oesler
2001). Additional OM came as a consequence of the
biofilms colonization, and could be associated with the
living and dying cells, as well as the EPS excreted by the
microorganisms.

Both the OM increment and the pH constancy after
20 weeks of biofilms colonization (high buffer capacity)
are promising facts for mine tailing remediation. The
OM increment suggests a natural fertilization of the

Table 3 Concentration of soluble trace elements in acidified (with
1% HNO3) leachates generated during the BA

Bioassays Control

Be <0.001 <0.001
Ti 0.05±0.04 0.02±0.013
V 0.02±0.01 0.007±0.004
52Cr 0.03±0.02 0.011±0.006
53Cr 0.03±0.02 0.011±0.006
Mn 0.55±0.4 0.21±0.114
Fe 0.76±0.63 2.99±0.19
Co 0.01±0 0.004±0.002
Ni 0.013±0 0.021±0
Cu 0.09±0.03 0.078±0.05
Zn 1.46±0.24 0.74±0.14
As 0.02±0.02 0.02±0.009
Se 0.01±0 0.12±0.02
Mo 0.04±0 0.105±0.116
Cd 0.01±0 0.021±0.04
Sb <0.001 0.003±0.
Tl <0.001 <0.001
Pb 0.04±0 0.02±0.009

Concentration: milligram per liter

Fig. 4 Organic matter contents (%) and cationic exchange capacity
(CEC) values (meqÆ100 g–1 mine tailings) of mine tailing samples
before and after the BA. Data: average (standard deviation), n=3

Table 4 [Change title? Microorganisms developed as biofilms on
the surface of samples from Valenciana mine tailings during the
BA. Main groups and the corresponding species]

Group Species

Cyanobacteria Anabaena sp.
Pseudanabaena sp.
Phormidium sp.

Algae (Green algae) Chlorella vulgaris
Cholorococcum sp.

Aerobic bacteria Bacillus cereus
Bacillus pumillus
Bacillus subtillis
Pseudomonas aeuroginosa
Pseudomonas fluorescens
Corynebacterium sp.
Staphylococcus saprophyticus
Staphylococcus xilosus

Anaerobic Bacteria Clostridium sp.
Peptococcus sp.

Fungi Aspergillus niger
Fusarium sp.
Penicillium sp.
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material, while the constant pH may ensure that trace
elements are immobilized on metallic complexes.

Consequence of OM improvement in trace elements
behavior

The organic surfaces contain functional groups (–OH,
” ROH, R–COOH) that are able to act as coordinating
sites forming stable complexes over wide ranges of pH
and concentrations (Morgan and Stumm 1995). The
presence of cellular envelopes and EPS also increases the
metal ions sorption (Parmar et al. 2000) and hydrous
oxides sorption (Phoenix et al. 2000) due to their poly-
anionic character (Wingender et al. 1999). Therefore, it
is expected that under high OM amount, a higher level
of some trace elements should be found in this fraction
(Abollino et al. 2002).

After the BA, Cu showed a shift in the relative
abundance in the fourth fraction (OM-sulfide), which
becomes the first largest fraction of Cu (up to 48.4%),
resulting in a significant increase of Cu (P<0.05)
(Fig. 3). The results also indicate a strong correlation
between Cu in the fourth fraction (OM; r=0.97) and the
CEC (r=0.96). Balasoiu et al. (2001) also found more
immovable Cu on the soil surface, according to the high
OM amount quantified, while Adriano (1986) stated
that the Cu behavior strongly correlated with the sig-
nificant increase of the CEC, and, with pH. The Cu has
more capability to interact chemically with the organic
compound of the soils (Kabata-Pendias and Pendias
1992) due to the high formation constants of organic-Cu
complexes (Morgan and Stumm 1995) or to be bond on
sulfide minerals under unoxidized conditions (Carlsson
et al. 2002; see below). Also, EPS of biofilms from the
Valenciana mine tailings showed a strong affinity for Cu
under oxidized conditions.

Consequence of biofilms colonization on trace elements
precipitation

Additional to the OM build up, the biofilm may con-
tribute to configure favorable conditions for metal pre-
cipitation. Particularly, the EPS of biofilms provide
chemical gradients and physical conditions that are
conducive to formation of insoluble metal precipitates
or biomineralization (Podda et al. 2000). The biofilms, a
tridimensional gel-like structure where the microorgan-
isms are embedded (Wingender et al. 1999), have an
internal pH higher than the pH of the surrounding
environment (Liehr et al. 1995), due the CO2 con-
sumption during the photosynthesis. An increase in pH
enhances the precipitation of dissolved metals. Thus, the
overall photosynthetic metabolism may promote metals
precipitation as well as their sorption in the solid phase

(Liehr et al. 1995; Rose et al. 1998; Parmar et al. 2000).
In fact, the involvement of some cyanobacteria species in
the formation of metallic carbonates is well documented
(Podda et al. 2000).

