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Remediation strategies for
historical mining and smelting sites
Agnieszka Dybowskaa,b, Margaret Faragoa,c, Eugenia Valsami-Jonesb

and Iain Thorntona

ABSTRACT

The environmental, social and economic problems associated with abandoned
mine sites are serious and global. Environmental damage arising from
polluted waters and dispersal of contaminated waste is a feature character-
istic of many old mines in North America, Australia, Europe and elsewhere.
Today, because of the efficiency of mining operations and legal requirements
in many countries for prevention of environmental damage from mining
operations, the release of metals to the environment from modern mining is
low. However, many mineralized areas that were extensively worked in the
18th and 19th centuries and left abandoned after mining had ceased, have left
a legacy of metal contaminated land.

Unlike organic chemicals and plastics, metals cannot be degraded
chemically or biologically into non-toxic and environmentally neutral consti-
tuents. Thus sites contaminated with toxic metals present a particular
challenge for remediation. Soil remediation has been the subject of a
significant amount of research work in the past decade; this has resulted in
a number of remediation options currently available or being developed.

Remediation strategies for metalymetalloid contaminated historical
mining sites are reviewed and summarized in this article. It focuses on the
current applications of in situ remediation with the use of soil amendments
(adsorption and precipitation based methods are discussed) and phytoreme-
diation (in situ plant based technology for environmental clean up and
restoration). These are promising alternative technologies to traditional
options of excavation and ex situ treatment, offering an advantage of
being non-invasive and low cost. In particular, they have been shown to be
effective in remediation of mining and smelting contaminated sites, although
the long-term durability of these treatments cannot be predicted.

aCentre for Environmental Policy, Imperial College London, Prince Consort Road,
SW7 2BP, UK.
bDepartment of Mineralogy, Natural History Museum, Cromwell Road, London,
SW7 5BD, UK.
cPresent address: Department of Chemistry, Northwestern University, 2145 Sheridan
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Introduction

Mining and smelting activities give rise to contamination of soil, air
and water (Thornton, 1996). This paper focuses on contamination
of soil and strategies for soil remediation. Since mining activities
are in areas of mineralization, there are high concentrations of
certain metals and metalloids in the overlying soils in these areas
(Table 1). Thus, soils above mineralization and some geologic
materials, including basic rocks and marine black shales, can
contain large concentrations of metals. Mining and smelting of
metalliferous deposits lead to contamination of the local area in a
number of ways (Figure 1).
Many metals play essential or beneficial roles in the physiology

of biota, some can be toxic but only under certain circumstances
such as when present at very high concentrations and in specific
mineral and chemical forms that are easily soluble (Thornton,
1995). Some elements have not been found to have a biological
role and appear to be toxic at all concentrations (Figure 2).
The toxicity of trace elements depends not so much on the total

concentrations of the elements but on the concentrations of
chemical species that are bioavailable to the plant, animal or
human (Table 2). Trace elements exist in many forms in soils as
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Table 1 Ranges of trace elements in soils derived from normal and geochemi-
cally anomalous parent materials in Britain (mg/kg). Adapted from Thornton
(1995).

Element Normal soil Metal rich soil Source

As 55–100 up to 2500 Mineralisation
up to 250 Matamorphosed rocks

Cd 51–2 up to 30 Mineralisation
up to 20 Carboniferous black shale

Cu 2–60 up to 2000 Mineralisation

Mo 51–5 10–100 Marine black shales

Ni 2–100 Up to 8000 Ultrabasic rocks (Scotland)

Pb 10–150 1% or more Mineralisation

Zn 25–200 1% or more Mineralisation
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Fig. 1. Types of contamination resulting from large-scale metal extraction
(after Moore and Luoma, 1990).

Contamination

Primary Secondary Tertiary

1a Waste rock 2a Groundwater at 3a River sediment reworked

open pits from floodplain

1b Tailings 2b Groundwater 3b Groundwater from contaminated
beneath ponds reservoir sediment

1c Slag 2c Sediment in river channels

2d Floodplain sedimentysoil
2e Reservoir sediment

2f Soil impacted by air pollution

Fig. 2. Elements affecting mammalian biochemistry.
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illustrated in Figure 3, where chemical species of Cu in soils are
given as an example. Very little of the total metal content of soils is
present in free ionic or chelated forms which are the most easily
available (assigned often as a labile fraction). Large amounts can be
adsorbed on mineral surfaces (clay minerals, FeyAlyMn oxides,
organic matter), however these can be removed by ion exchange
with hydrogen ion and other cationic species (this fraction is
assigned as exchangeable). The labile and exchangeable fractions
are of most concern as these are largely bioavailable. Trace
elements can also be occluded in precipitated oxides of Fe and
Mn and present as precipitated species (e.g. carbonates), bound
with insoluble organic species or present in lattices of secondary
minerals; these fractions are largely unavailable for uptake by
plants and animals.
The different forms of metal occurrence, with great differences in

solubility, mobility and bioavailability, influence their potential
impact on the environment and toxicity to biota in particular.
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Table 2 Relative bioavailability of trace metal species in soils

Metal species Bioavailability

Simple or complex cations in solution High

Easily exchangeable cations in inorganic and organic
species

Moderate

Chelated cations Low

Metal compounds precipitated on soil particles After dissolution

Metal ions fixed inside mineral particles or organic
substances

After decomposition
and/or weathering

Fig. 3. Chemical forms of trace elements in soils: example Cu.
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Thus the information about the mode of occurrence of trace
elements in contaminated soils and their associations with
various soil components is important from the risk assessment
point of view. Sequential chemical extractions can be applied to
provide such information (Tessier et al., 1979). The percentage
contribution of trace elements in various soil fractions (e.g. easily
soluble, exchangeable, sorbed on organic matter, residual), as
defined in sequential extractions protocols, allows for assessing
the potential bioavailability of contaminants. It must be remem-
bered, however, that metal species can undergo transformations in
soils as a result of natural processes. Although this generally would
lead to immobilization, the reverse can also occur under certain
conditions (Thornton, 1995).

Environmental impact of mining

Non-ferrous metal mining activities across the world have
produced a variety of environmental problems. Three types of
contamination created by large-scale metal extraction have been
identified (Moore and Luoma, 1990):

. Primary contaminants – wastes from mining and smelting
deposited near their origin. These include waste-rock, tailings
and slag.

. Secondary contamination affecting soils, groundwaters, rivers
and air – contamination generated through transportation of the
primary contaminants away from site by rivers or through the
atmosphere.

. Tertiary contamination occurring through re-mobilization of the
deposits of by-products.

These types of contamination from mining and smelting activities
are schematically presented on the diagram in Figure 1. Pathways
of contaminants derived from mining and smelting operations to
earth’s surface are schematically represented in Figure 4 and some
of the most common ore minerals of non-ferrous metals are
detailed in Table 3. Figure 5 shows examples of abandoned mine
sites from SW England and Portugal.
Many of the major metalliferrous ores are sulfide minerals that

oxidize on weathering resulting in the creation of acidic condi-
tions (acid mine drainage, AMD), in which the mobility of metals
in soils, sediments and waters is known to increase (Alloway and
Ayres, 1997). Waste material from the mining operations was
usually tipped onsite onto tailings tips, some of which can be very
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large. Water percolating through the tips can therefore produce
an acid leachate, the AMD. Depending on the nature of the waste
rock in the tailings, AMD will contain elevated levels of contami-
nants. When these leachates reach rivers a wider dispersion of
contaminants both in solution and in particulate form is possible
(Salomons, 1995). Most of the major ore minerals have associated
metals and metalloids (see Table 3) which will also contaminate
the environment in the vicinity of mines and smelters and thus
multi-metal pollution at such sites can be expected.
Many incidents have resulted in the pollution of river catch-

ments with heavy metals. For example, the Wheal Jane Mine
water pollution event in 1992 in southwest England resulted in
substantial metal pollution of the River Fal and its estuary area
(Banks et al., 1997). The breaching of the Aznalcollar tailings
dam in 1988 resulted in 5:56106 m3 of acidic water and
1:66106 m3 of heavy metal-bearing tailings flooding the area of
the Guadiamar river catchment in southern Spain (Hudson-
Edwards et al., 2003; Kraus and Wiegand, 2006). Such incidents
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Fig. 4. Pathways of metals derived from mining activities into earth’s surface.
Adapted from Salomons (1995) and Hester and Harrison (1994).
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clearly indicate the far-reaching environmental consequences of
AMD.
Prediction of AMD is important for estimating the potential

release of dissolved metals from active and abandoned mining sites
(Salomons, 1995). The prerequisites for AMD is (Salomons, 1995):

. Generation of acid faster than it can be neutralised by any
natural sources of alkalinity.

. Access to oxygen and water.

The most common mineral causing the AMD is pyrite (FeS2),
although other sulfide minerals such as FeAsS and CuFeS2 can also
be involved (Salomons, 1995). Pyrite exposure to atmosphere leads
to its oxidation and subsequent production of extremely acidic
drainage enriched with Fe, Mn, Al, sulfate and other metals.
Sulfide oxidation is controlled by oxygen and water flux, type of

sulfide minerals, type of neutralizing minerals, and microbial
activity (Dold, 2000). The acid producing and neutralizing
processes determine the mobility of liberated elements. The cata-
lytic action of microorganisms that are found in association with
sulfide ore wastes can significantly increase the rate of sulfides
oxidation in mine waste (Kelley and Tuovinen, 1988). The forma-
tion of secondary minerals, particularly insoluble Fe(III)
compounds has been observed to affect the dissolution of sulfide
ores and to reduce metal concentrations in the leachates, through
the formation of sealed coatings around the ore particles and thus
protecting them from further weathering (Nordstrom, 1982).
When the sulfide minerals are smelted to obtain the metals it is

necessary to roast the ores in the air to convert sulfides to oxides,
which are subsequently reduced to metals. This process results in
the release of large amounts of SO2, which, if there is inadequate
control of emissions, can cause severe acid deposition in large areas
downwind of smelters (Alloway, 1995). In the past, acidic fumes
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Table 3 Metals associated with common ore minerals

Metal Ore minerals Associated elements

As FeAsS, AsS, Cu ores, Au ores As, Au, Ag, Sb, Hg, U, Bi, Mo,
Sn, Cu

Cu CuFeS2, Cu5FeS4, Cu2S,
Cu3AsS4, CuS, native Cu

Zn, Cd, Pb, As, Se, Sb, Ni, Pt,
Mo, Au, Te

Pb PbS Ag, Zn, Cu, Cd, Sb, Tl, Se, Te
Sn SnO2, Cu2(Fe, Zn)SnS4 Nb, Ta, W, Rb
Zn ZnS, ZnCO3 Cd, Cu, Pb, As, Se, Sb, Ag, Au, In

Adapted from Alloway and Ayres (1997).
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Fig. 5. Examples of abandoned mine sites. A – Devon Great Consols, SW

England, B – Ramsey Hill, SW England.
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Fig. 5. (continued) C – Caveira mine (Grândola – SW Portugal), D – Lousal
mine (Grândola – SW Portugal). Photographs C and D courtesy of Dr
Eduardo Anselmo Ferreira da Silva (University of Aveiro, Portugal)
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together with metal aerosol emissions were released from the
smelters without any control measures. This resulted in the
contamination of soils many kilometres away from the smelters
as reported in the literature (Li, 1993; Karczewska, 1996; Monni
et al., 2000; Chopin et al., 2003; Camm et al., 2003; Burt et al.,
2003; Pope et al., 2005).
Intake of contaminated water and food, ingestion of wind blown

dust and direct ingestion of contaminated soilywaste material are
the main exposure pathways to metals and As from contaminated
mine sites. Phytotoxic potential of the metals on these sites also
limits biomass production (Bradley and Cox, 1986; Pierzynski et al.,
1994). This limitation of plant growth has direct negative effects
such as limitation of crop yields, but can also result in enhanced
wind and water erosion, which further disperses the contaminants
and increases the likelihood of human exposure via wind blown
dust (Pierzynski et al., 1994).

Management of abandoned mine sites – current
problems and challenges

Modern mineral dressing techniques are generally more efficient
and thus the tailings produced often contain only relatively small
concentrations of metals (Moore and Luoma, 1990). However, in
the mines operating in the 18th and 19th century, the mineral
separation process was inefficient and as a consequence the
tailings at such sites contain much higher metal concentrations.
The tailings particles can be transported by wind or water and
thus constitute a source of metal contamination in soils
surrounding the mines and alluvial soil downstream (Alloway,
1995). The metals from mining areas can enter streams via
effluents and erosion causing high metal accumulation in fish
and other species and transport of contaminants to alluvial soils
downstream (Hutchinson, 1979).
Environmental impact assessment studies conducted on areas

affected by mining and smelting activities around the world have
revealed elevated human and animal exposure to metals and
arsenic from these contaminated sites (Neuberger et al., 1990;
Moore and Luoma, 1990; Kavanagh, 1998; Tristan et al., 2000;
Frery et al., 2001). Intake of contaminated water and food,
ingestion of wind blown dust and direct ingestion of contami-
nated soil are the main exposure pathways to man, farm livestock
and wildlife to metals and As from these contaminated sites.

