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Abstract Soils in areas of mining and smelting of
Pb–Zn ores in Southern Poland are strongly enriched
in heavy metals (Zn, Pb, Fe, Cd, Tl, As). The highest
concentrations of Zn (<55,506 mg kg−1), Pb
(<8,262 mg kg−1), Cd (<220 mg kg−1) and Tl
(<67 mg kg−1) are linked to the fine fractions of
upper soil layers in sites contaminated by past
exploitation and processing of ores. The high stress
of metals, and the negative influence of acid waste
drainage has limited the development of flora and
fauna in these areas. The increasing ability of plants
to grow is due to the positive symbiotic action of
fungi and bacteria. The mycorrhizal communities
were identified in rhizospheres rich in unstable Zn–
Pb–Fe sulphides such as sphalerite, galena, pyrite and
marcasite and carbonates of Zn (smithsonite) and Pb
(cerussite). They occur in associations with sulphates,
e.g., gypsum. In parts of fungi, secondary mineral
phases containing Zn, Pb, Fe and Mn occur. Metal-
bearing aggregates formed during symbiotic action

between myccorhiza and bacteria connected with
them. They enhance the binding of bio-available ions
of Zn, Pb and Mn in the most unstable phases. Metal
contents in the mycorrhizal parts of the rhizospheric
soils were determined by Atomic Absorption Spec-
troscopy. Mineralogical investigations involved X-ray
diffraction, scanning electron microscopy with energy
dispersive spectrometry.
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1 Introduction

In a natural environment unaltered by anthropogenic
factors, there is an equilibrium between the release
and capture of elements in geological deposits.
Anthropogenic activity, e.g., ore-bed exploitation
and industrial development, by releasing great quan-
tities of gas and dust into the atmosphere, soils and
waters, disturbs that equilibrium. Heavy metals, and
especially abiogenic elements such as cadmium, lead
and mercury, are ecologically particularly undesirable
because even small concentrations are a negative
influence on biological processes occurring in both
soils and living organisms (Kabata-Pendias and
Pendias 1999). The toxicity of a given element
depends on its concentration and its biochemical role.
Heavy elements cause the growth reduction of roots
(Godbold et al. 1998), decrease the integrity of
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biological films and disturb important enzyme actions
such as, e.g., nitrate reductase (Ernst 1996). The
toxicity of an element is determined by its availability
for transfer between soil solution and living organ-
isms (Juste 1988). In any ecosystem, biological
processes causing the binding of heavy metal ions
and limiting of their migration in soils and organic
components are very valuable.

Biological investigations carried out in recent years
have paid particular attention to bacteria and fungi as
abiotic soil ligands playing an important role in
limiting the effects of plant- and soil contamination
by heavy metals. These processes are relatively well
studied in trees that, through mutual mycorrhizal
symbiosis, form mycorrhizal rhizospheres that store
and exchange mineral salts and waters (Read 2002).
These investigations have shown that symbiotic
relationships between plants and fungi increase their
tolerance of heavy metals in soils (Leyval et al. 1997;
Krupa 2004; Krupa and Kozdrój 2007; Kozdrój et al.
2007). This may be due to the binding of excess
metals in electronegative sites in the cell walls of
mycelia (Frey et al. 2000) or the immobilization of
elements by precipitation in phosphate phases (Galli
et al. 1994; Godbold et al. 1998). According to many,
the ability of trees and other long-living plants to
grow and develop in polluted environments is
possible only because of mycorrhization of their roots
(Wilkinson and Dickinson 1995; Krupa 2004). The
formation of abiotic relationships and the survivabil-
ity and vitality of mycorrhizae is very dependent on
assisting bacteria (Duponnois and Pienchette 2003;
Kozdrój et al. 2007) which points to the influence of
microorganisms in limiting metal migration.

Symbiotic fungi occur in soils heavily polluted
with heavy metals. As Turnau et al. (2005) show,
fungi greatly influence the sequential development of
spontaneous plants on waste dumps associated with
Pb–Zn mining. Investigations of rhizospheric soils
contaminated with heavy metals show that the roots
of plants accumulate mineral phases rich in Zn, Pb,
Fe, Cd and As (Cabala et al. 2004; Cabala and Teper
2007). Contaminants concentrated in the upper layers
of soils play an important role in rhizosphere
biochemistry (Courchesne and Gobran 1997).

