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Abstract We report the results of long term bio-assays on

microorganism colonization of mine tailings samples,

taken from the Valenciana mine tailings (Guanajuato,

Mexico), under stable laboratory conditions (humidity,

temperature, light exposure). In order to identify the main

metabolic groups of the potentially colonizing microor-

ganisms and the implications of their growth on the main

tailing’s characteristics related to biological succession,

organic matter (OM) content, cationic exchange capacity

(CEC), and pH values were measured as the colonization

took place. We observe that photosynthetic biofilms (cya-

nobacteria, green algae, and diatoms) successfully colonize

the mine tailings samples as pioneers; moreover, bacteria,

yeast and fungi were also identified. Biofilm colonization

significantly improved the OM contents, whereas the pH

value is not modified during the entire observed coloniza-

tion process. The results suggest that biofilms are useful

during the first steps of the mine tailings remediation. This

is the first report of microalgae and cyanobacteria grown of

on tailings samples obtained from a semiarid region.
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The exploitation of mineral resources has resulted in the

destruction of several areas of land and provoked serious

environmental problems such as deforestation, erosion, and

metal pollution of soil, water and groundwater. Particu-

larly, the exploitation of ore deposits generates high

amounts of non-economic by-products – the mine tailings,

which are deposited in natural or artificial extended land

depressions, known as tailing piles or tailing dams. These

tailing deposits had been recognised as a main direct

release of metals to the environment and generators of acid

mine drainage (Allan 1995). The former indicates that

mine tailings should be remediated using an environmen-

tally and economically suitable approach. Cairns (1991)

and Bradshaw (1997) expound that the reclamation

involves the recreation of damaged and altered ecosystems,

both in structure and function, with the purpose of re-

establishing the pre-disturbance ecological attributes as

natural succession processes. Therefore, it should be pos-

sible to use the ecological succession theories (i.e.

colonisation through autotrophic pioneers) and apply it for

the bioremediation of tailing piles (Gao et al. 1998).

The mines of the Guanajuato Mining District (21�010-
21�140N and 101�150-101�260W) have been exploited for

more than 450 years, and the District is still an important

gold and silver producer in Mexico, with nearly 13 and 8%

national production of gold and silver respectively; this

exploitation has resulted in almost 150 million tonnes of

waste material (Carrillo-Chávez et al. 2003; Garcı́a-Meza

et al. 2005). The Valenciana Mine Tailing (VMT) repre-

sents one of the largest tailing piles in Guanajuato; with a

magnitude of about 20 million tonnes of material covering

an area of 0.5 km2. Because of its location on a steep hill

along a creek just 4-km north of Guanajuato City, the local

mine companies have considered remediation of mine

tailing piles through vegetation to control the dispersion of

fine particles (eolian pollution). However, previous inves-

tigations indicate that, under the present conditions, these

tailings do not pose suitable conditions for healthy plant
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growth: the VMT has poor physical structure (coarse tex-

ture, poor water retention), an unsuitable nutrient capital

(\1%) and a high proportion of bioavailable fraction of Cu,

Cd and Pb (40, 46, and 55%, respectively) (Garcı́a-Meza

et al. 2005), which could severely limit plant growth (Ma

and Rao 1997).

In fact, Ye et al. (2002) indicate that the high bio-

availability of certain metals, the low organic matter (OM)

content and the poor physical structure of most of the mine

tailings are the major constraints for plant development.

Additionally, the application of fertiliser is not only

expensive, but ineffective due to the fertiliser runoff (Lan

et al. 1998). Another approach implies the use of wetlands

to remediate the mine tailings (Atkinson and Cairns 1994).

However, the VMT is located in a semi-arid region

(average precipitation 659–691 mm/year), like most of the

major mine districts of Mexico. A low atmospheric mois-

ture content and low water availability will be limiting

factors for this biotechnology as such.

