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Abstract

Phytoremediation improves metal-contaminated sites by the extraction of contaminating metals
(phytoextraction), or their immobilisation (phytostabilisation). Phytoextraction removes metals
from the soil by repeated crops of plants that accumulate large amounts of one or more target
metals in their above-ground biomass. The harvested plant material is removed from the site.
Despite more than ten years of research, there are few examples of successful phytoextraction.
This technology is limited by the long period required for cleanup, the restricted number of target
metals that can be extracted, the limited depth that can be accessed by roots, and the difficulty of
producing a high-biomass crop of the desired species. There is also concern about metal-accumu-
lating plants providing an exposure pathway for toxic elements to enter the food chain. The addi-
tion of chelants to enhance plant-metal uptake, invariably increases the risk of metal leaching.
Phytostabilisation exploits transpiration and root-growth to immobilise contaminants by reducing
leaching, controlling erosion, creating an aerobic environment in the root-zone, and adding organic
matter to the substrate that binds metals. Soil amendments can promote plant growth and
enhance metal immobilisation. Phytostabilisation requires the establishment of tailored vegetation
on the site that is left there in perpetuity. A succession of plant species may be used to establish
the desired climax vegetation. Unlike phytoextraction, there are numerous examples of successful
phytostabilisation on metal-contaminated sites.

Phytoremediation technology is site specific due to the plethora of environmental variables
that affect plant growth and metal mobility. Most contaminated sites contain a heterogeneous
mixture of several elemental and organic contaminants. Plant-growth may be limited by other
environmental variables, such as low pH, low nutrient availability, salinity, insufficient aeration or
low water availability. The commercial success of phytoremediation is thus dependent on convinc-
ing decision makers that phytoremediation can satisfy environmental regulations. Obviously, field
demonstrations at each site are not practical; therefore validated mechanistic models are required
to calculate the effect of phytoremediation on metal fluxes. Central to such models is an under-
standing of root-metal interactions in these typically heterogeneous media.
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1 Introduction

Phytoremediation is the use of plants to improve degraded environments. Plants affect
metal fluxes via the extraction of contaminating metals into the above-ground biomass, or
changing their mobility in the soil profile. Thus, there are two ways of achieving metal
phytoremediation.

In phytoextraction, vegetation is engineered so that the site is eventually cleansed via
metal removal, whereas in phytostabilisation metal mobility and metal toxicity are
decreased, thus lowering the environmental risk. In both of these roles, plants function as
bio-pumps (ROBINSON et al. 2003a) that use the sun’s energy to pump water and solutes
from the soil to the above-ground portions, whereupon water returns to the atmosphere via
transpiration. Plants also pump organic matter into the rhizosphere via root exudates and
decaying tissue. This organic matter may reduce or promote metal flux.

Water is the main vehicle for transport of metals through soil. Metal fluxes in soil are
dependent on spatial concentration gradients driving diffusion and dispersion, and the mass
flow of water (VOGELER et al. 2001). CLOTHIER and GREEN (1997) described roots as “the
big movers of water and chemicals in soil. Of the global average rainfall of 720 mm that falls
on soil each year (SELLERS 1965), some 410 mm is returned back to the atmosphere, either
directly from the soil or, more often, by evapo-transpiration from vegetation growing therein
(CLOTHIER and GREEN 1997). This represents a 57 % reduction in the average water flux
through soil, and a significant reduction in the volume of soil solution that exits the root-zone
and enters receiving waters. In arid regions, evapotranspiration can eliminate drainage and
hence render trace elements immobile.

Phytoremediation can also affect metal fluxes via plant-induced physico-chemical
changes in the soil. Vegetation affects the fate of trace elements in soil in the following ways:
— Changing the water flux
— Adding organic matter to the soil
— Changing soil pH
— Changing the metal speciation
— Promoting the growth of soil-borne organisms
— Changing the physical characteristics of the soil
— Bioaccumulation

Here we investigate these plant processes as they affect metal phytoremediation, the potential
applications of metal phytoremediation and the actions required for the successful im-
plementation of this technology. We divide metal phytoremediation into phytoextraction,
which only has limited potential for the remediation of contaminated land, and phytostabil-
isation, which has a greater potential, but is constrained by the lacuna of knowledge on soil-
root interactions.