The results suggest that the presence of biofilm might
enhance the conformation of metal–carbonate com-
plexes, as is indicated in the significant increase
(P<0.05) after the BA of Ni, Cu, As, and Pb in car-
bonates/specifically adsorbed phase (Table 2).

In addition, under neutral pH and high alkalinity,
metals may also precipitate as hydroxides. The metals
bound to hydroxides have a strong capability of
adsorbing other metals ions onto their surface that may
result in more anionic hydroxi-metal complexes forma-
tion (Morgan and Stumm 1995; Peppas et al. 2000).
These new surfaces may immobilize free ions through
biomineralization processes. The study performed by
Podda et al (2000) is a good example of the active role of
the phototrophs in the biomineralization. In natural
biofilms composed of the cyanobacteria Scytonema sp.
(cyanobacteria) and the green algae Chlorella sp., the
researchers reported the extracellular biomineralization
of hydrozincite ([Zn5(CO3)2(OH)6]) on the envelopes of
the (Scytonema sp.) as well as the alkalization of the
microenvironment. They conclude that the microbial
community is responsible for the natural polishing of
metals (Ni, Cu, Cd, and Pb), by co-precipitation within
biofilms. Furthermore, the mineralization is not detri-
mental to the photosynthetic microorganisms (Phoenix
et al. 2000; Podda et al. 1999). The presence of metal
precipitates coating the algal cells seems to reduce the
metal toxicity (Admiraal et al. 1999). The former could
also explain the biofilms occurrence on tailings surfaces
during the BA.

Even when the photosynthesis involves the release of
oxygen, the aerobic degradation of organic compounds
implies oxygen consumption, with the organic material
acting as an ‘‘oxygen trap,’’ thereby minimizing the
oxidation of underlying tailings (Peppas et al. 2000).
Actually, when the biofilms reach 10–25 lm thickness,
the surface condition for the biofilms remains aerobic,
while the deeper layer becomes anaerobic (Percival et al.
2000), which may mean that the biofilms generate a pH
and gas gradient. The presence of anaerobic bacteria
(Clostridium sp. and Peptococcus sp.) in our biofilms
suggests that this effect may occur.

The biofilms act as a physical barrier against oxygen
diffusion preventing formation of Fe–Mn oxides and
sulfur oxidation (Peppas et al. 2000; Carlsson et al.
2002). This could explain why the third (Fe–Mn oxides)
and fourth fraction (OM-sulfide) of most of the trace
elements remains unchanged after the BA.

The sulfides minerals may also influence the trace
elements immobilization, while the biofilm colonization
seems to prevent sulfide oxidation, since Cr, Ni, and Cu
in fourth fraction (OM-sulfide) increase after the BA,
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while Se remains mostly in the fourth fraction (Table 2,
Fig. 3). In general, trace metals (as Ni, Cu, Zn, Cd) are
frequently found associated with pyrite in organic-rich
sediments (Wilkin and Ford 2002).

The Se adsorbed in the fourth fraction showed a
strong correlation with its total concentration (r=0.99)
and noncorrelation between Se and the OM amount.
The Se leachates seem to be a consequence of its total
concentration in mine tailings.

The biofilms colonization, the prevalence of oxidizing
conditions, and the relative high pH in the surface might
increase the As concentration within the second fraction
because of the high solubility of As at alkaline pH and
the formation of arsenic complexes with carbonate
(Wilkin and Ford 2002). An important proportion of As
may remain in the crystalline Fe–Mn oxides (25%), and
the sulfide minerals (3.5%) under the anaerobic condi-
tions in the lower layer. Arsenic is potentially associated
with iron oxides or arsenic sulfides in reducing envi-
ronments (Wilkin and Ford 2002). Additionally, the
arsenate [As(V)] is continuously subject to microbial
reduction to arsenite [As(III)] (more mobile and toxic)
(Turpeinen et al. 2002). Arsenic(III) oxidation may also
be catalyzed biologically as a microbial detoxification
mechanism (Battaglia-Brunet et al. 2002).