It is suggested that mine tailing remediation can be

initiated using autotrophic, biofilm-forming and metal-

tolerant microorganisms, since they may develop despite

the low nutrient and water content and despite the presence

of toxic metals; therefore, these biofilms may solve the

limiting characteristics for the healthy development of

plants, i.e. low OM content and poor substrate conditions.

The aims of this study were to stimulate the biofilms’

development on samples of the VMT under laboratory

conditions (humidity, temperature and light exposure), and

to identify the main metabolic groups and the community

composition of these biofilms. The implications of bio-

films’ colonisation on the tailings’ gross characteristics are

discussed.

Materials and Methods

The VMT comes from the exploitation (floatation) of rich

Au–Ag epithermal veins, which do not generate acid

drainages due to their high carbonate/sulfide ratio (12:1)

(Garcı́a-Meza et al. 2005). The VMT is composed of fine

mineral particles, where the major constituents are silicates

(50–70%), carbonates and gypsum; the minor compounds

are mainly toxic metals such as Cu, Zn and Pb. The VMT

has low OM content and a mild alkalinity (Garcı́a-Meza

et al. 2005). Ten samples of VMT were taken from the

surface material (less than 5 cm depth). All the samples

were mixed thoroughly to obtain a single composite and

homogeneous sample. The final sample was transferred to

double sealed and sterilised plastic bags.

In order to increase the autotrophic species biomass, 1 g

of the VMT samples was spread in a petri dish containing

sterile agar-basal Bold culture media (BBM) (Stein 1973).

Ten petri dishes were used. The daylight intensity was

maintained constant following a 14/10 light/dark cycle.

The room temperature was set at 25 ± 1�C. The microal-

gae colonies’ growth started after 2 or 3 weeks in the petri

dishes. Then the microalgae were transferred to BBM

without agar and EDTA. These cultures were immediately

spread over the mine tailings’ surface at the beginning of

the bioassays.

The VMT samples were distributed in acrylic cells

(24 cm high, 20.5 cm wide and 40 cm length), previously

acid cleaned and sterilized. The cells were filled with the

material to 5 cm depth (final volume of 4,100 cm3) and

inoculated with the microalgae previously obtained. The

cells were daily humidified with up to 150 mL of sterile tap

water (Trial 1) or sterile synthetic wastewater (Trial 2;

C:N:P at 15:1:0.1, pH 7). A control (no inoculum addition)

was also carried out in duplicate. Each cell was illuminated

with artificial daylight. The light intensity was maintained

constant at 48 lmol m-2 s-1 following a 14/10 light/dark

cycle. The room temperature was set at 25 ± 1�C. The

bioassays were performed over 21 weeks. The identifica-

tion of microorganisms (microalgae, bacteria, yeast and

fungi) was initiated when the microorganisms became

visible (week four).

Afterwards the bioassay samples were analysed for OM

content by ignition at 550�C and by titration (Walkley

1947), cationic exchange capacity (CEC) according to

Bower (1952) and paste pH. Bulk material samples were

taken from each trial cell, homogenised and analysed in

triplicate. Because the addition of water provoked leaching

of metals, a comparison of the drainage rates of VMT

material with and without biofilms (colonised and bare)

was performed. The experiments were done in triplicate.

Microalgae determination was done by direct micro-

scopic observations (1,0009) using in vivo material.

Morphological and morphometric characters were consid-

ered for the genera or specie identification. The

determination of the genera and the species were done

using both specialised keys and descriptive literature. The

identification of bacteria, fungi and yeasts was carried out

using superficial samples (1 g) of the biofilm, which were

transferred to test tubes with specific media for each

microorganism. The tubes were incubated for 24 h at 35�C

(bacteria) or during 3–4 days at 21�C (fungi and yeast).

