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palavras-chave elementos potencialmente tóxicos; transferência solo-planta; modelos 
empíricos tipo Freundlich; concentrações limite no solo; avaliação da 
exposição; saúde animal e humana; Política de solos. 

resumo Este estudo baseou-se na análise dos mecanismos de transferência de 
elementos potencialmente tóxicos (PTE’s) entre o solo, a solução do solo e as 
plantas como forma de realizar uma avaliação mais eficaz do risco em áreas 
agrícolas. Foram aplicados conceitos recentemente desenvolvidos para a 
avaliação da reactividade biogeoquímica de contaminantes no solo e da sua 
partição sólido:solução recorrendo-se a modelos empíricos (tipo Freundlich). 
Estes modelos permitiram analisar a transferência de PTE’s ao longo da 
cadeia alimentar e avaliar o impacto da contaminação do solo na qualidade da 
alimentação animal (forragens) e Humana (vegetais e carne) em Portugal.  
Os modelos empíricos de transferência solo-planta de PTE’s foram utilizadas 
para obter limites críticos para estes elementos em solos agrícolas em 
Portugal, a partir dos seus limites legais nos alimentos para animais e teores 
máximos nos géneros alimentícios. Simultaneamente, modelos de exposição 
Humana a contaminantes do solo, desenvolvidos noutros países da UE foram 
analisados e foi proposto um modelo de exposição para Portugal. 
Este trabalho é uma contribuição para o desenvolvimento de critérios de 
qualidade de solos para áreas agrícolas em Portugal, tendo em vista a 
protecção da saúde animal e Humana. Contribuiu também para o 
desenvolvimento de uma estratégia de harmonização de políticas de protecção 
do solo (nomeadamente no que diz respeito aos problemas de contaminação) 
na União Europeia.  



keywords potentially toxic elements; plant-uptake; Freundlich-type models; threshold soil 
concentrations; exposure assessment; animal and human health; soil policy.

abstract This study focused on the geochemical reactivity of contaminants in soils and 
on the solid:solution partition of PTE’s using Freundlich-type empirical models 
to assess the transfer of contaminants along feed and food supply chains in 
Portugal. The evaluation of the impact of soil contamination on feed and food 
quality allowed a more accurate identification of sites actually at risk. Such 
assessment was developed considering the specificity of Portuguese soils and 
it took into account soil properties. Furthermore, soil-to-plant transfer empirical 
models were applied in the calculation of threshold concentrations of PTE’s in 
Portuguese agricultural soils.  Threshold concentrations of PTE’s in Portuguese 
agricultural soils - soil contaminant levels above which impacts in human health 
(resulting from intake of food crops and animal products and exceedance of 
human acceptable daily intake) and impacts on animal health (due to 
exceedance of animal acceptable daily intake) may occur – were back-
calculated from legal standards for feedstuff and food. Finally, models to 
assess human exposure to soil contaminants in use in the EU were analysed 
and a framework for exposure assessment for Portugal was proposed. 
This PhD program was a contribution for development and improvement of soil 
quality criteria for PTE’s in agricultural areas in view of animal and human 
health effects as well as into the development of a contaminated soil exposure 
assessment strategy in Portugal and provided insight into harmonization 
perspectives for soil policy within the European Union.   
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�����

����&� � ���� ������� .���� ��@� �������� ����� �����
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- ���
������ �������
���������
��������������������.")�� ����������������

��������������&������������������������������4�

- ��� ��������� ������ ��
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� ����� �!������� ����������� ��������� ����

��������������������������������

�

�

�



7 

�����������8�������������������&����E�
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� ����� ����������� ��
�
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���������� ��� ����
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� �����'������� ���������������

�������#B �

- 5555BBBB����'�@�����������������'�������������������'�������������'����������
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�����������
�
���������������

- ��������C��������C��������C��������C�A�.�����������������
���������������������.")����������������

�������

- �������� %�������� %�������� %�������� %� A� ���������� �������������E� ������������� ��� ����� ���
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diffuse soil 

contamination aspects 

local soil 

contamination aspects 

addressed: 

EU Environmental Policies 

directly indirectly directly indirectly

Waste Framework Directive (2006/12/EC, 

codified version of Directive 75/442/EEC 

as amended)       √√√√    
Directive 91/689/EEC on Hazardous 

Waste, amended in 1994       √√√√    
Directive on the Disposal of Waste Oils 

(75/439/EEC amended in 2000)       √√√√    
Landfill Directive (1999/31/EC)       √√√√    
Sewage Sludge Directive (86/278/EEC) √√√√          

Waste 

Directive2006/21/EC on the management 

of waste from the extractive industries √√√√      √√√√      

Water Framework Directive (2000/60/EC) √√√√          

Nitrates Directive (91/676/EEC) √√√√          

Urban Wastewater Treatment Directive 

(91/271/EEC)   √√√√        

Water 

Bathing Water Directive (2006/7/EC)   √√√√        

Air Quality Framework Directive 

(96/62/EC) and its Daughter Directives   √√√√        

Directive on National Emissions Ceilings 

(2001/81/EC)   √√√√        

Directive on Integrated Pollution 

Prevention and Control (96/61/EC) √√√√          

Air 

Directive on Large Combustion Plants 

(LCPD) (2001/80/EC)   √√√√        

Thematic strategy on the sustainable use of 

pesticides √√√√          

Directive on Biocidal Products 

(98/8/EC)62 √√√√          
Chemicals 

Directive 91/414/EEC on plant protection 

products √√√√          

Environmental Impact Assessment 

Directive (85/337/EEC amended in 1997 

and 2003) √√√√      √√√√      
Impact 

Assessment 
Strategic Environmental Assessment 

Directive (SEA) (2001/42/EC) √√√√          

Environmental 

Liability 

Directive 2004/35/EC on environmental 

liability with regard to the prevention and 

remedying of environmental damage     √√√√      
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Country 
Most common approach for the classification of contaminated sites and 

definition of clean-up criteria 

Specifc contaminated 

land policy 

Austria Site-specific risk assessment yes 

Belgium 

(Flanders) Site-specific risk assessment (exposure assessment)
yes 

Bulgaria Norms of Maximum Admissible Contents of Hazardous Substances in the soil  no 

Czech 

Republic 

"ABC" limit values: A - Background values; B - Possible adverse effects; C - 

Significant risk to human health and the environment. Risk assessment approach 

for state B criterion. 

no 

Denmark Risk-based guideline values yes 

Estonia Target Values and Guidance Values (based on risk for human health) preliminary 

Finland Risk-based guideline values no 

France 
Site-specific risk assessment (Tiered approach: Preliminary site investigation; 

Simplified Risk Assessment; Detailed Risk Assessment) 
no 

Germany Risk-based soil screening values (trigger values) and action values yes 

Hungary 

Limit values for soil and groundwater: A: Background values; B: Threshold values 

of contamination; C: Threshold values of measures; D: Target values. (based on 

Dutch, German, US EPA and Canadian guidelines) 

preliminary 

Italy 

Original ‘limit value’ approach has been included into a ‘risk-based’ multi-tier 

approach: Tier 1 - screening values or contamination threshold values; Tier 2 - site-

specific target levels or risk thershold values 

yes 

Latvia Threshold values (Dutch threshold values used as reference) no 

Lithuania 
Standards for contaminated soil and groundwater drafted (in line with with Dutch 

threshold values). Site-specific simplified risk assessment.  
no 

Norway 

Tiered approach: Tier 1 - Generic Target Values ("TVs" based on existing Dutch 

and Danish guidelines); Tier 2 - Site specific risk assessment (when TVs are 

exceeded); Tier 3 - Detailed investigation 

Part of “Pollution 

Control Act” and several 

specific Guidelines 

Poland 

Standards for environmental protection are generally based on fixed regulatory 

limits, but still no generic values for contaminated land. US EPA methods often 

used in site-specific risk assessments. 

no 

Portugal 
Guideline values - Ontario (Canada) guideline values used as reference 

no 

(under development) 

Slovakia 
Target values or permissible levels (former Dutch threshold values list was adapted 

in 1994) 
yes 

Slovenia Limit, Warning and Critical Concentration Values of Dangerous Substances in Soil yes 

Spain Screening/ guideline values and site-specific risk assessment yes 

Sweden 

Site-specific risk assessment (exposure assessment). The Swedish EPA defined 

guideline values for levels in polluted soils, for the most sensitive types of land-

uses 

no 

Switzerland Site-specific risk analysis. Intervention values for leachate and gaseous phase. yes 

Netherlands 

Risk-based criteria: background values, maximum values (residence), maximum 

values (industry) and intervention values. CSOIL model is used to quantify 

exposure to contaminated terrestrial soils. 

yes 

United 

Kingdom 

Site-specific risk assessment based on Source-Pathway-Receptor approach and on 

the definition of "pollutant linkages". Soil Guideline Values have been derived 

using the Contaminated Land Exposure Assessment (CLEA) model for three land 

uses. 

yes 
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��
  National Level of intervention Regional/ Local level of intervention 

Normative: definition of a national soil 

policy framework and regulatory 

strategy 

Site specific  

Relates to the national land use 

planning system and to other national 

policies and strategies such as 

environmental and public health 

protection, agriculture, industry, 

mining, oil and gas 

Relates to local land development plans 

Relates to EU policies and international 

conventions and agreements and reports 

to international bodies such as EEA 

Reports to local authorities, land owners, 

insurance companies 

Nature 

Qualitative, conceptual and dynamic Quantitative, deterministic/ probabilistic 

General 

framework 

Driver-Pressure-State-Impact-Response 

(D-P-S-I-R) 

Source-Pathway-Receptor  

(S-P-R) 