80 Agnieszka Dybowska, Margaret Farago, Eugenia Valsami-Jones and Iain Thornton
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Although the contaminants have had a long residence time in
soils and waste materials at historical mining sites, research
indicates that the mobility and bioavailability of metals in many
of these environments is still high; the transfer of contaminants to
the food chain and exposure of the local population still occur;
significant quantities of contaminants are still being transported off
the site (Merrington and Alloway, 1994; Maskall and Thornton,
1998; Hamilton, 2000; Tristan et al., 2000; Kim et al., 2005; Lee
et al., 2005; Concas et al., 2006).
A legacy of centuries of old practises and inadequate, insufficient

or non-existent mine closure plans; the potential costs of rehabilita-
tion; the lack of clear responsibility; and the lack of criteria and
standards of rehabilitation, have all contributed to delayed action
in rehabilitation of abandoned mine sites by all concerned parties
i.e. industry, governments and local communities (UNEP, 2001). In
countries with a long history of mining, the magnitude of impacts
from past mining are considerable, as environmental regulations of
mining activities have only been introduced in most cases relatively
recently (UNEP, 2001).
Evaluation of all the environmental impacts that are likely to

arise from mining and mineral exploitation is now required, by
almost all developed, and increasing number of developing coun-
tries, in the form of detailed Environmental Impact Assessments,
before the authorities will grant the licence to proceed with new
miningyprocessing operations (Barbour, 1994).
Abandoned mine sites and those currently conducting operations

based on old design technologies, contribute significantly to envir-
onmental damage in many countries. However, there are no
complete inventories of such sites in countries with histories of
extensive mining, and it is not known how many of these sites need
urgent attention (Fields, 2003). Estimates of the number of such
sites given by different sources often vary widely (Fields, 2003),
which seems to be partly because of the problems of a proper
definition of abandoned mine site.
According to the April 2002 draft report Mining for the Future,

compiled by the International Institute for Environment and
Development (Fields, 2003), the number of abandoned mines in
Canada was estimated at about 10,000. A national survey of Japan
found 5,500 abandoned mines (Fields, 2003). A study presented at
a March 2000 workshop organized by the World Bank and the
Metal Mining Agency of Japan found that over 300 Chilean
tailings storage facilities had been abandoned with no attempt to
clean up the sites (Fields, 2003). In many other countries, no
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comprehensive survey of abandoned mines has been attempted,
and even in areas that have been surveyed, many old mines are
undocumented (Fields, 2003).
In Europe, an initial inventory of mine sites has been carried by

out by Bureau de Recherches Géologiques et Minières (BRGM), at
the request of the Environment Directorate-General of the
European Commission. The report clearly indicated the further
need for a detailed inventory of such sites as well as identifying
several problems regarding the management of such sites, particu-
larly with regard to abandoned mines. These include (BRGM,
2001):

. Establishment of objectives for required future land use at such
sites

. Undertaking a survey of the sites including land form, geology,
soil types, hydrogeology, flora and fauna components, existing
land use, heritage, characterisation of overburden and waste
material

. Prioritisation of the sites in term of general environmental
impacts and risks

. Evaluation of the risks and measures to be taken

. Remediation plans to address the most problematic sites

The report by BRGM, published in 2001, gives an overview of the
current management practices and the legislation governing the
management of mine waste in various countries of the EU.
Several problems need to be addressed before a wide scale

remediation programme for mining impacted sites could be imple-
mented. These include (UNEP 2001; Fields, 2003):

. Criteria to prioritise remediation efforts at such sites (health
and safety issues, air and water pollution problems, environ-
mental degradation, remediation to prepare land for alternative
use).

. Liability for the costs of remediation of such sites. For majority,
the ownerycompany, who could be held accountable for the site,
does not exist anymore.

. The scope of the impacts of abandoned mines is not well
understood and there are insufficient funds available to
address the remediation of even the largest and most harmful
mine sites.

82 Agnieszka Dybowska, Margaret Farago, Eugenia Valsami-Jones and Iain Thornton
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Soil remediation – an overview of current
practices

In the contaminated land regime, Part IIA of the Environmental
Protection Act 1990, ‘‘remediation’’ is defined in section 78A(7) as
meaning (DETR, 2000):

‘‘(a) the doing of anything for the purpose of assessing the condition
of—
‘‘(i) the contaminated land in question;
‘‘(ii) any controlled waters affected by that land; or
‘‘(iii) any land adjoining or adjacent to that land;

‘‘(b) the doing of any works, the carrying out of any operations or
the taking of any steps in relation to any such land or waters for
the purpose—
‘‘(i) of preventing or minimising, or remedying or mitigating

the effects of, any significant harm, or any pollution of
controlled waters, by reason of which the contaminated
land is such land; or

‘‘(ii) of restoring the land or waters to their former state; or
‘‘(c) the making of subsequent inspections from time to time for the

purpose of keeping under review the condition of the land or
waters.’’

The concept of remediation extends through the assessment of
land, identified as contaminated, to the carrying out of preventive,
remedial or restorative measures, and to subsequent inspection and
review (Hester and Harrison, 1997). Thus the term covers the whole
spectrum of clean-up techniques for contaminated land.
Remediation can take many forms and may involve (Pierzynski,

1997):

. Attempts to reduce the total or bioavailable concentrations of
contaminants in soils/waste materials.

. Attempts to isolate the contaminant to prevent further interac-
tion with the environment.

. Attempts to stop the spread of contaminants.

Generally the remediation of soils contaminated with metals
requires careful consideration of several factors, these include the
presence of various chemical and mineral forms of metals, their
concentrations in the soils, changes in the forms of metals with a
change in environmental conditions (pH and redox conditions,
organic matter content, soil texture, microbial activity) and metal
bioavailability (Iskandar and Adriano, 1997).
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Selecting an appropriate remediation option has become a vital
component in the management of contaminated land, especially as
in the last decade the number of available technologies has
increased considerably (Vic et al., 2001). The process of selecting
appropriate remediation technology should include consideration
of the following (Vic et al., 2001):

. Risk management

. Sustainable development

. Cost effectiveness

. Technical suitability

. Stakeholder’s views

The choice of the appropriate remediation technology for a given
site depends on the remediation objective (reducing leachability or
bioavailability of contaminants), the technology status and site-
specific considerations, including site end use, metal concentra-
tions, soil properties, extent and depths of contamination (Martin
and Ruby, 2004).
The intended land use after treatment should also be taken

into account in planning remediation of contaminated sites. For
developing a new landscape, simple liming may be sufficient if
metals are of concern. If the site is to be used as a playground
where oral intake of soil by children is of great concern,
phosphate treatment for metals such as Pb should be applied
to form insoluble metal phosphates in order to minimise the
contribution of soil ingestion pathway to Pb exposure. Mixtures
of treatments should also be tested as they can often provide a
better solution than single treatments (Geebelen et al., 2003).
The key factors in selection criteria for remediation technologies
are discussed in detail by Vic et al. (2001) and CLARINET
(2002).
Several criteria can be used to classify remediation strategies for

contaminated sites including:

. The nature of the process involved. In general three major
categories for the treatment of soils contaminated with metals
are differentiated: physical, chemical and biological treatment
(Iskandar and Adriano, 1997).

. Ex situ or in situ methods – some treatment technologies can
only be applied as ex situ methods, others can be adapted as
both ex situ and in situ methods. Ex situ methods require soil
excavation, transport and treatment outside the contaminated
site and treated soil backfilling and thus inevitably incur higher
costs (Pierzynski, 1997).

84 Agnieszka Dybowska, Margaret Farago, Eugenia Valsami-Jones and Iain Thornton
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. Treatments which reduce the total content of metals in soils and
treatments which reduce the bioavailable content of metals in
soils (Pierzynski, 1997).

. Engineering based approaches and process based approaches
(Hester and Harrison, 1997). Engineering approaches are
primarily the traditional methods of excavation and disposal
to landfill or the use of appropriate containment system. Process
based techniques include physical, biological, chemical, stabili-
zation, solidification and thermal processes.

Remediation technologies have been developed that provide alter-
native options to those solutions based mainly on the engineering
approaches of excavation of the contaminated soil and subsequent
landfilling, covering with clean soil or soil dilution (mixing with
clean soil). Some of the treatment technologies have been applied
only on the laboratory scaleyfield testing (e.g. phytoremediation),
others have been successfully demonstrated in full-scale field
applications (e.g. soil washingyflushing, elektrokinetics, solidifica-
tionystabilization).
Extensive description of individual methods can be found in a

number of publications. Recent developments for in situ treatment
of metal contaminated soils using electroremediation, phytoreme-
diation, soil flushing, in situ solidificationystabilization have been
extensively reviewed (EPA, 1997). Implementation of various
remediation technologies in European countries has been reviewed
(CLARINET, 2002), including the data regarding the application
status for each technology (i.e. laboratory, pilot field scale,
commercial) and costs.
A brief summary of the remediation methods developed to date,

including the application status of these methods, is included in
Table 4. The data in Table 4 regarding the application status of
each technology were taken from the CLARINET (2002) publica-
tion and refer to the remediation market in Europe.

In situ remediation with the use of soil
amendments – adsorption based methods

In recent years, attention has focused on the development of in situ
immobilization methods that are generally less expensive and less
disruptive to the natural landscape, hydrology, and ecosystems
than are conventional methods of excavation, ex situ treatment of
contaminated material by chemicalyphysicochemical processes
(Mulligan et al., 2001). In situ immobilization of metals, so that
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they are less or no longer soluble and bioavailable, using inexpen-
sive amendments such as minerals (apatite, zeolite, or clay
minerals) or waste by-products (steel shot, beringite, iron-rich
biosolids, red mud) is a promising alternative to current remedia-
tion methods (Martin and Ruby, 2003; Martin and Ruby, 2004).
Metal ions can be retained in soils by adsorption, precipitation

and complexation reactions (Alloway, 1995; Adriano, 2001); in situ
metal remediation techniques in soils are based on these reactions.
These processes are briefly reviewed by Adriano et al. (2002, 2004)
while more detailed descriptions can be found in several publica-
tions on trace elements in soils (Adriano, 2001; Alloway, 1995;
Kabata-Pendias and Pendias, 2001).
In situ fixation of contaminants is based on the reduction of

metal mobility and availability as a result of applying soil amend-
ments (Voigt et al., 1996; Martin and Ruby, 2003; Adriano et al.,
2004; Martin and Ruby, 2004). This can involve either adsorption
of metals on soil additives or precipitation of low solubility metal
compounds formed in the presence of soil additives. This method is
widely applied for metals but research suggests that they could be
also applied for metalloids such as As (Atkinson et al., 1990; Voigt
et al., 1996; Martin and Ruby, 2003; Mench et al., 2003; Warren
et al., 2003).
Three general remediation objectives are typically identified for

in situ remediation (Martin and Ruby, 2004):

. To reduce metal leaching

. To reduce metal bioavailability

. To reestablish vegetation

The technique of in situ remediation with amendments relies on a
fundamental understanding of the natural geochemical processes
governing the speciation, migration, and bioavailability of metals
in the environment (McBride and Martinez, 2000). In most cases,
there is no single process responsible for immobilization of
contaminant following in situ soil remediation with amendments.
This is because the application of amendments is commonly
accompanied by changes in important soil parameters such as
pH, soil cation exchange capacity, organic matter content,
amount and type of clay fraction, oxides of Fe and Mn and
redox potential. These are the main factors affecting the bioavail-
ability of metals in soils (Alloway, 1995; Adriano, 2001) and thus
any changes with regard to these factors, introduced by the
addition of amendments, will also influence metal mobility in the
treated soils.
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Bolan and Duraisamy (2003) reviewed the mechanisms of metal
immobilization in soils following addition of inorganic and organic
amendments. They discussed in detail the influence of phosphate
compounds, liming materials and biosolids on Cd, Cr and Cu in
soils and indicated the following immobilization mechanisms:

. Enhanced metal adsorption through increased surface charge
with raising soil pH

. Increased formation of organic and inorganic metal complexes

. Precipitation of metals and reduction of metals from mobile
forms to immobile forms in lower oxidation states (e.g., Cr(VI)
to Cr(III), Cu(II) to Cu(I)).

Several materials are currently being investigated in both labora-
tory scale and in field trials for in situ remediation of metal
contaminated soils. Table 5 provides a brief summary of the
main types of amendments currently utilized for soil in situ
remediation with examples of specific materials being applied,
main target contaminants and the main modes of action for these
amendments. Several of the amendments detailed in Table 5 are
then further briefly discussed with examples of practical application
in field, where applicable.
Soil amendments that have a little or ‘‘negative’’ economic value

(waste products or by-products that must be disposed of or
recycled) are preferred to more expensive materials. Various
industrial residues have been considered for their potential as
amendments for the immobilization of contaminants in soil.
Among industrial waste by products red mud, phosphogypsum,
steel shots, iron rich, bonemeal, beringite, and biosolids were
studied in respect of their possible utilisation in remediation of
soils contaminated with metals and metalloids (Vangronsveld et al.,
1995; Chlopecka and Adriano, 1996; Chaney et al., 2000a; Hodson
and Valsami-Jones, 2000a; Hodson et al., 2001; Lombi et al., 2002;
Mench et al., 2003; Lombi et al., 2004; Illera et al., 2004).