Some questions arise. Are roots and fungal activity
playing an important role in the catalysis of secondary
metal-bearing minerals? What are the forms and
chemical compositions of metal-bearing minerals

occurring in the mycorrhizal zones of rhizospheres?
The identification of mineral phases using electron
scanning microscopy (ESEM) is important in en-
abling identification of mineral phases that formed
due to fungal activity in roots or in micro-organism
secretions.

The definition of the influence of fungi on plant
vegetation in soils formed on metal-bearing wastes is
very important to the development of new effective
methods for the phytoremediation of areas polluted by
metal mining and smelting.

2 Geology and HM Concentration in Soils

The investigated soils occur in an area where carbona-
ceous rocks of Triassic and Jurassic age are partially
covered by Pleistocene fluvioglacial sands. The Triassic
rocks host Zn–Pb ores beds of Mississippi Valley Type
(Leach et al. 1996). The primary ore minerals are Zn
sulphides (sphalerite αZnS and wurtzite βZnS), Pb
sulphide (galena PbS) and Fe sulphides (marcasite
FeS2 and pyrite FeS2). Concentration levels for Zn, Pb
and Fe are 4–6%, 1–3% and 5–8% respectively. Other
characteristic elements in the Silesian-Cracovian ores
are Cd, Tl, Ag and As (Cabala 1996).

Around Olkusz, the ore bodies are located in
epigenetic dolomites that locally outcrop in tectonic
horsts (Cabala 2001). Over a period of several million
years, supergenic processes resulted in to oxidation of
the primary Zn–Pb–Fe sulphides. These processes
also resulted in the development of secondary Zn, Pb,
Fe and Cd aureoles around the shallow ores (Mayer et
al. 2001; Cabala 2001).

Exploitation of Pb and Ag ores started in the
twelfth century. More recently, Zn ores have been
worked since the nineteenth century. Large scale
mining and ore smelting led to the contamination of
soils around waste dumps in the second half of the
twentieth century (Cabala and Teper 2007; Krzaklewski
and Pietrzykowski 2002). Many years of mining and
smelting are very clearly reflected in high soil metal
contents (Roberts et al. 2002). Pb contents in the soils
can range from 10,000–106,000 mg kg−1 (Li and
Thornton 2001). The contents of Zn, Pb and Cd in the
soils of the Olkusz area place them among the most
polluted soils in Europe (Verner et al. 1996; Lis and
Pasieczna 1997; Mayer et al. 2001; Cabala et al. 2004).
Zn commonly exceeds 10,000 mg kg−1, and Pb
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5,000 mg kg−1, in the forest litter and the upper soil
layers (Trafas 1996; Lis and Pasieczna 1999). In upper
soil layers in the environs of the shallow ore
exploitation, Zn, Pb and Cd contents reach
83,400 mg kg−1, 147,700 mg kg−1 and 427 mg kg−1

respectively (Cabala and Teper 2007).

3 Material and Methods of Investigation

Rhizosphere soils collected from 0–0.5 m depth in
areas heavily polluted by mining and smelting of Zn–
Pb ores in the Olkusz area (Fig. 1) were the focus of
this investigation. Soil samples were collected from
the following habitats:

& Sandy soils with initial xenothermic communities
& Young afforestations in the vicinity of flotation

waste dumps
& Older forests of mixed type with preponderance of

Pinus silvestris and Betula pendula planted during
mine-area reclamation

& Areas of historical exploitation afforested by
xenothermic plants.

The investigated rhizosphere soils were collected
in the root zones of trees, e.g., Pinus silvestris, Betula
pendula and Larix decidua and from plantings of
xenothermic grass, e.g., Cardaminopsis arenosa,
Calamaglorstis epigeios, Deschampsia caespitosa,
Festuca ovina, Hieracium pilosella, Silene vulgaris,
Viola tricolor, Dianthus carthusianorum, Biscutella
laevigata and Armeria maritima.

3.1 Mineralogical Investigations

The soil samples were examined using X-ray
diffraction (XRD) methods. Samples were separated
into fractions (<0.45, 0.45–0.63, >0.63 mm) using
wet and dry methods of separation. Three to six
diffraction patterns were made for each sample.
Phase compositions were determined using a Philips
PW 3710 Roentgen Diffractometer with graphite
monochromator (tube Co kα; 45 kV, 30 mA;
impulse counting time 2 s at increments of 0.01–
0.02°). X-ray diffraction analysis was carried out
using X’Pert software. Quantitative analysis was
based on Rietveld’s method.

