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resumo 
 
 

Espera-se que esta dissertação constitua uma base sólida para o 
estabelecimento de relações entre a investigação científica e a tomada de 
decisão em áreas urbanas. Os resultados de estudos científicos nem sempre 
são suficientes, apropriados ou possuem o formato adequado para responder 
às necessidades de planeamento e gestão. Este estudo pretende criar um 
“continuum” de informação entre investigadores, cientistas e gestores de áreas 
urbanas. O produto final desta investigação é uma análise documentada de 
parâmetros de qualidade de solo urbano como base para práticas de gestão 
que visem o desenvolvimento sustentável em áreas urbanas, assente em 
metodologias consistentes e transparentes para os decisores.  
Os seguintes objectivos orientaram esta investigação: descrição dos efeitos 
dos processos de urbanização no solo urbano; a definição de qualidade de 
solo urbano; a descrição de um caso de estudo de avaliação da qualidade 
ambiental de solos urbanos utilizando Sistemas de Informação Geográfica 
(SIG) para a elaboração de mapas de variabilidade de parâmetros indicadores; 
dar exemplos da utilização de certas ferramentas de análise geoestatística e 
de interpolação dados em estudos de qualidade de solos; desenvolver uma 
estrutura conceptual para avaliação da qualidade de solo urbano.  
A associação entre a urbanização insustentável e a degradação do recurso 
“solo urbano” foi discutida neste estudo. A perturbação do “solo” em áreas 
urbanas contribui para um acréscimo da heterogeneidade desta matriz. As 
pressões antropogénicas nas cidades têm impactos na funcionalidade do solo 
que resultam em degradação (erosão, sobreposição, integração de resíduos 
na matriz), perda de matéria orgânica, impermeabilização, compactação e 
poluição. A poluição e a contaminação do solo afectam largamente a sua 
funcionalidade em áreas urbanas.  
Os resultados obtidos na análise da qualidade do solo urbano em Aveiro 
(Portugal) são coerentes com resultados obtidos noutras investigações, 
demonstrando que a análise de indicadores da qualidade do solo urbano é 
uma ferramenta eficaz para a gestão do solo e evidenciando que as 
concentrações de metais podem ser usadas como marcadores do impacto da 
influência antropogénica em áreas urbanas. A análise estatística não-
paramétrica dos resultados, em combinação com a análise da distribuição 
espacial de indicadores, é extremamente útil na avaliação da qualidade do solo 
e da variabilidade dos parâmetros analisados. A análise de indicadores de 
qualidade de solos urbanos não poderá ser dissociada da sua distribuição 
espacial e das implicações desta. A variabilidade de indicadores em áreas 
urbanas é extremamente aleatória, ocorre mesmo em escalas muito reduzidas
e é considerada um parâmetro-chave no estudo de solos urbanos.  
 
 
 

 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

A análise geoestatística tem sido largamente utilizada para estimar valores de 
concentração de indicadores em solos, em áreas não amostradas, 
particularmente em investigações de qualidade do solo em larga escala. 
Apesar disto, existem aspectos importantes a considerar na aplicação de 
ferramentas de geoestatística a indicadores de qualidade do solo em áreas 
urbanas. Dada a natureza muito heterogénea e a escala de variabilidade dos 
indicadores de qualidade do solo em cidades, pode dar-se o caso em que a 
estrutura espacial dos dados bem como a sua incerteza não possam ser 
adequadamente definidas.  
A partir deste estudo foi concluído que no futuro são necessários estudos que
permitam o desenvolvimento de uma metodologia comum de avaliação da 
qualidade do solo urbano a uma escala Europeia (incluindo procedimentos de 
amostragem); que permitam a organização de bases de dados descritivas do 
ambiente urbano; e que permitam o desenvolvimento de uma base de 
conhecimento da qualidade do solo urbano que facilite a comunicação efectiva, 
a aquisição de informação e o desenvolvimento de arquivos de dados 
históricos, disponíveis para o planeamento urbano à escala Europeia.   
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abstract 
 

This dissertation is expected to constitute a solid basis establishing links 
between science and decision-making in urban areas. The results of scientific 
studies are not always sufficient, appropriate or in the form required to fulfil the 
needs of planning and decision-making. This study attempted to define the 
continuum of expertise from basic to applied science through to urban 
managers. The output is an assessment and documentation on urban soil 
quality parameters as a basis for better management practices for sustainable 
development in urban areas, in light of consistent methodologies, transparent 
to decision-makers. 
The following objectives underpinned this investigation: to describe the effects 
of urbanisation on soils and provide a framework describing these effects; to 
define urban soil quality; to describe a case-study on urban soil quality 
assessment; to describe the importance of the use of Geographic Information 
Systems (GIS) to map variability of indicators; to provide insight on the use of 
geostatistical and data estimation tools in soil quality investigations; to provide 
a framework for future urban soil quality assessments; and identify 
communication tools that might be useful for sustainable urban land 
management.  
The association between unsustainable urbanisation and the degradation of the 
urban soil resource was discussed. Soil disturbance in urban areas strongly 
increase the heterogeneity of this medium. Anthropogenic pressures in urban 
areas impact urban soils functioning resulting in soil degradation (erosion, 
burial, integration of waste in the soil matrix), loss of soil organic matter, soil 
sealing, soil compaction and soil pollution. Soil pollution and contamination 
strongly affect the ability of soils to provide services in urban areas. 
Results obtained in an urban soil quality assessment in Aveiro (Portugal) were 
in agreement with previous soil quality investigations as they demonstrated that 
the analysis of urban soil quality indicators can be a powerful tool for urban soil 
management and that metal concentrations can be used as tracers of the 
impact of anthropogenic influence in urban areas. Non-parametric statistics 
combined with the spatial distribution analysis of soil quality indicators (using 
GIS) proved to be extremely useful in the assessment of both urban soil quality 
and parameters variability.  Variability was considered the key issue when 
dealing with urban soil quality. An analysis of soil quality indicators cannot be 
dissociated from their spatial (and, when possible, temporal) features and 
implications. Soil quality indicators variability in urban areas was found to be 
highly random and to occur at very small scales (most likely at a point scale). 
 

 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Geostatistics have been widely used to produce the “best” estimation of the 

unknown values of concentrations of elements in soils at unsampled locations, 
particularly in large scale soil surveys. Nevertheless, certain aspects must be 
considered prior to the application of geostatistical when mapping soil quality in 
urban areas. Given the extremely diverse nature and the scale of variability of 
soil quality indicators in urban areas it may be the case that investigators are 
unable to define and understand the spatial structures of data as well as their 
uncertainty. 
From this study, it was concluded that there is a need for further research on 
the development of a common methodology for urban soil quality assessment 
(including sampling procedures) at a European level; on the organisation of 
comparable descriptive urban databases; and on the development of an expert 
knowledge base on urban soil quality at an European level, that allows effective 
communication, knowledge acquisition and creation of historical records, 
available for European-wide urban planning. 
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Whereas agricultural soil quality is considerably well documented, urban soil quality assessment is 

essentially underdeveloped. The study of urban soils can be far more elusive and requires a more 

complex, integrated and often more qualitative approach. 

Work oriented to the understanding of the urban ecosystem and to the role of urban soils for 

sustainable urban development underpinned this investigation. The analysis undertaken was to 

provide an insight on work developed within the scope of a European urban soil research, which 

aimed at developing a harmonised approach to urban soil quality assessment (URBSOIL Project1). 

The rational behind the present study is described by Figure 1 and it can be summarised by the 

following five key issues: 

1. the definition of urban soils and its dynamics within the urban ecosystem;  

2. the impact of natural and anthropogenic pressures exerted over soils in urban settings; 

3. the understanding of urban soil quality; 

4. the understanding of urban soil variability; 

5. the involvement of stakeholders towards sustainable urban land management. 
 

 

 

Figure 1: Schematic overview of main research issues guiding this investigation 

Bringing urban soils into policies for sustainable urban development requires better information on 

the causal connections between human pressures and the changing state of urban systems. This 

                                                 
1 http://urbsoil.paisley.ac.uk  
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thesis was developed in the scope of the “Mestrado” in Management and Environmental Policies and 

was focused on a multi-disciplinary analysis, covering relevant aspects of urban geochemistry, 

geostatistics, spatial analysis, Geographic Information Systems (GIS) and policy analysis that each 

offer a unique piece of the research “jig-saw puzzle” that must be completed. The aim of this work is 

to assemble these issues from an urban management perspective and to provide insight into their 

role as assessment and management tools. Given the complexity associated to the study of the 

urban ecosystem and to the understanding of the different pieces of the urban mosaic, a 

comprehensive analysis of the technical aspects of each of the tools studied is out of the scope of 

the present research and should be matter of further investigation.  
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Background and research needs 

 

In urban areas, soils play a distinct role from agricultural and forest ones (Thornton, 1991; Paterson 

et al., 1996). Soils in cities represent a broad spectrum either in terms of development stage or in 

terms of structure, composition and properties and therefore to define and to characterise them 

becomes a very complex task. Bullock and Gregory (1991) summarised soil functions in urban 

areas: substrate for buildings and plants, habitat for biota, regulatory functions, and pollution source 

and sink.  In addition, urban soils are subject to significant human impacts that alter their main 

features (Effland and Pouyat, 1997). Hollis (1991) defined urban soils as “any unconsolidated 

mineral or organic material at the Earth’s surface that has the potential to support plant growth”. This 

definition excludes materials that have lost the ability to sustain plant growth, even if they have 

formally performed this function. Such a definition includes the single function of plant growth and 

disregards other important functionalities that are specific for soils from urban areas such as 

infrastructure support and potential sink for pollution. Craul (1992), defined urban soil as ‘‘a soil 

material having a nonagricultural, man-made surface layer more than 50-cm thick, that has been 

produced by mixing, filling, or contamination of land surfaces in urban and suburban areas.’’ Urban 

soils, according to Craul (1992) are considered dynamic systems, providing different types of 

services. The role of anthropogenic disturbance is emphasized in soil forming processes in urban 

areas. Although not always perceived as such, heterogeneity is the key issue when defining urban 

soils, particularly in what concerns soils’ surface layer. Soils from urban areas are a combination of 

substrates from different materials and developed at different levels, where patches of highly 

disturbed material may co-exist with natural soils, depending on the spatial distribution of 

urbanisation impacts and its historical development. In other words, urban soils reflect the different 

degrees of urbanisation across the urban area. Understanding the dynamics of the urban ecosystem 

both in space and time is crucial to define the nature of urban soils.  

 

Research on urban sustainability and urban environmental indicators have recently been carried out, 

aiming at analysing the main features of urban sustainable development (Camagni et al., 1997; 

Newman, 1999; Button, 2002; Nijkamp et al., 2002; Capello and Faggian, 2002; Chiesura, 2004). 

Additionally, a few assessments on urban environmental quality, on environmental impacts of urban 

land use and its relation to human wellbeing have also been developed (Brown, 2003; van Kamp et 
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al., 2003; Pauleit et al., 2004). Some limited work (Botkin and Beveridge, 1997; Pickett et al., 1997; 

Effland and Pouyat, 1997; Bolund and Hunhammar, 1999) has addressed issues of: 

− cities ecological functioning; 

− urban areas spatial heterogeneity;  

− the analysis and classification of soils in cities; 

− specific aspects of urban ecology and urban geoscience;  

− and the role of natural and anthropic factors both in space and time. 

Despite of these investigations, defining and classifying soils in urban areas is still far from being fully 

understood. 

 

It is generally recognised that in urban areas, anthropogenic pressures often contribute to the 

enrichment of pollutants (namely metallic elements) in soils and to the alteration of urban soil 

properties. Given the high percentage of people living in cities it became critical to assess soil 

pollution in urban areas and increase our knowledge on the geochemistry of urban soils. A number 

of studies aiming at assessing metal contamination in urban topsoils and evaluating the role of urban 

soils as pollutant sinks have been recently undertaken (Paterson et al., 1996; Pichtel et al., 1997; 

Chen et al., 1997; Chronopoulos et al., 1997; Wilcke et al., 1998; Carlosena et al., 1998; de Miguel 

et al., 1998; Mielke et al., 2000; Li et al., 2001; Manta et al., 2002; Madrid et al., 2002; de Carlo and 

Anthony, 2002; Imperato et al., 2003; Lu et al., 2003; Romic and Romic, 2003). In addition, urban 

geochemistry has been identified as focus of research by a number of soil surveys (Kelly et al., 1996; 

Birke and Rauch, 2000; Bityucova et al., 2000; Tijhuis et al., 2002; Peltola and Astrom, 2003). These 

references suggest that a common group of metallic elements accumulates in urban soils as a result 

of anthropogenic activities, however, only very limited research (Hursthouse, 2004) as been 

conducted in order to produce comparative analysis of soil metal pollution in different urban contexts 

and little attention has been paid to the cumulative impacts of pollution on soil functioning in general. 

Gaining insight into urban environmental pressures and derived changes in urban soils became 

therefore a focus for the present study. In order to better understand the practical aspects of an 

urban soil quality investigation, a specific urban soil quality assessment was part of the scope of this 

investigation. This assessment was performed in a Portuguese Coastal town (Aveiro). A preliminary 

assessment (Pilot Study) and a main sampling campaign were performed in Aveiro in 2002 and 

2003.  This included the characterisation of general urban soil quality parameters and the analysis of 

metal concentrations in soils from Aveiro urban area.   
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The concept of soil quality has been a subject of discussion throughout the years. First discussions 

were mainly driven by agricultural practices, suitability of soil as a crop growth medium, or even 

addressing food safety issues (Karlen et al., 2003). In the late 80’s and during the 90’s there has 

been a paradigm change to include environmental quality issues, conservation of the soil resource 

and human health concerns when defining criteria to assess soil quality. In order to comprise these 

multidimensional features in soil quality  definition it has been given an emphasis to soil “capacity”, 

“function” and soil “use” aspects, linking the soil quality concept to a management context (Larson 

and Pierce, 1991; Karlen et al., 1997; Letey et al., 2003; Wienhold et al., 2004). Karlen et al. (2003) 

studied a framework to identify critical soil functions and develop key indicators associated to them 

and Wienhold et al., 2004 demonstrated the potential for use of a soil quality index as a management 

assessment tool. Nevertheless, critical functions that soils perform in urban areas have been 

disregarded as these investigations were not mainly focused on urban soil quality assessment. The 

complexity of soil quality assessment in an urban area is primarily linked to the definition of suitable 

criteria (guideline or reference values) and to the development of appropriate sets of soil quality 

indicators, as urban areas encompass such a variable spectrum of management practices and land 

uses and urban soil is a considerably more heterogeneous medium than its agricultural and forest 

counterparts. The present study will provide a framework for soil quality assessment in urban areas; 

address aspects of soil functioning, selection of indicators and definition of criteria for urban soil 

quality evaluations; and analyse available tools to manage and improve soil quality in cities.   

 

Literature (Gotway et al., 1996; Goovaerts, 1999; Heuvelink and Webster, 2001; Lin, 2002; Lin et al., 

2002; Cattle et al., 2002; Lark 2002; Park and Vlek, 2002; Kravchenko, 2003; Schnabel and Tietje, 

2003) describes the use of statistical models, geostatistics and multivariate geostatistical methods in 

soil science with the aim of producing robust estimators of soil parameters spatial distribution. In 

most cases, these studies are underpinned by the objective of combining statistical analysis and 

modelling with expert knowledge and producing GIS displays of interpolated surface contaminants’ 

distribution. In what concerns the analysis of urban soils variability references in literature are more 

sparce. Two studies from Facchinelli et al. (2001) and Li et al. (2004) used a multivariate statistical 

and GIS-based approach to gain knowledge on soil contamination in urban areas by constructing 

geochemical maps of metal concentrations and describing metal indexes. The analysis of spatial 

variations of urban soils parameters becomes a challenge to geostatistical mapping as complex and 

even unexplainable spatial variations may occur at a small scale investigation in urban areas (Lin 
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and Chang, 2000). Statistical modelling has considerable applicability limitations in cities when 

compared to other settings such as brownfields, industrial land, agricultural land, forest land or 

woodland as it may happens that the researcher becomes unable to define and understand the 

spatial structures of urban soil quality indicators. Only recently soil quality investigations start 

focusing in urban areas and very little consideration has been given to these issues so far. Gaining 

insight into problems associated to the display of spatial structures of urban soil variables became 

therefore one of the main objectives for this research.  The present study will attempt to understand 

the different scales of variability of the urban environment, particularly in what concerns urban soils.  

 

The management of soils in urban areas is a complex task and that requires more elaborated 

approaches than “traditional” resource management practices. Closing the gap between science and 

policy towards sustainable urban development is still far from being accomplished and only a few 

studies (Jim, 1998; Jim, 2001) have focused on the soil resource in urban contexts from a 

management perspective. Moreover, given its multi-dimensional character, information available and 

data coverage in the urban environment, are usually highly limited and associated to a high degree 

of uncertainty (Hossack et al., 2004). Even when available, information on the urban environment 

has generally very variable sources, formats and data types, largely limiting the ability to construct 

robust knowledge bases. Therefore, providing scientifically sound decision support in urban areas is 

a challenging task that must involve the development of a framework and respective tools flexible 

enough to select and bring together available knowledge and cope with the uncertainty associated to 

it. The description of the requirements for a framework of this kind as well as associated 

communication and consultation techniques are the final aims of the present study.  
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Research objectives 

 

After considering the above identified research needs, the present investigation has been 

undertaken in order to tackle the following questions: 

 

1. What are most significant effects of urbanisation on the soil resource? 

2. How can one define urban soil quality and which indicators are to be considered to manage 

and/ or improve soil quality in urban areas? 

3. How is variability reflected in the assessment of urban soils quality? 

4. What are the main features of an urban soil quality assessment and what types of 

information must be included? 

5. How can urban soil quality be communicated to stakeholders and what tools are to be 

considered for sustainable urban land management? 

 

Specific objectives were: 

− To describe the effects of urbanisation on soils and provide a framework describing 

these effects; 

− To define urban soil quality: by describing the relationships between soil use, soil 

functions and soil quality in urban areas; by identifying indicators that better define 

urban soil quality; by describing the role urban soil quality indexes; and by 

understanding the types and sources of variability of urban soil quality indicators; 

− To describe a case-study of an urban soil quality assessment (Aveiro, Portugal) and 

to understand how does variability affect the assessment of urban soil quality in 

Aveiro; 

− To describe the importance of the use of Geographic Information Systems (GIS) to 

map urban soils variability; 

− To provide insight into the potential for the use of geostatistical analysis and other 

data estimation tools during urban soil quality investigations; 

− To provide a framework for future assessments of urban soil quality and describe 

types of data that must be included; 
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− To identify communication and consultation tools, considered useful to interact with 

end users and stakeholders in urban areas towards sustainable urban land 

management. 

 

The assessment of urban soil quality in Aveiro (Portugal) included research on the availability of data 

that allowed describing the urban ecosystem; the measurement of urban soil quality indicators 

through the development of a pilot study (at a site level) and a main sampling campaign (expanded 

to the entire urban area); the statistical analysis of results obtained for urban soil quality indicators; 

and the production of maps of urban soil quality indicators.  

 

Prior to the analysis of the main research questions that guided this study, a general description of 

the urban ecosystem and an overview of urban sustainability issues will be discussed, in order to 

define and describe the context for urban soil quality assessment and sustainable urban land 

management.  
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General description of the urban ecosystem 

 

Recent studies (Douglas, 1994; Svirejeva-Hopkins et al., 2004) reveal that although urban areas 

occupy a percentage just above 1% of the Earth’s surface, around half of the world population and 

80% of the European citizens (EC, 2004) live in urban areas. According to UNDP (1996) the world 

population living in cities in 1990 was about 2.4 billion people and this is expected to rise to 5.5 

billion in 2025. This growth rate is particularly relevant in developing countries where the share of 

63% of population living in urban areas in 1990 is expected to increase to 80% in 2025.  

 

The term “urban areas”, in a broad sense, refers to all types of urban settlements. Settlements are 

defined as the places where people live in and where materials are consumed and transformed 

(Douglas, 1994). Urbanized territories are usually characterized by both high population density and 

high economic growth. According to Svirejeva-Hopkins et al. (2004) and from an ecological point of 

view, an urbanised area constitutes a particular heterotrophic ecosystem, also referred to as “city”. 

This is due to specific features associated to cities such as very high energy consumption and 

intensive use of materials resulting in notorious emissions and substances release (Svirejeva-

Hopkins et al., 2004). Therefore, an urban area may be considered a dynamic ecosystem where the 

type and intensity of input and output flows allow distinguishing it from other ecosystems, p.e. forest 

systems.  

 

The concept of an urban area as an ecosystem is not always perceived as such. When applying the 

concept “ecosystem” to a city, this can be viewed as a system where the relationships between the 

different players involved become mutually beneficial and self-sustaining in a somehow highly inter-

related network. The energy and materials needed to support live within cities are supplied by local 

natural resources available and through the input flow of large amounts of various materials and 

consumables (p.e. food, water, wood, and metals) that will subsequently result in an output flow of 

generated products and services. In general, cities depend on the surrounding areas for several 

input flows of energy and materials. Nearby rural land might be used as raw material source, for food 

and agricultural production, for recreational activities or land conservation values (Douglas, 1994).  

 

Urban areas may also contribute for significant change in the different environmental compartments 

such as soil, biota, air and water. Urbanisation may be related to changes in environmental factors at 
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a local, regional and global level.  In Europe, the environmental performance of cities varies 

considerably. The more sustainable a city is, the smaller the ecological footprint per citizen (an 

ecological footprint represents the land area necessary to sustain consumption and waste disposal 

of a specific population and it provides a measure of the impact that a population has on the natural 

environment). Figure 2 shows the estimated ecological footprints of selected European Cities.  

 

 

Figure 2: Ecological footprints per citizen of selected European cities (EC, 2004) 

 

The main urban drivers for changes in the environmental quality from local to global levels, and 

those factors contributing to increasing the ecological footprint of urban citizens, have been identified 

by Douglas (1994) as: 

� airborne pollutant emissions 

� waterborne pollutant emissions 

� solid wastes production 

� noxious chemicals in gaseous and liquid forms 

� growth, delivery, marketing and consumption of food 

� building materials and construction activity 

� fuel consumption 

� water regimes alteration. 
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At a global level the above mentioned urban drivers may be responsible for various pressures such 

as the formation of pollutant plumes; water pollution and siltation of streams; production and carrying 

of dusts; and contamination of entire ecosystems. These pressures have significant impacts by 

contributing to acid rain; changes on global CO2 budget; deterioration of water quality and cumulative 

contamination of rivers, oceans and aquifers; damage of aquatic systems; euthropication; soil 

erosion; and loss of biodiversity and genetic resources (Douglas, 1994). Impacts of worldwide 

urbanisation on the hydrological cycle affect the global water balance. The hydrological cycle is 

closely linked to the energy balance of the globe and therefore directly interacts with climatic factors. 

As a result, urbanisation has potential effects both on the hydrological cycle and on climate (Rogers, 

1994).  

Urbanisation affects the global environment, but environmental factors also affect processes 

occuring in urban areas.  The interaction between urbanisation, urban processes and natural factors 

is described next: 

 

a) Geological changes 

Within the spectrum of natural factors, geology (or better environmental geology) plays a very 

important role in urban settlements. Geological features such as morphology, structure and 

composition of bedrock and soil types are determinant for urban development. Natural geological 

characteristics of the substrate will determine the mechanical conditions for construction of buildings 

and artificial surfaces. The structure and chemical composition of bedrock and soil will be 

determinant in vegetation growth (soil fertility is based on the capability of superficial deposits to 

retain nutrients and water) and habitat development. According to Mulder (1996), urban geology or 

urban geosciences (defined as “an interdisciplinary field in the geo- and socio-economic sciences 

addressing Earth-related problems in urbanised areas”) is the discipline focused on the study of 

regional and local geological conditions, by the means of exploration methods (e.g. remote sensing), 

mathematical geology, databases and presentation techniques such as GIS. The first urban 

geological studies (mainly specific soil maps) reported in literature date from the 1920s (Mulder, 

1996). Presently, expert systems are developed for assisting in geological data interpretation.  

 

b) Hydrological changes 

Urbanisation impacts water quality, quantity of urban recharge and water flow regime (Lawrence and 

Cheney, 1996). In particular, water and wastewater systems as well as surface sealing can have 
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significant impacts on the urban hydrological cycle (Figure 3) as a result of leakage, leaching, 

infiltration or discharges. Several natural and anthropogenic factors will determine the way 

urbanisation impacts the urban hydrological cycle. These factors, as mentioned by Lawrence and 

Cheney (1996), are the hydrogeological environment, the climate, the population density, the per 

capita water consumption, the wastewater and stormwater disposal systems, the urban water supply 

systems (location, source, type, and distribution), the scale and type of the industrial activities within 

the urban area. 

The nature of the urban surface is particularly important in the disposal of the precipitation falling on 

a city. Groundwater recharge is affected by surface sealing (surface impermeabilisation reduces 

rainwater infiltration increasing surface run-off), significant water inputs from other system through 

piped water supply (water transfers and imports from beyond urban limits to ensure water supply 

requirements), domestic wastewater systems and unsewered sanitation, irrigation and over-irrigation 

of amenity areas (e.g. parks and gardens) and industrial effluents. The increase of population density 

and industrial development also places increasing demands in water resources, impacting both 

surface and groundwater levels and flow patterns (e.g. construction of canals, changes of water 

courses beds, overexploitation of aquifers) (Lawrence and Cheney, 1996).  

 

Figure 3: Components of the urban hydrological cycle (adapted from Lawrence and Cheney, 1996) 

Leaching of urban surfaces (sealed surfaces such as roads, streets, roofs or other paved areas and 

also parks and gardens) will carry contaminated soils and dusts, oils and grease, pesticides, 
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herbicides, fertilizers and animal excrements into the water flows. Together with pollution originated 

by domestic and industrial effluents and leakages from wastewater systems, urban run-off will 

significantly contribute to water quality degradation in urban areas. Water pollution in cities is mainly 

associated to increasing concentrations of nutrients (and consequent eutrophication), reduction of 

dissolved oxygen, changes in water conductivity and pH, high concentrations of metals and 

hazardous organic compounds and presence of pathogenic organisms (bacteria and virus).  

 

c) Climatological changes 

In general, urban areas have particular climatic conditions but solar radiation can vary according to 

the pollution level, urban density, orientation of streets and shadow from buildings. As shown in 

Figure 4, usually urban settlements have higher temperature than exposed country-side (“urban-heat 

island” effect) (HKU, 2004) and climate in urban areas is often mentioned as urban microclimate. 

The urban heat island reflects human influence on local climatic conditions and it is caused by the 

distortion of winds due to buildings and other obstacles with the urban ecosystem and changes in 

energy balances and heat diffusion in constructed areas due to thermal behaviour of materials 

(Pinho and Orgaz, 2000). The urban microclimate and urban-heat islands determine the climatic 

comfort of urban areas and it affects quality of life and human health in such areas.  

 

 

Figure 4: A sketch of an urban heat-island profile (HKU, 2004) 

 

Besides the direct effect of anthropogenic activities on local climatic conditions, other urban factors 

(such as CO2 and other greenhouse gases emissions) may contribute for affecting the climate in 
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urban areas. Moreover, the interaction of several natural elements of the urban ecosystem such as 

the hydrological cycle and the vegetation may also influence local meteorological conditions and 

vice-versa. In other words, strong interactions and feedback loops exist between the various 

components of the urban ecosystem.  

 

d) Air quality changes 

Various socio-economic (such as policies and management options), technical and even ecological 

(e.g. global climate change) drivers place considerable pressures towards the urban environment, 

originating severe environmental impacts and contributing for urban air quality degradation. The 

impact of fossil fuel combustion on local air quality and particularly photochemical pollution and 

formation of smog in cities has been documented for Lisbon (Borrego et al., 2000). In the past, 

industrial activities and coal combustion (domestic heating) were considered the main responsible for 

air pollution in urban areas. Nowadays the transport sector and rising volumes of motorized traffic 

place substantial pressures in the air quality of cities and are considered a major source of air 

pollutants and the main drivers of urban air pollution (Borrego et al., 2000). 

Urban air quality problems are mainly associated to high levels of fine particles (PM10), tropospheric 

ozone (O3), nitrogen oxides (NOx), and sulphur dioxide (SO2) emissions. In 1999, 97% of Europe’s 

urban citizens were estimated to be exposed to air pollution levels that exceed EU air quality 

objectives for ground-level ozone, 44% for particulates and 14% for NO2 (EEA, 2002). Regular 

exposure to high levels of air pollutants has considerable impacts in biodiversity and in the health of 

urban citizens. Atmospheric deposition of pollutants also contributes for soil and water quality 

degradation. In addition, according to Svirejeva-Hopkins et al. (2004), around 97% of the carbon 

anthropogenic emissions are originated in urban areas, around 60% of which are emitted by the 

transport and building sectors. Being an important source of anthropogenic carbon, urbanisation is a 

potential transformer of the local carbon flows and local carbon cycle (Svirejeva-Hopkins et al., 

2004). 

 

e) Changes in vegetation and biodiversity 

Urbanisation and land use intensification are often perceived as threats to biodiversity worldwide. 

According to Ricketts and Imhoff (2003) urbanisation poses both direct (problems of habitat 

conservation) and indirect impacts on biodiversity (resource depletion, habitat fragmentation, waste 
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production, chemical pollution and disturbance of water and nutrients cycle). On the other hand, the 

biological compartment is an important element of the urban ecosystem.  

Although some cities in the world have grown without considerable green areas due to incipient, 

rapid and unsustainable expansion, the urban settlements generally include not only man-made 

surfaces (such as buildings and pavement) but also areas of tree cover and grass (Jim, 2001). The 

“greenery” of a city is often associated to the notion of public green space, green belts around cities 

or greenways that go across build-up areas (Jim, 2004). The percentage of green cover within a city 

area varies from place to place. Some urban green areas consist in man-made ornamental gardens, 

cultivated or subject to active planting. In these cases foreign species may be introduced in the 

urban environment. On the other hand, in some urban agglomerations, extensive natural spaces 

(forest, woods, wetlands) within or in the boundaries of the city are kept undeveloped (non-

urbanised). These natural “enclaves” may be partially or totally occupied by spontaneous, indigenous 

vegetation and they become important reservoirs of biodiversity (plants and wildlife) and complex 

biomass.  

Green areas provide important services such as urban climate regulation (by enhancing air 

circulation), noise levels reduction, humidity balance, capture of dusts and air pollutants (Craul, 

1992).  A FEDENATUR Report (EC, 2004b) identified several functions and services that natural 

green areas perform in a city environment, grouped in four types:  

- Natural functions: regulation of discharges, regulation of pollutants or nutrients, carbon 

trapping, oxygen production, microclimate stabilisation, protection against erosion, noise 

reduction, ecological and geological heritage; 

- Social functions: relaxation and sport, leisure fishing, hunting, nature watching, educational 

activities, participation in the City’s social balance, effect of green barrier in the urban fabric, 

citizen identity effect, effect of way of life on health, landscape, cultural and historical 

heritage, scientific research; 

- Economic activities: production and storage of drinking water, agriculture and breeding, 

forestry (exploitation of woodlands), professional fishing, tourism, quarries and mines, 

energy production, brand image for agglomerations and companies; 

- Receptor environment: discharge and dumps, transport lines, energy and fluids transport, 

telecommunications, strategic and military activities.  

