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Abstract

This study evaluates fast-growing Woody species for phytoremediation, biomass production
and community forestry on heavy metal contaminated brownfield sites in North West
England. Field tnals using Salix (5 taxa) Populus (2 hybnids), Alnus, Betula and Larix were
established at six sites. Metal fluxes in plants and soils, productivity and mortality were

measured over 3 years.

The heterogeneity of contamination on brownfield land proved problematic when defining
baseline data, despite comprehensive sampling and mapping. UK guidance inadequately
defines baseline soil contamination and sampling was carried out to identify 1% hotspots.
Pseudo-total, EDTA and CaCl, extractants were used to provide a guide to soil metal

bioavailability. EDTA proved most effective overall, CaCl, provided low recovenes and

poor analytical detection in many cases.

Careful ground preparation, planting and stand management provided good rates of
establishment of short-rotation coppice at the brownfield sites. Overall mortality rates were
10% 1n the first year, rising to about 20% after 3 growing seasons. Willows survived better
than poplar and productivity was higher. Biomass production varied with site and taxa, but
yields from Salix were up to 13 odt ha”' yr'', making commercial use a serious consideration

on 50% of sites. Alnus incana was also considered to be potentially valuable due to high

yields.

Phytoextraction of two of the more mobile metals may be feasible. Cd and Zn were
accumulated consistently in stems and foliage of Salix and Populus; the latter generally

exhibited lower uptake. Uptake by the other species was generally low, with some

exceptions. Concentrations of Cd and Zn 1n soils, stem and foliar tissue were all correlated,
which may allow less destructive sampling to estimate uptake of these elements into

harvestable woody tissues. EDTA-extractable soil metal concentrations did not significantly
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change over 3 years, despite substantial tree uptake. There was one exception, a significant
decrease of soil concentrations of a range of metals was detected beneath Salix X
calodendron (CAL; a likely hybrid of S. viminalis, S. caprea and S. cinerea). Togcther with
S. burjatica Germany (GER), these taxa exhibited the ability to concentrate Cd and Zn.
Stem uptake of Cd was 7-9 times (and foliage uptake was 9-13 times) higher than soil EDTA
concentrations, even where soil concentrations of this metal were very low. These taxa had
lower biomass yields and low mortality. Other taxa with increased yields and lower
concentration factors were able to accumulate similar quantities of Zn and Cd on sites when

using a mass balance model.

Metal otfftake from the plots by harvest was calculated, showing significant flux of metals to
wood and toliage. Leaf fall accounted for loss of over 50% of net Zn uptake, and was
highest in Populus, which has more foliage. Harvesting before leaf fall 1s crnitical 1f
maximum metal extraction i1s required. Data were also extrapolated to over a 20-year crop
itecycle. Theoretically, SRC harvest could remove 5.5kg of Cd and 150kg Zn in 20 years,
representing a reduction 1n soil concentrations of 100-150 ppm Zn and 6 ppm Cd. It 1s

argued this may be particularly significant for Cd on browntfield land.
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Glossary / Experimental Definitions

This section should be used for reference 1n conjunction with textual descriptions. Site and

species definitions and abbreviations are described fully 1n the text and summarised here.

Study Specific Definitions

Heavy Metal — Chemical notation defines them as ‘elements with an atomic density greater
than 6 g/cm’. The term however, has become synonymous with elements that are potentially
toxic 1n the environment.

Taxa — Any named taxonomic group of any rank in the hierarchical classification of plants.
In this study, taxa specifically reter to morphologically different vanetics of Salix.

Stem — refers to above ground woody parts of the tree, including bark

Fohliar / toliage — leat and petiole matenal

Wood / Bark — constituent parts of stem

General Terms
AAS — Atomic Absorption Spectrophotometery
CLEA - Contaminated Land Exposure Assessment

CRM — Certified Reterence Matenal

DEFRA — Department of the Environment, Food and Rural Affairs
DGT — Diffuse Gradients in Thin Films
EA — Environment Agency

EDTA - Ethylenediaminetetraacetic Acid
ICP-OES - Inductively Coupled Plasma Optical Emission Spectrometry

[CRCL. -- Interdepartmental Committee on the Redevelopment of Contaminated Land
JMU - Liverpool John Moores University
ODT ha"' - Oven dry tones per hectarc