Fig. 1 The Olkusz Zn–Pb
mining district. Areas of
investigation: a flotation
tailing ponds, b historical
open-pit exploitation of
supergene Zn–Pb ores,
b2 areas near tailing ponds,
c historical mining areas
after reclamation,
d woodland areas at some
distance (2–7 km) from
tailing ponds
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3.2 Chemical Analysis

Heavy metal contents (Zn, Pb, Fe, Mn, Cd and Tl)
were analysed by atomic absorption spectroscopy
(AAS) using a SOLAAR M6 spectrometer. The
sample rhizospheric soils were averaged and dried.
Samples (0.2 g) were ground in an agate mortar. A
mixture of pure acids was used for the mineralization
of each sample: 40% HF (2 ml), 65% HNO3 (3 ml)
and 35% HCl (1 ml) and distilled water (2 ml). The
mineralization was carried out at (110°C) in a
Milestone MLS 1200 microwave furnace. To remove
fluorosilicates, 50 ml of 4% H3BO3 was added and
each sample again mineralized for a short time. The
resulting solution was transferred to a 100 ml flask
and filtrated under pressure to plastic bottles using
0.45 μm filters.

3.3 Microscopic Analysis

Electron-probe studies were carried out using an
environmental scanning electron microscope Philips
XL 30 with EDAX analyser. Back EE (BSE) images
were obtained using a Centaurus attachment with a
detector resolution of 0.3 Z. The accelerating voltage
was 15 kV and the pressure 0.2 Torr. The investigated
material was fixed to carbon tapes (1×1.5 cm) placed
on aluminium stubs. Specimens with fragments of
plant roots were cleaned in an air stream to remove
loose mineral grains. The samples were carbon
coated. EDS spectra analyses were elaborated using
Phillips software. All analyses were carried out in the
laboratories of the Faculty of Earth Sciences, Univer-
sity of Silesia, Sosnowiec.

4 Results

4.1 Heavy Metal Concentration in Mycorrhizal Top
Soil

Zn, Pb, Fe, Mn, Cd and Tl, and related minerals, are
concentrated in the fine-grain fractions of the soils
(Table 1). A significant enrichment in heavy metals
characterizes the fraction <0.18 mm and the highest
metal contents the <0.045 mm fraction. Metal
concentrations in coarser fractions (>0.71 mm) relate
to the presence of metal-bearing polymineral agre-
gates and organic matter (Table 1).

The highest metal concentrations occur in the top
soils around areas where supergene ores were
formerly exploited (areas B, B2) and in areas where
Zn–Pb ores were processed in the past—and at
present (Fig. 2). Locally, Zn, Pb, Cd and Tl concen-
trations are similar to those in the flotation wastes
(area A, Fig. 2). The secondary metal concentration
takes place in morphological depressions, karst
funnels and in areas outside the reach of surface
waters running off the mining and flotation wastes.

Particularly high heavy metal concentrations occur
in the upper layers of soils to which metal-bearing
minerals were transported from the waste dumps by
aeolic transport. At several hundred meters from the
dumps (area C), average Zn and Pb concentrations in
these upper layers are 3,000–10,000 and 1,000–
3,000 mg kg−1, respectively. Notably high levels of
Cd (20–100 mg kg−1) and Tl (1–20 mg kg−1) are also
observed. Heavy metal pollution at 2–7 km from the
sources of pollution (area D; Fig. 2) is markedly less.

Areas damaged by the mining processes and waste
disposal lie within reclamation works aimed at revital-
isation. Soils formed on top of the metal-rich rocks
have plants that adjusted to growth under conditions of
high metal stress and water deficiency (Wierzbicka and
Rostański 2002). Former Zn-Pb mining areas were
locally colonized by xenothermic plant communities.
Symbiotic fungi are an important influence on the
progress of plant colonization. Hence, this attempt to
identify these fungi in rhizospheric soils heavily
polluted with metal-bearing minerals.