Strong focus on soil pollution 

prevention and control 
Strong focus on clean up of polluted sites 

General guidance: definition of national 

environmental protection objectives and 

remediation targets 

Action oriented: Site clean up criteria and 

site-specific action values 

Deals with funding, liability and 

enforcement strategies 

Deals with transfer of land, site 

development and re-development issues 

Historical soil contamination Present contamination

National monitoring Site assessment 

Focus on soil polluting sectors and 

activities 
Focus on soil polluting projects 

Scope 

Main focus on risk prevention and 

management 

Main focus on risk assessment and 

reduction 

National databases, metadata, historical 

records and desk studies 

City departments information, field data 

and detailed site investigations 
Data and 

Information 

sources 
Background concentrations of trace 

elements at National level 
Regional/ Local background values 
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UK the Netherlands Spain Portugal 
1974- Control of Pollution Act 1983- Interim Soil Remediation Act

1987- Soil Protection Act

1986- Toxic and Dangerous 

Wastes Law

1987- Law nº11/87 - 

Environmental Framework 

Law

1993- Landfill (Soil Protection) Decree 1989- Industrial Wastes Plan
1976- Set up of the Inter-departmental 

Committee on the Redevelopment of 

Contaminated Land (ICRCL)

1957-1984- Occupiers Liability Act

1994-1998- Circulares for Intervention 

values for soil remediation 

1995- National Plan for 

contaminated sites remediation

2000, 2001- Portuguese 

Strategic Plan on Industrial 

Wastes

1989- Control of Pollution Act 1996- Soil Protection Act (revised) 1998- Wastes Law (10/1998)

1989- Water Act

2002- Decree-Law nº 

152/2002" on Landfills

1990- Town and Country Planning Act

1990- Environmental Protection Act

1997- Circular on the remediation 

deadline for cases of serious 

contamination for which remediation is 

urgent

1998- Law 3/1998 for the 

Protection of the Environment 

(Basque Country)

1991- Water Resources Act

1991- Controlled Wastes Regulations

1998- Circular on Remediation 

Regulations Soil Protection Act

1995- Environment Act (Part IIa)

2006- Decree-Law nº118/2006 

that regulates the use of 

sewage sludge in agriculture 

to prevent harmfull effects on 

soils, plants and humans1998- Storage in Underground Tanks 

Decree1996- Landfill Tax (Contaminated 

Land) Order 1999- The Buildings Materials Decree

2005- Royal Decree (RD 

9/2005) by which the list of 

potentially soil polluting 

activities, the criteria and the 

standards for the declaration of 

polluted sites are established

2006- Decree-Law nº178/2006 

on waste management
2000- Circular on Target Values and 

Intervention Values for Soil 

Remediation

2006- Soil Protection Act (revised)

2000, 2001- The Contaminated Land 

Regulations (England, Scotland and 

Wales)

2008- Soil Quality Decree

2005- Law 1/2005 for 

prevention and remediation of 

soil contamination (Basque 

Country)

2007- Law nº 58/2007 - 

National Program of the 

Physical Planning Politics
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UK the Netherlands Spain 

Types of soil 

screening values 

Generic Soil Guideline Values 

(SGVs) for human health. SGVs 

are "intervention values" that 

indicate that soil concentrations 

may pose unacceptable risks. 

SGVs are trigger values for further 

investigation and site specific risk 

assessment. 

Target Values of negligible risk (based 

on Dutch soil background values); 

Intervention values (based on serious 

risk levels, determine the remediation 

urgency); National soil use reference 

values (determine remediation targets 

for specific soil uses); Local soil use 

reference values (can derived locally, 

the lower limit are target values and the 

upper limit are the intervention values). 

Screening values are derived on the 

basis of human health and ecosystem 

protection. 

Generic Reference Levels 

(GRLs): trigger site-specific risk 

assessment. GRLs have been 

derived for organic contaminants, 

regarding human health and 

ecosystems protection, in 

separate. 

Land uses 

considered for 

the derivation of 

generic soil 

screening values 

Residential with garden and 

allotments (including home grown 

vegetables); Residential with 

children playing fields; Industrial 

or commercial 

Nature and agriculture; Residential 

areas; Industry (that can be further 

divided in ten soil functions) 

Residential areas (where industrial 

activities are also permitted); 

Industry; soils where all potential 

uses are allowed (including 

recreational and agricultural 

activities) 

Protected 

receptors 

Human Health; Ecosystem; 

Groundwater (is taken into account 

regarding the ecosystems 

protection (aquatic organisms)) 

Human Health; Ecosystems; 

Groundwater (considers both the 

protection of ecological receptors and 

groundwater for drinking uses). 

Human health; Ecosystems; 

Groundwater and surface water 

(both considered regarding the 

protection of ecological receptors) 

Approaches 

used for the 

derivation of soil 

screening values 

and exposure 

assessements 

The probabilistic CLEA 

(Contaminated Land Exposure 

Assessment) is used for the 

derivation of human health SGVs 

and for human exposure 

assessments (DEFRA and EA, 

2002b). Ecotoxicological and 

ecological assessments are based 

on the Ecological Risk Assessment 

(ERA) framework (Smith et al, 

2006). 

Human health and ecotoxicological 

risk limits were used in the derivation 

of integrated Intervention values. The 

deterministic CSOIL model is used for 

the derivation of human health risk 

limits and human exposure assessments 

(Brand et al., 2007). The 

ecotoxicological risk limit is defined as 

the HC50 for receptors and to assess 

actual ecological risks the TRIAD 

approach is used (Rutgers et al, 2000; 

Posthuma et al., 2005). Other models, 

the SEDISOIL and the VOLASOIL 

may also be used to enable assessment 

of exposure to sediments and 

grounwater contamination with volatile 

contaminants (Carlon, 2007). 

The RD 9/2005 does not include a 

description of the methodology 

used to derive human health 

GRLs. The overall approach is a 

combination of European (SSC, 

2003; EC, 2003) and North-

American (USEPA 1989; USEPA 

1998) methodologies. Ecological 

screening values are based on the 

INIA (2001) approach. Direct 

toxicity testing is a formal 

requirement for site-specific 

ecological assessments. 
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Requirements/ Actions Needed 

Selection of soil functions and sensitive land-use 

applications: examples from other countries are nature, 

agriculture, urban, residential with or without garden, 

recreational, public green areas, commercial and industrial 

Selection of chemicals of concern 

Derivation of Soil Screening Values and the of the scope 

for their application, and/ or definition of a methodology 

to derive them 

Development of Guidelines for Site-specific Investigations

Definition of a Risk Management Strategy and associated 

institutional controls 

Derivation of soil clean-up criteria and soil use values and/ 

or definition of a methodology to derive them 

Definition of National remediation targets 

Contaminated Land Legal 

Framework (CLLF) 

Integration of the CLLF with other environmental policies 

Identification of relevant receptors: examples from other 

countries are human health, terrestrial and aquatic 

organisms, groundwater drinking, surface water, and 

agriculture production 

Selection of fate and transport models 

Definition of relevant exposure pathways and exposure 

parameters 

Definition of acceptable levels of health risk and selection 

of toxicological data 

Decision on the inclusion of biavailability and 

bioaccessibility information 

Decision on consideration of chronic (lifelong) risks in 

addition to acute risks 

Regulatory 

Decisions 

Exposure modelling 

(Conceptual model) 

Decision on consideration of additive risks related to the 

presence of multiple chemicals of concern and multiple 

exposure pathways 
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Sampling 

area 

Nº 

samples 

(n) 

pH (CaCl2) 
Total C 

% 

Org C 

% 
Sand % Silt % Clay %

Alam-ox 

mmol kg
-1

Feam-ox 

mmol kg
-1

Pox        

mmol kg
-1

Ptotal*        

mg kg
-1

Psaturation**     

% 

DOC 

mgC L
-1

Esposende 30 4.9±0.4 4.2±0.7 3.7±0.6 53.4±13.5 39.7±11.2 6.9±2.5 152±43 68±17 39±18 1345±469 17.7±6.8 6.0±1.5 

Estarreja 39 5.0±0.7 2.8±0.5 2.2±0.4 37.7±24.0 53.6±20.5 8.7±3.6 62±26 50±33 23±10 1280±511 22.1±9.7 5.4±1.4 

Lousal and 

Caveira 
42 5.5±1.0 3.4±1.3 3.0±1.1 49.0±19.5 41.1±15.8 9.9±4.2 26±12 66±59 13±15 809±640 18.4±20.7 5.5±3.0 

Aljustrel 25 5.7±1.1 2.4±0.9 2.1±0.8 3.3±4.5 75.4±3.0 21.3±4.7 34±17 70±55 7.1±4.9 572±243 9.3±7.2 4.5±1.1 

all samples 

(median value)
136 5.1 2.9 2.5 41.1 50.0 9.0 42 47 17 855 15.0 5.1
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Sampling 

area 

Nº samples 

(n) 
SiO2 % Al2O3 % Fe2O3-T % MnO % MgO % CaO % Na2O % K2O % TiO2 % P2O5 %

Esposende 7 62.3±7.5 16.5±4.5 4.2±1.4 0.041±0.007 0.51±0.17 0.31±0.12 0.75±0.26 3.7±1.6 0.72±0.11 0.31±0.07 

Estarreja 15 80.1±12.1 8.3±6.2 1.9±1.6 0.025±0.016 0.27±0.28 0.21±0.08 0.57±0.19 2.1±0.8 0.28±0.20 0.18±0.08 

Lousal and 

Caveira 
18 64.6±13.3 12.4±5.9 7.9±4.2 0.087±0.051 0.84±0.50 0.74±1.08 0.92±0.89 2.4±1.3 0.72±0.25 0.20±0.16 

Aljustrel 10 69.8±5.3 11.2±2.0 6.9±2.4 0.17±0.11 1.1±0.3 0.76±0.53 1.1±0.4 1.4±0.4 1.3±0.7 0.10±0.05 

all samples 

(median 

value) 

50 67.9 10.8 4.3 0.055 0.68 0.27 0.69 1.9 0.70 0.16
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        percentiles “natural” soils*

  n mean range 5% 10% 25% median 75% 90% 95% P95 values** 

Hg (mg kg
-1

 dw)          

total 136 7.1 0.013-98 0.030 0.038 0.077 0.34 1.5 26 54 
0.080 

Cd (mg kg
-1

 dw)          

aqua regia 117 0.67 0.10-3.7 0.10 0.10 0.20 0.40 1.0 1.5 2.2 
n.a. 

Zn (mg kg
-1

 dw)          

aqua regia 134 227 17-1194 40 52 80 137 310 532 606 
107 

Cu (mg kg
-1

 dw)          

aqua regia 134 205 7.4-7635 18 22 34 80 236 378 562 
46 

Pb (mg kg
-1

 dw)          

aqua regia 134 445 10-11546 17 20 35 58 224 856 2324
45 

Ni (mg kg
-1

 dw)          

aqua regia 134 18 4.5-45 6.8 7.5 9.4 16 24 35 38 
52 

Co (mg kg
-1

 dw)          

aqua regia 134 11 0.50-49 3.1 3.4 4.4 8 18 23 28 
27 

Mn (mg kg
-1

 dw)         

aqua regia 134 514 58-2439 80 118 168 304 730 1164 1406
1225 

Fe (% dw)          

aqua regia 132 2.7 0.32-10 1.1 1.3 1.6 2.1 3.3 4.8 5.7 
4.8 

As (mg kg
-1

 dw)          

aqua regia 134 218 6.3-2189 9 16 24 54 167 685 1336
48 

U (mg kg
-1

 dw)          

aqua regia 131 1.9 0.20-13 0.30 0.42 0.60 1.4 2.3 4.5 5.6 
n.a. 

Cr (mg kg
-1

 dw)          

aqua regia 130 23 2.0-70 5.6 7.0 10 17 31 49 59 
80 

Ba (mg kg
-1

 dw)          

aqua regia 134 86 16-599 30 35 44 62 98 160 228 
141 

Al (% dw)          

aqua regia 134 1.4 0.42-3.4 0.72 0.82 1.0 1.2 1.6 2.1 2.7 
3.3 

Sb (mg kg
-1

 dw)          

aqua regia 112 12 0.10-220 0.30 0.33 0.60 1.4 8.2 31 71 
n.a. 

Se (mg kg
-1

 dw)          

aqua regia 54 4.0 0.50-19 0.60 0.60 0.90 1.2 6.1 14 18 
n.a. 

Li (mg kg
-1

 dw)          

aqua regia 52 16 2.8-38 6.0 7.6 9.6 14 17 29 33 
n.a. 

Be (mg kg
-1

 dw)          

aqua regia 35 0.65 0.20-1.5 0.20 0.26 0.37 0.50 0.90 1.3 1.4 
n.a. 

Mo (mg kg
-1

 dw)          

aqua regia 23 0.92 0.50-1.6 0.50 0.54 0.70 0.90 1.0 1.4 1.6 
n.a. 

B (mg kg
-1

 dw)          

aqua regia 23 6.8 3.2-16 3.2 3.6 4.7 5.2 7.2 14 15 
n.a. 

*Values for “natural” soils were obtained from the “Soil Geochemical Atlas of Portugal” (Inacio et al., 

2008). In this study, sampling sites were selected to represent “natural” soils (locations affected by 

pollution and arable soils were avoided). Results shown here refer to values obtained for 165 topsoil 

samples (upper mineral horizon, A; fraction <2mm). 

**Values shown refer to the 95th percentile of element contents extracted for1h with a mixture of HCl–
HNO3–H2O (3-2-1) at 95 °C. Extracts were analysed by ICP-AES (and cold vapour for Hg). 

n.a.: not available, since most of the values were below the limit of quantification of the method used. 
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Table 5.4: Concentrations of PTE’s extracted by 0.43 M HNO3 and ratios in relation to respective total or aqua regia (AR) contents 

    percentiles  ratio (%) 

  n mean range 5% 10% 25% median 75% 90% 95%   mean median range 

Hg (µµµµg kg-1 dw)               

0.43 M HNO3 136 7.3 0.14-467 0.42 0.51 0.79 1.5 2.3 8.8 31 HNO3/Total 0.96 0.40 0.012-7.1 

Cd (mg kg-1 dw)               

0.43 M HNO3 117 0.26 0.027-1.4 0.040 0.049 0.071 0.12 0.40 0.67 0.90 HNO3/AR 40 38 3.0-100 

Zn (mg kg-1 dw)               

0.43 M HNO3 134 36 1.8-519 2.8 4.3 7.8 15 42 105 120 HNO3/AR 13 12 1.4-46 

Cu (mg kg-1 dw)               

0.43 M HNO3 134 42 1.2-1492 3.7 4.1 6.6 21 40 87 109 HNO3/AR 23 20 5.0-95 
Pb (mg kg-1 dw)               

0.43 M HNO3 134 62 1.5-581 3.9 5.3 8.9 16 34 182 444 HNO3/AR 27 27 0.40-57 

Ni (mg kg-1 dw)               

0.43 M HNO3 134 1.3 0.22-8.4 0.30 0.35 0.53 0.85 1.6 3.2 4.5 HNO3/AR 7.3 6.1 0.95-44 

Co (mg kg-1 dw)               

0.43 M HNO3 134 2.1 0.070-14 0.23 0.41 0.52 1.4 3.1 5.1 6.4 HNO3/AR 17 15 3.8-63 

Mn (mg kg-1 dw)               

0.43 M HNO3 134 130 6.2-600 15 21 35 92 186 278 391 HNO3/AR 26 23 2.5-69 

Fe (% dw)               

0.43 M HNO3 132 0.093 0.0070-0.33 0.017 0.029 0.051 0.080 0.11 0.17 0.22 HNO3/AR 4.7 3.6 0.23-22 

As (mg kg-1 dw)               

0.43 M HNO3 134 23 0.037-384 0.24 0.32 0.80 2.8 9.2 38 228 HNO3/AR 8.0 6.2 0.11-24 

U (mg kg-1 dw)               

0.43 M HNO3 131 0.54 0.044-4.1 0.08 0.10 0.19 0.27 0.68 2.5 9.4 HNO3/AR 28 25 2.4-77 
Cr (mg kg-1 dw)               

0.43 M HNO3 130 1.0 0.072-8.9 0.14 0.19 0.39 0.62 1.4 2.1 3.0 HNO3/AR 6.1 4.1 0.28-25 

Ba (mg kg-1 dw)               

0.43 M HNO3 134 32.0 2.3-208 4.8 6.2 10 20 46 79 91 HNO3/AR 35 32 4.4-88 

Al (% dw)               

0.43 M HNO3 134 0.10 0.016-0.38 0.023 0.032 0.046 0.066 0.12 0.25 0.30 HNO3/AR 6.9 5.8 1.5-22 

Sb (mg kg-1 dw)               

0.43 M HNO3 112 0.16 0.0060-1.4 0.011 0.016 0.026 0.048 0.090 0.67 0.87 HNO3/AR 3.9 3.6 0.095-12 

Se (mg kg-1 dw)               

0.43 M HNO3 54 0.14 0.016-1.2 0.020 0.022 0.034 0.060 0.14 0.38 0.61 HNO3/AR 5.6 3.8 0.33-21 

Li (mg kg-1 dw)               

0.43 M HNO3 52 0.17 0.010-1.0 0.018 0.043 0.060 0.095 0.25 0.40 0.46 HNO3/AR 1.2 0.87 0.036-6.2 

Be (mg kg-1 dw)               

0.43 M HNO3 35 0.20 0.072-0.85 0.072 0.074 0.095 0.14 0.21 0.45 0.64 HNO3/AR 33 33 10-67 

Mo (mg kg-1 dw)               

0.43 M HNO3 23 0.027 0.011-0.061 0.011 0.011 0.016 0.028 0.035 0.051 0.061 HNO3/AR 2.4 2.3 0.21-5.9 

B (mg kg-1 dw)               

0.43 M HNO3 23 2.5 0.060-11 0.11 0.32 0.56 0.95 3.7 8.4 11 HNO3/AR 22 13 1.8-82 
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Rotated Matrix
(a)

    

Factor Communalities 
  

1 2 3 4 5 Extraction 

pH -0.41 0.34 0.60 -0.31 0.15 0.77 

Log(Org C) 0.0005 -0.16 -0.09 0.23 0.85 0.80 

Log (Clay) 0.09 0.61 -0.06 0.19 -0.43 0.60 

Log (Cd) 0.27 0.02 0.84 0.02 -0.16 0.81 

Log (Zn) 0.53 0.2 0.69 -0.15 0.04 0.83 

Log (Cu) 0.80 0.33 0.25 0.06 0.19 0.85 

Log (Pb) 0.93 0.1 0.05 -0.22 0.04 0.93 

Log (Hg) 0.81 -0.18 0.29 -0.18 -0.24 0.85 

Log (Ni) -0.12 0.89 0.24 -0.02 -0.16 0.89 

Log (Co) 0.02 0.91 0.25 -0.16 0.06 0.91 

Log (Mn) 0.11 0.86 0.03 -0.21 0.04 0.80 

Log (Fe) 0.48 0.76 -0.12 0.21 0.27 0.93 

Log (As) 0.89 -0.14 0.29 -0.01 -0.16 0.93 

Log (U) -0.02 -0.62 -0.03 0.71 0.07 0.90 

Log (Cr) -0.18 0.75 0.25 0.04 -0.35 0.79 

Log (Ba) 0.32 0.26 0.72 0.14 -0.06 0.72 

Log (Al) -0.31 0.08 0.01 0.88 0.2 0.92 

Log (Se) 0.82 -0.06 0.31 0.04 -0.08 0.78 

Log (Sb) 0.89 0.24 0.10 -0.33 -0.03 0.97 

Log (Mo) 0.80 -0.05 -0.22 0.09 0.27 0.77 

Total variance 

explained (%) 
30.4 23.7 13.3 9.2 7.1 

  

Cumulative 

variance explained 

(%) 

30.4 54.1 67.4 76.6 83.7 

  

Extraction Method: Principal Component Analysis. 

Rotation Method: Varimax with Kaiser Normalization.  

(a) Rotation converged in 9 iterations.  

Note: Highest loadings (>0.6) are shown in bold style. 
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   Esposende Estarreja Lou&Cav Aljustrel 

pH (-) (-) (-/+) (+/-) 

OrgC (+) (-) (+/-) (-/+) 

Clay (-) (-) (-/+) (+) 

Al_ox  (+) (+/-) (-) (-) 

Fe_ox (-/+) (-/+) (+/-) (+) 

P_ox (+) (+/-) (+/-) (-) 

SiO2
(-) (+) (+/-) (+/-) 

Al2O3 (+) (-) (-/+) (-) 

Fe2O3-T (-) (-) (+) (+) 

Soil properties and soil 

chemical composition 

MnO (-) (-) (-/+) (+/-) 

Origin of total pools of PTE’s in soils   Esposende Estarreja Lou&Cav Aljustrel 

Al (+) (-/+) (-) (-/+) 
Geogenic 

soil type and bedrock 

lithology; U ore 

deposits U (+) (-/+) (-) (-) 

Ni (-) (-) (+) (+) 

Co (-) (-) (+) (+) 

Cr (+/-) (-) (+) (+) 

Mn (-) (-) (+) (+) 

Geogenic 
soil type and bedrock 

lithology 

Fe (+/-) (-) (+) (+) 

Cu (-/+) (+/-) (+) (+) 

Pb (-) (+/-) (+) (+/-) 

Hg (-) (+) (+) (-/+) 

As (-) (+) (+) (+/-) 

Se (-) (+) (+) (-/+) 

Sb (-) (-/+) (+) (+/-) 

Anthropogenic 

erosion of mine tailings 

and acid mine 

drainage; erosion of 

pyrite waste and liquid 

effluents from 

industrial activities in 

Estarreja; agricultural 

practices (Cu) Mo (-) (-/+) (+/-) (+/-) 

Cd (-) (+) (+/-) (+/-) 

Zn (-) (+) (+) (+/-) Anthropogenic 

Liquid effluents from 

industrial activities in 

Estarreja and erosion 

of pyrite waste Ba (-) (+) (-) (+/-) 
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Factor loadings
(a)

  

Factor Communalities 
  

1 2 3 4 5 Extraction 

pH 0.53 -0.38 -0.07 0.41 -0.31 0.69 

Log(Org C) -0.06 -0.02 0.40 0.13 0.75 0.74 

Log (Clay) 0.63 0.07 -0.18 -0.38 -0.22 0.63 

Log(Cd_HNO3) 0.34 0.33 0.19 0.71 0.06 0.76 

Log(Zn_HNO3) 0.26 0.37 -0.03 0.80 0.17 0.87 

Log(Cu_HNO3) 0.36 0.62 -0.07 0.21 0.50 0.81 

Log(Pb_HNO3) 0.11 0.89 -0.07 0.01 0.18 0.84 

Log(Hg_HNO3) -0.14 0.87 0.13 0.04 -0.05 0.80 

Log(Ni_HNO3) 0.79 -0.24 0.20 0.31 -0.14 0.83 

Log(Co_HNO3) 0.82 -0.13 -0.20 0.25 0.18 0.83 

Log(Mn_HNO3) 0.84 -0.05 -0.21 0.00 0.22 0.80 

Log(Fe_HNO3) -0.18 0.18 0.82 0.13 0.05 0.75 

Log(As_HNO3) -0.31 0.72 0.34 0.36 -0.20 0.90 

Log(U_HNO3) -0.09 0.10 0.77 -0.18 0.31 0.74 

Log(Cr_HNO3) 0.15 -0.02 0.84 0.33 -0.24 0.89 

Log(Ba_HNO3) 0.82 0.17 0.05 0.26 -0.09 0.78 

Log(Al_HNO3) -0.11 -0.06 0.92 -0.05 0.20 0.90 

Log(Sb_HNO3) -0.11 0.91 0.02 0.22 -0.06 0.90 

Total variance 

explained (%) 
21.5 21.3 18.4 11.5 7.6 

  

Cumulative 

variance explained 

(%) 

21.5 42.8 61.2 72.7 80.3 

  

Extraction Method: Principal Component Analysis. 

Rotation Method: Varimax with Kaiser Normalization.  

(a) Rotation converged in 10 iterations.  

Note: Highest loadings (>0.6) are shown in bold style. 
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Total pools of PTE’s 

Origin of total pools of PTE’s in soils   Esposende Estarreja Lou&Cav Aljustrel

Al (+) (-/+) (-) (-/+) 
Geogenic 

soil type and bedrock 

lithology; U ore deposits 
U (+) (-/+) (-) (-) 

Ni (-) (-) (+) (+) 

Co (-) (-) (+) (+) 

Cr (+/-) (-) (+) (+) 

Mn (-) (-) (+) (+) 

Geogenic 
soil type and bedrock 

lithology 

Fe (+/-) (-) (+) (+) 

Cu (-/+) (+/-) (+) (+) 

Pb (-) (+/-) (+) (+/-) 

Hg (-) (+) (+) (-/+) 

As (-) (+) (+) (+/-) 

Se (-) (+) (+) (-/+) 

Sb (-) (-/+) (+) (+/-) 

Anthropogenic 

erosion of mine tailings 

and acid mine drainage; 

erosion of pyrite waste 

and industrial activities 

in Estarreja 

Mo (-) (-/+) (+/-) (+/-) 

Cd (-) (+) (+/-) (+/-) 

Zn (-) (+) (+) (+/-) Anthropogenic 

industrial activities in 

Estarreja and erosion of 

pyrite waste Ba (-) (+) (-) (+/-) 

Reactive pools of PTE’s 

Origin of reactive pools of PTE’s in soils   Esposende Estarreja Lou&Cav Aljustrel

Cu (-/+) (-/+) (+) (+) 

Pb (-/+) (+) (+) (-/+) 

Hg (-/+) (+) (+) (-) 

As (+/-) (+) (+/-) (-) 

Anthropogenic 

Anthropogenic 

contaminants with higher 

reactive pools in both 

industrial and mining 

areas (particularly 

Lousal&Caveira) Sb (-/+) (+) (+) (-) 

Ni (-/+) (-/+) (+) (+) 

Co (-/+) (-/+) (+) (+) 

Mn (-/+) (-/+) (+) (+) 
Geogenic 

Geogenic elements with 

higher reactive pools in 

both industrial and 

mining areas  Ba (-/+) (-/+) (+) (+) 

Al (+) (+/-) (-) (-) 

U (+) (+/-) (-) (-) 

Cr (+) (+/-) (-) (+/-) 
Geogenic 

Geogenic elements with 

higher reactive pools in 

the non-polluted area of 

Esposende  Fe (+) (+/-) (-/+) (-/+) 

Cd (-) (+) (+/-) (+) 

Anthropogenic 

Anthropogenic 

contaminants with higher 

reactive pools in both 

industrial and mining 

areas (particularly 

Aljustrel) 

Zn (-) (+) (+) (+) 
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 Element (unit) Extractant n mean range 5% 10% 25% median 75% 90% 95%   mean median range 

Hg (µµµµg kg
-1 

dw) 0.01 M CaCl2 136 6.5 0.10-234 0.13 0.21 0.34 0.69 2.3 17 35 CaCl2/Total 0.61 0.20 0.009-9.8

           CaCl2/HNO3 43 39 6.0-95 

Cd (mg kg
-1 

dw) 0.01 M CaCl2 117 0.051 0.001-0.44 0.0027 0.0034 0.010 0.031 0.059 0.15 0.19 CaCl2/AR 8.3 6.2 0.21-51 

                       CaCl2/HNO3 24 16 0.98-99 

Zn (mg kg
-1 

dw) 0.01 M CaCl2 134 6.7 0.032-46 0.16 0.33 0.93 3.1 6.8 19 27 CaCl2/AR 2.9 1.9 0.12-37 

                       CaCl2/HNO3 25 18 0.62-100 

Cu (mg kg
-1 

dw) 0.01 M CaCl2 134 3.7 0.072-173 0.12 0.18 0.34 0.88 2.4 8.2 15 CaCl2/AR 1.8 1.2 0.046-12 

                       CaCl2/HNO3 9.4 5.7 0.69-71 

Pb (mg kg
-1 

dw) 0.01 M CaCl2 134 2.0 0.016-208 0.070 0.10 0.20 0.78 2.1 14 37 CaCl2/AR 1.7 1.0 0.067-14 

                       CaCl2/HNO3 8.2 4.8 0.31-79 

Ni (mg kg
-1 

dw) 0.01 M CaCl2 134 0.31 0.029-2.5 0.056 0.088 0.12 0.25 0.40 0.66 0.90 CaCl2/AR 2.0 1.6 0.21-8.0 

                       CaCl2/HNO3 32 24 1.6-98 

Co (mg kg
-1 

dw) 0.01 M CaCl2 134 0.23 0.0055-2.4 0.020 0.025 0.057 0.14 0.29 0.59 0.77 CaCl2/AR 2.3 1.6 0.13-10 

                       CaCl2/HNO3 16 11 0.74-82 

Mn (mg kg
-1 

dw) 0.01 M CaCl2 134 19 0.55-118 0.980 2.0 4.2 10 28 46 70 CaCl2/AR 4.0 3.2 0.10-16 

                       CaCl2/HNO3 19 13 0.49-92 

Fe (% dw) 0.01 M CaCl2 132 0.014 0.0010-0.66 0.0010 0.0020 0.0042 0.010 0.018 0.034 0.050 CaCl2/AR 0.67 0.43 0.001-3.7

                       CaCl2/HNO3 19 12 0.039-97 

As (mg kg
-1 

dw) 0.01 M CaCl2 134 3.6 0.016-103 0.031 0.038 0.078 0.24 1.1 5.6 20 CaCl2/AR 0.94 0.48 0.057-7.0

                       CaCl2/HNO3 16 12 0.50-82 

U (mg kg
-1 

dw) 0.01 M CaCl2 131 0.032 0.0010-0.33 0.0017 0.0022 0.0052 0.015 0.033 0.072 0.13 CaCl2/AR 1.8 1.0 0.058-10 

                       CaCl2/HNO3 8.6 4.6 0.10-89 

Cr (mg kg
-1 

dw) 0.01 M CaCl2 130 0.19 0.0042-1.9 0.011 0.018 0.042 0.10 0.22 0.49 0.66 CaCl2/AR 1.1 0.67 0.013-13 

