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Abstract

The selection of trace element tolerant species is a key factor to the success of remediation of degraded mine soils. Mining activities

generate a large amount of waste rocks and tailings, which get deposited at the surface. The degraded soils, the waste rocks and tailings are

often very unstable and will become sources of pollution. The direct effects will be the loss of cultivated land, forest or grazing land, and the

overall loss of production. The indirect effects will include air and water pollution and siltation of rivers. These will eventually lead to the loss

of biodiversity, amenity and economic wealth. Restoration of a vegetation cover can fulfil the objectives of stabilization, pollution control,

visual improvement and removal of threats to human beings. Thus, remediation of mine spoils/tailings and biogeochemical prospecting

would rely on the appropriate selection of plant species.

Plant community responds differently on their ability to uptake or exclude a variety of metals. In this work, plant species were sampled

from all populations established in an abandoned copper mine of São Domingos, SE Portugal. Plants belonging to 24 species, 16 genera and

13 families were collected from the degraded copper mine of São Domingos. Plant samples were analysed for total Ag, As, Cu, Ni, Pb, and

Zn. The highest concentrations of metals in soils dry matter were 11217.5 mg Pb kg� 1, 1829 mg Cu kg� 1, 1291 mg As kg� 1, 713.7 mg Zn

kg� 1, 84.6 mg Cr kg� 1, 54.3 mg Co kg� 1, 52.9 mg Ni kg� 1 and 16.6 mg Ag kg� 1. With respect to plants, the higher concentrations of Pb

and As were recorded in the semi-aquatic species Juncus conglomeratus with 84.8 and 23.5 mg kg� 1 dry weight (DW), Juncus efusus with

22.4 and 8.5 mg kg� 1 DW, and Scirpus holoschoenus with 51.7 and 8.0 mg kg� 1 DW, respectively. Thymus mastichina also showed high

content of As in the aboveground parts, 13.6 mg kg� 1 DW. Overall, the results indicate accumulation of various metals by different plant

species, with some of these metals being partitioned to the shoots. Environmental implications of these observations are discussed.
D 2003 Elsevier Ltd. All rights reserved.
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1. Introduction ments in the environment is of human health concern
The global budget of toxic trace elements has increased

dramatically due to a variety of activities since the dawn

industrial revolution (Nriagu, 1979). One of the main

sources of trace metal pollution is the mining and smelting

of metalliferous ores. Long-term persistence of trace ele-
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(Shaw, 1990; Hadjiliads, 1997). Mining activities generate

a large amount of waste rocks and tailings which get

deposited at the surface. The degraded soils, and the waste

rocks and tailings are often very unstable and will become

sources of pollution. The direct effects will be loss of

cultivated land, forest or grazing land, and the overall loss

of production (Wong, 2003). The indirect effects will

include air and water pollution and siltation of rivers. These

will eventually lead to the loss of biodiversity, amenity and

economic wealth (Bradshaw, 1993). Restoration of a vege-

tation cover can fulfil the objectives of stabilization, pollu-

tion control, visual improvement and removal of threats to
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human beings. The constraints related to plant establish-

ment, and amendment of the physical and chemical prop-

erties of the toxic metal-mined soils, and the choice of

appropriate plant species are discussed.

Traditional remedies of soil amelioration are very costly

and can only affect the upper layers of the soil. Populations

of a variety of higher plant species are known to colonize

degraded mine soils in which other cultivated plants can not

survive. Thus, the plant community tolerant to trace elements

plays a major role in remediation of degraded mine soils

(Banuelos and Ajwa, 1999). Plants tolerant to toxic levels of

trace elements respond by exclusion, indication or accumu-

lation of metals (Baker, 1981). A number of plant species

endemic to metalliferous soils have been found to accumu-

late metals at extraordinarily high levels (>1% and up to

10%) in contrast to normal concentrations in plants. So far,

approximately 400 metal hyperaccumulators have been

identified (Baker, 1995). The term hyperaccumulator was

first used by Brooks et al. (1977) in relation to plants

containing more than 1000� 10,000 mg kg� 1 (0.1�1%)

of Ni in dry tissue. It was not until the early 1980s that it was

realised that hyperaccumulators might be used to remediate

polluted soils by growing a crop of one of these plants and

harvesting it to remove the pollutants (Chaney, 1983). The

success of any phytoremediation technique depends upon the

identification of suitable plant species that hyperaccumulate

trace metals and produce large amount of biomass using

established crop production and management practices (Bak-

er et al., 1991; Brooks, 1983, 1998). The development of

hyperaccumulator plants represents a potential for remedia-

tion of soils polluted by trace metals (Baker et al., 1994).