2 Phytoextraction: not ready for action

Phytoextraction describes the use of plants to remove metals and other contaminants from
soils. Theoretically, metal-contaminated sites could be cleansed by the repeated cropping of
plants, provided that harvested amounts of metals exceeds further inputs, until the soils’
metal concentrations have reached acceptable levels. Phytoextraction relies on plants that
translocate large amounts of one or more target metals into the above ground biomass.
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After each cropping, the metal-rich biomass would be removed from the area and may be
burned to reduce its volume, whereupon it could be stored in an appropriate area, such as a
contained landfill, that does not pose a risk to the environment.

Successful phytoextraction requires that the soil be cleansed to a level that complies with
environmental regulations, and from an economic viewpoint, this should be achieved at a
lower cost than an alternate technology or the cost of inaction (ROBINSON et al. 2003a).
Field trials or commercial operations that demonstrate successful phytoextraction are
conspicuously absent. There is considerable scope to improve this technology by developing
crops that remove greater amounts of metal, or combining phytoextraction with a profit-
making operation. Most phytoextraction studies focus on enhanced plant metal uptake, by
discovering or engineering new plants, and by soil amendments to enhance metal uptake.
However, even with these improvements, basic plant physiology renders phytoextraction
ineffective for most contaminated sites. Here we discuss plant metal uptake as it relates to
phytoextraction and explore the potential application of this technology.

2.1  Plant metal uptake

The factor determining the duration of phytoextraction is the mass of metal removed by the
crop per unit of time (years) compared to the mass of metal in the soil. Theoretically, the
number of years required to lower the soil’s metal concentration to acceptable levels can be
calculated by:

M,—M,
t=— (1]
P(M)B(M)

where ¢ is the time (years), M; is the initial soil metal burden (g/ha), M is the target soil
metal burden (g/ha), P is the crop metal concentration (g/t), and B is the crop biomass
production (t/ha/yr). In the field situation, Eq. 1 gives the shortest possible time for phyto-
extraction, because it does not incorporate spatial or temporal heterogeneity. However, it is
useful to determine which scenarios are not suitable for phytoextraction.

The efficacy of phytoextraction is thus dependent on using plants with a high biomass
and a high metal concentration in the above-ground portions. Some plants, known as hyper-
accumulators (BROOKS et al. 1977) extract large amounts of trace elements from soil as part
of their normal metabolic processes. BROOKS et al. (1977) used hyperaccumulation to
describe plants that take up Ni to concentrations greater than 1000 mg/kg on a dry matter
basis on Ni-rich ultramafic (serpentine) soil. This concentration is at least an order of magni-
tude greater than concentrations found in other plants growing in the same environment. At
present, there are in total over 400 species of known hyperaccumulators for As, Cd, Mn, Na,
Ni, Tl and Zn (BROOKS 1998). While hyperaccumulator plants can achieve a high metal
concentration in their shoots, their biomass production is usually inferior to non-hyperac-
cumulator plants. Notable exceptions are Ni hyperaccumulators of the genera Alyssum
(ROBINSON et al. 1997a) and Berkheya (ROBINSON et al. 1997b). These plants can achieve
shoot Ni concentrations of >10000 mg/kg (1 %) on a dry matter basis, while producing more
than fifteen tonnes of dry matter per hectare per year.
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2.2  Induced hyperaccumulation