                       CaCl2/HNO3 23 14 0.34-85 

Ba (mg kg
-1 

dw) 0.01 M CaCl2 134 5.0 0.61-55 1.0 1.1 1.6 2.9 5.4 9.8 16 CaCl2/AR 5.6 4.7 1.1-19 

                       CaCl2/HNO3 20 15 2.0-73 

Al (% dw) 0.01 M CaCl2 134 0.010 0.0001-0.72 0.00075 0.0012 0.0030 0.0061 0.012 0.024 0.032 CaCl2/AR 0.86 0.51 0.005-7.0

                       CaCl2/HNO3 14 8.2 0.069-75 



�-��

Sb (mg kg
-1 

dw) 0.01 M CaCl2 112 0.049 0.004-1.1 0.0011 0.0018 0.0044 0.0088 0.024 0.12 0.25 CaCl2/AR 0.66 0.56 0.042-2.3

                       CaCl2/HNO3 22 17 3.6-85 

Se (mg kg
-1 

dw) 0.01 M CaCl2 54 0.051 0.010-0.27 0.022 0.024 0.028 0.034 0.049 0.088 0.19 CaCl2/AR 3.1 2.8 0.18-9.5 

                       CaCl2/HNO3 43 42 14-95 

Li (mg kg
-1 

dw) 0.01 M CaCl2 52 0.17 0.020-0.63 0.035 0.046 0.068 0.14 0.22 0.36 0.49 CaCl2/AR 1.3 1.0 0.077-5.0

                       CaCl2/HNO3 40 30 4.4-97 

Be (mg kg
-1 

dw) 0.01 M CaCl2 35 0.019 0.040-0.10 0.0063 0.0072 0.010 0.014 0.023 0.029 0.076 CaCl2/AR 3.8 2.6 0.74-19 

                       CaCl2/HNO3 11 8.0 0.33-43 

Mo (mg kg
-1 

dw) 0.01 M CaCl2 23 0.0067 0.0011-0.016 0.0012 0.0016 0.003 0.0058 0.008 0.015 0.016 CaCl2/AR 0.69 0.65 0.049-2.3

                       CaCl2/HNO3 25 22 4.2-64 

B (mg kg
-1 

dw) 0.01 M CaCl2 23 0.71 0.11-2.1 0.12 0.15 0.19 0.56 1.0 1.4 2.0 CaCl2/AR 11 9.7 2.0-31 

                       CaCl2/HNO3 44 39 8.3-98 
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  interc. (log[PTEtotal]) (pH) (log % OrgC) (log % Clay) (log[Fetotal]) (log[Altotal]) (log[Mntotal]) (log[Feam_ox]) (log[Alam_ox])   

Cu -0.58 0.95 x x x x x x x x 0.86 

  -0.74 0.94 n.s. 0.45 n.s. x x x x x 0.87 

  -0.80 1.0 n.s. 0.35* n.s.  -0.22* 0.36* n.s x x 0.89 

  -0.49 0.95 n.s. 0.26* n.s.  -0.26* 0.26* n.s 0.20 n.s 0.90 

Pb  -0.19* 0.77 x x x x x   x x 0.78 

  n.s. 0.78 n.s. 0.35*  -0.23* x x x x x 0.81 

  -1.2 1.0 n.s. 0.47* n.s. -1.0 0.88 0.17* x x 0.89 

  -1.2 2.0 n.s. 0.47* n.s. -1.0 0.88 0.17* n.s n.s 0.89 

Zn -1.1 1.1 x x x x x x x x 0.68 

  -1.9 1.1 0.11 0.55 n.s. x x x x x 0.74 

  -1.9 1.1 0.098 0.63 n.s.  -0.35* n.s. n.s x x 0.76 

  -1.6 1.1 0.13 0.60* n.s. -0.74 n.s. n.s 0.61 n.s 0.81 

Cd -0.47 0.90 x x x x x x x x 0.78 

  -1.1 0.91 0.041* 0.59 0.17* x x x x x 0.83 

  -0.93 0.92 0.050* 0.38* n.s. n.s. 0.46 n.s x x 0.85 

  -1.1 0.99 0.051* 0.55 n.s.  -0.32* 0.78 n.s 0.33*  -0.30* 0.87 

Ni -1.2 0.96 x x x x x x x x 0.47 

  -1.9 0.84 0.14 0.42* n.s. x x x x x 0.60 

  -2.0 1.3 0.082* 0.69 n.s. -0.57 n.s. n.s x x 0.67 

  -2.1 1.3 0.088 0.63 n.s. -0.54 -0.80 0.22* n.s 0.47 0.73 

Co -0.99 1.2 x x x x x x x x 0.79 

  -1.7 1.1 0.11 0.51 n.s. x x x x x 0.86 

  -1.7 1.1 0.1 0.6 n.s. n.s.  -0.24* n.s x x 0.86 

  -1.6 1.2 0.11 0.51 n.s. n.s.  -0.51* n.s n.s 0.21* 0.87 

Mn -0.57 0.98 x x x x x x x x 0.72 

  -1.5 0.98 0.11 0.80 n.s. x x x x x 0.83 

  -1.5 0.98 0.11 0.80 n.s. n.s. n.s. x x x 0.83 

  -1.5 0.98 0.11 0.80 n.s. n.s. n.s. x n.s n.s 0.83 

As -1.2 0.93 x x x x x x x x 0.52 

  n.s. 0.95 n.s. n.s. -1.1 x x x x x 0.63 

  -1.6 1.3 0.11* 0.44* -0.45 -1.9 1.3 n.s x x 0.88 

  -1.4 1.2 0.12 0.41* -0.49 -2.4 1.5 n.s 0.56 n.s 0.90 

U -0.60 0.92 x x x x x x x x 0.70 

  -1.1 0.95 n.s. 0.30* n.s. x x x x x 0.72 

  -1.1 0.80 n.s. n.s. n.s. n.s. 0.61 n.s x x 0.76 

  -1.1 0.80 n.s. n.s. n.s. n.s. 0.61 n.s x x 0.76 

Ba -0.92 1.2 x x x x x x x x 0.67 

  -1.7 1.0 0.16 0.34* 0.22* x x x x x 0.79 

  -2.2 0.99 0.11 0.60 0.20* -0.38 n.s. 0.32 x x 0.83 

  -2.2 0.99 0.11 0.60 0.20* -0.38 n.s. 0.32 n.s n.s 0.83 

Hg -0.86 0.41 x x x x x x x x 0.61 

   -0.46* 0.42 n.s. n.s. -0.43 x x x x x 0.65 

  n.s. 0.46 n.s. n.s.  -0.24* n.s. 0.56* -0.31 x x 0.72 

  n.s. 0.45 n.s. n.s.  -0.28* n.s. n.s. n.s. n.s 0.43* 0.73 

Al -1.3 1.3 x x x x x x x x 0.47 

  -1.2 1.2 n.s. 0.55  -0.25* x x x x x 0.60 

  -0.89 1.2 n.s. 0.60 n.s. -0.37 x -0.19 x x 0.76 

  -0.88 0.24* 0.056 0.23* n.s. n.s. x n.s n.s -0.72 0.84 

Cr -0.58 0.32* x x x x x x x x 0.06*



����

  -1.1 0.57 n.s. 0.75* -0.52 x x x x x 0.26 

   -0.49* 0.84 0.098* 0.60*  -0.23* -0.53 0.79 -0.46 x x 0.64 

  n.s. 0.75 0.18 n.s. -0.35 -0.52 n.s.  -0.25* 0.36 0.58 0.76 

Fe -1.1 n.s. x x x x x x x x n.s. 

  -0.95 n.s. n.s. 0.69 n.s. x x x x x 0.21 

   -0.54* n.s. n.s. 0.32* n.s. x 0.59 -0.31 x x 0.38 

  n.s.  -0.42* 0.065* n.s.  -0.16* x 0.67* -0.3 0.77 n.s 0.63 

Se -1.3 0.56 x x x x x x x x 0.33 

  -2.0 0.62 0.12* n.s. n.s. x x x x x 0.38 

  -3.1 0.93 n.s. n.s. n.s.  -1.2* 1.2* 0.79 x x 0.57 

  -3.1 0.93 n.s. n.s. n.s.  -1.2* 1.2* 0.79 n.s n.s 0.57 

Sb -1.5 0.60 x x x x x x x x 0.52 

  -0.73 0.66 n.s. n.s. -0.80 x x x x x 0.62 

  -0.76 1.1 n.s. n.s. -0.49 -1.6 1.6 n.s x x 0.82 

  -0.36 0.95 n.s. n.s. -0.46 -1.7 1.3 n.s 0.58 n.s 0.85 

Mo -1.7 0.78 x x x x x x x x 0.22 

  -1.7 0.78 n.s. n.s. n.s. x x x x x 0.22 

  -1.4 1.1 n.s. n.s. n.s. -0.82 n.s. n.s x x 0.43 

  -0.92 0.93 n.s. n.s. n.s.  -1.2* n.s. n.s 0.7* n.s 0.57 

Li -1.5 n.s. x x x x x x x x n.s. 

  -2.2 0.53* 0.13* n.s. n.s. x x x x x 0.16*

  -2.2 0.53* 0.13* n.s. n.s. x x x x x 0.16*

  -2.5 n.s. 0.27 n.s. n.s.  -0.65* n.s. n.s 0.89 n.s 0.55 

Be -0.62 0.68 x x x x x x x x 0.39 

  -0.62 0.68 n.s. n.s. n.s. x x x x x 0.39 

  -0.31 0.61 n.s. n.s. n.s. -0.52 0.9 n.s x x 0.81 

  -0.31 0.61 n.s. n.s. n.s. -0.52 0.9 n.s x x 0.81 

Notes: 

- All coefficients are significant at the p<0.001 level, with the exception of those indicated by an 

asterisk (*) which are significant at the p<0.05 level 

- n.s.= not significant at the p<0.05 level  
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Linear regression coefficients (model 1)     Linear regression coefficients (model 2)     

a b c d e r
2

S.E. a b c d e f g h r
2

S.E.

