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Preface

An understanding of the occurrence and availability of heavy metals and metalloids
in soils is of major importance to environmental health, crop and livestock produc-
tion, food and water quality and ecotoxicology. The concentrations of heavy metal
(loid)s in soils can vary widely, even in uncontaminated soils. Marked differences
in the geochemical composition of the rocks which form the parent materials of
soils and variations in the intensity of soil-forming processes can result in wide
ranges of total and available concentrations of most elements in soils, even in those
unaffected by contamination. Nevertheless, contamination from many sources can
often give rise to some very high concentrations of heavy metal(loid)s which can
cause toxicity in soil organisms and susceptible plants, but this depends on the
factors affecting the bioavailability of the elements.

This book covers the general principles of the occurrence, soil chemical behaviour
and soil-plant-animal aspects of heavy metal(loid)s and more detailed coverage of
21 individual elements, including: antimony, arsenic, barium, cadmium, chromium,
cobalt, copper, gold, lead, manganese, mercury, molybdenum, nickel, selenium,
silver, thallium, tin, tungsten, uranium, vanadium and zinc.

This is the third edition of this book which was previously published in 1990
and 1995 and it has involved a complete re-write with mainly new authors and
several new chapters. The structure of the book is largely the same as in the first two
editions with Part I covering ‘Basic Principles’ and Part II covering ‘Key Heavy
Metals and Metalloids’. However, the scope of Part I has been broadened with the
addition of four new chapters dealing with toxicity in soil organisms (Chap. 5),
soil-plant relationships (Chap. 6), heavy metal(loid)s as micronutrients for plants
and/or animals (Chap. 7) and the modelling of Critical Loads of heavy metals for
risk assessments and environmental legislation (Chap. 8). As in the previous editions,
Part II covers arsenic, cadmium, chromium, cobalt, copper, lead, mercury, nickel,
selenium and zinc. However, a new Part III has been created to give expanded
coverage on ten ‘Other Heavy Metals and Metalloids of Potential Environmental
Significance’ which include antimony, barium, gold, molybdenum, silver, thallium,
tin, tungsten, uranium and vanadium (with barium and tungsten being new additions).



vi Preface

As with the previous editions, this book will be of great value to advanced
undergraduate and postgraduate students, research scientists and professionals in
environmental science, soil science, geochemistry, agronomy, environmental health
and specialists responsible for the management and clean-up of contaminated land.

January, 2012 University of Reading, UK Brian J. Alloway (Editor)
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Chapter 1
Introduction

Brian J. Alloway

Abstract This new (third) edition of ‘Heavy Metals in Soils’ provides an up to date
and in-depth coverage of analytical methods, concentrations in soils, soil chemistry
and effects on plants, animals and humans of the 21 most environmentally impor-
tant heavy metals and metalloids. Although retaining a similar structure to the two
earlier editions (1990 and 1995) it has been completely re-written by a team of
mainly new authors. Its scope has been expanded by the inclusion of 4 new chapters
in Part I (Basic Principles) dealing with soil organisms, soil-plant relationships,
heavy metal(loid)s as micronutrients and critical loads. Part II, (Key Heavy Metals
and Metalloids) covers the 11 most important elements and Part III (Other Heavy
Metals and Metalloids of Potential Environmental Significance) deals with a further
10 less well known, but nonetheless important elements. Figures are given for total
world mining production of most of these heavy metal(loid)s over the period from
1973 to 2010. Opinions differ on the appropriateness of the term ‘heavy metals’ and
these are discussed together with a brief consideration of significant developments
in the study and management of heavy metal(loid)s in soils over the 22 years since
the first edition.

Keywords Heavy metals « Metalloids * Soil * Plants » Animals * Micronutrients
« Editions ¢ Chapters * Authors * Toxicity * Deficiencies « Mine production

An understanding of the natural (geochemical) and anthropogenic sources of heavy
metals and metalloids in soils, their soil-plant relationships and possible toxicity or
deficiency problems associated with them is just as important for environmental
protection, human health and agricultural productivity today as it was in 1990 when

B.J. Alloway (<)

Soil Research Centre, Department of Geography and Environmental Science, School of Human
and Environmental Sciences, University of Reading, Whiteknights, Reading RG6 6DW, UK
e-mail: b.j.alloway@reading.ac.uk

B.J. Alloway (ed.), Heavy Metals in Soils: Trace Metals and Metalloids in Soils 3
and their Bioavailability, Environmental Pollution 22, DOI 10.1007/978-94-007-4470-7_1,
© Springer Science+Business Media Dordrecht 2013
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the first edition of ‘Heavy Metals in Soils’ was published [1]. As more and more
analytical data for soils and plants become available in the world literature it is
increasingly apparent that considerable areas of soil in many parts of the world have
been contaminated with heavy metals and metalloids which, in many cases, pose
potential toxicity problems. On the other hand, however, deficiencies of essential
heavy metals, such as zinc (Zn), copper (Cu) and manganese (Mn) and metalloids,
such as selenium (Se) in agricultural soils are affecting agricultural productivity and
human health in many countries.

The most important factor determining whether toxicities or deficiencies of
elements will occur in plants on a particular soil is the plant-available concentration
in this soil. This depends on the total content of the element, the adsorptive capacity
of the soil and physico-chemical factors, such as pH and redox potential, which
control the balance between adsorbed and soil solution fractions of heavy metals
and metalloids. This book provides in-depth coverage of the key factors affecting
the occurrence, soil-plant relationships and possible toxicities or deficiencies of the
most environmentally important heavy metals and metal(loid)s. It is divided into
three parts: Part I: ‘Basic Principles’, Part II: ‘Key Heavy Metals and Metalloids’
and Part III ‘Other Heavy Metals and Metalloids of Potential Environmental
Significance’.

Part I (Basic Principles) covers (in order): the geochemical and anthropogenic
origins of heavy metals and metalloids in soils (Chap. 2), soil chemistry (Chap. 3),
methods of chemical analysis (Chap. 4), effects on soil organisms (Chap. 5),
soil-plant relationships (Chap. 6), a brief overview of the heavy metal(loid)s
which are essential for plants and/or animals (Chap. 7) and finally, Chap. 8 deals
with ‘critical loads’, which are the total input rates of heavy metals and metalloids
in soils and the environment which can be sustained without harmful effects.

Part II (Key Heavy Metals and Metalloids) comprises nine chapters covering
the sources, properties, soil-plant relationships, human and animal toxicology and
other environmental aspects of the 11 most environmentally important heavy
metal(loid)s. These include: arsenic (As), cadmium (Cd), chromium (Cr), cobalt
(Co), copper (Cu), mercury (Hg), lead (Pb), manganese (Mn), nickel (Ni), sele-
nium (Se) and zinc (Zn). Finally, Part III (Other Heavy Metals and Metalloids
of Potential Environmental Significance) deals with the less well known, but
nevertheless environmentally important elements: antimony (Sb), barium, (Ba),
gold (Au), molybdenum (Mo), silver (Ag), thallium (T1), tin (Sn), tungsten (W)
uranium (U) and vanadium (V).

The term ‘heavy metal’ has been used for many years and is generally
recognised as referring to the group of metals and metalloids of relatively high
atomic mass (>5 g cm_3) especially the transition metals, such as Pb, Cd and Hg,
that can cause toxicity problems [5, 7]. However, ‘heavy metals’ is difficult to
define precisely and some experts consider it inappropriate [5]. Although several
alternative group names, including ‘toxic metals’ and ‘trace metals’ have been put
forward, there are also problems with their use. Chemists argue that a new classifi-
cation based on the periodic table is needed to enable properties, such as toxicolog-
ical effects of elements to be predicted [5]. However, on the other hand, many


http://dx.doi.org/10.1007/978-94-007-4470-7_2
http://dx.doi.org/10.1007/978-94-007-4470-7_3
http://dx.doi.org/10.1007/978-94-007-4470-7_4
http://dx.doi.org/10.1007/978-94-007-4470-7_5
http://dx.doi.org/10.1007/978-94-007-4470-7_6
http://dx.doi.org/10.1007/978-94-007-4470-7_7
http://dx.doi.org/10.1007/978-94-007-4470-7_8

1 Introduction 5

professionals who have to deal with contaminated soil and other environmental
media find the group name ‘heavy metals’ to be a convenient “peg” on which to
‘hang’ data for the range of metals and metalloids likely to cause toxicity problems.
It is highly likely that many of these people will probably continue to use it, even
though it is poorly defined. One consequence of this is that “heavy metals’ tends to
be used mainly in a pejorative sense implying ‘bad’ metals which contaminate and
hence spoil the quality of land [6]. This is unfortunate because several of the heavy
metals are also essential for plants and/or animals and need to be present in
adequate quantities. Other non-pejorative terms, such as ‘trace metals’ are some-
times used in preference. Some non-metals, such as As, Sb and Se which have the
appearance and/or some of the properties of metals, but behave chemically
like non-metals, have sometimes been included within the group name ‘heavy
metals’. This is now considered to be too imprecise and so they are usually referred
to as ‘metalloids’ to distinguish them from heavy metals. The term ‘heavy metal
(loid)s’ is used widely in this book as a convenient shorthand when both heavy
metals and related (high density) non-metals are being considered together.

‘Trace elements’ is another widely used (and non-pejorative) term which
includes the heavy metal(loid)s and also lower density metals and non-metals,
such as boron (B) and halogens such as iodine (I) and fluorine (F) which do not
necessarily cause the same environmental and toxicological problems as the heavy
metal(loid)s. In plant and animal nutrition, there is a convention for referring to
the essential heavy metals and metalloids as ‘trace elements’, but this is not as
precise as ‘micronutrients’. From a geochemical point of view, the heavy metal
(loid)s are all trace elements, that is they normally occur in trace amounts (usually
<1,000 mg kg ') in rocks and soils (except for natural concentrations in ore
minerals, which form ore deposits). However, the biological use of the term
“trace element” applies to elements normally occurring at relatively low concen-
trations (usually <100 mg kg™ ') in the dry matter of living organisms.

From a historical perspective, some heavy metals such as Au, Ag, Cu, Sn and Pb
have been used by mankind for thousands of years (e.g., Au around 8,000 years, Cu
>6,000 years). The places where these metals were mined and smelted or where
artefacts were made from them will have been contaminated by these metals. Other
geochemically associated heavy metal(loid)s such as As and Zn, which were
present in some of the ore deposits, but not intentionally exploited, will also have
contaminated the local environment. Analyses of carbon and pollen-dated layers in
peat cores from ombrotrophic bogs in Europe have revealed that atmospheric
pollution of Cu and Pb from mining and smelting has occurred over a period of
more than 4,000 years [4, 9]. Peaks of contamination occurred at historically
important times such as the Bronze Age, the Roman Empire, the Industrial Revolu-
tion and the ‘modern’ period with its diverse sources and greatly increased pollution
loads. Apart from anthropogenic sources, soils in areas underlain by rocks with
anomalously high contents of heavy metal(loid)s will also have become enriched
through natural geomorphological and pedogenic processes over an even longer
timescale.
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Table 1.1 World mine production of heavy metals and metalloids (t of element content, except
where stated)

World production

Element Symbol 1973 [11] 1994 [3] 2004 [3] 2010 [10]

Antimony Sb - 106,000 112,000 135,000
Arsenic As - 43,000 37,500 54,500
Barium"® (59%) Ba - 4,300,000 6,900,000 6,900,000
Cadmium Cd 17,200 18,100 17,200 22,000
Chromium "®(46.5%) Cr - 9,570,000 17,000,000 22,000,000
Cobalt Co - 18,500 46,900 88,000
Copper Cu 7,116,900 9,430,000 14,500,000 16,200,000
Gold Au - 2,300 2,470 2,500
Lead Pb 3,487,000 2,800,000 3,150,000 4,100,000
Manganese*°(35—40%) Mn - 7,190,000 11,000,000 13,000,000
Mercury Hg 9,300 1,760 1,750 1,960
Molybdenum Mo - 104,000 139,000 234,000
Nickel Ni 710,000 906,000 1,400,000 1,550,000
Selenium Se - 1,880 1,500 2,260
Silver Ag - 13,900 19,500 22,200
Thallium (kg) Tl - 15,000 15,000 10,000
Tin Sn 233,300 184,000 250,000 261,000
Tungsten \%% - 26,000 60,000 61,000
Vanadium \% - 33,900 44,000 56,000
Zinc Zn 5,709,400 6,810,000 9,100,000 12,000,000

From: US Geological Survey [10, 11] and World Resources Institute [12]
*Tonnages of mined metal ores, rather than in metal(loid) content
“Barite = BaSO, (59% Ba)

®Chromite = FeCrO, (46.5% Cr)

“Mn ore (oxides) (35-54% Mn)

Table 1.1 shows total annual production of many of the heavy metal(loid)s
covered in this book over the period 1973-2010 [3, 10, 11]. Copper production is
the highest of all the metals shown and has more than doubled along with that of Zn
and Ni over this 37 year period. Tungsten production doubled between 1994 and
2010, Ag increased by around 60% and Au production remained more or less
even over this period. Tin and Pb showed a decrease between 1973 and 1994,
with gradual increases after this to higher total production tonnages by 2010.
The marked decrease of more than five times in the production of Hg between
1973 and 1994 and then relatively similar total production in the subsequent
16 years is particularly noteworthy and is due to changes in the use of Hg and the
introduction of stricter environmental controls.

In contrast to anthropogenic contamination of soils, it is now recognised that large
areas of agricultural land are deficient in one or more plant micronutrients [2]. As the
world population and its concomitant demand for food continues to increase, it is
important to ensure that levels of plant-available micronutrients such as boron (B), Cu,
Zn, Mn, Fe and molybdenum (Mo) in soils are adequate. This has become a major
problem in some parts of the world where higher yielding crop cultivars are being
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grown on less fertile soils and deficiencies in Zn, Cu, B and other micronutrients are
becoming widespread (see Chaps. 7, 12, 13 and 17). Concentrations of elements
essential for livestock and humans will also be lower in deficient crops, which is
particularly important in the case of Zn which is required by both plants and animals/
humans (Chap. 17) and Se, which is only required by animals/humans (see Chap. 16).