For some common metals, such as Pb, there are no reliable reports of any hyperaccumulator
species. Induced hyperaccumulation is a possible solution. Induced hyperaccumulation
requires that high concentrations of the target metal(s) be brought into soil solution and the
disruption of the root-endodermis, allowing the metal in soil solution to pass directly into
the root xylem via the apoplastic pathway. Chelating agents, such as ethylenediaminete-
traacetic acid (EDTA) and nitrilotriacetic acid (NTA) are effective in enhancing the solu-
bility of Pb, Cd, Cu, Zn and other trace element cations (HUANG and CUNNINGHAM 1996;
BLAYLOCK et al. 1997; ROBINSON et al. 1999; THAYALAKUMARAN et al. 2003; TANDY et al.
2004). Addition of thiosulphate and thiocynate salts to mine spoil induced plants to accumu-
late Hg (MORENO et al. 2005) and, auspiciously, Au (ANDERSON et al. 1998). Chloride anions
increased the Cd solubility in soils due to the formation of relatively stable chloride ion
complexes [CACI* and CdCl,] (WEGGLER et al. 2004). Similarly, MCLAUGHLIN et al. (1994)
demonstrated that the addition of chloride to soils enhanced plant Cd-uptake.

Solubilisation, however, does not necessarily induce bioaccumulation. For example,
plants do not take up Cu that is solubilised by dissolved organic matter because the complex
cannot penetrate the root endodermis and enter the xylem (BOLAN and DURAISAMY 2003).
Chelant addition to the Ni hyperaccumulator Berkheya coddii caused a decrease in Ni
uptake, despite enhancing the Ni solubility in the soil (ROBINSON et al. 1999). TANDY et al.
(2005) demonstrated that chelants increased Pb uptake into the shoots but reduced Cu and
Zn uptake from solution. Uptake of essential metals that are normally taken up via the
symplastic pathway, is reduced by the addition of chelates by rendering the metal unavailable
to the plant’s metal transporters into the symplast. Nevertheless, high concentrations of
chelants and soluble metal in the substrate can induce plant uptake. Uptake of metals in the
presence of chelates requires that the metal pass directly into the root xylem via the
apoplastic pathway, in part helped by the disruption of the root endodermis caused by high
concentrations of chelants in solution. A proposed strategy for chelate-enhanced phytore-
mediation is application of chelate to a mature crop growing on a contaminated soil. The
application of selected pesticides can disrupt root-membranes allowing the complexed
metal to pass directly into the root xylem via the apoplastic pathway (BLAYLOCK 2000).

There are environmental concerns about the use of induced bioaccumulation due to
metal leaching through the soil profile, possibly entering groundwater (LOMBI et al. 2001).
Processes such as preferential flow may exacerbate metal leaching (BUNDT et al. 2000).
While EDTA is the most often studied compound for chelant-enhanced phytoextraction, its
use in this role is unacceptable due to the severe risk of leaching high concentrations of
mobile metal-complexes to groundwater (NOWACK 2002). EDTA is not readily degraded
under natural conditions and thus persistent in the environment. Thayalakumaran et al.
(2003) demonstrated that, in an undisturbed soil profile containing 300 mg/kg Cu, plants
removed just 5% of the Cu solubilised by EDTA. The remaining 95% leached below the
root zone.

To achieve adequate solubility, chelants are usually added as Na salts. The resultant Na
concentrations in the soil can reduce plant growth. Sodium also causes the dispersion of clay
minerals, possibly resulting in increased preferential flow. Most chelating agents also solubilise
metals other than the target metals and these then may be phytotoxic. Examples include Al
and Mn. Chelators can act as chemical ploughs, redistributing surface contamination down
the soil profile. There is a reduction in the concentration near the soil surface, thereby reduc-
ing exposure pathways, but there is little effect on the total amount of contaminant within
the profile.
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Chelant-induced phytoextraction may therefore be limited to applications where the
connection to receiving waters has been broken, or where leaching is unimportant. In the
former case, phytoextraction could be conducted ex situ. Here, the contaminated material
would be placed on a liner whereby any leachate could be collected and recycled (KOS and
LESTAN 2003). Such systems are already used for soil washing and the recovery of Au from
low-grade ore bodies. Plants would aid in metal recovery by concentrating the metal in their
biomass. The economic feasibility of lixiviant-induced Au phytoextraction has been demon-
strated (ANDERSON et al. 2005), although the focus here is on Au recovery, rather than the
cleansing of contaminated soil.

