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REVIEW ARTICLE

Concentrations of metals and metalloids in soils that have
the potential to lead to exceedance of maximum limit
concentrations of contaminants in food and feed
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1 & F. J. ZHAO

1,2

1Rothamsted Research, Harpenden, Herts, AL5 2JQ, UK, and 2College of Resources and Environmental Sciences, Nanjing

Agricultural University, Nanjing, 210095, China

Abstract

This review focusses on the transfers of metals and metalloids from soil to food and feed, based

mostly on UK information. Published information on the behaviour of a number of these

contaminants in soil–plant systems is used to evaluate which elements are likely to transfer to food

and feed. Data on the concentrations of metals and metalloids in soils and other soil properties in

England and Wales are used in models to illustrate the likelihood of transfers exceeding the maximum

concentration limits in food and feed in European legislation. Information from crop and herbage

quality surveys is used to compare with the output from models. In most cases, the modelled or

observed concentrations in food and feed do not reach the maximum allowable concentrations. Of all

the contaminants considered, Cd appears to be most likely to exceed limit concentrations under UK

conditions, but at present, there is some difficulty predicting Pb uptake and As uptake into the edible

parts of crops from soil. However, crops exceeding the food limits are more likely to be grown if

those crops are vegetables and if soil limit concentrations and best soil management practices have

not been followed (e.g. maintenance of high soil pH in the case of cationic metals). We discuss the

gaps and uncertainties for different metals and metalloids and show the need to review the situation if

food or feed maximum concentration limits are changed as new information becomes available on

toxicology and dietary exposure.

Keywords: Biosolids, toxicity, risk assessment, food standards, arsenic, cadmium, lead

Introduction

As noted in the Soil Strategy for England, continued

atmospheric deposition of contaminants and the increase in

the spreading of organic and inorganic materials which may

contain contaminants to land is an area of growing concern

(Defra, 2009a). Materials used on land include organic

wastes (e.g. composts, animal manure, sewage sludge) and

inorganic by-products (e.g. recycled gypsum). These

materials are spread on land because they can increase the

levels of organic matter in soil, reduce fertilizer or lime

requirements and provide the associated benefit of reduced

landfilling or incineration. The nutrients and organic matter

can have important agricultural and ecological benefits.

However, these materials can also contain significant

concentrations of contaminants, such as metals, which can

accumulate in soil following repeated applications

(Nicholson et al., 2008). The input of metals from various

sources has been studied in the UK (Nicholson et al., 2003,

2008), as has the accumulation of metals in soils receiving

sewage sludge, animal manures and composts (McGrath,

1987; Gibbs et al., 2006; Chaudri et al., 2007). New and

future threats may emerge, for example, nanoparticles are

noted in this respect in the Soil Strategy (Defra, 2009a).

This review is mainly focused on UK literature related to

the concentrations of metals or metalloids in soils that have

the potential to lead to exceedance of maximum

concentration limits (MCL) in food. Contamination is taken

to denote the presence of, in this case, metals or metalloids

above background levels. But this does not necessarily mean

that they are having a deleterious effect. ‘Exceedance of

maximum concentration limits’ could imply that at certain
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concentrations, contaminants can be associated with

detrimental effects on organisms (man in this case).

However, it is difficult to establish causal relationships

between exposure to contaminated soil and actual health

impacts (Fera, 2009) and it is obviously not desirable to

allow concentrations in food to become high enough to have

actual effects. Therefore, various agencies have set limits in

food and feed that are less than the levels at which effects on

animal and human health can occur. These are predicted

upper allowable limits and can change with time according

to new knowledge and following review by the responsible

agencies. However, it should be noted that there are other

sources of environmental contamination of the food chain

and that soil, considered here, is only one potential source.