Liming materials

The solubility of all metals is influenced by pH and for most metal
species the solubility decreases with an increase in pH (Alloway,
1995; Brown, 1997; Adriano, 2001). Since bioavailability of metals
is usually greater in acidic conditions than in alkaline conditions,
liming is commonly applied to immobilize heavy metals in contami-
nated soils (Adriano et al., 2002). A range of liming materials is
utilized for that purpose including calcite (CaCO3), burnt lime
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(CaO) and dolomite (CaMg(CO3)2) (Adriano et al., 2002, 2004).
Alkaline industrial by-products such as coal fly ash, flue gas
desulfurization waste and dolomitic residue are also applied as
liming materials (Adriano, 2001; Illera et al., 2004).
Metal immobilization following liming is attributed to several

possible processes: increase in negative charge in soils with variable
charge and thus subsequent increase in adsorption of cationic
species (such as heavy metals), precipitation of metal carbonates,
hydroxides, formation of strongly bound hydroxy-metal species
(Adriano et al., 2002, 2004; Bolan et al., 2003). Heavy metal
transformations in soils following liming have been reviewed and
discussed in detail by Bolan et al. (2003).
The competition of Ca2þ with other metal cations for plant

uptake can reduce the phytotoxicity of soils after lime additions
observed in case of Ni uptake by perennial ryegrass (Bolton, 1975).
However, in soils with high cation exchange capacity (CEC) liming
has been shown to increase metal availability to plants, and this
was attributed to the exchange of Ca from lime with metal ions and
subsequent increase in the concentrations of metal ions in solution
(Adriano et al., 2002).
Illera et al. (2004) and Garrido et al. (2005) investigated the

mechanism of metal immobilzation following addition of gypsum
and lime-rich industrial by-products (red gypsum, phosphogypsum,
sugar foam and dolomitic residue). While lime-rich waste by-
products (dolomitic residue and sugar foam) were found effective
in reducing the leachability (as from Toxicity Characteristic
Leaching Procedure (TCLP) test – a test designed to determine
the potential for toxic chemicals to move through soils and ground-
water) and availability (as from extractions with a chelating agent
diethylenodiaminotetraacetic acid) of Cd and Cu, gypsum-rich by-
products were more effective in reducing Pb leachability and
availability. The addition of gypsum rich by products released
SO4

2� into soil solution which combined with Pb forming spar-
ingly soluble precipitates of anglesite type minerals (PbSO4), the
formation of which was confirmed by XRD analysis of the treated
soils (Illera et al., 2004; Garrido et al., 2005). Copper and Cd were
better immobilized in lime rich waste by products, which signifi-
cantly raised soil pH of the treated soils and where precipitation of
carbonates, oxides and hydroxides of these metals was expected.
Formation of these phases was predicted based on chemical
modelling (Illera et al., 2004; Garrido et al., 2005).
Because As in soils is in the form of oxyanions rather than

cations, raising the pH tends to increase its solubility and hence its
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mobility. Thus, although commonly applied for reducing metal
bioavailability, liming has the potential to mobilize As, due to the
reverse pH dependence of sorption reactions of As oxyanions on
oxide minerals and layer silicates (Jones et al., 1997). Increased
mobility and solubility of As in contaminated soils following liming
has been reported by several authors (Jones et al., 1997; Craw,
2005; Dybowska, 2006).
Jones et al. (1997) investigated in detail possible mechanisms of

As mobilization with pH increase in limed mine tailings. Based on
the suite of experimental data, including SEM (Scanning Electron
Microscopy) analysis, sequential and single extractions, these
authors concluded that increased mobility of As with liming was
consistent with the pH dependence of sorption reactions of As on
Fe oxide minerals rather than dissolution-precipitation reactions
involving As. No discrete metal arsenate solid phases such as
calcium arsenates were detected in limed material, thus suggesting
that concentrations of soluble As were not controlled by the
solubility of metal arsenates.
Several researchers have, however, shown As immobilization in

lime treated soilsyslurries in laboratory scale experiments. This was
attributed mainly to the formation of Ca-As precipitates. Dutre
and Vandecasteele (1995), Dutre et al. (1999) and Vandecasteele
et al. (2002) demonstrated that the precipitation of Ca3(AsO4)2 and
CaHAsO3 controls the immobilization of As in contaminated soils
that have been treated with cement, lime and pozzolanic material.
Research by Bothe and Brown (1999) has suggested that lime
addition reduces As mobility in contaminated slurries due to the
formation of a low solubility Ca-As precipitates such as
Ca4(OH)2(AsO4)2 ? 4H2O and Ca5(AsO4)3(OH). Moon et al.
(2004) investigated the controlling mechanism of As immobiliza-
tion in lime treated soils that were spiked with As. This study also
concluded that both As(III) and As(V) oxyanions can be immobi-
lized in lime treated soils and the immobilization of As is controlled
by the precipitation of Ca-As compounds. The effectiveness of this
immobilization mechanism was found to increase with increasing
CayAs molar ratio.
Thus, it appears that the effect of liming on As mobility in soils

can vary. This is related to the properties of the soil including the
source of contamination and As solubility (i.e. the concentrations
of As in the soil solution). It is likely that in soils with high As
concentrations in soil solution, addition of lime will result in As
immobilization by precipitation of As-Ca compounds. In contrast,
in soils where As is effectively sorbed on FeyMnyAl oxides (thus As

92 Agnieszka Dybowska, Margaret Farago, Eugenia Valsami-Jones and Iain Thornton

This content downloaded from 106.198.1.139 on Tue, 12 Jun 2018 16:17:37 UTC
All use subject to http://about.jstor.org/terms



Black plate (93,1)

concentrations in soil solution are relatively low), addition of lime
is likely to result in As mobilization.

Organic matter amendments

Many metals are complexed or chelated by the functional groups
of soil organic matter (Alloway, 1995; Berti and Cunningham,
2000; Adriano et al., 2002, 2004), thus addition of organic matter
to contaminated soils has the potential to decrease metal leach-
ability and free ion concentrations in solution. A variety of
organic amendments including crop residues, animal wastes,
food and wood processing wastes, biosolids (sewage treatment
sludge) have been considered as soil additives (Berti and
Cunningham, 2000). It must, however, be taken into account
that while organic amendments are effective in the short-term, as
they decompose they may release metals back into solution and
thus repeated applications may be required for best results
(Brown, 1997).
In matrices containing organic matter, particulate and dissolved

organic matter (DOM) play key roles in immobilization andyor
sorption of trace elements (Van der Sloot, 2002). In these matrices,
the effect of pH and biological activity, which may result in
creating reducing conditions, must be also considered, as these
factors will also affect leachability of many trace elements (Van der
Sloot, 2002).
The effects of the application of biosolids (such as sewage

sludge) on heavy metals in soils have been discussed in several
publications (Silveira et al., 2003; Chaney et al., 2000a; Basta
et al., 2001). High content of Fe and P in certain biosolids may
encourage the precipitation and adsorption reactions in amended
soils, thereby providing metal immobilization and subsequent
reduction of metal phytotoxicity and bioavailability (Chaney
et al., 2000a). The application of biosolids can also correct the
infertility of contaminated soils including provision of nutrients
and microbial inoculation and substrate to soil microbes (Chaney
et al., 2000a).
The use of biosolids may be however restricted by their metal

content, with the most commonly found being Pb, Ni, Cd, Cr, Cu
and Zn (Silveira et al., 2003). The application of sludge can also
introduce excessive amounts of nutrients (mainly nitrogen and
phosphorus), pesticides and pathogenic microorganisms (Barry
et al., 1995). Soil salinity may also be affected and consequently
metal availability to plants may become higher (Silveira et al.,
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2003). Thus application of biosolids needs to be carefully consid-
ered and the environmental risks associated with the introduction
of metals contained in the sludge into the ecosystem must be
carefully assessed (Silveira et al., 2003). Pre-treatment of biosolids
such as by alkaline stabilization has been suggested to minimise
metal mobility and bioavailability in the biosolids treated soils
(Adriano et al., 2002).
The addition of biosolids can increase the concentrations of

dissolved organic carbon (DOC) in the soil solution and conse-
quently increased mobility of metals, such as Cu, could result due
to formation of soluble metal-DOC complexes (Al Wabel et al.,
2002). These authors investigated metal mobility in soils amended
with biosolids and concluded that metal mobility was significantly
greater in amended soils. This could, with time, lead to a
significant redistribution of metals from the layer of soilybiosolid
biosolid mixture to the subsoil, thus creating a potential hazard
for groundwater contamination. This increased mobility following
application of biosolids was attributed to the formation of soluble
metal-DOC complexes as evidenced by the very low proportion of
free ions or inorganically complexed ions measured in the mobile
metal fraction.
Thus, although additions of organic matter have been proved

beneficial in the immobilization of metals in contaminated soils
(Berti and Cunningham, 2000), the formation of soluble organic
chelates could counteract the effect of organic amendments, if the
chelates mobilize metals (Brown, 1997). The formation of dissolved
organo-metallic species can severely depress the sorption of metals
in soils (Romkens and Salomons, 1998) as evidenced for Cu and Zn
in the study of Burton et al. (2003). This has important implications
for safe application of organic matter rich waste by products such
as sewage sludge.
The addition of organic matter may potentially increase As

leaching from soil as found in the study of Mench et al. (1999),
who observed increase in As leaching from soils treated with
compost. This may be due to displacement of As from sorption
sites in soil (mainly Fe and Al oxides) by phosphate andyor
dissolved organic matter compounds solubilised from compost.
The competition for sorption sites between As, phosphates and
dissolved organic carbon and subsequent As mobilization from
contaminated soil has been reported by several authors (Jones
et al., 1997; Martin and Ruby, 2003; Craw, 2005; Dybowska,
2006).
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Oxides and hydroxides

Hydrous oxides of Fe and Mn, important natural components of
soil, are also the most important compounds in sorption of trace
element pollutants in soils (Kabata-Pendias and Pendias, 2001).
Iron and Mn oxides co-precipitate and adsorb cations including
Co, Cr, Cu, Mn, Mo, Ni, V and Zn and anions such as HPO4

2�

and AsO4
3� from solution (Alloway, 1995). Thus FeyMn oxides

can considerably influence metal retention, mobility and bioavail-
ability in soils (Alloway, 1995).
The importance of the FeyMnyAl oxide fraction of soils in

retention of contaminant in soils is highlighted by relatively high
proportion of trace elements associated with this fraction as shown
by sequential extractions of soils, particularly in the case of As
(Nascimento et al., 2003; Cave et al., 2002; Kavanagh et al., 1997;
Matera et al., 2003; Dybowska, 2006). Due to their high affinity for
trace elements sorption in soils FeyMnyAl oxides based amend-
ments have been tested for the in situ remediation of contaminated
soils.
Several materials rich in Fe oxides have been tested for remedia-

tion of metals and As contaminated soils. Iron oxides such as
goethite, hematite and iron oxyhydroxide (ferrihydrite) have been
applied for stabilization of both metals and As (Vangrosveld et al.,
1995; McBride and Martinez, 2000; Martin and Ruby, 2003;
Hartley et al., 2004). It has been recognized that the efficiency of
various Fe-bearing amendments is related to solubilityyavailability
of Fe from these materials (Warren et al., 2003), one of the
important factors being the particle size.
Ferrihydrite (Fe5O7OH �H2O) has a large surface area and strong

affinity for As and dissolved metals, and fast metal adsorption
kinetics (Dzombak and Morel, 1990). Thus additions of ferrihy-
drite or an Fe source such as iron filings, which supply ferrihydrite
when they corrode, have long been applied for treatment of As
contaminated water (Vu et al., 2003; Nikolaidis et al., 2003; Su and
Puls, 2001; Ramaswami et al., 2001).
Waste by-products rich in FeyMn oxides have also been applied

in remediation studies including:

. Red mud, a waste by-product from extraction of alumina from
bauxite (Friesl et al., 2003; Lombi et al., 2004; Dybowska, 2006).

. ‘‘Iron rich’’ – iron oxide (poorly crystalline ferrihydrite) waste
by product derived from processing of TiO2 pigment (Chlopecka
and Adriano, 1996; Martin and Ruby, 2003).

. Steel shots (Bleeker et al., 2002; Mench et al., 2003).
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Several studies reported efficient As immobilization following
addition of Fe(II) and Fe(III) sulfates to As contaminated soils
(Artiola et al., 1990; Warren et al., 2003; Hartley et al., 2004).
Incorporation into soils of Fe(II) and Fe(III) sulfates results in
formation of amorphous iron oxides in situ; these were found more
effective in As immobilization compared to goethite (a FeO �OH)
or iron shots (Hartley et al., 2004). However, metal leaching (of Cd,
Zn, Cu and Pb) was increased following the application of these
treatments (Hartley et al., 2004; Warren et al., 2003). This may be
because of a side effect of soil acidification through liberation of
H2SO4 following the addition of ferrous sulfate (Warren et al.,
2003). Thus it was suggested that this treatment requires sufficient
lime application at the same time to avoid excessive pH and thus an
increase in the bioavailability of the metals (Warren et al., 2003).
Martin and Ruby (2003) screened various Fe bearing amend-

ments for their effectiveness in reducing leachability and bioacces-
sibility of As in contaminated soils. They tested ferrihydrite, iron
fillings, iron rich and steel shots among other amendments such as
activated alumina and zeolites. An amendment with 5wt% ferrihy-
drite was found to produce the highest (a five-fold) decrease in both
As leachability and bioacessibility.
Vangrosveld and Cunningham (1998) found steel shots and

ferrihydrite effective in reducing the water extractable fraction of
As and As uptake by vegetables cultivated in contaminated garden
soils. These treatments were found more effective compared to
crystalline iron oxide (Fe2O3), Al-oxide, Al-smectite and lepido-
crocite.