PCA - Principal Component Analysis
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SGV — So1l Guideline Value
SRC — Short Rotation Coppice
UoL — University of Liverpool

USEPA — United States Environmental Protection Agency

Experimental Site abbreviations (refer to section 2.1 for a full description)
COR — Deeside Steelworks (Corus)

CRM - Cromdale Grove

FAZ — Fazakerley Reed Bed Scheme

KIR — Kirby Moss

MER — Merton Bank

SUG — Sugar Brook

Experimental Species abbreviations (refer to section 3.3 for a full description)
LAR - Larix x eurolepis

BET - Betula pendula

ALN - Alnus incana

GHY - Poplus deltoides x nigra ‘Ghoy’

TRI - Poplus trichocarpa “Trichobel’

CAL - Salix caprea x cinerea x viminalis *Calodendron’

ORM - Salix viminalis *Orm’

CLS - Salix caprea x viminalis *Coles’

GER - Salix burjatica *Germany’

TOR - Salix viminalis x schwerinni “Tora’
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Chapter 1: INTRODUCTION

1.1  Introduction

T'he concept of phytoremediation is not new. In 1885 a paper was published noting the
ability of green plants to concentrate and accumulatc Inorganic metallic elements (Baumann
1885). In a present day context phytoremediation is generally defined as “The use of
vegetation to contain, sequester, remove, or degrade organic and inorganic contaminants in
soils, sediments, surface water, and groundwater” (Schnoor 1997). The increased problem
of anthropogenic organic and inorganic pollutants within terrestrial and aquatic ecosystems
has transformed a 19" century botanical curiosity into a remediation technology aimed at
manipulating and ultimately reducing the effects of harmful contaminants in the

environment.

The background to, and rationale of, the present work examines the interactions of different
tree species planted for phytoremediation on Brownfield sites contaminated with a range of
heavy metals types at differing concentrations. It considers many characteristics of growing
trees 1n such environments and discusses the wider concept and benefits of applying such
schemes 1n a community forestry or commercial production context, within current

legislation and statutory controls in the UK.

Previous experiments have examined the phytoremediation potential of Salix (Willow) and
other tree species 1n relation to heavy metal contamination, but have concentrated
predominantly on pot, nursery or limited field experiments. Those that have taken place 1n
the ficld have tavored sites contaminated with heavy metals associated with sewage sludge,
fertilizer residues, or their own unique soil chemical environments. This study aims to

cxamine brownficld sites with a range of historical contamination sources crcated though

different processes and timeframes.
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1.2 Brownfield Land

Brownfield land is a widely employed term applying to land that has previously been used in
a productive context and now lies dormant with no perceived beneficial use. Definitions
vary widely, and other terminology such as derelict land, vacant land and underused land are
employed to refine descriptions of brownfield land, mainly for the benefit of statutory
definitions. An important distinction is that not all brownfield land is contaminated and,
conversely, not all contaminated land is classed as brownfield. Many contaminated sites
may still be part of current industrial operations, parks, greenspaces or residential areas.

In 2002 an Environment Agency report stated:

“Browntield and derelict sites, and even some greenfield sites, may be affected by
contamination, and may, or may not, meet the statutory definition of contaminated
land”(Environment Agency 2002).

The point at which sites can be classed as contaminated depends on current UK statutory
designation of contaminated land, however, many brownfield sites may contain
contaminants at levels below the statutory definition, but still acting as a barner for site
development or re-use. One of the main reasons for the emergence of brownfield land 1s
economic and structural change, with decline of traditional industnies. In many cases such
sites are usually accompanied by severe job losses, and a spiral of social and neighborhood
decline (Grimski and Ferber 2001). This situation places a much higher emphasis on

returning brownfield sites to a beneficial use, even as an intennm solution.

1.2.1 Regional Context

In 2002 thc Environment Agency estimated that North West England contained 6,930ha of

derelict or vacant land, the second largest regional quantity in the United Kingdom.

(Environment Agency 2002).

9
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This figure is predominantly a result of the North West’s henitage of heavy industry, such as
chemical production and mining in the 19™ and 20™ Centuries that fueled the industrial
revolution in the UK. Recently brownfield land has been generated by the subsequent cycle

ot urban sprawl and the dereliction that followed the demise of these large industries.