McGrath et al. (1993) reported the results of field trials in

which several hyperaccumulators were grown in polluted

soils to reduce the soil content of Zn from 440 to 300 Ag g� 1,

the threshold established by the European Community

(Commission of the European Communities, 1986).

The aforementioned works suggested that collecting

plant species on contaminated soils may be effective for

selecting potential plants to be used in mine remediation.

The present work was undertaken to acquire exhaustive

information about the ability of plant species growing wild

in this polluted area to accumulate Ag, As, Cu, Ni, Pb, Cr

and Zn in order to identify metal-tolerant species. Plant

species found in metal polluted/contaminated soils are

expected to take up metals and eventually accumulate them

(Baker, 1981; Ross, 1994). Plants also developed mecha-

nisms to avoid the uptake of trace elements or exclude them.

Therefore, plant community established on mine spoils can

be useful to minimize the impacts of mining (Sengupta,

1993). Thus, considering the diversity of plant responses in

contaminated sites having different metals and toxicity

levels, at various levels, it is important to study the com-

position of plant community that was established on de-

graded soils, which would serve as a basic approach for

mine remediation. More information about plant community

that can grow on metal-contaminated soils is essential to
determine their potential for mine reclamation/remediation

and for biogeochemical exploration (Kovalevskii, 1979;

Fletcher, 1981; Brooks, 1983; Badri and Springuel, 1994;

Baker et al., 1994; McInnes et al., 1996).

This study is part of a series of studies that attempt to

evaluate the potential for remediation of plant species and

communities established in soils contaminated by heavy

metal mining and smelting. The site chosen for the study

was abandoned in 1966, the mine of São Domingos, in the

south-east of Portugal. This is one of the historical mining

centres known for its activity since pre-Roman times, with

extraction of gold, silver and copper (Gaspar, 1998). The

main activity of the mine was copper production. In addi-

tion, huge deposits of cupriferous pyrite were also present

which have been processed for sulphur production. Reme-

diation of these sites is essential for meeting the environ-

mental regulations and also for human health point of view.

Mine leachates into shallow aquifers, runoff to surface water

is of human health concern (Sengupta, 1993). Rehabilitation

of abandoned mines and mine spoils by phytostabilization,

rhizosphere biotechnology and phytoremediation technolo-

gy is supported by recent literature (Raskin and Ensley,

2000; Wenzel et al., 1999). This work was carried out to get

information about the flora of São Domingos mine with

special emphasis on metal uptake and accumulation of plant

communities established in the contaminated area. Plants

and soils were analysed for total Ag, As, Cu, Ni, Pb, Cr and

Zn. Patterns of metals accumulation in plants were analysed

and implications for phytoremediation are evaluated.
2. Materials and methods

2.1. Site description

This study was carried out at São Domingos old mine,

located in the South of Portugal (37j38V00N to 37j40V30N
and 7j19V05W to 7j20V05W). It is one of the historical

mining centres with known activity since pre-Roman times,

with extraction of gold, silver and copper. São Domingos

belongs to the Iberian pyrite belt, with the outcropping area

sequences formed by a unique vertical mass of cupriferous

pyrite associated with zinc and lead sulphide. It is similar to

many other vulcanogenic massive sulphide mineralizations

existing in this belt, from the genetic, morphological and

mineralogical point of view. The large area covered by the

mine is the result of extraction of more than 25 millions tons

of ore (copper concentrate production) from which 9.9

millions tons of cupriferous pyrite (Gaspar, 1998). São

Domingos current landscape and historical past makes it

one of the most attractive mines in Portugal (Fig. 1).