The following sections give an assessment of how the

contaminants behave in soils under different conditions, how

they transfer to animals and plants used as food, and under

what conditions they are likely to breach the MCLs in food

consumed by humans. Many of the strongest emission

sources of contaminants in soils have been controlled in the

last 25 years through environmental regulation, but because

contaminants can persist for long periods in soil, and their

continued arrival in soils via pathways such as atmospheric

deposition and the spreading of organic and inorganic

materials on land, soils can continue to contain increased

concentrations of contaminants or even increasing

concentrations.

Metals and metalloids often accumulate in surface soil,

and can be taken up by crops to different extents. Some of

these are essential to plants and/or animals (e.g. Zn, Cu,

Mn, Ni, Cr, Co, Mo), and deficiencies can occur when either

the concentrations in soil are small or when the soil

conditions limit their bioavailability. These elements can be

toxic when present in large amounts, but this is unlikely to

occur through the dietary route via soil and agriculture, for

reasons discussed below. Other elements (such as Hg, Cd,

Pb, Tl and As) are not thought to be required biologically

and are toxic when they are present in sufficient

concentrations.

Limits in food or the diet

This review concentrates on contaminants that build up in

soil and have the potential to lead to exceedance of limit

values in food and highlights some of the gaps and

uncertainties. To do this, it is necessary to examine the links

between contaminant concentrations in soil and the

exceedance of limit concentrations in food. Food in this

sense should include the transfer from soil to plants to

animals and animal products which are consumed, as well as

plant foods that are consumed directly by humans. Direct

transfer of contaminants from soil to animal (via soil

ingestion) and then to humans is a potential route for

contaminant transfer which is given some consideration

below. In addition to concentrations, the amounts of specific

foodstuffs consumed are important (e.g., As in rice; Meharg

et al., 2009). European MCLs were used as examples of limit

concentrations of contaminants in food (EC, 2006) and

animal feed (EC, 2002, 2003).

Among the toxic metals/metalloids, food (or animal

feeding stuff) limits are in place for Cd, F, Pb, Hg and Sn or

being considered for As (Tables 1 and 2). Of these, F is only

present in animal feed limits because animals were

specifically exposed in the past near to strong point sources

such as brickworks and aluminium smelters. Similarly, Sn is

regulated only in canned foods, because there is a specific,

acute risk of human exposure to tin from damaged or

unlacquered cans. Exposure by this route has been

minimized by introducing controls. Mercury is most harmful

as methyl mercury, which is generally not found in terrestrial

foods (except rice grown on Hg contaminated paddy soils,

e.g. Feng et al., 2008). It is the commonest form in fish,

which is why there are limits in seafood only. For these

reasons, F, Hg and Sn will not be discussed further below.

It should be noted that the existing limits for Cd and Pb

are under review, and introduction of limits for As in rice is

being considered. The main source of Cd for nonsmokers is

food. For Cd, the European Food Safety Authority Panel on

Contaminants in the Food Chain (EFSA, 2009a)

recommended that the Provisional Tolerable Weekly Intake

for this element should decrease by a factor of almost 3. The

European Commission is considering decreasing the MCL in

various food stuffs, for example, a proposal to amend the

EU Food Regulation (EC, 2006) suggests that the maximum

concentration in wheat may drop by half (FSA, 2009a). This

would affect all of the evaluations of soil-to-food transfers

below. For As, the diet is the main source of exposure in the

EU, and a recently published opinion was that this should

be decreased (EFSA, 2009b) as much as possible. It is

thought that Pb intake should be as low as reasonably

practicable because EFSA could not establish a threshold

value for developmental neurotoxicity (FSA, 2009b).