Since the first edition of this book was published in 1990, there have been many

important developments in the study and management of heavy metal(loid)s in soils
and these include:

Multi-element analysis of soils and plants (by ICP-AES, ICP-MS and XRF) is now
much more common both for research and advisory (extension) purposes, in fact
ICP-AES is now the most widely used spectroscopic technique for the analysis of
heavy metal(loid)s in soils, plants and related materials (See Chap. 4, Sect. 4.7.4).
The publication of soil geochemical atlases for several countries and regions and
analytical data from the soil testing of large numbers of representative samples
from farmer’s fields provide valuable indications of the relative proportions of
deficient and contaminated soils (See Chap. 2).

Major advances have been made in modelling the dynamics of heavy metal
(loid)s in soil-water and soil-plant systems with models such as the Free Ion
Activity Model (FIAM), the Windermere Humic Aqueous Models (WHAM
1-6) and the Biotic Ligand Model (BLM) (see Chaps. 3 and 8). These are very
useful in the estimation of critical loads and in the remediation of contaminated
and deficient soils.

The publication (in English) of large numbers of papers on heavy metal(loid)
contaminated soils in China, eastern Europe and other regions about which
relatively little was known until recently, provides a wider global perspective
on sources, dynamics and effects of heavy metal(loid)s in soils (see Chap. 2).
Increased awareness of the significance of atmospheric inputs of heavy metal(loid)
s and the development of the methodology for determining critical loads (See
Chaps. 2, 8, 16 and 17) has focussed attention on minimising soil contamination.
Increased research on the ecotoxic effects of heavy metal(loid)s on soil organisms
(See Chaps. 5, 6 and 13) has shown that several important soil ecosystem
processes mediated by microorganisms may be disrupted at relatively low levels
of contamination when crop plants appear to be unaffected by toxicity.

The European Union (EU) instigated a series of voluntary risk assessments on
several heavy metals, including Ag, Cd, Co, Cu, Mn, Mo, Ni, Pb and Zn. These
assessments drew together the latest findings on the inputs of these metals from
the major sources, concentrations in soils and critical (ecotoxicological)
concentrations from throughout Europe (see Chaps. 8, 10, 13 and 17). These
have been superseded by the EU REACH Regulations which deal with the
Registration, Evaluation, Authorisation and Restriction of Chemical substances
and became law (within the EU) in 2007. These regulations aim to improve the
protection of human health and the environment through improved and earlier
identification of the intrinsic properties of chemical substances and also to
enhance the competitiveness of the EU chemicals industry.
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Metalliferous mine tailings dams have failed in various countries (e.g. Romania
and Spain recently) resulting in large areas of alluvial soils downriver being
grossly contaminated with heavy metal(loid)-containing tailing particles. The
massive contamination of previously uncontaminated land has provided some
very valuable research opportunities.

Increased recognition of the importance of micronutrient deficiencies in humans,
especially of Zn and Se has fostered research into methods for the biofortification
of crops with these metal(loid)s (see Chaps. 7, 16 and 17) and Alloway [2].
Increased planning and regulatory emphasis on the recycling of brownfield sites,
has stimulated research into the clean-up and remediation of heavy metal(loid)-
contaminated soils [8].

Developments in armaments, such as the use of depleted uranium (DU) in anti-
tank ammunition and armour for tanks has necessitated research into the
behaviour of this material in the environment including pathways to humans
(see Chaps. 2 and 26).

Synthetic organo-tin compounds (OTCs) have been used in increasing amounts
in industry, marine antifouling paints and agriculture since their introduction in
the 1960s and significant amounts have found their way into some aquatic and
terrestrial environments. The OTCs which enter soils can be taken up by plants
and enter human diets. It is therefore important to monitor their concentrations
and investigate any potential toxicity hazards [3](see Chap. 24).

This book contains a great deal of up-to-date information on heavy metal(loid)s

in soils, plants and the wider environment which will be of great value to research
workers, agronomists, environmental engineers, environmental protection
specialists and regulators. It will also be a very useful source of information for
advanced undergraduate and postgraduate students.
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Chapter 2
Sources of Heavy Metals and Metalloids in Soils

Brian J. Alloway

Abstract Heavy metals and metalloids in soils are derived from the soil parent
material (lithogenic source) and various anthropogenic sources, most of which
involve several metal(loid)s. There are many different anthropogenic sources of
heavy metal(loid) contamination affecting both agricultural and urban soils. How-
ever, localised contamination from a predominant single source, such as a metal
smelter can have a marked effect on soils, vegetation and possibly also on the health
of the local population, especially in countries where there are inadequate emission
controls and soil quality standards. In general, soils at industrial sites can have
distinct groups of heavy metal(loid) contaminants, which depend on the respective
industries and their raw materials and products. Soils in all urban areas are generally
contaminated with lead (Pb), zinc (Zn), cadmium (Cd) and copper (Cu) from traffic,
paint and many other non-specific urban sources. Although the heavy metal(loid)
composition of agricultural soils tends to be more closely governed by the parent
material, inputs from sources such as deposition of long-distance, atmospherically-
transported aerosol particles from fossil fuel combustion and other sources, organic
material applications and contaminants in fertilisers can also be significant. Removal
of Pb from petrol and paints, changes in the type and structure of industries and strict
regulations on atmospheric emissions and waste water discharges have resulted in a
general reduction in the loads of heavy metal(loid)s reaching soils in many countries.
However, historic contamination still affects soils in many areas and may have
impacts for decades or even centuries afterwards.
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2.1 Introduction

All soils contain more or less the full range of heavy metal(loid)s in the periodic
table, but the concentrations vary widely and some may be below the limit of
detection for certain analytical procedures. Concentrations of elements in soils can
be divided into ‘total’ and ‘available’, which is the fraction of this total content
which is potentially available to plants (see Chaps. 3 and 4). Total concentrations
include all forms of the element in a soil, such as ions bound in the crystal structure
of primary and secondary minerals; those adsorbed on the surfaces of secondary
minerals such as clays, oxides and carbonates, those bound in solid state organic
matter, and free ions and soluble organic and inorganic complexes in the soil
solution. In most cases, much of the total content of an element will not be available
for immediate uptake by plants. The ‘available’ concentration of an element in the
soil is an estimate of the fraction of that element which is present as either free ions,
soluble complexes or in readily desorbable (labile) forms. Availability is affected
by many factors including pH, redox status, macronutrient levels, available water
content and temperature (see Chap. 3). Plants can also exert significant effects
on the availability of metal(loid)s through the release of exudates from the roots
(see Chap. 6). Soil analysis to determine ‘available’ concentrations of elements
usually involves a partial extraction with dilute solutions of reagents which have
been correlated with plant uptake and/or yield in certain species, or measurement of
specific soil parameters which can be used in a model to predict free ion and
available concentrations (see Chaps. 3 and 6). Although total concentrations are
often a poor indication of the potentially plant-available or ‘bio-accessible’
fractions of a metal(loid) in a soil, they do provide a useful indication of whether
a soil has anomalously high or low concentrations. This will show whether this soil
is contaminated and/or geochemically enriched and thus poses a possible risk of
toxicity to some species of plants, soil fauna or microorganisms (Chaps. 5 and 6).
On the other hand, low total concentrations indicate that a soil has either developed
from a parent material with a low total content of an element, or has become
depleted during pedogenesis and is relatively free from contamination. In either
case, there is a greater chance of essential heavy metal(loid)s (Zn, Cu, Co, Mn, Mo
and Se) being deficient in soils with low total contents especially where soil
conditions do not favour plant availability (see Chap. 7).

2.2 Total Concentrations of Heavy Metals and Metalloids
in Soils Around the World

It is important to stress that ‘total’ concentrations can be determined by two
different chemical methods and by one instrumental method using X-ray fluores-
cence spectrometry (XRF). Only one chemical method, involving digestion in
concentrated nitric acid (HNOs3) and hydrofluoric acid (HF), dissolves all soil
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constituents and gives a ‘true’ total concentration (Chap. 4, Sect, 4.5.1). The other
more widely used analytical procedure involves digestion in hot aqua regia
(concentrated HNO;3; + HCI) which dissolves most of the soil constituents except
those strongly bound in silicate minerals. This is sometimes referred to as the
‘pseudo-total’ content, or qualified as being determined in aqua regia (often
abbreviated to ‘AR’ in tables) (Sect. 4.5.2). Although not providing absolute total
concentrations, this method extracts all the elements that are likely to become
bioavailable even in the long term.

Table 2.1 gives the median and maximum concentrations of 20 heavy metal
(loid)s from surveys in different countries and regions and also average values for
these elements in world soils. It was not possible to include gold (Au) in this table
due to lack of sufficient data.

From the data in Table 2.1, barium (Ba) and manganese (Mn) have the highest
median contents and silver (Ag) the lowest, but antimony (Sb), and thallium (T1)
also have low median total contents of <1 mg kg™ '. A comparison of the concen-
trations of specific metal(loid)s in different countries or regions shows that median
concentrations can vary widely. For example median values of Ba show a nearly
13-fold range, being lowest in agricultural soils of the Baltic region (46 mg kg™ ")
and highest in the northern California (601 mg kg~ '). The maximum individual Ba
concentration from all the data sets is 7,610 mg kgfl, which was also found in
northern California [32]. Cadmium (Cd) shows a wide range of median values
(0.13-1.1 mg kg™ "), but the highest individual value encountered (in agricultural
soils) is 41 mg kg_l, which was found in England and Wales [56]. However, Cd
contents of up to 360 mg kg~ ' have been found in soils at Zn—Pb mine sites [67].
Lead shows an almost fivefold median range (8.4-40 mg kg™ '), but the highest
individual Pb value encountered in any of these surveys was 16,300 mg kg~ ' in
England and Wales. Chromium shows an eightfold variation (12-96 mg kg~ ") with
the highest value of 5,910 mg kg~ ' in northern California. Although the range of
median Zn values in Table 2.1 is less than threefold (33-88 mg kg~') maximum
Zn contents of 3,648 and 6,173 mg kg~ ' have been found in England and Wales
and the USA, respectively. The variations between countries and regions reflect
differences in the geochemical composition of the soil parent materials and the
degree of soil contamination from various sources (see Sect. 2.3.2 below). The
highest median contents of Ba, Co, Cr, Mn, Ni and V in Table 2.1 are in the soils of
northern California and reflect the diverse range of rock types (lithogenic sources)
in this region which range from ultramafic to acid igneous. The high maximum As,
Cu, Pb and Zn contents also found in northern Californian soils are due to metal-
liferous ore deposits in the Sacramento Valley drainage basin, which are both
lithogenic and anthropogenic (mining) sources of metal(loid)s [32]. In contrast,
relatively low concentrations of most heavy metal(loid)s were found in Florida,
which is probably due to the sandy nature of the soils and their severe leaching
during podzolization. Median contents of selected elements in the Florida soils
(in mg kgfl) were: Cd 0.004, Cu 1.9, Pb 4.9 and Zn 4.6 [11].

Although the world and regional average or median metal(loid) concentra-
tions can be of general use in providing a basis for comparison of soil test data at
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specific sites, they are of little value when it comes to interpreting soil analyses with
regard to contamination and possible toxicity, or anomalously low contents and
possible micronutrient deficiencies. It is necessary to collect sufficient samples from
apparently uncontaminated sites in the locality being investigated in order to deter-
mine a local background value for each metal(loid) to provide a basis for comparison.
Some countries have determined ‘official’ background and/or maximum permissible
concentrations, which are used for the interpretation of soil analytical data (Chap 4.
Sect. 4.2). An example of these are the statistically-determined background values for
the Netherlands shown in Table 2.1 [8]. It is common for the total concentrations of
heavy metal(loid)s in soils not affected by anthropogenic contamination or particu-
larly diverse geology to span more than one order of magnitude [30].

2.3 Sources of Heavy Metals and Metalloids in Soils

The total contents of heavy metal(loid)s in a soil are the sum of the concentrations
of elements derived from minerals in the geological parent material on which
the soil has developed (lithogenic source) and inputs from a wide range of possible
anthropogenic (contamination) sources. These include atmospheric deposition
of aerosol particles (<30 pm diameter), raindrops containing heavy metal(loid)s,
or gaseous forms of elements, direct applications of agricultural fertilisers, agri-
chemicals and various organic materials including sewage sludges, livestock
manures, food wastes and composts. Technogenic materials such as ashes, mine
wastes and demolition rubble can be contaminants in existing (pedogenic) soils or
can form the parent materials of new, man-made soils (Anthrosols).

The total concentration of a metal(loid) in a soil is the sum of all these various
inputs minus the losses through off-take in harvested or grazed plants, erosion of
soil particles by wind or water, leaching down the soil profile in solution and losses
by volatilization of gaseous forms of elements. These are summarised in the
following descriptive equation:

Mtolal = (Mpm +Mutm +Msed +Mf +Mac +th +Mom +Mic)
- (Mc'r + M, +M, +M\’)

Where: M = metal(loid), pm = parent material, atm = atmospheric deposition,
sed = deposited sediment, f = fertilisers, ac = agricultural chemicals, m =
technogenic materials, om = organic materials, ic = other inorganic contaminants,
cr = crop removal, e = soil erosion, / = leaching, and v = volatilisation.