Over time this socio-economic shift has created significant areas of brownfield land. much of
which 1s located in urban areas, which expanded with associated industries and now most of
which have long ceased production. Many sites, by the nature of their location also acted as
formal and informal areas of industrial waste disposal and have an unknown pollution
history as few records were kept of substances used or dumped. Irrespective of the actual

contamination issues surrounding these sites, their location and perception are sufficient that

there are very few drivers to either remediate or re-develop them.

The concept of urban renaissance 1s therefore receiving renewed interest from national and
local government. The transformation of post-industrial brownfield sites to soft end uses
such as amenity land, parks or forestry is seen as critical in dealing with a range of urban
problems relating to health, environment and social inclusion (Barton 2000). Although
significant attention 1s still being given to the reuse of brownfield land for new homes or
other commercial hard end uses, 1n areas such as the North West, there 1s netther the demand

for homes 1n certain areas, nor the funds for redevelopment or remediation.

Understanding the regulatory and statutory framework tor such sites, as well as the physical

sitc constraints will help to make sure that community forestry and similar soft end use

schemes succced 1n the long term.

JJJ
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1.3 Contaminated Land

In 2000 the UK received its first statutory definition of contaminated land under new

legislation inserted into part IIA of the 1990 Environmental Protection Act:
Contaminated land is defined at section 78A(2) as:

"any land which appears to the local authority in whose area it is situated to be in
such a condition, by reason of substances in, on or under the land, that -

"(a) significant harm is being caused or there is a significant possibility of such harm
being caused; or

"(b) pollution of controlled waters is being, or is likely to be caused; ..."

Further definitions of significant harm, and the significant possibility of significant harm to
receptors are also defined. Receptors are listed as humans, ecosystems (classified as SSSI's
or above), livestock or crops and buildings. Any receptors not included in this list are
disregarded for the purposes of statutory definition. This means a clear pollution linkage
pathway must be established from the source to one of the above receptors for the land to be
deemed as contaminated. Site specific assessments must be made based on end uses for the
site and potential exposure pathways. Sites comprising a sensitive land use, such as schools,
housing or allotments maybe defined as contaminated as they have sensitive end uses and

clearly defined receptors, but the same site used for a car park may not be classed as

contaminated.

This definition has several major repercussions as to how brownfield land 1s designated and
subsequently used. Some brownfield land that contains contaminants will not be detined as
contaminated as no suitable receptor will be impacted. Removing this stigma will not
necessary remove the contamination and may actually hinder funding and momentum to

clcan up or rc-usc the land will be drastically reduced.

Another interpretation would be to ensure that land does not become defined as
contaminated by the introduction of remediation schemes that will cause receptors to be open

to contamination. In the casce of tree planting tor cxample, would trees provide a pathway
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for metals to enter food chains or become more mobile in the so1l, therebv introducing a

contaminant transport pathway and potentially defining the site as contaminated?

1.3.1 Estimates of the quantity of Contaminated Land

Estimates of contaminated land in the UK are varied due to differing interpretations and
applications of definitions, so should be viewed sceptically. In 2000 the Environment
Agency estimated there was 50,000 to 200,000 ha of contaminated land in England.
representing approximately 100,000 sites of which between 5,000 and 20,000 may require
recmediation based on unacceptable risks to human health and the environment (Environment
Agency 2000). In 2002 a revised methodology assessed the number and area of sites
previously used by industries that had the potential to cause contamination. In the North
West this revealed 20,000 sites covering nearly 35,000ha that had been subjected to

potentially contaminative processes (Environment Agency 2002). This was the highest

regional number of sites 1n the United Kingdom.

Although 1t 1s likely that only a small proportion of these sites will represent a direct danger

to humans or the environment, it shows the large potential for contaminated sites based on

the regions industrial heritage.

1.3.2 Regulatory Control of Contaminated Land

Assessment of contaminated land is now controlled by Contaminated Land Exposure
Assessment (CLEA), a human health risk based system since that was introduced to
compliment new statutory guidance (DEFRA and Environment Agency 2002a).  Previous
guidance used to describe if land was contaminated and therefore its suitability for a range ot
end uses, were concentrations specified by the Interdepartmental Committee on the
Redevelopment of contaminated land (ICRCL 1987). These figures were designed to be used
as guidancc for hard end redevelopment and consisted of a series of tnigger values and

threshold hmits, sphit into predominately zootoxic and phytotoxic elements, although
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definitions also were noted for some organic compounds. Figures for metals were in part

derived from the use of sewage sludge 1n agriculture (McGrath 1994).