Behaviour in soil

Soil conditions can affect the build up and losses of

contaminants and, therefore, their bioavailability and likely

transfer through the food chain (Rooney et al., 2006;

Chaudri et al., 2007; Li et al., 2008). Understanding the soil

conditions that affect plant uptake is important in two

respects: (i) these can be used to define soil-specific threshold

values rather than a ‘one fits all’ approach (Rooney et al.,

2006; Chaudri et al., 2007) and (ii) soil conditions that can

be manipulated (e.g. pH) can form the basis of controls on

the risk of contaminants entering the food chain in

significant quantities. Metals that exist mainly as cationic
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(positively charged) species tend to become more available at

acid pHs and precipitate or are bound by soils under high

pH conditions. Those metals or metalloids that form anionic

(negatively charged) species usually react in the opposite

way, being bound by positively charged sites, for example,

on oxides at low pH and are less bound and, therefore, more

available at high pHs. Other conditions can affect elements

to variable extents, for example, high organic matter

contents can bind metals like Cu and Pb strongly. Finally,

the redox potential of soil (usually determined by the

availability of oxygen, which in turn is influenced by the

water status of soil) affects the chemical form and binding of

redox sensitive metals/metalloids such as Mn, As and Cr.

Concentrations in soils

Extensive data exist on the concentrations of some metals

and metalloids in some 5600 soils of England and Wales in

the National Soil Inventory (NSI) (McGrath & Loveland,

1992; Rawlins et al., 2012). Monitoring of soils has also been

carried out, and changes in Cd, Cr, Cu, Ni, Pb, V and Zn

concentrations in UK soils between 1998 and 2007 assessed

(Emmett et al., 2010. The UK soils and herbage survey

(Ross et al., 2007) gives analyses for eleven metals and

metalloids in soil and herbage from 122 rural and 29 urban

sites in the UK.

Due to their potential toxicity at high concentrations to

plants, animals and humans, soil maximum limit values for

some metals have been published for the UK for the

application of sewage sludge to agricultural soils (DoE, 1996).

These are derived from European Directive 86/278/EEC on

the use of sewage sludge on agricultural land in 1986. There

was a lack of clarity on how values in the Directive were

derived in relation to human (and animal) health, but this was

later reviewed in a UK context by Carrington et al. (1998a,b).

Table 2 Maximum concentration limits for metals/metalloids

under EU Feed Regulation Directive 2002/32/EC and

amendment 2003/100/EC (EC, 2002, 2003)

Element Type of feed

Maximum Maximum

mg/kg at 88% DM mg/kg DM

Arsenic Feed 2 2.3

Cadmium Feed 1 1.1

Lead Green fodder 40 45

Fluorine Feed 150 170

Mercurya Feed 0.1 0.11

aHg added in No. 3281 Agriculture The Feeding Stuffs (England)

Regulations 2005.

Table 1 Maximum concentration limits for metals/metalloids under EU Food Regulation 1881/2006 (EC, 2006)a

Element Commodity

Maximum limit

mg/kg wet weight

Arsenic None –

Cadmium Meat of cattle, pigs, sheep and poultry 0.05

Horsemeat 0.2

Liver of bovine animals, sheep, pig, poultry and horse 0.5

Kidney of bovine animals, sheep, pig, poultry and horse 1

Cereals excluding bran, germ, wheat and rice 0.1

Bran, germ, wheat and rice 0.2

Soybeans 0.2

Vegetables and fruit excluding leaf, root and stem vegetables,

fresh herbs, fungi, pine nuts, and potatoes

0.05

Leaf vegetables, fresh herbs. Cultivated fungi and celeriac 0.2

Stem vegetables, root vegetables and peeled potatoes 0.1

Lead Milk 0.02

Meat of cattle, pigs, sheep and poultry 0.1

Offal of bovine animals, sheep, pigs and poultry 0.5

Cereals, legumes and Pulses 0.2

Vegetables and peeled potatoes, excluding brassicas, leaf

vegetables, herbs and fungi

0.1

Brassica vegetables, leaf vegetables and cultivated fungi 0.3

Fruit excluding berries and small fruit 0.1

Berries and small fruit 0.2

Mercury Only seafood limits –

Tin Only canned food limits –

aExcluding seafood.

© 2013 The Authors. Journal compilation © 2013 British Society of Soil Science, Soil Use and Management, 31 (Suppl. 1), 34–45

36 S. P. McGrath & F. J. Zhao



Although the values apply only to land receiving sewage

sludge, they also tend to be used as benchmarks in other

situations, for example for land receiving bulky organic

materials such as composts.

Plant uptake and concentrations in food crops

A soil–plant barrier concept has been developed for metals

and metalloids (Basta et al., 2005). This assumes that the

mobility of these elements is influenced by soil or plant

‘barriers’ that can limit transmission of many metals through

the food chain either due to soil chemical processes that

limit solubility (soil barrier) or by plant senescence due to

phytotoxicity (plant barrier). Applying this concept, a soil

barrier is thought to limit transmission of trace elements,

including Ti, Si, Zr, Au, Ag, V and Hg, that are very

insoluble and/or strongly adsorbed in soil or in roots (Basta

et al., 2005). Based on published soil-to-plant transfer factors

(defined as the concentration in plant/concentration in soil),

for a wide range of plant species, we would add Pb to this

group with a soil barrier, although aerial deposition of soil

or dust onto crops can result in some transfer into the food

chain, although not strictly taken up into the plant tissues.

These elements are less likely to be bioaccumulated in plant

shoots or edible storage organs to levels that constitute risk

to humans than metals that are not affected by the soil

barrier. On the other hand, Basta et al. (2005) state that a

plant barrier limits transmission of trace elements, including

Zn, Cu, Ni, Mn, Cr, As and F because plant phytotoxicity

occurs before they reach concentrations in the edible parts of

plants considered harmful to consumers. However, in most

soil conditions, uptake of Cr and As is limited due to lack of

bioavailability in soil (but note that this is the case for As

only under aerobic soil conditions). The elements Cd, Mo,

Se and Tl are thought to a certain extent to pass the

soil–plant barrier that limits transmission of many trace

elements through the soil–crop–animal food chain. In

addition, paddy rice grown in anaerobic soil is efficient in

accumulating As (Xu et al., 2008; Meharg et al., 2009).

Later, we deal in more detail with Cd, the most important

example of an element without a strong soil–plant barrier.

Se and Mo can also be relatively easily taken up by food

crops. However, it is highly unlikely that their accumulation

in food crops would cause toxicity to humans, because the

concentrations of these are small in UK soils. Where

concentrations in soils are high, Mo can accumulate in

pasture herbage and this can lead to Cu deficiency in

ruminants (Thomson et al., 1972).

Thallium (Tl) is highly toxic to animals and humans and is

readily taken up by some plants. A study in France showed

very low Tl concentrations (<4 lg/kg dry weight) in wheat

and maize grain from crops grown in soils varying widely in

Tl concentration, but high concentrations of Tl in winter

oilseed rape (Brassica napus L.) shoots and seeds, with the

soil-to-plant transfer factor >1 (Tremel et al., 1997). Two

other vegetable species, cabbage (Brassica oleracea cv

capitata L.) and leek (Allium porrum L.), from a different

location in France were also measured and showed transfer

factors <1 (Tremel et al., 1997). The 2006 UK Total Diet

Study showed low concentrations of Tl in foods and that,

for average consumers, current dietary exposures to Tl are

unlikely to be of toxicological concern (FSA, 2009b).

However, where soils containing increased levels of Tl are

used for growing food crops, based on the French study,

there is potential for this to lead to increased uptake and

accumulation. Further research should focus on vegetables

(Brassica species) that are grown on soils with naturally

increased levels of Tl.

Table 3 summarizes data from surveys of Cd, Pb and As

concentrations in UK food crops. Chaudri et al. (1995) and

Zhao et al. (2004) reported the ranges of Cd and Pb

concentrations in wheat and barley grains collected

representatively from major cereal-growing areas in the UK,

which showed that >99% of the grain samples were below

the MCLs. If the Cd limit in wheat were to be reduced from

0.2 to 0.1 mg/kg fresh weight (0.113 mg/kg dry weight based

on 88.8% dry matter in cereals) to reduce dietary exposure

of Cd (FSA, 2009a), 2.4% of the wheat grain would not be

compliant. In a paired soil-crop survey which specifically

included some land with elevated levels of Cd, Adams et al.

(2004) found 4.5% of the wheat grain samples exceeding the

current Cd MCL. A survey of 40 barley grain samples

collected in 2000 from Scotland showed anomalously high

concentrations of Pb, with a quarter of the samples

exceeding the MCL (Zhao et al., 2004). However, it appears

that these samples were surface contaminated during either

sample collection or storage, as a brief washing of the grain

decreased the Pb concentration markedly. Overall, most of

the wheat and barley grain produced in the UK are

compliant with the current Cd and Pb MCLs, although

exceedance could occur if crops are grown at sites with

increased concentrations, or if surface contamination of Pb

can occur during storage and processing. Grain exceeding

the limit would be diluted with other loads with low

concentrations, and it is unlikely in the UK that grain from

a single source would be consumed exclusively.

There are no nationwide surveys of Cd and Pb

concentrations in vegetables and potatoes produced from

commercial farms in the UK. There are, however, surveys of

vegetables grown in urban and a few rural allotments. Moir

& Thornton (1989) reported wide ranges of Cd and Pb in

vegetables grown in 94 urban allotments in England, with

the maximal values recorded exceeding the current EU food

MCLs for both metals (Table 3). The percentage exceedance

was not reported. Leafy vegetables such as spinach and

lettuce showed the highest accumulation of Cd. The

© 2013 The Authors. Journal compilation © 2013 British Society of Soil Science, Soil Use and Management, 31 (Suppl. 1), 34–45
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generally high concentrations of Pb and Cd in this survey

reflect the fact that urban soils tend to be more

contaminated with metals. A recent study of vegetables

produced in 12 allotments in the UK (6 rural, 6 urban)

reported generally low concentrations of Cd and Pb

(Table 3), probably related to the similar metal

concentrations in the rural and urban soils in this study

(Weeks et al., 2007).

The UK Soil and Herbage Pollutant Survey conducted by

the Environment Agency in 2002 (Ross et al., 2007) reported

the ranges of As, Cd, Pb and other trace elements in herbage

from 366 rural locations (Table 3). The maximal values are

larger than the EU MCLs of these elements in animal

feeding stuff, but the percentage exceedance is likely to be

small, judged from the means and medians.

There are no nationwide surveys of As concentration in

UK cereal grains. Williams et al. (2007) reported As

concentrations in wheat and barley grains collected from two

regions in the UK (Table 3). While those from Scotland

(mainly Fife) can be considered to be in the normal range,

the concentrations in many of the samples collected from

south-west England (Devon and Cornwall) were high

because soils had high (maximum 546 mg/kg) levels of As.

The highest concentration in wheat grain reported by

Williams et al. (2007) was 0.5 mg/kg on a dry matter basis,

and this level could be of concern (but only if consumption

levels are high and based on a single source of wheat)

because As in wheat grain is present only in the most toxic

inorganic forms (Zhao et al., 2010a). Where soils do not

contain increased levels of As (<20 mg/kg), the As

concentrations found in wheat and barley grain are usually

<0.05 mg/kg (Williams et al., 2007; Zhao et al., 2010b).

Soil ingestion by livestock

Some metals may have the potential to transfer directly from

the soil to be absorbed by grazing livestock (without passing

through a plant), then transfer into the human food chain.

Grazing livestock can ingest soil on its own or soil adhered

to vegetation.

The amount of metal absorbed by this route depends on

the quantity of soil ingested by the grazing animal, which

varies depending on such factors as the livestock species,

climate, grazing habits, time of year, sward cover and other

factors such as stocking rates. It has been estimated that an

average of around 6% of the dry matter intake is soil (Stark

& Hall, 1992; Fries, 1996), although ingestion rates may be

much higher under conditions of drought or over grazing,

with Thornton & Abrahams (1983) suggesting that up to

18% of the cattle diet may be soil and can exceed 30% for

sheep in late winter when there is little vegetation (Abrahams

& Steigmajer, 2003). Concentrations of metals can be

increased in foliage when sewage sludge is applied to land
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due to adherence of the sludge to foliage, and because the

build up of metal is greatest in surface soil that animals are

likely to consume. There is evidence that Cd and Pb

accumulate in the liver and kidney, but not muscle tissues, of

animals that feed on land that has received a number of

applications of sewage sludge (Hillman et al., 2003). The risk

to humans from this route is reduced but not eliminated for

two main reasons: (i) the intake of offal is low in the average

diet compared with muscle meat and (ii) to limit the risk of

pathogen transfer to animals and amount of soil ingested in

the case of sludged land, there is a no grazing or herbage

harvesting period of 3 weeks after sludge application (DoE,

1996). However, worst-case scenarios could be more of an

issue. An example would be people with a high consumption

of offal, but this would be mitigated by the fact that it is

unlikely that all of this particular dietary component would

be derived from sludged land. Another case would be areas

where the Code of Practice for Agricultural Use of Sewage

Sludge was not adhered to, due to extreme weather

conditions leading to poaching of soil, lack of herbage or

poor management. It is worth noting that the Code of

Practice for Agricultural Use of Sewage Sludge (DoE, 1996)

does not apply to other routes of contamination of soils.

Modelling metal transfer from soil to plants

A number of studies have attempted to establish empirical

models to predict the transfer of metals from soil to crops

(Legind & Trapp, 2010), Cd being the most successful case

as its transfer from soil to crop is thought to be dependent

on soil properties. These empirical models are generally

based on a pH-dependent Freundlich equation. This

equation was originally used to describe the solubility of

metals in soils and can be extended to fit the relationship

between soil and plant metal concentrations (equation 1;

Brus et al., 2002; Brus & Jansen, 2004):

Qplant ¼ AQB
soil ð1Þ

where Qplant and Qsoil are the metal concentrations in the crop

and the soil, respectively, and A and B are the Freundlich

coefficients. A is assumed to be a log-linear function of soil

properties such as pH, soil organic matter (SOM) and clay

content, so that Eq. [1] can be converted to equation (2):

logðQplantÞ ¼ A0 þ A1pHþ A2 logðSOMÞ þ A3 logðclayÞ
þ B logðQsoilÞ

ð2Þ

The coefficients in equation (2), A0-3 and B, are obtained by

multiple regression using paired soil–plant datasets. In some

cases, the coefficients for SOM or clay are not significant in

the regression model and, therefore, these terms are excluded

from the model. In the derivation of a soil guideline value for

Cd using the Contaminated Land Exposure Assessment

(CLEA) model in 2002, the relationship of log(CF) to soil pH

was used, CF being the plant/soil concentration factor (Defra

& EA, 2002a); this model is the same as equation (2) with the

omissions of the SOM and clay terms, and the coefficient B

being fixed at 1. Although the evidence reviewed in 2009

indicated increased Cd uptake by root and leafy vegetables at

lower pH values, no quantitative relationship could be

derived, and the 2002 approach was withdrawn and replaced

with consideration of the CF only (EA, 2009a,b). Table 4

shows some examples of empirical models for Cd.

The models presented in Table 4 were used to predict the

potential for Cd accumulation in different crops, grass or

vegetables across England and Wales, using the soil data

from the National Soil Inventory (NSI) for England and

Wales (McGrath & Loveland, 1992). In the NSI database,

total soil Cd was determined by flame atomic absorption,

which had a high detection limit (0.2 mg Cd/kg soil).

A recent re-analysis of the NSI soils using a more sensitive

method (X-RF) showed lower Cd concentrations (Rawlins

et al., 2012), with the median being 0.36 of the old value.

This factor was used to correct for the over-estimation of

soil Cd in the NSI dataset. Table 4 shows the range and the

median of the predicted Cd concentrations in the crops, if

they were grown in all soils (n = 5577) across the country,

and the percentage of the predicted concentrations that

could exceed the respective MCL. The cumulative frequency

distributions of selected crops (wheat, barley and leafy

vegetables) are presented in Figures 1 and 2.

These calculations show that exceedance of the Cd MCL

is likely to be rare (0–1.6%) for wheat grain, barley grain,

cabbage and potato grown in England and Wales. For wheat

and barley grain, the predictions are in agreement with the

nationwide survey data showing few samples exceeding their

respective MCLs (Chaudri et al., 1995; Adams et al., 2004),

thus giving confidence to the model predictions. In contrast,

leafy and root vegetables (including lettuce and carrot) have

the potential to be more problematic, with the prediction

that 24–53% of potential sites could lead to Cd

concentrations that exceeded the MCL, if these crops were

grown on them. However, it is not known what proportion

of these sites actually are used to grow these vegetables.

While there are no national survey data for these vegetable

crops to back up the model predictions, it is known that

these plants do tend to accumulate more Cd in their edible

parts (Kuboi et al., 1986; Alexander et al., 2006). High

concentrations of Cd were also reported by Moir &

Thornton (1989) in some vegetables grown in urban

allotments. An important reason causing Cd exceedance in

the model outputs is low soil pH (suggesting that many of

these sites are not being maintained at pH ≥6.0 for

agricultural use). If soil pH is maintained at ≥6.0, as would

be expected in normal agricultural practices, exceedance of

the Cd MCL can be decreased markedly to ≤1.5% for most

vegetable crops (Figure 2). The only exception is root
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vegetables assessed with the plant transfer function used in

the CLEA model, which still shows 39% of sites with

exceedance; examples might be if these crops were grown on

soils with high levels of Cd. The model of Hough et al.

(2004) for carrot, however, predicts that the exceedance

would decrease from 26% to 0.4% if the soil pH is

maintained at ≥6.0, in line with leafy vegetables.

Brus et al. (2002) used a soil-to-grass transfer model

coupled with a grass-to-cattle transfer model (Table 4) to

predict concentrations of Cd in cattle kidney in the

Netherlands. When these models are applied to the soils in

England and Wales, it is predicted that in only 0.2% of

situations would the kidney Cd concentration exceed the

1.0 mg/kg fresh weight limit (EC, 2006). Also, no scenario is

predicted to exceed the feed Cd MCL of 1.1 mg/kg dry

weight (EC, 2002).

It should be pointed out that extrapolation of the

empirical models beyond the range of soil types or properties

that were used to construct the model may not be valid. The

uncertainty associated with model calculations is also

difficult to assess (Legind & Trapp, 2010). Nevertheless, the

model calculations described above appear to be consistent

in revealing that the potential issue of specific concern lies in

the Cd accumulation by vegetable crops if they are grown in

soils with increased Cd, whereas for cereals and grassland,

the likelihood of exceeding the current MCLs in broad scale

agriculture is very small.

In the light of the recent EFSA opinion on the need to

reduce Cd exposures (EFSA, 2009a), there are proposals to

reduce the Cd MCLs in offal and cereal (wheat) by half (FSA,

2009a). Using this scenario, 28% of wheat and 3% cattle

kidney are predicted to exceed the limits, if all soils in the NSI

survey were used to grow wheat or grass for cattle and without

adjustment of soil pH. This is likely to be an overestimate

because not all soils are used in this way, and the pH of the

soils would be adjusted to achieve optimum crop growth.

In contrast to Cd which is taken up by plant roots, the

main entry route of Pb to plants is via atmospheric

deposition (Tjell et al., 1979; Dalenberg & Vandriel, 1990).