4.2 Metalliferous Minerals in Mycorrhizal
Rhizospheres

Among the primary mineral components of soils and
rhizospheres formed on the Pleistocene sands, quartz,
feldspars, clay minerals (illite, kaolinite) predominate.
In some cases, zircon, magnetite, Ti oxides and apatite
also occur. The intensive mining and processing of Zn–
Pb ores resulted in the transport of allochthonous
mineral components to the upper soil layers. These
latter include carbonates (calcite and dolomite) and
metalliferous minerals genetically linked to the ores
(Table 2). Soils formed on Triassic limestones and
dolomites are characterized by high carbonate contents
that make them highly alkaline. Top soils polluted by
historical or present mining are enriched in Zn–Pb–Fe
sulphides, Fe oxides, Zn–Pb carbonates, secondary Ca,
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Mg, Fe, Pb and Zn sulfates, Zn and Pb carbonates and
Fe and Mn oxides. Chemical transformations of the
metalliferous minerals are associated with the release
of active ions, Zn2+, Pb2+, Fe3+, Cd2+, Tl+, Mn4+ and
SO4

2- into soil solutions.

4.3 XRD Investigations

XRD data show that the fine fractions of the rhizo-
spheric soils contain high contents of crystalline
phases that compare with the paragenetic assemblages

Fig. 2 Average relative
heavy metal concentration
in top soils. Explanation and
location of investigated
areas (a–d) on Fig. 1

Table 1 Heavy metals in soils from Pb–Zn mining and smelting areas around Olkusz

Location Fraction Zn Pb Fe Mn Cd Tl
(mm) (mg kg−1)

0.2 km from post-flotation tailing ponds (area B2) pH 6.02–6.14 >0.71 4,700 2,082 21,597 188 55 0
>0.355 501 177 2,053 25 2 0
>0.18 634 225 1,875 36 4 0
>0.09 2,400 760 13,400 259 15 8
>0.045 4,450 2,130 35,700 413 28 16
<0.045 5,150 2,300 4,670 490 30 19

0.4 km from post-flotation tailing ponds (area C) pH 5.45–6.1 >0.71 13,498 5,530 24,901 954 180 0
>0.355 438 178 27,382 25 3 0
>0.18 792 304 3,098 44 6 0
>0.09 4,875 1,598 38,222 353 38 0
>0.045 4,000 1,870 5,600 390 40 5
<0.045 5,240 2,021 65,000 450 45 0

1.2 km from post-flotation tailing ponds (area C) pH 5.43 –7.33 >0.71 4,972 2,781 17,514 297 73 12
>0.355 378 172 1,342 21 2 1
>0.18 1,280 568 4,136 77 15 10
>0.09 3,570 1,560 29,731 458 86 36
>0.045 5,300 2,450 41,350 485 62 5
<0.045 4,250 2,360 52,100 600 48 1

Historical Zn-Pb exploitation (former open pit; area B) pH 6.08–6.81 >0.71 55,506 6,269 155,187 2,637 220 0
>0.335 20,061 8,262 64,724 1,048 83 0
>0.18 16,324 2,907 49,310 890 69 0
>0.09 30,259 5,651 85,534 2,725 128 24
>0.045 32,708 5,891 92,281 3,077 135 67
<0.045 31,598 5,260 97,599 2,585 131 36

Sample sites B, B2 and C on Fig. 1
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seen in the sulphide and oxidized Zn–Pb ores (Cabala
2001). These are mainly Fe sulphides and oxides, Zn,
Pb sulphides and carbonates, and Zn and Fe sulfates
(Table 2). Among unstable sulphides, marcasite dom-
inates and pyrite is rare. Trace elements such as Cd, Tl,
As, Ag, Sr and In occur in the crystalline structures of
the ore minerals (Cabala 1996; Leach et al. 1996;
Mayer et al. 2001). The common presence of gypsum
CaSO4·2H2O and bassanite CaSO4 0.5H2O in the soils
indicates the high activity of sulfate ions that in
limestones are stabilised in hydrated calcium sulfates
that include anglesite PbSO4, jarosites KFe3 (SO4)2
(OH)6, hydronium jarossite (H3O)Fe3(SO4)2(OH)6 and
hexahydrites MgSO4 6H2O (Table 2). During the
oxidizing stage of chemical transformation, Zn and
Pb carbonates (smithsonite ZnCO3, monheimite (Zn,Fe)
CO3, cerussite PbCO3) formed. Locally Zn silicates,
e.g., hemimorphite Zn4Si2O7(OH)2 H2O, formed
(Table 2).