The provision of some of these services or functions, particularly those referred to as “receptor 

environment” may pose serious threats to the integrity of the natural areas and their balance, 
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causing degradation and mis-functioning. Negative impacts, both in flora or fauna, contribute to 

urban ecology disturbance therefore affecting the entire urban environment integrity.  

 

f) Soil quality changes  

Urban soil quality strongly conditions plant growth, biomass production and biodiversity. The need for 

appropriate quality soil is often neglected and several soil materials are used for urban planting, 

regardless their properties or environmental characteristics (usually those available at the site, e.g. 

construction debris) (Jim, 2001). Soils from urban areas have also a key role in air and water quality 

conservation as well as in energy balances. Despite of often disregarded in urban management 

practices, urban soil quality is a vital support for all the dynamics described above.  

The unsustainable urban sprawl and urban soil pollution are relevant factors contributing for 

reduction of quality of life within cities. Urban soil quality influences human health both through direct 

(ingestion, inhalation of particles and dusts and dermal contact) and indirect routes (toxic elements 

absorbed by plants or lixiviated in water). In what concerns the urban environment the direct route 

includes direct contact with soil during leisure (sport practice and leisure activities in parks, gardens 

and open spaces; ingestion of soil by children in playgrounds, schoolyards, parks and gardens), 

working and day-to-day activities (inhalation of particles when walking within a city; inhalation and 

dermal contact when working in the construction of buildings or during excavation and pavement of 

surfaces). Urban agriculture and city farming may also pose a significant risk of pollutants transfer 

from contaminated soils to crops if soil quality is not taken in consideration when choosing sites for 

these practices. Urban run-off and soil leaching may also contribute to increase pollutants levels in 

surface waters and aquifers and therefore alter drinking water quality. Alkaline, salts and saline-

alkaline soils are related with poisoning diseases such as fluorosis and arsenism, due to the excess 

of these elements (Lin et al., 2004). 

 

From all the above, it seems clear that the analysis of urban development, environmental quality and 

human wellbeing in cities requires a multi-disciplinary approach. This approach must include a 

conceptual framework that allows involving the definition of sets of indicators and the development of 

tools for an integrated analysis of the urban environmental quality (Kamp et al., 2003).  
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Overview of urban sustainability issues 

 

There are many definitions of sustainable development, including the landmark given by the 

Commission headed by Gro Harlem Brundtland (Brundtland Commisision, 1987): 

"Development that meets the needs of the present without compromising the ability of 

future generations to meet their own needs."  

The Brundtland Commission also wrote that sustainable development is “a global process of 

development that minimises environmental resources and reduces the impact on environmental 

sinks using processes that simultaneously improve economy and the quality of life” and “at a 

minimum, sustainable development must not endanger the natural systems that support life on earth: 

the atmosphere, the waters, the soils and living beings.”  

 

Several other definitions of “sustainability” may also be found in literature, such as:  

a) “sustainability refers to a dynamic, balanced and adaptive evolutionary process, 

i.e. a process in which a balanced use and management of the natural 

environmental basis of economic development is ensured” (Camagni et al., 1997); 

b) “long term livability” (Flores et al., 2000); 

c) “a community’s ability to develop and/or maintain a high quality of life in the 

present in a way that provides for the same in the future” (Shafer et al., 2000). 

 

Cities play a very significant role in contributing to sustainable development in multiple areas such as 

housing, transportation, energy use, employment and environmental quality. In urban areas, three 

“environments” co-exist: the natural, the build-up and the social environment. The interaction of 

these three dimensions has both positive and negative effects (Camagni et al., 1997). Sustainable 

urban development must enhance positive effects of interactions between the physical, social and 

natural environment and at the same time eliminate or limit the negative effects and externalities.  

Definitions of “sustainable urbanisation” and “urban sustainable development” may be found in 

literature: 

a) “the goal of sustainability in a city is the reduction of the use of natural resources 

and production of wastes while simultaneously improving its livability, so that it 

can better fit within the capacities of the local, regional and global ecosystems” 

(Newman, 1999); 
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b) “a city in which its people and businesses continuously endeavour to improve 

their natural, built and cultural environments at neighbourhood and regional 

levels, whilst working in two ways which always support the goal of global 

sustainable development” (Camagi et al., 1998); 

c) “development which ensures that the local population can  attain and maintain an 

acceptable and non-declining level of welfare, without jeopardizing the 

opportunities of people in adjacent areas” (Camagi et al., 1998); 

d) “a city where the three environments characterising an urban agglomeration 

interact in such a way that the sum of all positive externalities stemming from the 

interaction of the three environments is larger than the sum of the negative 

external effects caused by the interaction” (Camagi et al., 1998). 

 

The concept of “sustainable urbanisation” was also an issue of discussion during the Johannesburg 

World Summit on Sustainable Development (WSSD, held in 2002). This concept assumed both a 

normative and operational dimensions (type-1 and type-2 outcomes of the WSSD, respectively). 

Later, the UN (United Nations) agency responsible for the Habitat Agenda and the urban dimension 

of Agenda 21 (UN-HABITAT) reviewed and developed a conceptual framework concerning 

“sustainable urbanisation” during the World Urban Forum (held in Barcelona in 2004). Sustainable 

urbanisation was defined as a “dynamic, multidimensional process covering environmental as well as 

social, economic, and institutional sustainability”. The concept relates to all types of human 

settlements, from small towns to large metropolises as well as their surroundings and relationships 

among them. Achieving sustainable urban development requires an integrated, transdisciplinary, 

intersectorial approach and a global analysis leading to specific recommendations aiming at 

facilitating the work of urban development players and at the development of appropriate tools (e.g. 

urban sustainability indicators).  

 

Several initiatives worldwide have focused on urban development, particularly in view of enhancing 

cities’ sustainability. Both top-down approaches and bottom-up initiatives have been developed in 

the last decades at a local, regional, national and international level. Urban areas’ regulation and 

management takes place in two main directions, both by increasing burden in local governments 

(and seeking stakeholders’ engagement and collaboration with different players such as the private 
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sector) (Dekker and Van Kemper, 2004) and by defining general guidelines and concerted, common 

strategies at an international level.  

 

In 1978 the UN established the UN-HABITAT programme2 after a meeting in Vancouver also known 

as “Habitat I“, working on preventing and reducing problems arising from unsustainable urban 

growth. Work from UN-HABITAT is guided by the Habitat Agenda (defined in 1996 during the 

“Habitat II” meeting) and the Millennium Declaration (set in 2002), defining goals and priorities for 

sustainable urban development. The UN-HABITAT established several partnerships in view of 

accomplish urban sustainability objectives, namely with the World Bank. Since 1978 numerous 

programmes were developed by the UN-HABITAT as for example the “Cities Alliance”3, the “Global 

Urban Observatory”4, the “Best Practices & Local Lidership”5, the “International Forum on Urban 

Poverty”6, the “Urban Management Programme”7 and the “Sustainable Cities Programme (SCP)”8, 

just to refer some. These initiatives are intended to act as strategy clusters in defining targets and 

implementing projects at the local level aiming at sustainable development. 

 

The World Health Organisation (WHO) developed a “Healthy Cities and Urban Governance 

Programme”9 which provides national and local governments with means of dealing with health 

related issues such as poverty and social exclusion, pollution and sustainable development, lifestyles 

and living conditions, care and social support, urban planning and transport in cities. The goals of the 

Healthy Cities and Urban Governance Programme are implemented through the WHO European 

Centre for Urban Health. 

 

The European Commission launched in 2004 a Communication entitled “Towards a Thematic 

Strategy on the Urban Environment” – COM (2004)60 final which is built on several European 

initiatives that have contributed to the development of a EU’s policy on the urban environment (EC, 

                                                 
2United Nations Human Settlements Programme (http://www.unhabitat.org/)  
3 http://www.citiesalliance.org/citiesalliancehomepage.nsf  
4 http://www.unhabitat.org/programmes/guo/ 
5 http://www.unhabitat.org/programmes/bestpractices/  
6 http://www.unhabitat.org/programmes/ifup/ 
7 http://www.unhabitat.org/programmes/ump  
8 http://www.unhabitat.org/programmes/sustainablecities. The Sustainable Cities Programme (SCP) is a joint UN-
HABITAT/UNEP facility for building capacities in urban environmental planning and management. 
9 http://www.euro.who.int/healthy-cities   
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2004). This Thematic Strategy is part of the European Community’s Sixth Environment Action 

Programme “Environment 2010: Our Future, Our Choice” and its overall aim is: 

“To improve the environmental performance and quality of urban areas and to secure a 

healthy living environment for Europe’s urban citizens, reinforcing the environmental 

contribution to sustainable urban development while taking into account the related 

economic and social issues.” 

The Thematic strategy for the Urban Environment is focused on four cross-cutting themes which aim 

at enhancing long-term sustainability of cities: 

� Sustainable urban management; 

� Sustainable urban transport; 

� Sustainable construction; 

� Sustainable urban design.  

 

The integration of urban environment issues into relevant EU policies has a long-term process that 

started in 1990 with “The Green Paper on the Urban Environment”. In what concerns European 

Regional Policy and the Community Regional Development Fund, the “URBAN” initiative was 

launched in 1994 (1994-1999 URBAN I and 2000-2006 URBAN II). The URBAN Community Initiative 

is an instrument within EU Cohesion Policy devoted to the sustainable development of urban districts 

facing severe social, environmental and economic problems. European environmental policies 

concerning various sectors such as water, air, soil, biodiversity, waste, climate change and noise 

although not always direct focusing the urban environment considerably affect urban environmental 

quality. Moreover, several international conventions and protocols aiming at environmental protection 

and sustainable development directly and indirectly affect sustainability of the urban environment.  

 

Environmental international regulations, policies and conventions that may affect environmental 

quality in cities are for example:  

� Water: Urban Waste Water Treatment Directive (91/271/EEC); Nitrate Directive 

(91/676/EEC); Drinking Water Directive (98/83/EC); Bating Water Directive (76/160/EEC); 

Water Framework Directive (2000/60/EC). 

� Climate Change: European Climate Change Programme, COM (2000)88 final (ECCP); UN 

Framework Convention on Climate Change10 and the Kyoto Protocol; ICLEI’s (International 

                                                 
10 http://unfccc.int  
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Council for Local Environmental Initiatives11) “Cities for Climate Protection” campaign 

(CCP)12. 

� Air: Air Quality Framework Directive (96/62/EC) and Daughter Directives (1999/30/EC; 

2000/69/EC; 2002/3/EC; EC Proposal for Directive concerning As, Cd, Ni, Hg and PAH); EC 

Directives setting emission limits for different categories of vehicles and standards for fuel 

quality (98/69/EC, 2001/1/EC, 2002/80/EC, 99/96/EC, 2001/27/EC, 97/24/EC, 2002/51/EC, 

98/70/EC); EC Directives Concerning Stationary Source Emissions (2001/80/EC, 

2000/76/EC, 1999/13/EC, 1999/32/EC); Integrated Pollution Prevention and Control 

Directive, IPPC (96/61/EC); “Clean Air For Europe” (CAFE) programme, COM (2001)245; 

World Bank's "Clean Air Initiative for Cities Around the World" 13. 

� Noise: EC Directives on Noise Emission Limits (70/157/EEC, 92/97/EEC, 92/61/EEC, 

97/24/EC, 2001/43/EC, 2000/14/EC); Directive Relating to the Assessment and 

Management of Environmental Noise (2002/49/EC). 

� Biodiversity: Directive Birds (79/409/EEC) and Habitat (92/43/EEC); Natura 2000 Network; 

EC Biodiversity Action Plan for the Conservation of Natural Resources (COM(2001)162 

final); UNEP Convention on Biological Diversity (Rio 1992)14.   

� Waste: Waste Framework Directive (75/442/EEC); Landfill Directive (1999/31/EC); 

Packaging Waste Directive (94/62/EC); Incineration Directive (2000/76/EC); Directives on 

Waste Electrical and Electronic Equipment (2002/95/EC, 2002/96/EC); Directive on End of 

Life Vehicles (2000/53/EC); Directive on Batteries (91/157/EEC); Thematic Strategy on the 

Prevention and Recycling of Waste and Thematic Strategy on the Sustainable use and 

Management of Resources; EC Directive on the disposal of PCBs and PCTs (96/59/EC); 

Basel Convention on the Control of Transboundary Movements of Hazardous Wastes and 

their Disposal15.  

� Soil: EC Communication “Towards a Thematic Strategy for Soil Protection”, COM(2002)179 

final.  

 

                                                 
11 The International Council for Local Environmental Initiatives (ICLEI) is an association of local governments dedicated 
to the prevention and solution of local, regional, and global environmental problems through local action. 
12 http://www.iclei.org/co2/ 
13 http://www.cleanairnet.org  
14 http://www.biodiv.org/ 
15 http://www.basel.int/ 
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A very important international framework aiming at sustainable urban development is the Local 

Agenda 21 (LA 21). LA21 was first described in Agenda 21, a major result of the United Nations 

Conference on Environment and Development in 1992 (the Rio Earth Summit). LA 21 is a program 

that provides a framework of action for implementing sustainable development at the local level and 

it is built upon partnerships, local government strategies and resources to better integrate 

environmental, economic and social goals. LA 21 calls upon local authorities to engage their 

communities and to develop and implement a local plan for sustainability. The implementation of 

LA 21 includes a vision statement (identifying local sustainability issues); an action plan; 

implementation and revision mechanisms (Hughes, 2000). Specific instruments such as indicators 

for sustainability and environmental management systems are usefull on LA 21 strategy definition 

and implementation (Hughes, 2000). Groups of indicators are used to assess the state of the urban 

ecosystem and progress and might cover various sustainability issues (economic, social en 

environmental). The EMAS (Eco-Management and Audit Scheme) is a tool for the assessment of 

environmental performance and might be used by local authorities and local governments to 

evaluate, manage and monitor environmental impacts at the local level. Improvements on local 

environmental quality and commitment associated to an instrument such as EMAS may significantly 

contribute to support LA 21 implementation. In addition, several initiatives are developed 

internationally for implementation of LA 21. The “European Sustainable Cities and Towns Campaign” 

was launched at the end of the “First European Conference on Sustainable Cities and Towns” that 

took place in Aalborg, Denmark in 1994. The Conference adopted the Aalborg Charter which 

commits its signatories to the Local Agenda 21 process and to the development of long-term action 

plans towards sustainability. Nearly 2,000 local authorities in Europe participate in the Campaign. A 

group of 10 networks of cities and towns active in different aspects of sustainable development have 

joined together to form the Campaign and support local authorities in their work on local sustainable 

development. Initiatives such as the “European Sustainable Cities and Towns Campaign” and 

activities of international networks such as ICLEI (International Council for Local Environmental 

Initiatives) have contributed to the implementation of LA 21 worldwide.  

 

In addition to regulating and delineating guiding policies, several international entities and agencies 

are responsible for reporting in the area of urban environment, developing a knowledge base that 

allows progress analysis in policies implementation, evaluation of its effectiveness and 

benchmarking. The European Environment Agency (EEA) has regular reporting activities in Europe, 
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including reporting on the state of the urban environment. Data on the state of the urban environment 

is collected, assessed and discussed both on sectoral (air, noise, water, waste, biodiversity, etc) and 

wider approaches (transport, management, etc). The EEA published in 1998, a report entitled 

“Assessment and Management of Urban Air Quality in Europe”, and in 2002 the report “Towards an 

urban atlas – Assessment on spatial data on 25 European cities and urban areas”, to refer some.   

 

Implementation of guiding policies and management practices when moving towards sustainable 

urban development generally includes the definition of objectives, specific targets and indicators of 

progress. Urban sustainability indicators are key tools when assessing environmental change and 

alterations in living conditions in cities, allowing benchmarking between different urban settings. An 

“indicator” is a measure that provides information on a defined state or progress. According to the 

OECD (1994), an indicator is “a statistic or parameter that tracked over time provides information on 

trends in the condition of a phenomenon and has significance extending beyond that associated with 

the properties of the statistics itself”. The OECD was pioneer in defining environmental indicators, 

establishing a common terminology and a conceptual framework based on the approach P-S-R 

(Pressures – State – Response) (OECD, 1994). The use of environmental indicators has been 

replaced over time by the application of sustainability indicators. The last are defined by a 

multidimensional framework (social, economic and environmental factors and the combination of 

those) under the auspices of sustainable development. 

 

In 1996, the UN Commission for Sustainable Development (CSD) prepared a comprehensive list of 

sustainability indicators to monitor progress towards sustainable development. The several aspects 

of sustainable development are covered by this list of indicators following the chapters of Agenda 21. 

The indicators are presented in a Driving Force - State - Response framework, according to four 

different categories: social, economic, environmental and institutional16. Urban indicators were 

developed within this context of multidimensional approach for sustainability. Urban indicators are 

essential for understanding changes in social, economic and environmental conditions in cities. 

Policies, economic instruments and regulations can adapt more easily to these changes when 

citizens, private stakeholders and governments have access to relevant urban indicators. The use of 

sustainability indicators in urban settings also facilitates communication among various stakeholders, 

enhancing cooperation in achieving common objectives. International co-operation is a key factor in 

                                                 
16 http://www.un.org/esa/sustdev/natlinfo/indicators/worklist.htm  
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achieving common standardized sets of indicators that allow comparability, benchmarking and 

progress analysis. The UN has pioneered collection of urban indicators. The “Housing Indicators 

programme” started in 1991 became the “Urban Indicators Programme” in 1993, providing a broad 

set of indicators (Global Urban Indicators databases) for urban settings and assessment of urban 

conditions and trends.  Later the UN-HABITAT (United Nations Centre for Urban Settlements) 

continued monitoring urban conditions worldwide and managing the “Urban Indicators Programme”. 

Urban data is regularly collected through local and national observatories in a sample of cities 

worldwide in order to report on progress in the key areas of the Habitat Agenda at the city level. 

Table 1 shows the list of UN key 20 indicators and their relationship with key areas of the Habitat 

Agenda. 

 

Table 1: UN-HABITAT key urban indicators and correspondence with Habitat Agenda key areas 

(UN, 2004) 

HABITAT AGENDA GOAL INDICATORS 

SHELTER 

Promote the right to adequate housing Key indicator 1: durable structures 

 Key indicator 2: overcrowding 

Provide security of tenure  Key indicator 3: secure tenure 

Promote access to basic services Key indicator 4: access to safe water 

 Key indicator 5: access to improved sanitation 

 Key indicator 6: connection to services 

SOCIAL DEVELOPMENT AND ERRADICATION OF POVERTY 

Provide equal opportunities for a safe and 

healthy life 

Key indicator 7: under-five mortality 

 Key indicator 8: homicides 

Promote social integration and support 

disadvantaged groups 

Key indicator 9: poor households A 

Promote gender equality in human 

settlements development 

Key indicator 10: literacy rates 

ENVIRONMENTAL MANAGEMENT  

Promote geographically balanced settlement 

structures 

Key indicator 11: urban population growth 

 Key indicator 12: planned settlements 

Manage supply and demand for water in an Key indicator 13: price of water 
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effective manner 

Reduce urban pollution Key indicator 14: wastewater treated 

 Key indicator 15: solid waste disposal 

Promote effective and environmentally sound 

transportation systems 

Key indicator 16: travel time 

ECONOMIC DEVELOPMENT 

Strengthen small micro-enterprises, 

particullarly those developed by woman 

Key indicator 17: informal employment 

Encourage publc-private sector partnership 

and stimulate productive emplyment 

Key indicator 18: city product 

 Key indicator 19: unemployment 

GOVERNANCE 

Promote decentralisation and strengthen local 

authorities 

Key indicator 20: local government revenue 

 

The “Cities 21” project was initiated by ICLEI (International Council for Local Environmental 

Initiatives) in 1998. The main objective was to start measuring the impact of local actions on global 

conditions and engaging communities in evaluating their local sustainable development strategies 

and performance in three areas of concern: Governance (Local Agenda 21), Climate Change, and 

Freshwater Management. This project developed a common ICLEI indicator framework for local 

authorities to evaluate their local, as well as their joint or cumulative progress, towards sustainable 

development. A list of 70 core indicators17 suited to measure local performances and link them to 

global goals was prepared and grouped according to the three areas of concern.  

 

The EEA developed an urban environment indicators system by defining an indicator framework 

derived from the OECD P-S-R approach: the D-P-S-I-R (Driving forces – Pressures – State – Impact 

– Response) framework. The indicators framework defined by EEA is described on Figure 5. This 

approach is meant to categorise different indicators according to the several elements of the urban 

ecosystem, providing a structure for the interactions among those elements and at the same time 

allowing the assessment of trends and changes in living conditions in cities.  

                                                 
17 http://www2.iclei.org/cities21/showind.cfm  
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Figure 5: Urban environment indicators framework and DPSIR approach as defined by the EEA 

(EEAb, 2002) 

 

The “European Common Indicators – Towards a Common Sustainability Profile” (ECIs) is an 

initiative of the Expert Group on the Urban Environment from the European Commission (DG 

Environment) started in 1999 in close cooperation with the EEA. This initiative was set with the main 

aim of developing common (harmonised) indicators for local sustainability, in close collaboration with 

a wider Group of Local Authorities. A common set of local sustainability progress indicators was 

defined and is to be used in a voluntary basis. The ECIs are focused on the urban environment and 

related to three scales (urban areas, supporting systems, and broader impacts) and to different main 

trends (urban fabric, urban utilities, ambient environment including air quality and noise). A list of 10 

integrated indicators (Table 2) reflecting interactions between different dimensions of urban 

sustainability and quality of life within cities was voluntarily agreed and subject to a testing and 
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development period that started in the year 2000. The ECIs are expected to assume an important 

role as tool for EU Thematic Strategy on the Urban Environment.  

 

Table 2: List of 10 European Common Indicators (ECIs) (Ambiente Italia, 2003) 

 

 

The European Foundation (EF)18 for the Improvement of Living and Working Conditions created a 

common framework of urban sustainability indicators for cities based on the Charter of “European 

Sustainable Cities and Towns” with a view to developing an index of urban sustainability 

performance (Mega and Pederson, 1998). 

 

The CEROI network – “Cities Environment Reports on the Internet”19 (established under the 

auspices of the UNEP GRID-Arendal Programme20) works within the framework of LA 21 to facilitate 

access to environmental information for sound decision-making in cities. This network provides 

information on the state of the urban of environment, particularly by defining a comprehensive list of 

state of the environment (SoE) indicators. A list of Core Indicators (29 indicators) and an “Indicators 

                                                 
18 http://www.eurofound.eu.int  
19 http://www.ceroi.net/  
20 The UNEP/ GRID-Arendal provides environmental information, communications, and capacity building services for 
information management and assessment (http://www.grida.no/)  
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Encyclopaedia” (90 core and city-specific indicators) is available for CEROI cities21. It provides 

detailed information about individual indicators such as measurements, references and examples, 

assisting cities in selecting indicators by developing lists of proposed indicators for individual issues 

and themes. The DPSIR (Driving Forces – Pressures – State – Impact – Response) approach is 

proposed as a framework for presenting city-specific indicators within CEROI reports. The urban 

environment related core indicators list was first presented in 1998 to provide a representative 

picture of urban environmental conditions and to describe individual urban issues in detail. Table 3 

shows the CEROI Core Indicators matrix, comparing it with those from other international initiatives 

such as the International Council for Local Environmental Initiatives (ICLEI), the United Nations 

Centre for Human Settlements (HABITAT), the EEA, the European Foundation (EF) and European 

Common Indicators (ECI).  

 

                                                 
21 http://www.ceroi.net/ind/indicat.htm  
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Table 3: List of Urban Core Indicators from CEROI and comparison with indicators 

used by other international entities (CEROI, 2004) 

CEROI core set ECI EEA EF ICLEI HABITAT 

Access to drinking water    x x 

Air emissions x  x   

Air quality x x x  x 

City product     x 

Energy consumption  x x x  

Green areas  x x   

Health care      

Housing price     x 

Infant mortality     x 

Investments in green areas      

Investments to water supply 

systems 

     

Organisations using 

environmental audit systems 

x     

Participation in decision-

making 

   x x 

Participation in elections   x   

Poor households    x x 

Population density  x    

Population growth  x   x 

Presence of LA 21 process      

Price of water     x 

Quality of drinking water  x  x  

Recycling  x  x  

Rent-to-income ratio     x 

Safety   x x x 

School attendance      

Transport modes  x x  x 

Travel times     x 

Waste production  x   x 

Wastewater treatment  x  x x 

Water consumption  x x x x 
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As described, various international entities and agencies work towards the establishment of 

sustainability indicators and urban environmental indicators. To conclude, the main international 

actions towards sustainable urban development that are presently being developed involve: 

� a comprehensive, integrated and multidimensional approach guiding the definition of 

international frameworks for urban development and guiding actions on urban issues; 

� the development and implementation of Local Agenda 21 and similar approaches based on 

partnerships at the local level, enhancing cooperation among public authorities, private 

sector, associations, communities and citizens in general;  

� focus on developing local capability to better manage urban growth and initiatives to 

strengthen local resources by increasing synergies and improving coordination among the 

organisations involved (as key responsibility for achieving sustainable urbanisation is 

recognised to lie on local governments and their partners); 

� an increasing demand for data on the urban ecosystem on a comparable basis to allow 

benchmarking between cities and a demand for operational concepts and tools for 

information gathering, data exchange and communication; 

� work on the development of urban (sustainability) indicators and urban indicators 

frameworks (such as DPSIR) that allow progress analysis, assessment of  urban 

environmental changes and assessment of the impact of policies’ implementation and 

management practices; 

 

In what concerns urban indicators, in general the main aspects of the urban ecosystem being subject 

of analysis and measurement are those related to land use and sprawl; green areas; emissions to air 

and water; waste generation; contribution to climate change; transportation; human health and 

sustainability promotion. In terms of sustainability of land use and sustainable use of resources, soil 

quality has not been given a central role and is often negleted. The ECI include only “Percentage of 

Protected Area” as an headline indicator for land use. Some more extensive lists include indicators 

such as “derelict land” or “contaminated sites”, which are far from being surrogates for a 

comprehensive analysis of urban soils’ environmental state. The dificulty of use of these indicators is 

increased by the complexity associated to the definition of a contaminated site, specially in a 

comparable, reproducible manner that allow benchmarking at an international level. The relevance of 

the soil resource within the urban ecosystem is apparently far from being recognised. Indicators such 
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as availability of land for defined purposes (e.g. area available for residential, industrial, recreational 

or other activities) or for example adequability of soil for different functions are not considered 

prioritary.   

 

In order to be able to define tools towards the inclusion of urban soil issues and effective urban soil 

quality indicators in sustainable urban land management practices, there is a need to better 

understand causal relationships between human activities and degradation of the soil resource in 

urban areas and better describe pressures affecting soil functioning in cities. These issues will be 

discussed in detail  in the next chapter.  
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Effects of urbanisation on the soil resource 

 

It is estimated that 2% of agricultural land is lost for urbanisation purposes, every 10 years, in Europe 

(Douglas, 1994). Due to the pressures posed over the soil resource, urbanisation might be 

associated to even irreversible land loss. Unsustainable urban development often results in the 

production of wasteland or derelict land, that is land “so damaged by industrial or other development 

that it is incapable of beneficial use without treatment” (Simpson, 1996). Unsustainable urban 

expansion is often called as “urban sprawl” (Hasse and Lathrop, 2003). The following indicators of 

land use, used as tools for the identification of impacting urban sprawl and conversion of suburban 

areas, have been proposed by Hasse and Lathrop (2003): density of new urbanisation; loss of prime 

farmland; loss of natural wetlands; loss of core forest habitat; and increase of impervious surface.  

These five indicators of Land Resource Impact (LRI) are meant to be an empirical approach to 

identify and characterise the impact of sprawling urban growth on critical natural resources by means 

of an integrated, geospatial analysis of land cover change and urbanisation.  

 

Problems posed by the urbanisation process on the urban soil resource may include: 

� Soil displacement: great volumes of soil are commonly transferred from urban areas during 

the process of construction and preparation of foundations (soil removed from construction 

sites is often sold for reclamation or landscaping projects (Simpson, 1996)); the surface 

cover layer in some urban gardens and green areas is often a mass of soil that was 

transferred from elsewhere.   

� Weathering of urban surfaces (roads, buildings, roofs, etc): significantly contributes to 

increase the load of elements and substances in urban soil. Increasing of concentrations of 

certain organic compounds may occur in the vicinity of petrol stations due to spills and 

washing.  

� Rubble incorporation: usually increases soil gravel and stone fractions, increasing pore 

space and therefore aeration and water infiltration. At the same time it might contribute for 

enhancing soil organic matter oxidation by increasing oxygen availability (considering that 

microbial activity is not inhibited by wastes contamination). Integration of certain materials in 

the soil matrix may also contribute to alter urban soil pH. Release of carbonate from the 

calcareous construction waste induces alkaline pH, with consequences on micronutrient and 
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phosphorus deficiency. According to Simpson (1996) urban soils are generally more alkaline 

than their natural counterparts. 

� Integration of contaminated wastes: Soils in a city are important sinks of large quantities of 

metals and organic compounds released by several urban activities such as industry, waste 

disposal, household and commercial use of chemical substances, motorised traffic and 

agricultural use of fertilizers and pesticides (Manta et al., 2002; Madrid et al., 2002). The 

integration of wastes, sewage sludge and construction spoils in the soil matrix may cause 

contamination. Industrial waste has a higher potential for increasing toxicity of soil, as it is 

very often highly contaminated with chemicals.  

 

Urban development and associated industrial and domestic activities have resulted in varying 

degrees of urban soil pollution. The effects of pollutants on the functioning of an urban soil are 

complex, and for many substances (and in particular when in combination with others) there is little 

information. Given the potential risk of harm to human health, and pollution of air, surface and 

ground waters, the study of pollutants in urban soils has assumed a very important role in the 

present study. Therefore, prior to a more detailed discussion on urban soils pollution (and particularly 

prior to the assessment of pollutants in soils, from Aveiro, Portugal), it is important to better 

understand the sources, and the transfer processes (pathways) of pollutants in an urban ecosystem.  

  

Figure 6 shows a framework for the analysis environmental sources and pollutants fluxes in the 

urban ecosystem, denoting the transfer, interactions and processes that pollutants might be subject 

to in the urban environment. It is shown an input flux of energy and materials into the urban 

ecosystem determined by available resources and an output flow of energy, products and by-

products that may also be transferred outside the ecosystem. Both the urban man-made 

environment and urban biodiversity have a central role in controlling transfer of pollutants and 

transformation processes within and between the air, water and soil compartments.  

The spatial heterogeneity of the urban environment generates barriers and defines pathways to the 

flow of materials and energy influencing environmental quality in the urban ecosystem 

compartments. This spatial heterogeneity is highly determined by the various features and infra-

structures that integrate the natural and the man-made environment (namely, changes in the surface 

and sub-surface drainage regimes; increase and definition of preferential flows; changes in gases’ 

concentrations (e.g. methane); and soil layers and organic matter burying).  
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In general, barriers influencing patways of pollutants in the urban environment may include: 

� influence of the climatic conditions and weather effects; 

� distance and spatial location of point sources of pollution; 

� predominant wind direction; 

� dust deposition patterns; 

� retention capacity of substrate materials; 

� presence and spatial distribution of green areas, specially trees; 

� topography and slope; 

� types of material and energy inputs and export balances.  

 

 

Figure 6: Processes generating pollution affecting pollutants transfer in urban settings 
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General framework for describing effects of urbanisation on the soil resource 

 

A framework based on DPSIR (Drivers-Pressures-State-Impact-Response) to describe the pressures 

derived by anthropogenic influence on the urban soil, the driving forces behind them, the state 

changes they generate and the management responses aimed at mitigating human influence on 

urban soil quality will be porposed by the present study. The several driving forces, pressures, and 

state changes on urban soils derived from urbanisation processes are summarized in Figure 7. 