Zeolites

Zeolites are crystalline, porous aluminosilicates with a structure
characterised by a framework of linked tetrahydra, each formed by
four oxygen atoms surrounding a cation (most commonly Si and
Al). The size and shape of the channels formed by these tetrahydra
have important effects on the properties of zeolites for adsorption
and ion exchange processes, which lead to their applications in
water and soil remediation (heavy metal and radionuclide contam-
ination), separation processes, agronomy and horticulture. There
are more than eighty distinct zeolite species occurring naturally and
although they are not as geologically abundant as other silicate
mineral groups, there is more research interest in the crystal
structures and properties of zeolites than in any other mineral
group (Bish and Ming, 2001).
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The addition of zeolites and zeolite-like materials to metal
contaminated soils has been shown to reduce soil phytotoxicity
and to improve the plant growth (Atkinson et al., 1990; Gworek,
1992; Vangrosveld et al., 1995; Edwards et al., 1999; Oste et al.,
2002a; Coppola et al., 2003; Friesl et al., 2003). The use of zeolites
for soil remediation depends on their ion-exchange capacities.
Incorporation of zeolites in soils causes soil alkalinisation, which
may also help to reduce metal mobility and phytotoxicity (Brown,
1997).
The mechanism by which in situ immobilization of metals occurs

following the addition of synthetic zeolites has been investigated by
Edwards et al. (1999). They concluded that the mechanism of
action of zeolites is a combination of the ion exchange properties,
and their ability to increase soil pH. The immobilized metals are
either retained in the zeolite structure or are precipitated as metal
carbonate or oxide as pH increases. The zeolites have been shown
to be resistant to degradation over a period of 3 months whilst in
situ in the soil (Edwards et al., 1999). Further studies have been
undertaken to evaluate their long-term performance. The perfor-
mance of natural zeolites deteriorates in acid conditions and they
can only be used in the pH range 6–12 (Brown, 1997).
Zeolites show selectivity properties at trapping various metals

and thus they can be synthesized to selectively trap one metal or
another (Edwards et al., 1999). Synthetic zeolites are often
preferred because of their controlled and known physicochemical
properties (Shevade and Ford, 2004), however, the cost would
often prohibit their wide utilization in soil remediation (Atkinson
et al., 1990). More recently, methods of zeolites synthesis from low
cost materials such as coal fly ash have been investigated. Terzano
et al. (2005) reported the direct synthesis of zeolites in natural
agricultural soil even at low temperature (30�C) following the
addition of coal fly ash. Zeolites (mainly synthetic) have also
been utilized for As removal from water (Shevade and Ford, 2004).

In situ remediation with the use of soil
amendments – precipitation based methods

Although the adsorption based metal immobilization strategies (as
reviewed and summarised in the previous section) are extensively
investigated, the long-term suitability of this treatment remains
often under question, due to reversible nature of adsorption
reactions. An alternative method for metal immobilization is to
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induce a precipitation of low solubility metal compounds, which
are also known to be stable over a wide range of pHyEh conditions.

Metal immobilization through precipitation of metal
phosphates

For several metals, the potential exists for immobilization through
the creation, in situ, of relatively insoluble metal phosphates. These
include Pb, Zn, Cu, Cd, Ni and Al (Nriagu, 1984). The metal
phosphates not only have extremely low solubilities but also are
stable over almost the entire range of Eh and pH conditions
encountered in the natural surface environment (Nriagu, 1984).
Thus the amendment of soils with phosphate sources has the
potential to control the release of metals in soils to very low
levels. However, given that phosphate itself can lead to environ-
mental problems such as eutrophication of surface waters due to its
role as a nutrient, the evaluation of a phosphate source for soil
remediation is important (Hodson and Valsami-Jones, 2000a).
The formation of metal phosphates by the reaction between

metal ions and P source has been demonstrated in a laboratory
scale, where various P sources have been used, including naturally
occurring calcium phosphate – apatite [Ca5(PO4)3(OH,F,Cl)], a
synthetic calcium phosphate, or a highly soluble phosphate
compound such as K2HPO4 or Na2HPO4 (Xu and Schwarz,
1994; Valsami-Jones et al., 1998; Zhang and Ryan, 1998).
The formation of metal phosphates in contaminated soil envir-

onments following addition of various P sources has been docu-
mented in the literature, particularly for Pb (Ma et al., 1993, 1995;
Ma and Rao, 1999; Cao et al., 2002; Chen et al., 2003).
Experiments with metal immobilization in soils by precipitation
of phosphates of other metals such as Zn, Cd and Cu are less
common.
Various P sources have been investigated for metal immobiliza-

tion in soils including bonemeal – finely ground, poorly crystalline
mammalian bone apatite [Ca10(PO4)6OH2] (Hodson et al., 1999;
Hodson and Valsami-Jones, 2000a; Hodson et al., 2000; Hodson
et al., 2001), processed fish bone (Wright and Conca, 2005),
phosphate rock, H3PO4 and Ca(H2PO4)2 (Ma and Rao, 1999;
Cao et al., 2003a; Chen et al., 2003), DAP (diammonium phos-
phate) (Basta and McGowen, 2004).
Experiments, where Pb uptake by plants was measured have

indicated that metal availability is significantly reduced in phos-
phate-treated contaminated soils (Laperche et al., 1997; Cao et al.,
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2003a). Cao et al. (2003a) found that phosphate was more
effective in transforming soil Pb from non-residual to residual
phases compared with soil Zn and Cu. These authors observed
that Pb was immobilized as a pyromorphite like mineral, but no
phosphates of Cu and Zn were identified in amended soils.
Similarly, Hodson et al. (2001) did not identify metal phosphates
forming in contaminated soils amended with bonemeal. However,
they suggested this may have been due to the difficulty in
identifying secondary metal phosphates in complex matrixes
such as contaminated soils, due to their low concentrations and
also possible lack of ideal chemical composition and structure,
which may prevent them matching the standards used for
analysis. The formation of metal phosphates following addition
of phosphate amendment was, however, evidenced in several
studies, based on the mineralogical investigations of the treated
soils (Cotter-Howells and Caporn, 1996; Laperche et al., 1996,
1997).
Cao et al. (2004) investigated the mechanism of Pb, Cu and Zn

immobilization in soils following the addition of rock phosphate
(with fluoroapatite Ca5(PO4)3F being its major component).
Phosphate-induced formation of fluoropyromorphite
(Pb10(PO4)6F2) was identified as the primary mechanism respon-
sible for Pb immobilization, whereas Cu and Zn retention was
attributed mainly to the surface adsorption or complexation (Cao
et al., 2004).
Basta and McGowen (2004) evaluated rock phosphate and

diammonium phosphate (DAP) in the immobilization of Cd, Pb
and Zn in smelter impacted soils and compared the phosphate
treatments with liming (using agricultural lime). Due to the much
lower solubility of metal phosphates compared to metal carbonates
it can be implied that phosphate treatment of contaminated soils
should be more effective than treatment with limestone. The study
of Basta and McGowen (2004) confirmed this hypothesis, however
only when DAP was applied as a P source. Rock phosphate mixed
with soil was found less effective for metal immobilization than
liming, but if used as a horizontal barrier was found to be most
effective for reducing Pb transport.
Phosphate application to contaminated soils, although proved

beneficial for metal immobilization, may have a side effect of As
mobilization due to As-P competition for sorption sites. Increased
As leaching following phosphate treatment was reported in several
studies (Boisson et al., 1999; Basta and McGowen, 2004;
Dybowska, 2006). A summary of the research into the application
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of phosphates for the remediation of soils can be found in Hodson
and Valsami-Jones (2000b).

Arsenic immobilization in soils by precipitation

The in situ immobilization by precipitation of low solubility
arsenates has not been so far applied for the treatment of As
contaminated water and soils, although this technique has a good
potential for effective and long-term As immobilization. The
phosphate precipitation method, as discussed in the previous
section can be applied for metal fixation in soils, but its application
to As contaminated soils may result in As mobilization.
Solubility and stability of a number of metal arsenates and

arsenites has long been extensively investigated for the removal
of As from process solutions and effluents in the mineral process
industries and for the safe disposal of As residues from non-ferrous
mining and processing operations (Robins, 1981; Reddy et al.,
1987).
Arsenic stabilized as ferric arsenate, calcium arsenate or magne-

sium arsenate has been considered to provide a convenient form for
the disposal of As residues from nonferrous mining and processing
operations (Robins, 1981). Such scenarios are grounded on the
principle of extremely low solubility of metal arsenates. This
assumption was based mainly on the early work of Chukhlantsev
(1956), who investigated solubility of several metal arsenates and
arsenites. This work indicated that the solubility of metal arsenates
was significantly lower than that of the corresponding metal
arsenites. Later investigations have demonstrated however that
the solubility products for various arsenates calculated by
Chukhlantsev (1956) were incorrect (Robins, 1981; Robins, 1987).
Robins (1981) and Nishimura et al. (1987), in the detailed review

of solubility of Ca and Mg arsenates, indicate that their solubility is
significantly higher that it had been assumed by Chukhlantsev
(1956). They also indicate that introduction of the air that contains
CO2 in the Ca-As-H2O system causes a significant instability of
calcium arsenates under alkaline conditions. CaCO3 will be the
stable solid phase in this pH range. The change of Ca3(AsO4)2 to
CaCO3 will release As into the environment.
The solubility of magnesium arsenates is also affected by the

introduction of CO2, however to a lesser extent compared with that
of calcium arsenates. The arsenates of alkaline earth metals such as
Ca and Mg (also Sr and Ba) are also not stable in acidic conditions
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(Nishimura et al., 1987), in contrast to arsenates of Zn, Cu, Ni or
Co (Nishimura et al., 1987).
The stability and solubility of Fe arsenates has been extensively

investigated (Robins, 1981; Swash and Monhemius, 1994; Dove
and Rimstidt, 1985; Robins, 1987; Nishimura et al., 1987;
Papassiopi et al., 1987; Krause and Ettel, 1989; Welham et al.,
2000). Fe(III) arsenates are not predicted to degrade in the presence
of CO2 (as was the case for alkaline earth metals arsenates)
(Welham et al., 2000), however in the presence of a reductant
(bacteria, sulfite) the reduction of Fe(III) occurs with the release of
As(III) to soil solution (Rochette et al., 1998).
Ferric arsenates (Fe(III) and As(V)) have long been considered

to have a high stability in environmental conditions, particularly
at high Fe to As molar ratios (Papassiopi et al., 1987). However,
it has been evidenced that when inclusion of Ca or other available
cations in the ferric arsenates structure occurs the stability of
these phases is significantly reduced (Swash and Monhemius,
1995). Soprovich (2000), who investigated As release from oxide
mine tailings at the Ketza river gold Mine in Canada, observed
that Fe arsenates with inclusion of Ca, found in the tailings,
contributed significantly to the release of As, thus confirming the
conclusion of Swash and Monhemius (1995) regarding the stabi-
lity of these phases.
The most commonly found iron arsenate forming naturally in As

contaminated soils and min waste is scorodite – Fe(AsO4) �2H2O.
This mineral is widespread in As bearing ore deposits, forming as a
weathering product of arsenopyrite (Dove and Rimstidt, 1985).
This As phase was found to be stable under oxidised conditions,
pH53 and Fe total activity of 10� 3 and arsenate activity grater
that 10� 1.29 (Dove and Rimstidt, 1985). An increase of pH to
above 3 will lead to scorodite dissolution and its transformation
into Fe(III) hydroxides as was observed by Dove and Rimstidt
(1985). The solubility of scorodite was investigated by several
authors, however the data produced show much variation as
reviewed by Welham et al. (2000).
Generally the crystalline scorodite has a solubility about 200

times lower than the amorphous form and thus only the precipita-
tion of crystalline scorodite will minimise effectively the As
concentrations in solution (Welham et al., 2000). Scorodite is
also unstable towards goethite and would transform to goethite
above pH4, which would lead to arsenate release in solution. The
rate of this transformation is however not known but it is suspected
to be a geologically slow process (Welham et al., 2000).
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Crystalline scorodite can undergo reductive decomposition to
Fe2þ and As(III) when the solution redox potential Eh decreases
below 100mV (Rochette et al., 1998). Thus under reducing condi-
tions, such as in waterlogged soils, scorodite decomposition will
lead to As release into solution. For all of the above reasons,
Welham et al. (2000) conclude that scorodite is not a particularly
stable phase for long-term disposal of arsenical wastes due to its
instability under typical atmospheric weathering conditions.
Another common Fe(III) arsenate, FeAsO4, was long considered

a very insoluble phase and some arsenic immobilization technolo-
gies discussed in the literature rely on the induced precipitation of
FeAsO4 in contaminated soil (Sims et al., 1986; Artiola et al.,
1990). However, it was shown that the solubility of ferric arsenate
rises rapidly with increasing pH from 2.2, raising one order of
magnitude per pH unit (Robins, 2001).
The As concentrations in solution in equilibrium with various

Ca, Mg and Fe arsenates were found to be significantly higher than
the current maximum permissible concentration of As in drinking
water (10mgyL) as summarised by Magalhaes (2002). Thus preci-
pitation of these arsenates will certainly not be an effective method
for As remediation in contaminated waters and in many cases also
in the remediation of contaminated soilsymine waste, particularly
due to the instability of many of these compounds in the soil
environment.
One of the most insoluble As compounds is lead chloroarsenate

(Pb5(AsO4)3Cl, mimetite) (Comba et al., 1987). Mimetite is a very
stable lead arsenate phase under very low total concentrations of
Pb and arsenate and it has a stability field that covers the pH range
of natural waters, even when they contain dissolved carbonate and
sulfate ions (Magalhaes and Silva, 2003). Mimetite precipitation
could, thus, potentially be used as a remediation technique. The
precipitation of mimetite was reported to lower the dissolved As
concentrations in aqueous solutions from several gyL to below
0.2 mgyL (Twidwell et al., 1994).
It has been suggested that soils and sediments containing lead

arsenates pose low environmental problems resulting from Pb and
As bioavailability, if they are not in contact with phosphate
containing solutions (Magalhaes, 2002). The induced precipitation
of mimetite, although providing the conversion of As phases
present in the soil to the least soluble As compound, could not,
however, be considered as a remediation option for contaminated
soilsywaste materials since it would require the introduction of an
easily soluble source of Pb into the soil.
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Arsenates of Fe(II), Zn(II), Cu(II), which are less soluble and
more stable in the neutral pH region than are the Ca or Fe(III)
arsenates have not been so far seriously considered for As fixation
(Twidwell et al., 1999; Robins, 2001). Fe(II) arsenate is of a
particular interest as a low solubility material (Twidwell et al.,
1999; Robins, 2001). However, Fe(II) is easily converted to Fe(III)
in contact with oxygen, which would lead to a release of As from
Fe(II) arsenates, unless they are stored in sub-surface anoxic
conditions (Twidwell et al., 1999; Welham et al., 2000).
Barium(II) arsenate was proposed as being extremely insoluble

arsenate at very acidic conditions Chukhlantsev (1956), but this
was later shown to be incorrect (Twidwell et al., 1999; Robins,
2001).
Recently, removal of As by the precipitation of Sn arsenate has

been suggested (Lee and Nriagu, 2003). Tin arsenate was found to
be the least soluble among all the metal arsenates tested by Lee
(2002) and its solubility constant was found to be 1:48610�48 (Lee
and Nriagu, 2003). Due to its very low solubility, very little Sn is
needed to precipitate Sn arsenate. Given the amounts of tin found
in wastewaters, the tin treatment for As removal appears a feasible
option (Lee and Nriagu, 2003). The stability of Sn arsenate also
makes it favourable with respect to disposal and containment (Lee
and Nriagu, 2003) and thus the Sn treatment of wastewater and
soils should be further investigated.