2.2. Geochemistry

The primary mineralization is made of massive sul-

phides, with more than 85% of sulphides, essentially pyrite,



Fig. 1. A recent view of the São Domingos mining landscape.
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sphalerite, chalcopyrite, galene and sulphosalts. In the near

vicinity of the mine, massive mineralizations of disseminat-

ed sulphides with high copper was also present. In São

Domingos, the primary mineralization is deeply located.

The extensive mineralized deposits were exploited in Ro-

man and pre-Roman times. In the second half of the XIX

century, these material got dispersed in a large area of the

mine. Initially, only copper was extracted and therefore the

ore was burnt openly in several places of the mine. This

procedure induced heavy pollution causing damage to

extensive areas without vegetation.

São Domingos landscape reveals high degradation with

approximately 750000 tons of waste mining material (Fig.

2). The enormous pit, left by extraction works, 122 m deep,

is filled with acid waters (pH = 1.7). The mining effluent is

of a serious environmental issue. The acid drainage from the

reservoir contaminates soils and groundwater along several

km stretch, affecting ground water and water reservoirs in

close vicinity.
Fig. 2. High degradation and environmental impacts are obvious all along

the old mining area.
2.3. Plant community

The vegetation is dominated by Quercus ilex and Euca-

lyptus sp., the most abundant tree. Dominant shrubs are

Lavandula stoechas L. subsp. pedunculata (Miller) Samp.

and Rozeira and Genista hirsuta Vahl. Plants used in this

investigation have been identified with the help of local

floras (Franco, 1971; Castroviejo et al., 1986, 1990, 1993,

1997; Talavera et al., 1999).

2.4. Soil and plant sampling

Sampling sites were selected after a geobotanical survey.

At each site, a variable number of soil samples (>5) at 10–30

cm in depth were taken for laboratory analysis (Hesse, 1971),

and a variable number of plants (>5) of each species was

collected. The soils were classified into different categories

according to the Soil Survey Staff (1997). Soil samples were

then dried at 80 jC and sieved through a 100-mesh.

Five plant samples were collected from all species

representative of the community of plants found at the in

the mining area. Plant samples were cleaned in abundant

freshwater and rinsed with distilled water. Dry weights were

obtained after oven drying at 60 jC for 2 days.

2.5. Chemical analysis

Soil and plant samples were analysed for total Ag, As,

Co, Cr, Cu, Ni, Pb and Zn using atomic absorption spec-

trophotometer (Perkin-Elmer 2380) and hydride generation

(HGS) for As (Lucas and Sequeira, 1971; Aslin, 1976; Vijan

et al., 1976; Van Loon, 1985; Pratas, 1996; Kabata-Pendias,

2001). Concentrations of Cr and Co were not determined in

plants as they were very low. Soil pH was determined in a

soil/water (1:2.5) suspension with a pH-meter.
3. Results and discussion

Eight metals and pH were analysed in all soil samples. A

summary of this analysis is given in Table 1. High levels of

As, Cu, Pb and Zn were recorded in the soils. Copper

concentration in soils could reach 1829.0 mg kg� 1 as a
Table 1

Summary of the soil analysis in São Domingos (metals in mg kg� 1 dry

weight; S.D. = standard deviation)

Range Mean Median S.D.

pH 4.01–6.73 5.06 5.14 0.64

Ag 2.5–16.6 7.5 7.0 3.6

As 37.2–1291.0 392.6 353.2 323.8

Co 20.1–54.3 31.0 29.4 8.4

Cr 5.1–84.6 26.5 8.3 31.7

Cu 87.3–1829.0 553.2 443.7 442.9

Ni 27.2–52.9 42.2 43.9 6.6

Pb 234.2–12217.5 2693.7 2355.1 2345.3

Zn 103.8–713.7 218.2 162.8 145.1
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result of the former activity of the site (copper smelter).

Maximum concentration of As in soils was very high,

reaching 1291.0 mg kg� 1. The concentration of Pb in the

soil was also very high, 2693.7 mg kg� 1 as the average

value registered. The average Zn concentration in soils was

of 218.2 mg kg� 1 but it could reach 713.7 mg kg� 1, a level

that can be extremely toxic for plants. Cobalt and chromium

concentrations in soils were normally low, ranging from

20.1 to 54.3 mg kg� 1 for Co and 5.1 to 84.6 mg kg� 1 for

Cr. Nickel and Ag were also low, varying from 27.2–52.9 to

2.5–16.6, respectively.