Consequence of biofilms colonization on leaching
and bioavailability of trace elements

The results indicate low metals leachates of both—the
control and BA (Table 3) with the exception of Zn and
Pb; the concentration of Zn and Pb in the BA leachates
was significantly lower than the control leachates.

The results previously obtained by Carrillo-Chávez
et al. (2003) with leachates from humidity cell tests
using samples from Valenciana tailings also indicate a
low concentration of trace elements in the leachates
due to the neutral pH. The researchers suggested that
the Zn in leachates may derive from Zn carbonate
dissolution. If the carbonate dissolution is reduced
because of the biofilms presence, it is expected to de-
crease trace elements within the leachates. Besides, the
OM increment (or biofilm development) and the Zn in
leachates are strongly correlated (r2=0.97). Pb of the
second fraction (carbonates/specifically adsorbed) and
Pb in leachates show a strong and negative correlation
(r=–0.90).

Even though Simms and collaborators worked in
different tailing material, they also observed a decrease
of metal releases and leaching in pre-oxidized mine
tailings under water saturated (Simms et al. 2000). So,
the biofilms could act as a physical barrier optimizing
the water saturation. Biofilms, especially their EPS,
contribute to maintain the surface moisture and to

reducing water infiltration (Wingender et al. 1999, Pep-
pas et al. 2000).

Although there is significant reduction of Zn in
leachates in BA trials, its concentration still remains
over the recommended limit for drinking water (Leon-
ard 1995). While the Mn, As, Se, and Cd in leachates of
both trial and control samples are over the limits of the
European Community legislation for drinking water
(Katsoyiannis et al. 2002).

Finally, the exchangeable fraction of the trace ele-
ments does not show significant differences after the BA;
the exception is the Co exchangeable, significantly lower
(r=0.01) after, than before the BA. Therefore, the
availability of some trace elements remains over 10%
(Zn 13.4%, As 32.7%, Se 10.8%, Mo 25%, Cd 17.4%,
Sb 11.6%, and Tl 20.3%).

Conclusions

The low concentration of metal in natural leachates
indicates that the surface complexation processes may
play a key role in controlling metal mobility. The results
of the BA suggest that the biofilms enhanced the trace
element immobilization, either in their original phases,
or promoting the decrease of some exchangeable forms
(Co) and of some trace leachates (Zn and Pb), the
increase of the proportion of carbonate/specifically ad-
sorbed fraction (Ni, Cu, As, Pb), and the OM-sulfide
fraction (Cr, Ni, Cu). Certainly, the carbonate/specifi-
cally adsorbed forms could shift to exchangeable forms
if the environmental conditions change (i.e., pH, redox
potential). However, the pH is expected to remain stable
due to high buffer capacity of the tailings material.

As Bradshaw and Hüttl (2001) indicated, the eco-
system development involves more than just the estab-
lishment of a set of plant species; it concerns the
development of complete mechanisms of nutrient accu-
mulation, which ultimately implies that the health and
activity of the microorganisms is important.

The persistence of the photosynthetically active forms
during the BA resulted in a natural fertilization of the
tailings samples building up an appropriate substrata for
the further establishment of plants. Actually, the
occurrence of growing photosynthetic cyanobacteria
and algae, heterotrophic bacteria, nitrogen-fixing
cyanobacteria, nitrogen-reducing bacteria as well as
OM-decomposers fungi may optimize the metabolism
and, thus, functional structure of biofilms. The interac-
tion among microorganisms, within a suitable mucilag-
inous EPS matrix, allows the self-sustaining of the
biofilm as a biological dynamic unit.

Due to the OM improvement, the biofilms could also
be conceptualized as an organic cover, which (1) con-
trols the acidity production, (2) sorbs metals in its matrix
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(EPS) or may trap metals as organic complexes, (3)
optimizes the water saturation effects and limits the
water and oxygen diffusion, (4) provides chemical gra-
dients and physical conditions that are conducive for
formation of insoluble metal precipitates (carbonates
and oxides), and (5) enhances the metal biomineraliza-
tion. Consequently, the biofilms, as dynamic biological
units, represent an excellent opportunity for mine tailing
remediation of the Valenciana mine tailings.

Nevertheless, the high Zn leachates, even under the
biofilm presence conditions, and the nonsignificant

reduction of other trace elements leaching after the BA
(Se, As, and Cd) remain a potential environmental
risk.
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