These can be described as: 

 

� Drivers – human activity or process primarily intented to enhance human welfare in urban 

areas; 

� Pressures – activity, process or pathway through which a certain driver causes a certain 

change in state. Pressures are effectively the agents of change. It may be a human activity 

or a by-product/ consequence of a certain driver; 

� State – attribute or set of attributes of soil. Effects of pressures will influence the variability of 

state and cause certain state changes (degradation, compaction, sealing, pollution, etc). 

State changes relate to the extent to which a soil system has been subject to disturbance. 

� Impacts – a change in soil functions attribute to a change in state. It will directly cause 

changes in use values (it can even prevent certain soil uses); 

� Responses – iniative intended to reduce at least one impact. Refer to initiatives developed to 

minimize urbanisation harmful effects on the soil resource. These initiatives might be of 

regulatory or legislative nature but may also be concerted actions and practices of several 

categories (e.g. environmental management systems or research projects). They may also 

be specific for soil issue or integrate related issues (e.g. urban environment or transport 

policies), macro-economic policies or international practices. 

 

The slashed line indicates barriers of institutional or of any other category that somehow limit or 

condition implementation of measures or responses (e.g. public opinion rejection or lack of funds).  
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Figure 7: DPSIR framework summarising anthropogenic influences on soil quality in urban areas 

 

A list of the most common pressures exerted on urban soils and associated effects on soil are 

summarized in Table 4. 
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Table 4: Anthropogenic pressures affecting urban soils and associated effects (Simpson, 1996) 

PRESSURES EFFECTS 

� construction and maintenance of infra-structures 

(buildings, roads, parking lots, sidewalks, water 

and wastewater systems, electrification systems, 

among others); 

� gardening (public gardens and open spaces are 

often subject of active gardening and 

maintenance); 

� use of compost; 

� deposition of man-made materials; 

� layering and mixing of materials; 

� water-pipe leakages; 

� irrigation systems; 

� leaching from cemeteries; 

� transportation of chemical substances, accidents 

and spills; 

� waste management; 

� street cleaning; 

� sport and recreational practices (e.g. golf); 

� transportation systems; 

� tourism; 

� households; 

� urban agriculture; 

� industry; 

� energy production. 

� loss of the soil resource through burial or disposal; 

� changes on vertical and spatial variability; 

� damage on soil structure; 

� restriction of aeration and drainage; 

� modification of soil chemical properties; 

� changes in rates of organic matter decomposition 

and nutrient availability; 

� increase in the levels of soil contaminants.  

� reduction of heat storage capacity; 

� inhibition of organic compounds degradation; 

� increase of reductive features; 

� land sliding; 

� inhibition of nitrogen fixation and nitrification 

processes. 

 

 

Anthropogenic pressures and derived effects will cause considerable state changes in urban soils 

systems. State changes can be classified in five main groups: soil degradation, soil sealing, soil 

compaction, loss of organic matter, soil pollution and contamination. These five groups are described 

in detail in Table 5.  
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Table 5: Main state changes on urban soil quality as derived from urbanisation 

STATE CHANGES STATE CHANGES DESCRIPTION 

Soil degradation - loss of soil due to erosion or burial 

and integration of wastes in the soil matrix – urban land 

uses often cause considerable disturbance of soil cover 

and the soil surface layer such as removal of green 

cover (changing water drainage regimes and increasing 

run-off and soil erosion) and natural vegetation, burial 

(drastically changing soil profile) and integration of 

construction debris and rubble.  

 

The action of winds or water, particularly during the 

roadworks, buildings or infra-structures, or in heavily 

used areas (parks or public areas such as sports or 

recreational fields), and footpaths (Simpson, 1996) is 

strongly associated to soil erosion in urban areas. 

Erosion of top soil may cause both soil loss (particularly 

fine particles, and consequently changes in particle size 

distribution) and loss of organic matter and nutrient 

elements. Furthermore, changes of soil cover in urban 

areas, particularly vegetation, usually increase wind 

erosion of soil particles.  

Soil burial considerably changes soil profile, altering the 

particles size distribution, their aggregation structure 

and consequently soil porosity, aeration and bulk 

density. Soil burial and accumulation of various 

materials in soil top layers makes the use of the terms 

“topsoil” and “subsoil” inaccurate in urban areas.  

Soil sealing – changing of water flows and fragmentation 

of biological habitats. 

 

Soil sealing and impermeabilisation of soil surface alter 

soil drainage capability and generally reduce infiltration 

(and plant available moisture), increase run-off and 

particles erosion by water and cause lateral losses of 

soil. Water erosion is responsible for breaking-up larger 

soil aggregates into fine particles and transports these 

particles away from their original place, changing soil 

particle size distribution. Soil sealing also interrupts 

nutrients cycles by reducing the input of biodegradable 

organic material that integration of dead plants and leafs 

in soil would provide. Soil aeration and exchanges with 

the atmosphere are also limited by soil sealing. 

Soil compaction – takes place in areas heavily used by 

humans (trails, streets, roads, etc) and heavy 

machinery. 

 

The extensive soil compaction, results in loss of soil 

structure, reduction of soil pore space (porosity), and 

permeability affecting soil aeration, drainage, storage of 

plant-available moisture, and root growth, and changing 

soil texture, bulk density and organic matter content. 

When compacted, soil fine particles may clog soil pores 

originating soil surface capping, reducing water 
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infiltration and increasing run-off, waterlogging and 

erosion (Simpson, 1996). Dense soils prevent the 

presence of earthworms and soil organisms. Potential 

for soil compaction is particularly exacerbated when soil 

is wet. 

Loss of organic matter 

 

The content in organic matter, and the related supply of 

essential nutrients such as nitrogen and phosphorus, is 

often lower in urban soils than in agriculture or forest 

types. The removal of green cover and fallen leafs from 

soil surface together with soil contamination contribute 

to decrease microbial activity and reduce organic matter 

contents in soils and their degradation rate. According to 

Beyer et al. (1995), litter compounds and low humified 

fulvic acid fraction predominate in organic matter from 

young urban soils. 

Soil waterlogging also causes decrease in microbial 

activity and plant material decomposition. Soil 

organisms’ activity may also be affected by soil 

compaction. When aeration is reduced, microorganisms 

ability to degrade organic matter is diminished.  

Soil pollution and contamination: 

� diffused pollution may include acid deposition, 

atmospheric pollutants and radionuclide fallout 

– removal of tree cover contribute increase of 

soil acidification originated in acid rain and 

airborne pollutants deposition; 

� localised pollution from “point –sources” such 

as waste dumps, junkyards, industry (e.g. 

petroleum refining) or leaking pipes. 

 

Soil contamination resulting from anthropogenic 

activities in cities is generally reflected by enhanced soil 

concentrations of metals and organic compounds (such 

as pesticides, herbicides, polycyclic aromatic 

hydrocarbons, polychlorinated biphenyls, dioxins and 

furans). Concentration levels of soil pollutants are 

distributed in soils within the urban area in a very 

heterogeneous way, as contamination sources are also 

extremely variable both in space and time causing high 

variability elements distribution even in very small space 

scales. By changing soil chemical and physical 

properties (particularly soil pH, clay content and organic 

matter), anthropogenic pressures alter availability of 

toxic elements within soil to plants and the wider 

environment.  
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Following the analysis of Pressures and associated State changes, a comprehensive study of the 

Impacts of urbanisation on the soil resource (as defined by the DPSIR framework) is considered of 

paramount importance to understand urban soils behaviour, their quality status and identify adequate 

urban soil quality indicators and criteria essential for sustainable urban land management.  

In other words, changes in soil quality arise from urbanisation Impacts. As different types of Impacts 

derive from different soil uses in urban areas, the analysis of different soil uses and associated soil 

functions in urban settings, the derived changes on soil properties and consequently on the definition 

of urban soil quality will be described in detail in the next chapter.  
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3. HOW CAN ONE DEFINE 

URBAN SOIL QUALITY AND 
WHICH INDICATORS ARE TO BE 
CONSIDERED TO MANAGE 
AND/ OR IMPROVE SOIL QUALITY 
IN URBAN AREAS? 
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Soil use and soil functions in urban areas 

 

The soil in the urban environment may vary from a “natural”, relatively unaltered soil (as it can be 

found in certain parks), to soils that have been subject to such a high degree of disturbance and 

pressure that may be considered “anthropogenic” soils (Kelly et al., 1996). Land covers in urban 

areas may be roughly grouped in three types: those that remained more or less unaltered and kept 

their natural characteristics; those that caused considerable disturbance but did not considerably 

impact soil; and those that are areas of derelict land. Different land uses alter soil characteristics in 

different ways and therefore urban soil becomes a very heterogeneous medium. Most of these soils 

have lost natural soil horizons and acquired morphological features of fill materials such as poor 

structure and artificial layering. In urban areas soils acquire new functions and play a distinct 

environmental role. Main soil uses in urban areas and associated functions are summarized in 

Table 6. 

 

Table 6: List of common soil uses in urban areas and associated functions (Simpson, 1996). 

SOIL USES IN URBAN AREAS URBAN SOIL FUNCTIONS 

� woodland, heath and common land; 

� urban agriculture; 

� public parks and open spaces; 

� ornamental gardens; 

� allotments; 

� playing fields and golf courses; 

� playgrounds; 

� cemeteries; 

� roadside verges; 

� paved areas; 

� wetlands; 

� railway land; 

� canal and river banks; 

� undeveloped land within industrial areas; 

� demolition and building sites; 

� wasteland and derelict land.  

 

� Recycling of nutrients;  

� Water cycling; 

� Heat balance; 

� Substrate for plants and microorganisms and 

medium for plant growth; 

� Habitat for soil fauna; 

� Maintenance of food supply for ground 

feeders; 

� Biodiversity conservation; 

� Potential source and sink for contamination; 

� Preservation of air and water quality; 

� Foundations for roads and buildings;  

� Infra-structure support; 

� Recreation and leisure; 

� Aesthetical and landscaping; 

� Dust reduction; 

� Archive of natural heritage, city development 

and industrial development. 
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Soil use and soil functioning in urban areas will strongly impact soil properties and condition urban 

soil quality. At the same time, soils ability to function and provide services in urban areas will be 

dependent on their quality and specific properties. The inter-relationship among soil uses and 

associated functions, and soil quality and associated properties is illustrated in Figure 8.  

 

   

Figure 8: Interactions that define and affect soil role in urban ecosystems 

 

The nature of the relationships between use- function- properties- quality and the importance of 

these relationships for the definition of urban soil quality will next be described in detail.  

SSOOIILL  UUSSEE  

SSOOIILL  FFUUNNCCTTIIOONNSS  SSOOIILL  QQUUAALLIITTYY  

SSOOIILL  PPRROOPPEERRTTIIEESS  
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Urban soil quality and soil quality indicators 

 

The concept of soil quality has been subject of discussion throughout the years. First discussions on 

the soil quality concept were driven by agricultural practices, suitability of soil as a crop growth 

medium and land use planning (Karlen et al., 2003). With time, soil quality concept definition shifted 

from a sectoral to an ecosystem approach, focused on soils functionality and their ability to provide 

services, evolving in the late 80’s to a framework which included sustainable agriculture, 

environmental quality, human health and conservation of the soil resource (Wienhold et al., 2004). 

Larson and Pierce (1991 in Letey et al., 2003) defined soil quality as the “capacity of a soil to 

function within the ecosystem boundaries and interact positively with the environment external to that 

ecosystem”. Later, this definition was reviewed by Karlen et al., (1997) and soil quality was defined 

as the “capacity of a specific kind of soil to function within natural or managed ecosystem boundaries 

to sustain plant and animal productivity, maintain or enhance water and air quality and support 

human health and habitation”. It is clear that soil quality is strongly linked to the role of soil within the 

ecosystem and dependent on the interactions of this resource with other elements and factors such 

as air or water quality and human wellbeing. In both these definitions soil quality is also clearly 

associated to the concepts of “capacity” and “function”. Other authors (Letey et al., 2003) suggest 

that the emphasis should be on “use” rather than on “function” shaping the soil quality concept in a 

management context. In addition, different uses result from different management practices 

assigning responsibility to the user rather than just to the soil as the term “function” would imply. 

Letey et al. (2003) propose that in similarity with water quality definition, soil quality should be 

defined simply as the “chemical, physical and biological properties of soil that affect its use”.  This 

definition also requires the soil use to be identified when defining soil quality, as different uses will 

have different impacts and effects on soil properties and consequently on its quality. This relationship 

between soil quality and soil use is not always easy to define and it depends greatly on the type of 

assessment being performed. Moreover, different management options (and therefore different uses) 

require diverse levels of soil quality, for example land use for industrial purposes is most likely to be 

less demanding than crop growing from a quality point of view. In the case of city planning, a certain 

group of potential uses might be considered, and soil quality assessed in terms of soil suitability (or 

fitness) for each of the different uses.  
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In urban areas the ordinary principles of soil quality are particularly difficult to apply. Additional uses 

and associated functions must be included for which hardly any indicator of performance is available, 

especially for long term evaluations. Furthermore, soil use in a city changes rapidly and its quality 

with it. Cities with different ages generally have soils that show different degrees of anthropogenic 

impacts. Even, within a city, it is common that older areas present intensified effects of urbanisation. 

A change in use most often leaves behind soils that have lost some quality and reduced their range 

of potential uses. Finally, a definition of urban soil quality is particularly needed in all cases when a 

soil has to be remediated, i.e. its quality has to be improved. Criteria and limits for the remediation 

goal should be established not only on the basis of the concentration of contaminants but also 

including several other parameters if improvement of soil quality from the holistic point of view is the 

aim. Remediation targets and definition of potential uses must depend one on another. 

 

In conclusion, the wide variety of uses and interests, often conflicting that occur in a city environment 

cannot be approached with the currently available criteria and definitions. It is proposed that the 

primary functions the soil has as an element of the environment are adopted as a reference. 

Moreover, it is important that when moving towards sustainable management practices these will 

depend on all the urban ecosystem elements and the interaction among them. Urban soil quality is 

linked not only to the sustainability of its use but also to sustainable urban environmental 

management in the broad sense. For example, certain practices such the use of fertilizers could 

enhance soil quality for certain gardening purposes but at the same time jeopardize groundwater 

quality. This leads to consider soil quality as an interactive element of urban environmental quality, 

and again emphasizing the relevance of a holistic, integrated ecosystem approach for environmental 

quality assessments and definition of sustainable management practices. The following definition for 

urban soil quality is subsequently proposed: 

Properties of urban soils that affect their use, their ability to perfom urban functions and their 

capacity to interact with other environmental compartments such as air, water and biota 

(humans, animals and plants). 

 

Soil use and soils ability to function often cannot be directly measured. Soil properties that deliver the 

best information about the status of a soil functioning are frequently called "indicators." Indicators 

can be defined as measures of state and progress. Therefore, a lack of appropriate urban soil quality 

indicators emerges. Likewise water quality definition, a soil quality use-based or functionality 
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approach might consider the definition of certain different standards of limited parameters for 

intended uses (Letey et al., 2003). Changes in urban soil quality may be monitored through the 

assessment of changes in soil properties and constituents such as:  

� particle size distribution; 

� bulk density;  

� electrical conductivity;  

� pH; 

� organic matter;  

� organic carbon;  

� nutrients;  

� cation exchange capacity and exchangeable bases; 

� metals;  

� organic compounds.  

 

After having into consideration the actual and/ or potential soil uses and associated urban soil 

functions, a set of appropriate indicators must be selected. Best indicators are those that are 

sensitive (to detect state changes), relevant (to the specific situation under analysis), easy to 

measure, easy to interpret and transferable (to allow comparability of results and methods 

reproducibility).  Indicators have to be selected on the basis of the impact that the property they 

measure has on soil functions, human health and biodiversity, and on the basis of funds, techniques 

and resources available. Simple indicators can be used to illustrate specific soil functions; composite 

indicators will allow a more comprehensive assessment.  

 

Table 7 shows a group of soil functions and those types of indicators that may be used to assess 

changes in soil functioning. Chemical indicators can give you information about the equilibrium 

between soil solution (soil water and nutrients) and exchange sites (clay particles, organic matter); 

nutritional requirements of plant and soil animal communities; levels of soil contaminants and their 

availability for uptake by animals and plants (and associated toxicity). Physical indicators can give 

measures of soil hydrologic characteristics, rooting volume and aeration status, erosional and 

compaction conditions. Biological indicators can give information on organic matter decomposition 

rates, soil toxicity and resilience.  
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Table 7: Types and examples of indicators that can be used to assess changes in soil functioning 

SOIL FUNCTIONS TYPE OF INDICATORS EXAMPLES OF INDICATORS 

Water regulation, nutrient recycling, 

toxicity,  filtering and buffering 

Chemical indicators Organic matter, organic carbon, 

nutrients, CEC, pH, contaminants, 

electrical conductivity  

Physical stability and support, water 

regulation and habitat 

Physical indicators Porosity, bulk density, plant 

available moisture, PSD 

Biodiversity, nutrient recycling, 

filtering 

Biological indicators Organic carbon, microbial biomass, 

soil biodiversity (organisms and 

populations), biological activity (such 

as enzyme activity, CO2 production) 

 

Urban soil properties that may be used as soil quality indicators will next be described in detail.  

 

Soil texture: 

Soil particles are generally classified according to its size (soil particle size ddistribution, PSD). The 

soil that passes through a 2 mm sieve is generally classified as the percentage of sand, silt and clay 

(soil particles above 2 mm are defined as gravel). Sand particles have diameters between 2 and 

0.02 mm, particles with diameters between 0.02 and 0.002 mm constitute the silt fraction and 

particles with diameters < 0.002 mm are generally classified as clay (Wild, 1993). Soil PSD 

determines several soil properties such as ability to retain water against gravity. In soil dominated by 

coarse sand, water retention is low and drainage is rapid, on the other hand soil in dominated by 

clay, pore spaces are small so water transmission is slow. The determination of the soil PSD 

distribution allows classifying it according to its textural class as shown on Figure 9. The soil texture 

triangle is used to classify the texture class of a soil. The sides of the soil texture triangle are scaled 

for the percentages of sand, silt, and clay. The three main soil texture classifications, then, are 

sandy, silty and clay. Sandy soils are coarse-textured, clay soils are fine-textured and silty soils 

intermediate in texture. "Loam" is another soil texture classification. A loam soil contains 

considerable amounts of sand, silt and clay. Textures between these classifications are also often 

used in describing soil types, e.g., sandy loam or clay loam soils. 

To conclude, soil PSD provides significant information about several soil functions that concern other 

environmental compartments such as the release of material (and contaminats) to water or to the 

atmosphere. 
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Figure 9: Soil texture triangle used to classify the texture class of a soil as used by the United States 

Soil Survey (Wild, 1993) 

 

Soil structure: 

The arrangement of soil particles constitutes the soil structure. Usually soil particles form aggregates 

(peds) which have size and shape characteristic of the soil; the space between these aggregates 

(pores) is generally filled with air, water (Simpson, 1996). The fractional soil pore space occupied by 

air and water is usually referred to as soil porosity. The density of the soil mineral particles is called 

soil bulk density. Bulk density refers to the dry weight (mass) of soil per unit volume and the soils 

bulk density is normally expressed in g cm-3 (more properly, the dry bulk density) (Wild, 1993). The 

activities of soil fauna, fungi, bacteria and plant roots are important agents in determining soil 

structure. Roots develop through relatively small pores, causing expansion by movement of soil 

particles (Simpson, 1996).  

 

Soil air and water: 

Soil liquid phase is generally present in small pore spaces, films around soil particles or within soil 

aggregates. This liquid phase contains water, solutes and dissolved gases (soil solution), important 

in the transfer of elements and nutrients to plants, to groundwater and atmosphere. The equilibrium 
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between soil air and water (that may be described by Henry’s Law) will determine soil gases 

distribution. The concentration of solutes will depend on soil parent material, soil fertilization and 

irrigation, deposition of salts and atmospheric compounds and also on soil clay and organic matter 

content. Water in soil may evaporate from surface, move to plant roots, move through the soil 

(leaching) or be retained according to soil porosity and pore diameter. Different forces contribute to 

balance water content and arrangement within a soil mass: capillary forces (soil pores), gravitational 

force and osmosis. After irrigation and precipitation events or during water evaporation from soil 

surface, the system air-soil-water will tend to equilibrium. This equilibrium will depend on soil 

structure and on the forces acting towards the system and will determine composition of soil solution, 

solutes concentration, soil leaching and transfer of elements and substances to air and groundwater. 

The greater the water content the smaller the volume of soil air. In general soil air has higher carbon 

dioxide and lower oxygen concentrations than the atmosphere above the soil due to respiration by 

soil organisms and plant roots (Wild, 1993).  The differences between soil air and atmosphere tend 

to be reduced by diffusion until a dynamic equilibrium is reached. Poor aerated conditions (anoxic or 

anaerobic) contribute for the production of gases such as methane and nitrous oxide and originate 

processes of reduction in soils.  

 

Soil organic matter:  

Living organisms (microorganisms and mesofauna), litter (dead plant material) and colloidal humus 

(resulting from action of microorganisms on litter) generally constitute soil organic matter (Alloway, 

1995). The plant nutrient elements such as nitrogen, phosphorus and sulphur are contained in 

organic compounds in soil. A 10 cm soil top layer contains in general about 1-3% carbon in organic 

compounds but this varies according to soil cover (Wild, 1993). Colloidal soil organic matter has a 

great influence in soil properties and can be divided into nun-humic and humic substances. These 

non-humic substances (visible structures) comprise unaltered biochemicals (e.g. aminoacids or fats) 

are often called the light fraction (low molecular weight). Humus is usually adsorbed by clay and is 

formed by acidic compounds, yellow to black coloured and has high molecular weight. The 

composition of humus is typically 44-53% C, 3.6-5.4% H, 1.8-3.6% N and 40-47% O (Alloway, 1995). 

Soil humus can be divided into three fractions that differ in solubility in acids and alkalis: humin 

(insoluble in alkali and acid); humic acid (precipitate that forms on acidification of the extract to pH 2); 

and fulvic acid (soluble in both acid and alkali) (Alloway, 1995). Aromatic and aliphatic structures and 

aminoacids are present in humus. Humus fractions differ in elemental composition and in the 
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amounts of reactive groups they contain (Wild, 1993). In general humic acids have higher molecular 

weight compounds than the fulvic acid fraction. Acid groups (carboxylic and phenolic) are present in 

large amounts in the humic and fulvic fractions of humus. These groups dissociate giving humus pH-

dependent negative charges (carboxyl groups dissociate at pH between 4.5 and 7) which contribute 

to the retention of cations (and some pesticides) and pH buffering properties of soils. Moreover, soil 

humus reacts with metal cations to form complexes and interacts with clay minerals and oxides of 

iron and aluminium to form stable aggregates, changing soil properties. Stability of humus-metal 

complexes in soils at pH 5 is considered to be: Cu> Pb> Fe2+> Ni> Mn> Co> Ca> Zn> Mg (Wild, 

1993).  

To conclude, soil organic matter aggregates soil mineral particles thus providing greater water 

retention capacity. It is the core of all the biological activity of the soil, thus contributing to biodiversity 

and contaminant degradation. Therefore, it is an essential indicator of the status of the soil and of its 

functions in relation to other environmental compartments. 

 

Soil pH: 

Soil pH applies to the concentration of H+ present in the solution in soil pores and is permanently in 

equilibrium with the predominantly negatively charged surfaces of the soil particles (H+ ions tend to 

replace most of other cations). Soil pH is affected by changes in redox potential (e.g. when soil is 

waterlogged). Hydroxylaluminium ions, CO2, carbonates and cation exchange reactions buffer soil 

pH. In general soils have pH between 4 and 8.5 (Al buffers the lower end and CaCO3 the upper end) 

(Alloway 1995). Usually soil pH values tend to be lower in humid regions (pH=5-7) and slightly higher 

in arid regions (pH=7-9) (Brady, 1984). Several anthropogenic activities (such as liming) may 

influence soil pH. Mobility and solubility (and bioavailability) of cations (particularly heavy metal 

cations) is strongly influenced by soil pH. In general heavy metal cations are more mobile under low 

pH conditions (Alloway, 1995). The amount of metal at pH values of 5 to 6 is significantly less than 

that retained at pH 6 to 7. Furthermore, solubility of heavy metals is higher at low pH values of <6 

and low at pH values of >6. Soil pH has profound impacts on the processes and dynamics of 

elements in soils and at the same time it is the simplest soil quality indicator. 
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Cation exchange capacity: 

CEC is a measure of readily exchangeable cations neutralising negative charge in soil (negative 

charges on soil surface is balanced by an equal quantity of cations to maintain electroneutrality). 
The negative electrical charges in soils constituents can be derived from clay minerals, organic 

matter and free oxides. This can be critically influenced by ionic strength and pH value. Soil organic 

matter has a major contribution to CEC because of its high adsorptive capacity at pHs above 5 

(Alloway, 1995). The exchangeable cations in soil can be displaced by a cation of a salt solution 

when this is added to soil. The exchangeable cations that commonly occur in soils are Ca2+, Mg2+, K+ 

and Na+, often called “exchangeable bases”). CEC may be used as an indication of the soils 

potential to “hold” cations such as plant nutrients. CEC in mineral soils may vary from 1-5 cmol+/kg 

(sandy soil) to 60 cmol+/kg (clay), but in organic soils it can surpass 200 cmol+/kg. In other words 

CEC indicates the ability of the soil to retain positively charged ions or molecules exchanging them 

with the soil solution. It provides important information on the status of the soil and its potential for 

retention or release of contaminants. 

 

Clay minerals: 

Clay minerals significantly contribute to determine soil chemical properties. A clay mineral consists in 

repeating units of a silicon atom surrounded by oxygen atoms (forming a tetrahedron) or an 

aluminium, magnesium or iron atom surrounded by oxygen atoms and hydroxyl groups (forming a 

octahedron) (Wild, 1993). These repeating units form the so-called “sheets”. Most common types of 

clay minerals include kaolinite (1 tetrahedral: 1 octahedral sheet or 1:1 clay minerals); illites, 

smectites, vermiculites and pyrophyllite (2 tetrahedral: 1 octahedral sheet or 2:1 clay minerals). In all 

the clay minerals (except kaolinites, where 1:1 units are tightly  bound together) substitution of the 

tetrahedral Si4+ by Al3+ or octahedral Al3+ by the divalent Mg2+ originates a net negative charge on 

the surface of the minerals. Therefore, different clay minerals have diverse specific surfaces and 

cation exchange capacity (CEC). For example, kaolinites have low specific surfaces and low CEC; 

on the other hand 2:1 clay minerals have larger specific surface and CEC. Therefore, soil clay 

particles (either in pure form or forming complexes with humic colloids and hydrous oxide 

precipitates) significantly contribute to control ions concentrations in solution.  
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Soil Fe and Al oxides: 

The oxides of Fe and Al (hydrous oxides) play an important role in the chemical behaviour of metals 

in soils and are often intimately mixed with clays (Alloway, 1995). At low pH values, positive charges 

may develop on the surfaces of hydrated oxides of iron and aluminium and to a less extent on 1:1 

clay minerals (Wild, 1993). Under these conditions anions (such as Cl- and NO3-) may be adsorbed 

on soils. Surface complexes between anions and Fe or Al may also be formed. Redox conditions 

combined with pH soil values have a profound effect on quantities of hydrous oxides in soils and also 

on the adsorptive capacity of cations and anions.  

 

Redox potential: 

Measures of redox potential (Eh) can be used to determine whether oxidising or reducing conditions 

exist in soil. Oxic soil conditions may show values of +300 to +800 mV. Soil colour also provides a 

good indicator (red and brown colours indicate oxic conditions, blue-green and grey colours 

generally indicate gleyed soils) (Alloway, 1995). Redox reactions in soils are catalysed by 

microorganisms. If anaerobic conditions are developed in soil (oxygen depletion due to respiration by 

microorganisms, waterlogging or compaction) anaerobic respiration predominates and elements are 

reduced. Reducing conditions cause the dissolution of hydrous Mn, Al and Fe oxides and of their co-

precipitated metals.  

 

Potentially toxic elements:  

Urban soils metal pollution can have considerable impacts on human health and on the environment. 

These are commonly used indicators for soil quality assessment, and were also used in the present 

research for the assessment of urban soil quality in Aveiro. 

 

Metal levels in soils from urban areas are generally higher than those of surrounding areas (Paterson 

et al., 1996). The major sources of anthropogenic metals in the environment are mining and 

smelting; fossil fuel combustion; sewage sludge; manufacturing industries (metallurgical, electronics 

and chemical); waste disposal; compost, fertilizers, fungicides and other agricultural materials 

(Alloway, 1995), while contamination by metals in cities result mainly from airborne pollutants 

deposition, derived by traffic (and burning of fossil fuels), industry (particularly metal processing 

industry) and waste incineration (Kelly et al., 1996). The use of certain oil lubricants, paints and wood 

preservatives as well as the weathering and corrosion of metals structures (e.g. galvanised metal 
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roofs, wire fences and pipes) also contributes to contamination of soils in urban areas. Metals such 

as zinc are important components of car tyres and therefore tyre abrasion contributes to increase 

trace elements loads in soils, particularly in the vicinity of roads. The major anthropogenic sources 

and most significant metal emissions that may affect soils in urban areas are shown in Table 8. 

 

Table 8: Major anthropogenic sources of metals to soils and the environment (Alloway, 1995) 

Anthropogenic source Metals 

Fossil fuel combustion Motorised traffic Pb, Cd, Cr, Zn, As, Sb, Se, 
Ba, Cu, Mn, U, V 

Sewage sludge   Cd, Cu, Cr, Ni, Pb, Zn  
Wood preservatives   As, Cu, Cr 
Metal structures Corrosion Zn, Cd 
Domestic products Human diet, cosmetic, 

healthcare, etc 
Zn, Cu, Se 

Electronics Cu, Zn, Au, Ag, Pb, Sn, Y, W, 
Cr, Se, Sm, Ir, In, Ga, Ge, Re, 
Sn, Tb, Co, Mo, Hg, Sb, As, 
Gd 

Chlorine manufacture Hg 

Batteries Pb, Sb, Zn, Cd, Ni, Hg 
Pigments and paints Pb, Cr, As, Sb, Se, Mo, Cd, 

Ba, Zn, Co 

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

Polymer stabilisers Cd, Zn, Sn, Pb 

Industry 

Printing and graphics Se, Pb, Cd, Zn, Cr, Ba 
Medical uses 

  
Ag, As, Ba, Cu, Hg, Sb, Se, 
Sn, Pt, Zn 

Additives in fuels and lubricants 

  Se, Te, Pb, Mo, Li 
Landfilling Cd, Cu, Pb, Sn, Zn Waste disposal 

Incineration Cd, Hg, Pb, Cr 
Warfare and millitary materials   Pb, Cu, Zn 

Fertilisers Cd, Cr, Mo, Pb, U, V, Zn 

Pesticides Cu, As, Hg, Pb, Mn, Zn 
Composts Cd, Cu, Ni, Pb, Zn 

Agriculture 

Manures Cu, As, Zn 
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In the urban environment, sources, patterns of distribution and concentration levels of metals in soils 

vary according to specific conditions of each city. De Miguel et al. (1997) identified three groups of 

metals that generally occur in the urban environment:  

� Urban elements (or those of anthropogenic origin): Ba, Cd, Co, Cu, Mg, Pb, Sb, Ti, Zn 

� Natural elements (or those of natural origin): Al, Ga, La, Mn, Na, Sr, Th, Y 

� Elements of mixed origin: Ca, Cs, Fe, Mo, Ni, Rb, Sr, U 

The natural elements are those most likely to have origin in soil parent material and to be subject of 

mobilisation in soil; urban elements derive mostly from anthropogenic input; and those of mixed 

origin are considered to be both anthropic and natural (or have been subject of significant 

geochemical changes).  