Apatites and arsenic immobilization

Several studies have been conducted to investigate As removal from
solutions by phosphate minerals (Twidwell et al., 1994; Twidwell
et al., 1999). Arsenic removal by adsorption on Fe(III) phosphate
was investigated by Lenoble et al. (2004). Several mechanism of
As(III) and As(V) removal by this sorbent have been postulated by
Lenoble et al. (2004) on the basis of the thermodynamic calcula-
tions and the measurements of Fe, P and As concentrations in
solutions in equilibrium with the sorbent. Oxidation of As(III) by
Fe(III) and the subsequent release of Fe(II) and precipitation of
Fe(II)–As(V) compound – Fe3(AsO4)2 �8H2O – has been postu-
lated as a possible As removal mechanism. Substitution of
PO4

3� by arsenate AsO4
3� and precipitation of FeAsO4 �2H2O

has also been proposed as a mechanism for AsV removal from
solution by FePO4.
Twidwell et al. (1994) found that As concentrations in solutions

can be lowered to 520mgyL by the precipitation of As bearing
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hydroxylapatites ((Ca10(PO4)6(OH)2 where As oxyanions can
substitute phosphate group). The resulting apatite solids have
been shown to be stable when exposed to CO2 from the air in
contrast to Ca arsenates. Pilot scale experiments conducted on gold
mine groundwater (500 mgyL As) and two waste streams from lead
smelter (3 gyL As) demonstrated efficient removal of As to below
20mgyL using the apatite process (Twidwell et al., 1999).
The arsenate apatite phases, although having a very low solubi-

lity, are not stable in acidic environments, as are all the other As-Ca
minerals. Thus they may release As under soil acidification. The
precipitation of these As-bearing phases in soils would also require
the addition of P-source. However, the addition of P to As
contaminated soilsywaste materials was found to increase As
leaching due to As-P competition for sorption sites (Woolson
et al., 1973). Thus As immobilization in soils by precipitation of
the apatite-structured compounds does not appear to be a viable
remediation option.

Concerns in the application of in situ metal
immobilization as a remediation strategy

The mechanisms of metal fixation in soils following the addition of
soil amendments are not fully understood and thus important
questions arise as to whether the remediation processes are
permanent or reversible through time (McBride and Martinez,
2000; Hamon et al., 2002). If in situ remediation treatments
immobilize metals through changes in soil pH, than re-acidification
of soil will result in an increase in metal bioavailability to toxic
levels as from before the treatment as reported in several studies
(Chirenje and Ma, 1999; Hamon et al., 2002; Lombi et al., 2003;
Lombi et al., 2004; Strobel et al., 2005).
If the materials used for remediation promote fixation of metals

in residual phase (inclusion in crystal lattices or precipitation) than
the durability of the treatment will be dependant on other factors
such as solid-solution equilibrium kinetics or the solubility product
of the solid phase formed (Hamon et al., 2002).
In situ remediation methods are mainly based on adsorption and

precipitation reactions, as discussed in previous sections. The
adsorption reactions are however reversible and it is possible that
with a change in environmental conditions the contaminants,
initially immobilized by this mechanism, will be released into
solution (Magalhaes, 2002). If precipitation reactions are utilized,
the stability of the resulting product, particularly with changing
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environmental conditions (such as redox or pH or microbial
activity) is important for long-term performance of the treatment.
Trace element solid-solution partitioning in soils is influenced by

long term changes to the solid phases (Martinez et al., 2001). These
may have important implications for the mobility of trace elements
in soils in the long-term. Crystallization of amorphous minerals,
which initially provided the sorption surface for trace elements,
may lead to the mobilization of trace elements, as evidenced for Pb
in the study of Martinez et al. (2001), who applied a thermal
treatment (incubation of soils at elevated temperature of 70�C for
1.5 years) to investigate the aging effects on adsorbed metals in
various soils.
Crystallization could increase the stability of the solid phase, but

also is likely to result in a decrease of a sorption area of the solid
and thus subsequent release of the sorbed species (Sorensen et al.,
2000; Dixit and Hering, 2003). Sorensen et al. (2000) investigated
the aging effects on amorphous Fe oxides binding capacity for
several heavy metals. They applied a heat treatment, in order to
simulate the transformations of the oxides likely to be caused by
aging, and observed a significant release of metals such as Pb and
Cd following the transformation of amorphous Fe oxides to
hematite. The crystallisation process is, however, often a long-
term transformation reaction, which will not be observed if the
system is studied for a limited period of time.
Ferrihydrite (Fe5O7OH �H2O) is commonly applied for the

immobilization of As and metals in soils due to its high sorption
capacity. However, ferrihydrite is a metastable phase and it trans-
forms to more stable oxides such as goethite (a FeO �OH), with the
decrease in surface area (Waychunas et al., 1993; Cornell and
Schwertmann, 1996). This may cause re-mobilization of the As
andyor metals adsorbed on ferrihydrite, however the transforma-
tion rates of ferrihydrite are dependant on many factors such as
pH, ionic strength and temperature (Arthur et al., 1999) and thus
the amount of Asymetals which can be released by this process
cannot easily be estimated. Thus the predictions of the long-term
effects of this treatment are difficult.
The interactions of amendments with soil components may be

more complicated than our current understanding of these
processes, as evidenced for example by experiments of Lombi
et al. (2004). These authors observed that re-acidification of lime
and sewage sludge amended soil resulted in a higher release of
soluble As, compared with that released after acidification of the
same, untreated soil. The authors suggest that with addition of lime
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and sewage sludge increasing amounts of As were sorbed on
carbonates and Fe oxides, resulting in depletion of As in the
soluble fraction and subsequent release of non-exchangeable As
from the soil solid phase. Released As accumulated in the carbo-
nates and Fe-oxides from lime and sewage sludge amendments
respectively. Upon acidification of the treated soils, the adsorbed
species were released due to dissolution of carbonates.
There is a dynamic equilibrium between various forms of metals

in soils. Depletion of soluble fraction (those forms which are easily
soluble and exchangeable), as an effect of soil amendments addi-
tions, or by plant uptake or losses due to leaching, will result in
continuous release from other fractions to replenish the soluble
pool (Bolan and Duraisamy, 2003).

Phytoremediation

There are several definitions of phytoremediation in the literature
including:

. The use of vegetation for in situ treatment of contaminated soils,
sediments and water (Schnoor, 1997),

. A set of technologies which use plants to remediate contami-
nated soil, sludges, sediments and ground water through
contaminant removal degradation or stabilization (ITRC,
1999),

. The use of green plants and their associated microorganisms,
soil amendments, and agronomic techniques to remove, contain
or render harmless environmental pollutants (Schwitzguebel,
2002).

Phytoremediation is applicable to remediation of hazardous waste,
contaminated soil sludge and sediment, groundwater, treatment of
municipal and industrial wastewater including the potential appli-
cation to the treatment of acid mine drainage (Glass, 1999). The
technology can also be utilized for a wide range of contaminants
including (Schnoor, 1997):

. Organic (phenols, chlorinated solvents, polychlorinated
biphenyl, polyaromatic hydrocarbons).

. Inorganic (cyanide, nutrient wastes – ammonia, phosphate and
nitrate).

. Metals and metalloids (Pb, Hg, Se, As, Cd, Zn, Cu, Ni).

. Radionuclides (Cs-137, U, Sr-90).
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The term phytoremediation covers a set of technologies including
phytoextraction, phytodegradation, phytostabilization, phytovola-
tilisation, rhizodegradation and rhizofiltration (ITRC, 1999).
Phytoextraction and phytostabilization are discussed further as
these two technologies are applied for the remediation of soils
contaminated with metalsymetalloids on which this paper focuses.
Several higher plant species have adaptations that enable them

to survive and reproduce in soils heavily contaminated with
metals such as Zn, Pb, Cd, Cu, Ni and As (Baker, 1987). Such
species are divided in two groups: pseudo-metallophytes, which
grow on both contaminated and uncontaminated substratum and
absolute metallophytes which grow only on metal contaminated
and naturally metal rich soils (Baker, 1987). Species, that have
developed exclusion as their metal tolerance strategy (the limited
transfer of contaminants to the above ground parts of the plant),
are of a particular interest for phytostabilization, the immobiliza-
tion of contaminants in the soil. Species that have developed
accumulation as their metal tolerance strategy, are of particular
interest for phytoextraction, the decontamination of soil by the
use of plants.
Currently a research is taking place in both academic and non-

profit laboratories around the world aimed at applications of
phytoremediation technologies. The greatest selling point of such
technologies appears to be their low cost compared to conventional
remediation methods, applicability to a wide variety of contami-
nants and general public acceptance (Glass, 1999).
Phytoremediation is, however, still in early stages of development,
as indicated by relatively few field scale demonstrations.
EPA (2000) reported that in field scale demonstration projects in

North America, biological processes for soil remediation were
utilized in 28% of applications, while the majority of applications
were based on chemicalyphysical and thermal treatment (70%).
Within the biological treatment, the majority of applications were
shown to be bioremediation (58%), while phytoremediation
accounted for only 10% (EPA, 2000).
A number of review articles focusing on different aspects of

phytoremediation and its applications have been published
(McGrath et al. 2001, 2002; Lasat, 2002; Prasad and Freitas,
2003; McGrath and Zhao, 2003; Robinson et al. 2003; Suresh
and Ravishankan, 2004; Arthur et al. 2005; Kramer, 2005; Do
Nascimento and Xing, 2006). This article discusses in more detail
the applications of phytoextraction and phytostabilization in the
remediation of metal and As contaminated sites.
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Phytostabilisation and its application to remediation of
metal contaminated soil

Although various chemical and physical techniques exist for
remediation of metal contaminated sites, it is argued in the
literature that the objectives of remediation schemes such as
dust control and stabilization against water erosion can only
be realistically achieved in the long term by the use of vegetation
as a basis for landscaping, stabilization and pollution control
(Johnson et al., 1994; Atkinson et al., 1990). Establishing
vegetative cover is one of the best ways to prevent metal
migration from metal-contaminated sites via erosion, and
metal-rich dusts or leachate (Whiting et al., 2004). The tech-
nology has been termed phytostabilization due to the long-term
stability that the plants provide in terms of preventing metals
from leaving the site (Whiting et al., 2004). Advantages of this
method include (Pierzynski, 1997):

. Minimised wind and water erosion

. Lower costs than other remediation options

. Improved aesthetics of the site

. Lack of waste production

. Reduced net percolation of water through the soil or mine spoil
and thus reduced leaching of metals (particularly if trees are
used)

. Potential to provide temporary remediation until more suitable
methods are funded or developed.

Potential disadvantages include:

. Producing trace element enriched plants and possible transfer of
contaminants to wildlife and animals

. Lack of data on long term viability of vegetation

. Possibility of enhanced transport of metals due to excretion of
soluble exudates by plant roots.