PTE’s (interc.) (log[PTEreactive]) (pH) (log % OrgC) (log % Clay)     (interc.) (log[PTEreactive]) (pH) (log % OrgC) (log Al) (log % Clay) (log Fe) (log Mn)     

Cu n.s. 0.87 -0.15 -0.98   0.61 0.39 n.s. 0.90 -0.16  -0.73* -0.88 - - - 0.66 0.37

Pb n.s. 1.0  -0.15* -1.2   0.66 0.47 n.s. 0.94 -0.18  -0.81* -1.2 - - - 0.71 0.44

Zn 1.7 1.0 -0.4 -1.1   0.69 0.37 1.8 0.98 -0.41  -0.69* -1.0 - - - 0.75 0.34

Cd 1.8 1.0 -0.43 -0.95   0.80 0.28 2.0 1.1 -0.44 -0.78 -0.63 - - - 0.82 0.26

Ni 0.56* 0.56 -0.18 -0.84   0.40 0.27 0.8 0.62 -0.2 -0.7 -0.56 - - - 0.46 0.26

Co n.s. 0.73 -0.23 -1.0   0.46 0.37  0.77* 0.77 -0.25 -0.77 -0.91 - - - 0.54 0.34

Mn 1.1 0.86 -0.3 -1.3   0.58 0.36                     

As n.s. 0.89  -0.14* -0.94 0.61 0.77 0.40 n.s. 0.87 -0.16  -0.55* -0.98 0.68 - - 0.81 0.37

U n.s. 0.45 -0.2  -0.81*   0.29 0.48                     

Ba 0.83 0.84 -0.22 -0.85   0.68 0.22 0.92 0.89 -0.24 -0.74  -0.40* - - - 0.70 0.21

Hg n.s. 1.1  -0.096* -0.86   0.69 0.41                     

Al n.s.                     

Cr n.s. 0.36   -1.3   0.20 0.48 -1.4 0.82  -0.14* - -1.8 - - 0.58 0.36 0.43

Fe n.s.                     

Se n.s. 0.39  -0.072*     0.50 0.19                     

Sb -1.0 1.0   -0.75 0.65 0.82 0.3 -1.1 0.91 -  -0.58* -0.98 0.42 0.6 - 0.89 0.23

Mo -2.0  0.48*  0.24*  -1.40*   0.74 0.18                     

Li n.s.   

Be  -0.81* 0.52   -1.1   0.24 0.32                     

- All coefficients are significant at the p<0.001 level, with the exception of those indicated by an asterisk (*) which are significant at the p<0.05 level 

- n.s.= not significant at the p<0.05 level  
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Ryegrass (Lolium perenne) (n=73) Italian ryegrass (Lolium multiflorum) (n=9) Collard greens (Brassica oleracea) (n=23) 

(concentrations d.w.) (mg kg-1) (concentrations d.w.) (mg kg-1) (concentrations d.w.) (mg kg-1) 

    mean median min max     mean median min max     mean median min max 

Hg shoots 0.28 0.038 0.0098 5.4 Hg shoots 0.29 0.30 0.0089 0.98 Hg shoots 0.047 0.027 0.010 0.18

  roots 1.1 0.055 0.0087 42   roots 1.7 0.99 0.018 5.8   roots 0.079 0.047 0.0050 0.44

Cd shoots 0.52 0.31 0.010 5.0 Cd shoots 0.15 0.16 0.010 0.27 Cd shoots 0.11 0.10 0.040 0.38

Zn shoots 105 100 14 395 Zn shoots 54 38 12 134 Zn shoots 49 42 19 138

Cu shoots 15 13 3.2 56 Cu shoots 10 9.8 3.5 20 Cu shoots 3.9 3.6 2.1 8.9

Pb shoots 25 1.4 0.080 554 Pb shoots 24 19 0.57 68 Pb shoots 0.67 0.68 0.050 1.9

As shoots 5.3 2.2 0.10 56 As shoots 5.7 6.2 0.10 13 As shoots 0.44 0.30 0.20 1.1

Ni shoots 5.1 3.2 0.50 48 Ni shoots 4.7 5.2 2.7 7.3 Ni shoots 1.1 0.90 0.30 3.8

Cr shoots 9.4 5.6 0.80 110 Cr shoots 6.1 6.2 3.3 8.9 Cr shoots 1.8 1.6 0.80 4.4

Co shoots 0.61 0.37 0.050 3.4 Co shoots 0.32 0.23 0.120 1.0 Co shoots 0.20 0.17 0.040 0.65

Ba shoots 16 12 1.4 80 Ba shoots 19 18 8.2 35 Ba shoots 26 19 9.2 70

U shoots 0.049 0.040 0.010 0.20 U shoots 0.02 0.02 <0.01 0.02 U shoots 0.014 0.010 <0.01 0.020

Sb shoots 1.0 0.18 <0.02 15 Sb shoots 0.94 0.77 0.020 2.6 Sb shoots 0.049 0.050 0.020 0.12

B shoots 3.9 2.0 1.0 20 B shoots 1.4 1.0 <1 3.0 B shoots 27 24 12 58

Se shoots 0.8 0.4 0.1 28 Se shoots 0.3 0.3 0.1 0.4 Se shoots 0.5 0.4 0.1 1.3

Mo shoots 1.1 0.86 0.10 5.0 Mo shoots 0.30 0.26 0.080 0.58 Mo shoots 2.4 1.3 0.11 7.3

Mn shoots 156 91 11 935 Mn shoots 154 156 83 214 Mn shoots 59 52 10 176

     (%)      (%)      (%) 

Fe shoots 0.075 0.041 0.010 0.31 Fe shoots 0.054 0.046 0.022 0.11 Fe shoots 0.031 0.029 0.015 0.059

Al shoots 0.04 0.03 0.01 0.13 Al shoots 0.02 0.01 <0.01 0.03 Al shoots 0.03 0.01 <0.01 0.14

Note: Values exceeding quality criteria shown in Table 7.2 are underlined and marked in bold  
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Orchard grass (Dactilis glomerata) (n=12) Rye (Secale cereale) (n=11) 

(concentrations d.w.) (mg kg-1) (concentrations d.w.) (mg kg-1) 

    mean median min max     mean median min max 

Hg shoots 0.031 0.012 0.0060 0.10 Hg shoots 0.014 0.011 0.0071 0.027

  roots 0.044 0.015 0.010 0.16   roots 0.043 0.042 0.013 0.084

Cd shoots 0.040 0.035 0.010 0.11 Cd shoots 0.10 0.11 <0.01 0.20

Zn shoots 44 47 11 63 Zn shoots 58 31 18 144

Cu shoots 8.4 8.0 2.6 15 Cu shoots 8.3 6.6 3.9 15

Pb shoots 1.4 0.44 0.26 5.6 Pb shoots 0.74 0.58 0.29 1.8

As shoots 0.87 0.65 0.40 1.8 As shoots 0.54 0.40 0.10 1.6

Ni shoots 3.8 3.4 1.70 7.7 Ni shoots 3.2 3.1 1.4 5.5

Cr shoots 8.9 7.4 4.6 17 Cr shoots 6.7 6.2 3.2 11

Co shoots 0.41 0.34 0.090 0.97 Co shoots 0.31 0.27 0.13 0.55

Ba shoots 10 8.4 4.1 25 Ba shoots 10 9.8 6.2 16

U shoots 0.038 0.035 0.010 0.11 U shoots 0.012 0.010 <0.01 0.020

Sb shoots 0.18 0.21 0.02 0.29 Sb shoots <0.02 <0.02 <0.02 <0.02

B shoots 3 3 2 5 B shoots 2 2 1 3

Se shoots 0.3 0.3 0.2 0.5 Se shoots 0.2 0.2 0.1 0.4

Mo shoots 1.4 1.2 0.62 3.0 Mo shoots 0.25 0.19 0.12 0.57

Mn shoots 73 68 47 107 Mn shoots 40 30 19 83

     (%)      (%) 

Fe shoots 0.052 0.032 0.016 0.16 Fe shoots 0.043 0.040 0.023 0.079

Al shoots 0.04 0.04 0.01 0.09 Al shoots 0.03 0.03 0.01 0.07
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Quality criteria (mg kg-1 d.w.) 

Criteria Food safety Animal health Phytotoxicity 

PTE Cereals* 
Leaf 

vegetables** 

Feed materials 

(green 

fodder)*** 

Grass 

Hg 0.09****
(c)

 0.2****
(c)

 0.11 
(b)

 1-3 
(c;j)

Cd 0.30
 (a)

 1.3 
(a)

 1.1 
(b)

 5-30 
(c;j)

Pb 0.61
 (a)

 2 
(a)

 34 
(b)

 30-300 
(c;j)

As     2.3 
(b)

 5-20
(j)

Mo     10 
(d)

 10-50 
(j)

Ni       10-100
(j)

Cr       5-30
(j)

Co     10 
(e)

 15-50
 (f;j)

Cu     15 
(g,h)

 20-100 
(j)

Zn     150 
(h)

 100-400
(j)

Sb   100
 (i)

   150
(j)

Ba       500
(j)

Se       5-30
(j)

Mo       10-50
(j)

B       50-200
(j)

* excluding bran, germ, wheat and rice for Cd. Cereals quality criteria is originally given as 0.20, 0.10 and 0.03 f.w. (EC, 2006e; de Vries et al., 2007). For d.w. 

calculations a 67% moisture content (rye samples, this study) was considered. 