The isolation of the species was done using specific growth

media. Once the monocultures were obtained, microor-

ganism identification was performed using biochemical

tests (MacFaddin 1990) and the API biochemical identifi-

cation system (BioMeriux1 biochemical tests);

additionally, fungi and yeast identification was completed

by direct microscopic observations using specific stains for

the observations of the vegetative and reproductive

structures.
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Results and Discussion

Despite the relatively unsuitable characteristics of the

tailings, microorganisms successfully colonised the surface

samples of the VMT. After 4 weeks, the development of

biofilms became evident in the trials previously inoculated

and periodically irrigated. About 20 weeks later the bio-

films covered up to 70% of the tailings’ surface. The

microorganisms colonised the VMT samples during the

bioassays as autotrophic biofilms composed of 16 species

of phototrophic microorganisms. Two unicellular green

algae, Chlorococcum sp. and Chlorella vulgaris, and three

species of the filamentous cyanobacteria Phormidium sp.,

Pseudanabaena sp. and Anabaena sp. (Table 1) were the

predominant species. The term ‘‘biofilm’’ was given to the

microbial community due to the colonies of green algae

being well embedded into the cyanobacteria filaments

network forming a biofilm structure (microscopic

observations).

The presence of viable microalgae in such biofilms is a

promising result, since it indicates a continuous perfor-

mance of photosynthesis (release of both oxygen and

organic carbon) and a natural fertilisation of the VMT

sample. The occurrence of Anabaena sp. (Table 1) spe-

cifically implies nitrogen fixation. Also, the ecological role

played by phototrophic communities in soils is the starting

point for a primary succession process. Additionally het-

erotrophic aerobic bacteria (eight species), anaerobic

bacteria (two), and some fungi (five) and yeast (three) were

also observed (Tables 2 and 3). These groups of microor-

ganisms were closely linked with microalgae, since they

were directly isolated from the autotrophic biofilm.

The main bacteria genera present in the biofilms were

Bacillus, Pseudomonas and Corynebacterium (Table 2).

These genera had been reported in the old Au-mine tailings

of Otago, New Zealand (Chappell and Craw 2002) and as

residents of soils affected by mine drainages (Babich and

Stotzky 1985).

Chappell and Craw (2002) specifically suggested that

the organic carbon and carbonates present (up to 1 and 15%

respectively) in the tailings of Otago were in high-enough

concentration for the development of those heterotrophic

bacteria. Similar observations were done by Villaseñor

et al. (2005), who describe Bacillus and Pseudomonas as

well as the fungi Penicillium sp., Aspergillus niger, Clad-

osporium sp., and Fusarium sp., among other genera

isolated from tailings with less than 1% of OM and high

carbonate contents.

However, the observations in the present work suggest

that the autotrophic biofilms are the primary carbon supply

for the heterotrophic bacteria and fungi, since the micro-

algae were the initial colonizers in the bioassays. Jahnke

and Priefer (2002) also found that the significant increase

of OM was produced by photosynthetic activity that

enhanced the development of bacteria and fungi. In fact,

the most relevant result in the present study is that the OM

content was significantly higher (p \ 0.05) in trials where

the biofilms were developed (up to 3.5 + 0.4%) than in the

controls (0.8 + 0.4%) (Fig. 1). This OM increase results in

more organic colloids, which on the other hand provide

more chemically active surfaces and the concomitant

increase of the CEC (Arias et al. 2002) (Fig. 1). There are

no significant changes in pH between the colonised trails

and the controls (7.8 + 0.3). During the trial the pH stays

slightly alkaline because of the high buffer capacity of the

VMT that contains a high percentage of carbonates (Car-

rillo-Chávez et al. 2003) and because of the CO2

consumption during the photosynthesis (Liehr et al. 1995).

Both the OM increment and the negligible pH variation

after 20 weeks of biofilm colonisation are promising con-

ditions for mine tailing remediation. The first implies a

natural fertilisation process, and the latter may ensure im-

mobilisation of trace elements (Stark et al. 1996). Singh

(1961) noticed that the OM produced by microalgae binds

soil particles and thus improves soil permeability and

aeration, while Hu et al. (2002) showed that four

Table 1 Main classes and the corresponding species of the identified

phototrophs developed as biofilms on the surface of samples from

Valenciana mine tailings

Cyanobacteria Aphanothece sp., Synechococcus sp.,

Cfr. Cyanobium sp., Cfr. Cyanothece sp.,

Aphanocapsa sp., Pseudanabaena sp.,

Phormidium sp., Planktolygnby sp., Anabaena sp.