4.4 ESEM Data

Assemblages of hyphae (Fig. 3a–f) are evident in
heavily polluted top soil layers and on associated
plant roots. Massive hyphae of parenchymatic char-
acter form mycorrhizal hyphae; fragments are seen in
BSE images (Fig. 3a,b). Such hyphae geometry is
typical of ectomycorrhizal symbiosis with trees.
Loose assemblages of mycelia and rhizomorphs
suggest perytrophic mycorrhizal that commonly
occurs in association with xenothermic plants. The
morphological forms of mycorrhizal rhizospheres of
external mycorrhizal, e.g., dychotomic branching of
roots, indicate symbiosis with trees of Pinus type
(Fig. 3c). The ESEM investigations reveal that
metalliferous minerals commonly occur on mycorrhi-
zal roots (Fig. 3a–f). These rhizosphere morphologies
and associated mineral phases deserve particular
attention, as does the way their occurrence indicates

Table 2 Mineral composition of top soil layers contaminated by Zn–Pb mining processes

Localisation Primary minerals Heavy fraction

Sandy soils (eolic, erosion and rankers) Quartz +++++ Marcasite, pyrite +++
Na, K, Ca feldspars +++ Goethite ++
Illite ++ Hematite +
Dolomite ++ Galena +
Kaolinite + Sphalerite +
Ankerite | Gypsum and bassanite |
Calcite | Magnetite |
Muscovite | Mullite |

Zircon |
Fe-Ti oxides |

Soils of paralimestone type altered as a result of historic surface
mining Area B, B2

Dolomite ++++ Goethite ++++
Calcite +++ Marcasite ++
Quartz +++ Sphalerite, wurtzite ++
Ankerite + Galena ++
K, Na feldspars + Smithsonite +
Illite + Cerussite +
Chlorites | Gypsum +
Smectites | Barite +
Kaolinite | Anglesite |

Anhydrite |
Hemimorphite |
Jarosite |
Hydronium jarosite |
Hexahydrite |
Magnetite |

+++++: dominant component >50%, ++++: between 50% and 10%, +++: 10% and 5%, ++: 5% and 2%, +: 2% and 1%, |: trace
content (semi-quantitative XRD data)
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that they formed during a secondary stage. Their
origin can be linked with the biotic impact of
mycorrhiza, roots or symbiotic bacteria exudates.
Identification of the metalliferous phases proves that
rhizosphere solutions contain ions of metals such as
Zn2+, Pb2+, Fe3+, Mn4+.

BSE images show mycelia of Basidomycetes
typical of tree ectomycorrhiza (Fig. 3b). Hyphae were
also identified in the areas with historical dumps
inhabitated by mosses and initial communities of

xenothermic plants. These occur in fresh soils rich in
Fe oxides, Zn and Pb carbonates, relicts of Zn, Pb and
Fe sulphides and gypsum (Fig. 3d).

The structural features of some mineral aggregates
indicate that they formed during the period of root
vegetation or that their origin was stimulated by
mycorrhizal rhizosphere exudates (Fig. 3e,f). The
origin of such forms is caused by heavy metal
biostabilisation. They comprise polymineral aggre-
gates composed of such unstable phases as Fe–Mn

Fig. 3 BSE images of mycorrhizal rhizospheres. a, b Root rhizoplanes, site B. c Root fragments, site B2. d Gypsum grains, site of
historical Zn–Pb processing. e Root rhizoplanes, site C. f Quartz grains, site C
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oxides, Zn and Pb oxides and aluminosilicates.
Among the components of minerals occurring on
hyphae, in their vicinity or on root rhizoplans, heavy
metals such as Zn (Fig. 4a–f), Fe (Fig. 4a–d), Pb
(Fig. 4c,e,f) and Mn (Fig. 4e,f) are significant.

In rhizospheres polluted with heavy metals, metal-
liferous minerals were identified on the surface of

hyphae (I), in their vicinity (II) and forming second-
ary covers on hyphae (III):

I. Metalliferous minerals are located among hyphae
of mycorrhizae (Fig. 3a,c). Mycelium lines (rhi-
zomorphs) have metalliferous mineral aggregates
built into their structure (Fig. 3b) and contain Fe

Fig. 4 EDS spectra of metalliferous components in mycorrhizal rhizospheres. Locations as in Fig. 3a–f
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and Zn (Fig. 4b). Concentrations (0.1–2 μm in
size) of such metalliferous minerals occur in the
external zones of mycorrhizal hyphae. EDS
microanalyses reveal that they have complicated
chemical formulas (Fig. 3a,b). The presence of Si,
Al, Mg, and Ca indicates the presence of clay
minerals and dolomite. Clear carbon peaks may
indicate a carbonate composition or that they are
organometallic compounds.