Table 9 shows elements found in worldwide urban soil studies and those that were identified has 

deriving from anthropogenic activities or having natural origin. Calculation of enrichment factors, 

cluster analysis, principal components analysis (PCA) and spatial distribution of metals in urban 

areas are the most common procedures used to distinguish anthropogenic inputs from natural 

occurrence of elements (Li et al., 2001; Facchinelli et al., 2001; Manta et al., 2002).  
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Table 9: Mostly found elements in urban soil studies and their respective origin 

City/ Area Anthropogenic input Main identified 
sources 

Natural or mixed 
origin 

Reference 

Bangkok Cd, Cu, Pb, Zn Atmospheric deposition Al, Cr, Fe, Mn, Ni Wilcke et al., 1998 
La Coruna Cd, Cu, Pb, Zn Atmospheric deposition 

(traffic) 
Cr, Ni, Fe, Co, Mn Carlosena et al., 1998 

Hong Kong Cd, Cu, Pb, Zn Atmospheric deposition 
(traffic); Industry 

  Li et al., 2001 

Aberdeen Cu, Pb, Zn, Ba Atmospheric deposition 
(traffic and harbour 
facilities) 

  Paterson et al., 1996 

Madrid Ag, Ba, Cr, Cu, Ni, Pb, 
Zn 

Atmospheric deposition 
and compost 
application 

  De Miguel et al., 1998 

Athens Pb, Cd Atmospheric deposition 
(traffic) 

  Chronopoulos et al., 
1997 

New Orleans Pb, Cr, Cu, Zn Atmospheric deposition 
(traffic), Paints, Tyres, 
Industry 

  Mielke et al., 2000 

Hong Kong Pb, As, Cd, Cu, Zn Atmospheric deposition 
(traffic); agricultural 
practices and 
agrochemicals 

  Chen et al., 1997 

Naples Cu, Pb, Zn Atmospheric deposition 
(traffic); tyres 

  Imperato et al., 2003 

Piemonte 
Region 

Cu, Zn, Pb Atmospheric deposition 
(traffic), Manures, 
Pesticides, Industry 

Cr, Co, Ni Facchinelli et al., 2001 

Oslo Cd, Cu, Pb, Zn, Hg Atmospheric deposition 
(traffic), Tyres, Industry, 
Incineration, 
Crematoria 

Sc, Fe, Li, Co, Al, Cr, 
Be, K, Ni, V, Mg, Y, 
Ba, Zr, Mn, As 

Tijhuis et al., 2002 

Berlin As, Cd, Cu, Cr, Hg, Ni, 
Pb, Zn 

Atmospheric deposition 
(traffic), Industry 

Al, K, Si, Na, Rb, Zr, 
Nb, Co, Sc, T 

Birke and Rauch, 2000 

Palermo Pb, Zn, Cu, Sb, Hg Atmospheric deposition 
(traffic) 

Mn, Ni, Co, Cr, V, Cd Manta et al., 2002 

Seville Cu, Pb, Zn Atmospheric deposition 
(traffic) 

  Madrid et al., 2002 

Honolulu As, Cd, Cu, Pb, Zn Atmospheric deposition 
(traffic), Tyres 

Ba, Co, Cr, Ni, V, U de Carlo and Anthony, 
2002 

Zagreb Cd, Pb, Cu, Zn Atmospheric deposition 
(traffic), Industry, 
Waste disposal, 
Heating plants 

Ni, Mn, Fe Romic and Romic, 2003 

Nanjing Cd, Pb, Cu, Zn Atmospheric deposition 
(traffic) 

  Lu et al., 2003 

 

From Table 9 it can be concluded that four elements (Pb, Zn, Cu and Cd) are very commonly found 

in urban soil. Less frequently, Ba, Hg, Sb and As also occur in urban soils in significant 
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concentrations. Cr, Ni, Fe, Mn and other elements in trace amounts (such as Co, V, Y, Sc, Rb, U, Li, 

Be, T and Si) are attributed to natural or mixed origins. Soil studies in Hong Kong (Li et al., 2001) 

have shown that soils from urban parks have higher concentrations of Pb, Zn, Cd and Cu than soils 

from country parks. In this case, concentrations of Pb and Cd in topsoil were particularly elevated. Li 

et al. (2001) considered that the relative mobility and bioavailability of these for elements in soils 

from Hong Kong decreased in the following order: Cd> Zn> Pb> Cu.  

 

As purely indicative values, Table 10 shows metalloid/metals average concentrations in the Earth’s 

crust and soil contents that may be found in world soils.  

 

Table 10: Average concentration of a group of elements in Earth’s crust and world soils 

(Wild, 1993) 

Element Earth's crust  
(mg g-1) 

Rocks with highest 
concentrations 

Soils  
(mg g-1) 

As 1.5 shales and clays 0.1-50 

Cd 0.1 shales and clays 0.01-2.4 

Cr 100 ultrabasic 5-1500 

Cu 50 basic 2-250 

Hg 0.05 sandstones 0.01-0.3 

Ni 80 ultrabasic 2-1000 

Pb 14 granite 2-300 

Zn 75 shales and clays 10-300 

 

 

Some characteristics of the elements Pb, Zn, Cd, Cu, As, Hg, Mn, Ni, Fe and Cr when present in 

soils will be described next. 

 

Lead: 

In the past, lead (Pb) was mainly originated in lead-using industries and vehicles exhaust fumes. 

Atmospheric deposition has contributed for soil lead accumulation for a long period of time, until 

legislative measures banned the presence of this element in car fuels. Pb was (and in some cases 

still is) used in certain insecticides, paints, roofs, pipes and batteries. Soil Pb concentrations are still 

high in certain urban soils due to the cumulative deposition over several decades. Two oxidation 

states are stable (Pb (II) and Pb (IV)) but lead exists in soils mainly in its Pb (II) form. In general, 
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availability of lead in soils for uptake by plants is low as small concentrations of Pb occur in soil 

solution. Pb in soils is mainly adsorbed to Mn oxides, clay minerals and organic matter or in 

precipitated forms (carbonates). Pb adsorption is favoured by increasing pH (in general Pb is 

immobile at pH higher than 2.5-3). Toxicity of lead to humans has long been recognised. Among 

other effects, this metal may cause metal impairment in young children. The greatest hazard to 

humans derives from particles inhalation and consumption of leafy vegetables grown in areas where 

airborne lead deposition occurs, particularly urban areas (Wild, 1993).  

 

Zinc: 

Main sources of zinc (Zn) are mining activities, coal and fossil fuel combustion, car tyres, sewage 

sludge, and certain pesticides and fertilizers. Zn (II) oxidation state is stable in soils. As for Pb, Zn 

bioavailability decreases at increasing pH. Zn is adsorbed to clay and organic matter through cation 

exchange in acid conditions and chemisorption (highly affected by organic ligands) at alkaline pH. In 

soils, the predominant fraction is the Fe-Mn oxide phase (Li et al,, 2001). The mobile carbonate 

forms may also occur. Zn is considered a micronutrient for plants and animals (including humans) 

and zinc deficiency may cause functional impairment (in humans, growth depression, skin lesions 

and sexual immaturity may occur) but in high concentrations this metal can be phytotoxic (Kiekens, 

1995). Zn2+ and Zn complexes are the predominating forms absorbed by plants and high amounts of 

Zn in soil may lead to high plant uptake (Wild, 1993). In general, Zn has higher plant availability than 

Pb, and together with Cd is considered a very mobile and bioavailable metal. 

 

Cadmium: 

Cadmium (Cd) is mainly used in batteries, car tyres, alloys, pigments, as a stabilizing agent for 

plastics, in electroplating metals and in fertilizers. Sewage sludge may also be a source of Cd in 

soils. The predominant ion is Cd2+, particularly in oxic soils. This metal has no essential biological 

functions and is highly toxic to plants and animals although generally occurs in soils at very low 

levels. In humans, Cd may cause kidney diseases or even be lethal (itai-itai disease) (Wild, 1993). 

Cd in soil may be adsorbed to clay minerals (including Fe, Al and Mn oxides, adsorption increasing 

with pH) or precipitated with CO3 (Wild, 1993). This metal is often geochemically associated with Zn, 

is less strongly adsorbed by organic matter than Pb and is more soluble and mobile in soils and 

therefore more available to plants than other metals such as Pb and Cu (Alloway, 1995).  
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Copper: 

Cu (II) is the most common oxidation state of Cu in soils. Warfare and military materials, coal and 

fossil fuel combustion, smelters, fungicide sprays and sewage sludge are important sources of Cu in 

soils. Cu in soil may be in the form of soluble ions and inorganic and organic complexes in the soil 

solution; exchangeable Cu; stable organic complexes with humus; adsorbed to hydrous oxides of Fe, 

Mn, Al or to clay minerals. Relative Cu retention may be ordered as: organics> Fe/Mn oxides>>> 

clay minerals (Baker and Senft, 1995). Cu mobility in soil is generally low; like Pb, Cu is strongly 

adsorbed or “fixed” in soils. Cu is a micronutrient and an essential element for plants and animals.  

 

Arsenic: 

Arsenic (As) compounds have been used in the past as pesticides and herbicides. Surface run-off of 

atmospherically deposited As, phosphate detergents and industrial effluents contribute to increase 

As input into the sewage systems and soil contamination. Smelting of metals, coal and fossil 

combustion can lead to soil contamination with As. Localised soil contamination due to mining 

activities may also occur. As and its compounds have very toxic properties. This element is 

phytotoxic even in levels close to the generally considered background levels (O’Neill, 1995). The 

chemistry and toxicity of the different As species is complex and varied. As is in the nitrogen group of 

elements (N, P, As, Sb, Bi) and it is often described as a metalloid element although its chemical 

behaviour in soils can be considered that of a non-metal. As behaviour is in many ways similar to 

phosphorous. Arsenic is commonly found in soils in the forms of As(V) – arsenate- and As(III) – 

arsenite (O’Neill, 1995). Changes in the oxidation state, methylation and demethylation may occur 

due to microbial activity. In the presence of S species and at low redox potential, arsenic sulphide 

minerals may be formed. The leaching of As from soils is inhibited by the presence of hydrated 

oxides of Fe and Al, clays and organic matter (O’Neill, 1995). As is chemisorbed by Fe and Al 

oxides, particularly at low pH. Adsorption of As(V) on clay is stronger than that of As(III). In aqueous 

solution, arsenic and arsenous acid (from As(V) and As(III) respectively) occur in equilibrium. As may 

also occur in the soil air-phase. 

 

Mercury: 

The most significant anthropogenic activities contributing to mercury (Hg) release in the environment 

appear to be (Steinnes, 1995) mining and smelting of ores (particularly Cu and Zn); petroleum 

refining and fossil fuel combustion (in particular coal); industrial production processes (Hg cell chlor-
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alkali process for production of Cl and caustic soda); waste incineration; agricultural fertilisers and 

fungicides (mercurial fungicides have been widely used in the past) and land spreading of sewage 

sludge. Mercury also enters the environment during the life cycle of a range of consumer, medical 

and industrial products such as fluorescent lamps, dental amalgams, clinical thermometers, 

thermostats, electrical switches, pressure sensing devices, and blood pressure reading devices. 

Commercial production of Hg is almost entirely from cinnabar (HgS) (Steinnes, 1995). This metal has 

no essential biological function and is one of the most toxic elements to soil biota, animals and man. 

Hg compounds have generally acute toxicity and are known to affect the nervous system. Methyl 

mercury is considered to be responsible for teratogenic, carcinogenic and mutagenic effects. Despite 

of this, toxicity to plants is not considered a major problem. Soil Hg is subject to several chemical 

and biological transformation processes such as oxidation, reduction or methylation (mono- and 

dimethyl mercury). Abiological methylation, probably associated with the fulvic fraction of soil may 

also originate the appearance of methyl mercury. Hg may occur in three different forms, Hg0, Hg22+ 

and Hg2+ of which Hg0 and Hg2+ are those most commonly found in soils. The complexes HgCl02 and 

Hg(OH)02 normally occur in acidic or alkaline conditions, respectively. This metal has a high affinity 

and is predominantly bound to organic matter. Studies in urban soils (Biester et al., 2002) revealed 

that sorption to mineral surfaces was only extensive in sandy soils with low organic matter content. 

Fulvic acids bound Hg forming non-reactive, soluble organic Hg complexes prompt for leaching into 

aqueous solution. Soil Hg leachability is reduced by clay and less mobile humic particles (Biester et 

al., 2002). Soil pH and soil humic content affect binding patterns. Volatile Hg compounds from soil 

may be formed. Hg volatilisation is influenced by soil pH, organic matter content and 

microorganisms. Generally, availability of Hg in soil to plants is low, and when absorbed this metal 

tends to accumulate in plant roots (Steinnes, 1995).  

 

Manganese: 

Soil enrichment with manganese (Mn) may result from mining or certain industrial activities or 

fertilizers, but generally soils derive all their Mn content from parent materials. Mn is an element 

generally found in rocks from the Earth crust in rather high concentrations when compared to other 

micronutrients, apart from Fe (Smith and Paterson, 1995). Mn is considered to be an essential 

element to plants and animals. Mn toxicity effects in crops have been reported for concentrations in 

the range of 80 to 5000 mg kg-1.  This metal may form hydrous oxides, substituting Fe in silicate 

minerals. Mn most stable oxidation states in soils are Mn(II) – reducing conditions– Mn(III) and 
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Mn(IV) - well aerated, neutral to slightly alkaline soils. These generally occur in combination with O, 

carbonate and silica. The Mn(II) is the most common and also the bioavailable form of Mn. 

Therefore, plant uptake is influenced by the redox potential of soils. Flooded soils and low pH favour 

Mn reduction and its solubility and bioavailability. Toxicity and leakage of this metal is enhanced in 

waterlogged and/or acidic soils (Smith and Paterson, 1995).  

 

Nickel: 

Level of nickel (Ni) in soils is mainly dependent on the parent material. Soils formed on serpentine 

contain large amounts of Ni as well as unusually large concentrations of Cr, Mg and Fe (McGrath, 

1995). Despite of this, fertilizers, atmospheric deposition originated by burning of fuel, coal and 

residual oils, mining, smelting, electroplating industries and forest fires may also contribute to 

increase soil loads of Ni. Nickel is an important micronutrient and essential for the growth of certain 

microorganisms (and human metabolism) but may also be toxic under conditions of above average 

exposure. Under intense exposure, Ni like Cr may be carcinogenic for humans. The Ni(II) oxidation 

state predominates in soils. Ni ferrite (NiFe2O4) commonly precipitates in soils. Ni in soils is more 

likely to be associated to the Fe-Mn oxide fraction and carbonates than with the organic fraction. 

Moreover, Ni is the least sorbed of the transitional elements with binding strength lower than Zn and 

Cd.  This metal is increasingly soluble at lower pH values and decreasing CEC and in acid reducing 

conditions Ni sulphides generally control the metal concentration in the soil solution (McGrath, 1995).  

 

Chromium: 

Chromium (Cr) is abundant in crustal rocks and is found in igneous rocks where it may substitute Fe. 

This element may also appear in soils as a result from fertiliser use, sewage sludge application, 

atmospheric deposition from metallurgical and steel industries, coal combustion and emissions from 

coal-fired electricity generators and chromate smelters. Certain studies (McGrath, 1995) have shown 

biological essentiality of Cr although this metal has not been considered an essential element for a 

long time. In high concentrations, this element may be toxic both to plants and animals, including 

humans. Cr occurs in soil most commonly as Cr(III) – generally occurring as hydroxides and oxides - 

and Cr(VI). Less occurring Cr(IV)-form is a more mobile, more readily extracted from soil and also 

more toxic. Cr(VI) forms (CrO42-, HCrO4-, Cr2O72-) in soils are in pH-dependent equilibrium. In acidic 

high organic matter content soils Cr(VI) (more soluble) is reduced to Cr(III), a relatively insoluble and 

less mobile form. In general, Cr availability to plant uptake is extremely small (McGrath, 1995).  
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Iron: 

Iron (Fe (II) and Fe (III)) is one of the most natural abundant elements on Earth, and plays a very 

important role in the chemical behaviour of metals in soils. The common range of Fe in soils is from 

0.5 to 5%, according to Kabata-Pendias (2001) and this is an essential micronutrient (Wild, 1993). In 

general Fe in soils exists in ferrous (Fe2+) and ferric (Fe3+) forms, depending mainly on soil pH and 

aeration. Ferric compounds have lower solubility. Fe oxides and hydrous oxides commonly occurring 

in the soil clay-size fraction and play a very important role, particularly in highly weathered soils, as 

they co-precipitate (V, Mn, Ni, Cu, Zn, Mo are the most common co-precipitated metals, Alloway 

(1995)) and adsorb several (metal) cations from solution due to a pH-dependent charge. Goethite 

(-FeOOH) is the most common Fe oxide found in soil.  In addition, Fe is also an essential element for 

several plant functions. Fe availability is controlled mainly by pH, soil aeration and organic matter. Fe 

forms stable complexes with soil humus fraction (trivalent Fe is particularly held strongly, Wild, 

1993). High soil pH reduces Fe availability while acid soils increase Fe availability. The high pH 

effect is increased in waterlogged, compacted, or other poorly aerated soils. 

 

When considering metallic contaminants in soils it is important to take into account transfer 

processes (between solid and liquid phases), metal speciation, bioavailability and transport 

mechanisms affecting metals in soils (Hursthouse, 2001). Behaviour of metals in soils and transfer 

mechanisms between the solid and the liquid phases are defined by processes controlling metals’ 

adsorption on to the solid phase and that determine metal ions and complexes’ concentrations in the 

soil solution (Alloway, 1995). The amount of clay, sand and organic matter (varying with soil type) 

strongly affects metal retention and metal contents in soils. Metals occur in soil solution as cations 

and are adsorbed by the negatively charged soil particles (Wild, 1993); therefore, the solution 

concentration is determined by the amount adsorbed by reactive soil particles: humus, oxides of iron, 

manganese and aluminium and clay aluminosilicates. Different processes (cation exchange, specific 

adsorption, co-precipitation and organic complexation) determine metals adsorption and retention of 

metals by soil particles (Alloway, 1995). These processes or mechanisms are strongly influenced by 

soil properties such as soil pH, CEC, redox potential, organic matter content, degradation rate and 

type. Competitive effects among metal ions (adsorption of one specific ion might be inhibited by the 

presence of other ions), the selectivity of adsorbents for different metals and microbiological activity 

(e.g. methylation of certain metals to form volatile molecules) also influence the equilibrium between 

metals retained by soil and those in soil solution. Moreover, soils metal binding properties vary with 
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soil particle size. In general, major part of metals is retained in the finer fractions of the soil particles 

as fine grains have higher surface area for adsorption (Alloway, 1995) but this often varies with the 

soil type and metal in question. The mobility of a contaminant in a soil evaluates not only its ability to 

transfer from soil to water solution (dissolution in soil pore water) but also transport processes within 

the soil system (Carlon et al., 2004). Mobility of contaminants (and not only its environmental 

availability) is of extreme importance in risk assessments. When assessing soil contamination by 

metallic elements, it is also important to identify the forms of metals in the soil, particularly in solution 

in order to fully understand the dynamics of the metal in the soil system as speciation affects its 

toxicity and mobility (Hursthouse, 2001). The chemical species in which a metal predominates in soil 

affect its reactivity, mobility and ultimately its behaviour. In fact, for example in cases like cadmium, 

the toxic effect of the metal is determined more by its form than its concentration (Alloway, 1995). 

Metal speciation in soil is dependent on several soil conditions not the least of which are pH, redox 

potential, soil organic matter and the nature of adsorbing surfaces (presence of clay minerals and 

Fe, Mn and Al oxides and hydroxides) (Hursthouse, 2001). Microbial intervention may also influence 

speciation of certain metallic elements in soils (Alloway, 1995). Adsorbed soil metals may 

accumulate through time in the soil profile and persist there for very long periods. On the other hand, 

increasing of elements availability in soil solution by lowering adsorption increases risk of potentially 

toxic metals plant uptake, harm to human health and groundwater contamination. Bioavailability and 

toxicity of metals in solution is conditioned by several factors, namely metals’ speciation. When trace 

metals are in stable forms, their bioavailability is low (Ge et al., 2000). The relationship between 

metal pools and plant uptake also depends on the plants in question and varies with the type of 

vegetation, mainly with the type and amount of roots produced, with the processes controlling 

transfer of metals into the root and their translocation within the plant (Alloway, 1995). Absorption of 

metals by plant roots varies for different metal ions.  

 

Organic compounds: 

Soil contamination with organic compounds is of particular relevance due to mutagenic and 

carcinogenic properties of some of these pollutants. These might be originated mainly from wood 

combustion and biomass burning processes (domestic fireplaces) or fossil fuel combustion and 

consequent atmospheric deposition; from oil or gasoline spills; from urban run-off (e.g. from roads 

leaching);  or from the use of herbicides and pesticides. Some organic contaminants may have small 

residence time in soil as their molecular structures may be broken down by soil microbes.  Some are 
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broken down by sunlight. Compounds with an extremely long degradation time are considered 

persistent. When considering urban soil contamination in urban settings it is also important to take 

into account their degradation rates (persistence and half-life time), mobility (water solubility and soil-

water partition coefficient) and bioaccumulation (octanol-water partition coefficient).  
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Soil Quality Indexes 

 

Certain authors (Letey et al., 2003) propose the use of Soil Quality Index (SQI) scores as a way of 

normalizing the use of soil quality indicators. A SQI is therefore defined as a numerical index, 

function of several soil quality indicators and that expresses the magnitude and collective 

contribution of them: 

SQI = f ( I1…n) 

 

The use of SQI is dependent on the selection of soil quality indicators, on the relationships between 

soil quality indicators and soil functions and on the interactions among these parameters (not yet 

well-known in certain cases). The selection of soil quality parameters and their assessment is 

generally complex and dependent on several factors of diverse nature. For example, a certain set of 

parameters (as those that have major impacts on human health under considered environmental 

conditions) might be selected for the assessment of soil suitability for the construction of a 

playground. Wienhold et al. (2004) proposes soil quality indexing to be used not as a soil quality 

evaluation per se but as an assessment tool for evaluating and comparing alternative management 

practices or to analyse management-induced changes over time as soil quality assessment is 

generally performed to provide guidelines regarding soil management that can lead to sustainable 

soil function. According to these authors, the selection of indicators can be done using expert 

knowledge or by the means of statistical analysis (Principal Component Analysis, PCA). Indicator 

values may be normalized using scoring functions (generally sigmoid or bell shaped curves) (Figure 

10). Indicator scores are then combined to form an index value for a certain management approach. 

A decision support system index (a group of stakeholders or a stakeholders’ survey determine the 

order of importance of the different indicators) may be used to define the combination type (Wienhold 

et al. 2004). Multi-criteria decision analysis may be used as tool in the implementation of the decision 

support system index.  
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Figure 10: Conceptual approach to soil quality indexing, defining relationship between soil quality 

minimum datasets, scoring functions and index values (Wienhold et al., 2004) 

 

Besides the complexity associated to parameters selection for inclusion in a SQI, there is great 

difficulty associated to the definition of reference values, thresholds, limits and guidelines.  Once 

again these will be dependent on various factors within the urban environment and associated to 

vast sources of variability. The implications of variability in space and time on defining threshold 

values for urban soil quality indicators do not allow the use of common environmental monitoring 

methodologies (e.g. water quality assessment) and demands for a broader approach, based on tools 

that allow the integration of several types of information (GIS, communication tools, mediated 

consultation tools) as for example those commonly used for risk assessment. In some cases, 

focusing on probabilities of occurrence, probabilities of exceeding defined values or posing certain 

risks may help to overcome difficulties associated to threshold definition. 

 

The use of SQIs in urban settings is still not very common. Li et al., (2004), defined a Soil Metal 

Index for urban soils of Hong Kong, which consisted in the simple summation of metal 

concentrations (Cu, Ni, Pb and Zn). A detailed analysis of the potential for development of SQIs for 

urban soils, and the study of different SQIs for different soil uses are out of the scope of the present 

research but should be matter of future studies. When urban sustainability issues were discussed, in 

the introduction of the present study, it was mentioned that, in what concerns the definition of urban 
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indicators, soil quality is often neglected. Only a few indicators such as “percentage of protected 

area”, “derelict land” or “contaminated sites” have been considered so far, but these do not properly 

illustrate the role of soil quality in the urban environment. The development and use of appropriate 

SQIs could fulfil this gap. In the future, SQIs for different cities and attending to the different soil uses 

and associated functions of specific urban areas should be developed and included in urban 

sustainability strategies. 

 

Given the importance of variability issues in urban soil quality investigations, prior to the analysis of 

the results obtained in a soil quality assessment developed in Aveiro, an overview of types and 

sources of variability associated to urban soil indicators, and their implications for the assessment of 

urban soil quality will be given in the next chapter.  
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Types and sources of variability 

 

Focusing on spatial variability of urban soils, two main types of variation may be distinguished 

(Effland and Pouyat, 1997): 

� systematic variability; 

� random variability. 

 

Spatial variability may be considered systematic when a certain feature or change is observed in a 

systematic way between different reference sites. By contrary, pressures behind random variability 

do not occur in a consistent manner at different reference sites nor are associated to any type of 

repeatability.  

 

The scale of observation may allow distinguishing systematic from random variability. A local random 

distribution of a certain parameter may be considered systematic in a regional perspective. For 

example, chromium distribution within a city may be randomly distributed at a local scale, but once 

assessed for a regional scale (e.g for various cities and adjacent areas included in a defined region) 

chromium distribution may reveal a certain degree of consistency (e.g. a systematic variation 

associated to the spatial distribution of industrial facilities). There is a certain “dilution” effect of 

variations’ significance when changing from small to large scales of observation. Certain variations in 

parameters although apparently significant at a local level may be considered non-significant when 

placed in a context of a wider scale.  

 

The identification of systematic patterns in the variation of parameters is also associated to the 

degree of knowledge we have about the causes of this variation. As knowledge increases, random 

variability maybe understood in a systematic manner (Effland and Pouyat, 1997).  

 

The main sources of variability associated to the urban ecosystem and to urban soils are related to 

changes in the parameters described in Figure 11. Spatial and temporal heterogeneity of the urban 

ecosystem is associated both to natural conditions and to human activities. These factors will also be 

the drivers of both temporal and spatial variability associated to urban ecosystem processes, and 

functions which in turn will cause temporal and spatial variations in urban soils properties.  
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Figure 11: Main factors that may significantly vary in urban ecosystems and urban soils 

 

In addition, the soil quality assessment process itself may also be a factor of variability of the results 

obtained.  This is mainly related to aspects of representativeness (or accuracy) of results obtained. 

Whether the results obtained in a soil quality assessment are representative or not, may strongly 

affect the interpretation of the variability of soil quality indicators distribution.  

 

The accuracy of results obtained in an urban soil quality assessment may be affected mainly at two 

levels, as described next: 

� during the selection of representative sampling sites: the selection of sampling sites must 

allow the estimation of parameters distribution and identification of “hot-spots”;  

� during sample collection (procedure), sample handling, sample pre-treatment, sub-sampling 

and parameters measurement.  

 

In order to address the issue of representative sites selection, very important factors must be taken 

into account: 

1. Previous knowledge of the sampling area (preliminary information) 

2. Definition of the sampling strategy and analytical procedures 
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Ignoring the origin of this soil volume and the actual “population” that this soil integrates will 

considerably limit the ability to interpret soil quality variability, and therefore, preliminary information 

on the sampling area maybe crucial for the selection of representative sampling sites. Commonly, 

given the nature of the urban ecosystem different populations or sub-populations may be found and 

considering results has a single distribution may disregard relevant information that would allow 

significant advances in interpreting parameters’ variability. For example, sites where there is a 

considerable physical alteration of the soil matrix, due to replacement or inputs of high soil volumes 

from exogenous sources, may reveal a completely different distribution of soil quality parameters. 

Preliminary information on a sampling area may allow to: 

� characterise expected transformations imposed by humans in soils from the urban area; 

� identify patches of expected natural soils, disturbed or highly disturbed soils; 

� identify the presence of composite materials, their previous uses and sources. 

Possible sources of information are reports, geological and environmental surveys, environmental 

impact assessments, city land use plans, maps and aerial photographs. Particularly important is 

information on soil quality from previous studies, if available. In cases where information available on 

urban soils is scarce and where no previous soil surveys have been conducted, the development of 

a preliminary sampling and analysis programme is recommended in order gain insight into general 

pollution levels and expected distribution of elements and be able to define a more accurate 

sampling strategy.   

 

To obtain data on soil indicators requires laborious and time-consuming procedures. When defining 

a sampling strategy and the methodologies to be followed in an urban soil quality assessment, the 

following steps may considerably affect the representativeness of the sampling sites and the 

accuracy of results obtained: 

� selection of the sampling design: number of sampling sites, sampling interval, location of 

sampling sites;  

� selection of sampling regime: number of sampling points, sampling interval, location of 

sampling points; nº of increments (composite sampling); sampling depth; 

 

An overview of an urban soil sampling procedure and the distinction between sampling design and 

sampling regime are described in Figure 12.  
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Figure 12: Overview of an urban soil sampling procedure 

(adapted from Zorzi et al.., 2005) 

 

First of all, the choice of the sampling design is a key issue. Different soil sampling designs may be 

chosen to assess soil quality in a city. These are shown in Figure 13 and described next: 

� Systematic sampling – selection of a regular grid; grid dimensions will depend on how much 

detail is required; spacing will differ according to sampling objectives; commonly used in soil 

contamination assessments; 

� Random sampling – irregular coverage of the sampling area;  

� Stratified random sampling – sampling area is divided in a number of strata and a given 

number of randomly distributed sampling sites is selected in each strata; 

� Sampling along a linear source – when distribution of parameters are expected to follow a 

line (e.g. distribution of contaminants alongside a road). 
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In a city it is common to find barriers, obstacles (such as buildings or fences) and/ or sealed surfaces 

that largely difficult the use of systematic sampling designs.  

 

 

Figure 13: Different sampling designs in a city (each star indicates the location of a sampling site) 

 

When selecting a sampling design, three factors will determine both number of sampling sites and 

distance between them: 

� size of the sampling area; 

� scale of variability to be assessed (e.g. local, regional or national scale); 

� financial resources available.  

The following considerations must be made when defining the most appropriate the sampling design. 

� If the intention is to provide a general assessment of soil quality (regional or national 

variability assessment), sampling intervals may be larger (up to several km); the number of 

sites will be dependent on the size of the area and funds available; 
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� if the intention is to provide a local variability assessment, sampling intervals must be small 

(from 1m up to a few hundred meters); again the number of sites will be dependent both in 

the size of the area and funds available.  

 

After the definition of the sampling design and the selection of sampling sites, a sampling regime 

must be established. For each sampling site the following topics must be defined: 

� number of sampling points;  

� sampling pattern; 

� location of sampling points;  

� sampling spacing (distance between sampling points); 

� nº of increments (single/ composite sampling);  

� sampling depth. 