The plants, which can be utilized for phytostabilization must meet
several criteria as detailed by Berti and Cunningham (2000):

. Poor translocation of metal contaminants to aboveground
tissues to minimise the transfer of contaminants to food chain

. Tolerance of the high soil metal levels and initial site conditions
(salinity, pH, soil structure, water content)

. Additionally, the plants must grow quickly to establish ground
cover, have a dense rooting system, and high transpiration rates
in order to effectively dewater the soil.
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Metal tolerant plant species can be established directly on the
metalliferrous substrate or alternatively the substrate is first modi-
fied physically and chemically to render it less toxic, thus permitting
the growth of plants with limited metal tolerance (Berti and
Cunningham, 2000). Tailor-made amendments of P- and Fe-rich
organic wastes (biosolids or manureycompost) and alkaline amend-
ments, coupled with metal-tolerant excluder plant species are
applied in phytostabilization of contaminated sites (Berti and
Cunningham, 2000).
Many examples in the literature show that the contaminated sites

support growth of specific plant taxa (pseudo- and metallophytes),
which have developed tolerance to toxic metals in soils, poor
nutrient conditions, acidityyalkalinity of the soil (Whiting et al.,
2004). These native tolerant species can be applied in phytostabil-
ization of the contaminated soils and waste materials. Introduction
of plants also initiates the soil development process and thus
provides an attractive alternative to covering the contaminated
land such as mine spoil heaps with a layer of clean soil taken out
from another area.
Whiting et al. (2004) provide a detailed review of the current

state of research on metallophytes, their potential use in developing
phytotechnologies, and specifically for the restoration and rehabi-
litation of mined and disturbed land. Further research is needed to
continue screening vegetation for metal tolerant species excluding
metals from the aerial parts, and to continue to improve the
efficacy of soil amendments (Whiting et al., 2004).
Revegetation, as a reclamation method for areas of extensive

industrial dereliction, has long been practised. As early as in 1952,
it was realized that abandoned mine sites support the growth of
metal tolerant populations of common grasses such as Festuca
rubra and Agrostis tenuis, that could be used to revegetate other
mine dumps (Bradshaw, 1952). The trials on revegetation and
stabilization of mine dumps and other degraded terrain has been
undertaken widely since then using the tolerant plant species and
soil amendments, where necessary, as summarized by Brooks et al.
(1998).
Smith and Bradshaw (1979) investigated the use of tolerant

grasses for the reclamation of metalliferous wastes. This work led
to creation of three, now commercially available, cultivars of
tolerant grasses: Agrostis tenuis, cv Goginan, Festuca rubra, cv
Merlin and Agrostis tenuis, cv Parys. Bleeker et al. (2002), who
investigated revegetation of the acidic As contaminated mine spoil
tips from gold mining in Jales (NE Portugal), found Agrostis
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castellana and Holcus Lanatus suitable for revegetation of As
polluted soils with the assistance of soil amendments: beringite,
steel shot and organic matter (compost). The phytostabilization
technology has been successfully applied on Pb-, Zn- and Cd-
contaminated sites in the USA and Poland. (Daniels et al., 1998; Li
et al., 2000; Brown et al., 2003) and on Ni-contaminated sites in
Canada (Kukier and Chaney, 2001).
Many articles advocate the phytostabilization of mine spoil as a

good method to stabilize metals in the mine spoil material and to
reduce aerial deposition and the possible transfer of contaminants
to the food chain by dust dispersion. Revegetation of contaminated
mine spoil materials has been reported by many authors (Pierzynski
et al., 1994; Vangrosveld et al., 1995; Pierzynski, 1997; Grant et al.,
2002; Mench et al., 2003; Simon, 2005). Soil amendments such as
fertilizers, lime, organic matter (sewage sludge, composted yard
waste, cattle manure, spent mushroom compost) and mycorrhrizal
inoculation have been applied on spoil material to encourage plant
growth.
Romkens et al. (1999) investigated in detail the effect of plant

growth (Cu tolerant grass variety Agrostis capillaries L. variety
Parys Mountain) on Cu solubility and speciation in soil solution.
They found that plant growth improved the pH, DOC and Ca in
solution to such an extent that both the total dissolved Cu
concentrations and the free metal activity in soils were reduced.
Romkens et al. (1999) suggest that metal tolerant plants can be
successfully used to stimulate biological activity in contaminated
soils and waste materials, as well as to reduce the toxicity of metals.
In the long term, this would lead to effective metal immobilization
(also by accumulation in newly formed organic matter).
Phytostabilization can be also applied for remediation of soils

where metal contamination is accompanied by the presence of the
metalloid arsenic. Plants exhibiting multiple tolerance (to As and to
metals) and limited uptake into aboveground parts have been
reported in the literature. Examples of such species include:
Agrostis capillaries (Porter and Peterson, 1975; Benson et al.,
1981), Deschampsia cespitosa (Cox and Hutchinson, 1980), Silene
vulgaris (Paliouris and Hutchinson, 1991), Calluna vulgaris
(Bradley et al., 1981; Sharples et al., 2000a,b).
A potential problem in wide application of phytostabilization for

the remediation of mine waste is the difficulty in establishing a
vegetation cover on such materials. Revegetation often requires the
application of amendments and fertilizers to encourage plant
growth; consequently increasing the cost of remediation.
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Bacterial inoculation of mine tailings material has been recently
proposed as an alternative to the use of fertilisers (Petrisor et al.,
2004). Experiments conducted in a greenhouse environment with
mine waste artificially inoculated with strains of selected bacteria,
indicated a stimulated development of vegetation without fertiliser
addition (Petrisor et al. 2004). If confirmed by field trials, bacterial
inoculation can provide a cost effective alternative to the use of
fertilisers in phytostabilization trials.

Phytoextraction and its applications to remediation of metal
contaminated soil

Phytoextraction also called phytoaccumulation, refers to the
uptake and translocation of metal contaminants in the soil by
plant roots into the aboveground parts of the plant. The success of
this technology depends on the degree and depth of soil contam-
ination, number of metals and their chemical and mineral forms
present at the site, the metal resistance of the plant species and its
association with mychorhizal fungi and other rhizosphere organ-
isms, the biomass of the harvested crop, the extraction of metals
from the harvested biomass and the desired degree of metal
concentrations in the treated soil (Ernst, 2005).
Certain plant species (hyperaccumulators) are capable of accu-

mulating extraordinarily high levels of metals at concentrations
100-fold greater than those typically measured in shoots of the
common non-accumulator plants (Baker and Brooks, 1989). Thus,
a hyperaccumulator will concentrate more than 10mgykg Hg;
100mgykg Cd; 1,000mgykg Co, Cr, Cu and Pb; 10,000mgykg
Zn and Ni (Lasat, 2002).
There are approximately 400 plant species, from at least 45

families that are known metal hyperaccumulators. Most of these
species accumulate Ni (4320) about 30 of them accumulate Co,
Cu, or Zn, and even fewer accumulate Mn, Cd (1), Pb (14) and As
(4). Table 6 lists examples of several known hyperaccumulating
species with the reported concentrations of the metalsymetalloids in
the above ground plant tissue. Reeves (2003) provide on overview
of the research work carried out on hyperaccumulating species
from locations in Australia, Brazil, New Caledonia, central Africa
and South-East Asia. These authors also screened 1200 specimens
from over 500 taxa for Ni hyperaccumualtion. The data for best
performing species can be found in the article.
Hyperaccumulating plants are selected and planted at a contami-

nated site based on the type of contaminants present and on other
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site conditions. After the plants have been allowed to grow for
several weeks or months, they are harvested. Testing of the plant
tissue, leaves, roots, etc., will determine if the plant tissue is a
hazardous waste, thus determining which disposal method will be
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Table 6 Examples of hyperaccumulating plant species reported worldwide

Concentration in plant tissue
mgykg (DM)

Plant species Element Location
Hyper-

accumulator
Non-

accumulator

Haumaniastrum
robertii

CoyCu 10200 (Co),
2070 (Cu)

Co - 1 Congo

Haumaniastrum
katangese

2240 (Co),
8356 (Cu)

Cu - 10 Congo

Crotalaria cobalticola 3010 (Co) Zaire
Bulbostylis mucronata 2130 (Co),

7783 (Cu)
Central Africa

Lindernia perennis 2300 (Co),
9322 (Cu)

Zaire

Armeria maritima Pb 1600 10 Germany
Polycarpaea synandra 1044 Australia
Thlaspi alpestre 2740 UK

Alyssum acamasicum Ni 9090 2 Cyprus
Alyssum argenteum 29400 Italy
Alyssum caricum 16500 Anatolia
Alyssum cypricum 23600 Cyprus
Alyssum heldreichii 12500 Greece
Alyssum malacitanum 10000 Spain
Hybanthus

austrocaledonicus
25500 New Caledonia

Noccaea boetica 23400 Greece
Sebertia acuminata 17750 New Caledonia
Psychotria douarrei 47500 New Caledonia
Thlaspi alpestre 4000 Central Europe
Thlaspi goesingense 12000 Austria

Cardaminopsis halleri Zn 13600 100 Germany
Noccacea eburneosa 10500 Switzerland
Thlaspi caerulescens 27300 Germany
Thlaspi calaminare 39600 Germany
Thlaspi praecox 21000 Bulgaria

Pteris vittata As 4360 1.0–1.7 Florida
Pteris cretica 1114–2046 Florida
Pityrogramma

calomelanos
8350 Thailand

Sources: Baker and Brooks (1987); Ma et al. 2001; Francesconi et al. 2001;
Srivastava et al. (2006).
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employed. Landfilling, incineration, composting, liquid extraction
and ashing are proposed techniques for the disposal of plant
biomass after phytoextraction, as discussed in detail by Sas-
Nowosielska et al. (2004); among those methods incineration has
been proposed as the most promising. However, when As is present
in the harvested biomass incineration cannot be considered as a
viable option due to As volatilisation. The viable option for
disposal of As and metal rich plant biomass has, as yet, not been
found; proposals were made, however, to dispose of the plant
biomass in the sea (Vissottiviseth et al., 2002).
The success of phytoextraction as an environmental clean up

technology depends on several factors including the degree of
soil contamination, metal availability for uptake into roots, and
plant ability to intercept, absorb, and accumulate metals in its
shoots (Ernst, 1996). Plants that are most suitable for metal
accumulation often lack desirable characteristics such as high
biomass, handling ease and established cultivation practices.
Conventional breeding and biotechnology have been used to
correct these shortcomings in transferring desired traits from
metal hyperaccumulator plants to selected high-biomass produ-
cing non-accumulator species (Ernst, 2005). Cunnigham and Ow
(1996) and Chaney et al. (2000b) suggested the use of conven-
tional breeding to improve plants for metal extraction. As an
alternative method, biotechnology can be used which offers the
opportunity for direct gene transfer. Brewer et al. (1999)
generated somatic hybrids between the Zn hyperaccumulator T.
caerulescens and B. napus – a non-accumulating plant. The
hybrids accumulated high Zn levels that otherwise would have
been toxic to B. napus.
The potential of phytoextraction for several major metal pollu-

tants can be adversely affected by metal adsorption to soil solids
and precipitation as insoluble compounds. Recent research has
focused on artificially induced metal desorption from soil solids by
addition of chelating agents such as EDTA (ethylenediaminete-
traacetic acid), DTPA (diethylenetriaminepentacetic acid), NTA
(nitrilotriacetic acid), EDDS (ethylenediaminedisuccinic acid) as
summarised and reviewed in a recent publication of Nowack et al.
(2006). The severe drawback of this approach is the possible
increase in metal leaching from soil after chelating agents are
added and thus a potential for groundwater contamination.
Clemente et al. (2005) evaluated potential use of Brassica juncea

for phytoextraction of metal and As from a soil at a site
contaminated by a spillage of acidic and metal-rich waste in
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Aznalcollar (Spain). Copper, Zn and Pb were present in the soil at
concentrations ranging: 143–299, 457–1367 and 334–783mgykg
respectively. Arsenic was also present in the soil at concentration
range of 86–545mgykg. Given the metal uptake by Brassica
juncea, the contamination levels and the required maximum
values permitted after the clean up, Clemente et al. (2005)
calculated that it would take between 1,150 and 16,000 years to
decontaminate the soil by phytoextraction using Brassica which
renders the method unrealistic. Metal uptake by Brassica was
observed to increase in acidic conditions, but the plant biomass
was decreased at the same time thus the phytoextraction efficiency
was not changed. It was also observed that the uptake of metals by
the plant was significantly reduced in soils with multimetal
contamination compared to those with only one metal present
(Clemente et al., 2005) also reported for other species (Blaylock
et al., 1997; Walker et al., 2003). Thus, the phytoextraction may
not be a suitable option for sites with several metal contaminants
present in soil, and for sites with extremely high contamination
levels, where reducing the concentrations to the required levels
would take an unrealistically long time.
Hyperaccumulating species often lack desirable traits, for

effective phytoextraction, such as high biomass and high growth
rate. Huang and Cunningham (1996) suggested that some high-
biomass agronomic crops may potentially be used for phytoex-
traction instead of hyperaccumulating species. These authors
compared Pb phytoextraction efficiency of corn and ragweed
with known Pb hyperaccumulators (Thlaspi rotundifolium,
Thlaspi caerulescens, and Brassica juncea) using both nutrient
solutions and Pb contaminated soils. Shoot Pb concentration in
corn (250mgykg dry weight) was found to be significantly higher
than that of the known Pb-accumulators (Brasica and Thlaspi).
The shoot Pb concentration of corn was also found to increase
more than 200-fold within a week in a response to the addition of
EDTA (ethylenediaminetetraacetic acid) to the contaminated soil.
Given the shoot concentrations of Pb in corn, the biomass
production, the total Pb concentrations in the contaminated soil
(2500mgykg) and the required level of Pb after the remediation
(400mgykg for residential use or 600mgykg for non-residential
standard), Huang and Cunningham (1996) calculated that it
would take 7–8 years to reduce the soil Pb to acceptable
concentrations by phytoextraction using corn. Thus, it is feasible
to use high biomass crops such as corn for phytoextraction as an
alternative to slow-growing hyperaccumulators.
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Since the discovery of As hyperaccumulating fern species – Pteris
vittata (Ma et al., 2001), Pityrogramma calomelanos (Visottiviseth
et al., 2002) and Pteris cretica, Pteris longifolia and Pteris umbrosa
(Zhao et al., 2002), phytoextraction has been considered as a
possible option for remediation of As contaminated soils and
waste materials.
Tu et al. (2002) reported that Pteris vittata extracted 26% of

the total soil As in a pot trial experiment using a moderately
contaminated soil. Cao et al. (2003b) reported As removal by the
same species to be 8.3% of the total As from P-amended
chromated-copper arsenate contaminated soil. However, when
Pteris vittata and Pteris cretica where applied for phytoextrac-
tion of As from historically contaminated soil (mining and
smelting site near Cambourne, SW England), As removal effi-
ciency was found to be markedly lower (0.51% for Pteris vittata
and 0.0038% for Pteris cretica) as reported by Gray et al.
(2005). The relatively small proportion of bioavailable As in
the contaminated soil (0.4% As in the non specifically sorbed
fraction found from extraction with 0.05M (NH4)2SO4) and low
plant biomass yield, both contributed to the low As extraction
efficiency. Gray et al. (2005) also reported that, although
additions of lime and P increased As concentrations in soil
solution, they had no effect on As uptake by Pteris vittata.
The plant growth and its uptake of As were also observed to be
negatively affected by soil co-contamination with metals Cu and
Zn (Gray et al., 2005).
Soil contamination with As and metals is widespread in SW