It 1s a widely held claim that these (ICRCL) higures for the UK were ‘inadequate and...
lacking entirely in relation to tree planting’(Dickinson et al. 2000). and ICRCL fi gures were
never written into any UK statutory definitions. A variety of other national and international
guidelines were historically used such as Kelly indices or the Dutch list, none of which had
any statutory or rnisk based derivations. Consideration of the CLEA and ICRCL guidelines in
relation to the remediation of contaminated brownfield sites is discussed at length 1n Chapter

4.

1.3.3 Defining and classifying Contaminated Land

Site investigation is a basic requirement for quantification, remediation and risk assessment
of contaminants, which in turn may affect any future uses of the land, especially where
public access 1s required or when controlled waters or ecological receptors are impacted.
Intrusive site 1nvestigations involving extensive soil or groundwater sampling and
subsequent analysis are required to accurately assess spatial variability of contaminants.

This may reveal important data otherwise masked by the descriptive statistics of desk studies

and more restricted site investigations.

Contaminant sampling on sites with poorly documented historic contamination 1s
problematic in comparison to areas with better defined sources of pollution. If the
contamination source were more readily identifiable, such as a leaking tank or surtace water
flow path, spatial patterns of contamination could be more readily quantified. It 1s easier to
cvaluate sites known to have becen amended with sewage sludge, affected by atmospheric
fallout from industnal stacks, or impacted by mining waste disposal. In these cases the
footprint and dircction of contamination is likely to be more clearly defined. Previous

studics of contaminated sites and metal uptake by plants have focused on these types of sites
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where the substrate is better defined and of a less heterogeneous nature. Issues surrounding

Investigating and mapping contamination are discussed in Chapter 4.

1.4 Sources of Heavy Metal Poliution

Metal pollution can be released into soils 1n large amounts via natural weathering processcs
of parent rock materials (Borovik 1989). Sedimentary rocks such as clay and shale contain
higher quantities of metal 1ons from absorption (Brooks 1987). These rocks are faster
weathering and soils formed upon them may have naturally elevated levels of heavy metals.
Other natural sources of heavy metal input to the biosphere are from volcano eruptions and
to a much lesser extent, forest fires.

The main anthropogenic activities causing metal entry to soil and atmosphere are (Alloway

1995b):

e Metalliferous mining, refining and smelting
e Agriculture and sewage sludge disposal

e Combustion of fossil tuels

e Metallurgical and specialist industries

e Disposal of waste materal.

Metal contaminants considered by these processes are Ag, As, Au, Cd, Co, Cr, Cu, Hg, Mn,

Mo, Ni, Pb, Sb, Se and Zn. In terms of quantities released and distribution 1n the
environment the most significant are Cd, Cu, Zn, Pb and N1 (Alloway 1995b).

Their source of entry to ecosystems is dependant on use, for example via metalliferous
acrosols from chimney stacks, from mining waste spoil heaps or disposal of contaminated
waste materials. In many areas more than one source may be present, and a lack of accurate

records concerning previous uses or wastes can make pinpointing sourccs dithicult.
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1.5 Heavy metals in the soil

T'he conditions of the soil into which heavy metals have been deposited will have a
substantial effect on their behaviour, fate and ultimately interaction with plant systems.
Physical and chemical soil factors such as pH, organic matter concentration, nutritional
status and particle size distribution will affect the behavior of metals present in the soil
(Emst 1996). The nature and chemical form of metal contaminants, the presence and
concentration of other elements and abiotic factors such as weathering of minerals and
groundwater hydrology will also affect contaminant behaviour. Further biotic influences
such as the interaction of plant roots, soil bacteria and fungi and soil fauna such as
earthworms or other macro invertebrates can affect soil contaminant behaviour. It is the vast
number of physical, chemical and biological interactions that make modelling and predicting

the availability, fate and transport of these metals within the soil-plant system complex.

Soils may contain naturally derived heavy metals, or elevated concentrations due to
anthropogenic inputs. Background levels of metals 1n soils in an undisturbed state and souls

from urban environments have been well documented (Angelone and Bini 1992; McGrath

and Loveland 1992; Dickinson et al. 2000; Kabata-Pendias 2001).