2.3  Phytovolatilisation

Phytovolatilisation is a form of phytoextraction where plants transform soil contaminants
into volatile compounds that disperse in the atmosphere. Plant-microbial systems have been
discovered that volatilise Hg, As and Se (BROOKS 1998). One obvious drawback of phyto-
volatilisation is that there is no control on the destination of the volatilised elements. For
essential trace elements such as Se, however, phytovolatilisation offers the possibility of
redistributing this element from areas where Se toxicity exists to downwind areas where
there is Se deficiency (ZAYED et al. 2000). Selenium volatilisation using genetically
engineered Brassica juncea is one of the few examples of the successful field application of
phytoextraction (BANUELOS et al. 2005; BANUELOS 2006).

2.4  Plant-metal uptake in the field: metal heterogeneity

Most studies on plant-metal used homogeneous growth media in green-house environments.
In the metal-contaminated sites where phytoextraction would be applied, the distribution of
metals is typically highly heterogeneous both spatially and temporally. Eq. 1 does not
account for such heterogeneity. Unlike pot trials, roots in the field may not be in intimate
contact with the contaminated material, thus resulting in lower-than-expected metal uptake.
Similarly, after successive croppings, the pool of metal that is available for plant uptake
decreases — again reducing metal uptake. Areas of high metal contamination, so-called “hot
spots”, may inhibit plant growth, rendering phytoextraction ineffective in these zones.
Rewriting Eq 1 to incorporate site heterogeneity we get:

_ M (X) oy — M/' [2]
- PE)B(E)
where ¢ is the time in years, x is the spatial position (latitude, longitude) M;(x)ax is the maxi-
mum initial metal burden (g/ha), M is the target metal soil burden (g/ha), P is the crop metal
concentration (g/t), and B is the biomass production (t/ha/yr), both of which are a function
of the root exposure to bio-available metal E (g/t). E can be calculated thus:

E= JO J;R(t‘,z)C(M(t‘,z)) dr dz 5

where z is depth (m), R is the root fraction (dimensionless) that is in contact with the
bioavailable metal, C (g/t), which is a function of M.
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Eq. 3 requires a numerical solution because it is non-linear. The times calculated using Eq. 2
will always be longer than those using Eq. 1 because the maximum metal burden M{(z) ,a 1S
greater than the average metal burden, and because heterogeneity reduces plant uptake
due to the above-mentioned reasons. Eq. 2 is applicable over a wide range of scales. Clearly,
the degree of heterogeneity, and therefore cleanup time, will increase as the scale decreases.
Setting the scale of heterogeneity is the domain of regulators. This presents difficulties, since
it is an “unknown unknown” (RUMSFELD 2002).

An important parameter influenciing the uptake of a metal is its bioavailability, C. Of the
total metal concentration, only some fraction is available for plant uptake. Therefore,
phytoextraction would be limited to this pool if there were no re-supply from less available
pools. Such re-supply processes are, by definition, kinetically limited and may be very slow.
HAMON and MCLAUGHLIN (1999) introduced the concept of “bioavailable contaminant
stripping” for a phytoextraction procedure that aims to keep the bioavailable fraction of soil
metals low enough to be harmless.

Ploughing may decrease metal heterogeneity. It may also bring metal-contaminated soil
at depth to the surface, thus increasing the volume of material that can be treated using
phytoextraction. However, ploughing may increase metal mobility by creating dust and
enhancing metal solubility due to an increase in organic ligands caused by oxidation of the
soil’s organic matter.

2.5  Other challenges facing successful phytoextraction

Eq. 2 calculates the time to cleanse a site of only one metal. However, most contaminated
sites contain more than one pollutant. Few plant species can extract high concentrations of
more than one element. Consequently, specific crops may have to be grown sequentially to
remove several contaminants. Additional contaminants may further reduce plant growth.
Therefore, the time to cleanse sites with a suite of contaminants will be longer than that
required for the removal of a single metal.

The practical implementation of phytoextraction in the field presents additional challenges.
At present, there are no commercial providers of seeds or seedlings of hyperaccumulator
species. The growth of these crops may be reduced when they are cultivated outside their
normal range. Plant-metal uptake may provide an additional exposure pathway into food
chains if local herbivores consume these plants.

Phytoextraction requires ongoing site management and the processing and storage of the
metal-rich biomass. Burning may reduce the volume of the biomass, however, specialised
incineration facilities may be required to prevent metal-loss in the smoke (KELLER ef al.
2005).

Environmental regulator’s limited acceptance of phytoextraction as an effective land
treatment option hinders its commercial application. Regulators may be more willing to
accept a long-term cleanup operation if it were demonstrated that the environmental risk is
minimal during the phytoextraction because of the stabilising action of plants on soil.
Therefore, use of chelators that significantly increases the risk of contaminant leaching will
do little to enhance the ability of phytoextraction to meet the demands of current environ-
mental legislation.



For. Snow Landsc. Res. 80, 2 (2006) 227

2.6  Outlook for metal phytoextraction

High biomass plants can be genetically altered to extract larger amounts of metal from soils
(RUGH et al. 1998). Similarly, the potential biomass of smaller varieties of hyperaccumulator
plants is being improved (OW et al. 1998). DHANKHER et al. (2002) engineered Arabidopsis
thaliana to accumulate As by inserting two bacterial genes that imparted tolerance and the
ability to translocate As to the aerial portions. The soil’s microbiota plays a crucial role in
plant — metal tolerance and uptake (WHITING et al. 2001). Engineering the rhizobiota could
enhance plant uptake (NIE et al. 2002).

In its pure form, metal phytoextraction is only potentially applicable to a few sites
because of the high costs associated with the length of time required for remediation, which
may be several decades. This Achilles’ heel may be circumvented if phytoextraction is
combined with a profit making operation that is unaffected by any elevated plant-metal
loadings. NICKS and CHAMBERS (1994) demonstrated that hyperaccumulator plants could
generate revenue by extracting saleable heavy metals from otherwise sub-economic ore
bodies, a technology termed phytomining. An American company, Viridian Environmental,
subsequently patented the phytomining process. (US patent Nos 5711784 and 5944872).
Other such revenue-generating operations may include forestry (PULFORD et al. 1995) and
bioenergy production. Recent concern over global warming due to CO, emissions may pro-
vide economic incentives to produce plant-based fuels because such systems do not result in
net CO, production. As bio-fuels are not consumed, elevated metal concentrations in such
fuel-crops are of lower concern than they would be in food crops. Bio-fuels production may
be an effective way for the land to be cleansed while providing a positive economic return,
thus rendering the clean up time less important.

3 Phytoremediation to limit metal fluxes

Immobile metals in soil pose little risk to humans unless they are consumed directly via soil
ingestion. Soil organisms such as earthworms notwithstanding, immobile metals have limited
negative effects on ecosystems. Regulators are now recognising the influence of metal solu-
bility and mobility on environmental risk. Consequently, there is an increasing adoption of a
risk-based approach when assessing soil quality (SWARTJES 1999; FERNANDEZ et al. 2005).
Such risk-based regulatory systems are based on the effect of the contaminant, rather than
on its total concentration in the soil. Here we discuss how phytostabilisation aims to limit
metal fluxes and thus may result in site remediation under risk-based regulatory regimes.

In phytostabilisation transpiration and root growth immobilise contaminants by reducing
leaching, controlling erosion, creating an aerobic environment in the root-zone, and adding
organic matter to the substrate that binds the contaminant. Phytostabilisation involves the
establishment of vegetation on the contaminated site that is left in perpetuity. Substrate
amendments and a succession of plant species may be required to establish the desired
climax vegetation. Establishing a healthy substrate microflora, especially mycorrhizal sym-
biots can greatly enhance phytostabilisation (VOSATKA 2001).

VANGRONSVELD et al. (1996) detailed how phytostabilisation could control erosion and
leaching on metalliferous mine tailings. Establishing vegetation directly on the tailings
reduces dust and leaching, enhances public appeal, and is often more cost effective than cap-
ping, which could require re-engineering of any tailings dam as well as a large earth-moving
operation. DIX ef al. (1997) described how phytostabilisation could prevent contaminants
leaching to groundwater or local waterways, thus mitigating some of the negative environ-
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mental effects associated with tip-sites, land effluent disposal and intensive farming.
Phreatophytic trees such as poplars and willows are particularly suited to this role (FERRO
etal. 1997). Deep-rooting, high water-use, evergreen trees can be used to lower a saline water
table thus reducing salt toxicity to crops, a technology that has been demonstrated to be
effective on some Australian soils (BELL 1999).

3.1  Metal phytostabilisation by hydraulic control

Plants require water for growth. Transpiration cools the plant and translocates essential, and
nonessential, elements to the aboveground portions. Solar radiation drives plant growth and
water use, and the climate sets an upper limit on evapo-transpiration (ET), defined as the
volume of water transpired plus rainfall that re-evaporates from the plant’s surface.
Biological and soil variables determine the actual evapotranspiration of various vegetation
types, which may be much less than the theoretical upper limit. In many climates, annual
evapotranspiration is greater from fast-growing deep-rooted trees than from shallow rooted
herbs or grasses (VOGELER et al. 2001). During periods of drought, deep-rooted species
have greater access to water and continue to transpire after drought renders shallow-rooted
species dormant. Tree canopies act as umbrellas. In addition to intercepting precipitation,
canopies also reduce evaporation from below and thus keep the forest floor moist.
Depending on climatic conditions, more than 15 % of rainfall may evaporate before it reaches
the ground (MCNAUGHTON and JARVIS, 1983).

3.2 Plant borne organic matter affecting metal flux

Vegetation provides a continual source of organic matter in soil via plant exudates and the
decomposition of litter. Metal mobility is affected by interactions between metals, mineral
surfaces and ligands in solution. The effect of organic ligands on metal adsorption is dependent
on the properties of both the ligand and the soil (BENJAMIN and LECKIE 1981). On one
hand, organic ligands in solution compete with the surface functional groups for metal com-
plexation and thus decrease the amount of metal adsorbed on surfaces. Dissolved Organic
Carbon (DOC) is a main factor in mobilising metals, such as Cd, Cu, Pb and Zn in soils
(TrpPING 2002). On the other hand, enhanced metal adsorption can occur in the presence of
organic ligands by the formation of ternary surface complexes (surface-ligand-metal or
surface-metal-ligand). Adding insoluble organic matter into soil can immobilise metals by
increasing the amount of available binding sites.

Only few studies have investigated the influence of plants on metal leaching from con-
taminated soils under controlled conditions. BANKS et al. (1994) found that the Zn leaching
from a mine-tailing contaminated soil increased in the order no plants < plants with
microbes < plants without microbes. In a further study using contaminated mine tailings and
clean subsoil and topsoil covering, the presence of plants increased Cu and Cd leaching in all
columns, while Pb was unaffected (ZHU et al. 1999). TURPEINEN et al. (2000) demonstrated
that pine seedlings reduced Pb solubility by up to 93 %. ROMKENS et al. (1999) compared Cu
speciation in soils with and without plants. Cu solubility was higher in planted pots, but the
calculated free Cu?* ion concentration was orders of magnitude lower than in soils without
plants.
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3.3  Rhizosphere acidification

Plant roots excrete H* ions that exchange with nutrient base cations. In addition, many
plants exude organic acids that mobilise iron and perhaps other essential metals of low
availability. These organic acids solubilise metals by competing for cation binding sites. Root
exudations may acidify the rhizosphere by up to 2 pH units (SALISBURY and ROSS 1978).
Such acidification invariably increases the solubility of non-essential metal cations such as
Cd?* (NAIDU et al. 1994).

3.4  Vegetation promoting the growth of soil organisms

The exudation of organic substances by plant roots into the rhizosphere generally promotes
the growth of bacteria, fungi and soil-borne animals. Root exudates provide a substrate for
growth and roots improve soil aeration by extracting soil moisture and forming continuous
channels for drainage and air exchange. However, increased metabolic activity can result in
anaerobic conditions if more oxygen is consumed than can be re-supplied. The stimulation
of soil biological activity thus affects the speciation, and therefore mobility, of trace elements
(PEDERSEN and ALBINSSON 1992). The influence of redox processes on toxic trace metal
speciation in soil is particularly striking in the case of chromium. Some soil bacteria reduce
Cr(IV) to Cr(IIT) (PAL and PAUL 2004). When present in the +6 oxidation state, Cr is more
mobile, more readily bioaccumulated, and 100 to 1000 times more toxic than when present
in the +3 oxidation state (KERNDORFF and SCHNITZER 1980). Motile soil animals such as
worms and rotifers that feed on decaying plant matter can also affect the transport and
distribution of trace elements in soils.

3.5 Root effects

The formation of root channels not only affects water flux via enhanced soil drainage and
aeration, but also provides pathways for the rapid transport of solutes and suspended particles
and colloids (LESTURGEZ et al. 2004). These transport pathways can exacerbate the risk of
groundwater contamination by reducing the contact time of the soil solution with the soil
matrix and soil organisms that could otherwise retard the movement by sorption and trans-
formation processes (BUNDT et al. 2000).

The roots of some tree species avoid metal-contaminated hotspots (DICKINSON et al.
1991; BRECKLE and KAHLE 1992). Conversely, roots of the zinc hyperaccumulator plant
Thlaspi caerulescens actively forage zinc-rich hotspots in soils (SCHWARTZ et al. 1999;
WHITING et al. 2000). Both types of growth response may profoundly affect metal uptake as
well as leaching. However, there is a lacuna of knowledge on the underlying principles of
how heterogeneously distributed trace elements influence root growth.

3.6  Implementing phytostabilisation

As discussed above, biological parameters are of prime importance for metal phytostabilis-
ation. Species should necessarily tolerate local climatic and edaphic conditions. Shallow-
rooted turf species control surface erosion and dust; however, most turf species do not
remove water from deep within the soil profile. The shallow-rooted nature of many turf
species results in greater contaminant leaching than would be the case if trees were planted
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(VOGELER et al. 2001). Populus spp. and Salix spp. are commonly-used tree species. They are
effective because of their rapid establishment, high water-use, tolerance to a wide range of
environmental conditions, ease of propagation, and their ability to take up high levels of
some contaminants (QUIN et al. 2001).

Phytoremediation systems that use several species or varieties overcome the risk that a
new pest or climatic event destroys all the plants. Phytostabilisation may require plant trials
to determine the optimal suite of species, particularly for non-soil media such as sewage
sludge or mine tailings. Low-growing species may be combined with deciduous tree species
to provide a transpiring green surface during the winter months. Legumes enhance fertility
in nitrogen-deficient substrates.

Before planting, capping contaminated sites with fertile soil provides a better substrate
for plant growth and a buffer zone that stores water from heavy rainfall events. Although
more expensive, such capping systems reduce leaching by providing a deeper root zone, thus
providing more time for the vegetation to extract and transpire the infiltrated rain water.
The cost of earthmoving and reengineering the site offsets the advantages of a soil cap.