2.3.1 Lithogenic Sources of Heavy Metals and Metalloids

On a spatial basis, the lithogenic source (geological minerals in the soil parent
material) is the dominant factor determining the total concentration of heavy
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metal(loid)s in world soils. Ten ‘major’ elements: oxygen (O), silicon (Si),
aluminium (Al), iron (Fe), calcium (Ca), sodium (Na), potassium (K), magnesium
(Mg), phosphorus (P), and titanium (Ti) constitute over 99% of the total element
content of the earth’s crust. The remainder of the elements in the periodic table are
called ‘trace elements’ and together comprise a total of only 1% by mass of the
earth’s crust. Their individual concentrations do not normally exceed 1,000 mg kg ",
except in ore minerals, which are natural concentrations of minerals containing these
trace elements. The parent material is the rock or unconsolidated drift material that
has undergone weathering and pedogenesis to form the mineral skeleton of the soil.
Weathering involves the chemical decomposition of minerals, the release of some of
their constituent elements in soluble forms and the formation of new (secondary)
minerals through chemical reactions between the products of weathering. The part of
the mineral not chemically decomposed remains as an insoluble residue and any
metal(loid)s retained in it are unlikely to become soluble and available to plants for a
long time. In addition to concentrations of major and trace elements, the mineralog-
ical composition of the soil derived from its parent material also determines its
texture (percentages of sand, silt and clay-sized particles) and has a major influence
on the physical and chemical properties of soils. Perhaps the most important
chemical property is the ability of the soil to adsorb cations and anions, which is
directly linked to the type and amount of secondary minerals including clays,
carbonates and hydrous oxides of Fe and Mn, the soil pH and redox conditions
(See Chap. 3). This adsorptive capacity of the soil will have a profound effect on the
bioavailability of metal(loid)s.

Typical concentrations of a range of heavy metal(loid)s found in the upper
earth’s crust and the most common types of igneous and sedimentary rocks are
shown in Table 2.2. In the earth’s upper crust, Ba and Mn have the highest
concentrations of all the elements listed and Ag and Cd, the lowest, which is also
reflected in their concentrations in world soils shown in Table 2.1. Zinc is quite
notable for being present in relatively high concentrations compared with other
heavy metals, such as Cu, Pb and Ni. When the different types of rocks are
considered, among the groups of igneous rocks shown in Table 2.2, Cu, Mn, V
and Zn are highest in the gabbros and basalts, whereas, Co, Cr and Ni are highest in
the ultramafic group (peridotites and serpentinites).

Trace elements are incorporated into the crystal structure of rock-forming
primary minerals, which have crystallized from magma, mainly by substitution of
the major constituent ions, such as Fe, Al and Si. The ferromagnesian minerals such
as olivine, hornblende and augite have relatively large numbers of different trace
elements associated with them including the micronutrients, which are elements
essential for plants and animals (see Chap. 7) [66]. As a result of their relatively
high contents of both macronutrients and micronutrients and their relatively rapid
weathering, the soils derived from basalts and other rocks containing these minerals
tend to be very fertile. As the proportion of Si increases in primary minerals, they
become more resistant to weathering and tend to have lower contents of trace
constituents. Quartz, the crystalline form of SiO,, generally has relatively low
contents of trace elements (such as Ti, Li and B) associated with it and is the
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most abundant primary mineral in the earth’s crust. It is highly resistant to
weathering, although over a prolonged period in hot, wet tropical conditions,
even quartz is eventually weathered.

Sedimentary rocks are formed by the lithification of sediments comprising rock
fragments, resistant minerals (such as quartz), secondary minerals such as clays
and/or chemical precipitates such as Fe,O3;, CaCO3; and MgCOs arising from the
weathering of igneous rocks. Since around 75% of the rocks outcropping at the
earth’s surface are sedimentary, they form a much higher proportion of soil parent
materials and are therefore more important in determining soil composition
than igneous rocks. In many parts of the world, outcrops of sedimentary rocks are
covered by superficial (‘drift’) deposits of various types, including wind-blown
loess, boulder clay, glacial sands and gravels, colluvium and alluvium and it is these
that form the actual soil parent material. These superficial deposits are also primar-
ily derived from sedimentary rocks. In Table 2.2 it can be seen that sandstones tend
to have the lowest concentrations of most metal(loid)s and that some black shales
and oil shales have the highest concentrations of several potentially toxic elements
such as As, Cd, Cu, Mo, Pb, uranium (U), V and Zn.

2.3.1.1 Rock Types of Major Significance as Lithogenic Sources
of Heavy Metal(loid)s in Soils

Black Shales

Black shales, including bituminous and oil shales, have high organic matter and
clay contents and are significantly enriched in a range of heavy metal(loid)s and
other trace elements. They can give rise to significantly elevated concentrations of
Ag, As, Au, Ba, Cd, Cr, Cu, Hg, Mo, Ni, Pb, Sb, Se, Th, T1, U, V, W, Zn, rare earths
(REE) and platinum (Pt)-group elements in the soils developed on them. They were
mostly formed in marine basins and are often referred to as ‘metalliferous marine
black shales’. Some of these rocks contain sufficiently high concentrations of
metal-containing minerals to be mined as metal ores. Others have acted as source
rocks for hydrothermal mineralization deposits of metal ores. The Kupferschiefer
(“copper shale”) is an example of a metal-rich black shale, and it has been mined
in various places in Germany and Poland for Cu, Pb and Ag since medieval times.
Organic-rich, black shales were formed in shallow sea water with a reducing envi-
ronment which is partly responsible for their accumulations of heavy metal(loid)s.
Deposits of black shales of various geological ages outcrop widely throughout the
world with particularly large deposits in Russia, USA, Canada, Australia, China,
Brazil and northern Europe. In Manitoba, Canada, outcrops of black shales, ranging
in age from Ordovician to Tertiary (360 M yrs), with an area of 150,000 km?,
show considerable variation in Mo contents, with the oldest and youngest showing
the lowest median values (~ 1 mg kg~ '). Those of intermediate ages (Devonian
to Cretaceous) had similar median values (~ 5 mg kg '), but the Cretaceous
black shales had individual Mo contents varying by three orders of magnitude [30].
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Smaller occurrences in many other countries give rise to localised areas of heavy
metal(loid)-enriched soils either developed directly on shale outcrops or on drift
deposits containing shale fragments and their weathering products (clay and silt-sized
particles). The origin of this black shale drift can include residues of eroded overlying
strata, glacial drift and alluvium. Relatively thin beds (facies) of black shale can also
occur in some major clay deposits (e.g. Kimmeridge Clay of Jurassic Age) and give
rise to local anomalies in heavy metal(loid) concentrations. Molybdenum-induced Cu
deficiency in ruminants (see Chaps. 7 and 21) occurs widely on Mo-enriched soils
derived from shales, especially those with black shale facies. In Ireland, black shale
facies of the Clare shales (Upper Carboniferous) contain high concentrations of Mo
and Se (<200 mg Mo kg~ ' and <220 mg Se kg~ ') which can cause toxicity (and/or
induced Cu-deficiency) problems in livestock grazing pastures on soils derived from
these rocks [23].

Black shales have attracted wide attention as sources of elevated Cd concen-
trations in soils and examples include: up to 22 mg Cd kg~ in soils on the Monterey
Shale in California, USA [73], 24 mg Cd kg7l on Carboniferous shales in
Derbyshire, UK [55], 11 mg Cd kg™ in alluvial soils in an area of uraniferous
black shales in South Korea [45] and 60 mg Cd kg ™" in soil (and <187 mg Cd kg
in rock) in an area of black shales and carbonaceous siltstone in Wushan County
in south western China [88]. These soils in south western China also contain
anomalously high concentrations (in mg kg~ ') of Ni up to 388, Zn 962, Mo 99
and Sb 15. Control soils nearby contained concentrations of up to (in mg kg™ ):
Cd 0.76, Ni 39, Zn 108, Mo 1.1 and Sb 3.4. Crops grown in soils on black shales in
this area had elevated concentrations of Cd (up to 76.5 mg kg~' DM in maize) and
Mo (up to 5.4 mg kg~ DM in beans) which are a major cause of concern for the
health of consumers [88].

Many black shale facies and related carbon-rich sedimentary rocks are significantly
enriched in U and those with particularly high contents are referred to as ‘uraniferous’
shales. Concentrations of >300 mg U kg~' have been found in uraniferous black
shales in South Korea. Black shales of Upper Jurassic age in West Siberia contain high
concentrations of rare earth elements (REE) (<534 mg kgfl) with cerium (Ce) being
the most abundant (<220 mg Ce kg~ )[98]. A uraniferous organic-rich black shale of
Upper Cretaceous age from the Nakheil phosphate mine in Egypt was found to contain
high concentrations of several heavy metals (in mg kg~ '): U 41, Mo 570, Cd 233 and
Zn 2,314 [26] (Table 2.2). In most cases, U-rich sedimentary rocks, such as shales and
phosphorites also contain significant amounts of the radioactive element thorium (Th)
which is usually present at around three times the concentration of U (see Chap. 26).

Coals are also closely related to black shales in being formed from organic-
rich sediments in shallow reducing environments. They are relatively enriched in
several heavy metal(loid)s (Table 2.2), but the contents in different coal formations
vary widely. Some coals contain significant amounts of U and Th and the ash from
these coals could contain up to ten times as much U (see Chap. 26). They can also
be mineralized with the deposition of minerals containing As and other heavy metal
(loid)s [53]. Although coals do not form significant areas of soil parent materials
on the land surface, they do affect the composition of large geographical areas of
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soils through air pollution (and subsequent atmospheric deposition) from coal
combustion for electricity generation, industrial steam generation and/or domestic
heating [53].

Limestones

Limestones comprise mainly grains of calcite (CaCO3) mostly derived from micro-
scopic marine organisms. The marine basins in which these organisms and chemical
precipitates of CaCO3 accumulate can also receive significant inputs of heavy metal
(loid)s and can thus give rise to limestones with elevated concentrations in some
locations. Sulphides can occur in some limestones and clay-rich calcareous marls are
often found to be a rich source of heavy metal(loid)s. In many parts of the world,
limestones have been extensively mineralized from the deposition of sulphide heavy
metal(loid) ore minerals from hydrothermal fluids in the limestone sedimentary beds
(see Sect. 2.3.2.2 Metallogenic Mineralization). This carbonate-hosted mineraliza-
tion is referred to as being of the “Mississippi Valley-Type”. During weathering,
when the limestone and sulphide ore minerals undergo dissolution and oxidation, the
metal(loid)s become dispersed in the residual soil and/or leached into groundwater.

Baize and Chrétien [3] report anomalously high concentrations of Cd, Co,
Ni, Pb and Zn in soils on the Sinemurian (Lower Jurassic) limestone platform
in Bourgogne region of central France. The organic-rich, calcareous residual soils
(Rendic Leptosols) have developed over limestone which had previously been
mineralized by hydrothermal fluids or sedimentary processes. Weathering and
pedogenesis have resulted in these soils having high concentrations of heavy
metal(loid)s (in mg kg~ '): Cd 3-4.7, Co 20-50, Ni 62-410, Pb 107-10,180,
thallium (T1) 47-55 and Zn 420-3,820, which are very high for soils unaffected
by anthropogenic contamination [3, 92]. Soils in an area with a similar geological
history near Alés, in France, were also found to have elevated concentrations of
several heavy metals including Tl (<18.2 mg kg™ "). In contrast, a survey of Tl
in 244 samples of arable soils across France showed a median concentration of
0.29 mg Tl kg~ ', a mean value of 1.5 mg Tl kg~' and a 90th percentile of 1.54 mg
Tl kg ' [92].

Soils developed on Jurassic Oolitic limestone in adjacent areas of the Jura
Mountains in Switzerland and France have been found to contain anomalously
high concentrations of Cd (up to 22 mg kg~") and Zn (up to 864 mg kg™ "), but the
Cd and Zn concentrations in the limestone rock were much lower (<4.9 mg Cd
kg ' and <207 mg Zn kg '). The enrichment of the Calcaric Cambisol soil in this
area, relative to its parent material, is probably due to vertical pedogenic processes
involving the weathering of underlying rock and debris from upslope limestones
and the accumulation of resistant Zn-containing minerals [41, 76].

Phosphorites

Phosphorites are sedimentary rocks containing high concentrations of phosphate
minerals, mainly apatite (Cas(F, Cl, OH)(PO,4)3;) which have formed in several



2 Sources of Heavy Metals and Metalloids in Soils 21

possible ways, usually on the ocean floor, and are often accompanied by other
sedimentary strata which may include limestone, shales, cherts and sandstones.
Large accumulations of bird excreta (guano) over a very long time-scale have
reacted with underlying limestones and given rise to some important phosphorite
deposits in some places such as certain Pacific islands. These deposits have been
utilised as raw materials for the manufacture of P fertilisers and most have been
completely consumed. Phosphorites are generally enriched in several heavy metal
(loid)s to a greater extent than black shales, for example Ag by a factor of 20 times,
U by 30 and Cd by 50 [85]. Silva et al. [17] compared concentrations of metals
in samples of phosphorites from a mine in Tunisia with other phosphate rocks
from around the world and the maximum concentrations found (in mg kg~ ') were:
Cd 62.5, Cr 490, Cu 110, Ni 180, Pb 500, U 150 and Zn 1,850. Perhaps more
important than their contribution to the heavy metal(loid) content of soils developed
on them, is the impact of these rocks on soils of all types when they are used as raw
materials for manufacturing P fertilisers (see Sect. 2.3.2.2 Inorganic Fertilisers).
Page et al. [73] refer to mean concentrations of 25 mg Cd kg~ in phosphorites with
maximum values of <500 mg Cd kg™ ".