The contaminants of concern to be investigated in this study are described below:

1.5.1 Arsenic (As)

Arsenic is primarily described as a metalloid, although its fate and behavior 1n soil 1s more
akin to a non metal covalent compound, forming complex 1onic species. Arsenic may occur
naturally in many soils as a result of mineralisation and weathering processes (Mitchell and
Barr 1995). Anthropogenic inputs of As may derive principally as a by product from the

processing and cxtraction of ores such as copper. lead, tin and silver (Kavanagh 1997).

atmospheric deposition from smelting. waste matenials from the glass, tanning, electrical and
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ceramics industry and use of agricultural pesticides or timber treatment chemicals (O'Neill
1995).

Arsenic may exist in the soil in either the +5 oxidation state, Arsenate As(V), typically found
In normal aerated soil, or the 3+ valence state, Arsenite As(III) which is more stable and
found under waterlogged or anoxic conditions. T'ypically 90% of dissolved As found in
aerobic soils i1s found as As(V), although this can reduce to as little as 15% in waterlogged
conditions in favour of the As(III) form (Wasay et al. 2000). Organic arsenic can also be
present 1n soil, but inorganic forms are the most toxic (Pongratz 1998). Arsenic speciation
will be influenced by pH and microbial activity, as well as the presence of clays. Fe and Al
oxides and soil organic matter to which both As forms adhere. Arsenic is carcinogenic and

genotoxic to humans via oral and inhalation routes (DEFRA and Environment Agency

2002¢).

1.52 Cadmium (Cd)

With the exception of a small number of carboniferous black shales, natural occurrence of

Cd in the soil by mineral weathering processes is extremely low, typically less than 1mg kg
(Alloway 1995a).  Anthropogenic sources consist of mining (as a by product from Zn
smelting) and waste disposal activities, either of products containing cadmium such as
batteries, plastics and galvanized metals or aenal deposition from smelting, burning fossil
fuels and tyre ware (DEFRA and Environment Agency 2002f). On agncultural, or former
agricultural land, Cd contamination 1n soil occurs as a result ot phosphate tertihzer use,
where Cd is present in rock phosphates. This may be exacerbated by the use of sewage
sludges on sotls, which frequently contain high levels of Cd. Cadmium i1s most commonly
found in the soil as free Cd™" ions and is therefore one of the most mobile heavy metals,
although 1t may be adsorbed onto clay or mineral surfaces and adsorption increases with soil
pH. Cd is primarily zootoxic and represents a nisk to human health via oral and inhalation

pathways. the latter representing and carcinogenic and genotoxic risk (DEFRA  and
Fnvironment Agency 2002d).
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1.5.3 Copper (Cu)

Elevated Cu concentrations may be found in the soil surface as a result of smelter deposition
or mining wastes. On agricultural land Cu inputs may originate from fertilizers, pesticide
use, the use of sewage sludge, or litters and manures from animals fed with Cu compounds.
Cu strongly associates with organic matter and is the primary source of its retention within
the soil, but may also complex with Fe and Mn oxides and silicate clays. As an essential
plant micronutrient Cu is utilized as an activator and also in some enzyme systems. although
absorption into plants is among the lowest of plant essential elements. Increased quantities
of Zn*" ions are antagonistic to Cu uptake as the mechanisms are thought to be similar. Cu
In excessive concentrations is known to be phytotoxic. The main factor controlling Cu
retention and mobility 1n the soil 1s the quantity of organic matter, Cu forms stable ligands
with COO- groups 1n the solid and liquid phases of organic matter. This has been 1dentified
as the cause of Cu deficiencies, but also 1n the decrease ot Cu toxicity in high organic matter

soils (Baker and Senft 1995).