Chlorophyta Chlorosarcinopsis sp., Chlorella vulgaris,

Chlamydomonas sp., Cholorococcum sp.

Bacillariophyta Fragilaria construens fo. construens, Cocconeis
placentula

Table 2 Identified aerobic and anaerobic bacteria isolated from the

surface of samples from Valenciana mine tailings

Aerobics Actinomyces naesiundii, Bacillus brevis, B. cereus,

B. pumillus, B. subtillis, Acinetobacter sp.,

Klebsiella sp., Plesiomonas shigelloides,

Pseudomonas aeruginosa, P. fluorescens.

Corynebacterium sp. 1, Corynebacterium sp. 2,

C. aquaticum, Rhodococcus sp.

Anaerobics Staphylococcus sp., S. saprophyticus, S. xilosus,

Clostridium sp., Peptococcus sp.

Table 3 Identified fungi and yeast isolated from the surface of

samples from Valenciana mine tailings

Fungi Aspergillus niger, Aspergillus rubber, Cephalosporium sp.,

Cladosporium sp., Fusarium sp., Penicillium sp.

Yeast Candida albicans, Candida sp., Rhodotorula rubra
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filamentous cyanobacteria (such as Phormidium tenue and

Nostoc sp.) maintain biological crust cohesion, reducing

eolian erosion of the particles. So, the whole biofilm

structure and the formation of organic colloids, especially

those derived from the extracellular polymeric substances

(EPS) of the biofilm, lead to the substrate consolidation

(Mazor et al. 1996). Moreover, in carbonate-rich sediments

such as the VMT, the calcification of microbial filaments

and the organic mucus may be the main process of sedi-

ment stabilisation (Hillgärtner et al. 2001). The later could

explain why the biofilm colonisation contributes to a lower

rate of water diffusion (Table 4), since the high hydric

capacity of EPS reduces water infiltration (Wolfaardt et al.

1999).

The reduction of water infiltration has also practical

applications in mine tailing remediation, since it increases

the possibility of plant growth and the amelioration of

extreme soil temperatures (Mazor et al. 1996) and may

decrease the leaching of potentially soluble metals.

The species of the biofilms come already from highly

metal-polluted sediments, which mean that species are

likely to be already adapted to polluted conditions. In fact,

some of the biofilm-forming species identified in this work

had been reported as metal-tolerant of mine tailings (Foster

1982; Motohiro et al. 1983; Mullen et al. 1992; Chappell

and Craw 2002). Nevertheless, the reason why biofilms

survive is not well known yet. An earlier study on metal-

exposed microalgae-forming biofilms has shown that the

EPS could be partly responsible for an increased biofilm

tolerance (Garcı́a-Meza et al. 2005) acting as metal-bind-

ing sites (Kaplan et al. 1987).

The results of this research offer corroboration that the

photosynthetic microorganisms are pioneer colonisers of

oligotrophic environments. Eventually, heterotrophic aer-

obic and anaerobic bacteria, fungi and yeast were also

present. The results discussed above are relevant from an

ecological perspective, because the biodiversity maximises

the metabolic capacities and optimises resource exploita-

tion through complementary enzymes and metabolic

pathways. The presence of active photosynthetic species

within a biofilm gel (that provides a suitable micro-envi-

ronment) can become an instrument for the remediation of

mine tailings. Biofilms favour reduction of water infiltra-

tion and sediment erosion and a reduction of leaching of

soluble metals. The biofilm-colonised substrate may pos-

sess the desired characteristics for the future development

of vegetal species. This is a consequence of microorgan-

isms that are the driving force of biogeochemical processes

such as soil genesis, nitrogen fixation, and metal mineral-

ization. Further investigation should focus on the microbial

ecology of the biofilms under real climatic conditions.
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