England due to past mining and smelting activities in the region.
The concentrations of As are extremely high at some sites e.g.
Devon Great Consols with total As concentrations in soil as high as
52600mgykg and 69400mgykg (Kavanagh, 1998 and Dybowska,
2006 respectively). Extremely high concentrations of As coupled
with other factors including the presence of metals such as Cu and
Zn, and relatively low As bioavailability (Kavanagh, 1998;
Dybowska, 2006) render phytoextraction an unsuitable option, at
present, for remediation of historical mining sites in SW England
and most likely also elsewhere.
Copper is highly toxic to plants and normal concentrations in

plant tissue were reported to be within a range of 5–30mgykg dry
matter (Kabata-Pendias and Pendias, 2001). The establishment of
vegetation on Cu contaminated soil and waste materials is
problematic due to Cu phytoxicity. The application of phytoex-
traction for Cu contaminated soils is also problematic, since
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plants colonising Cu contaminated sites tend to accumulate Cu in
the roots rather than shoots and are thus unsuitable for Cu
phytoextraction.
Jiang et al. (2004) investigated a potential use of Esholtzia

splendens for Cu phytoextraction. The plant can survive at total
soil Cu concentrations as high as 3000mgykg (Jiang et al., 2004). It
was found that the total amount of Cu removed by the plant (in
field experiments) from tested contaminated soils was 1.7 kg Cuyha
(Jiang et al., 2004). When plants were grown under field conditions
at different levels of easily available Cu, the concentrations of Cu in
the shoots ranged from 100 to 250mgykg dry matter and in the
roots from 800 to 1300mgykg dry matter. When samples of
Esholtzia splendens, naturally growing in Cu contaminated old
mined area in Zhejiang Province (China), were collected and
analysed, Cu concentrations in the plant tissue were found to be
significantly lower in the shoots and in the roots compared to the
same species grown in a field experiment. However, the roots still
accumulated considerably more Cu than shoots. Much higher
removal of Cu by the plant roots rather than by shoots, renders
the plant unsuitable for phytoextraction, it can be applied only for
phytostabilization.
Research into the phenomenon of hyperaccumulation and opti-

misation of the phytoextraction process continues in order to
enable full-scale applications of this method in the future.
However, phytoextraction is likely to be successful only if several
conditions are met:

. Plant biomass production can be maximised

. The contaminants in soil are in a bioavailable form

. Soil contamination is not deeper than the rooting zone of plants
(i.e. 20–25 cm)

. The magnitude of contamination is low to moderate

. There is no co-contamination with metals, particularly with Cu
and Zn which can cause phytotoxicity.

The influence of vegetation on remediation process

Vegetation can influence directly or indirectly the degree and
kinetics of natural remediation and could modify the influence of
certain soil amendments when employed to accelerate natural
remediation (Adriano et al., 2002, 2004). The chemical and
biochemical reactions occurring in the rhizosphere play an impor-
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tant role in the bioavailability of metals to plants (Kabata-Pendias
and Pendias, 2001).
Plant roots may modify the physical, chemical and biological

conditions of the soil in the rhizosphere (Lasat, 2000; Kabata-
Pendias, 2004). Plants have evolved specialized mechanisms to
increase the concentration of metal ions in soil solution. These
include:

. Rhizosphere acidification due to Hþ extrusion from roots
(Crowley et al., 1991). Protons compete and replace metal ions
from binding sites, stimulating their desorption from soil solids
into solution.

. Exuding a variety of organic compounds by plant roots. Root
exudates complex metal ions keeping them in solution available
for uptake into roots (Romheld and Marschner, 1986).

The rhizosphere is enriched in organic substances of plant and
microbial origin (Pomilio et al., 2000). Low molecular weight
organic acids such as acetic, citric fumaric, malic, oxalic and
tartaric acid are commonly found in the rhizosphere (Koo, 2001).
In soils, these organic acids are involved in biogeochemical
processes that release not easily available nutrients such as P, Fe
and other micronutrients (Awad and Romheld, 2000). It is also
known that these acids affect the metal fate in soils via their effect
on acidification, metal chelation, precipitation and redox and
microbial activity (Adriano et al., 2002, 2004).
The study of Cotter-Howells and Caporn (1996) revealed that the

presence of vegetation can directly promote metal immobilization
in soils. Cotter-Howells and Caporn (1996) observed that forma-
tion of heavy metal phosphates (Pb and Zn) can be induced by the
biochemical action of the roots of Agrostis capillaris. Thus the
growth of these species has the potential to fix Pb and Zn in soils by
inducing the formation of insoluble metal phosphates.
Phosphorus is an essential element for plants and also a limiting

growth nutrient. Plants have developed several mechanisms to
increase availability of soil P to plant roots. The conversion of an
organic P source into inorganic phosphates in the rhizosphere can
be utilized for metal immobilization in soils by providing a source
of available P for the precipitation of metal phosphates (Cotter-
Howells and Caporn, 1996). Phosphate formation may occur also
in the rhizosphere of other grasses and plants. Thus vegetative
remediation could provide an alternative to addition of large
amounts of soluble phosphate to encourage precipitation of
metal phosphates in contaminated soils.
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Reduction of in oxidation state of metals in situ by plants can be
another useful detoxification mechanism, which can enhance metal
immobilization. Lytle et al. (1998) reported reduction of Cr(VI) to
less toxic Cr(III) by water hyacinth supplied with Cr(VI) in the
nutrient solution. These authors observed accumulation of Cr(III)
in the leaf tissues of this species as well as in other wetland plants
exposed to Cr(VI). This plant-based reduction of Cr(VI) has the
potential to be utilized for the remediation of wastewaters.
Fitz and Wenzel (2002) discussed major processes that poten-

tially affect the fate of As in the plant rhizosphere. They suggested
there are several plant-mediated processes, which may enhance As
immobilization at the soil – root interface, including pH decrease
and oxidation of the root environment by O2 release from roots.
However, up to the present, lack of research in this field has meant
that the potential use of these plant rhizosphere-soil solution
interactions in phytoremediation of soils contaminated with
arsenic has not yet been utilized (Fitz and Wenzel, 2002). Many
other potentially useful metal immobilization mechanisms may be
operating in the plant rhizosphere and may prove valuable in the
remediation of contaminated soils and waters. The complexity of
the reactions taking place in the rhizosphere and their potential
application in soil remediation requires further detailed investiga-
tion and is becoming a rapidly developing research field (Adriano
et al., 2002, 2004; Fitz and Wenzel, 2002).
The presence of vegetation may, however, have potential nega-

tive long-term effects on contaminants in soil. Some research
suggests that the mobilization of biologically available metals
may be slightly higher in vegetated soil (Besser and Rabeni, 1987)
since the adsorption of heavy metals to soil may decrease in the
presence of organic ligands found in the rhizosphere (Chairidchai
and Ritchie, 1990).
The research on revegetation of mine waste tips in Pb–Zn

mine in Poland indicated that plants (mainly grasses) can
increase the mobility of metals in revegetated soils (Trafas,
1996). Trafas (1996) investigated the influence of vegetation on
the properties of dolomite post-flotation wastes from Pb–Zn
ores in Poland. These were revegatated using plants including
Lolium perenne L., Festuca rubra L., Dactylis glomerate L., and
Agrostis stolonifera. The presence of vegetation increased the
sorption and water retention capacity of the wastes, initiated
development of soil and stopped erosion, and decreased pH from
alkaline 8.4 to neutral 6.9, which enabled development of wider
plant community. The easily soluble fraction of heavy metals
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(extracted with deionised water) in vegetated soils of Pb–Zn
mine spoil was found to increase significantly over an 8 year
period after revegetation of the tailings.

Concerns and limiting factors in the application
of phytoremediation

Although phytoremediation has been shown to provide a cost
effective alternative to traditional soil remediation methods,
several constraints restrict the applicability of this method. The
major limiting factors include (Schnoor, 1997; Lasat, 2002):

. Lack of contaminants translocation from root to shoot, low
contaminant bioavailability for plant uptake

. Disposal of contaminated plant waste

. Risk of food chain contamination

. Contaminants beneath root zone cannot be treated

. Time involved in the process – clean up may take several
growing seasons (i.e. several years or much longer)

. Lack of suitable tolerant plant species (e.g. exhibiting multi-
tolerance)

. Cost of maintaining phytoremediation projects (clean up areas
need to be kept free of flooding and erosion, vegetation may
require extensive fertilisation or soil modification, plant biomass
must be harvested and removed)

. Possible increase in metal solubility and leachability in contami-
nated soil through the action of plant root exudates.

Most soils contaminated by mining and smelting activities are not
suitable for remediation by phytoextraction due to several proper-
ties of these sites which would reduce the effectiveness of this
technology. These include (Ernst, 2005):

. Heterogeneous distribution of metals in the mine waste material

. The presence of multimetal contamination

. Low pH of waste materials, which may require lime addition for
plant establishment. Increase in pH will, in turn, decrease metal
bioavailability for plant uptake and thus decrease the phytoex-
traction efficiency

. Fertilisation and organic matter additions are often required to
establish vegetation on mine tailings; it can improve plant
growth but can decrease the bioavailable fraction of metals
and thus decrease their uptake and extend the period of
phytoextraction.
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The application of phytoremediation to mine impacted sites may be
also hindered by the presence of steep slopes on the mine tailings on
such sites, where it would be difficult to keep a reasonable water
holding capacity (necessary for the plant growth), to avoid erosion
and to mow the plant biomass after the phytoextraction period.
Many mine tailings have very low water holding capacities and
irrigation would be required to sustain the plant growth. Although
sustaining plant establishment and growth, irrigation may also
enhance leaching of contaminants.
On many of the mining impacted sites the levels of contamina-

tion are very high (see Table 7); it has been calculated that
decontamination of such soils with the use of phytoextraction
could take up to several hundred years (Ernst, 2005) and thus
phytoextraction is not a realistic remediation option for such sites.
Phytostabilization would instead be a suitable biological remedia-
tion option.

General concerns for remediation of
metalyarsenic contaminated sites

In many parts of the world remediation efforts at contaminated
sites may be hindered by the lack of appropriate soil and water
guideline values for maximum toxic concentrations, against which
to assess the effectiveness and the performance of the remediation
process. In some instances, the guideline concentrations are lower
than the background concentrations, which is the case for As in
southwest England.
Although the plant availability and the possibility of metal

leaching are of a paramount interest in assessing the potential
risks of contaminated sites, nearly all criteria for acceptable
concentrations are given in terms of total concentrations rather
than extractable metal concentrations. Generally, the guidelines
were also set up for each element independently of its ionic
species or presence of other elements, with which synergistic or
antagonistic reactions may take place and thus the overall
toxicity could be enhanced or alleviated (Brown, 1997; Kabata-
Pendias and Pendias, 2001). Two exceptions are specific criteria
set up for Cr(VI) and Cr(III) and for ZnyCd ratios (Brown,
1997).
It is well known that the bioavailable fraction of a contaminant

in soil is of much more concern from the risk assessment point of
view, than is the total concentration; yet guideline values refer to
the latter. Lack of internationally agreed protocols for the deter-
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mination of bioavailable fraction of contaminants still hinders the
development of new guideline values.

Summary and conclusions

Mining and smelting activities have given rise to some degree of
contamination of soil, air and water in many parts of the world as
documented by numerous reports of environmental impact of
mining worldwide. The resulting contamination has important
implications for (Thornton, 1996):
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Table 7 Examples of total metal concentrations reported in soils from mini-
ngysmelting contaminated sites. All values in mgykg (mean values given)

Site As Cu Pb Zn Cd Ref.

Sierra Almagrera
mining district
(SE Spain)

285 58 2688 2269 Navarro et al.,
2004

Pb-Zn
miningysmelting

29 18000 1530 20
Li and

areas, UK 44 — 30000 380 6.1 Thornton,
(Derbyshire 1993
and Shipham) 466 3740 45900 372

Tharsis mine
(Spain)

302 123 1001 102 — Chopin et al.,
2003

Gyongyosoroszi
mining area
(Hungary)

64 2168 5241 6714 18 Horvath and
Gruiz, 1996

Devon Great Consols
As-Cu mine
(SW England)

11127 1608 63 115 — Dybowska,
2006

Pb-Zn smelter,
Bukowno,
(Poland)

81 — 545 2175 15 Verner et al.,
1996

Lousal mine,
Lousal
(South Portugal)

1243 1579 6050 2760 4.5 Ferreira Da Silva
et al., 2005

Guideline value* 29a 36c 85a 140c 0.8a Zero Environment,
55b 190 530b 720 12b 2006

*Dutch Intervention Values, aTarget Value (baseline concentrations below
which the contaminants are considered harmless), bIntervention Value (the
maximum tolerable concentration above which remediation is required).
Zero Environment – http://www.zeroenvironment.co.uk/dutch.htm. Accessed
October 2006.
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. Sustainable agriculture and food production,

. Quality of surface and ground waters used as potable water
supplies and for irrigation,

. Possible adverse effects on human health,

. Damage to the natural ecosystem (soil degradation, damage to
wildlife and native flora).

A variety of methods are available to treat sites contaminated by
past mining and smelting activities. Some of these technologies
such as soil excavation, soil washingyflushing solidificationystabil-
stabilization are fully operational and are being utilized in the field,
while others (mainly those based on biological processes) are
mostly under investigation and development through laboratory
tests, although some have been demonstrated in field applications.
Vegetative remediation (phytoremediation) and in situ remedia-

tion with the use of soil amendments (or the combination of the
two) are promising alternative technologies to traditional options
of excavation and ex situ treatment.
Most of the focus of the current research on in situ treatment

with the use of soil amendments is on adsorption-based methods,
which can be utilized for the treatment of metals and metalloids.
Adsorption processes are, however, reversible and any change in
the ambient conditions in the field may cause re-mobilization of
metalsymetalloids from the treated soils. Thus precipitation of
low solubility compounds would be a preferred in situ immobili-
zation alternative. While this method is already being applied in
the treatment of metal contaminated sites, mainly by precipitation
of metal phosphates, its application to immobilization of metal-
loids such as As have been considered, but no suitable arsenate
compounds, of sufficiently low solubility and stability over a wide
range of EhypH conditions, have been found.
Contamination at abandoned mining sites is heterogeneous and

often multi-element with very high concentrations of contaminants.
Phytoextraction does not appear as a suitable remediation option
for such sites; phytostabilization has, however, been successfully
applied.
Although, a variety of remediation methods have been developed

for treating contaminated soilsywaste materials, several problems
with the implementation of these methods persist:

. Stability of the treatment over long periods. How persistent is
metal immobilization? What is the long-term effect of the
treatment? Could it turn into a mobilizing effect under certain
soil conditions or in a certain time frame? What are these
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conditions and how long is the time frame before such an effect
could be expected?

. Lack of clearly defined cleanup criteria.

. Lack of full understanding of the underlying mechanisms.
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191. Schwitzguébel, J.-P. (2002) Hype or Hope: The potential of phytoreme-
diation as an emerging green technology. Federal Facilities Environmental
Journal. Spring, 109–125.

192. Sharples, J. M., Meharg, A. A., Chambers, S. M. and Cairney, J. W. G.
(2000a) Arsenate resistance in the ericoid mycorrhizal fungus Hymenos-
cyphus ericae. New Phytologist, 151, 265–270.

www.scilet.com Remediation strategies for historical mining and smelting sites 135

This content downloaded from 106.198.1.139 on Tue, 12 Jun 2018 16:17:37 UTC
All use subject to http://about.jstor.org/terms



Black plate (136,1)

193. Sharples, J. M., Meharg, A. A., Chambers, S. M. and Cairney, W. G.
(2000b) Mechanism of arsenate resistance in the ericoid mycorrhizal

fungus Hymenoscyphus ericae. Plant Physiol., 124, 1327–1334.
194. Shevade, S. and Ford, R. G. (2004) Use of synthetic zeolites for arsenate

removal from pollutant water. Water Res., 38, 3197–3204.
195. Silveira, M. L. A., Alleoni, L. R. F. and Guilherme, L. R. G.

(2003) Biosolids and heavy metals in soils. Scientia Agricola, 60(4),
793–806.

196. Simon, L. (2005) Stabilisation of metals in acidic mine spoil with

amendments and red fescue (Festuca rubra L.) growth. Environ. Geochem.
Health, 27, 289–300.

197. Sims, R., Sorenson, D., Sims, J., McLean, J., Mahmood, R., Dupont, R.,

Jurinak, J. and Wagner, K. (1986) Contaminated Surface Soils In-Place
Treatment Techniques. Noyes Publications, Park Ridge, NJ.

198. Smith, R. A. H. and Bradshaw, A. D. (1979) The use of metal tolerant

plant populations for the reclamation of metalliferous wastes. J. Appl.
Ecol., 16, 595–612.

199. Soprovich, E. A. (2000) Arsenic release from oxide tailings containing
scorodite, Fe-Ca arsenates and As containing geothites. Tailings and

Mine Waste 2000, pp. 277–287. Balkema, Rotterdam.
200. Sorensen, M. A., Stackpoole, M. M., Frenkel, A. I., Bordia, R. K.,

Korshin, G. V. and Christensen, T. H. (2000) Aging of iron (hydr)oxides

by heat treatment and effects on heavy metal binding. Environ. Sci.
Technol., 34, 3991–4000.

201. Srivastava, M., Ma, L. Q. and Gonzaga Santos, J. A. (2006) Three new

arsenic hyperaccumulating ferns. Sci. Total Environ., 364, 24–31.
202. Strobel, B. W., Borggaard, O. K., Hansen, H. C. B., Andersen, M. K.

and Raulund-Rasmussen, K. (2005) Dissolved organic carbon and
decreasing pH mobilize cadmium and copper in soil. Eur. J. Soil Sci.,

56, 189–196.
203. Su, C. and Puls, R. W. (2001) Arsenate and arsenite removal by

zerovalent iron: Kinetics, redox transformation and implications for

in situ groundwater remediation. Environ. Sci.Technol., 35, 1487–
1492.

204. Suresh, B. and Ravishankar, G. A. (2004) Phytoremediation – A novel

and promising approach for environmental clean-up. Crit. Rev. Biotech-
nol., 24(2–3), 97–124.

205. Swash, P. M. and Monhemius, A. J. (1994) Hydrothermal precipitation

from aqueous solutions containing iron III arsenate and sulphate. In:
Institution of Mining and Metallurgy (ed.), Hydrometallurgy’94, pp.
177–190. Chapman and Hall, London.

206. Swash, P. M. and Monhemius, A. J. (1995) Synthesis, characterization

and solubility testing of solids in the Ca-Fe-AsO4 system. In: Hynes, T. P.
and Blanchette, M. C. (eds.), Proceedings Mining and the Environment,
pp. 17–28. Canada Communication Group, Sudbury, 28 May–1 June

1995, Ottawa, Canada.
207. Terzano, R., Spagnuolo, M., Medici, L., Tateo, F. and Ruggiero, P.

(2005) Zeolite synthesis from pre-treated coal fly ash in presence of soil as

a tool for soil remediation. Appl. Clay Sci., 29(2), 99–110.

136 Agnieszka Dybowska, Margaret Farago, Eugenia Valsami-Jones and Iain Thornton

This content downloaded from 106.198.1.139 on Tue, 12 Jun 2018 16:17:37 UTC
All use subject to http://about.jstor.org/terms



Black plate (137,1)

208. Tessier, A., Campbell, P. G. C. and Bisson, M. (1979) Sequential
extraction procedure for the speciation of particulate trace metals.

Anal. Chem., 51(7), 844–851.
209. Thornton, I. (1995) Metals in the Global Environment: Facts and Mis-

conceptions. The International Council on Metals in the Environment,
Canada.

210. Thornton, I. (1996) Impacts of mining on the environment; some local,
regional and global issues. App. Geochem., 11, 335–361.

211. Trafas, M. (1996) Changes in the properties of post-flotation wastes due

to vegetation introduced during process of reclamation. Appl. Geochem.,
11, 181–185.

212. Tristan, E., Demetriades, A., Ramsey, M. H., Rosenbaum, M. S.,

Stavrakis, P., Thornton, I., Vassiliades, E. and Vergou, K. (2000)
Spatially resolved hazard and exposure assessments: An example of
lead in soil at Lavrion, Greece. Environ. Res. Sect. A, 82, 33–45.

213. Tu, C., Ma, L. Q. and Bondada, B. (2002) Arsenic accumulation in the
hyperaccumulator Chinese brake and its utilisation potential for phytor-
emediatoin. J. Environ. Qual., 28, 1719–1726.

214. Twidwell, L. G., McCloskey, J., Miranda, P. and Gale, M. (1999)

Technologies and potential technologies for removing arsenic from
process and minewaste water. In: Gaballah, I., Hager, J. and Solozabal,
R. (eds.), Proceedings Global Symposium on Recycling, Waste Treatment

and Clean Technology, pp. 1715–1726. TMS, Warrendale, PA, USA.
215. Twidwell, L. G., Plessas, K. O., Comba, P. G. and Dahnke, D. R.

(1994) Removal of arsenic from wastewaters and stabilization of

arsenic bearing waste solids: summary of experimental studies. J.
Hazard Mater., 36, 69–80.

216. United Nations Environment Programme (UNEP) (2001) Abandoned
Mines: Problems, Issues and Policy Challenges for Decision Makers:

Summary Report on the first Pan-American Worksop on Abandoned
Mines, held in Santiago, Chile 18th June 2001. Available online at:
www.mineralresourcesforum.org Accessed February 2006.

217. Valsami-Jones, E., Ragnarsdottir, K. V., Putnis, A., Bosbach, D., Kemp,
A. J. and Cressey, G. (1998) The dissolution of apatite in the presence of
aqueous metal cations at pH 2-7. Chem Geol., 151, 215–233.

218. Van der Sloot, H. A. (2002) Harmonisation of leachingyextraction
procedures for sludge, compost, soil and sediment analyses. In: Quevau-
viller, P. (ed.), Methodologies for Soil and Sediment Fractionation Studies,

pp. 142–174. The Royal Society of Chemistry.
219. Vandecasteele, C., Dutre, V., Geysen, D. and Wauters, G. (2002)

Solidificationystabilization of arsenic bearing fly ash from the metallur-
gical industry. Immobilization mechanism of arsenic. Waste Manag., 22,

143 –146.
220. Vangrosveld, J., Van Assche, F. and Clijsters, H. (1995) Reclamation of a

bare industrial area contaminated by non-ferrous metals: in situ metal

immobilization and revegetation. Environ. Pollut., 87, 51–59.
221. Vangrosveld, J. and Cunningham, S. (1998)Metal Contaminated Soils. In

Situ Inactivation and Phytorestoration. TX Springer Verlag and R.G.

Landes Company, Georgetown.

www.scilet.com Remediation strategies for historical mining and smelting sites 137

This content downloaded from 106.198.1.139 on Tue, 12 Jun 2018 16:17:37 UTC
All use subject to http://about.jstor.org/terms



Black plate (138,1)

222. Verner, J. F., Ramsey, M. H., Helios-Rybicka, E. and Jedrzejczyk, B.
(1996) Heavy metal contamination of soils around a Pb-Zn smelter in

Bukowno, Poland. Appl. Geochem., 11, 11–16.
223. Vic, E. A., Bardos, P., Brogan, J., Edwards, D., Gondi, F., Henrysson,

T., Jensen, B. K., Jorge, C., Mariotti, C., Nathanail, P. and Papassiopi,
N. (2001) Towards a framework for selecting remediation technologies

for contaminated sites. Land Contam. Recl., 9(1), 119–127.
224. Vissottiviseth, P., Francesconi, K. and Sridokchan, W. (2002) The

potential of Thai indigenous plant species for the phytoremediation of

arsenic contaminated land. Environ. Pollut., 118, 453–461.
225. Voigt, D. E., Brantley, S. L. and Hennet, R. J.-C. (1996) Chemical

fixation of arsenic in contaminated soils. Appl. Geochem., 11, 633–643.

226. Vu, K. B., Kaminski, M. D. and Nunez, L. (2003) Review of Arsenic
Removal Technologies for Contaminated Groundwaters Argonne
National Laboratory, Argonne, Illinois, The University of Chicago.

Available online at http://www.ipd.anl.gov/anlpubs/2003/05/46522.pdf
Accessed December 2005.

227. Walker, D. J., Clemente, R., Roig, A. and Bernal, M. P. (2003) The
effects of soil amendments on heavy metal bioavailability in two con-

taminated Mediterranean soils. Environ. Pollut., 122, 303–312.
228. Warren, G. P., Alloway, B. J., Lepp, N. W., Singh, B., Bochereau, A. J.

M. and Penny, C. (2003) Field trials to assess the uptake of arsenic by

vegetables from contaminated soils and soil remediation with iron oxides.
Sci. Total Environ., 311(1–3), 19–33.

229. Waychunas, G. A., Rea, B. A., Fuller, C. C. and Davis, J. A. (1993)

Surface chemistry of ferrihydrite: Part 1. EXAFS studies of geometry of
coprecipitated and adsorbed arsenates. Geochim. Cosmochim. Acta, 57,
2251–2269.

230. Welham, N. J., Malatt, K. A. and Vukcevic, S. (2000) The stability of

iron phases presently used for disposal from metallurgical systems – a
review. Miner. Eng., 13(8–9), 911–931.

231. Whiting, S. N., Reeves, R. D., Richards, D., Johnson, M. S., Cooke, J.

A., Malaisse, F., Paton, A., Smith, J. A. C., Angle, J. S., Chaney, R. L.,
Ginocchio, R., Jaffre, T., Johns, R., McIntyre, T., Purvis, O. W., Salt, D.
E., Schat, H., Zhao, F. J. and Baker, A. J. M. (2004) Research priorities

for conservation of metallophyte biodiversity and their potential for
restoration and site remediation. Restorat. Ecol., 12(1), 106–116.

232. Woolson, E. A., Axley, J. H. and Kearney, P. C. (1973) The chemistry

and phytotoxicity of arsenic in soils. Effects of time and phosphorus. Soil
Sci. Soc. Am. J. Proc., 37, 254–259.

233. Wright, J. and Conca, J. L. (2005) Geochemistry of anthropogenic lead
stabilization by Apatite II (TM). Geochim. Cosmochim. Acta, 69(10),

A64–A64.
234. Xu, Y. and Schwartz, F. W. (1994) Lead immobilization by hydroxya-

patite in aqueous solution. J. Contam. Hydrol., 15, 187–206.

235. Zhang, P. and Ryan, J. A. (1998) Formation of pyromorphite in
anglesite-hydroxyapatite suspensions under varying pH conditions.
Environ. Sci. Technol., 32, 3318–3324.

236. Zhao, F., Dunham, S. J. and McGrath, S. P. (2002) Arsenic hyperaccu-
mulation by different fern species. New Phytol., 156, 27–31.

138 Agnieszka Dybowska, Margaret Farago, Eugenia Valsami-Jones and Iain Thornton

This content downloaded from 106.198.1.139 on Tue, 12 Jun 2018 16:17:37 UTC
All use subject to http://about.jstor.org/terms