** leaf vegetables quality criteria is originally given as 0.30, 0.20 and 0.03 for Pb, Cd and Hg f.w. (EC, 2006e; de Vries et al., 2007) For d.w. Calculations a moisture 

content of 85% was considered (Brassica vegetables, this study) 

*** green fodder criteria is originally given as 30, 1, 2 and 0.1 for Pb, Cd, As and Hg on the basis of 12% moisture content (EC, 2002b) 

**** currently not applicable 

(a) Maximum levels in foodstuffs (EC, 2006e) 

(b) Undesirable substances in animal feed (EC, 2002b) 

(c) de Vries et al., 2007    

(d) O'Connor et al., 2001   

(e) Gal et al., 2008    

(f) Scheckel et al., 2009    

(g) Advisory Committee on Animal Feedingstuffs (ACAF, 2000) 

(h) Additives in Feedingstuffs (EC, 2006f) 

(i) Tschan et al., 2009 (assuming a TDI of 100 mg/ day for humans and consumption of 1kg of leaf vegetables per day) 

(j) Kabata-Pendias, 2001, general crop-unspecific overview 
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  Linear regression coefficients      

  log(a) b c d e f r
2

S.E.

PTEs   (interc.) (log[PTEtotal]) (pH) (log % OrgC) (log Alox) (log Feox)     

Hg roots   0.61         0.62 0.44

  shoots 0.83 0.52      -0.29   0.64 0.38

Cd shoots 0.76 0.82 -0.15 -0.79     0.43 0.39

Zn shoots 1.5 0.53 -0.11 -0.51     0.60 0.19

Cu shoots 1.1 0.34 -0.097 -0.41     0.50 0.19

Pb shoots   0.95     -0.56   0.72 0.41

As shoots -0.99 0.70         0.53 0.38

Ni shoots   0.49         0.10* 0.36

Co shoots   0.94 -0.16 -0.66     0.51 0.32

Ba shoots 0.50 0.32         0.08* 0.31

U shoots -1.5 0.39         0.16* 0.33

ryegrass 

(n=73) 

Sb shoots   0.69 -0.22       0.60 0.45

Hg roots   0.87         0.98 0.15

  shoots   0.63         0.95 0.16

Cd shoots  1.1 -0.54    0.73 0.18

Zn shoots   0.88         0.75 0.17

Cu shoots -0.34 0.55         0.83 0.09

Pb shoots -1.3 0.83         0.91 0.19

As shoots -1.7 0.98         0.86 0.25

Ni shoots n.s. 

Co shoots -2.3 1.3         0.48* 0.22

Ba shoots n.s. 

U shoots n.s. 

Italian 

ryegrass 

(n=9) 

Sb shoots -0.96 0.58         0.83 0.13

Hg roots  1.8 0.59        -0.95 0.69 0.30

  shoots  1.6 0.37        -0.56 0.54* 0.26

Cd shoots n.s. 

Zn shoots n.s. 

Cu shoots n.s. 

Pb shoots -1.9 0.86         0.26* 0.43

As shoots n.s. 

Ni shoots n.s. 

Co shoots   0.74 -0.23   -0.31   0.55* 0.20

Ba shoots n.s. 

U shoots n.s. 

Collard 

greens 

(n=23) 

Sb shoots n.s. 

Hg roots   0.64         0.85 0.12

  shoots   0.28         0.40 0.15

Cd shoots n.s. 

Zn shoots   0.65         0.77 0.17

Cu shoots   0.39         0.76 0.11

Pb shoots -0.84 0.40         0.45* 0.18

As shoots -1.2 0.58         0.73 0.15

Ni shoots n.s. 

Co shoots n.s. 

Ba shoots   0.82         0.40* 0.11

U shoots n.s. 

Rye 

(n=11) 

Sb shoots n.s. 

All r2
coefficients are significant at the p<0.001 level, with the exception of those indicated by an asterisk 

(*) which are significant at the p<0.05 level; n.s.= not significant at the p<0.05 level 
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  Linear regression coefficients (Eq. 4.7) Linear regression coefficients (Eq. 4.8)     

  log(a) b r
2

S.E. log(a) b c d e f r
2

S.E.

PTE’s   (interc.) (log[PTEavailable])     (interc.) (log[PTEreactive]) (pH) (log % OrgC) (log Alox) (log Feox)     

Hg roots 1.9 0.64 0.32 0.59 2.8 1.0     -0.68   0.44 0.55

  shoots 1.7 0.56 0.40 0.48 2.5 0.91     -0.59   0.52 0.43

Cd shoots 0.44 0.70 0.53 0.36 1.5 0.82 -0.20 -1.1     0.52 0.38

Zn shoots 1.7 0.36 0.68 0.17 2.4 0.41 -0.15 -0.52     0.59 0.19

Cu shoots 1.1 0.28 0.38 0.20 1.4 0.35 -0.10 -0.54     0.50 0.19

Pb shoots 0.31 0.66 0.39 0.60 2.2 0.80 -0.24   -1.0   0.61 0.49

As shoots 0.46 0.36 0.24 0.49 2.1 0.28 -0.22   -0.48   0.22* 0.50

Ni shoots 0.70 0.28 0.06* 0.37 n.s.  

Co shoots   0.51 0.33 0.37 1.0 0.72 -0.22 -0.96     0.48 0.33

Ba shoots 0.90 0.37 0.17 0.29 0.72 0.29         0.14 0.30

U shoots n.s.   0.74 -0.13   -0.50   0.37 0.29

ryegrass 

(n=73) 

Sb shoots   0.69 0.24* 0.61 n.s.  

Hg roots 2.2 1.1 0.87 0.34 2.0 2.0         0.90 0.30

  shoots 1.8 0.76 0.74 0.35 1.6 1.4         0.88 0.24

Cd shoots 0.85 1.1 0.92 0.12 4.0 1.4 -0.74       0.89 0.16

Zn shoots 1.4 0.39 0.53 0.23 0.89 0.71         0.90 0.11

Cu shoots 0.85 0.28 0.49 0.16   0.53         0.68 0.13

Pb shoots 0.74 0.59 0.71 0.35   0.78         0.78 0.30

As shoots 0.64 0.71 0.74 0.34   0.64         0.63 0.41

Ni shoots n.s. n.s. 

Co shoots n.s. -0.79 0.63         0.54 0.21

Ba shoots 0.76 0.58 0.66 0.11   0.63         0.47 0.14

U shoots n.s. n.s. 

Italian 

ryegrass 

(n=9) 

Sb shoots 0.32 0.37 0.71 0.17 0.17 0.36         0.81 0.14

� All r2
coefficients are significant at the p<0.001 level, with the exception of those indicated by an asterisk (*) which are significant at the p<0.05 level 

� n.s.= not significant at the p<0.05 level 

�
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  Linear regression coefficients (Eq. 4.7) Linear regression coefficients (Eq. 4.8)     

  log(a) b r
2

S.E. log(a) b c d e f r
2

S.E.

PTEs   (interc.) (log[PTEavailable])     (interc.) (log[PTEreactive]) (pH) (log % OrgC) (log Alox) (log Feox)     

Hg roots     

  shoots     

Cd shoots n.s.   0.41   -0.57     0.35 0.21

Zn shoots 1.6 0.20 0.17 0.21 n.s. 

Cu shoots n.s. n.s. 

Pb shoots           0.80   -1.7     0.40* 0.40

As shoots n.s. n.s. 

Ni shoots   0.32 0.20* 0.21   0.28         0.17* 0.22

Co shoots -0.34 0.4 0.37* 0.22   0.70 -0.19 -0.77     0.62 0.18

Ba shoots 1.1 0.56 0.26* 0.23 n.s. 

U shoots n.s. n.s. 

Collard 

greens 

(n=23) 

Sb shoots   0.4 0.68* 0.12 n.s. 

Hg roots n.s. n.s. 

  shoots n.s. n.s. 

Cd shoots 0.45 0.97 0.94 0.11 n.s. 

Zn shoots 1.6 0.74 0.87 0.13 1.1 0.39         0.71 0.19

Cu shoots 0.95 0.42 0.65* 0.13 0.50 0.28         0.72* 0.11

Pb shoots n.s. -0.68 0.49         0.44* 0.18

As shoots n.s. n.s. 

Ni shoots n.s. n.s. 

Co shoots n.s. n.s. 

Ba shoots 0.73 0.38 0.58* 0.08 n.s. 

U shoots n.s. n.s. 

Rye 

(n=11) 

Sb shoots n.s. n.s. 

� All r2
coefficients are significant at the p<0.001 level, with the exception of those indicated by an asterisk (*) which are significant at the p<0.05 level 

n.s.= not significant at the p<0.05 level �
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  Cow Sheep 

  
DI as grass DI as soil Total DI 

% ingested as 

grass 
DI as grass DI as soil Total DI 

% ingested as 

grass 

Hg mg d
-1 0.15-92 (0.67) 0.005-40 (0.17) 0.18-132 (0.86) 2.7-98 (81) % 0.022-14 (0.10) 0.001-9.8 (0.041) 0.028-23 (0.14) 1.7-98 (72) % 

Cd mg d
-1 0.17-84 (4.3) 0.041-1.5 (0.16) 0.21-85 (4.6) 76-100 (96) % 0.025-12 (0.64) 

0.010-0.37 

(0.040) 0.035-13 (0.72) 65-100 (93) % 

Zn mg d
-1 211-6686 (1636) 7.0-490 (70) 226-7175 (1722) 78-99 (95) % 31-989 (242) 1.7-119 (17) 35-1108 (264) 68-98 (92) % 

Cu mg d
-1 54-937 (202) 3.0-362 (40) 65-1133 (262) 48-98 (81) % 8.0-139 (30) 0.74-88 (9.9) 11-186 (42) 36-96 (72) % 

Pb mg d
-1 1.4-9353 (32) 4.2-2604 (27) 9.0-10496 (70) 7.2-91 (48) % 0.20-1384 (4.8) 1.0-635 (6.5) 1.7-1685 (13) 4.5-86 (36) % 

Ni  mg d
-1 8.4-806 (55) 1.8-16 (6.6) 13-810 (64) 55-100 (89) % 1.2-119 (8.1) 0.45-3.9 (1.6) 2.2-120 (10) 42-99 (84) % 

Co mg d
-1 0.85-58 (5.1) 0.21-20 (3.5) 1.2-68 (11) 19-92 (59) % 0.13-8.6 (0.75) 0.050-4.9 (0.85) 0.20-11 (2.1) 12-88 (47) % 

Mn mg d
-1

186-15802 

(1631) 32-1000 (124) 

247-16213 

(1993) 71-99 (92) % 28-2338 (241) 7.7-244 (30) 42-2438 (305) 60-98 (87) % 

Fe g d
-1 1.7-52 (7.4) 1.3-42 (9.1) 3.3-70 (18) 18-87 (44) % 0.25-7.6 (1.1) 0.32-10 (2.2) 0.62-13 (3.5) 12-87 (32) % 

As mg d
-1 1.7-941 (39) 2.6-838 (39) 4.5-1408 (83) 4.8-91 (50) % 0.25-139 (5.8) 0.63-204 (9.5) 0.93-253 (16) 3.0-85 (38) % 

U  mg d
-1 0.17-3.4 (0.51) 0.12-5.3 (0.57) 0.29-7.0 (1.2) 14-92 (44) % 

0.025-0.50 

(0.075) 0.030-1.3 (0.14) 0.055-1.6 (0.23) 9.1-88 (33) % 

Cr mg d
-1 14-1854 (103) 0.41-29 (7.6) 18-1858 (121) 52-100 (93) % 2.0-274 (15) 0.10-7.0 (1.8) 3.2-275 (19) 39-100 (89) % 

Ba mg d
-1 24-1355 (217) 6.6-199 (25) 42-1374 (251) 46-99 (89) % 3.5-200 (32) 1.6-49 (6.0) 7.9-205 (41) 34-98 (83) % 

Al  g d
-1 1.7-22 (3.4) 1.7-14 (4.8) 3.4-31 (10) 20-84 (47) % 0.25-3.2 (0.50) 0.42-3.4 (1.2) 0.67-5.9 (2.0) 13-76 (35) % 

Sb mg d
-1 0.34-249 (0.51) 0.041-64 (0.62) 0.38-313 (2.0) 5.1-94 (58) % 0.050-37 (0.075) 0.010-16 (0.15) 0.060-52 (0.34) 3.1-90 (45) % 

Se  mg d
-1 1.7-470 (5.9) 0.21-8.0 (0.49) 1.9-472 (7.1) 23-99 (92) % 0.25-70 (0.88) 0.050-1.9 (0.12) 0.31-70 (1.1) 15-99 (88) % 

Mo mg d
-1 1.4-85 (14) 0.082-2.8 (0.33) 1.9-85 (14) 67-100 (98) % 0.20-13 (2.0) 

0.020-0.68 

(0.080) 0.30-13 (2.1) 56-99 (96) % 

B  mg d
-1 17-338 (34) 1.2-3.0 (1.9) 17-338 (36) 88-99 (96) % 2.5-50 (5.0) 0.31-0.72 (0.47) 2.5-50 (5.4) 82-99 (94) % 

Note: Values of daily intake above ADIanimal values given in Table 8.2 are shown in bold and underlined 
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BAFplant-animal  Limit concentration Limit concentration ADIanimal  ADIanimal  

(mg kg-1 f.w./mg kg-1 d.w.) (food safety) (mg kg-1 f.w.) (animal health) (mg kg-1f.w.) (food safety) (mg d-1) (animal health) (mg d-1) 
Plant/ 

criteria 
Element

Limit 

concentration 

(mg kg-1 d.w.)
Animal Element

kidney liver muscle kidney liver muscle kidney liver muscle kidney liver muscle kidney liver muscle unspecific

Pb 34
a
 Pb 0.086

g
 0.0404

g
0.0013

g
 0.50

f
 0.50

f
 0.10

f
 3

g
 2

g
   101 214 1332 604 857     

Cd 1.1
a
 Cd 2.99

g
 0.554

g
 0.0033

g
 1.0

f
 0.50

f
 0.050

f
5

g
 1.4

g
 0.02

g
5.8 16 262 29 44 105   

As 2.3
a
 As 0.0692

h
0.0387

h
0.016

h
 2

k
 2

k
   14

l
 14

l
   500 895   3502 6262     

Hg 0.11
a
 Hg 0.638

g
 0.158

g
 0.00092

g
0.05*

g
0.05*

g
0.05*

g
1.4

g
 2

g
   1.4 5.5 941 38 219     

Zn 150
b
 Zn 0.3

i
 0.5

i
 0.4

i
 150

k
 150

k
   135-175

l
600

l
   8655 5193   7790 20772     

Cu 15
b,c

 Cu 0.8
i
 2.8

i
 0.1

i
 100

k
 100

k
   15

l
 100

m
   2164 618   325 618     

Co 10
d
                                   

Green 

fodder 

(animal 

health) 

Mo 10
e

Cow 

                                  

Pb 2
f
 Pb       0.50

f
 0.50

f
 0.10

f
 5

g
 5

g
 0.1

g
             60-100

n

Cd 1.3
f
 Cd 2.08

g
 1.85

g
 0.0029

g
 1.0

f
 0.50

f
 0.050

f
4

g
 2

g
   1.25 0.7 45 5 2.8     

As   As 0.0286
j

0.0237
j

0.0065
j
 2**

k
 2**

k
         182 219           

Hg 0.2*
g
 Hg 0.468

g
 0.0572

g
0.00094

g
0.05*

g
0.05*

g
0.05*

g
1

g
 4

g
   0.28 2.3 138 5.6 182     

Zn   Zn       150**
k

150**
k

                    150
n

Leaf 

vegetables 

(food 

safety) 

Cu   

Sheep 

Cu       100**
k

100**
k

                      

Note 1: green fodder criteria is originally given as 30, 1, 2 and 0.1 for Pb, Cd, As and Hg on the basis of 12% moisture content (EC, 2002b)    

Note 2: leaf vegetables quality criteria is originally given as 0.30, 0.20 and 0.03 for Pb, Cd and Hg f.w. (EC, 2006e; de Vries et al., 2007) For d.w. Calculations a moisture content of 85% was 

considered (Brassica vegetables, this study)    

* currently not applicable    

**assumed to be equal to bovine organs    

a) Undesirable substances in animal feed (EC, 2002b)  

b) Additives in Feedingstuffs (EC, 2006f)   

c) Advisory Committee on Animal Feedingstuffs (ACAF, 2000) 

d) Gal et al., 2008    

e) O'Connor et al., 2001    

f) Maximum levels in foodstuffs (EC, 2006e)   

g) de Vries et al., 2007 

h) van Hooft, 1995  

i) Sedki et al., 2003 

j) Beresford et al., 2001  

k) Nriagu et al., 2009 

l) López Alonso et al., 2000 

m) Miranda et al., 2009 

n) Smith et al., 2009 
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�&
�&
�&
�&���	�������	�������	�������	���������������������������������������������
�!�������������������������������$����������������������&������
����������
�����������������������
  Threshold soil total concentrations* (mg kg

-1
 d.w.) - This study 

  Cd Hg Pb As Cu Zn 

  

pH=4; 

Org 

C=3% 

pH=5; 

Org 

C=3% 

pH=6; 

Org 

C=3% 

Alam_ox=50

mmol kg-1
Alam_ox=100

mmol kg-1
Alam_ox=150

mmol kg-1

pH=4; 

Org 

C=3%

pH=5; 

Org 

C=3%

pH=6; 

Org 

C=3%

pH=4; 

Org 

C=3%

pH=5; 

Org 

C=3%

pH=6; 

Org 

C=3%

Green fodder production (Lolium 

perenne)
2.1 3.1 4.8 1.9 411 618 789 85 87 168 324 367 592 955 

Food safety (cow-kidney) 0.5 0.7 1.0 0.7 51 70 82 775 3177 3536 3845 2837 4028 5488

Food safety (cow-liver) 1.6 2.4 3.6 5.6 113 152 179 1483 437 570 703 1181 1735 2459

Animal health (cow-kidney) 3.4 4.9 7.1 65 332 446 524 6561 115 171 237 2374 3396 4666

  Threshold soil available concentrations** (mg kg
-1

 d.w.) - This study 

  Cd Hg Pb As Cu Zn 

Green fodder production (Lolium 

perenne)
0.3 0.004 71 0.53 1.9 21 

  Soil quality criteria other countries (soil total concentrations, mg kg
-1

 d.w.) (source: Carlon, 2007) 

  Cd Hg Pb As Cu Zn 

Portugal (agricultural soils amended

with sewage sludge)***

1 (pH<5.5) 

3 (5.5<pH<7.0) 

4 (pH>7.0) 

1 (pH<5.5) 

1.5 (5.5<pH<7.0)

2 (pH>7.0) 

50 (pH<5.5) 

300 (5.5<pH<7.0) 

450 (pH>7.0) 

n.a. 

50 (pH<5.5) 

100 (5.5<pH<7.0) 

200 (pH>7.0) 

150 (pH<5.5) 

300 (5.5<pH<7.0) 

450 (pH>7.0) 

UK (soil guideline values: allotments)

(based on a sandy loam soil with 

6% organic matter content)

1.8  

80 

(inorganic  

Hg) 

n.a. 43 n.a. n.a. 

the Netherlands (generic 

target values - intervention values) 

(standard soil 10 %OM; 25 % clay)

0.8 - 12 0.3 - 10 85 - 530 29 - 55 36 - 190 140 - 720 

Flanders, Belgium (clean-up values;

agricultural areas)
2 10 200 45 200 600 

* soil total concentrations = aqua regia extraction for Cd, Pb, As, Cu and Zn; total contents for Hg 

** soil available concentrations = 0.01M CaCl2 extraction 

*** Decreto-Lei 276/2009, from 2
nd

 October 2009 

n.a.= not available 
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Cd (HNO3 as independent variable) Pb (HNO3 as independent variable) 

Zn (HNO3 as independent variable) Ni (HNO3 as independent variable) 

Cu (HNO3 as independent variable) Co (HNO3 as independent variable) 
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Ba (HNO3 as independent variable) Mn (HNO3 as independent variable) 

Hg (HNO3 as independent variable) As (HNO3 as independent variable) 

Cr (HNO3 as independent variable) U (HNO3 as independent variable) 
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Sb (HNO3 as independent variable) 

Se (HNO3 as independent variable) 

Be (HNO3 as independent variable) 
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