Very high Cd concentrations have been found in soils developed on phosphorites
derived from guano in Jamaica. Concentrations of <930 mg Cd kg ™', of lithogenic
origin were found in soils which had not been contaminated from anthropogenic
sources. The Hope phosphorite (rock) from Manchester Parish in Jamaica contained
(in mg kg_l): Cd up to 6,200, Zn 12,300 and U 166 [31]. A similar deposit, the
Spitzbergen phosphorite, also in this part of Jamaica, contained up to 16,540 mg
Cd kg~' and 6,103 mg Zn kg~ '. Owing to their very high Cd content, these
phosphorites have been described as ‘cadmiferous’.

Ultramafic Rocks

Ultramafic rocks of various types, including serpentinites, peridotites and pyroxenites,
outcrop in several parts of the world. Although, on a global scale the soils developed
on them do not occupy a very large total area, they are particularly notable because of
their relatively high concentrations of Ni, Cr, and Co, low Ca:Mg ratios and low levels
of P and K which only adapted plant species (‘serpentine flora’) can tolerate. The high
Co, Cr, Cu and Ni values in northern Californian soils shown in Table 2.1 are due to
ultramafic parent materials. The UK Soil and Herbage Pollutant Survey (UKSHS)
found that mean Cr and Ni concentrations were higher in the rural soils of Northern
Ireland than in the rest of the UK due to the greater occurrence of mafic and ultramafic
soil parent materials there [83].

Concentrations of up to 10,000 mg Ni kg~' (1%) have been found in soils
developed on ultramafic rocks whereas normal Ni concentrations in soils on other
parent materials are frequently <500 mg Ni kg~' [75]. In California, Cr concen-
trations in ‘serpentine’ soils ranged between 1,725 and 5,910 mg kg~ ' [32, 72].
In Galicia, northern Spain, serpentine soils contain up to 1,162 mg Crkg ', 940 mg
Ni kg~ ' and 150 mg kg~' Cu, compared with up to 50-100 mg Cr and Ni kg ™!
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and 5-25 mg Cu kg~ ' for local control soils on other parent materials [65]
(see also Chap. 11).

Sedimentary Ironstones

All Fe oxide-rich sediments, including ‘ironstones’ which are defined as containing
>30% Fe oxides, are generally found to have accumulated relatively high concen-
trations of As, Ba, Cu, Mn, Mo, Ni, Pb, V and Zn [80]. Sedimentary ironstone
formations are found in many parts of the world and many of them are exploited as
Fe ore deposits. In Lincolnshire, in the UK, ironstone deposits of Lower Jurassic
and Lower Cretaceous ages have accumulated significant concentrations of As and
soils developed on them have up to 342 mg kg~ ' total As. However, this As has an
extremely low bioaccessibility and hence does not constitute a significant hazard to
health even though maximum total concentrations are 17 times higher than the UK
soil guideline value of 20 mg As kg™ ' [7].

Metallogenic Mineralization

Metalliferous ores can give rise to anomalously high concentrations of heavy metal
(loid)s in soils when outcrops of rocks containing these ores undergo natural
(geochemical) weathering in situ, or the products of weathering are dispersed
locally by geomorphological processes and undergo subsequent weathering. How-
ever, much larger areas can be affected by anthropogenic pollution when these
ores are mined and smelted. Ores are naturally occurring concentrations of minerals
with a sufficiently high concentration of metal(loid)s to render them economically
worthwhile exploiting. ‘cut-off’ grades of metals in an ore mineral, which are the
contents above which it is economical to exploit a mineral deposit, have been
gradually decreasing as the demand for metals has increased and the technology of
mineral extraction has improved. For example, the average grade of ore mined by
the Cu industry throughout the world has decreased from around 13% Cu in 1770
to <1% Cu in 2007 [77]. This trend of mining lower grade ores has resulted
in increasingly greater percentages of waste being produced per tonne of metal
extracted and larger areas disrupted and contaminated by mining operations.
Mineral deposits often contain exploitable concentrations of several ore minerals
(in addition to the principal ore) allowing a range of different metals to be produced.
Minerals containing concentrations of metal(loid)s below their cut-off grades are
referred to as ‘gangue minerals’ and in the past these were usually discarded after
mining along with country rock. As a consequence, the wastes from historic mining
operations often contain significant concentrations of a wide range of heavy metal
(loid)s which constitute a potential environmental hazard, but, on the other hand,
may now be worth reprocessing for metal production. From Table 2.3 it can be seen
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Table 2.3 Common ore minerals of heavy metals and metalloids and the elements associated
with them

Metal Ore minerals® Associated heavy metals/metalloids
Ag Argentite (Ag,S), PbS Au, Cu, Sb, Zn, Pb, Se, Te
As Arsenopyrite (FeAsS), AsS, Cu ores Au, Ag, Sb, Hg, U, Bi, Mo, Sn, Cu
Ba Barite (BaSOy,) Pb, Zn
Cd Sphalerite (ZnS) Zn, Pb, Cu
Co Cobaltite ((Co,Fe) AsS) Fe, As, Sb, Cu, Ni, Ag, U
Cr Chromite (Fe, Cr,0O4) Ni, Co
Cu Bornite (CusFeS,), Chalcocite (Cu,S) Zn, Pb, Cd, As, Se, Sb, Ni, Pt, Mo, Au, Te
Chalcopyrite (CuFeS,), Cu®
Hg Cinnabar (HgS), Hgb, Zn ores Sb, Se, Te, Ag, Zn, Pb
Mn Pyrolusite(MnO,) Co, Ni, Zn, Pb
Mo Molybdenite (MoS,) Cu, Re, W, Sn
Pb Galena (PbS) Ag, Zn, Cu, Cd, Sb, Tl, Se, Te
Sb Stybnite (Sb,S3) Ag, Au, Hg, As
Sn Cassiterite (SnO5) Nb, Ta, W, Rb
U Uraninite (UO,) V, As, Mo, Se, Pb, Cu, Co, A
\'% Vanadinite (Pbs(VQy4)3Cl), p and U, Pb
Fe ores, crude oil etc.
w Wolframite ((Fe, Mn) WO,) Mo, Sn, Nb
Zn Sphalerite (ZnS), Smithsonite (ZnCOj3) Cd, Cu, Pb, As, Se, Sb, Ag, In

References: Peters [74], Rose et al. [82] and others

# Selected ore minerals — most heavy metals have several different ores but the associated elements
apply to most sources of the metals/metalloids

® Native metal

that many heavy metal ore minerals and gangue minerals (such as arsenopyrite) are
sulphides and consequently their oxidation during weathering gives rise to acid
soils (and acid mine drainage) which promotes the solubility and mobility of cationic
forms of metals. Almost all ore minerals also contain significant concentrations of
several other metals and metalloids as inclusions in their crystal structure, as shown in
Table 2.3. These ‘guest’ elements, together with associated gangue minerals, are the
reason that soils in mineralized areas and those contaminated by mining and smelting
usually contain a wide range of heavy metal(loid)s at elevated concentrations.

In addition to elevated concentrations of heavy metal(loid)s from mining con-
tamination (Sect. 2.3.2.2 Non-ferrous Metalliferous Mining and Smelting), the
weathering of ore minerals will result in the dispersion and plant uptake of metal
(loid)s at undisturbed mineralized sites and this is sometimes referred to as ‘natural
pollution’. For example the weathering of a low-grade PbS (galena) ore deposit and
natural dispersion down-slope of weathering products over several thousand years
since the last glaciation has resulted in the formation of patches of barren ground
within a forest in southern Norway [48]. Concentrations of < 100,000 mg Pb kg™’
have accumulated in these patches which are too toxic for plants, but a tolerant
strain of the grass Deschampsia flexuosa grows in adjacent areas with lower Pb
concentrations (Alloway, 1976, personal communication).
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2.3.2 Anthropogenic Sources of Heavy Metals and Metalloids

Heavy metal(loid)s from anthropogenic sources can be described as either
contaminants or pollutants, but there is a convention for using ‘contaminants’
(and contamination rather then pollution) in the context of soil and land. The
importance of contamination is clearly shown in a comparison of analytical data
for relatively large numbers of background soils with the results for soils affected
by anthropogenic contamination from various sources (urban, agricultural, mining
or smelting activities) across the USA by Burt et al. [9]. The surface horizons
of representative soil profiles (pedons) of 312 non-anthropogenic and 392
anthropogenically-affected soils, respectively, had the following median total
concentrations (in mg kg_l): Cd 0.16 and 0.22, Cu 16 and 33, Pb 10 and 48 and
Zn 60 and 73. Mercury contents were 44 and 170 pg kg™ ', respectively. The
maximum values for some of these metals in the anthropogenic group were up to
32 times higher (for Cd) than in the background soils, with Cu and Pb being around
ten times higher.

For soil contamination to occur the metal(loid)s have to be transported from a
source to the soil at a particular location. The main mechanisms by which heavy
metal(loid) contaminants are transported from source to the soil site are:

e moving air currents (wind) and deposition of dust, aerosol sized particles
(<30 um) and gaseous forms of metals (e.g. Hg),

¢ moving water (runoff and/or flooding rivers) followed by deposition of
metal(loid)- containing soil down-slope or on alluvial soil in the case of flooding
rivers,

¢ down-slope movement of metal-rich rock and contaminated mineral material or
soil by gravity,

 intentional placement by tractors, sprayers, manure spreaders, lorries and earth-
movers of heavy metal(loid)-containing materials.

Contamination can be either extensive (affecting large areas) or localised.

2.3.2.1 Extensive Contamination
Atmospheric Deposition

Atmospheric deposition is the most extensive form of contamination because long-
range transport can result in particles being carried very long distances (thousands
of km), although much contamination from this source tends to be more localised
(few km). Sources of metal(loid)s emitted into the atmosphere (usually as particles)
include: coal and oil-fired electricity generating stations, industrial emissions
from smelters, foundries and other pyrometallurgical industries, motor vehicle
engine exhaust emissions and dusts from tyre and brake lining wear, smoke and
other emissions from industrial and domestic heating, accidental fires, bonfires and
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corrosion of metal structures, such as galvanised (Zn-coated) roofs. The transfer
of metal(loid)-containing particles from the atmosphere to soils or water can
be by wet, dry or occult deposition, but when monitored, it is often collected and
measured as combined ‘bulk deposition’. Although large areas can be affected,
in most cases, except for very local sites, deposition rates are the lowest of all those
from the different transport mechanisms listed above because of the dilution of
atmospheric emissions in a large mass of moving air. However, the contamination
process often continues for longer than the other mechanisms and the total inputs
from this route can be very significant. The spatial distribution of pollutants reaching
soil in this form is also the most evenly spread and metal(loid) concentrations are
highest in the surface layer of the soil profile (see also Chap. 8 on Critical Loads).
Some examples of the inputs of heavy metal(loid)s from atmospheric deposition
are given in Table 2.4. It is difficult to compare sets of data for atmospheric
deposition from different countries because a variety of different sampling methods
have been used and there is no generally accepted monitoring protocol. There is
often a wide variation in metal deposition within some countries. For example, in
different parts of Norway, deposition of Pb, Cd, As, Sb and Bi can vary by more than
one order of magnitude even when the effects of local pollution sources are excluded
(Steinnes, pers comm.). Some methods of monitoring are based on the analysis of
mosses (which trap atmospheric particles in their leaves) and others use funnels of
various types to collect bulk deposition. Total suspended particulates (TSP) are
normally monitored by specialised pumped filtration systems which separate
suspended particles into different size ranges, which are later analysed separately.
Analytical surveys in Europe have shown that concentrations of Cd and Pb in
mosses decreased between 1990 and 2000, with Pb declining to a greater extent.
However, Hg concentrations remained relatively constant across Europe during the
period 1995-2000 [34]. The data for England and Wales and those for New Zealand
shown in Table 2.4 are all based on the collection of bulk deposition using inverted
Frisbee-type collectors. However, these collectors have been found to over-estimate
the small particulate fraction due to the capture of some locally suspended and re-
deposited dust and soil particles. In the light of this, the ‘original’ data of Alloway
et al. [1] have subsequently been adjusted by Nicholson et al. [70], using more
recent dry deposition data and the results of surveys of mosses in the UK. These
moss surveys in 1995 and 2005 showed a decrease in deposition with time in the
UK [34]. The effects of these calculations by Nicholson et al. [70] were to reduce
the original England and Wales deposition values by between 80% (Pb) and 35%
(Cu), with no change in Hg deposition. These adjusted data are shown in Table 2.4.
The values in Table 2.4 for Finland show much lower levels of deposition than in
all the other sets of data and is probably a reflection of lower levels of atmospheric
pollution. However, the results from all the different countries show higher levels of
Zn deposition than of any other heavy metal(loid). Of particular interest is the
comparison (in the original Alloway et al. 2000 data) between the 34 sites in rural
locations in England and Wales (remote from obvious sources of contamination)
and the site 2 km downwind from a large Zn—Pb smelter in south west England.
Bulk deposition near the smelter was greater than the national mean for England
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and Wales by a factor of 35 for Cd, 32 for Pb, 16 for Zn, 8.7 for As and 2.4 for
Cu [1]. The data in Table 2.4 for New Zealand show values with similar orders of
magnitude for most metals, except that Zn is much higher than the mean and
maximum values for England and Wales, but lower than for the smelter site. Unlike
England and Wales, New Zealand is neither highly populated, nor heavily
industrialised, but the very high Zn deposition is considered to come from the
dispersion of Zn from the corrosion of galvanised (Zn-plated) roofing material
which is widely used in New Zealand [33]. This is supported by the TSP data for
a suburb of Paris, France, which showed relatively high Zn concentrations consid-
ered to be due to the large number of galvanised roofs in the city and its suburbs [2].

An inventory of inputs of trace elements to agricultural soils in China showed
that 58—-85% of the inputs of As, Hg, Pb and Ni, 35% of Cd, 40% of Zn and 43% of
Cr were derived from atmospheric deposition. Table 2.4 shows that Zn deposition
in China was also higher than that of any other element measured. Total annual
deposition of Zn in China amounted to around 79,000 t, which comprised around
40% of total inputs of Zn to soil. The highest Zn input (96,000 t) was from livestock
manures [54].