1.5.4 Nickel (Ni)

Nickel is present in many ores and ultramafic igneous rocks such as sulphates and silicates.
Mean concentrations of Ni in soil were reported to be 20mg kg~ (McGrath and Loveland
1992). Nickel is commercially mined from sulphide and oxide ores and 1s commonplace 1n
many metal alloys, platings, batteries and chemical catalysts. Atmospheric N1 deposition 1s
via ore smelting or burning of fossil fuels including oil and diesel. Direct application of Ni
to soils is primarily in the form of disposal of fly ash from coal fired power stations,
followed by application of sewage sludges (DEFRA and Environment Agency 2002g). Ni1s
a transition clement and 1s commonly found 1n soils as a divalent 10n, Ni‘*. Ni(ID) is stable
under a range of pHl and redox soil situations and increased alkalinity causes Ni to form
hydroxy complexes (McGrath 1995).  pH is the most important factor for Ni distribution

between soil and solution phases and for plant uptake (Kabata-Pendias 2001), although
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binding of Ni to organic matter 1s also significant. Nj is recognized to be phytotoxic at

concentrations from 10-100 mg kg™’ depending on plant species.

1.5.5 Lead (Pb)

Lead 1s a component of igneous rocks and forms sulphide ores. Soil is know to act as a sink
for anthropogenic lead of which the primary sources are mining, smelting. sewage sludge
and aenal deposition from vehicle exhausts (Davies 1995). Lead 1s used 1n batteries (60% of
usage), metal products and historically in paints.  In the late 1980’s it was estimated that
anthropogenic emissions of Pb were more than 20 times greater than natural emissions. far
greater than any other trace metal (Nriagu 1989). Consequently atmosphenc deposition is
the major input into the biogeochemical cycle, especially in urban areas, although this was
substantially reduced with the phasing out of lead in petroleum products (Watmough and
Hutchinson 2004). Lead in soil occurs in Pb(IT) and Pb (IV) oxidation states both of which
are stable, and typically accumulates in the top of soil profiles (Davies 1995). Much is
known about human health effects of increased exposure to lead which can result in reduced
cognitive development in children and reduced sperm counts (DEFRA and Environment
Agency 2002b). In soils with a pH range of 5.5 — 7.5 lead solubility is controlled by

phosphate and carbonate precipitates thus very little is available to plants (Blaylock et al.

1997).

1.5.6 Zinc (Zn)

Burning fossil fuels, metal smelting and sewage sludge are all anthropogenic sources of Zn.
Zinc is extremely mobilc and bioavailable 1n so1l, existing predominantly as a divalent cation
below pH 7.7 (Kickens 1995) and 1s adsorbed mainly onto organic matter and clay minerals.
Zinc commonly intcracts with Phosphorus 1n the soil system, and high P may result in a
decrecase 1in Zn uptake and availability. Due to 1ts high bioavailability plant tissue

concentrations generally rnise with zinc soil concentrations.
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1.6  Uptake of metals by plants

Plants require mineral nutrition for optimum growth and metabolic activity. These can be
grouped 1n essential macronutrients, essential micronutrients and those having only
beneficial or restricted use. All plants require essential macronutrients: N, P. K. S. Ca and
Mg 1n large quantities, typically 1000 mg kg™ or more dry welght. Essential micronutrients
are hmited to just 10 trace metals; Fe, Cu, Mn, Zn, Co, Mo, Ni. V, Na and Rb (Kietter 1991)
at concentrations equal to or less than 100 mg kg™ dry weight (Mehra and Farago 1994). Al.
Sn, Cr and Sr are recognised as being beneficial to plants. Elements such as As, Ag. Cd and
Pb may be required at extremely low concentrations but generally serve no recognised

biological function and can be toxic at higher concentrations.

The mechanisms used to translocate and utilise nutrients are the products of several

millennia of evolution. Such mechanisms are selective, acquiring some metals in preference

to others.

In order to solubilise and extract metal 1ons from the soil environment plant roots can modity

the soil environment in several ways by exuding protons to change soil pH, or exuding other
compounds such as amino acids and hydroxycarboxylic acids to complex trace metals
(Cataldo et al. 1987). Soil biochemical activity in the rhizosphere, stimulated especially by
carbon based plant root exudates, can mobilise metals though acidification and organic
complexation (Pahlsson 1989). Conditions within the rhizosphere can theretore ditter

dramatically from the bulk soil component due to these rapidly changing and dynamic

processes.