II. Grains and aggregates of Zn and Pb sulphides
and carbonates, and Fe oxides, are incorporated
into ectomycorrhizal networks of fungi (Fig. 3c).
Metalliferous phases occurring in assemblages
with hyphae commonly have spherical forms
(Fig. 3a,c) typical of smelting emissions (Cabala
and Teper 2007).

III. Glazings and dripstones of metalliferous phases
occur on hyphae or filling spaces between
mycelia lines (Fig. 3e,f). They form thin (0.1–
2 μm) irregular covers over areas a few tens of
μm in scale. They have the form of amorphic- or
cryptocrystalline aggregates. These phases con-
tain Pb, Zn, Fe and Mn (Fig. 4e,f). Clear carbon
peaks in EDS spectra (Fig. 4f) indicate that
heavy metals can be chemically bound in organ-
ometallic phases.

5 Summary and Conclusions

Zn, Pb, Fe sulphides and carbonates were deposited in
abundance on the ground surface as a result of many
years of exploitation of sulphide- and supergene Zn–Pb
ores in the Olkusz area (Verner et al. 1996; Cabala et al.
2004; Cabala and Teper 2007). Metalliferous mineral
phases, of a size rarely >45 μm, occur in association
with plant roots, hyphae and micro- and mezofauna.
This study shows that the finest fractions are typically
the most enriched in Zn, Pb, Mn, Cd and Tl (Table 1).
That is why the development of symbiotic mycorrhiza
is possible in conditions of strong metal stress with
levels of Zn, Pb and Cd exceeding 20,000, 3,000 and
100 mg kg−1, respectively (Fig. 2).

In areas around Olkusz strongly polluted by Zn-Pb,
assemblages of fungi occur symbiotically with trees
(Pinus) and xenothermic plant roots. Symbiotic fungi
and bacteria, interacting with plant roots, influence the
soil biochemistry. In their ability to limit the translo-
cation of Zn2+, Cd+ and Pb2+ ions from solutions to

roots, they protect plants from excess metal stress
(Leyval et al. 1997; Krupa 2004). During this process
of biochemical stabilisation of metal ions in mycorrhi-
zal rhizospheres, new metal-rich phases are formed.

Investigations aiming to identify the products
formed during biotic interactions of ligands with
metal-bearing solutions should be carried out in
rhizosphere zones heavily polluted with metals. The
mineral components of rhizospheres are particularly
sensitive to the influence of root- and fungi exudates
and the products of bacterial metabolism (Courchesne
and Gobran 1997; Hinsinger et al. 2005).

ESEM studies of rhizosphere mineral phases lead to
interesting results on the chemical composition, forms
and origin of minerals occurring on roots and symbi-
otic fungi. The present study confirms that, by using
ESEM methods, secondary phases formed during
biological interactions of fungi can be identified. The
occurrence of secondary metalliferous phases in the
form of covers or fillings of spaces between hyphae
indicate the existence of a direct relationship between
the interactions of symbiotic fungi or bacteria and the
crystallization of mineral phases rich in Zn, Pb, Fe and
Mn. Metal mobilization can reflect the filtration of soil
solutions through mycorrhiza—a process that traps a
significant amount of heavy metals on the surfaces of
mycelia or their structures (Leyval et al. 1997;
Jentschke and Godbold 2000; Krupa 2004). Submi-
cron metalliferous phases occurring on the surface of
hyphae can also form due to the ability of mycelia to
bind heavy metals through pigments deposited on
their surface (Sommer et al. 2001). The influence of
symbiotic fungi on minerals rich in K, Mg, Na results
in the delivery of biogenic elements to plants and
waters (Hees et al. 2005; Conn and Dighton 2000;
Baxter and Dighton 2005). Crystallization of stable
metalliferous minerals, by decreasing the bioavail-
ability of metals, limits their toxic influence and, by
doing so, promotes plant vegetation and soil-forming
processes. Mycorrhization, and the biological activity
of soils polluted with heavy metals, stimulate the
spontaneous stabilisation of mine waste dumps.
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