The values in Table 2.4 for all of China and the separate data for the Yangtze
Delta, one of the fastest developing regions in China, both show levels of heavy
metal(loid)s which are generally much higher than for England and Wales and
all the other sampling locations, except in the case of Hg in the Yangtze Delta.
The monitoring in the Yangtze Delta was more systematic and therefore likely to be
more reliable than the data for the whole of China. In comparing these two sets of
data, the Yangtze is higher than the whole of China for all elements except As and
Ni. Concentrations in the Yangtze Delta are higher than those for England
and Wales (Alloway et al. data)[1] by factors of 5 for As, 2.2 for Cd, 17.6 for
Cr, 2.4 for Cu, 2.9 for Ni. 6.6 for Pb and 4 for Zn. Although the sampling protocols
were different, it is obvious that soil contamination from atmospheric deposition is
much greater in China than in England and Wales or even Los Angeles, which is
slightly higher than England and Wales for all elements except Ni. Multivariate
statistical analysis of the Yangtze Delta data showed that As, Hg, Cd, Mo, S and
Zn were associated with road traffic emissions, Cr and Ni with pyrometallurgical
processes, Fe and Mn from the resuspension of soil particles, and Pb and Se from
coal burning [38]. Coal and oil combustion can be significant contributors of As,
Cd, Cr, Hg, Ni, Pb, Se, Th, U and V in atmospheric deposition, depending on the
composition of the coal used [27, 28]. In China, coals have been found to contain
<3.5% As [53]; in the UK, coals can contain <137 mg Pb kg{l [21] and in the USA
coals can contain <73 mg Se kg~ ' [15] and average contents of 1.3 mg U kg™ ' and
3.2 mg kg~ ! thorium (Th) [28].

In Europe, the AROMIS project calculated the following rates of inputs of metals
from the atmosphere to agricultural land (in g ha~' year ') as: Cd 0.2-3.3,
Cr 0.5-8.9, Cu 4-379, Ni 1.5-68, Pb 6415, and Zn 20-50. However, the original
Alloway et al. [1] results were used (together with other data) in these calculations.
Atmospheric deposition was the second most important source (after livestock
manures) of Cu and Zn (1-39% Cu and 8-49% Zn) in agricultural soils in the
22 European countries involved in the study [19].
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Using different monitoring methods, Pb in suspended atmospheric particles
near Paris was shown to have decreased by a factor of 13, from 200 ng m > in
1994 to 15 ng Pb m 2 in 2003 [2]. In the north-western Mediterranean, near Nice,
France, metals of anthropogenic origin (Cd, Pb and Zn) showed a marked decrease
in suspended particles over the last two decades: Pb by 900%, Cd by 66% and Zn
by 54%, but lithogenic elements such as Al, Fe, Mn, and Co showed no overall
trend [35]. In contrast to Europe, the average concentrations of Pb, Cu, Zn and
Mn in TSP in Beijing, China, were found to have increased during the period
2002-2005, but showed a decrease in 2006. These average concentrations were five
to ten times higher than in several other Asian countries including Bangladesh,
Vietnam, Hong-Kong, Korea, Taiwan, Pakistan and Japan. The maximum average
Pb and Zn contents in TSP (694 ng Pb m > and 1,214 ng Zn m_3) occurred in
China, the maximum average Cu content (235 ng m73) occurred in Taiwan and the
maximum Cr (299 ng m ) occurred in Japan. The concentrations of metals were
highest in the PM, 5 fraction, with the highest PM, 5 Pb being found in Hong Kong
(91,260 ng Pb m ™) [39]. These data indicate that the atmospheric pollution levels
are not decreasing in many parts of Asia and that the most rapidly developing
cities and industrial regions have the highest levels of atmospheric heavy metal
pollutants (See also ‘critical loads’ in Chap. 8).

Flooding and Sediment Deposition

Heavy metal(loid)-containing particles from various sources are carried in suspen-
sion in rivers and when these flood much of the suspended sediment in the water
overflowing onto land will be deposited on alluvial soils. One of the most common
historic sources of heavy metal(loid) contamination of alluvial soil is sediment from
metalliferous mines. These sediments are finely ground particles of ore, gangue
minerals and country rock which were separated from the bulk of the metal ore
during the processing of the material extracted from the mines. These fine particles
of mine waste are known as ‘tailings’ and in the past they were often discharged
straight into streams and rivers. In the UK, The Rivers Pollution Prevention Act of
1876 required all effluent from mineral separation at mines to be channelled
through two ponds in succession to allow sediment to settle-out before being
discharged into rivers. This was effective in reducing sediment loads in the rivers
by around 90%, but unfortunately the law did not specify what should be done with
the sediment cleaned out of the ponds. This was usually dumped in piles beside the
water courses which then resulted in the tailings being eroded from these piles by
rain and wind and to continue to contaminate the rivers for more than 130 years
following the introduction of the law.

Modern mining methods normally involve the indefinite storage of tailings in
large lagoons behind dams, but occasionally these dams fail causing widespread
soil and water contamination by deep layers of ‘tailings mud’ as happened at the
Aznalcdllar Mine in southern Spain in 1998 and other places around the world
since then. It can be seen from the international literature that contaminated mine
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sediment is a very common source of heavy metal(loid) contamination of alluvial
soils all over the world, but some of the worst affected valleys are those where
mining activity dates back possibly 200 years or more. In a review of metal-mining
contaminated sediments in England and Wales, Hudson-Edwards et al. [39] refer to
concentrations of heavy metal(loid)s in alluvial soils and overbank sediments in
catchments contaminated by metal mining (in mg kg~ ") of: Cd <117, Cu <5,318,
Pb <26,800 and Zn <38,000.

2.3.2.2 Localised Contamination
Agriculture and Horticulture

Intentional Placement of Organic Materials Such as Livestock Manures
and Sewage Sludges

Livestock Manures. These are a ubiquitous source of heavy metal(loid) inputs on
livestock farms and the amounts of elements involved are strongly influenced by the
quantities added to animal feed. In the case of pigs and poultry in Europe, relatively
large amounts of Cu and Zn have been routinely fed in the past, with concen-
trations of up to 140 mg Cu kg~' and 800 mg Zn kg~ " in ‘creep’ feed for piglets
prior to weaning, decreasing to around 200 mg Zn kg~ ' for older fattening pigs.
Since the levels to satisfy nutritional requirements are only 4-5 mg Cu kg~ ' and
40-60 mg Zn kg, the additional amounts are added to the feed to act as a growth
promoter [19]. In 2003, much lower maximum permitted levels in animal feeds
were introduced in the EU. For pigs, these are now in the range (in mg kg~ '): 25 Cu
(17 weeks—6 months) to 170 Cu (up to 12 weeks), for poultry: 25 Cu and 150 Zn, for
cattle: 15-35 Cu and 150 Zn, and for sheep: 15 Cu and 150 Zn [70]. In the USA,
an organic As-containing compound (‘roxarsone’) has been widely fed as a growth
promoter to broiler chickens since the 1960s, but it was banned in the European
Union in 1999. This implies that elevated amounts of As are added to soils when
poultry litter (manure) typically containing 30-50 mg As kg™ ' is recycled to
soil [5, 29].

Table 2.5 shows data for the heavy metal concentrations in livestock manures of
different types in Europe (AROMIS project) and China [19, 54]. The AROMIS
project collected a much larger number of samples from representative farms in
21 European countries. A comparison of the two sets of data show much higher
levels of all metals except Zn in the Chinese manures. Perhaps most noteworthy is
Cd which is around ten times higher in the Chinese manures. However, both data
sets show that, in general, pig slurry contains the highest levels of Cu and Zn, with
maximum values in the European samples exceeding 1,000 mg Cu kg ' and
5,000 mg Zn kg~', mainly due to high levels of Cu and Zn additives in the feed.
Similar values were also found for pig FYM. Poultry manure contained more Zn
than cattle manure and levels in both the Chinese and European samples were
similar. Both the AROMIS project in Europe and work by Luo et al. [54] in China
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Table 2.5 Heavy metal concentrations in livestock manures in Europe (AROMIS project) and
China (mg kg~ ' dry solids)

Manure Cd Cr Cu Ni Pb Zn
Europe
Cattle FYM W. mean® 0.3 7.5 23 4.4 3.8 119
Range (0.04-3.1) (0.1-170) (0.3-191) (0.2-28) (0.1-92) (9.6-691)
No. 348 200 345 175 331 345
Cattle slurry  W.mean 0.4 6.9 42 6.2 5.6 207
Range (0.04-5.5) (0.2-170) (0.1-741) (0.1-57) (0.1-75) (2.0-1,908)
No. 680 431 720 475 679 721
Pig slurry W.mean 0.3 9.4 193 12 3.0 934
Range (0.02-4.0) (0.2-37) (12-1802) (0.1-50) (0.3-112) (5.0-5,832)
No. 1,128 235 1,143 180 1,126 1,143
Broiler W.mean 0.4 20 89 6.2 3.7 353
chicken Range (0.1-1.2) (1.3-80) (8.4-760) (2.2-21) (1.0-24) (52-790)
and turkey No. 102 49 105 46 102 105
FYM
China (2003)
Cattle manure Mean 34 15.2 46.5 14.1 15.7 152
(429
Pig manure Mean 4.8 46.6 473 12.5 10.1 843
(61)
Chicken Mean 34 46 102 15.9 20.6 309
manure
(70)

References: Eckel et al. [19]; Luo et al. [54]
“Number of samples
bWeighted mean

found that livestock manures were the most important inputs to soils for Cu (29-72%
in Europe and 69% in China) and Zn (29—65% in Europe and 51% in China).

Sewage Sludges. Sewage sludges (or ‘biosolids’) are the insoluble residues from
the treatment of waste waters at sewage treatment plants. Due to their beneficial
contents of N, P and organic matter, they are frequently recycled to agricultural land
where they have a significant fertiliser value. However, the concentrations of heavy
metal(loid)s are a major constraint in the amounts of sludge that can be applied
to soils (see Table 2.6). The heavy metal(loid)s in sewage sludges are the result of
inputs from human excreta, domestic ‘grey’ water from baths, showers and dish-
washing, run-off water from roofs and roads and industrial waste waters discharged
into the sewers and processed in sewage treatment plants (STPs). Sludges from
different STPs can vary considerably in composition depending on the sources of
discharges in their catchment area. Heavy metal(loid) contents of sludges at indi-
vidual STPs, also vary significantly on a weekly or even daily basis as a result of
differences in the composition and volume of discharges into sewers. Regulations
introduced in Europe, the USA, Australia, New Zealand and many other techno-
logically developed countries over the last 20 years or more have established both
maximum concentrations of selected ‘heavy metals’ allowed in sludges which
are applied to agricultural land and maximum permissible concentrations of
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‘heavy metals’ in soils receiving sludges. These regulations are intended to avoid
the accumulation of excessive concentrations of elements which could cause either
ecotoxicity in soils and/or phytotoxic effects in crops. However, sewage sludges
have been applied to land in some countries for more than 100 years and during this
time some of these sludges and the soils to which they were applied would almost
certainly have had higher concentrations of some heavy metal(loid)s than are
permitted nowadays. In 2010, total sewage sludge production in the 27 Member
States of the EU was around 11.6 Mt (dry solids), of which 88% was produced in the
15 states which were members before the expansion of the EU in 2004 [63].

The data in Table 2.6 show much narrower ranges of heavy metal(loid) contents
in the sewage sludges of EU member states from relatively recent analyses than the
range for the world [43] which includes values from the literature over many years.
The weighted mean values for EU sludges are all well below the preferred EU limit
values with only Cu and Zn coming within 33% of the lower limit values. It is
important to note the very high maximum values from the world range, but these
probably date back to a time before the introduction of regulations in many
countries to reduce the heavy metal(loid) concentrations in both the wastewater
(sewage) and the sludges derived from it. The EU limits are now quite old, dating
back to 1986. There has been much work done on revising them, but so far, no new
Directive has been issued. The proposed new limit values (shown in Table 2.6)
show that greater importance is now attached to soil pH due to its effect on heavy
metal(loid) availability and in all cases the maximum permitted soil total
concentrations are lower than the ‘old’ maximum values in the 1986 Directive.
Even in soils with pH >7, where most metals will be least available, the Cd limit is
reduced from 3.0 to 1.5 mg kg™, Cu from 140 to 100 mg kg~ ' and Zn from 300 to
200 mg kg~ '. Individual EU Member States are allowed to have more conserva-
tive limits than those shown and some countries, such as the Netherlands, have
actually banned the application of any sludges to soil. However, there will still be
residues from sludges applied before this regulation came into being. In addition
to the elements included in Table 2.6, Kabata-Pendias [43] gives the world ranges
for other heavy metal(loid)s in sludges (in mg kg~' DW) including: As <26,
Ba <4,000, Mn <39,000, Sn <700 and V <400.

Inorganic Fertilisers. Macronutrient fertilisers are ubiquitous sources of heavy
metal(loid) inputs into agricultural soils in most parts of the world, except for some
of the poorest developing countries where little fertiliser is used. The macro-
nutrients most commonly used to improve plant growth and yield are the ‘primary
macronutrients’ nitrogen (N), phosphorus (P) and potassium (K). Compounds of
these nutrients are applied to the soil either individually as required, or more
frequently together in various combinations as ‘compound fertilisers’, such as NPK
or NP and so on. In 2007/2008 the world supply of macronutrient fertilisers was
206.4 Bt and was predicted by the FAO to rise to 240.7 Bt by 2012 [25]. The
‘secondary’ macronutrients calcium (Ca), magnesium (Mg) and sulfur (S) are also
applied as fertilisers, although Ca is most commonly applied as lime (usually as
CaCOs) to raise the pH of acid soils and Mg may also be applied in dolomite
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Table 2.7 Concentrations of heavy metals/metalloids in phosphatic and nitrogen fertilisers,
limestones and manures in all countries and median concentrations in EU fertilisers (mg kg™ ")

Phosphatic fertilisers Nitrogen fertilisers Lime fertilisers Manures
EU EU EU World
World range  median  World range median  World range median  range
As 2-1,200 - 1-120 - 0.1-24 - 3-150
Ba 200 - - - 120-250 - 270
Cd 0.1-170 13 0.05-8.5 0.9 0.04-0.1 0.2 0.3-0.8
Co 1-12 - 5-12 - 0.4-3.0 - 0.3-24
Cr 66600 60 3-19 34 10-15 6.5 5.2-55
Cu 1-300 26 1-15 2.0 2-125 5.6 2-60
Hg 0.01-1.2 - 0.03-3 - 0.05 - 0.09-26
Mn  40-2,000 - - - 40-1,200 - -
Mo 0.1-60 - 1-7 - 0.1-15 - 0.05-3
Ni 7-38 22 7-38 6.0 10-20 6.3 7.8-30
Pb 7-225 13 2-1,450 1.9 20-1,250 8.2 6.6-350
Se 0.5-25 - - - 0.08-0.1 - 24
Sn 3-19 - 100-5,420 - 0.54 - 3.8
U 10-800 - - - - - -
\% 21,600 - - - 20 - -
Zn 50-1,450 236 1-42 5.0 10450 22 15-250

References: Kabata Pendias [44]; Eckel et al. [19]

(MgCQOs;. CaCO3) for the same purpose. In addition to these macronutrient
fertilisers and liming agents, essential trace elements (micronutrients) are also
applied to either the soil or plant foliage in specialised micronutrient fertilisers
and a range of compounds of B, Cu, Co, Fe, Mn, Mo, Ni and Zn are used for this
purpose (see Chaps. 7, 12, 13 and 17).

Most of the inorganic compounds used in macronutrient fertilisers contain
significant concentrations of contaminant heavy metals and metalloids, although
in some cases this can be beneficial where the ‘contaminant’ is a micronutrient such
as Zn, but it depends on the amounts supplied. Phosphatic fertilisers generally
contain the highest concentrations of most heavy metal(loid)s including As, Cd, U,
Th and Zn. Sedimentary phosphate rock (phosphorite) deposits, which are by far
the largest source of P for fertilisers, are widely recognised as being enriched in a
large number of elements (see Sect. 2.3.1.1 Phosphorites). As a result of the
contaminants contained in fertilisers, frequently fertilised arable soils can accumu-
late significant concentrations of some heavy metal(loid)s if the contents in the
fertilisers were relatively high.

In Table 2.7, it can be seen that P fertilisers around the world can contain a
wide range of most heavy metal(loid)s with the greatest variations being in Cd
(1700-fold variation), V (800-fold) and As (600-fold). Relatively high Cd contents
in many P fertilisers are a major cause of concern. In Australia, P fertilisers made
from guano-derived phosphorites have had Cd contents of <300 mg Cd kg~ " in
the recent past and contributed 30-60 g Cd ha ' to soils [57] (see also Sect.
2.3.1.1 Phosphorites and Chap. 10, Sect. 10.3 ). It is interesting to note that
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Nicholson et al. [69] found that inputs of Cd to soils in England and Wales were
nearly as high from lime as they were from P fertilisers. This was due to the much
larger amounts of lime applied to soils than P fertilisers and not due to particularly
high Cd contents in the lime. The high Zn contents often found in P fertilisers have
been a useful source of this micronutrient in sandy and calcareous soils in many parts
of the world. However, a recent move towards using ‘high analysis’ P fertilisers,
such as mono- or diammonium phosphate, which have lower contents of Zn and
other heavy metal(loid) contaminants, will necessitate the application of more Zn
fertilisers in future, but on the other hand, they cause less soil contamination.

The AROMIS project showed that the mean input of heavy metals from
fertilisers on a total of 37 farms (both livestock and crops) were (in g ha™! yearfl):
Cd 2.2, Cr 24, Cu 4.3, Ni 6.7, Pb 5.2 and Zn 49. The metal concentrations in
superphosphate that were used in the calculation of these values (in mg kg ~') were:
Cd 23, Cr 233, Cu 41, Ni 60, Pb 39 and Zn 557 [19].

Micronutrient fertilisers supplying the ‘essential’ metals, mainly Cu or Zn, will
give rise to significant inputs of these metals, but they would normally only be
used where the available Cu or Zn status of the soil is low. In England and Wales,
around 5% of cereal growing sites are deficient in Cu and applications of Cu
fertiliser compounds add a total of around 28 t Cu per year to soils in these two
countries [70].

Industrial by-products, such as flue dusts from electric-arc furnaces and various
slags, have been used to make Zn fertilisers and can give rise to unacceptably
high concentrations of various potentially toxic heavy metal(loid)s including Pb
(<5.2%) and Cd (<0.22%). If these materials are regularly used, in addition to
rectifying a deficiency of Zn, the soil could end up by being significantly
contaminated with both Pb and Cd. Some proprietary micronutrient mixes can
also have significant impurities, such as <55 mg/kg Cd, <0.36% Pb and <83 mg
As kg [94].

Agricultural Chemicals — Fungicides. Various inorganic heavy metal(loid) and
organo-metallic compounds have been used as fungicides on field and plantation
crops. These include: Pb arsenate (AsHO4Pb), Cu acetoarsenate (C4;HgAssCuysO16
‘Paris Green’), ‘Bordeaux Mixture’ (CuSO4.5H,0 + Ca(OH),), Cu oxychloride
(3Cu(OH),. CuCl,) and phenyl mercuric chloride (CcHsCIHg). Soils from apple
orchards in Virginia, USA treated with heavy metal(loid) fungicides and
insecticides were found to contain the following median and maximum concen-
trations, respectively: (in mg kg~ ' except for Hg): Cu 26.3 (<156), Zn 59.3 (<220),
As 21.9 (<263), Pb 88.7 (<1,150) and Hg 59.5 ug kg~ ' (<674 pg kg™ '). The
elevated As and Pb were due to residues from the use of AsHO4Pb [80].
Copper-based fungicides have been used in vineyards since 1885 and a literature
review by Komdrek et al. [46] found reports of concentrations of <3,216 mg Cu
kg~ ' in vineyard soils, but most contained <700 mg Cu kg~'. The highest values
(>3,000 mg Cu kg~ ') were from a vineyard in Brazil which was more than
100 years old. A single application of Bordeaux Mixture to vines in the Champagne
region of France added 3—5 kg Cu ha™' and between three and ten applications
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were usually made each year. In Northern Spain, vineyard soils which had received
Cu-based fungicides washed off foliage over many years had a mean Cu content
of 205 mg Cu kg~ ' (42-583). Sediments derived from eroded vineyard soils on
slopes contained a mean concentration of 423 mg Cu kg~ ' (74-947). The degree of
Cu-enrichment was linked to the organic matter, silt and clay contents. Release
of Cu from soil and sediments was greatest below pH 5.5 due to acidification and
above pH 7.5, it was due to solubilization of soil organic matter in alkaline
conditions [22].

In addition to fungicides used in vineyards and orchards, wood preservative
containing Cu, Cr and As used on fences and poles can also contribute significant
amounts of these elements to soils, albeit with a heterogeneous distribution.
Solutions of CuSO4 and ZnSO, are sometimes also used for fungicidal footbaths
for cattle and become dispersed in the area around the footbaths [70].

‘Zineb’ an organo-Zn compound (C4HgN,S4Zn) and ‘Maneb’ an organo-Mn
compound (C4H¢MnN,S,)x) are also used as foliar-applied fungicides on crops,
but the inputs of these metals from these sources are not as large as those of Cu,
Pb and As used in earlier fungicide treatments, although the latter two elements are
not now used as agrichemicals. Lead arsenate [PbsOH (AsO,)s] was used as a
pesticide from 1900 to 1960 mainly to control insect pests in orchards. Codling [14]
reported concentrations of <676 mg Pbkg ' and <133 mg Askg ' in two orchard
soils with a history of Pb—As pesticide applications.

Organotin compounds, such as triphenyltin (TPT), are also used as fungicides
on some agricultural crops and these eventually degrade to inorganic Sn which
accumulates in soil (see Chap. 24).

Other Agricultural Inputs. Lead shot from game and ‘clay pigeon’ (plastic flying
targets) shooting over agricultural land is an important source of Pb and other
heavy metal(oid)s including As, Mo, Sb and Ni (see Sect. 2.3.2.2 Military Activity
and Sports Shooting). Corrosion of galvanized (Zn-coated) structures, such as fences
and roofs adds significant amounts of Zn to soils receiving runoff or suspended
particles (see Sect. 2.3.2.1 Atmospheric Deposition). Various wastes including,
meat production sludges, egg, dairy, vegetable and other food processing wastes,
paper crumble, waste gypsum and waste water treatment cake are applied to soils in
some places and all contribute significant amounts of certain heavy metal(loid)s [70].

Urban Soils

Concentrations of several heavy metal(loid)s are often found to be significantly
higher in urban soils than those in rural or agricultural soils. Opinions vary on the
groups of heavy metal(loid)s considered to be characteristic of urban contamina-
tion, but most include Pb, Cd and Zn. Kabata-Pendias and Mukherjee [44] give Ba,
Cd, Pb, Sb, Ti and Zn as being characteristic urban contaminants, whereas Chen
et al. [12] give As, Cd, Cu, Hg, Pb and Zn as the most common in urban areas in
China. Kabata-Pendias and Mukherjee [44] refer to work by several authors
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showing cities to vary in the combinations of heavy metal(loid) contaminants they
have, for example: Berlin: Cd, Cu, Hg, Ni, Pb, Sn, Th and TI; Minsk: Cd, Pb and
Zn; Novosibirsk: As, Cd, Cu, Hg, Mo, Pb, Zn; St Petersburg: Ba, Cr, Cu, Pb, V, W
and Zn, and Warsaw: Ba, Cd, Cr, Cu, Ni, Pb and Zn. However, elevated levels of
Pb are common to all these cities.

Unlike soils at or near to industrial sites where there is often an obvious link
between the main contaminants and the industrial process, there are many possible
causes of soil contamination in urban areas and there may not be a single source
which could explain the anomalously high metal(loid) concentrations. The most
common sources of metals and metalloids in urban areas include:

¢ Deposition of dust and aerosol particles (from fossil fuel combustion, motor
vehicles etc.),

¢ Corrosion of metal structures, including galvanised roofs and fences,

¢ Technogenic (man-made substrate) materials incorporated in the soil or in dusts,

» Contaminants from the former agricultural or horticultural use of the land,

¢ Fertilisers and composts used on urban gardens,

» Deposition of solid or liquid wastes onto soils,

¢ Paints and other decorative materials,

» Bonfires, accidental fires and wartime bombing.

It is important to emphasise that elevated concentrations of heavy metal(loid)s in
urban soils are both an indication of inputs from a range of different sources and
also that some of these sources, such as atmospheric aerosols, may have affected the
health of people directly, for example by inhalation, and not just afterwards via
contaminated soil. Once sorbed in the soil, elevated concentrations of metal(loid)
s can affect human health when the soil itself is ingested directly on unwashed
vegetables, on unwashed hands, through intentional soil eating (pica), by inhalation
of resuspended soil particles in dust, or though uptake into garden vegetables [91].

Technogenic Materials

Mineral materials such as quarry waste, construction residues, demolition wastes,
furnace slags, ashes and harbour dredgings are often referred to as ‘technogenic’
materials. These are important sources of heavy metal(loid) contamination in urban
and industrial areas. They may have been dumped on land in the past, or transported
over land in large quantities and used for foundations of buildings, to level sites or
build roads. Technogenic wastes are also closely associated with industrial sites as
discussed in Sect. 2.3.2.2 Industrial Contamination. Deposits of these materials,
including spillages en route and dusts dispersed into the atmosphere from them can
greatly influence the heavy metal(loid) content of soils. Meuser [59] gives typical
data for technogenic mono-substrates in Germany which show that brick and
concrete rubble have relatively low contents of heavy metal(loid)s (in mg kg™ "):
Cu <70, Pb <110, but bottom ash from coal burning has higher levels (As <25, Cu
<100, Pb <180). Fly ash from coal-fired electricity generating stations can contain:
Cd <14, Cr <200, Cu <474, Ni <583, Pb <1,100 and Zn <1,800, but even higher



2 Sources of Heavy Metals and Metalloids in Soils 37

contents are found in fly ash from garbage incineration As <230, Cu <1,300, Pb
<8,300, and Zn <27,000. Radionuclides in coal, such as U and Th are also
concentrated by a factor of five to ten times in bottom ash and fly ash from coal
combustion [86]. Metallurgical slags can contain the highest concentrations of all:
As <7,000, Cu <1.2%, Pb <5% and Zn <13% [59]. If coal fly ash is used in urban
areas for construction it can lead to both air pollution (in dust) and soil contamina-
tion. Where cities and industrial sites develop over time, there will often be a
sequence of layers of technogenic materials under the land surface as new buildings
and industrial processes are built on the sites of earlier ones. Demolition, accidents
such as fires and explosions and wartime bombing can result in a very heteroge-
neous distribution of heavy metal(loid)s and persistent organic pollutants. Readers
are referred to “Contaminated Urban Soils”, by Helmut Meuser (published by
Springer in 2010) for a more detailed coverage of this topic [59].

Case Studies on Heavy Metals and Metalloids in Urban Environments.
A comparison of heavy metals in urban and adjacent rural soils in the city of
Turin (Torino) in Italy, showed that Pb was the heavy metal present in the most
elevated concentrations within the city, followed by Zn and Cu. Median
concentrations and ranges (in mg kgfl) were: Pb 117 (31-870), Zn 149 (78-545)
and Cu 76 (34-283). A ‘Pollution Index (PI)’ based on urban soil content divided by
the rural soil content gave a PI of 7.5 for Pb, 2.9 for Zn and 3.3 for Cu [6].

Several surveys of urban soils have been conducted in the United Kingdom
(UK), these include the UK Soil and Herbage Survey (UKSHS) of soil samples
from rural, urban and industrial sites [83], the British Geological Survey’s Baseline
Survey of the Environment (G-BASE) [24] and a study by Culbard et al. [16]
of soils (and associated house dusts) in gardens in England, Scotland and Wales.
The summarised results from the UKSHS and G-BASE studies are shown in
Table 2.8 and the Culbard et al. [16] data in Table 2.9.

Table 2.8 shows the UKSHS and the G-BASE data for urban soils in the UK. The
median values from the G-BASE data, based on 8,368 soil samples from 20 urban
centres, give a more reliable indication of the extent of heavy metal(loid) contami-
nation in urban environments in the UK than the 28 samples in the UKSHS survey.
Interestingly, these G-BASE median values in urban soils are higher than those
from the UKSHS for all metal(loid)s in both urban and industrial soils, and some
very high maximum contents of all elements listed were found. However, many of
the urban centres in the G-BASE survey had a history of industrial activity [91].
The UKSHS concentrations for Cd, Cr, Ni and Zn in rural soils are lower than those
from the much larger systematic grid survey of 5,692 agricultural soils in England
and Wales [56] shown in Table 2.1. This is probably an indication of the variation in
lithogenic and anthropogenic sources in this grid survey. The earlier study by
Culbard et al. [16] involved more than 4,000 garden soils and associated house
dusts in up to 100 houses in each of 50 cities, towns or villages in England, Scotland
and Wales. They generally found relatively high concentrations of Pb and Zn in all
these soils, but the mean levels in the gardens of houses in the Greater London
boroughs were higher than for any other urban area investigated in the study, apart
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Table 2.9 Geometric means and ranges of total lead, cadmium and zinc concentrations in
domestic garden soils in England, Scotland and Wales (mg kg™ ")

Number of house gardens Pb Cd Zn
All areas® 4,127 266 (13-14,100) 1.2 (<1-40) 278 (13-14,600)
London boroughs 579 654 (60-13,700) 1.3 (<1-40) 424 (58-13,100)

From Culbard et al. [16]
*All areas includes the 579 gardens in London Boroughs

from obviously polluted areas, such as villages with old metalliferous mine
workings. A summary of their results in Table 2.9 shows much higher geometric
mean concentrations for Pb and Zn for all areas than in the G-BASE or UKSHS data
and even greater levels of Pb and Zn contamination in London boroughs. However,
the G-BASE survey did not include the London Boroughs and was not confined
solely to gardens like the Culbard et al. study. It also included some samples from,
parks, allotments and recreation fields. The maximum Pb values are similar for the
G-BASE and the Culbard et al. data, but the maximum Zn value in the G-BASE
survey is nearly twice as high, which helps to illustrate the very wide range of
concentrations of heavy metal(loid) contamination which can be found in urban
areas, especially those with a history of heavy industry. Urban soils in Berlin with
debris from bombing in the Second World War contained relatively high mean
metal concentrations (in mg kgfl) of: Pb 330 (<3,168), Zn 379 (<3,607), Cd 175
(<757) and Cu 99 (<657) [58] which are of a similar order to those found in
London gardens, but the Cd concentrations in Berlin are particularly high and
are comparable to the levels of Cd found in Zn—Pb mining contaminated land
(Sect. 2.3.2.2 Non-ferrous Metalliferous Mining and Smelting).

Lead is the most distinctive heavy metal contaminant of urban soils and its two
most important sources are house paints and exhausts from petrol engines in motor
vehicles. Although inputs from these two sources have decreased in recent years
as a result of legal controls, street dusts and soils which were contaminated at a
time when paints often contained more than 10% Pb and petrol contained <0.85 g
Pb L~ ! will still be present in the urban environment [37, 60]. Horner [37] reported
that flakes of paint from houses in London, UK, constructed in the 1860s contained
mean Pb contents of 14.1% (<43% Pb), those constructed in the 1920s had 1.93%
Pb (<7.2%) and in the 1990s houses the mean Pb content of paint was 0.0135% Pb
(<0.03%). In Minneapolis, USA, Meilke et al. [61] had earlier found a link between
Pb contents of garden soils and the age of houses since paints containing rela-
tively high levels of Pb would have been used on older, predominantly wooden-
walled houses and the paint scrapings and erosion of painted surfaces would have
contaminated adjacent soil. Garden soils of painted houses had a median Pb content
of 938 mg kg~' (475-6,150) and non-painted houses had 526 mg Pb kg™’
(130-1,840). Even the Pb levels in non-painted houses were quite high, which is
a reflection of the many different possible sources of Pb in the urban environment.

Mielke et al. [62] showed how the stripping of old house paints with 9-13% Pb
could give rise to very high quantities of Pb and other metals in dust. They
calculated that the removal of old paint (with 9% Pb) from a wooden house by
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power sanding could release dust containing 7.4 kg Pb, 3.5 kg Zn, 14.8 g Cu,
9.7 g Cd and smaller amounts of Mn, Ni, Cr, Co and V. They reported a case of a
timber framed house built in 1925 which had around 13% Pb in the paint where
the family pet died and children were hospitalized due to Pb toxicity as a result of
power sanding to remove the old paint. The bare soil around the house contained
between 360 and 3,900 mg Pb kg ~'. The US EPA standard for soil in play areas is
400 mg Pb kg, but Mielke et al. [62] suggested that a lower maximum content of
80 mg Pb kg~ ' would provide a more appropriate margin of safety for children’s
health. Several countries banned or severely controlled the use of Pb in paints from
the 1940s onwards. Lead in paint was banned in the US in 1978, but was not phased
out in the UK until 1987.

In addition to Pb, Hg was also used in some house paints. Prior to 1992 in the
USA, latex paints were formulated with Hg, which gradually vapourized. Analysis
of paint chip samples from houses in New Orleans showed median concentrations
of 26.9 mg Hg kg~ ' (<214) and 7.66% Pb (<31.7%) in exterior paints and 7.1 mg
Hg kgfl (<39.2) and 0.042%Pb (<6.3%) in interior paints [60].

One feature which is readily apparent from the monitoring of blood Pb levels in
children living in urban areas is that there is a strong seasonality in sources of
Pb pollution. Lead concentrations are usually highest in summer when exterior
atmospheric particulate Pb levels are highest, and it is at this time that re-suspension
of dust particles from various sources is at a maximum from dry soils [49].

In Miihlburg/Karlsruhe, south west Germany, older houses (especially those
built <1920) had the highest Pb contents (160 mg kg~ ') in garden soils . Houses,
built after 1980 had the lowest (39 mg Pb kg™") and those built between 1920 and
1980 had intermediate concentrations (118 mg Pb kg™ '). These soil Pb contents
were much lower than in the American and UK cities quoted above, probably
because of the relatively small percentage of painted external wood on houses in
this part of Germany and fewer other sources of Pb contamination [71].

Apart from paints, wood preservatives containing Cr, Cu and As (CCA) can
contribute to the contamination of soils in both urban and rural environments
(see Sect. 2.3.2.2 Agricultural Chemicals-Fungicides). This will contaminate the
soil in contact with treated wood (such as fence posts and garden decking) and also
contribute to air pollution if the wood is burnt. The ash residue from burning will
also be a source of soil contamination.

Many urban areas in China have been subject to considerable heavy metal(loid)
contamination from several sources. Chen et al. [12] showed that the main conta-
minating elements in soils in the urban-rural transition area of Hangzhou in China
were As, Cd, Cu, Hg, Pb and Zn but Co, Cr, Ni and Mn were mainly of natural
(lithogenic) origin. Nearly 70% of the area was affected by contamination with
heavy metal(loid)s.

A study of urban soils in Newcastle upon Tyne, UK, to determine whether a
municipal waste incinerator had a detectable effect on heavy metal(loid) contents,
found high levels of As, Cd, Cr, Cu, Hg, Ni, Pb and Zn, which are typical of urban
areas, but no detectable evidence of greater concentrations down-wind of the
incinerator. Hotspots were found for As, Cd, Cu, Hg, Pb and Zn and the median
concentrations and ranges (in mg kgfl) of elements measured were: As 15 (5-279),
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Cd 0.28 (0.01-6.95), Cr 51 (23-230), Cu 77 (20-12,107), Hg 0.32 (0.03-4.99),
Ni 26 (11-165), Pb 233 (40-4,134) and Zn 74 (75-4,625) [79].

Motor vehicle tyres and brake linings are significant sources of several heavy
metal(loid)s in urban dusts. In Stockholm, Hjortenkrans et al. [36] found that road
traffic accounted for 50% or more of Cd, Cr, Cu, Ni, Pb and Zn. Brake linings
were major sources of Cu, Zn and probably Sb and tyres were the main contributors
of Cd and Zn. In 2005, average annual Zn emissions from rubber tyre wear in
Stockholm were 4,200 kg Zn (720-7,700) and Cu was 5.3 kg (0.7-10). From brake
linings, the main emissions were 3,800 kg Cu and 1,000 kg Zn. Total Zn emissions
from tyres in the whole of Sweden amount to 150 t Zn yearfl. In Baltimore, USA,
median and maximum concentrations of metals in urban soils (in mg kg ') were:
Pb 89 (<5,650), Cu 35 (<216) and Zn 81 (<1,110) and the highest were mainly
related to vehicular sources because the oldest parts of the city have the highest road
densities [97].

In addition to the more technologically advances sources of heavy metal(loid)s,
such as traffic and paints, inputs from coal and wood smoke (together with organic
pollutants and oxides of S) and the associated ashes are also significant sources in
all areas of human habitation.

Industrial Contamination

The distribution of heavy metal(loid)s in soils in industrial and urban areas tends
to be far more heterogeneous than in agricultural soils, owing to the localized
nature of some of the types of pollution. Although atmospheric deposition would
be expected to be more evenly distributed, at least in the area down-wind of the
emission source, the complex air currents around buildings, roads with fast-moving
traffic and structures such as chimneys contribute to uneven deposition. Mean
concentrations of Cu, Pb, Hg, Ni, Sn and Zn in urban and industrial soils are usually
significantly elevated relative to those in rural soils (Table 2.8). Although some
surveys have distinguished between urban and industrial soils, very often urban
soils have received considerable inputs of heavy metal(loid)s from industrial
sources in addition to those from urban and domestic activities, especially in old
urban areas where there has been a historical mix of residential and industrial land
use and this distinction between urban and industrial is often not valid.

The occurrence of heavy metal(loid) contamination in soils at industrial sites
varies with the type of industry and can arise from dusts and spillages of raw
materials, wastes, final product, fuel ash as well as emissions from high temperature
processes, accidents and fires. Examples of possible combinations of heavy metal
(loid) contaminants associated with different industries include:

Chemical industry (general): Ag, Sb, Se

Chlor-alkali (Cl, and NaOH) industry: Sb, As, Bi, Ba, Cd, Cu, Pb, Hg, Ag, Sn
Sulphuric Acid works: As, Cu, Pb, Ni, Pt, V, Zn

Nitric acid works: As, Cr, Co, Cu, Mo, Ni, Rh, V, Zn
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Phosphoric acid works: As, Ba, Cd, Cu, Pb, U

Ceramics: Cd, Cr, Cu, Pb, Hg, Ni, Zn, Ce, Eu

Electrical components: Cu, Zn, Au, Ag, Pd, Pb, Sn, Y, Cr, Se, Sm, Ir, In, Ga, Re, Sn,
Tb,Co, Mo, Hg, Sb, Hf, Ru, Ta, Te

Steel works: As, Cr, Pb, Mn, Mo, Ni, Se, Sb, W, V, Zn

Pesticide works: As, Cu, Cr, Pb, Mn, Zn, V, Th

Battery manufacture: Pb, Sb, Zn, Cd, Ni, Hg, Ag

Printing and graphics: Se, Pb, Cd, Zn, Cr, Ba

Catalysts: Pt, Sm, Sb, Ru, Co, Rh, Re, Pd, Os, Ni, Mo, Ag, Zn

Pigments and paints: Pb, Cr, As, Sb, Hg, Se, Mo, Cd, Ba, Zn, Co

Polymer stabilizers: Sn, Pb, Cd, Zn, Ba

Non-ferrous metal smelting: Ag, As, Ba, Cd, Cu, Cr, Hg, Mo, Sb, Se, Sn, Tl, V, U,
W, Zn

Waste disposal (incineration etc.): As, Cd, Cu, Be, Hg, Ni, Sb, Se, Ce, Mo, W, Pb,
Tl, Zn

(various sources)

Kabata-Pendias and Mukherjee [44] give values from the literature for the
highest concentrations of heavy metal(loid)s found in soils contaminated from
industrial sources in Canada, China, Japan, Poland, UK and USA (in mg kgfl)
as: As <2,500; Cd <1,800; Co <300; Cu <3,700; Hg <100; Ni <26,000 and
Zn <80,000.

In the UKSHS data shown in Table 2.8, concentrations of Cu, Pb, Hg and Sn in
soils from selected urban and industrial sites in the UK were found to be on average
two to three times higher than those in rural soils [83]. Soils at representative
industrial sites showed wide ranges of the 37 different elements studied semi-
quantitatively using ICPMS analysis. In addition to the data in Table 2.8,
concentrations of up to 133 mg Ag kg ' were found, with the highest at a chemical
works, apart from this one site, all the other industrial sites only showed concen-
trations of <2.1, rural soil 0.3 and urban soil ca. 0.1 mg Ag kg~ '. Barium con-
centrations of <1,210 mg kg~ were found at an electricity generating station, with
the next highest (641 mg Ba kg ') at a chemical works (rural values <281 mg Ba
kg~ '; urban values 95 mg kg™ "). Uranium concentrations of up to 3.3 mg U kg™
were associated with the non-ferrous metal industry (rural soil <0.8 mg U kg™ ';
urban soil 2 mg U kg™ '). Antimony concentrations <38 mg kg~ ' were found near
an incinerator, 22 mg Sb kg ' associated with a steel works and 17 mg Sbkg ' at a
chemical works. Selenium was highest (52 mg kg~') at a chemical works with the
second highest concentration (11 mg Se kg™") at an incinerator. Rural Se concen-
trations were <3.3 mg Se kg™ ', but Se was below the limit of detection in urban
soils. The highest tungsten (W) concentrations (<11 mg kg~ ') were found at a steel
works with incinerators having the next highest concentrations (<6 mg W kg™ ).
Rural soils had <0.3 mg W kg~ and urban soils 0.2 mg W kg~ ' [83].

In the town of Mundelstrup, near Arhus in Denmark, the gardens of houses
constructed on the site of a former P fertiliser factory were found to be heavily
contaminated with Pb (<67,600 mg kg™~ ') and As (<5,500 mg kg™ "). On the basis
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of the maximum permissible concentrations in garden soils permitted by Danish
law in the 1990s (40 mg Pb kg ' and 20 mg As kg~ "), a major clean-up of the site
was carried out. This involved removing approximately 50,000 m> of contaminated
soil from the gardens of 30 houses to a maximum depth of 8 m where necessary and
replacing with ‘clean’ soil [13].

Non-ferrous Metalliferous Mining and Smelting

Non-ferrous metalliferous mining and smelting industries are associated with very
high levels of heavy metal(loid) contamination of the environment . These industries
extract and process metal ores and gangue minerals which generally contain several
metal(loid) elements in high concentrations. Some non-ferrous metalliferous mines
are situated in upland areas where the surrounding land is not normally used for
arable cropping and only suitable for extensive grazing. Therefore the impact of
mining contamination on agriculture in these cases is less than in areas of high quality
arable land or urban development. However, villages and towns to house the workers
have grown up at or around many major mine and/or smelter sites in developing
countries and it is often found that garden and agricultural soils nearby are severely
contaminated with heavy metal(loid)s.

A potential hazard to human health was found in garden soils of houses built on
the site of a former Zn—Pb mine site at Shipham, near Bristol in southwest England.
Median and maximum total concentrations of Cd, Pb and Zn (in mg kg™ ') in
the gardens were: Cd 91 (<360), Pb 2,340 (<6,540) and Zn 7,600 (<37,200), but
soils around the mine itself contained Cd <618, Pb <1.24% and Zn <5.84% [90].
Cadmium concentrations in vegetables grown in domestic gardens in Shipham
contained an average of 0.25 mg Cd kg~' DM, which was nearly 17 times higher
than the UK national average Cd content. The vegetables with the highest concen-
trations contained 15-60 times more Cd than those grown in uncontaminated soils
nearby [67]. The sources of the contaminating heavy metal(loid)s were the ore
minerals galena (PbS) and smithsonite (ZnCO3).

In South China, the Dabaoshan mine in the vicinity of Shaoguan city has given
rise to marked contamination by Cu, Zn, Cd, Pb and As. Mean and maximum
concentrations (in mg kg”) of: Cu 703 (<1,313), Zn 501 (<1,663), Pb 386 (<621)
and Cd 4.7 (<7.6) were found in wetland rice (paddy) soils. Garden soils showed
similar high mean total concentrations of (in mg kgfl) of: Cu 348 (<594), Zn 696
(<921), Pb 297 (<384) and Cd 4.4 (<7.6). Contamination was highest in the
vicinity of the mine and decreased exponentially with distance from the inflow of
mine waste water. The concentration factors for the metals in vegetables decreased
in the order Cd > Zn > Cu > Pb with leafy vegetables accumulating higher
concentrations (relative to the soil) than non-leafy vegetables. It was evident that
there was a significant risk to the health of people consuming vegetables produced
near to this mine [100].

Metal smelting usually involves converting sulphide ore minerals to oxides by
roasting them in air followed by reduction of these oxides in a furnace and
separating the different molten metals. In historic times, inefficient processing
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caused widespread air, water and soil pollution, which is still detectable today.
There are very many reports of studies at historic mine and smelter sites in the
literature and total concentrations of several percent of some of the metals are often
found. For example, soils around the Pb mine at Lavrion in Greece, which was
worked intermittently from 3000 BC until AD 1977, had a median Pb content of
7,410 mg kg_1 with a maximum of 15.2% Pb [93]. A Pb smelter in Calcutta, India,
was known to cause Pb toxicity in people, especially children in an adjacent
residential area with a population of around 50,000. Soils in this residential area
had very high heavy metal(loid) concentrations (in mg kg™") of: Pb <47,000; Zn
<10,300; <833; As <9,740; Hg <277. However, the concentrations of Pb, As, Mo,
Cu, Hg, Cd, Sn and Ag all decreased with increasing distance from the smelter [10].
Mercury is used in the recovery of Au from sedimentary sources of the metal in
small-scale operations and is mainly a contamination problem in streams and rivers,
as in the Amazon basin (see Chap. 15).

Military Activity and Sports Shooting

Battlefields, bombed cities and military training areas are all sites of gross contami-
nation by heavy metal(loid)s and organic pollutants. The sources are shells, bullets
and bombs, unexploded mines, cartridge cases, damaged vehicles, leaking fuel and
burning buildings. As with residual contamination from metalliferous mining
and smelting, soils on battlefields also remain contaminated for hundreds of years
or more even though all visible traces of the damage may have been removed and
the sites redeveloped, as happened in northern Europe after the First and Second
World Wars. The main metal(loid)s involved are Pb, Cu, Zn, Ni, Sb, depleted-U
(DU), Hg, As and Bi. Depleted-U has only been used since the First Gulf War
(1991) for anti-tank ammunition. Although depleted in highly radioactive **°U,
there can still be a considerable amount of radioactivity and also chemical toxi-
city associated with this material (see Chap. 26). Bullets used by the military in
Switzerland contain 95% Pb, 2% Sb, 3% Cu and 0.5% Ni [42]. At shooting ranges,
the soil on embankments (‘stop butts’) behind the targets is usually the most heavily
contaminated with an average content in Switzerland of 1% Pb (<10% Pb). In a
study of embankment soils (<0.5 mm fraction) at seven shooting ranges the
variations in concentrations of metals (in mg kg~ ') were: Pb 1,900-515,800;
Sb 35-17,500; Cu, 160-4,450; Ni 54-770; Bi, 6-5,140; Tl <3-2,150, and
Hg <1.5-410 [42].

Copper in the topsoil of an area of 625 km? around Ypres, Belgium (site of a
prolonged First World War battle) showed a significant elevation in median Cu
content of soil (12 mg Cu kg™") to 18 mg Cu kg~ ' in the battlefield and this
amounted to an input of 2,800 t of Cu in the top 0.5 cm. Concentrations of <830 mg
Cu kg~ were found in soils in the major war zone, but <3,600 mg Cu kg~ " was
found in the surrounding area [95].

In addition to warfare and military training, considerable quantities of Pb and
other metals (As, Sb, Mo and Ni) are added to soils in shotgun pellets (or bullets)
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used for sports shooting. This includes both game bird and ‘clay pigeon’ (flying
plastic target) shooting. Concentrations of more than 1% Pb in soil are sometimes
found at sites of shooting clubs, but where occasional shooting of game birds is
practiced the pellets are randomly distributed in the topsoil and give very heteroge-
neous analytical results depending on whether a pellet is present in the sample or
not. In England and Wales, Pb shot from shooting is the single most important
source of Pb in agricultural soils with over 3,000 t Pb deposited annually [70]. It is
estimated that individual pellets may take between 100 and 300 years to completely
corrode and for the Pb and other constituent metal(loid)s including As and Sb, to be
dispersed in the soil [81] (see Chap. 3, Sect. 3.2.5.2).

2.4 Concluding Comments

This chapter has attempted to show that there are many possible sources of the
heavy metal(loid)s found in soils. On a global area basis, the geological soil parent
material (lithogenic source) is probably the most important determinant of heavy
metal(loid) concentrations in agricultural and rural soils, but many ubiquitous
anthropogenic sources also exist, including atmospheric deposition of both long
and short-range transported particulates, fertilisers, livestock manures and sewage
sludges. However, in the urban environment there are many more possible sources
of heavy metal(loid)s and they are also likely to be very heterogeneously distributed.
Lead is the most characteristic heavy metal(loid) contaminant of urban soils, usually
together with Cu and Zn. The concentrations of metal(loid)s in urban soils are a
reflection of the integration of all the different sources of metals that people are
exposed to. Finally, soils at industrial sites can vary widely in their concentrations of
many metal(loid)s, depending on the nature of the industry, both past and present.
This can be an important consideration in the redevelopment of brown field and
derelict industrial sites for residential and urban use.
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Chapter 3
Chemistry of Heavy Metals
and Metalloids in Soils

Scott D. Young

Abstract It is a simple matter to conceptually classify trace metal fractions in soil
in terms of their relative ‘availability’. However, the challenge has always been to
translate this qualitative understanding into predictive models of metal solubility,
ideally based on proven mechanistic processes of specific adsorption, ion exchange,
precipitation, colloidal flocculation, reduction, intra-aggregate diffusion etc.
This chapter starts with a brief examination of the surface properties of the main
metal adsorbents in soil, including humus, and the colloidal minerals Fe/Mn oxides,
alumino-silicate clays, zeolites and sparingly soluble Ca salts. The interaction of
these phases with the transient soil variables (e.g., pH, redox potential, temperature)
in controlling metal solubility is discussed alongside the overarching influence of
time. The sheer complexity of these co-dependencies still confounds our efforts
to resolve an exact description of metal solubility and speciation and the range of
modelling approaches which has emerged from this ‘confrontation’ is outlined.
Currently the literature still presents an uneasy co-existence of relatively simple
descriptions of metal solid < solution equilibrium along with thermodynamically
consistent mechanistic models. To compensate for their limited predictive power
in the face of soil heterogeneity, the empirical equations are often extended to
incorporate key soil properties (soil organic carbon content, pH etc.) as deter-
minants of the model parameters — with surprising success. The principal challenge
for mechanistic models is to resolve a meaningful basis for their description of
metal dynamics which can be confirmed experimentally. However, an equally
important goal is to reconcile the demanding requirements for their operation
with the paucity of such data in geochemical studies and datasets. With much
wider use in recent years the remaining shortcomings of the mechanistic models
are becoming more apparent and this has created new experimental imperatives.
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These include characterising the small proportions of high affinity sites on
adsorbents and developing descriptions of mixed adsorbents beyond a purely
additive approach. The future promises continued improvement of models describ-
ing trace metal dynamics in soils and their increasing incorporation into human and
environmental risk assessment tools.
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3.1 Introduction

This chapter outlines the nature of metal and metalloid interactions with soil and
current approaches to modelling these interactions.

3.1.1 Background to the Study of Metal Interactions with Soil

Heavy metals and metalloids are adsorbed strongly by the organic, and inorganic,
colloidal constituents of soil. The resulting moderation of mobility and bioavail-
ability of metals in the environment must rank as one of the most important
‘ecosystem services’ attributable to soils with implications for both micronutrient
availability and potential toxicity to terrestrial and aquatic organisms. The overall
strength with which metals are retained in soils is a reflection of:

(1) ‘residual’ properties attributable to the metal source material (primary
minerals within the soil parent material, smelter fallout, sewage sludge, mine
spoil, urban anthropogenic artefacts etc.);

(i1) the intrinsic affinity of individual metal ions for soil adsorption surfaces and
for soluble soil ligands;

(iii) the suite of adsorption surfaces present in soils (humus, metal oxides, alumina-
silicate clays etc.);

(iv) the more ‘transient’ properties of the soil, including pH, redox potential, water
content, temperature, biological activity, salt concentration etc.

(v) soil-metal contact time.

A complete understanding of the mechanisms through which intrinsic and
transient soil properties influence metal solubility still eludes us, despite decades
of investigative effort. Nevertheless, as in all applied sciences, the emergence of
new analytical techniques has gradually improved our ability to predict the
behaviour of metals in soils. For example, synchrotron-based spectroscopy
(EXAFS; XANES) is able to elucidate the bonding environment and valence of
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sorbed metals, electron microprobe and laser-ablation-ICPMS reveal the elemental
make up of individual particulates, isotopic dilution and diffuse-gradient technol-
ogy (DGT) quantify the kinetics and reactivity of surface-adsorbed metal ions and
ion chromatographic and Donnan Membrane techniques enable speciation of
metals in the soil pore water. An increasing number of studies utilise these
techniques in combination to reveal a fuller picture of the interactions between
metals and soils. This new wave of analytical information feeds directly into the
development of increasingly powerful geochemical modelling approaches. Such
models fulfil a dual role in (i) providing predictive information on metal fraction-
ation (in solids) and speciation (in solution) and (ii) revealing the research imper-
atives for those studying metal sorption reactions.

Chapter three deals primarily with adsorption and precipitation reactions as
the two recognised mechanisms whereby metals and metalloids are retained in
soil. The latter process involves added complexity in a soil environment where
compounds may (i) precipitate on pre-existing surfaces, (ii) exist as heterogeneous
solid-solutions rather than pure phases and (iii) will in turn be subject to surface
‘contamination’ through adsorption reactions. Thus the boundaries between the two
processes are rather diffuse and they may eventually be described in a more unified
manner. For trace metals the more important reaction is usually adsorption and this
is reflected in the greater weight given to Sect. 3.2 which descri