Sampling in the São Domingos area resulted in the

collection of 24 plant species. They represent 16 genera

and 13 families. Analysis of metals performed in plant

material (leaves, twigs, above-ground parts or needles)

indicated that different plant parts had different budgets of

metals (Table 2). Lead concentration in plants was rather

high for some species, varying from 2.9 to 84.9 mg kg� 1

dry weight (DW) (Fig. 3). The maximum Pb content was

observed in the aerial parts of Juncus efusus. Semi-aquatic

species sampled in the mining area, Juncus conglomeratus

and Scirpus holoschoenus, showed high accumulation of

lead in plant tissues. Lead above 20 mg kg� 1 DW was

found in leaves of three species of Cistus, typical mediter-

ranean shrubs known for their tolerance to drought and low

nutrients availability. Arsenic concentration in plant tissues

ranged from 0.3 to 23.5 mg kg� 1 DW (Table 2). Maximum

arsenic was recorded in J. conglomeratus, Thymus masti-

china, J. efusus and S. holoschoenus (Fig. 4). Arsenic and

lead are among the most toxic metals found in these soils

and the same assemblage of plants seem to better tolerate

them (Porter and Peterson, 1975; De Koe and Jaques, 1993;

De Koe, 1994; Garcia-Sanchez et al., 1996; Bech et al.,

1997; Jonnalagadda and Nenzou, 1997; Ma et al., 2001).

Semi-aquatic species from the Juncaceae family showed the

highest content of both metals (Table 2, Figs. 3 and 4). A

few trees, Eucalyptus, Quercus and Pinus species, were

found in the contaminated area showing accumulation of

different metals in the aboveground tissues. Due to their

high biomass, they can be very effective for metals phy-

toextraction and phytostabilization especially when estab-

lished in the less contaminated soils on the peripheral zone

of the study area.

Trees, shrubs, grasses, legumes and semi-aquatic plants

were represented in the São Domingos mining area contam-

inated with metallic substrates. Phytoremediation of mining

sites is well-established using species of hyperaccumulators

and a variety of management practices (Yang et al., 1997;

Shu et al., 2000; Zhang et al., 2001; Wong, 2003). Often, a

combination of metals and other stress factors such as

drought, poor nutrient status and high light intensity occurs

at mines or smelting areas. Therefore, mine restoration

could benefit from a broader perspective including different

groups of plant species as they could perform distinct

functional roles in the remediation process. For example,

the use of legumes may enrich the soil nutrients content and
the combined used of perennials and annuals can provide

substantial inputs in terms of organic matter and nutrients

recycling, thus contributing in distinct ways to the develop-

ment of the soil (Hooper and Vitousek, 1997, 1998). This

type of approach requires more information about plant

communities growing on metal-contaminated soils in order

to accurately determine their potential for remediation of

polluted soils in abandoned mines.

Mine-degraded soils are man-made habitat which expe-

rience a wide range of problems for establishing and

maintaining vegetation, depending on the type of mine such

as metal mines, coal mines and quarries. The physico-

chemical properties of the metal-contaminated soils tend

to inhibit soil-forming processes and plant growth. In

addition to elevated metal concentrations, other adverse

factors include absence of topsoil, periodic sheet erosion,

drought, surface mobility, compaction, wide temperature

fluctuations, absence of soil-forming fine materials, and

shortage of essential nutrients (Wong et al., 1999a,b). The

original soil of mine-degraded lands is usually lost or

damaged, with only skeletal materials. There is commonly

a lack of organic matter and its associated nutrients such as

nitrogen (N) in most degraded land materials. The mine-

degraded soils have low concentrations of important

nutrients like K, P and N. Organic matter provides a

continuous source of nutrients, e.g., it provides most of

the N reserve in soils and comprises typically 5% N which is

mineralized at about 2% per year (Harris et al., 1996).

For soils contaminated by trace metals such as copper

(Cu), lead (Pb), nickel (Ni) and zinc (Zn), metal toxicity

would restrict the growth of all but the most tolerant plants.

Toxic metals can also adversely affect the number, diversity

and activity of soil organisms, inhibiting soil organic matter

decomposition and N mineralization processes. However,

toxicity is not a simple matter of particular concentrations of

substances being toxic to a plant. The chemical form of the

potential toxic metal, the presence of other chemicals which

may aggravate or ameliorate metal toxicity, the prevailing

pH and nutrient status of the contaminated soil will affect

the way plants respond to the toxic metal. Substrate pH

affects plant growth mainly through its effect on the

solubility of chemicals, including toxic metals and nutrients.

It is commonly recognized that at pH 6.5, nutrient avail-

ability to plants is at a maximum and toxicity at a minimum

(Harris et al., 1996; Wong, 2003). The bioavailability of

trace metals to plants and biota including fauna and micro-

organisms is controlled by their total concentration in the

soil and their chemical forms. As to plants, the bioavail-

ability is governed by the factors that control the activity of

soluble metal species in the soil solution that is preferen-

tially taken up (Thornton, 1999). Methods for determining

the soluble and thus bioavailable fractions of metals in soils

have been extensively studied for the past 20 years. For the

soil–plant/microorganisms pathway, these included the use

of (a) single chemical extractants of varying concentrations,

such as EDTA, DTPA, acetic acid and 0.01 M CaCl2 (Allen,



Table 2

Concentration of trace elements in soils and plant species of São Domingos mine (in mg kg� 1 dry weight)

Family/taxa Plant Ag As Cu Ni Pb Zn

Part
Soil Plant DW Soil Plant DW Soil Plant DW Soil Plant DW Soil Plant DW Soil Plant DW

Fagacea

Quercus ilex L. subsp. balota L 5.4 0.1 353.2 0.9 529.6 6.0 47.2 3.0 1866.3 5.3 167.8 52.0

(Desf.) Samp. T 5.4 0.2 353.2 1.4 529.6 6.6 47.2 3.4 1866.3 9.1 167.8 40.1

Cistaceae

Cistus salvifolia L. L 8.7 0.2 580.5 2.1 533.4 18.0 44.9 7.3 4765.7 10.7 158.9 226.2

T 8.7 0.1 580.5 0.9 533.4 11.8 44.9 3.4 4765.7 17.9 158.9 130.4

Cistus crispus L. L 9.1 0.3 607.3 2.1 243.3 12.4 43.2 5.1 3128.8 28.6 167.8 137.8

T 7.7 0.1 468.8 1.5 209.4 5.7 45.6 2.8 2437.5 31.3 158.6 122.7

Cistus monspeliensis L. L 4.8 0.3 129.2 2.1 476.8 16.0 45.5 5.9 1009.1 20.0 248.0 343.2

T 4.8 0.1 129.2 1.3 476.8 5.2 45.5 3.3 1009.1 20.7 248.0 142.3

Cistus ladanifer L. L 7.3 0.1 443.6 2.1 443.7 13.4 46.1 4.6 3639.6 11.0 230.8 170.1

T 7.3 0.2 443.6 1.8 443.7 10.0 46.1 3.7 3639.6 21.4 230.8 80.9

Fabaceae

Genista hirsuta Vahl A 7.0 0.1 259.1 0.6 944.8 5.4 42.4 2.2 2034.3 3.5 114.4 132.9

Ulex eriocladus C. Vicioso A 13.1 0.1 487.4 1.5 1039.8 8.2 31.1 2.0 3914.4 13.2 103.8 35.8

Genista polyanthos Willk.

subsp. polyanthos

A 3.4 0.2 88.5 6.2 284.9 6.0 43.0 3.1 378.5 12.9 113.9 84.0

Lamiaceae

Lavandula stoechas L. subsp. L 2.5 0.1 72.3 1.2 151.2 8.5 46.6 2.7 756.9 19.5 138.8 201.7

pedunculata Samp. and Rozeira T 2.5 0.4 72.3 0.5 151.2 5.5 46.6 1.2 756.9 11.9 138.8 76.9

Thymus mastichina L. A 7.0 0.3 203.4 13.6 948.1 25.5 44.0 1.5 1409.2 33.4 407.4 143.4

Asteraceae

Helichrysum stoechas (L.) Moench. A 2.9 0.2 37.2 3.6 87.3 16.4 51.4 3.2 234.2 16.9 116.0 190.2