For this reason, no correlations were found between Pb

concentration in wheat or barley grain and soil properties

(Zhao et al., 2004). An empirical model for predicting Pb

concentration in wheat grain was presented by Brus &

Jansen (2004), although it explained only 36% of the

variance in the grain Pb concentration. When this model is

applied to the NSI data, the predicted wheat grain Pb ranges

from 0.01 to 10.4 mg/kg dry weight, with 65% exceeding the

0.235 mg/kg DW MCL (EC, 2006). The high percentage of

exceedance is not supported by the nationwide survey data

(Zhao et al., 2004), suggesting that applying the Pb model of

Brus & Jansen (2004) to the soils in England and Wales is

not valid. For vegetable crops, Hough et al. (2004) also

presented empirical models for predicting Pb concentration

using soil properties. Apart from the fact that these models

are generally poor in accounting for the variance of the data

(Legind & Trapp, 2010), some models also contain negative

coefficients for the soil Pb and positive coefficients for soil

pH, meaning that plant Pb concentration would decrease

with soil Pb concentration and increase with soil pH, which

is unlikely to be correct. Based on the evidence available, it

is concluded that the Pb concentrations of edible parts of

food plants cannot be predicted reliably from soil

measurements.

For residents with allotments, the CLEA model estimated

that consumption of home-grown vegetables and ingestion of

soils attached to vegetables contribute 22% and 7%,

respectively, of the mean exposure to Pb (Defra & EA,

2002b). However, the Defra/EA soil guideline value (Defra

& EA, 2002b) for Pb was withdrawn in 2009 (EA, 2009d).

No empirical models for As accumulation in food crops

have been reported to date, but may be needed as a result of

the EFSA opinion to reduce As intake by humans from food
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(EFSA, 2009b). In the derivation of the soil guideline value

for inorganic As, the Environment Agency used fixed soil-to-

plant transfer factors for various vegetables and fruits,

implying a linear relationship between plant and soil As

concentrations (EA, 2009c). Williams et al. (2007) showed a

log–log linear relationship, with considerable scatter,

between soil As and grain As for wheat and barley in the

UK. This is an area of uncertainty.

Little knowledge exists on interactions between

contaminants in terms of uptake and accumulation within

plants and animals and, therefore, food. It is known for

example that Zn and Cd act in many cases as analogues and

that there is competition for uptake, with Zn almost always

present in much higher concentrations. So, when assessing

the impact of Cd, Zn availability needs to be considered.

However, models for even this well-known interaction are

not yet available in the literature.

Conclusions

Among the toxic metals/metalloids, there are maximum

concentration limits in food (or animal feeding stuff) in place

for Cd, F, Pb, Hg and Sn, or being considered for As in

food. These were used here as an upper limit to assess the

significance of concentrations in food and feed, derived from

soil. For other metals/metalloids, there are no MCLs in food

or feed. Cadmium is the metal that was found to be more

likely to be present in soils and taken up by food crops in

amounts that exceed its limit in food than other metals/

metalloids. Models describing the transfer of Cd from soil to

plants and animals have been developed, but no models exist

for uptake into crops from soils for As and those for Pb

appear to be unreliable.

Applying models for Cd uptake to the soils in England

and Wales shows compliance with the MCL for cereals,

potato and herbage in most soils, whereas vegetables may be

more problematic if they are grown in soils containing

increased concentrations of Cd in combination with low pH.

The UK Total Diet Studies are based on composite samples

of different food groups and did not identify any specific

concerns (FSA, 2009b). This is backed up by surveys of

cereal grains and herbage which show that a very small

percentage of samples exceed the current limits for Cd.

However, there are no national surveys to back up model

predictions of transfer from soil to vegetables.

If the MCLs for Cd and Pb in food or feed are lowered in

future, this will affect the likely crops and areas that may

exceed the limits. This situation needs to be kept under

review. The potential for uptake and toxicity of

nanoparticles, including those that are likely to be deposited

on soils (Mueller & Nowack, 2008; e.g. those containing Ag,

Ce, Ti and Zn), is uncertain at present and the subject of

ongoing research.

Finally, it is not clear whether the concentrations of

contaminants of interest here (As, Cd and Pb) are increasing

or decreasing in soils over time, due to the small changes

over time (Emmett et al., 2010; note As was not monitored).

This is likely to be affected by local conditions including

inputs and soil conditions and requires substantial effort to

characterize and understand these processes and to

accurately detect any changes.
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