 

When selecting the sampling regime, it must be noticed that sampling may affect variability at very 

small scales, in certain cases even at site level. Andronikov et al.. (2000) assessed differences in 

accuracy of results for different sampling intensities in a site of around 6 ha.  Depending on the 

sampling interval (from 50m/ 9 samples to 1m/ 90 samples) different results in terms of variability 

were obtained. In urban areas, this issue becomes even more complicated to be dealt with, as 

different scales of variability may be involved. There is no accurate formula to define the appropriate 

number of sampling points this will depended on the objectives of the study. Preliminary sampling 

and analysis may allow choosing a more adequate sampling regime. A balance between the 

sampling accuracy intended and the funds available will determine the sampling design and number 

of samples collected. Expert knowledge is determinant in choosing the strategy to be followed.  

 

The sampling pattern selected for each site may again include a systematic sampling design, a 

stratified random sampling design, random sampling or sampling along a linear source, depending 

on the area and characteristics of each sampling site. At a site level, the selection of other sampling 

patterns such as non-systematic patterns (e.g. “N”, “S”, “X” and most commonly “W” patterns of soil 

sampling are often used in areas where distribution of parameters is expected to be rather 

homogeneous) or circular grids (useful for delineating local contamination or indicate influences 

around a regional emitting source). Sample quantity and nº of increments will also depend on the 

study objectives. Usually, sample quantity must be enough to allow the homogenisation, sub-
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sampling and analysis of soil parameters and at the same time must be representative of the soil 

cross section at sampling location (usually from 500 g to 2 kg of soil are collected during soil quality 

investigations). Single sampling is usually selected to assess the distribution of parameters over a 

certain area, while composite sampling is commonly used for the determination of average 

concentrations in defined sites. The selection of the sampling depth will depend on the land use of 

the sampling area, the expected degree of disturbance and the type of soil investigation (e.g. 

exposure pathways must be considered in a risk assessment). Usually, in parks, gardens, or 

playgrounds in urban areas only the immediate soil surface layer is sampled and analysed.  

When choosing the sampling devices, collecting samples and, handling samples, storage, sub-

sampling (cone and quartering), and measuring parameters we are also introducing factors of 

variability that may affect the overall measurement of parameters.  

 

The fraction of the total variability in a measurement attributable to sampling (both during the 

selection of sampling sites and sampling collection) can be considered sampling uncertainty. The 

uncertainty factors must be identified and, whenever possible, quantified. If quantification is not 

possible, than the variation arisen from these factors may be considered the sampling “error” as the 

“true” value of the parameter will not be obtained. Sampling uncertainty is a parameter of the 

sampling quality. The selection of reference sampling sites (variability previously well characterised) 

and the performance of reference sampling are often used as quality control procedures. In a similar 

manner, the uncertainty (or error) of measurement when performing analytical procedures must be 

taken into account. Reference materials are often analysed as part of the QC/QA strategy in order to 

increase analytical accuracy.  

 

At the end, it must be guaranteed that the variability in results derived from uncertainty associated to 

soil sampling and analysis is considerably lower than the actual variation within the population or 

populations of results derived from the heterogeneity of urban ecosystem and urban soils.  

 

The degree and scales of soil quality variability in urban areas still need further investigation. When 

assessing soil quality parameters in urban areas, the spatial distribution of indicators is often 

apparently highly random. First, because soil quality assessments in urban areas are usually based 

on spatial scales that differ from other common types of soil surveys (usually urban soils monitoring 

occur at smaller spatial scales). Second because the causes of variation are themselves more varied 
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and change very rapidly even with very small distances. Third, because in certain cases, causes of 

variation are unknown and random variability interpretations reflect existent limited knowledge bases. 

In what concerns urban soils, the shift from random variability interpretations to a systematic 

analysis, is far from being achieved. 

 

An example of an assessment of urban soil quality will be described next. This study was developed 

in a small Portuguese coastal city (Aveiro) during 2002 and 2003. Aveiro urban area characteristics 

and results obtained for soil quality indicators are shown in the following chapter.  
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(CASE-STUDY: AVEIRO, 
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Aveiro urban area definition, location and surroundings  

 

The administrative organization of Portugal consists of districts (29 districts in total), each divided 

into counties (municipalities), which in turn are divided into civil parishes.  In terms of territorial 

divisions, the Aveiro District is part of the “Região Centro (NUT II)” and the “Unidade Territorial do 

Baixo Vouga (NUT III)”. Moreover, the Aveiro County is the capital of the Aveiro District.  The Aveiro 

County is composed of 14 civil parishes: São Jacinto, Cacia, Esgueira, Vera Cruz, Glória, Santa 

Joana, São Bernardo, Eixo, Eirol, Aradas, Oliveirinha, Requeixo, Nossa Senhora de Fátima and 

Nariz (Figure 14).  

 

 

Figure 14:  Schematic description of the District and County of Aveiro including the 14 parishes 

 

The Aveiro County is located in the west of Portugal, about 70 km south of Porto and 265 km north 

of Lisboa, at Latitude of 40.38 N, Longitude of 8.40 W and Altitude of 26 m. 
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According Arroteia (1998) there are records of a village, named “Vila de Aveiro” since the XVI 

century (the same place is also mentioned by similar names since the XI century). However, Aveiro 

has only received its status of “city” at 30th of September of 1759.  

The legal document “Decreto Lei Nº45342, 07/11/63” has defined the urban perimeter (urban core) 

of the city of Aveiro (Figure 16) as a limited part of the Aveiro County, totally or partially including 

Aradas, Esgueira, Glória, Santa Joana, São Bernardo and Vera Cruz, and representing an area of 

around 14 km2. Annex I (Figure 1), shows the boundaries of the urban perimeter according to this 

legal document. The urban area of Aveiro has been recently re-defined by the “Plano Director 

Municipal” and is described by the urbanisation plan, “Plano de Urbanização” (Câmara Municipal de 

Aveiro, Divisão de Informação Geográfica, 2004).  

 

Natural environmental conditions in the Aveiro region are greatly determined by a neighbouring 

lagoon (“Ria de Aveiro”) and the proximity of the Atlantic Ocean. Aveiro urban area is surrounded 

both by the lagoon and by rural agricultural areas (Figure 15). “Ria de Aveiro” is a long, shallow 

lagoon (maximum wet area of 47 km2) providing important resources and varied services such as 

fishing, port activities, recreational, salt production and aquaculture. This lagoon has been of great 

importance over time contributing for Aveiro urban growth and for agriculture and industrial 

development of the region. “Ria de Aveiro” has also a central role in what concerns ecosystem 

balances and environmental quality in its surrounding areas. Toxic and persistent substances 

originated by anthropogenic activities have accumulated in the lagoon’s sediments for a long period 

of time. The lagoon environmental balance has been impacted by metal contamination, particularly 

Hg originated by industrial sources, namely a chlor-alkali plant located in the northern area of the 

Ria.   
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Figure 15: Surroundings of Aveiro urban area 
 

 

Data availability  

 

The first objective of this urban soil quality investigation was to characterise the Aveiro urban 

ecosystem by gathering all the available information about the city and organise it in a consistent 

manner. Data was collected by from local administration and public institutes. Scientific papers and 

reports were also taken into consideration.  

The information on the Aveiro urban ecosystem is rather disperse and it was not easy (and in some 

cases impossible) to identify the bodies or entities responsible for generating, collecting or compiling 

these type of data. Therefore it was difficult to identify the most relevant information sources, and in 

certain cases almost impossible to verify data quality or data accuracy due to the lack of comparable 

information. Data formats were found to be extremely variable and inconsistent in most cases.  
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Urban ecosystem description 

 

Demographic figures 

According to the 2001 population census, the Aveiro County has about 73 335 inhabitants and an 

area of 199.9 km2 (INE, 2002). Aveiro has a relatively high population density (around 367 

inhabitants/ km2). Figures 16 and 17 show both the evolution of population (between 1920 and 2001) 

and population density in the Aveiro County (between 1950 and 2001). The Aveiro County showed a 

considerable and consistent growth between 1920 and 2000. Population in the year 2000 is almost 

three times that of year 1920.  

Aveiro population is distributed differently across the different civil parishes. Annex II (Figures 1 and 

2) shows the distribution of resident population and the distribution of population density in the Aveiro 

County (both in 1991 and in 2001). The areas identified as “lagunar” are the lagoon areas, and 

therefore are inhabited areas (population density is “0”). Some observations arise from these figures: 

� Except for the Aradas and Requeixo cases, there has been a considerable population 

growth between 1991 and 2001. The same way, population density has also increased. 

� Civil parishes that totally or partially integrate the urban area (Vera Cruz, Esgueira, Glória, 

Aradas, Santa Joana e São Bernardo) are those with highest population density.  

� Inhabited area of Vera Cruz is that of highest population density from all County (4833 

inhabitants per km2 in 2001); this area is coincident with the city centre.  

Figure 18 shows the urban area of Aveiro and the population of each civil parish in 2001. From the 

73335 inhabitants, 35948 inhabited the urban core of Aveiro, in 2001. When compared to the entire 

County, the Aveiro urban core has a remarkably higher population density (approximately 2554 

inhabitants/ km2).  
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Evolution of nº of inhabitants in Aveiro County bet ween 1920 
and 2001
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Figure 16: Evolution of population in the Aveiro County, between 1920 and 2001 

 

Evolution of population density in Aveiro County bet ween 
1950 and 2001
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Figure 17: Evolution of population density in the Aveiro County, between 1950 and 2001 
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Figure 18: Administrative divisions and population of the urban area of Aveiro in 2001 

 

Besides the variation of resident population density across the Aveiro County, there is also variability 

in terms of spatial distribution of buidings. Annex II (Figures 3 and 4) shows the distribution of 

buildings and the distribution of buildings’ density in the Aveiro County (both in 1991 and in 2001). 

The areas identified as “lagunar” are the lagoon areas, and therefore buildings density is “0”. Again 

some observations must be done: 

� Vera Cruz and the nearby civil parish Gloria showed a slight decrease in density of buildings 

per km2 between 1991 and 2001. Except for Requeixo (no change), buildings density has 

increased in all other civil parishes.  

� Civil parishes that totally or partially integrate the urban area (Vera Cruz, Esgueira, Glória, 

Aradas, Santa Joana e São Bernardo) are those with highest buildings density.  

� Vera Cruz (where the city centre is located) has a remarkable high buildings density (902 

buildings/ km2, in 2001).  

According to these maps, the city has expanded, between 1991 and 2001, through an increase in 

the number of buildings in the peripheral areas and a slight decrease in the city centre. The Aveiro 

city centre is an aged area, with regard to both buildings and population (Sousa et al., 2003); this is 

an assumption valid for most of the city centres in Portugal. The oldest areas are mostly in Vera 
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Cruz. In what concerns distribution of ageing of population and buildings in Aveiro County, the city 

centre is a heterogeneous area while the periphery has a more homogenous pattern (Sousa et al., 

2003).  

 

Climate data 

The climatic conditions are important natural factors affecting Aveiro urban environment. Despite of 

its relatively small extension, Portugal has a climate that varies significantly among regions and 

places. The main causes of this variation are the latitude, the distance to the sea and, for the regions 

of the coastal zone, the dominant orientation of the shoreline.  

 

Aveiro shows a humid temperate climate, with a dry season and summers not very hot but extensive 

(Pinho and Orgaz, 2000). The annual average temperature of Aveiro is about 15ºC. The hottest 

periods of this coastal town occur in the months of June, July and August reaching temperatures as 

high as 30º C. The cold weather involves the town in December, January and February, with an 

average temperature of 10 ºC. The annual average humidity is between 79% and 88% and it results 

from the permanent evaporation verified in the lagoon1. There is also a contribution of the humidity 

brought by summer breezes influenced by the Gulf Current. Regarding rainfall, the peaks are 

reached in January (135 mm), November (130 mm) and December (125 mm), while the minimum 

values occur in July (12 mm) and August (16 mm). The annual average value of precipitation is 

around 900 mm. The predominant winds are from Northwest (NW) and North (N). In autumn, the 

predominance of NW diminishes, while increasing, gradually, the influence of the winds of SE and 

S22. The average monthly hours of insolation in the region of Aveiro are shown in Table 1123.  

 

                                                 
22 Source for data on temperature, humidity, precipitation and winds: http://regiaocentro.net   
23 Source of data on solar radiation/ hours of insolation: Instituto de meteorologia – www.meteo.pt  
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Table 11: Monthly hours of insolation in Aveiro region 

January 110 July 320 

February 130 August 310 

March 210 September 200 

April 240 October 170 

May 260 November 130 

June 270 December 110 

    Annual total 2460 
 

A study from Pinho and Orgaz (2000), reported that Aveiro urban area, although small, shows its 

own particular urban climate and heat island effect, the intensity of which (the difference between the 

maximum urban temperature and the minimum rural temperature) can be as high as 7.5°C. This 

heat island effect is essentially determined by three factors: the urban morphology, the 

meteorological conditions and the proximity to the coastal lagoon and to the Atlantic Ocean. The 

effect is more remarkable in the town centre where the intensity of construction, the traffic and the 

lack of green spaces, intensify the heat island. The anti-cyclonic conditions (of clear sky and calm 

weather) accentuate the heat island and its correspondence with the urban morphology. On the 

other hand, the cyclonic conditions lessen the intensity of the heat island and divert it to the lagoon. 

 

Geology data 

A map of soil type and geology is available from the Geological Survey of Portugal (“Geologic Map 

of Portugal” scale 1:50000, sheet 16A).  

In geological terms, the Aveiro basin is part of the Meso-Cenozoic unit located west of the Hesperian 

Massif zones and in the limit between the Central Iberian and the Ossa-Morena zones (Ferreira et 

al., 2001). In lithological terms, Aveiro County is formed by sedimentary rocks (sand, gravel, clay, 

sandstone, and conglomerate) mostly of Quaternary-Tertiary age (Ferreira et al., 2001). According to 

Benta et al.. (2000) the urban area of Aveiro is included in the northern sector of the Lusitanian basin 

and is formed by different geologic units: modern deposits (Quaternary alluvial, beach and dune 

sands); Plistocene deposits (old marine and fluvial terraces); and Upper Cretaceous deposits 

(“Argilas de Aveiro-Ilhavo-Vagos” or just “Argilas de Aveiro”, a lithostratigraphic unit that occurs in an 

area of around 100 km2). The formation “Argilas de Aveiro” of Campanian-Maastrichtion age is 
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composed of clay, silt and dolomitic limestone strata and has a variable thickness in the Aveiro 

region (from around 10 m in Cacia small village in the North of Aveiro to 150 m in Vagos, to the 

South). It generally lies underneath a thin layer of Plistocene sands. Two samples were collected 

within the urban area of Aveiro during a geological soil properties study (Rocha, 1993). It revealed 

the presence of sandy reddish clays, fine and coarse sand and gravel (Quaternary) in the first 8 and 

6 meters layer in the two samples, respectively. The Quaternary Plistocene sand appeared 

associated to ilite, kaolinite and smectite, the most common clay materials, together with vermiculite, 

clorite, kaolinite-esmectite, ilite-vermiculite, ilite-smectite and ilite-clorite. Below, a fraction of “Argilas 

de Aveiro” was found (in 66 and 83 meters thickness layers, respectively). This formation consisted 

essentially of silts and silty clays with intercalations of marls and marly limestones, exhibiting an 

overall greyish colour. In what concerns the composition of the clay fraction, ilite, kaolinite and 

smectite are the main minerals together with a minor irregular fraction of ilite-vermiculite and ilite-

smectite. 

 

Traffic 

In what concerns transportation, Aveiro is located at the westernmost point of the IP5, an important 

motorway linking Aveiro to Salamanca. IP5 also connects Aveiro to the Highway Lisboa/Porto and 

Railroad of the North. In summary, the main transportation facilities are listed below: 

• Roads – IP1, IP5, IC1, EN 235, EN 109 

• Railroad – “Linha do Norte”, “Linha do Vouga” 

• Harbour – “Porto de Aveiro” 

• Aerodrome – “Base Aérea de S. Jacinto” 

In 1991 more than 26500 Aveiro inhabitants commuted every day either for work or for education 

purposes24. Also in 1991, there was a daily commute of 9850 individuals, only from the neighbour 

County of Ílhavo (Figure 19).  

  

                                                 
24 Data reported by the “Estudo de Viabilidade Técnica e Financeira da Implantação de uma Rede de EM/MS para a 
Região de Aveiro”, Câmara Municipal de Aveiro, 1996. Data original source: INE, “Instituto Nacional de Estatística”, 
1991.  



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

101 

 
Figure 19: Number of inhabitants commuting between Aveiro and neighbour towns, per day, in 1991 
 
 

Figure 20 shows data on traffic available in Aveiro, for 1997. These data represent the average 

number of private vehicles per day in the main streets/ roads of Aveiro, in both directions25. Figure 

20 shows a total of 88200 cars circulating in Aveiro, per day, distributed over the main streets and 

roads.  

 

                                                 
25 Data reported by the “Estudo de Viabilidade Técnica e Financeira da Implantação de uma Rede de EM/MS para a 
Região de Aveiro”, Câmara Municipal de Aveiro, 1996. 
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Figure 20: Number of private vehicles in the main streets/ roads of Aveiro, in both directions (1997) 
 
 
Information on fuel consumption is available from DGE26. Some of the figures are shown on 

Table 12. 

 
Table 12: Data on Fuel Consumption, in 1999 in the Aveiro County, in tons 

Type of 
Fuel 

Butane Propane Gasoline 
(Super) 

Gasoline 
(Aditives) 

Gasoline 
(IO 95) 

Gasoline 
(IO98) 

Oil Diesel Fuel 

tons 5371 16455 2495 3183 7730 3817 95 32939 107656 
 

 
 
                                                 
26 “Direcção Geral da Energia”, http://www.dge.pt  
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Industrial Activities 

The growth process in the city implied the transformation of adjacent areas, changing the social 

functions of spaces and the configuration of former social networks. The distribution of the economic 

activity, among the different economic sectors is shown in Figure 21.  

Among the most dynamic sectors of the industry, one can consider metallurgy, metal works, the pulp 

and paper, transportation, ceramics, graphical arts, and woodcraft. These industrial sectors have 

traditions in the local economic structure and narrow links to natural resources. Four main 

geographical areas (Northeast, Northwest, Southeast and Southwest) can be defined in the District 

of Aveiro, in terms of industry. The Aveiro County is located in the so-called Southwest area. The 

most important economic activities of the Aveiro County (based on the number of workers) are, the 

ceramic industry (30% of the total of employees of employees of the County) the motor industry (the 

Renault Facility provides work for 10% of the employees in the County) and the pulp and paper mill 

“Portucel”, with 700 workers, employs 7,3% of the total of the County). There are also several 

industries in the metal mechanic sector, with production of machinery and equipments, such as 

“Casal” and “Vulcano”. The characterisation of the economic activity, among the different economic 

sectors is presented and type of industrial facilities is shown on Table 13. 

 

Characterization of the Economic Activity
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Figure 21: Characterization of the Economic Activity, by Year, in the Aveiro County between 1997 

and 1999 
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Table 13: Distribution of facilities from the Aveiro County, by activity sector 

(AIDA, 2001) 

Activity sector Units 

Food and drink industry 102 
Textile industry 10 
Clothing and leather industry 14 
Leather industry 3 

Wood industry 44 
Cork and basketry industry 1 

Pulp and paper industry 6 

Press printing, copy and edition industry 20 

Chemical industry 11 

Rubber and plastics industry 6 

Mineral non-metallic industry 49 

Metallurgic industry 8 

Metallic producs industry (except 
machinery) 

81 

Machinery and equipment industry 33 
Machinery and electrical apparatus industry 15 

Radio, television and communications 
equipment industry 

3 

Cirurgical and precision instruments; optical 
and clock making industry 

4 

Motor car industry 2 
Other transportation materials industry 12 
Furniture industry 30 
Recycling industry 1 

 

The industrial activities within the Aveiro County are distributed across 16 industrial areas. 

EPER27 is the European Pollutant Emission Register, which was established by a Commission 

Decision of 17 July 2000. The EPER Decision is based on Article 15(3) of Council Directive 

96/61/EC concerning integrated pollution prevention and control. According to the EPER Decision, 

Member States have to produce a triennial report on the emissions of industrial facilities into the air 

and waters. The report covers 50 pollutants which must be included if the threshold values indicated 

in Annex A1 of the EPER Decision are exceeded. The threshold values have been chosen in order 

to include about 90% of the emissions of the industrial facilities looked at, so as to prevent an 

unnecessarily high burden on all industrial facilities. Not all industrial plants existing are considered 

                                                 
27 http://www.eper.cec.eu.int/  
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for EPER reporting – only those activities which are listed in Annex A3 of the EPER Decision were 

included. The results published for industries in Aveiro District for 2001 (first reporting year) are 

shown in Annex II (Figure 5).  These include 3 industrial plants for pulp and paper, 4 chemical 

industries, 3 facilities for production and processing of metals and a facility for production and 

preserving of poultry meat. Table 1 (Annex II) describes the emissions (to air and water, direct or 

indirect release as applicable) reported by each one of the 12 facilities located on the Aveiro District. 

From these 12 facilities, only three are located in the Aveiro County (“CPK - Companhia Produtora 

de Papel Kraftsack,S.A.”, “Funfrap-Fundição Portuguesa, SA” and “Fábrica de Cacia”). 

 

Environmental quality 

According to a study from the Industrial Association of the Aveiro District28, the Aveiro District is 

responsible for 10448 ton SO2/ year, when considering industry, traffic and natural emissions, which 

means 3,7% of the national total. The Aveiro District has a high annual emission rate of 37 ton 

SO2/ km2, when compared to the national average rate of 3,2 ton SO2/ km2.  

In the Aveiro County, according to the same study, the level of emissions of SO2, from industrial 

sources varies from 1000 to 4150 ton SO2/year. The highest emission rate inside the Aveiro County 

can be found in Cacia (>1000 ton SO2/year), followed by Esgueira and Aradas (100 to 1000 ton 

SO2/year).  

In terms wastewater emissions by industrial sources, the District of Aveiro has a rate of 93 ton 

CQO/day. In the Aveiro County, this value is between 3000 and 6000 kg CQO/day. 

In terms of solid waste produced by industrial sources, the Aveiro County has a production rate 

between 50000 and 100000 ton/year, which represents around 10% of the total production of solid 

waste of the District.  

In what concerns domestic solid waste production, the evolution of the annual collection of domestic 

solid waste in the Aveiro County is shown on Figure 22. 

 

                                                 
28 AIDA, Associação Industrial do Distrito de Aveiro, “Estudo Multi-sectorial na Área do Ambiente, 2000 
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Figure 22: Evolution of domestic solid waste collection in Aveiro County from 1987 to 2001 

 
 

The distribution of the selective collection of solid waste, in the Municipality of Aveiro, between 1988 

and 2001 is shown on the Figure 2329. 

 

 

Figure 23: Selective solid waste collection collection in Aveiro County from 1988 to 2001 
Land use 

In terms of land use, the maps available for the Aveiro region are described next: 

• REN Map (National Ecological Reserve) – (Hard copy, 1:25.000) 

• Maps from PDM (Municipal Plan) - Land Use and Conditional Use Maps (Hard copy, 1:10 

000) and Urbanisation Plan (Digital, 1:25.000) 

• Military Maps – (Digital, 1:25 000, TIFF; Hayford-Gauss Projection, Datum 73) 
                                                 
29 Source of information on domestic solid waste figures: Data available by Aveiro City Council “Divisão de Ambiente, 
Câmara Municipal de Aveiro” 
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• Ortophotomaps (aerial photography) – (Digital, JPG and TIFF, 1:10 000; Hayford-Gauss 

Projection, Datum Lisboa) 

• Corine Land Cover Map (Digital, DXF- 1:100 000) 

• Municipality of Aveiro – Locations (Digital, DWG, 1:25 000) 

 

Table 2 (Annex II) shows the main owners of information on land use in Aveiro. 

Figures 1 to 3 in Annex III show the maps that were used for analysing soil use in Aveiro urban area 

and for the definition of urban soils sampling plan.  

 

The main tools and legal instruments that regulate soil use and define the framework for land use 

management and environmental protection in Portugal are shown in Table 14. 

 

Table 14: Land management structure and regulations in Portugal (Fidélis, 2001) 

Administrative 
Level 

Territorial Planning Environmental Protection 

Lei de Bases da Política de Ordenamento 
do Território e Urbanismo (Lei nº 48/ 98, de 
11/8) 

Reserva Agrícola Nacional (RAN) 

Lei de Solos (Lei nº 794/76, de 5/11) Reserva Ecológica Nacional (REN) 

Regime de Alteração ao Relevo Natural Rede de Áreas Protegidas 

Licenciamento de Operações Rede Natura 2000 
Loteamento e das Obras de Urbanização Avaliação de Impacte Ambiental 

Central 

Licenciamento Municipal de Obras 
Particulares 

  

Regional Planos Regionais de Ordenamento do 
Território (PROTs) 

Planos de Ordenamento de Áreas de 
Paisagem Protegida, Parques e 
Reservas Naturais (POAP) 

    Planos de Ordenamento da Orla 
Costeira (POOC) 

    Planos de Ordenamento de 
Albufeiras Públicas (POAAP) 

Planos Directores Municipais (PDMs)   

Planos de Urbanização (PUs)   

Local 

Planos de Pormenor (PPs)   
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Urban soil quality assessment in Aveiro 

 

Sampling and sample preparation procedures for the investigation of soils are regarded as the first 

and most important step towards a more comparable and reproducible analysis of soil. 

Characterising spatial patterns of soil quality indicators at a certain investigated surface, although it 

is an essential step for an environmental assessment, it is also a very complex process. The present 

analysis is not aimed at providing a comprehensive monitoring study of Aveiro soil quality.  By 

contrary, given the novelty associated to the assessment of soil quality in urban areas, the main 

objectives of the present investigation were to analyse patterns of soil quality parameters distribution 

in surface layers of urban soils and define the main characteristics that allow distinguish them from 

other land covers. A pilot study, focused on a single urban type of urban surface was initially 

conducted. Afterwards, this investigation was expanded to different types of soil surfaces, within the 

boundaries of the urban area (main sampling campaign).    

 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

109 

PILOT STUDY (SAMPLING AND METHODOLOGIES) 

 

The pilot study was the first assessment of urban soil variability in Aveiro. The main objectives were: 

• to provide a preliminary evaluation of pollution levels in soils from Aveiro 

• to define small scale variability of soil quality parameters in urban areas  

• to harmonize and clarify sampling and analytical methodologies.  

 

The scope of this pilot study was limited to an area of around 7 ha, within the urban area boundaries, 

to test variation in terms of distance of sampling and variation in terms of depths. For pilot study 

purposes, values of pH, elemental analysis (C,N,H,S) and metals (Cd, Cu, Cr, Ni, Pb, Zn, Fe, Mn) 

were used as soil quality indicators. QC/ QA considerations were integrated on the defined 

methodology, in order to assure representativeness and reliability of the results obtained. 

The main aims of this pilot study were to discuss sampling issues arising from results derived from 

an apparently homogeneous urban soil surface and to provide insight for the definition of an 

adequate sampling strategy to the characterisation of an urban area.   

Soil sampling was performed according to a previous defined sampling plan, as described next.  

 
Sampling Plan 

 

a) Sampling Area and Regime 

 

It was considered appropriate for this Pilot Study to choose an ornamental garden. This surface 

presented active planting, normal maintenance and recreational function.  

The selected sampling area (“Galitos”) was described as shown in Table 15. 

 

Table 15: Pilot Study sampling site 

Location Age Land use considerations 
(description of the surroundings; traffic intensity; 

possible contamination sources) 

Around 1,2 km, 
SE from the city 
centre 

Recent, no more than 5 years This park is located in a busy area, with considerable 
traffic intensity (+/- 11100 private vehicles per day). It is 
located in a new residential zone, where the main 
services of the city are sited. 
A road and a sport centre surround the park. It is in the 
neighbourhood of the railway (± 75m) and a small canal, 
and close to a petrol station. 
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A soil sampling regime is generally determined by the following characteristics:  

a. Area of interest; 

b. Number, location and distance between sampling points; 

c. Sampling depths. 

The sampling regime defined for this Pilot Study is shown in Figure 24 and described next: 

- Area of about 7 ha 
- 26 sampling points with distance of 50 m (regular sampling grid of 50 x 50 m) 
- Single samples at the vertices of the grid 
- Two depths (0-10 cm, surface – SF; and 10-20 cm, sub-surface - SB) 

 

 

Figure 24: Sampling grid defined for the Pilot Study in Aveiro (sampling points in the vertices of the 

squares 50 x 50 m) 
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b) Soil Sampling Methodology 

 

Materials 

Plastic equipment was used whenever possible. Stainless steel was not used for sample collection, 

to avoid interference with metals concentrations analysis. All sampling equipment was cleaned with 

distilled water in between every sampling. The following materials were used for sampling: 

- Stainless steel spade (for digging holes); 

- Plastic spades (for sample collection); 

- Plastic bags (for sample storage); 

- GPS (for reading exact location of every sample collected); 

- Distilled water; 

- Labels (tags); 

- Tape-measure; 

- Gloves.  
 

Procedure 

After defining each of the sampling sites on the field (using GPS), surface vegetation was removed. 

Around 2 kg of soil were collected from both the 10 and 20 cm layers, by using a plastic spade. 

Samples were kept in a labelled plastic bag.  

A “Site Sampling Record” was completed at the sampling site. Care was taken to ensure that the 

proximity of a road (distance from the road and traffic intensity) or another potential pollution source 

was indicated and described. Each site and each sampling depth had a unique code. A standard 

sampling code was used, where the number is the number of the site. For example, the first soil 

sample, for the 0-10 cm depth, is labelled as “AVE.PS.01.SF”, which stands for “Aveiro” (AVE), “Pilot 

Study” (PS), site number 1 (01) and surface sample (SF). The same way, a subsurface sample (10-

20 cm) was labelled as “AVE.PS.01.SB”. Latitude and longitude of all sampling points were 

registered by using GPS. Sampling points’ location is shown in Figure 25. 
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Quality Control/ Quality Assurance (QC/QA) 

Quality control is the set of procedures used to measure and, when necessary, to correct data 

quality. Quality assurance is the set of procedures used to provide documentary assurance of the 

proper application of quality control and the resulting data quality (Environment Canada, 2001). 

The definition of a written sampling plan is the first step of the QC/QA strategy. The sampling plan 

constitutes a written description of the detailed procedures to be followed. The standardisation of a 

“Site Sampling Record” to be filled during the sampling process is also part of the strategy of QC/QA. 

This record has details on: 

- sample identification; 

- sample log record (sampling site name, date and time of collection, GPS coordinates, sampling 
conditions, relevant sample site observations, signature of the sample collector(s)). 

-  chain of custody record (record of personnel handling samples on the field). 
An example of a sampling record is shown in Annex IV. 

 

Figure 25: Pilot Study sampling points’ location 
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c) Sample Pre -Treatment and Storage 

 

The pre-treatment of samples was done in accordance to ISO 11464:1994. This International 

Standard specifies the pre-treatment required for soil samples that are to be subjected to physical-

chemical analysis and describes the following five types of pre-treatment of samples: drying, 

crushing, sieving, dividing and milling. 

 

Principle: 

Soil samples were air dried, at room temperature. These samples were crushed while still damp and 

friable and again after drying, using a plastic hammer. The soil was sieved and the fraction smaller 

than 2 mm was stored in plastic bags, at 4ºC and in the absence of light, for further analysis. Sub-

samples of 50g were taken from the fraction smaller than 2 mm and ground to a fraction smaller than 

150 µm.  

 

Materials: 

The use of metallic materials was avoided.  

 

- Plastic hammer 

- Nylon sieve, aperture of 2 mm (Bioblock Tamis Nylon DIN 4195)) 

- Nylon sieve, aperture of 150 µm 

- Balance, readable and accurate to 1g (KERN 440-53, max=6000g, d=1g) 

- Analytical balance, readable and accurate to 0,0001g. (METTLER, AE 200, Readability= 0.1 mg, 

Weighing range=0-205g, Reproducibility (SD)=0.1 mg) 

- Mill (RETSCH RS1, Agate rings ) 

- Excicator 

- Plastic bags  

 

Samples’ description: 

All the samples were weighted at the moment they arrived the laboratory. Site sampling records 

provide the description of samples, including details on samples colour and extraneous matter and 

other relevant features.  
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Drying:  

The complete samples were dried in air, at room temperature for at least three days. The soil was 

spread in plastic trays, in layer thinner than 15 mm. Direct sunlight was avoided. Big stones were 

separated while spreading the material, by hand picking. Dryed samples were weighted.  

Soil moisture was determined taking a small portion of each sample the moment they arrived the 

laboratory, and drying it in the oven until constant weight was obtained.  

 

Crushing:  

Soil samples were crushed using the plastic hammer, when spreading the materials and while 

drying.  

 

Sieving: 

The dried and crushed soil was sieved to a portion smaller than 2 mm. Both portions, <2 mm and >2 

mm, were weighted and kept in plastic bags.  

 

Milling: 

Sieved soil (<2 mm) was thoroughly mixed, coned and quartered and approximately 50g were 

grounded in an agate rings mill for 5 minutes,  in a way that the complete sample passed through the 

150 µm nylon sieve.  

Samples were kept in plastic bags, at 4ºC, in the absence of light, for further analysis.  

 

The main technical aspects of the soil sampling process and sample pre-treatment for this Pilot 

Study are presented in Tables 16 and Table 17. 

 

 

Table 16: Technical aspects of soil sampling 

City Sampling 
pattern 

Sampling 
regime 

Single/ 
composite 

Sampling 
tool 

Number 
of 
sampling 
points 

Sampling 
depth 

Total 
number 
of 
samples 

Amount 
of 
sample 

Aveiro Grid 
(50x50m) 

Vertices of 
the grid 
(9 per ha) 

Single 
samples 

Plastic 
spade 

26 0-10 cm; 
10-20 cm; 

52 2-3 kg 
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Table 17: Technical aspects samples pre-treatment 

Transport 
containers 

Drying Sieving Milling 

Plastic bags 
Room 
temperature 

<2mm <150µm 

 

 

d) Analytical Procedures 

 

pH Determination  

 

Principle 

The pH of the samples is determined using a glass electrode in a 1:5 (V/V) suspension of soil in a 

solution of 0.01 mol/L calcium chloride (CaCl2). For this measurement was used a pH-meter. 

The used procedure is according to ISO 10390:1994. 

Reagents 

- Distilled water 

- Calcium chloride solution – dissolving 1,47 g of calcium chloride dihydrate (CaCl2.2H2O) in water 

and diluting to 1 L at 20 ºC. 

- Solutions for the calibration of the pH-meter 

� Buffer solution, pH 4,00 at 20 ºC – dissolving 10,21 g of potassium hydrogen phtalate 

(C8H5O4K) in water and diluting to 1 L at 20 ºC. Potassium hydrogen phtalate was dried 

for 2 hours at 110-120 ºC. 

� Buffer solution, pH 7,00 at 20 ºC – dissolving  3,8 g of potassium dihydrogen phosphate 

(KH2PO4) and 3,415 g of disodium hydrogen phosphate (Na2HPO4) in water and diluting 

to 1 L at 20 ºC. Potassium dihydrogen phosphate and disodium hydrogen phosphate 

were dried for 2 hours at 110-120 ºC.  

 

The buffer solutions were stored in polyethylene bottles and considered stable for one month.  

 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

116 

Apparatus and glassware 

- pH meter (WTW, mod. 538) 

- Glass electrode (WTW, Sentix 41) 

- Rocking Mixer (J.P. Selecta, Vibromatic, 8 clamps, 100-950 oscillations p.m.) 

- Graduate cylinders 

- Sample bottle – made of polyethylene with a tightly fitting cap or stopper (50 ml). 

 

Samples 

The soil samples used for this purpose were pre-treated according to ISO 11464:1994 (dried in the 

air and sieved to < 2 mm). 

Procedure 

For the preparation of the suspension it was used a graduate cylinder. A representative portion of the 

soil sample was taken to the sample bottle and five times its volume of calcium chloride solution was 

added.  After a vigorously mechanical mixing during 5 minutes, the suspension waited at least 2h, 

but no longer than 24 h. The pH determinations were made twice, after 2 h and 20 h.  

The pH-meter was calibrated as prescribed in the manufacturer's manual, using buffer solutions with 

pH 4,00 and 7,00.  

Just before the determination of pH, the suspension was shaken and the pH was measured in the 

settling suspension. The pH value was read after stabilization (pH value over a period of 5s does not 

vary more than 0.02 unit).  

 

Quality control 

All suspensions for determination of pH were made in duplicate, according to the procedure. The 

repeatability of the results in the separately prepared suspensions shall satisfy the demands on the 

following table: 

 

Table 18: Repeatability in pH measures 

pH range Acceptable variation 

pH ≤ 7 0.15 

7 < pH < 7.50 0.20 

7.50 ≤ pH ≤ 8.00 0.30 

pH > 8.00 0.40 
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Elemental Analysis (CNH) 

 

Principle  

The sample under test is weighed in using a tin capsule. The required amount is 2 to 3 mg of organic 

material. After folding the capsule (looking rather like wrapped tin foil) the sample is placed in the 

autosampler. 

The tin capsule enclosing the sample falls into the reactor chamber where excess oxygen is 

introduced. At about 990 °C the material is "mineralized". Formation of carbon monoxide is likely to 

occur at this temperature even under these conditions of excess oxygen. 

The gaseous reaction products are completely oxidized in the presence of a catalyst (ex: tungsten 

oxide or copper oxide). The resulting mixture should thus consist of CO2, H2O and NOx and also 

some excess O2. 

The product gas mixture flows through a silica tube packed with copper granules. In this zone 

maintained at about 500°C the remaining oxygen is removed and nitric/nitrous oxides are reduced. 

The leaving gas stream includes the analytically important species CO2, H2O und N2.  

High purity helium is used as carrier gas. Finally the gas mixture is brought to a pressure/volume 

state and is passed to a gas chromatographic system.  

The CHNS-932 measures carbon, hydrogen, sulphur and oxygen by means of individual, infrared 

detection systems while nitrogen is measured in a thermal conductivity detector system. 

 

Apparatus 

- Instrument for CNHS microanalysis (LECO, CHNS-932) 

 

Precision 

0.001% Carbon 0.01% Hydrogen 0.01% Nitrogen 0.02% Sulfur 0.01% Oxygen 

 

Samples 

For elemental analysis were used sub-samples of around 1 g pre-treated according to ISO 11464: 

1994 (dried in the air, milled and sieved to <150 µm). 

 

Quality control 

For quality assurance of results method blanks and replicates were used. 
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Reference materials (Eurovector E11036 and Eurovector E11037) were analyzed in the same way 

as samples did. 

Calibration of the instrument is done by elemental analysis of standard substances supplied by the 

instrument's manufacturer for this purpose.  

 

Aqua Regia Digestion  

 

Principle  

The dried sample was extracted with a hydrochloric/nitric mixture by standing for 16 hr at room 

temperature, followed by boiling under reflux for 2 hr. The extract was then decanted and made up to 

volume with nitric acid.  

 

Reagents 

1. Hydrochloric acid, 37%, c(HCl) = 12 M, ρ ~ 1.19 kg/L 

2. Nitric acid, 65%, c(HNO3) = 14 M, ρ ~ 1.40 kg/L 

3. Nitric acid, 0.5 M 

 

Apparatus and glassware 

- Analytical balance, readable and accurate to 0,0001g. (METTLER, AE 200, Readability= 0.1 mg, 

Weighing range=0-205g, Reproducibility (SD)=0.1 mg) 

- Spatula 

- Reaction vessel, nominal volume 250 ml 

- Reflux condenser,  

- Anti-bumping granules 

- Temperature controlled heating apparatus 

- Funnel 

- Beaker, 50 ml 

- Graduate flask, nominal volume 100 ml 

- Filter papers (MN 640m, d=11cm, White Box, medium retention and filtration speed, maximum 

ash per circle 0.07mg) 
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Samples 

The soil samples used for the determination of metals were pre-treated according to ISO 11464: 

1994 (dried in the air, milled and sieved to <150 µm). 

 

Procedure 

It was weight approximately 3 g, to the nearest 0.001 g, of the sample into the reaction vessel and it 

was moistened with 1 ml of water.  While mixing, it was added 21 ml of hydrochloric acid (1) followed 

by 7 ml of nitric acid (2), drop by drop, to reduce foaming. For slow oxidation of organic matter of the 

soil, the reaction mixture stood for 16 hours at the room temperature. Then, the temperature was 

raised until reflux conditions are reached and maintained for 2 hours, ensuring that the condensation 

zone was lower than 1/3 of the height of condenser.  After 2 hours and a decreasing of the 

temperature, the condenser was rinsed with 10 ml of nitric acid 0.5 M. The mixture stood about 2 hrs 

for settlement of the insoluble residue. The supernatant was decanted onto a filter paper and the 

filtrate was collected in a 100 ml volumetric flask. The insoluble residue onto the filter and the residue 

of the flask were washed with 10 ml of nitric acid 0.5 M and this filtrate was collected with the first. All 

the glassware was cleaned with DECON® 5 % (one day), nitric acid (2M, one day) and rinsed with 

distilled water. 

 

Quality control 

For quality assurance of the result method blanks and replicates were used. 7 samples were 

digested in duplicate and sent to analysis. Blank samples were run with the batch of soil samples by 

performing the operation on the reaction vessel containing no sample. 

Reference materials (CRM 142 R and CRM 141R) were subject of aqua regia digestion, following 

the same procedure of samples. 

 

Determination of metal concentrations 

 

Principle  

Extractable contents of the trace metals are determined by nebulizing solutions into an argon plasma 

where all components are atomized and detected by emission spectroscopy. The calibration 

solutions are prepared in the same extraction solution as the samples in order to remove the matrix 

effect.  
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Apparatus 

ICP-OES (Inductively Coupled Plasma- Optical Emission Spectroscopy Plasma). 

Model: Jobin Yvon, Jy 70 plus 

Nebulizing Camera - Scott® 

Nebulizer - Cross flow, Jobin Yvon 

Detection limits – Table 19. 

 

Table 19: ICO-OES Metals Detection limit 

Zn Pb Cd Ni Fe Mn Cr Cu 

mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

0.01 0.025 0.01 0.015 0.01 0.005 0.01 0.015 
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PILOT STUDY RESULTS 
 
 

Sampling Records 

 
Table 20 shows an overview of data from site sampling records, filled on the field. 

 
Table 20: Data from site sampling records (Pilot Study) 

Grid reference Date/ 
time 

Weather 
conditions 

Latitude Longitude Co-ordinate 
X (m) 

Co-ordinate 
Y (m) 

Relevant 
observations 

AVE.PS.01.SF 09:26 AM Sun 40º38.239 N 008º38.449 W -42947.58 107726.40 Under grass 

AVE.PS.01.SB 09:31 AM Sun 
40º38.239 N 008º38.449 W -42947.58 107726.40 

Some coarse sand; 
under grass 

AVE.PS.02.SF 09:47 

AM 

Sun 
40º38.261 N 008º38.430 W -42921.48 107769.43 

Under grass 

AVE.PS.02.SB 09:50 

AM 

Sun 
40º38.261 N 008º38.430 W -42921.48 107769.43 

Under grass 

AVE.PS.03.SF 10.08 AM Sun 40º38.242 

N 

008º38.480 

W 
-42992.19 107732.83 

Under grass 

AVE.PS.03.SB 10:13 AM Sun 
40º38.242 N 

008º38.480 

W 
-42992.19 107732.83 

Under grass 

AVE.PS.04.SF 10:20 AM Sun 40º38.266 N 008º38.483 W -42996.62 107779.12 Under grass 

AVE.PS.04.SB 10:26 AM Sun 40º38.266 N 008º38.483 W -42996.62 107779.12 Under grass 

AVE.PS.05.SF 10:35 

AM 

Sun, some 
wind 40º38.293 N 008º38.464 W -42996.34 107828.48 

Soil very wet; under 
grass 

AVE.PS.05.SB 10:43 AM Sun, some 
wind 

40º38.293 N 008º38.464 W -42996.34 107828.48 
Soil very wet; under 
grass 

AVE.PS.06.SF 10:53 AM Sun, some 
wind 40º38.299 N 008º38.452 W -42951.64 107837.48 

High compaction of 
soil; roadside; under 
grass 

AVE.PS.06.SB 11:02 AM Sun, some 
wind 40º38.299 N 008º38.452 W -42951.64 107837.48 

High compaction of 
soil; roadside; under 
grass 

AVE.PS.07.SF 11:43 AM Sun, some 
wind 40º38.240 N 008º38.516 W -43043.91 107730.04 

Abundant gravel; 
very dry; under 
grass 

AVE.PS.07.SB 11:49 AM Sun, some 
wind 40º38.240 N 008º38.516 W -43043.91 107730.04 

Abundant gravel; 
very dry; under 
grass 

AVE.PS.08.SF 12:01 PM Sun, some 
wind 40º38.212N 008º38.524 W -43053.62 107677.66 

Abundant clay; 
reddish brown; 
under grass 

AVE.PS.08.SB 12:13 PM Sun, some 
wind 40º38.212N 008º38.524 W -43053.62 107677.66 

Abundant clay; 
reddish brown; 
under grass 
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AVE.PS.09.SF 12:25 PM Sun, some 
wind 40º38.266 N 008º38.518 W -43045.97 107779.41 

High compaction of 
soil; reddish brown; 
dry; under grass 

AVE.PS.09.SB 12:36 PM Sun, some 
wind 40º38.266 N 008º38.518 W -43045.97 107779.41 

High compaction of 
soil; orange colour; 
dry; under grass 

AVE.PS.10.SF 12:59 

PM 

Sun, some 
wind 

40º38.293 N 008º38.511 W -43059.79 107828.85 

Dark brown, some 
moisture, easy to 
sample; roadside; 
under grass 

AVE.PS.10.SB 01:04 

PM 

 

Sun, some 
wind 

40º38.293 N 008º38.511 W -43059.79 107828.85 

Dark brown, some 
moisture, easy to 
sample; roadside; 
under grass 

AVE.PS.11.SF 01:17 PM Sun, some 
wind 

40º36.319 N 008º38.513 W -43061.89 107875.13 
Light brown; very 
dry; abundant roots;  

AVE.PS.11.SB 01:17 PM Sun, some 
wind 

40º36.319 N 008º38.513 W -43061.89 107875.13 
Light brown; very 
dry; abundant roots;  

AVE.PS.12.SF 01:24 PM Sun, some 
wind 40º38.345 N 008º38.503 W -43047.51 107924.41 

Very high 
compaction; very 
dry 

AVE.PS.12.SB 01:36 PM Sun, some 
wind 40º38.345 N 008º38.503 W -43047.51 107924.41 

Very high 
compaction; very 
dry; some gravel 

AVE.PS.13.SF 08:20 AM Cloudy, 19ºC 40º38.308 N 008º38.431 W 
-42923.33 107855.82 

Dark brwon; 
roadside 

AVE.PS.13.SB 08:31 AM Cloudy, 19ºC 40º38.308 N 008º38.431 W 
-42923.33 107855.82 

Dark brown; 
roadside; some 
gravel 

AVE.PS.14.SF 08:38 AM Cloudy 

40º38.288 N 008º38.413 W -42897.69 107818.65 

Light brown; very 
dry; high 
compaction: 
roadside 

AVE.PS.14.SB 08:53 AM Cloudy 

40º38.288 N 008º38.413 W -42897.69 107818.65 

Light brown; very 
dry; high 
compaction; 
roadside 

AVE.PS.15.SF 09:00 AM Cloudy 
40º38.272 N 008º38.387 W -42860.27 107787.59 

Roadside; in front of 
a gas station; dry, 
light brown soil 

AVE.PS.15.SB 09:14 AM Cloudy 
40º38.271 N 008º38.387 W -42860.27 107787.59 

Roadside; in front of 
a gas station; dry, 
light brown soil 

AVE.PS.16.SF 09:24 AM Cloudy; wind 
40º38.257N 008º38.354 W -42813.43 107759.55 

Roadside; very dry; 
high compaction; 
light brown 

AVE.PS.16.SB 09:37 AM Cloudy; wind 
40º38.257N 008º38.354 W -42813.43 107759.55 

Roadside; very dry; 
high compaction; 
light brown 

AVE.PS.17.SF 09:48 AM Cloudy, wind 
40º38.303 N 008º38.389 W -42859.93 107846.20 

Dry soil; light brown; 
high compaction 

AVE.PS.17.SB 10:03 AM Cloudy, wind 40º38.303 N 008º38.389 W -42859.93 107846.20 Dry soil; light brown; 
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high compaction 

AVE.PS.18.SF 10:11 AM Cloudy; wind 
40º38.324 N 008º38.415 W -42899.67 107883.45 

Dry soil; light brown; 
high compaction 

AVE.PS.18.SB 10:30 AM Cloudy; wind 
40º38.324 N 008º38.415 W -42899.67 107883.45 

Dry soil; light brown; 
high compaction 

AVE.PS.19.SF 10:36 AM Cloudy; wind 40º38.392 N 008º38.356 W -42817.76 107824.36  

AVE.PS.19.SB 10:46 AM Cloudy; wind 40º38.392 N 008º38.356 W -42817.76 107824.36  

AVE.PS.20.SF 11:01 AM Cloudy 
40º38.277 N 008º38.328W -42777.97 107796.37 

High compaction; 
clay 

AVE.PS.20.SB 11:13 AM Cloudy 
40º38.277 N 008º38.328W -42777.97 107796.37 

High compaction; 
clay 

AVE.PS.21.SF 11:54 AM Sun; 21ºC 
40º38.261 N 008º38.298 W -42735.83 107768.36 

High compaction; 
very dry 

AVE.PS.21.SB 12:09 PM Sun; 21ºC 
40º38.261 N 008º38.298 W -42735.83 107768.36 

High compaction; 
very dry 

AVE.PS.22.SF 12:14 PM Sun; wind 40º38.248 N 008º38.273 W -42700.75 107743.48  

AVE.PS.22.SB 12:14 PM Sun; wind 40º38.248 N 008º38.273 W -42700.75 107743.48  

AVE.PS.23.SF 12:40 PM Sun 
40º38.234 N 008º38.240 W -42653.91 107715.45 

High compaction; 
very dry 

AVE.PS.23.SB 12:50 PM Sun 
40º38.234 N 008º38.240 W -42653.91 107715.45 

High compaction; 
very dry 

AVE.PS.24.SF 01:05 PM Sun 
40º38.311 N 008º38.330 W -42779.95 107861.16 

Dark brown; some 
moisture; between 2 
houses 

AVE.PS.24.SB 01:10 PM Sun 
40º38.311 N 008º38.330 W -42779.95 107861.16 

Dark brown; some 
moisture; between 2 
houses; under grass 

AVE.PS.25.SF 01:21 PM Sun; some 
clouds 

40º38.336 N 008º38.438 W -42932.42 107908.32 
Roadside; under 
grass 

AVE.PS.25.SB 01:29 PM Sun; some 
clouds 

40º38.336 N 008º38.438 W -42932.42 107908.32 
Roadside; under 
grass 

AVE.PS.26.SF 01:37 PM Sun; some 
clouds 

40º38.315 N 008º38.454 W -42953.81 107868.34 
Roadside; under 
grass 

AVE.PS.26.SB 01:43 PM Sun; some 
clouds 

40º38.315 N 008º38.454 W -42953.81 107868.34 
Roadside; under 
grass 

 
 
Water content 

 

The water content was obtained by differences in between the weight of the samples on arrival to the 

laboratory and the weight after drying during 3 days at laboratory temperature. The highest value 

obtained was 17% (AVE.PS.01.SF) and the lowest, 1% (AVE.PS.12.SB). No clear differences for 

water contents between the two depths were observed. Soil samples with lower water contents were 

those located in areas of the park with a less active maintenance, and less irrigation. As samples 
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were collected in July, it was expected that areas less often watered would show lower water 

contents. 

 

pH Determination 

 
Table 21 shows the results for the pH measurements for various sampling points. The results for pH 

varied from 4.9 and 7.7 and the majority of the values of the samples are within the pH values range 

of 6,0-7,0 (slightly acid to neutral). Figure 26 shows boxplots of values obtained. The box displays 

the 25th percentile, the median value and the 75th percentile. In this case, 50% of the values obtained 

are within pH=6.5 and pH=7.5, regardless the depth. Apparently soils from the SB layer are slightly 

less acidic. 

Table 21: pH values for Pilot Study sampling points 

pH 

Sampling points SF samples  SB samples 

AVE.PS.O1 7.02 7.40 
AVE.PS.O2 6.56 6.58 
AVE.PS.O3 7.18 7.57 
AVE.PS.O4 6.61 7.00 
AVE.PS.O5 6.43 7.21 
AVE.PS.O6 7.01 7.05 
AVE.PS.O7 6.89 7.17 
AVE.PS.O8 6.66 5.88 
AVE.PS.O9 4.99 4.89 
AVE.PS.10 6.46 6.44 
AVE.PS.11 7.24 7.57 
AVE.PS.12 7.47 7.71 
AVE.PS.13 6.57 7.10 
AVE.PS.14 5.70 6.01 
AVE.PS.15 6.33 7.15 
AVE.PS.16 6.72 6.05 
AVE.PS.17 6.51 6.92 
AVE.PS.18 6.20 6.98 
AVE.PS.19 7.27 7.53 
AVE.PS.20 7.02 7.00 
AVE.PS.21 6.76 7.20 
AVE.PS.22 6.15 6.26 
AVE.PS.23 6.63 6.33 
AVE.PS.24 7.47 7.46 
AVE.PS.25 7.31 7.24 

AVE.PS.26 7.65 7.65 

Median 6.69 7.08 

Minimum 4.99 4.89 

Maximum 7.65 7.71 
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Figure 26: Boxplots of pH values obtained in Pilot Study (SF and SB soil samples) 

 

Elemental Analysis 

 

Table 22 shows values obtained and descriptive statistics for elemental analysis. Considering both 

SF and SB, samples have carbon values in range from 0.8 to 2.5%, even those soils from sites 1 to 

10 and 24 to 26, which are under abundant grass. Percentages of nitrogen in soil samples are within 

a range of 0.09 to 0.3%. Percentages of hydrogen in soil samples are within a range of 0.2 to 0.5%.  

Figure 27 shows boxplots of values obtained. Total elements percentages in surface samples appear 

to be slightly higher than those in sub-surface samples. 

 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

126 

Table 22: Descriptive statistics for %C, %N and %H in for Pilot Study sampling site 

Total Carbon Total Nitrogen Total Hydrogen 

  % % % 

Sampling 
points SF SB SF SB SF SB 

AVE.PS.O1 1.288 1.006 0.128 0.092   0.156 
AVE.PS.O2 1.037 0.800 0.116 0.105 0.211 0.204 
AVE.PS.O3 1.133 0.818 0.103 0.083 0.171   
AVE.PS.O4 1.213 1.055 0.115 0.099 0.262 0.220 
AVE.PS.O5 1.199 1.279 0.106 0.091 0.254 0.264 
AVE.PS.O6 1.345 1.081 0.128 0.115 0.317 0.287 
AVE.PS.O7 1.455 1.389 0.141 0.136 0.262 0.410 
AVE.PS.O8 0.989 0.861 0.120 0.105 0.290 0.327 
AVE.PS.O9 1.038 1.013 0.114 0.096 0.225 0.287 
AVE.PS.10 1.713 0.961 0.180 0.094 0.233 0.226 
AVE.PS.11 1.991 1.318 0.226 0.120 0.379 0.291 
AVE.PS.12 2.475 1.207 0.262 0.129 0.399 0.198 
AVE.PS.13 1.451 1.319 0.148 0.126 0.310 0.425 
AVE.PS.14 1.844 1.432 0.186 0.144 0.495 0.447 
AVE.PS.15 1.370 1.098 0.134 0.128 0.431 0.297 
AVE.PS.16 1.666 1.719 0.235 0.161 0.336 0.437 
AVE.PS.17 1.419 0.923 0.143 0.089 0.303 0.326 
AVE.PS.18 1.961 1.582 0.200 0.173 0.457 0.277 
AVE.PS.19 1.504 0.848 0.147 0.082 0.507 0.216 
AVE.PS.20 1.459 1.320 0.145 0.188 0.407 0.532 
AVE.PS.21 1.902 1.360 0.195 0.136 0.527 0.376 
AVE.PS.22 1.315 1.011 0.136 0.109 0.293 0.269 
AVE.PS.23 1.246 0.945 0.163 0.113 0.338 0.533 
AVE.PS.24 1.222 1.303 0.088 0.123 0.175 0.252 
AVE.PS.25 1.040 0.984 0.104 0.116 0.369 0.243 

AVE.PS.26 2.253 2.200 0.210 0.192 0.456 0.410 

mean 1.482 1.186 0.153 0.121 0.336 0.316 
median 1.395 1.090 0.142 0.116 0.317 0.287 
st. dev 0.390 0.318 0.046 0.031 0.103 0.103 
max 2.475 2.200 0.262 0.192 0.527 0.533 
min 0.989 0.800 0.088 0.082 0.171 0.156 
range 1.486 1.400 0.174 0.110 0.356 0.377 

RSD(%) 26 27 30 25 31 33 
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Figure 27: Values for percentage of carbon, nitrogen and hydrogen obtaine in Pilot Study  

(SF and SB soil samples) 

 

 
C/N ratios (Table 23) do not vary much (low RSD) indicating an advanced state of soil organic matter 

degradation (Wilcke, 1998). The median value of C/N ratio is very close to 10, the value of C/N ratio 

for humus. 

 

Table 23: Descriptive statistics for carbon/ nitrogen ratios for various sampling points 

  C/N ratio 

  Surface Samples (SF) Sub-surface Samples (SB) 

Minimum 7.1 7.0 
Maximum 13.9 14.0 
Median 9.9 10.1 
Mean 9.9 9.9 
Std Dev 1.262 1.376 
RSD (%) 13 14 

 

Nearly all carbon content obtained for samples from Pilot Study is expected to be in the form of 

organic carbon. Values of carbonate (CaCO3) contents of these samples were determined during a 
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parallel study, in the scope of the European Research Project “URBSOIL”, and very low results were 

obtained. Organic carbon percentages were determined by correcting total carbon values, 

considering the carbon content which is in the form of carbonate. Results are shown in Table 24.  

 

Table 24: Comparison of total carbon and organic carbon values for both SF and SB samples from 

Pilot Study 

  SF SB 

Ctotal Corg Ctotal Corg Sampling 
points % % % % 

AVE.PS.O1 1.3 1.1 1.0 1.0 
AVE.PS.O2 1.0 1.0 0.8 0.8 
AVE.PS.O3 1.1 1.1 0.8 0.8 
AVE.PS.O4 1.2 1.2 1.1 1.1 
AVE.PS.O5 1.2 1.2 1.3 1.3 
AVE.PS.O6 1.3 1.3 1.1 1.1 
AVE.PS.O7 1.5 1.5 1.4 1.4 
AVE.PS.O8 1.0 1.0 0.9 0.9 
AVE.PS.O9 1.0 1.0 1.0 1.0 
AVE.PS.10 1.7 1.7 1.0 1.0 
AVE.PS.11 2.0 2.0 1.3 1.3 
AVE.PS.12 2.5 2.5 1.2 1.1 
AVE.PS.13 1.5 1.5 1.3 1.3 
AVE.PS.14 1.8 1.8 1.4 1.4 
AVE.PS.15 1.4 1.4 1.1 1.1 
AVE.PS.16 1.7 1.7 1.7 1.7 
AVE.PS.17 1.4 1.4 0.9 0.9 
AVE.PS.18 2.0 2.0 1.6 1.6 
AVE.PS.19 1.5 1.4 0.8 0.8 
AVE.PS.20 1.5 1.5 1.3 1.3 
AVE.PS.21 1.9 1.9 1.4 1.4 
AVE.PS.22 1.3 1.3 1.0 1.0 
AVE.PS.23 1.2 1.2 0.9 0.9 
AVE.PS.24 1.2 1.1 1.3 1.3 
AVE.PS.25 1.0 0.9 1.0 1.0 

AVE.PS.26 2.3 2.2 2.2 2.0 

 

Metals 

 

The values for the various elements and respective descriptive statistics are shown in Table 25. 

Descriptive statistics of metal concentrations are also shown.  Figure 28 shows the graphical 

representation of median, minimum and maximum values obtained. No clear differences between 

metal concentrations for SF and SB samples appear to occur.  
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Table 25: Distribution of trace elements contents through sampling points (Pilot Study) 

  Cr Cu Zn Ni Fe Pb Mn 

mg/kg mg/kg mg/kg mg/kg % mg/kg mg/kg Sampling 
Points SF SB SF SB SF SB SF SB SF SB SF SB SF SB 

AVE.PS.1 5.87 6.50 8.39 8.97 32.8 31.3 4.51 9.84 0.488 0.528 7.40 10.4 40.2 41.8 
AVE.PS.2 12.5 13.7 18.7 12.4   51.8 66.1 19.0 1.13 1.24 19.7 16.5 147 191 
AVE.PS.3 6.65 8.94 11.4 19.3 27.5 47.5 8.47 5.96 0.569 0.715 10.7 24.1 49.7 61.7 
AVE.PS.4 10.8 9.25 30.7 16.0   54.4 24.5 8.64 0.882 0.744 32.2 29.1 113 91 
AVE.PS.5 12.9 11.0 20.6 15.4 54.5 54.0 10.2 7.81 1.06 0.903 37.5 41.2 119 110 
AVE.PS.6 12.0 11.5 61.4 34.0 81.9 43.7 13.4 9.40 0.933 0.922 20.1 21.4 132 131 
AVE.PS.7 14.0 13.6 13.8 13.3 59.3 56.4 9.35 9.16 1.21 1.15 22.8 22.2 137 126 
AVE.PS.8 14.7 15.7 9.66 9.34 57.4 56.7 10.3 10.4 1.25 1.33 23.0 20.0 122 133 
AVE.PS.9 15.3 14.8 8.91 12.8 55.2 80.6 10.5 10.5 1.39 1.31 18.5 19.8 155 143 
AVE.PS.10 9.77 8.65 15.4 11.8 36.8 36.6 9.55 10.8 0.757 0.609 21.9 18.2 116 81 
AVE.PS.11 9.95 9.88 16.6 14.9 44.7 41.3 10.5 8.79 0.830 0.793 25.3 27.9 95.7 77.3 
AVE.PS.12 8.49 7.44 15.9 13.8 49.9   7.96 12.8 0.710 0.633 23.2 35.4 90.4 71.1 
AVE.PS.13 12.3 12.3 34.3 25.8   56.3 28.3 11.1 0.955 0.979 26.8 30.4 148 136 
AVE.PS.14 11.0 10.4 21.2 21.7   46.4 16.7 9.53 0.968 0.884 27.0 24.3 147 130 
AVE.PS.15 11.0 14.3 19.2 20.7 38.3   8.53   0.839 0.754 18.2 17.5 119 102 
AVE.PS.16 10.2 9.88 23.4 8.92 32.0 31.1 7.67 7.10 0.760 0.779 16.9 12.3 106 76.6 
AVE.PS.17 9.59 10.2 7.59 7.25 34.5 48.9 8.97 8.26 0.843 0.910 23.5 17.2 107 114 
AVE.PS.18 11.3 9.97 19.9 14.0 54.9 43.5 8.17 7.88 0.911 0.864 25.3 17.4 128 113 
AVE.PS.19 10.1 6.71 11.1 7.0 26.9 58.6 7.66 6.05 0.928 0.589 15.9 17.0 101 65 
AVE.PS.20 10.0 10.1 10.6 10.8 52.7 32.7 7.78 8.27 0.843 0.834 16.4 14.7 92.5 88.7 
AVE.PS.21 8.88 9.47 11.2 11.3 47.1 32.9 9.51 8.05 0.753 0.780 13.6 12.5 84.5 90.2 
AVE.PS.22 10.0 9.58 10.3 9.94 31.6 86.4 7.76 10.2 0.899 0.846 12.8 12.5 95.8 89.7 
AVE.PS.23 10.4 7.64 21.3 7.48 56.0 27.7 11.4 6.46 0.867 0.716 16.5 9.70 113 57.5 
AVE.PS.24 5.93 5.85 10.1 13.0 50.8   6.12 7.76 0.483 0.499 15.6 27.7 53.4 51.3 
AVE.PS.25 10.2 10.1 13.7 14.2   80.7 19.5 14.7 0.850 0.894 14.5 15.1 121 118 

AVE.PS.26 8.22 8.67 17.8 15.3 51.8 134 6.66 12.1 0.784 0.726 20.6 21.5 91.1 75.6 

mean 10.5 10.2 17.8 14.2 46.5 53.6 13.1 9.62 0.880 0.843 20.2 20.6 109 98.7 
median 10.2 9.93 15.7 13.2 49.9 48.9 9.43 9.16 0.859 0.814 19.9 19.0 113 90.6 
st. dev 2.37 2.58 11.1 6.1 13.4 23.7 12.14 2.85 0.211 0.219 6.60 7.70 29.7 34.2 
max 15.3 15.7 61.4 34.0 81.9 134 66.1 19.0 1.39 1.33 37.5 41.2 155 191 
min 5.87 5.85 7.59 7.0 26.9 27.7 4.51 5.96 0.483 0.499 7.40 9.70 40.2 41.8 
range 9.43 9.85 53.8 27.0 55.0 106 61.6 13.0 0.902 0.827 30.1 31.5 115 149 

RSD(%) 23 25 62 43 29 44 93 30 24 26 33 38 27 35 
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Figure 28: Results of determination of metals concentrations in surface samples (SF) and sub-

surface samples (SB). Error bars represent minimum and maximum concentration. 
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The main objectives of this Pilot Study were to support the development of a main sampling 

campaign, to increase knowledge on urban soil variability and to help on the definition of most 

appropriate soil sampling and analytical procedures/ methodologies. In this context, some 

conclusions may be drawn: 

 

- Soil pH in Pilot Study samples varied from slight acidic to neutral;  

- Pilot Study samples reveal very low levels of organic matter; values of C/N ratio reveal an 

advanced state of mineralization of organic matter;  

- Soil surface samples are apparently slightly more acidic and show slightly higher organic 

matter contents; 

- No clear differences between surface and subsurface samples for metal concentrations 

appear to occur; 

- Metal concentrations obtained in Pilot Study samples are very low;  

- QC/QA procedures revealed satisfactory results both for elemental analysis and in the case of 

certified reference materials for aqua regia soluble metals (good recovery factors).  

- Correlations among elements and spatial distribution must be better explored during the main 

sampling campaign, in order to identify elements with common sources; 

- The study of spatial variability may be improved by the use of statistical techniques as well as 

GIS and Geostatistical tools, attending that the conditions for the application of these 

techniques (and eventual limitations) are considered, in a way that the environmental 

significance and accuracy of results is not lost.  
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MAIN SAMPLING CAMPAIGN (SAMPLING AND METHODOLOGIES)  

 

The main objectives of the Main Sampling Campaign were: 

• to provide a general characterisation of soil quality parameters in sampled areas 

• to analyse different scales of spatial variability of soil quality parameters in urban areas 

• to gain insight into the particular nature of urban soils  

 

During the main sampling campaign, values of pH, elemental analysis (C,N,H,S) and metals (Cd, Cu, 

Cr, Ni, Pb, Zn, Fe, Mn) were used as soil quality indicators both for surface and sub-subsurface 

samples. In addition, cation exchange capacity (CEC) was determined in the surface samples. The 

analysis of particle size distribution (PSD), in surface samples, was also determined (Departamento 

de Geociências, Universidade de Aveiro, Portugal, 2004). QC/ QA considerations were integrated on 

the defined methodology, in order to assure representativeness and reliability of the results obtained. 

 

Sampling Plan 

 

Note that in the definition of the Sampling Plan, the following terminology has been used: 

− Sampling site = an area of urban soil which has been selected for sampling e.g. a 

defined portion of a particular park, roadside or riverbank. 

− Sampling point = a specific location, within the sampling site, from which a soil sample is 

taken. 

 

a. Sampling Design and Regime 

 

Sampling sites (sampling design) were selected according to the following criteria:  

1. To include different land uses and several examples of each type of surface  

2. To select surfaces from urban areas (avoid other soil uses such as agricultural, forest or 

strictly industrial areas) 

3. To select sites in urban land with public access 

4. To select soils not strongly likely to be affected by well defined point sources of pollutants 
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A total of 77 sites were chosen. Sampling design and location of sampling sites is given in Annex V 

(Figure 1). Land use and location of each site is described in Table 1 (Annex V). Four land uses 

were initially chosen: Ornamental Gardens (OG), Parks (PO), Roadsides (RD) and Riverbanks (RB). 

Additionally a Playground (KT) and Railway Sides (RL) were also sampled. As most roadsides in the 

urban area are subject of active planting and may also be considered ornamental gardens, another 

type of land use was defined (Ornamental Garden/ Roadside (OG/RD)). At the end 77 sites were 

sampled: 20 OG; 7 PO; 31 OG/RD; 10 RD; 5 RL; 1 KT; 3 RB. Together with samples collected for 

Pilot Study, it gives a total of 103 sites sampled for two depths (206 samples).  

Sampling sites were limited to the western part of the urban area (Figure 2, Annex V), in order to 

keep focus on the strictly urbanised zones. As it can be seen in Figures 2 (Annex V), remaining 

Eastern and South-Eastern areas are dominated by agriculture soil use. Figures 2 to 8 (Annex V) 

show details and land uses of sampled areas.  

 

Three sampling regimes were previously defined: 

 

Sampling Regime 1 

Applicable to larger visually homogenous areas of soil, where the entire area can be defined as a 

single “site” and where it is desirable to obtain an indication of the average soil quality.  

This could include, for example, areas within parks and ornamental gardens (typically > 1-3 ha). 

� collect 5 composite samples (composite sample = 5 specimens in 1 m2, Figure 29); 

 each composite sample is collected in a sampling point in the edge of a square, with  a 

 distance of 10 m from the sample in centre (Figure 30) 

� combine these to obtain a single bulk composite sample 

 

 

 

              1 m 

 

    

            Figure 29: Scheme for composite sampling (small areas) 
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Figure 30: Scheme for composite sampling (larger areas) 

 

Sampling Regime 2 

Applicable to smaller, visually homogeneous, areas of soil. This could include, for example, a small 

ornamental garden. 

 

� collect 1 composite sample (composite sample = 5 specimens in 1 m2, Figure 29) 

� combine these to obtain a single bulk composite sample   

 

Alternative:  

In certain small areas (e.g flowerbeds) or in sites where obstacles may occur (sealed areas or 

presence of trees or large roots) it may not be possible to collect composite samples. In these cases, 

single samples may be collected, but care must be taken in order to avoid areas with point sources 

of contamination (e.g. metal fence posts). 

 

Sampling Regime 3 

Applicable to areas such as roadsides and riverbanks, to determine average soil quality along a 

length of a roadside or bank. 

 

i. define a transect along a roadside or riverbank e.g. ~ 50 m in length. 

ii. obtain a sample from one or more sampling points every e.g. ~ 10 m along the transect 

iii. combine these samples to form the bulk sample for the site.  

 

b. Soil Sampling Methodology 

10 m 

10 m 

~14 m 
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Soil samples were collected (between February and April 2003) from 77 sites, considering different 

land uses and two soil depths (0-10 cm and 10-20 cm). Soil sampling materials and procedures were 

the same used for Pilot Study. Sampling Regime 2 was applied in most of the sampling sites, due to 

the small size of most sampled areas, to the existence of sealed surfaces and/ or to the occurrence 

of physical obstacles from various types. Sampling Regime 1 was applied only in sampling sites 1 

and 16. Sampling Regime 3 was used in sampling site 20.  

 

c. Sample Pre-Treatment and Storage  

 

As for Pilot Study, the pre-treatment of samples was done in accordance to ISO 11464:1994.  

 

d. Analytical Procedures 

 

For pH Determination, Elemental Analysis (CNHS), Aqua Regia Digestion and determination of 

metal concentrations, the same Pilot Study procedures were followed. The same QC/QA procedures 

were applied. Together with the total of 154 samples digested for metals determination (77 surface + 

77 sub-surface), 31 blanks were used. Moreover, 35 samples were digested in duplicate and 7 

samples were digested in triplicate.  

Methodologies for CEC analysis and PSD determinations will be described next. 

 

Cation exchange capacity (CEC) 

 

Principle  

The CEC of soil samples is determined in barium chloride solution buffered at pH = 8,1 using 

triethanolamine. The soil is first saturated with respect to barium by treating the soil three times with 

buffered barium chloride solution. Subsequently, a known excess of magnesium sulfate solution was 

added. All the barium present, in solution as well as adsorbed is precipitated in the form of highly 

insoluble barium sulphate and the sites with exchangeable ions were readily occupied by 

magnesium. The excess magnesium was determined.  

 

Reagents 
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� Extraction solution: Dissolve 100g of barium chloride dihydrate (BaCl2.2H2O) in about 

800ml of distilled water, add 22.5mL of Triethanolamine (HOCH2CH2)3N and adjust the 

pH at 8.1+/-0.1 with HCl (1:1 v/v); Dilute to 1000mL. 

� Magnesium sulphate solution 0.1N: Dissolve 12.324g of magnesium sulphate 

heptahydrate (MgSO4.7H2O) in water and dilute to 1000mL 

� EDTA solution 0.05N: Dissolve 9.305g of EDTA (Na2H2C10H12O8N2.2H2O) and dilute to 

1000mL. 

� Buffer solution: Dissolve 54g of NH4Cl in about 500ml of distilled water, add 350mL of 

ammonia (d=0.91) and dilute to 1000mL.  

 

Apparatus and glassware 

� Analytical balance, readable and accurate to 0,0001g. (METTLER, AE 200, Readability= 

0.1 mg, Weighing range=0-205 g, Reproducibility (SD)=0.1 mg) 

� Rocking Mixer (J.P. Selecta, Vibromatic, 8 clamps, 100-950 oscillations p.m.) 

� Centrifuge (Sigma Laboratory Centrifuges, 4-10, Nº10850, 220V, 50Hz) 

� Centrifuge tubes, 50 ml (Nalgene, Oak ridge centrifuge Tube, PC, 3118-0050) 

� Graduate flask, nominal volume 1000 ml 

� Beaker, 50 ml 

� Burette, 25 ml 

� Erlenmeyer flask, 50 ml 

� Pipette (10, 25 ml) 

� Spatula 

� Filter paper (Whatman 54, Cat Nº1454, d=11cm, retention 20-25mm, maximum ash per 

circle 0.05 mg) 

 

Samples 

The soil samples used for the determination of CEC were pre-treated according to ISO 11464: 1994 

(dried in the air, and sieved to < 2 mm). 

 

 

 

Procedure 
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Two grams of air-dried soil (<2 mm) were weighted into a centrifuge tube. Exactly 25 ml of the 

extraction solution was added to the sample. The barium-ions exchange with cations present in the 

soil. The sample was shaken for 3 min, rested for 5 min and shaken again for 3 min. The sample 

was centrifuged (3000gX5min) and the supernatant was transferred to a volumetric flask, and diluted 

to 100 mL.  

The precipitate was washed with 25ml of distilled water. Following centrifugation, the precipitate was 

weighted to determine the water fraction present in the soil. The sample was treated with 25 ml of 

0,1M MgSO4, shaken for 5 min. A part of magnesium-ions exchange with barium-ions. The sample 

was centrifuged (3000gX5min) and the supernatant was filtred. Exactly 10mL were titrated with 

EDTA. For titration, 10mL of extract were transferred to an Erlenmeyer flask, approximately 10mL of 

the buffer solution NH3aq/NH4Cl (ajust pH=10) and 20mL of distilled water were. Eriochrome Black T 

indicator enough to produce wine-red color was added. Solution was titrated with EDTA solution to a 

clear blue color. 

 

Calculation: 

  ( )






 −+−= ABx
M

N
xx

m
CEC

sample

2510250
1

 

 

where: 

CEC = cmol+/ kg 

msample =soil weight (g) 

N=ml of EDTA used in the titration 

M=ml of EDTA used in the blank 

B-A= amount of water in the soil sample 

 

Quality Control 

Determinations were performed in two replicates of each sample. One method blank was used in 

each 8 samples batch.  

 

 

 

 

Particle Size Distribution (PSD) 
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Principle  

The determination of the PSD was performed through the analysis of main texture percentages: 

sand, silt and clay fractions. The determination of the sand fraction was obtained by dry sieving. Silt 

and clay fractions were quantified by using the Micromeritics® Sedigraph 5100. Each sample was 

classified according to the percentages to the USDA (United States Department of Agriculture) 

classes. 

Samples 

The soil samples used for the determination of PSD were pre-treated according to ISO 11464, dried 

in the air, and sieved to < 2 mm. 

 

Procedure 

The < 2mm fraction of samples was sieved (dry sieving) using a 0.075 mm ASTM standard sieve. A 

Micromeritics® Sedigraph 5100 was used to obtain the silt and clay fractions. Around 3g of each 

sample (from < 0.075 mm fraction) were accurately weighed and 0.16mM sodium 

hexametaphosphate solution was added. The solution was fully dispersed using an ultrasonicator in 

order to disperse sample aggregates. The sedigraph was cleaned using distilled water and calibrated 

using the Spectromelt A 12 (66% di-Lithium tetraborate/34% Litium mataborate) (1.5 µm) reference 

material.  

Classification of samples was achieved by using the Talwin 42 classification software program. 
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MAIN SAMPLING CAMPAIGN RESULTS 

 

Sampling Records 

 

Table 26 shows an overview of data from site sampling records, filled on the field. In 6 of the 

sampling sites it was not possible to collect sub-surface samples. In sites 25 and 26 soil was 

waterlogged; in sites 38, 73 and 77 roots were too abundant; soil from site 67 was highly compacted 

and showed abundant tar residues.  

 
Table 26: Data from site sampling records (Main Sampling Campaign) 

Grid reference Easting Northing Observations 

AVE.OG.01 -44190,75 107817,43 wet soil 

AVE.PO.02 -44305,93 107999,24 SF orange colour/ SB dark 

AVE.KT.03 -44340,08 107999,24 dark brown soil 

AVE.OG/RD.04 -44102,05 107644,07 abundant roots/ orange colour 

AVE.RD.05 -44091,97 107627,94 very dry/ yellow and orange soil 

AVE.RD.06 -44198,24 107533,19 ROUNDABOUT/ dark brown soil 

AVE.OG/RD.07 -44339,67 107720,03 10m from road/ SF dark browm and SB orange zones 

AVE.OG/RD.08 -44335,75 107722,55 15m from road/ dark brown soil 

AVE.PO.09 -44018,33 107547,75 abundant roots/ SF dark brown and SB orange zones 

AVE.PO.10 -44121,51 107566,27 abundant roots/ sandy soil 

AVE.PO.11 -44028,91 107624,47 dark brown soil 

AVE.OG/RD.12 -43962,76 107619,18 5m from road/ dark brown soil 

AVE.OG.13 -43928,37 107418,10 dark brown soil 

AVE.OG.14 -44359,64 108264,77 dark wet soil 

AVE.OG.15 -44352,49 108247,60 brown soil 

AVE.OG.16 -44312,14 108199,48 abundant roots/ dark brown soil 

AVE.OG/RD.17 -44289,37 108121,46 4m from road; close to Gas Station; dark brwon 

AVE.OG/RD.18 -44289,77 108101,15 abundant roots, dry grass, close to Gas Station 

AVE.OG.19 -44373,69 108088,65 dark brown soil 

AVE.OG/RD.20 -44448,96 108277,14 5m from busy road; dark brown 

AVE.PO.21 -43858,18 108027,10 dark brown soil; close to playground 

AVE.OG/RD.22 -43997,43 108160,29 dark brown and orange soil 

AVE.PO.23 -43877,85 107980,17 compacted and abundant roots 

AVE.RD.24 -44130,46 108118,39 dark brown compacted soil 

AVE.RL.25 -42921,86 106284,88 sandy soil; waterlogged 

AVE.RL.26 -42905,98 106272,98 sandy soil; waterlogged 

AVE.RL.27 -42890,11 106257,10 sandy soil 

AVE.RL.28 -42854,39 106201,54 sandy soil 

AVE.OG/RD.29 -44248,17 107311,16 5m from road; close to Hospital; brown and wet soil 

AVE.OG/RD.30 -44253,72 107307,92 15m from road; close to Hospital; orange zones 

AVE.OG/RD.31 -43970,02 106794,12 orange and black spots 

AVE.OG/RD.32 -44007,06 106770,31 orange and black spots 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

140 

AVE.OG/RD.33 -43918,43 106479,26 close to busy road and gas station 

AVE.OG.34 -43908,83 106969,41 residential area 

AVE.OG.35 -43924,71 107084,50 abundant roots; soil very wet; close to school 

AVE.PO.36 -43702,46 106854,31 close to residential area 

AVE.OG.37 -43585,38 106755,09 soil very dark; abundant roots (old area of city) 

AVE.RD.38 -43567,52 106737,23 dark brown, abundant roots 

AVE.OG/RD.39 -43545,69 106808,67 sandy soil 

AVE.OG/RD.40 -43557,63 106575,59 5m from road; dark brown soil 

AVE.OG/RD.41 -43566,64 106580,09 10m from road; dark brown soil 

AVE.OG/RD.42 -43574,14 106584,60 15m from road; dark brown soil; roots 

AVE.OG.43 -43668,00 106579,34 light brown soil 

AVE.RL.44 -42963,28 106316,55 dark brown soil 

AVE.OG/RD.45 -43188,04 106954,52 sandy soil 

AVE.OG/RD.46 -43146,69 106887,90 orange soil; highly compacted 

AVE.OG/RD.47 -43193,84 107013,09 dark brwon soil; abundant roots 

AVE.OG.48 -43330,76 107130,17 dark brown; close to RAILWAY and CEMETERY 

AVE.OG.49 -43305,19 107400,19 dark brown; close to RAILWAY and CEMETERY 

AVE.OG.50 -43376,41 107317,49 dark brown; RESIDENTIAL area 

AVE.OG.51 -43433,84 107294,51 stones; residential area 

AVE.OG.52 -43521,13 107409,38 abundant roots; residential area 

AVE.OG.53 -43397,08 107687,34 
dry compacted soil; stones and roots; residential old 
area of city 

AVE.OG/RD.54 -43461,41 107563,29 2m from road; abundant roots; SB sandy soil 

AVE.OG/RD.55 -43544,11 107662,07 3m from road; very dry; highly compacted; roots 

AVE.OG.56 -43541,81 107985,98 
RESIDENTIAL area; dark brown soil; SB abundant 
roots 

AVE.OG/RD.57 -43599,24 108100,84 
close to Gas Station; 2 m from road; SF dark brown and 
SB sandy soil 

AVE.RB.58 -43631,40 108172,06 wet soil; dark brown abundant roots 

AVE.OG.59 -43663,56 108208,81 dark brown soil 

AVE.OG.60 -43569,38 108185,84 abundant roots 

AVE.RD.61 -43063,99 108652,18 ROUNDABOUT; very dark soil 

AVE.OG/RD.62 -43015,74 108686,64 4m from road; brown soil 

AVE.OG.63 -43387,89 109047,30 highly compacted soil brown soil 

AVE.OG/RD.64 -42462,11 108783,12 wet soil 

AVE.OG/RD.65 -42540,22 108755,55 dark soil; big roots 

AVE.RD.66 -41427,35 109219,90 2m from road; very dark soil 

AVE.RD.67 -41797,77 108658,98 
1m;close to Gas Station; very dark and compacted; tar 
residues 

AVE.RD.68 -42231,69 108082,19 brown soil 

AVE.RD.69 -42413,38 107783,95 brown soil 

AVE.RD.70 -42521,14 107636,99 brown soil with grey zones 

AVE.OG/RD.71 -43751,62 106213,39 brown soil 

AVE.OG/RD.72 -43791,53 106269,92 black spots 

AVE.OG/RD.73 -43756,43 106314,31 3m from road; abundant roots 

AVE.OG/RD.74 -43764,52 106300,83 10 m from road 

AVE.OG/RD.75 -43666,11 106337,23 10 m from road 

AVE.RB.76 -44526,01 108022,29 sandy soil 

AVE.RB.77 -44581,58 107645,25 sandy soil; roots 
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Particle Size Distribution 

 
Aveiro surface urban soils (SF) were found to be highly sandy (median values of 87% sand, 10% silt 

and 3% clay). Data for texture of SF samples is shown in Table 27 and Figure 31. According to 

USDA texture class, sand and loamy sand soils predominate. Seven samples showed a sandy loam 

texture.  

 
Table 27: Data for texture of surface (SF) soil samples (Main Sampling Campaign) 

Grid 
reference 

Sand fraction 
(0.050<%<2mm)  

Silt fraction  
(0.002<%<0.050mm) 

Clay fraction 
(%<0.002mm) 

USDA Texture 
Class 

AVE.OG.01 77.8 17.7 4.1 loamy sand 

AVE.PO.02 81.4 14.3 4.4 loamy sand 

AVE.KT.03 88.4 8.7 2.8 sand 

AVE.OG/RD.04 90.2 8 1.8 sand 

AVE.RD.05 98.3 1.4 0.4 sand 

AVE.RD.06 89.7 7.5 2.8 sand 

AVE.OG/RD.07 90.1 7.7 2.2 sand 

AVE.OG/RD.08 90.3 7.7 2 sand 

AVE.PO.09 93.5 4.7 1.8 sand 

AVE.PO.10 98.9 0.8 0.3 sand 

AVE.PO.11 81.9 15.4 2.7 loamy sand 

AVE.OG/RD.12 90.6 7.6 1.8 sand 

AVE.OG.13 81.9 14.3 3.8 loamy sand 

AVE.OG.14 81.6 14.8 3.6 loamy sand 

AVE.OG.15 87.8 9.6 2.6 sand 

AVE.OG.16 87.5 10.3 2.2 sand 

AVE.OG/RD.17 92.1 6.3 1.7 sand 

AVE.OG/RD.18 91.7 6.7 1.6 sand 

AVE.OG.19 93.4 5.2 1.4 sand 

AVE.OG/RD.20 95.9 3.3 0.8 sand 

AVE.PO.21 96.6 2.7 0.7 sand 

AVE.OG/RD.22 94.1 4.6 1.3 sand 

AVE.PO.23 92.8 5.8 1.4 sand 

AVE.RD.24 92.1 6.1 1.8 sand 

AVE.RL.25 95.8 3.3 0.9 sand 

AVE.RL.26 95.1 3.8 1.1 sand 

AVE.RL.27 82.6 13.1 4.3 loamy sand 

AVE.RL.28 88.3 8.9 2.8 sand 

AVE.OG/RD.29 72.4 22.5 5.1 sandy loam 

AVE.OG/RD.30 73.3 22.1 4.6 sandy loam 

AVE.OG/RD.31 89.2 8.8 2 sand 

AVE.OG/RD.32 77.9 17.5 4.6 loamy sand 

AVE.OG/RD.33 78.8 16.8 4.4 loamy sand 

AVE.OG.34 86.5 10.5 3 sand 

AVE.OG.35 87.4 9.9 2.7 sand 

AVE.PO.36 83 13.3 3.7 loamy sand 
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AVE.OG.37 74.8 19.9 5.3 loamy sand 

AVE.RD.38 91.7 6.8 1.5 sand 

AVE.OG/RD.39 88.9 8.8 2.3 sand 

AVE.OG/RD.40 87.6 9.7 2.8 sand 

AVE.OG/RD.41 84.2 12.3 3.6 loamy sand 

AVE.OG/RD.42 83.9 12.2 3.9 loamy sand 

AVE.OG.43 89 8.4 2.6 sand 

AVE.RL.44 82.6 13.4 4 loamy sand 

AVE.OG/RD.45 76 18.8 5.1 loamy sand 

AVE.OG/RD.46 73.8 21.5 4.7 sandy loam 

AVE.OG/RD.47 82.5 14.2 3.3 loamy sand 

AVE.OG.48 75.8 19.4 4.8 loamy sand 

AVE.OG.49 86.1 10.7 3.2 loamy sand 

AVE.OG.50 76.7 19.2 4.1 loamy sand 

AVE.OG.51 87.2 10.1 2.6 sand 

AVE.OG.52 74.7 20.5 4.8 sandy loam 

AVE.OG.53 89.1 8.5 2.4 sand 

AVE.OG/RD.54 79 16.5 4.5 loamy sand 

AVE.OG/RD.55 87.8 9.8 2.4 sand 

AVE.OG.56 76.8 17.9 5.3 loamy sand 

AVE.OG/RD.57 86.8 10.1 3.1 sand 

AVE.RB.58 94.4 4.5 1.1 sand 

AVE.OG.59 84.9 12 3.1 loamy sand 

AVE.OG.60 90.9 7.2 1.9 sand 

AVE.RD.61 86.6 10.7 2.6 sand 

AVE.OG/RD.62 79.1 16.5 4.5 sand 

AVE.OG.63 80.6 14.8 4.6 loamy sand 

AVE.OG/RD.64 78.5 16.8 4.6 loamy sand 

AVE.OG/RD.65 91.5 7 1.5 sand 

AVE.RD.66 78.3 17.9 3.7 loamy sand 

AVE.RD.67 92.8 6 1.2 sand 

AVE.RD.68 79.4 16.7 3.9 loamy sand 

AVE.RD.69 87.1 9.6 3.3 sand 

AVE.RD.70 73.4 20.3 6.3 sandy loam 

AVE.OG/RD.71 61.4 29.3 9.3 sandy loam 

AVE.OG/RD.72 71.7 20.6 7.7 sandy loam 

AVE.OG/RD.73 89.5 8.7 1.8 sand 

AVE.OG/RD.74 85.9 12 2.1 loamy sand 

AVE.OG/RD.75 86 11.1 2.9 loamy sand 

AVE.RB.76 97.1 2.4 0.5 sand 

AVE.RB.77 93.8 4.4 1.8 sand 

Mean 85.5 11.4 3.0   

Var 56.1 34.9 2.7   

Median 87.1 10.1 2.8   

max 98.9 29.3 9.3   

min 61.4 0.8 0.3   

RSD (%) 9 52 57   
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Figure 31: Texture chart for the surface Aveiro samples plotted according to the USDA classification 

system using the Talwin42® program. 

 

Descriptive statistics for pH, % of total C, N, and H, CEC, Fe and Al are shown in Annex VI (Table 1). 

Descriptive statistics for other metal contents (Cr, Cu, Mn, Ni, Pb and Zn) are shown in Annex VI 

(Table 2).  

 

Median was considered the most suitable measure to describe the central tendency of the data, as 

median is less sensitive to outlier values than mean values. The coefficient of skewness is a 

measure of the asymmetry of a distribution of data and is even more affected by erratic high values 

than the mean. With the exception of total H% (surface layer), Fe and Al concentrations (surface and 

sub-surface layers), all distributions are positively skewed. In fact high values of skewness were 

obtained for certain metals revealing the presence of a long tail of high values to the right on these 
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distributions. In positively skewed distributions, mean values are higher than calculated median 

values for these metals. 

 

pH Determination 

 

The pH of all samples varies from slightly alkaline to acidic (4.6 – 8.1) regardless of the depth. A 

median pH of 6.2 and 6.3 was obtained for surface and subsurface samples, respectively. 

Distribution of pH in the 77 sampling sites is shown in Annex VI (Figure 1).  Figure 32 shows 

boxplots of values obtained. The box displays the 25th percentile, the median value and the 75th 

percentile. In this case, 50% of the values obtained are within pH=5.6 and pH=7.0, regardless the 

depth. Apparently no differences between surface and sub-surface samples occur. Figures 33 and 

34 show the frequencies distribution of values obtained. Only 11 sites showed alkaline pH values 

(pH > 7), regardless the depth. Figure 35 shows the distribution of pH in subsurface samples against 

surface samples. There is a small group of samples showing a less acidic pH than the values that 

would be expected attending to the pH of surface samples.  
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Figure 32: Boxplots of obtained pH values for surface and sub-surface samples 
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Figure 33: Distribution of frequencies of pH values in surface samples (main sampling campaign) 
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Figure 34: Distribution of frequencies of pH values in sub-surface samples (main sampling 

campaign) 
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Figure 35: Distribution of pH in sub-surface samples versus surface samples 

 

Elemental Analysis 

 

A median percentage of total C of 1.5% and 1.2%, was obtained for surface and subsurface 

respectively. Median percentages of total N are of 0.16% and 0.11% (surface and sub-surface 

respectively). As for total H, median values of 0.38% and 0.32% were obtained (surface and sub-

surface respectively). In surface samples, 50% of the total carbon values are within 1.1 and 1.9% 

while in sub-surface samples this range is of 0.85-1.6%. These soils may therefore be considered 

poor in organic matter. Figure 36 shows boxplots of values obtained. High outlier values are shown 

both for total C and total N percentages. Total carbon percentages in surface samples appear to be 

slightly higher than those in sub-surface samples. Figures 37 and 38 show the distribution of 

frequencies of carbon values obtained for surface and sub-surface samples. For surface samples 

only 24 samples show values of total C ≤ 1,00 % while for sub-surface samples, 38 samples have 

total C ≤ 1,00 %. Total carbon distribution in the surface layer is more positively skewed, showing a 

longer tail of values to the right.  Figure 39 shows the distribution of total C in subsurface samples 

against surface samples. Apparently total C % in sub-surface layer tends to be lower than it would be 

expected, given the surface layer values.  
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Figure 36: Boxplots of % of total C, H and N for surface and sub-surface samples 
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Figure 37: Distribution of frequencies of total C % values in surface samples  

(main sampling campaign) 
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Figure 38: Distribution of frequencies of total C % values in sub-surface samples  

(main sampling campaign) 
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Figure 39: Distribution of total C % in sub-surface samples versus surface samples 
 

Values for C/N ratio vary greatly (min-max: 0.50-70; 6.1-154 for surface and sub-surface, 

respectively) although median values of C/N are of 11.5 (surface) and 11.6 (sub-surface) and 50% of 

the values fall within the ranges of 8.7-14.3 (surface) and 10.2-16.4 (sub-surface).  
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Cation exchange capacity (CEC) 

 

Values of CEC vary from 1.1 to 20.0 cmol+/kg, although 50% of the results fall within the range of 

8.4 and 13.0 cmol+/kg. Median CEC is 9.8 cmol+/kg. Figures 40 and 41 show boxplots and 

frequencies of values obtained, respectively. A considerably symmetric distribution of values was 

obtained although slightly positively skewed.  
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Figure 40: Boxplot of CEC for surface samples 
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Figure 41: Frequencies distribution of CEC in surface samples 
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Metals 

 

A median of 0.85% and 0.82% was obtained for Fe in surface and subsurface samples, respectively 

(Table 1, Annex VI). The common range of Fe in soils is from 0.5 to 5%, according to Kabata-

Pendias (2001). Obtained values for this study are within this range and may be considered low. 

Figures 2, 3 and 4 (Annex VI) show boxplots and frequencies of values obtained. Values of Fe % in 

sub-surface samples are apparently more variable than those from surface samples (Figure 2, 

Annex VI). Fe distributions are slightly negatively skewed (Table 1 and Figures 3, and 4, Annex VI).  

Figure 42 shows the distribution of Fe percentage in subsurface samples against surface samples. A 

small group of samples from the sub-surface layer show lower Fe percentage than it would be 

expected, given the surface layer values.  
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Figure 42: Distribution of Fe % in sub-surface samples versus surface samples 

 

Figures 5, 6 and 7 (Annex VI) show boxplots and frequencies of values of Al obtained. Values of Al 

contents in sub-surface samples are apparently slightly more variable than those from surface 

samples (Figure 5, Annex VI). Al contents’ distributions are negatively skewed, particularly in sub-

surface samples (Table 1 and Figures 6, and 7, Annex VI). Figure 43 shows the distribution of Al 

contents in subsurface samples against surface samples. Values on the tails cause changes in the 

correspondence between the groups. In the left tail higher sub-surface values than surface contents 
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and in the right tail, higher surface concentrations than sub-surface, prevent these two groups to 

have a higher correlation.  

 

0,0

5,0

10,0

15,0

20,0

0,0 5,0 10,0 15,0 20,0 25,0

Al (g/kg) SF

A
l (
g
/k
g
) 
S
B

 

Figure 43: Distribution of Al (g/kg) in sub-surface samples versus surface samples 

 

Median values of 9.4, 14, 37, 6.1, 22, and 88 mg kg-1 were obtained for Cr, Cu, Zn, Ni, Pb, and Mn in 

surface samples. For sub-surface samples concentrations of 9.4, 14, 35, 6.4, 22, and 89 mg kg-1 

were measured for Cr, Cu, Zn, Ni, Pb, and Mn. The majority of Cd values were below the detection 

limit (0.01 mg L-1, in the extract) and therefore Cd results were not used. Wide ranges of metal 

concentrations were obtained, particularly for Pb and Zn. High differences in terms of relative 

standard deviation (RSD %, Annex VI (Table 2) occur between elements. In the cases of Ni, Cr and 

Mn, RSD values are all in a range between 28 and 51%. These values are comparable to those 

obtained for total C, CEC and the metals Fe and Al. As for other elements, RSD can be as high as 

542% (Zn).  

 

Boxplots of concentrations obtained are shown in Figure 8 (Annex VI) and in more detail in Figures 9 

and 10 (Annex VI). Cr and Ni show much less variable concentrations. The occurrence of more 

erratic high values in the cases of Zn and Pb in comparison to other elements is evident from Figures 

9 and 10 (Annex VI). In the case of Zn, the presence on an outlier value of >6000 mg/kg is not 
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shown, due to scale constraints. No relevant differences between surface and sub-surface samples 

are apparent from the analysis of these boxplots (Annex VI, Figure 2).  

 

Distribution of frequencies for the different metals is displayed in Figures 11 to 22 (Annex VI). Ni, Mn 

and to a less extent Cr show the most symmetric distributions although all slightly positively skewed. 

Cu and most particularly Pb and Zn have very skewed distributions. Cr, Cu, Pb and most particularly 

Zn have also more peaked distributions than normal distributions.  

 

Figures 23 to 28 (Annex VI) show scatterplots of the distribution of metal contents in subsurface 

samples, against surface samples. In the cases of Pb and Zn, values tend to concentrate in a small 

cloud in the left. The relationship of Zn contents in surface and sub-surface samples seems to be 

weak, as values of sub-surface appear to show a tendency to be smaller than expected if 

considering surface values. The strength of the relationship between the two layers is also affected 

by the presence of high erratic outlier values that do not always occur simultaneously in surface and 

sub-surface soils.   

 

All median metal concentrations obtained in this study were below soil quality guidelines (particularly 

Canadian Soil Quality Guidelines for residential/ parkland uses, 2002). A few particular samples 

contained levels of Pb (sampling points 3, 58 and 22) and Zn (sampling points 43, 53 and 62) that 

exceeded these limits. 

 

Values obtained for metals in soil in other studies are shown in Table 28. Metal concentrations 

observed in soils from both the Pilot Study and Main Sampling campaign in Aveiro may be 

considered rather low. All median and mean values of Zn, Fe and Mn, obtained in studies referred to 

in Table 28 are higher than median values obtained in the present study. Records for average levels 

of Pb in urban soils in the world are also higher than those obtained in Aveiro, with the exception of 

soils from a park in Hong Kong.  Average Ni values reported in literature are also generally higher 

than those obtained except in the cases of soils from Berlin and New Orleans. Cr and Cu levels 

observed in this study are lower than those reported for the other cities, with the exceptions of Cr 

concentrations in soils from Naples and Cu levels in New Orleans urban soils.  All median metal 

contents obtained in Aveiro soils are considerably higher than Florida baseline metal concentrations, 
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with the exception of Ni and Cr for which similar values were obtained. To remember that 

concentrations of these two elements in soils are often considered in literature to have natural origin.  

Low levels of pollution obtained in this study may derive from the fact that Aveiro is a considerably 

new and small city, with low traffic intensities. Soils in Aveiro are also generally quite sandy and have 

low organic matter contents, which decreases metal accumulation in soils.   
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Table 28: Metal concentrations obtained in other soil quality assessment studies 

 Zn Pb Cd Ni Fe Mn Cr Cu Reference 

 (mg/kg)  

Bangkok 
(urban soil) 
Mean and Range 

118 
(3-
814) 

47.8 
(12.1-
269.3) 

0.29 
(0.05-
2.53) 

24.8 
(4.1-
52.1) 

16100 
(3900-
26700) 

340 
(50-
810) 

26.4 
(4.3-
57.4) 

41.7 
(5.1-
283.0) 

(Wilcke W, 
1998) 

Hong Kong 
(Urban park) 
Mean and Range 

168 
(38.7-
435) 

93.4 
(5.27-
404) 

2.18 
(0.02-
5.89) 

    
24.8 
(5.12-
190) 

(Li et al.., 
2001) 

Hong Kong 
(Country park) 
Mean and Range 

76.6 
(23.8-
164) 

8.66 
(3.58-
28.2) 

0.15 
(0.02-
0.37) 

    
5.17 
(2.57-
13.8) 

(Li et al.., 
2001) 

New Orleans 
(urban soil) 
Median 

130 120 3.2 9.8  138 2.1 12.7 
(Mielke, 
2000) 

Oslo 
(urban soil) 
Median and 
Range 

130 
(1.03- 
50.9) 

33.9 
(<5- 
1000) 

0.34 
(0.06- 
3.10) 

24.1 
(2.23- 
232) 

21100 
(2200- 
50200) 

438 
(71.4 – 
2230) 

28.5 
(2.85- 
224) 

23.5 
(4.76- 
437) 

Tijhuis et al., 
2002 

Naples 
(urban soil) 
Median and 
Range 

180 
(30-
3550) 

184 
(4-
3420) 

    
8.4 
(1.7-
73) 

54 
(6.2- 
286) 

(Imperato et 
al., 2003) 

Palermo 
(urban soil) 
Median and 
Range 

138 
(52- 
433) 

202 
(57- 
682) 

0.68 
(0.27- 
1.86) 

17.8 
(7.0- 

 
519 
(142- 
1241) 

34 
(12-
100) 

63 
(10-
344) 

(Manta et al., 
2002) 

Berlin  
(urban soil) 
Median 

129 76.6 0.35 7.7   25.1 31.2 
(Birke and 
Rauch, 2000) 

London 
(urban soil) 
Mean 

183 294 1.0     73 
(Thornton, 
1991) 

Madrid 
(urban soil) 
Median and 
Range 

205 
(81.5-
514) 

150 
(31.0-
463) 

 
14.4 
(6.20-
23.7) 

22100 
(17100- 
32150) 

420 
(323-
1150) 

62.3 
(10.4-
211) 

70.8 
(17.9-
194) 

(De Miguel et 
al., 1998) 

Aberdeen 
(Parkland soils) 
Mean 

58.4 94.4  14.9 18469 286 23.9 27.0 
(Paterson, 
1996) 

Aberdeen 
(Roadside soils) 
Mean 

113.2 172.9  15.9 18116 264 22.9 44.6 
(Paterson, 
1996) 

Seville 
(Urban park) 
Mean and Range 

145 
(46-
388) 

137 
(22-
557) 

 
21.9 
(11-
34) 

20100 
(13350- 
26400) 

471 
(323-
709) 

39.4 
(18-
64) 

68.2 
(17-
290) 

(Madrid et al., 
2002) 

Florida 
(Baseline 
concentrations, 
surface soils**) 
Median and 
Range 

4.60 
(0.90-
169) 

4.89 
(0.18-
290) 

0.004 
(0.004-
280) 

8.55 
(0.04-
375) 

 
18.8 
(1.40-
1642) 

8.40 
(0.02-
447) 

1.90 
(0.1-
318) 

(Chen et al., 
1999) 

**These values were obtained by a study that meant to determine the “natural” concentrations of 
trace elements in Florida soils 
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QC/QA RESULTS 

 

For pH, the repeatability of the results for samples in the two separately prepared suspensions 

satisfied the demands of method ISO 10390:1994.  

During elemental analysis, reference materials were analysed together with soil samples. Certified 

values for total carbon in used reference materials and values (and recovery) obtained in the 

analysis are shown in Tables 29 and 30, respectively. For reference material E11036, recovery 

percentage is always above 96% and below 100%; as for E11037 recovery varies between 71 and 

99%. This recovery values were considered acceptable.  

 
Table 29: Certified values (by the manufacturer) 

RM C% 

E11036 0.732 

E11037 4.401 

 
 

Table 30: Obtained %C values and % of recovery for the two reference materials 

E11036 E11037 

ID %C % Recovery ID %C % Recovery 

Sample 1 0.705 96.3 Sample 1 4.324 98.3 
Sample 2 0.733 100.1 Sample 2 3.139 71.3 
Sample 3 0.708 96.7 Sample 3 4.254 96.7 
Sample 4 0.715 97.7 Sample 4 3.906 88.8 
Sample 5 0.709 96.9 Sample 5 4.354 98.9 

 
 

Accuracy of metal analysis was tested through the use of certified reference materials (BCR 141R 

and BCR 142R, from IRMM). Certified values are shown in Table 31. BCR 142R was considered the 

most appropriate reference material for this study as it consists in a light sandy soil and has lower 

metal contents.  

Recovery percentages are shown in Table 32. For BCR 141R, with the exception of one value of 

130% (Zn), recovery percentages are always between 73 and 89%. This recovery values were 

considered acceptable. Recovery percentages of BCR 142R samples were also considered 

acceptable for all elements, except for Cd. Due to the fact that in this CRM, Cd concentration is very 

low, values in the aqua regia extracts are very close of the detection limit of ICP-OES (0.01 mg/L). 

This element was not taken into consideration in the analysis of results (neither during the Pilot 
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Study, nor during the Main Sampling Campaign) as the large majority of values in the Aveiro 

samples aqua regia extracts were below the detection limit of ICP-OES.  

 

Table 31: Certified values (by the manufacturer) 

  Zn Pb Cd Ni Fe Mn Cr Cu Al 

  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

141R 270±8 51.3±2.0 14±0.4 94±5 n.a. 653±16 138±5 46.9±1.8 n.a. 

142R 93.3±2.7 25.7±1.6 0.25±0.01 61.1±1.5 n.a. 802* 86.2 * 69.8* n.a. 

 (*) indicative values; n.a. – non available 
 

Table 32: Recovery % for analysed CRM samples 

    Zn Pb Cd Ni Mn Cr Cu 

    mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Sample 1 83.9 83.2 82.4 77.7 82.5 75.7 78.9 
Sample 2 85.9 73.4 79.0 75.1 77.7 77.7 85.6 
Sample 3 129.9 89.0 89.4 85.7 86.6 86.9 86.7 
Sample 4 79.3 80.0 78.8 76.5 77.3 77.5 78.0 

141R- 

Sample 5 80.1 83.0 78.3 80.1 79.4 76.2 81.8 

  min 79.3 73.4 78.3 75.1 77.3 75.7 78.0 

  max 129.9 89.0 89.4 85.7 86.6 86.9 86.7 

Sample 1 118.5 110.0 141.8 102.8 103.5 105.2 95.9 
Sample 2 98.2 85.0 132.7 92.0 91.0 90.4 94.4 
Sample 3 85.3 77.2 180.9 91.1 107.3 88.2 88.1 
Sample 4 85.8 83.0 188.1 91.5 107.7 89.2 91.4 
Sample 5 137.9 99.3 132.7 96.6 92.3 91.6 91.9 
Sample 6 115.6 85.2 190.2 92.3 109.0 89.0 92.7 
Sample 7 82.1 86.7 197.3 95.1 114.4 91.7 95.8 
Sample 8 93.0 95.5 124.7 96.0 95.4 95.3 93.6 
Sample 9 97.5 102.2 140.7 101.0 101.9 100.2 97.6 
Sample 10 93.2 100.3 119.3 98.0 99.4 96.0 95.6 

142R- 

Sample 11 88.0 96.0 127.9 96.4 93.4 88.4 87.1 

  min 82.1 77.2 119.3 91.1 91.0 88.2 87.1 

  max 137.9 110.0 197.3 102.8 114.4 105.2 97.6 
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Statistical analysis of urban soil quality indicators 

 

Prior to further statistical assessment, all parameters obtained in the Main Sampling Campaign were 

tested for normal distribution (Table 33). For general parameters only total N and total H in sub-

surface samples showed normal distribution. Normality tests for metal distributions showed that only 

Fe had a normal distribution (both surface and sub-surface). In order to include all values in the 

statistical analysis, non-parametric statistical methods were used.  

 

Table 33: Results of normality tests for soil quality indicators parameters (using SPSS® 10.0) 

Tests of Normality

,171 77 ,000

,260 77 ,000

,122 77 ,006

,126 77 ,004

,111 77 ,020

,276 77 ,000

,140 77 ,001

,126 77 ,004

,183 77 ,000

,222 77 ,000

,443 77 ,000

,081 77 ,200*

,165 71 ,000

,062 68 ,200*

,070 69 ,200*

,100 70 ,082

,136 70 ,003

,152 70 ,000

,119 70 ,015

,168 70 ,000

,297 70 ,000

,322 70 ,000

,073 70 ,200*

CSF

NSF

HSF

CEC

ALSF

CRSF

CUSF

MNSF

NISF

PBSF

ZNSF

FESF

CSB

NSB

HSB

ALSB

CRSB

CUSB

MNSB

NISB

PBSB

ZNSB

FESB

Statistic df Sig.

Kolmogorov-Smirnova

This is a lower bound of the true significance.*. 

Lilliefors Significance Correctiona. 
 

Wilcoxon Signed Ranks Test (related samples) was applied (using SPSS® 10.0) to test the 

differences of soil quality indicators in both surface and sub-surface layers. The Wilcoxon test was 

chosen to test differences between the two soil depths as it does not require assumptions about the 
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shape of the underlying distributions. This test considers both differences between pairs and 

magnitude of those differences and it tests the hypothesis that two related samples come from 

populations having the same distribution. Results obtained for soil quality indicators in samples from 

main sampling campaign are reported in Annex VI (Tables 3 and 4).    

 

In the cases of pH, and % total C, N and H, the null hypothesis that medians of the two groups are 

the same is rejected (p<0.05). It was confirmed that percentages of these three elements are higher 

in the surface layer than in sub-surface soil. For pH, significantly more positive than negative ranks 

were obtained and therefore, pH values of sub-surface layers are generally higher than those in 

surface layers (less acidic). Both pH and elemental (total C, N, H) concentrations differences may be 

related to soil cover and active planting. Being grass covered and in most cases subject to 

amendments, these soils tend to be more acidic and show higher organic matter contents in the thin 

surface layers.   For remaining soil quality indicators, differences between surface and sub-surface 

layers could not be considered statistically significant (p<0.05). For all cases, the null hypothesis that 

the two related medians (surface and sub-surface layers) are the same cannot be rejected.  

 

Results obtained were analysed according to different types of land use. To remember, the following 

sites were sampled: 20 OG; 7 PO; 31 OG/RD; 10 RD; 5 RL; 1 KT; 3 RB. Annex VI (Table 5) shows 

descriptive statistics (or values obtained in case of small number of sites, as for KT and RB) for soil 

quality indicators according to land use. From Table 5 (Annex VI) it can be seen that from all sites, 

highest values of Pb were obtained in the only kindergarten (KT) sampled. Riverbank samples show 

the highest values of total carbon, zinc, copper, chromium and nickel. Given the differences in the 

number of sites sampled (N) for each land use, only a limited statistical comparative analysis can be 

performed.  

 

Differences between values obtained for soil quality indicators in OGs (N=20) and in OG/RDs (N=31) 

were tested by applying the non-parametric Mann-Whitney test (independent samples, using SPSS® 

10.0). Results obtained are shown in Annex VI (Table 6). At a significance level of p<0.05 the null 

hypothesis that soil quality indicators have the same distribution in both OGs and OG/RDs cannot be 

rejected, except in the cases of pH (sub-surface samples) and CEC. pH values are less acidic in 

OG/RDs and CEC results tend to be higher in OGs when compared to OG/RSs. The same test was 

runned for soil quality indicators in OGs (N=20) and POs (N=7). Results (shown in Annex VI, 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

159 

Table 7) reveal that the null hypothesis of same distribution is rejected in the cases of Pb (sub-

surface), total C (sub-surface), total N (surface and sub-surface) and total H (sub-surface). Organic 

matter content (and particularly C, N, H) is apparently higher in parks than in ornamental gardens 

(particularly in the sub-surface layer), so it is the lead content. Computed statistics for pH (sub-

surface layer) as well as soil texture (sand, silt, clay) reveal that low asymptotic significance values 

are obtained, also close to the null hypothesis rejection area. Parks are areas of more dense 

vegetation (trees and plants of several types) than ornamental gardens (generally only grass 

covered) and therefore high organic matter levels may occur, and associated to them higher soil Pb 

retention.   

 

Scatter plots were used to assess relationships between different general parameters and metal 

concentrations. Scatter plots for total C, CEC and metal contents in surface samples are shown in 

Annex VI (Figure 29). Figure 30 (Annex VI) show relationships between total C, CEC and metal 

contents in sub-surface samples. Strongest associations apparently occur between Fe, Ni and Mn.  

Two testing procedures were used to assess significance of these correlations: Pearson’s correlation 

coefficient (r) and the non-parametric Spearman’s rank correlation (ρ). Unlike the traditional 

correlation coefficient (r), the Spearman's ρ statistic measure the rank-order association between 

two scale or ordinal variables, regardless of the distributions of the variables; moreover, outliers have 

less effect on Spearman's ρ.  

 

Results for the Pearson’s correlation testing procedure for surface samples are shown in Annex VI 

(Table 8). Correlations between sand, silt and clay percentages are very close to r=1. Pearson 

correlation coefficients between total C, total H, CEC, Pb, Cu and Cr are between 0.3 and 0.6 

showing a significant association between them. For metals, the highest values of r (between 0.7 

and 0.9, p<0.01) were obtained for the associations between Fe, Mn and Ni. Fe contents are also 

significantly correlated with Al concentrations, showing an r>0.8.  Al concentrations are also 

associated to Mn and Ni although with lower r values (0.4< r< 0.5). Fe, Al and to a less extent Mn 

and Ni concentrations are also significantly associated to sand, silt and clay fractions (particularly 

clay contents).  

 

Values obtained for ρ statistics are show in Annex VI (Table 9). Differences between these results 

and those obtained for Pearson’s correlation coefficient are probably due to the effect of outlier 
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values. Total C is significantly correlated to total N, total H, CEC, Cu, Zn and Pb with a ρ >0.4. 

Values for the ranked coefficient of correlation for the pairs Fe-Cr, Fe-Mn, Fe-Ni, Cr-Ni, Cr-Mn and 

Mn-Ni were higher then those obtained for the Pearson’s coefficient, and all between 0.6 and 0.9, 

showing an high association (positive correlation) between these pairs of variables. The ρ values 

above 0.6 (correlation significant at the 0.01 level, 2-tailed) were also obtained for the pairs Pb-Cu, 

Pb-Zn and Zn-Cu.  

 

Tables 10 and 11 (Annex VI) show values obtained for Pearson and Spearman’s correlations for 

Total C, Total N, Total H and metals, in sub-surface samples. Same type of surface samples 

associations were obtained, except for the case of Zn. For this element significant highest values of 

Pearson correlation were obtained between Zn and the metals Cu, Ni, Fe, Mn and Cr. No significant 

Pearson correlation between Zn and Pb was obtained. In what concerns Spearman’s correlation 

highest association values for Zn refer to Cu, Mn and Pb, by this order (0.6< ρ< 0.8).  

These types of associations between variables become more noticeable if classifying the variables 

through hierarchical cluster analysis.   

 

Annex VI (Figures 31 and 32) shows dendrograms obtained for Hierarchical Cluster Analysis 

(Method: Between Groups Linkage; Measure: Pearson correlation) for Total C, Total N, Total H, CEC 

and metals in surface samples and Total C, Total N, Total H, CEC and metals in sub-surface 

samples. For surface samples, in general terms two groups maybe distinguished: the 

Al+Fe+Ni+Mn+Cr group (in decreasing proximity order) and the Total C+CEC+Total H+Cu+Pb, with 

Total+CEC+Total H and Pb+Cu forming two sub-groups. Zn and Total N appear as outliers to these 

two groups.  For sub-surface samples the group of Total C, Total N and Total H appears proximate 

to Cu and Pb contents. In addition, Cr appears very close to Fe, Al, Ni and Mn. Again, Zn appears as 

an isolated element.  

 

Following the development of an urban soil quality assessment, and the sampling and analysis of 

urban soil quality indicators it is of utmost importance to understance the structure of the data 

obtained and examine the main features of the information generated, in order to properly address 

aspects of urban management and decision support. One of the greatest challenges of an urban 

soils investigation is the analysis of spatial variations of soil quality indicators. The spatial variability 

associated to the results obtained in Aveiro will next be analysed in detail. 
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5. HOW IS VARIABILITY 

REFLECTED IN THE 
ASSESSMENT OF URBAN SOILS 
QUALITY IN AVEIRO? 
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Mapping urban soils variability 

 

During a soil quality assessment, analysis of results obtained for indicators may provide relevant 

information on the average levels of contamination (pollutants’ contents and ranges) and on the 

potential associations between them, but does not tell us anything about their spatial distribution and 

variability across the urban area nor provides information on location of contaminated sites. This type 

of analysis can only be performed by mapping the soil variables. 

 

Soil quality indicators mapping can be performed on a GIS basis (Geographical Information 

Systems). The use of GIS in the analysis of spatial variability of urban soil quality as the advantages 

of: 

� allowing data visualisation and visual data interpretation – using maps and data displays 

� allowing data integration – overlay and combine different types of data as long as properly 

georeferenced (for example, soil quality data map can be combined with a map with the 

location of main roads and/ or industries); 

� allowing data edition – for example intersect or buffer data maps and/or generate new data 

displays. 

Figure 44 gives an overview of an example of data integration by using GIS. 

 

Figure 44: Integration of different types of data layers by using GIS. 
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Results obtained for metals in Aveiro soils were overlaid with the urban area map. Figures 1 to 7 

(Annex VII) show results obtained in Pilot Study. Graduate symbols were used to express metal 

levels quartiles. The presence of the gas station and a former ceramics industry on the vicity of this 

site apparently has no relevant influence on the spatial distribution of metal concentrations within the 

Pilot Study area. Analysing metal distribution in Pilot Study maps, it appears to exist a higher 

concentration of certain elements around sampling point 6 (in particular Zn and Cu and to a lesser 

extent Pb, Ni, Mn, and Cr) and a higher concentration of Fe, Mn and Cr around sampling points 7, 8 

and 9. The last may be related to natural causes (soil from these sampling points, in particular 8 and 

9 presented an orange/ reddish brown colour usually associated to a high percentage of clay in soils 

(iron and manganese oxides adsorbed to clay particles surfaces)). Higher concentrations of metals 

around point 6 may be due to traffic influence; this is an area with a roundabout, where vehicles in 

general have to slow down their march and due to the road slope make a higher use of the car 

clutch. Particularly Pb shows highest concentrations in the sampling points that surround the 

roundabout (5, 11, 13, 14, and 18).  

 

Figures 8 to 14 (Annex VII) show metal concentrations assessed during the main sampling campaign 

separated according to quartile intervals and pilot study results using the same intervals. The criteria 

used for the selection of sampling sites allow comparison among the average content of different 

indicators between the different public access areas within the city of Aveiro. The main advantage of 

this sampling design is to identify those public access areas where contamination may potentially be 

significant and consider those sites for further investigations (e.g. develop more intensive sampling 

plans for each site identified). The configuration of the sampling design is not aimed at showing 

trends of elements across the city, although may give some limited information in that sense.  

 

By analysing metal distribution in city maps some similarities among metals may be considered. For 

example, in comparable terms, higher levels of Fe, Cr and Ni apparently occur in the area of sites 

45, 46, 47 and 48; in the area of sites 52, 53 and 54 and in sites 63 and 77. Accordingly, some of the 

highest Mn values were found in sites 52, 53, 54, 55, 63 and 71. Land uses of sites 45, 46, 47, 48, 

52, 52, 54, 55, 63, 71 and 77 are highly variable. From the analysis of maps, it is not possible to 

associate the location of these sites to the influence of particular land uses.  
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An integrated analysis of Cu, Zn and Pb concentrations’ distribution allowed the identification of sites 

where these elements’ contents are apparently higher. The location of these sites is shown in 

Figure 45. It is not possible to associate sites with highest Cu, Zn and Pb concentrations to specific 

land uses. Despite of this, analysing Figure 45, some considerations can be made. A high density of 

sites identified as those with highest Cu, Zn and Pb concentrations is found in the centre of the city 

which is also the oldest and the most densely urbanised area of Aveiro (sites 1, 2, 3, 16, 17, 18, 20 

and 24). Although buildings in Aveiro are not in general particularly high, urbanisation density in this 

area is related to a higher soil disturbance and may influence metals atmospheric dispersion, which 

associated to the age of the sites will produce enrichment in metals concentrations. Carbon contents 

in these sites are also likely to contribute to highest accumulation of metals, particularly Pb. Sites 11 

and 12 are located in areas with high trees and have roads with medium traffic intensity nearby, and 

therefore Cu, Zn and Pb contents may derive from past and present deposition of metals emitted by 

road motorized traffic. The high carbon content of soils from these two sites is also likely to 

contribute to metal accumulation, particularly Pb. Site 23, is a park also located in an aged area, 

close to the city centre. Site 58 is located in a riverbank (canal), close to the city centre and revealed 

particular characteristics such as high carbon content, when compared to other sites. Metal contents 

enrichment may derive from accumulation (sedimentation) of metals transported by the canal water. 

Enrichment of Pb, Cu and Zn concentrations in sites 53, 54, 55 and 56 may be related both to past 

emissions from the former ceramic industry located nearby and the levels of carbon in soils from 

these sites. Site 25 is located very close to the railway, although metal contents may result from 

other highly localised source (e.g. dumping) as the other sites nearby show considerably lower metal 

levels. Highest concentrations of Cu, Zn and Pb in sites 37, 38, 47, 67 and 68 are likely to be traffic 

related (past and present) although the influence of these roads is not so clear in other sites nearby. 

Other factors (such as carbon content) are likely to contribute to metal enrichment in these sites. No 

influence from the location of a metallurgic industry is detected in the soil metals levels of sites 

nearby. It cannot be said that differences in land use alone fully explain differences in metals spatial 

distribution. In spite of this, a combined analysis of Cu, Zn and Pb concentrations with both land use 

and carbon contents in a site by site basis revealed that these two factors together significantly 

contribute to explain differences in metal accumulation. In other words, when focusing on a site, or 

number of sites, where sources of metals emissions (such as traffic) and conditions for the 

accumulation of metals (such as effects of buildings and trees) are considered similar, differences in 
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soil carbon contents may significantly contribute to explain differences in soil Cu, Zn and most 

particularly Pb contents.  

 

 

Figure 45: Sites selected by comparable analysis of the location of highest concentrations of Cu, Zn 

and Pb. 

 

From all the above, it is considered that the following factors are very important in contributing to the 

variability of metals distribution in urban soils, particularly Cu, Zn and Pb: 

� age of the site 

� site landscape (presence and density buildings; type of vegetation) 

� proximity of roads (and traffic intensity) 

� proximity of metal emitting industries and industrial emissions control systems (present or 

former) 

� soil carbon content.  
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When comparing the distribution of metal contents obtained both across the city and within the Pilot 

Study site (Figures 8 to 14, Annex VII) no significant differences in terms of scale of variability of 

metals distribution appear to occur. In general, similar scales of variability appear to occur for the two 

geographical scales (1:2500, in Pilot Study and 1:12500, in Main Sampling campaign). Only in the 

cases of Ni (most Pilot Study values correspond to the 4th interval of the values obtained in the main 

sampling: 9-12 mg/kg) and Pb (all Pilot Study values are in the first three intervals of the main 

sampling results distribution: 8-50 mg/kg), slight dissimilarities occur. Although Aveiro is a small city, 

and the area sampled (urban core) can be considered relatively small, this issue of the analysis of 

scales of variability for different geographical scales maybe of great importance for defining 

strategies of urban land management and cannot be disregarded.   

 

Median values, 25th/ 75th percentiles and relative standard variation (RSD) of metals, total carbon 

and pH obtained both during Pilot Study (PS) and Main Sampling campaign (MS) are shown in 

Figure 46. Values obtained for percentiles 25th and 75th for each parameters in both PS and MS are 

generally fairly comparable, again with certain dissimilarities in the cases of Ni (higher in PS) and Pb 

(higher in MS). Median values of parameters obtained both for PS and Mn are also comparable 

(slightly lower in the cases of Zn and Mn). Zn, Pb and to a less extent Cr, total C, and Mn show 

higher values of RSD in samples from MS, while in the case of Ni the opposite occurs. This is 

expected to be due to the occurrence of certain outlier values contribution to significantly increase 

RSD values. Analysing these results, one can say that in average terms, comparable scales of 

variability are found when passing from the site scale to the city scale, in the samll urban area of 

Aveiro.  Therefore in this case, this particular site (garden) may be considered an indicator of both 

average levels of pollution and parameters variability in the entire city.  In other words, in the city of 

Aveiro variability of soil quality indicators is high and not only at a city scale level but also a site level. 

Even in a very small area (few ha) considerable variability is found and the influence of the variability 

factors (combined action of urban ecosystem and urban soils heterogeneity and to a less extent 

sampling and measurement variability) that cause changes in the distribution of soil quality indicators 

is observed.  
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Figure 46: Median values of soil quality indicators obtained in Pilot Study (PS) and Main Sampling 

(MS). