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Abstract

Several plants across taxonomic hierarchy have evolved heavy metal tolerance strategies and detoxification mechanisms that

enable them to survive, grow and reproduce in metal contaminated and polluted sites. Plants growing on the abandoned

Portuguese mines, highly contaminated with arsenic (As), antimony (Sb) and tungsten (W), have been studied for their

biogeochemical prospecting and mine stabilization potential. The results of soil analysis show relevant anomalies of As, Sb and

W. We have observed that the plant species accumulating tungsten are Digitalis purpurea, Chamaespartium tridentatum, Cistus

ladanifer, Pinus pinaster, Erica umbellata, and Quercus ilex subsp. ballota. Accumulators of antimony are D. purpurea, E.

umbellata, Calluna vulgaris and C. ladanifer. Accumulations of arsenic are found in the old needles of P. pinaster, Calluna

vulgaris and C. tridentatum and leaves of C. ladanifer, E. umbellate and Q. ilex subsp. ballota. These are the key stone species

allowing biogeochemical delineation of areas of anomalous soil composition.
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1. Introduction

The use of plant species as indicators of metal

contamination (natural and/or anthropogenic) is based

on their response to the elements present in the
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substrate (Kabata-Pendias, 2001). Plants growing on

abandoned mine sites usually indicate the mineral

composition of the soil. These plant species are

tolerant to metals, and they are able to accumulate

or exclude toxic metals. Thus, trace-metal-accumulat-

ing plants are of immense use for biogeochemical

prospecting and geochemical exploration (Badri and

Springuel, 1994; Brooks, 1983; McInnes et al., 1996).

Therefore, metal-tolerant perennials and plants with
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high biomass and bioproductivity are useful in

phytostabilization and mine restoration (Hooper and

Vitousek, 1997). Mining activities leave behind vast

amount of mine spoils and mine tailings, which will

become the sources of metal contamination and

pollution in the environment. The direct effects of

these processes will be the degradation of cultivated,

forest or grazing land with concomitant reduction in

production (Wong, 2003). The indirect effects of

mining activities are air, soil and water pollution and

siltation of rivers. Both the direct and indirect effects

would eventually harm biodiversity and economic

wealth (Bradshaw, 1993). Plant communities that are

tolerant to imposed stress conditions can fulfil the

objectives of stabilization, pollution control, visual

improvement and removal of threats to mankind. The

constraints related to plant establishment and amend-

ment of the physical and chemical properties of the

toxic metalliferous soils depend upon the choice of

appropriate plant species that will be able to grow in

such a hostile environment. Thus, the plant commun-

ity tolerant to toxic trace elements play a major role in

remediation of degraded mine soils. Plants tolerant to

toxic levels of trace elements respond by exclusion,

indication or accumulation of metals (Baker, 1981).

Thus, more information about plant communities that

are growing on metal-contaminated soils is essential

to determine their application for mine stabilization/

remediation and biogeochemical exploration (Baker et

al., 1994; Badri and Springuel, 1994; Brooks, 1983;

Fletcher, 1981; Levinson, 1974; Kovalevskii, 1979;

McInnes et al., 1996).
2. Area description, methods and material studied

This study is one of the parts of the continuing

investigations on the biogeochemical prospecting and

mine stabilization/remediation to evaluate the potential

of plant species and communities established on

abandoned mines (Freitas et al., 2004a,b). The study

area includes two abandoned mines, viz., Gatas and

Santa mine that form the denominated Sarzedas mine.

The area investigated is situated close to the Sarzedas

village 39852V30W N; 7832V20W W (Castelo Branco

county, central Portugal). The Sarzedas mineraliza-

tions are emplaced in quartzous veins striking N608E
(Santa mine) and N208W (Gatas mine), filling late
Hercynian fractures, which cut the bSchist-Graywacke
Complex.Q The acid rock veins cutting the complex are

frequent, and these are identical to ante-Ordovician

veins appearing in the area. These veins show

indication of hydrothermal alteration, and they are

mineralized by disseminated sulphides. The main

mineralization is of the vein type, and it is made of

wolframite (ferberite), stibnite, pyrite, arsenopyrite

and, seldom, by chalcopyrite, sphalerite and galena.

Gold occurs in its native form. Soils are barely

developed, and they are mainly mountain soils,

especially cambisoils and lithosoils. In one of these

sites, they are almost entirely made of tailing debris. In

the study area, two transects were made on the

mineralized zone and in the tailings. On these trans-

ects, soils and plants were collected in a 2-m circle

every 40 m, ensuring that about 1/3 of the total

samples were in the selected contaminated areas. Two

transverse profiles within the mineralized area and

tailings were chosen as sites for collection of materials.

In these profiles, soils were collected at intervals of 40

m. Soil samples were always collected from the B

horizon (not always at the same depth due to the

presence of mountain soils with variable and limited

thickness) to minimize the influence of the organic

matter present in superficial horizons. Each soil

sample consisted of a homogenate of four subsample

points located in an imaginary circle about 2 m around

the sampling point. The soil samples were dried at 80

8C and passed through a 100-mesh sieve. Plants were

collected within the same zone and later identified

following the local herbarium and floras (Franco,

1971, 1984). The first step of sample preparation

included separation of samples into several subsam-

ples based on organs collected and growing ages. Plant

samples were cleaned with fresh-water, rinsed with

deionized water and air-dried at room temperature for

several days. The air-dried plant samples were

powdered homogenously and digested for elemental

analysis (Kovalevskii, 1979; Brooks, 1983; Pereira et

al., 2003). Analytical methods included colorimetry

for W (Quin and Brooks, 1972), atomic absorption

spectrophotometry (Perkin-Elmer, 2380) for Ag, Co,

Cr, Cu, Fe, Mn, Ni, Pb and Zn and hydride generation

for As and Sb (Van Loon, 1985; Vijan et al., 1976).

To determine plant’s ability to accumulate heavy

metals and to use plants to detect metalliferous rocks,

the Index of Biogeochemical Anomaly (IBA) was



Table 1

Soil data for different trace elements at the study site (mg kg�1)

N=24 Range Mean Median Standard deviation

PH 3.3–5.2 4.7 4.8 0.5

Ag 0.69–1.91 0.98 0.92 0.32

As 11.1–651.1 76.3 19.9 181.5

Co 5.4–14.9 8.8 8.41 2.6

Cr 50.7–129.1 96.5 100.2 26.3

Cu 15.5–78.2 40.7 35.1 21.1

Fe 21881–58644 39981 37356 12883

Mn 22–92 50 47 22

Ni 11.2–52.5 21.8 19.7 10.2

Pb 35.7–416.7 85.4 53.9 105.9

Sb 30.5–5986.4 663.1 87.8 1689.1

W 0.8–684.0 663.1 2.9 52.3

Zn 29–126.6 58.8 53.3 24.3
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applied. This index is calculated based on metals

concentration in soils and plant tissues, and it is based

on principal component analysis (PCA). The index

allows plant selection (including their parts) that would

indicate better ore deposits. This selection permits the

organization of a hierarchy of metal-tolerant species

that can be used in biogeochemical prospecting. To

obtain an index that can be considered responsible for

the origin of the anomaly in plant material as a result of

the soil, a Biogeochemical Indicator Index (BII) was

estimated. It corresponds to the ratio between the

absolute values of the biogeochemical and pedogeo-

chemical anomaly (Pratas, 1996).

Statistical analysis involved correlation analysis and

PCA. The aim of PCA is to reduce the dimensionality

while preserving the variance–covariance structure.

The analysis starts with p random variables X1, X2, . . . ,
Xp where no assumption of multivariate normality is

required. If the principal components are derived from

multivariate normal random variables, then they have
Fig. 1. Projection of the elements in
an interesting geometric property. The axes of the

constant density ellipsoids correspond to the principal

components (Fletcher, 1981; Pereira et al., 2003; Singh

et al., 1994; C.V.R.M., 1988).

In this first step, individuals were all taken as

principal elements, and the main variables were

those related to the elements that we knew to be

present in the paragenesis of the mineralization,

thereby confirming which secondary elements were

associated to the anomaly and to which samples.

This procedure helped us to verify which samples

promote the origin of the anomalies caused by the

mineralization, and that will be important in the

subsequent procedure.

In the second step of the analysis, the results

obtained for each plant species and respective soil

were handled together, taking into consideration that,

for each area, the principal elements in the factorial

axis were those responsible for the soil contamination.

Following on this approach, we arrived at the

concentrations of trace elements in plant tissues that

showed significant soil anomalies.
3. Results

The summary of soil trace element data is shown in

Table 1. The total data of soils are object of analysis

by PCA. The result of the two principal axes that

explained more that 75% of the total data are shown in

Fig. 1. This result shows that, from the elements

present in the soils, Ag, As, Pb, Sb and W are those

that show the most relevant anomalies. The pH shows

a negative correlation to the mineralization. Low pH

values observed in the vicinity of the mineralized area
the two first Axes of the PCA.



Table 2

Composition of As, Sb and W in plant samples (twigs, unless otherwise mentioned) collected from the abandoned mines of Portugal

Family and Plant No. of samples As Sb W

Min Max T/t Min Max T/t Min Max T/t

Pinaceae

Pinus pinaster Aiton—needle (new) 22 0.12 9.99 45.4 0.01 1.41 26.6 0.06 2.65 18.9

Needle (old) 22 0.11 30.07 136.7 0.01 1.85 29.0 0.05 10.7 118.9

Twig (new) 22 0.08 0.34 2.8 0.01 1.89 29.0 0.05 3.81 42.3

Twig (old) 22 0.08 0.32 2.7 0.01 0.17 11.6 0.03 2.48 31.0

Fabaceae

Chamaespartinum tridentatum (L.) P. Gibbs 23 0.09 0.54 3.9 0.01 0.42 16.3 0.03 5.74 47.8

Genista triacanthos Brot. 6 0.15 0.18 1.1 0.03 0.09 1.4 0.12 1.03 8.6

Ericaceae

Calluna vulgaris (L.) Hull. 22 0.10 0.62 3.3 0.04 1.25 20.8 0.18 9.74 36.6

Erica umbellata L. 17 0.11 0.64 3.9 0.05 1.74 27.0 0.08 4.04 28.5

Fagaceae

Quercus ilex L. subsp. ballota (Desf.) Samp.—leaves 11 0.32 3.6 8.6 0.04 2.07 20.1 0.20 4.07 20.8

Twigs 11 0.18 1.57 5.4 0.03 0.47 10.3 0.05 2.71 56.3

Q. suber L.—leaves 7 0.15 1.44 6.6 0.03 2.24 29.6 0.12 3.38 28.4

Twigs 7 0.27 2.04 6.8 0.03 0.72 11.8 0.08 2.47 25.7

Asteraceae

Helichrysum stoechas (L.) Moench. 10 0.60 1.60 1.6 0.08 1.74 15.3 0.13 8.93 38.7

Andryala integrifolia L. 5 0.39 0.96 2.5 0.07 1.05 14.4

Scrophulariaceae

Digitalis purpurea L. subsp. purpurea 6 0.66 9.67 13.6 1.76 139.9 54.0 14.3 90.8 79.3

Poaceae

Agrostis curtisii Kerguelen 9 0.28 0.50 1.4 0.01 0.04 2.5 0.05 0.9 6.8

Cystaceae

Cistus ladanifer L. subsp. ladanifer—leaves 21 0.48 2.77 3.8 0.10 3.65 10.6 0.09 30.7 30.5

Twigs 21 0.20 2.38 3.6 0.02 2.84 29.3 0.04 3.55 20.4

Halimium ocymoides (Lam.) Willd. 16 0.34 0.65 1.4 0.02 0.06 2.0 0.14 0.3 2.0

Myrtaceae

Eucalyptus globulus Labill—leaves 6 0.08 0.3 3.0 0.02 0.18 4.9 0.07 2.73 30.3

Twigs 6 0.13 0.31 1.7 0.03 0.17 5.4 0.12 3.51 27.0

Lamiaceae

Lavandula stoechas L. subsp. stoechas 14 0.31 0.58 1.0 0.09 0.19 1.2 0.18 0.61 3.4

Rosaceae

Rubus ulmifolius Schott 5 0.22 0.85 3.9 0.09 0.44 4.8 – – –

T/t, relation between the maximum and background level.
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can be explained by the presence of sulphides in the

mineralization. High levels of sulphides, in particular

pyrite and arsenopyrite that are easily weathered,

favour the dissolution of the toxic elements, allowing
higher dispersion and bioavailability. The absence of

high concentrations of Mn in the soils can be related

to the presence of ferberite (Fe WO4) in the

mineralization.
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The trace element composition of different plants

and their parts is summarized in Table 2. This table

also shows the concentrations of As, Sb and W and

the ratio between the maximum and the background

concentrations (T/t). This background was assumed as

the arithmatical mean of the nonanomalous samples

resulting from the PCA. Arsenic is accumulated in

aerial tissues of Pinus pinaster and Digitalis pur-

purea. Therefore, these are the species suited for

recognizing the anomaly. Specifically, high accumu-

lation of this element was present in leaves, and it

increased in the older tissues. This translocation is a

common mechanism in plants to avoid toxicity in

young leaves as the metabolic activity is higher. D.

purpurea also accumulated substantial amount of Sb,

indicating its tolerance to this element, although the

assimilation occurs at low concentrations in the soil.

This fact suggests that the relation between the

maximum content and the background is not as
Fig. 2. Index of Biogeochemical Anomaly (IBA). NN—new needles; NO—
significant as total concentration in relation to other

species. Species that are capable of accumulating W

are D. purpurea, Cistus ladanifer, P. pinaster,

Calluna vulgaris and Helichrysum stoechas. The

major differences were found for Chamaespartium

tridentatum, Quercus ilex subsp. ballota and Euca-

lyptus globulus. To quantify the relationship with the

soil, indices of biogeochemical anomaly were calcu-

lated (Fig. 2). With respect to the biogeochemical

anomaly, P. pinaster is the species that shows better

information regarding As, especially the old needles

(Pratas et al., in press). All the other species do not

show anomalies with high discrepancy. With respect to

Sb, D. purpurea offers an excellent indication of a

strong anomaly, although C. ladanifer and C. vulgaris

can also be considered as good indicators. Globally, Sb

is easier to detect as a pollutant by plant analysis

compared to As. W shows important anomalies in

Erica umbellata, C. tridentatum, C. vulgaris, D.
old needles; TN—new twigs; TO—old twigs; L—leaves; T—twigs.
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purpurea, and P. pinaster. In P. pinaster, the ideal

materials are old tissues, preferably lignified tissues.

Previous analysis took into account the anomaly in

plant tissues from the polluted soils, but it did not

include a direct relation to the intensity of the anomaly

generated by the soils, which is different as the sampled

species did not show a uniform distribution in the

sampling area. Therefore, the Biogeochemical Indica-

tor Index (BII) was calculated (Fig. 3). Considering the

BII, it can be seen that P. pinaster easily detects As in

these conditions, producing better-defined anomalies

than the soils (BIIN1). With regard to Sb, D. purpurea,

E. umbellata, C. ladanifer and C. vulgaris define

pollution. With respect to W, it is observed that the

intensity of the anomaly in the soils is higher than in the

plants in spite of the good anomalies in the plants.

Probably, this is a relative effect only because the low

meteorization of the W minerals induce lower bio-
Fig. 3. Graphic representation of biogeochemical indicator index (BII). NN

L—leaves; T=twigs.
availability, thus resulting in a relatively higher

concentration of unaltered W minerals in the soils.
4. Discussion and conclusions

The use of bioindicator species, determined by

biogeochemical indices, aiming the detection of metals

and metalloids in natural outcrops or in mineralized

soils is feasible for mineral prospecting on this study

area or other similar areas. Therefore, we conclude that

the species and organs best suited for biogeochemical

prospecting, and/or with potential for mine restoration,

in the study area are by order of importance:

(i) As: old needles of P. pinaster, aerial tissues of C.

vulgaris, C. tridentatum, leaves of C. ladanifer,

E. umbellata and Q. ilex subsp. ballota.
—new needles; NO—old needles; TN—new twigs; TO—old twigs;
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(ii) Sb: D. purpurea, E. umbellata, stems of C.

ladanifer, C. vulgaris, C. tridentatum and stems

of P. pinaster.

(iii) W: D. purpurea, C. tridentatum, old stems and

old needles of P. pinaster, stem and leaves of C.

ladanifer, E. umbellata and stems and leaves of

Q. ilex.

To establish the plant cover on the surface-mined

sites, the two most important factors influencing

species selection are the soil properties and the

tolerance levels of the selected plants. Three categories

of plants have been noted to possess the reclamation

potential for mine areas. They are grasses, forbs and

trees. Grasses (Poaceae) produce large amounts of

biomass and are adapted to initiate regrowth rapidly

(Table 2). Grasses have fibrous root systems, which

hold soil in place, thereby controlling erosion.

Forbs—herbaceous flowering plants—are gener-

ally used in mine revegetation in conjunction with

grasses. Forbs usually have broad leaves, flowers and

a branching taproot system. Forbs can be further

classified as legumes and nonlegumes. Legumes are

especially important for revegetating mined lands

because they are capable of using nitrogen (N) from

the air to meet their N nutrition requirements, and they

can transfer this bfixedQ N to other components of the

plant/soil system. Nonleguminous Forbs are also

broad-leaved plants with showy flowers. The estab-

lishment of trees and shrubs on mined lands is the

final stage of reclamation (Berry, 1995; Bending and

Moffat, 1999).

The identified assemblage of plants (see Table 2)

consists of the above three categories, and they are

well adapted to the metal toxicity (Pulford and

Watson, 2003). Phytostabilization of mining sites is

a well-established environmental compliance using

plant species that adapt different strategies such as

metal tolerance, metal accumulation and metal exclu-

sion (Dahmani-Muller et al., 2000; Shu et al., 2000;

Tang et al., 1999, 2001; Yang et al., 1997; Zhang et al.,

2001; Wong, 2003). This type of approach requires

more and more information about plant communities

growing on different kind of abandoned mine sites to

assess their potential for phytostabilization of aban-

doned mines.

The physicochemical properties of the metal-

contaminated soils tend to inhibit soil-forming pro-
cesses and plant growth. In addition to elevated metal

concentrations, other adverse factors included 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 mine-

degraded soils usually have low concentrations of

important nutrients, like K, P and N (Huenneke et al.,

1990). Toxic metals can also adversely affect the

number, diversity and activity of soil organisms,

inhibiting soil organic matter decomposition and N

mineralization processes. The chemical form of the

potential toxic metal, the presence of other chemicals

which may aggravate or ameliorate metal toxicity, the

prevailing pH and the poor nutrient status of

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.

According to Adriano (2001), three important factors

that may affect the bioavailability of metals are the

following: (i) soil capacity: pH, cation exchange

capacity, organic matter, amount and type of clay,

ion interactions, oxides of Fe and Mn and redox

potential; (ii) plant capacity such as species, cultivar,

age of plant part; and (iii) plant metal interaction.

Phytoremediation of heavy-metal-contaminated

soils basically includes phytostabilization and phy-

toextraction. 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.

Therefore, if the target is to partly remove the

bioavailable toxic elements, then, based on the

aforementioned results, the plant species to be used

for the purpose of mine restoration and minimization

of mining impacts are the following: P. pinaster for

arsenic and tungsten, C.ladanifer and C. vulgaris for

antimony and tungsten; D. purpurea and E. umbellata

for antimony; and Q. ilex, C. tridentatum and E.

globulus for tungsten. However, if the objective is to

select metal tolerant nonaccumulator plant species in

places like landfills where retention is the key issue

and it is important to minimize the output of the toxic

elements to the ecosystem, then the plant species to be

selected are the following: E. globulus and H.
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stoechas for arsenic; Agrostis curtisii for antimony;

Genista triacanthos, Rubus ulmifolius and Agrostis

delicatula for arsenic and antimony; and Halimium

ocymoides and Lavandula stoechas subsp. stoechas

for arsenic, antimony and tungsten.
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