Poaceae

Agrostis castellana Boiss. and Reuter A 6.4 0.1 187.3 2.1 196.3 3.6 42.4 2.1 1587.7 8.5 133.8 35.8

Myrtaceae

Eucalyptus camaldulensis Dehnh. L 7.0 0.2 391.5 0.6 529.1 23.8 42.8 5.0 3303.3 3.0 201.5 80.0

T 7.0 0.2 391.5 0.5 529.1 22.7 42.8 2.9 3303.3 2.9 201.5 74.5

Eucalyptus globulus Labill. L 8.1 0.2 479.2 0.3 228.9 14.4 43.9 7.8 2524.9 3.7 162.8 25.5

T 8.1 0.1 479.2 0.4 228.9 18.2 43.9 3.8 2524.9 5.2 162.8 54.7

Ericaceae

Erica australis L. A 16.2 0.2 989.2 1.0 1089.8 6.7 30.7 1.5 11217.5 8.8 108.4 18.7

Erica erigena R. Ross. L 3.5 0.1 163.9 5.3 219.4 12.2 35.3 2.3 2272.7 28.2 167.3 23.8

T 3.5 0.3 163.9 3.0 219.4 14.4 35.3 1.1 2272.7 18.3 167.3 12.2

Polygoneaceae

Rumex induratus Boiss. and Reuter A 16.6 0.1 949.7 1.4 1113.2 21.1 33.9 1.5 7.8 416.4 25.9

Pinaceae

Pinus pinaster Aiton L 9.5 0.3 1291.0 0.8 365.4 4.6 49.5 4.3 5157.9 4.3 292.8 82.4

T 9.5 0.2 1291.0 0.6 365.4 7.7 49.5 4.1 5157.9 3.9 292.8 58.9

Pinus pinea L. N 9.5 0.2 1291.0 0.6 365.4 8.9 49.5 5.5 5157.9 5.9 292.8 51.4

Thymelaeaceae

Daphne gnidium L. L 7.0 0.1 203.4 1.2 948.1 7.1 44.0 1.7 1409.2 10.8 407.4 308.8

T 7.0 0.2 203.4 1.1 948.1 14.2 44.0 1.0 1409.2 8.2 407.4 102.3

Lentibulariaceae

Pistachia lentiscus L. L 11.5 0.3 385.7 1.1 1829.0 6.9 38.2 1.7 2713.7 9.6 713.7 28.6

T 11.5 0.2 385.7 0.7 1829.0 10.1 38.2 1.2 2713.7 4.7 713.7 32.8

Juncaceae

Scirpus holoschoenus L. A 4.4 0.2 204.2 8.0 203.6 21.9 27.2 1.2 3136.4 51.7 158.1 38.3

Juncus conglomeratus L. A 4.4 0.3 204.2 23.5 203.6 28.9 27.2 1.7 3136.4 84.8 158.1 70.7

Juncus efusus L. A 4.4 0.4 204.2 8.5 203.6 18.0 27.2 1.7 3136.4 22.4 158.1 96.1

L: leaves; T: twigs; A: aboveground parts; N: needles.
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Fig. 3. Accumulation of lead in plant species from the São Domingos

mining area.

Fig. 4. Accumulation of arsenic in plant species of the São Domingos

mining area.
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1989) and (b) operationally defined sequential extraction

procedures (Tessier et al., 1979) in which increasing strong

extractants are used to release metals associated with dif-

ferent soil fractions.

Selection of appropriate plant species would be very

important to ensure a self-sustainable vegetation cover

(Wong, 2003). Phytoremediation refers to the use of green

plants and their associated microbiota, soil amendments, and

agronomic techniques to remove, contain, or render harm-

less environmental contaminants (Cunningham and Ow,

1996; Prasad and Freitas, 1999, 2003). Phytoremediation

of heavy metal-contaminated soils basically includes phy-

tostabilization and phytoextraction.

Some soils are so heavily contaminated that removal of

metals using plants would take an unrealistic amount of

time. The normal practice is to choose drought resistant,

fast-growing crops or fodder, which can grow in metal-

contaminated and nutrient-deficient soils. Phytostabilization

is the use of metal-tolerant plant species to immobilize trace

metals through absorption and accumulation by roots,

adsorption onto roots, or precipitation within the rhizo-

sphere. This process reduces metal mobility and also

reduces bioavailability for entry into the food chain. By

using metal-tolerant plant species for stabilizing mine spoils,

it could also provide improved conditions for natural atten-

uation. Some plant cultivars tolerant to toxic metals are

available commercially in some countries such as the UK

and Australia (Lothenbach et al., 1998). The existence of

these plant varieties is the result of evolution rather than

innate physiological tolerance (Bradshaw, 1993). These

included single (Cynodon dactylon) and multiple (Festuca

rubra, Typha latifolia and Phragmites australis) (Wong,

2003; Ye et al., 1997) tolerances to trace metals. There is

literally growing evidence that phytostabilization can be

achieved by selective planting in combination with a various

soil amendments such as zeolites, beringite, steel shot and
hydroxyapatite that immobilize metals in soil (Lothenbach

et al., 1998).

Successful establishment and colonization of several

pioneer plant species tolerant to Pb/Zn mine spoils has been

demonstrated. The tolerant plants included grasses viz.,

Vetiveria zizanioides, (Shu et al., 2000), shrubby legume

Sesbania rostrata, (Yang et al., 1997), and woody legume

Leucaena leucocephala (Zhang et al., 2001). Therefore,

selection of appropriate plant species which can establish,

grow and colonize metal-contaminated soils is important for

successful reclamation of degraded mine sites (Wong,

2003). Vetiver grass (V. zizanioides) has a massive finely

structured and deep root system capable of reaching 3–4 m

in the first year. Due to its unique morphological and

physiological characteristics, it has been commonly known

for its effectiveness in erosion and sediment control, and has

also been found to be highly tolerant to extreme soil

conditions including prolonged drought, flood, submer-

gence, extreme temperature (10 to 48 jC), and a wide range

of soil acidity and alkalinity (pH from 3 to 10.5). The plant

is also highly tolerant to soil salinity, sodicity, acidity, Al,

Mn and heavy metal (such as As, Cd, Cr, Ni, Pb, Zn, Hg, Se

and Cu) toxicities in the soil (Wong, 2003).

Greenhouse and field trials in Queensland, Australia

have shown that vetiver grass is suitable for the rehabilita-

tion of metal-contaminated soils, and for the treatment of

landfill leachate (Truong and Baker, 1988). Recently, it has

been found that vetiver grass was the best plant species (in

terms of biomass production and coverage) when compared

with other three grass species, namely Paspalum notatum,

C. dactylon and Imperata cyclindrica var. major used for

revegetating Pb/Zn mine tailings in South China (Shu et al.,

2000). In addition, oil products extracted from vetiver roots

pose high values in biomedical utilization. By planting

vetiver grass in metal-contaminated soils, it will fulfil the

dual purpose of stabilizing the site and modifying soil
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properties suitable for the colonization of other plants, and

at the same time producing oils with a high commercial

value. It is essential to investigate if there were higher metal

concentrations taken up by the grass, and the subsequent

effects on the quantity and quality of the oil products. An

annual legume native to Africa S. rostrata which possesses

stem as well as root nodules can be used to modify

properties of mine spoils, by supplying the much needed

N and organic matter. The plant is able to complete its life

cycle and produce seeds within 4 months after growing on

bare Pb/Zn mine tailings. Apart from having a very high

growth rate, it is also tolerant to toxic metals and low

nutrient status, and therefore will be an ideal pioneer species

to accelerate ecological succession of the man-made habitats

(Bradshaw, 1993).
4. Conclusions

In order to achieve a self-sustainable vegetation on toxic-

metal-mined lands, it is essential to choose plant materials

which are tolerant to the specific metals, as well as tolerant

to drought and the lack of nutrients. Adding organic

amendment is essential to facilitate the establishment and

colonization of these ‘‘pioneer plants’’. They can eventually

modify the man-made habitat and render it more suitable for

subsequent plant communities. Planting of different grass

species, rotating with legumes and native species will be

able to restore soil fertility and accelerate ecological suc-

cession. The use of hyperaccumulator plants seems to be

only effective for cleaning up soils containing light to

moderate toxic metal concentration.
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