Absorption of metals directly into the leaf can occur as a result of deliberate deposition (such
as the usc of fertilisers) or accidental deposition (such as anthropogenic aerosol sourccs).
Specics type. leat age, cuticle thickness and position and nutritional status will all influence

the rate of foliar absorption (Alloway 1995b). In many cases the waxy cuticle will prevent

translocation into the leat, cspecially in the case of Pb, and metals become bound into the
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leat’ surface. Metals in solution may penctrate the leaf directly though the stomata where
they can be transported to other parts of the tree via the phloem. Aerial deposition may also
Increase soil metal levels as they are washed down the trunk and accumulate in the soil

around the base of the tree (Watmough and Dickinson 1995).

1.6.1 Fate and distribution of metals in trees

The tate of metals as they pass from the soil to plant system varies widely across species and
metal type. Sycamore trees grown on contaminated soil showed the deposition of lead not
retained within the roots was accumulating to the stem, whereas zinc tended to be found
within the leaves (Turner and Dickinson 1993). Other studies have suggested that metals
accumulate more rapidly in actively growing parts of the tree such as shoots and leaves.
Riddell-Black (1994), grew four willow species on soil treated with repeated applications of
sewage sludge and demonstrated higher concentrations of all metals in leaves then of those
In the stem. Rosselli et al. (2003) grew Salix and Betula species on contaminated material to
find significantly higher concentrations of Zn and Cd in leaves and shoot tissues than in the
stems, similar findings were repeated with a related experiment using Salix in pot
experiments by the same authors. Similar compartmentalisation patterns were also noted by
Punshon and Dickinson (1997), where Cu and Pb accumulated predominantly within the
stems, and Zn and Cd 1n the leaves, although considerable concentrations of Cd and Zn were
also present within the stems.

Ultrastructual studies conducted on plant material using transmission electron microscopy
(Jarvis and Leung 2002), observed the distribution of both chelated and unchelated lead 1n
Pinus spectes. Unchelated lead was found exclusively 1n cell walls of the roots, whereas
lcad chelated with EDTA was found in intracellular spaces and sites adjacent to cell walls 1n

thc needles, with no apparent effect on thc morphology of intracellular components.
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1.7 Inducing changes via plants in the soil metal bioavailability

Section 1.6 discusses the ability of some plants to manipulate soil metal availability through
exudation of hydrogen ions or other compounds. This manipulation may increase mctals
available for plant uptake, or reduce metal mobility and thus migration either off site or into

plant tissue depending on the remediation strategy desired, eg: phytoextraction or

phytostabilisation.

Nissen et al. (2000) used synthetic zeolites to amend a sewage sludge based compost and
found that labile pools of zinc were significantly reduced, so was soil to plant transfer and
proved as effective as using larger quantities of lime as an amendment. Chen et al. (2000)
conducted similar experiments on rural Cd and Pb contaminated soils. The use of Calcium
Carbonate, Manganese Oxide and Zeolite, reduced Cd and Pb availability in soils and

significantly reduced uptake into wheat shoots compared to controls.

A difterent strategy can be adopted in order to increase metal availability for remediation
methods such as phytoextraction, especially for metals such as Pb and Cd, where uptake
rates may be low. This 1s especially true of lead, a ubiquitous contaminant in environments,
with a low bioavailability in the so1l and a poor ability to transport lead from roots to shoots.
Blaylock et al. (1997) used EDTA to enhance the availability of Pb to Indian Mustard

(Brassica juncea), resulting in concentrations of 1.5% Pb 1n the shoots. Similar results were

obtained by Huang et al. (1997) using almost 1dentical methodologies.

In laboratory tests, Lim et al. (2004), augmented soil EDTA addition by applying electric
currents to soil surrounding plants to further increase extraction using Brassica juncea by a
factor of 2-4 compared to using EDTA alone. although such systems may have limited usc 1n
field applications. Lai and Chen (2004) concluded the plant Diant/ius chinensis increased Pb

uptakc from a soil amended with EDTA. although soils in this trial were artifically

contaminated and represent a poor field companson.
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Robinson et al. (2000) used EDTA, DTPA and NTA in a pot experiment to increase Cd

availability to Populus, although the use of EDTA and NTA led to a reduction in growth and

abscission of leaves.

Consideration of soil conditions and potential leaching of mobilised metals to a wider
environment must be made when applying chelating substances, and similar drawbacks to
this technique do exist. Increased rainfall may lead to faster leaching into the environment
and EDTA addition may cause leaching of essential macronutrients such as Fe from the soil.
The resulting poor plant growth and therefore uptake will further risk contaminated leachat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>