Vegetative caps are porous and leaching will occur in humid climates. Similarly, surface
runoff is likely after a bout of high intensity rainfall. Trapping any leachate and circulating it
back onto the vegetation will further reduce the metal flux (NIXON et al. 2001). Leachate
recirculation can occur ad infinitum: each pass through the root zone further modifies the
leachate. An increase in the level of solutes, especially Na* and CI', may be of concern during
leachate reapplication. However, depending on the composition of the leachate, reappli-
cation may have beneficial effects on plant growth compared to un-irrigated vegetation
(NIXON et al.,2001). Leachate irrigation via overhead sprinklers increases total evaporation,
but may negatively affect plant growth if the leachate contains high contaminant concen-
trations. Surface irrigation may avoid this problem. Drainage is inevitable when rainfall is
greater than evapotranspiration. However, vegetative caps may eliminate drainage during
low-rainfall periods. Depending on the metal, the high flow rates of receiving waters may
dilute any leachate to the point that they do not pose an environmental risk.

3.7  Limitations of phytostabilisation

Like any remediation technology, phytostabilisation is not suitable for all metal-contaminated
sites. Metal toxicity or adverse environmental conditions may prevent plant development. In
high-rainfall regions, plant transpiration may not sufficiently reduce drainage from the site.
The time required to implement phytostabilisation is dependent on the plant species. In gen-
eral, it will take 2—4 years with perennial tree species. Most importantly, phytostabilisation
requires that the site be permanently vegetated, thus limiting future land use options.
Phytostabilisation is therefore more suitable for low value sites, where the land value is
small compared to the cost of soil excavation and land-filling. As with phytoextraction, phyto-
stabilisation requires that regulators be convinced of its efficacy. Unlike phytoextraction,
providers of phytostabilisation technology can point to numerous examples of its successful
application on areas as diverse as acidic mine tailings (BROWN et al. 2005), wood-waste piles
(ROBINSON et al. 2003b) and disused sheep-dipping sites (ROBINSON and ANDERSON 2006).
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4 Conclusions

Unlike other remediation systems such as capping and soil removal, phytoremediation
systems are site dependent. It is impractical to conduct long-term field trials to optimise the
phytoremediation system for every site. Therefore, whole system models that calculate metal
flux are an essential component of phytoremediation. Such models can eliminate unnecess-
ary field trials by revealing where phytoremediation will not meet regulations under a risk-
based regime. Conversely, validated models could be used to gain regulatory approval for
phytoremediation without the need for lengthy demonstration trials. Site management can
also be optimised via modelling.

Although various aspects of vegetation-trace element interactions have been investigated
in detail, there is, as yet, no quantitative model that integrates the aforementioned interac-
tions thus calculating the environmental “fate” of trace elements in plant soil systems. This is
illustrated by the current body of literature on the role of vegetation for the immobilisation
of trace elements on contaminated sites. A wealth of information exists on plant metal-
tolerance and plant metal-accumulation, whereas the effects of phytostabilisation on the
mobility of the trace elements have received only minor attention.

Existing “whole system” models such as Soil Plant Atmosphere System Model (SPASMO),
Leaching Estimation and Chemistry Model (LEACHM), HYDRUS - 1D, Water and
Agrochemicals in soil, crop and Vadose Environment (WAVE) are designed to calculate
leaching of agrichemicals (SHARMAH et al. 2005). These models use the Penman-Monteith
equation for evapotranspiration (ALLEN et al. 1998), Richards’ and the Convection —
Dispersion Equations for water and solute transport, as well as simplified “tipping bucket”
algorithms (GREEN et al. 1999). While such simulation models can be adapted to calculate
trace element movement, they do not incorporate specific root-trace element interactions,
nor do they calculate the long-term changes in soil induced by vegetation that affect trace
element mobility. However, these models provide a frame work of water and solute-trans-
port equations into which chemical and biological interactions could be incorporated.
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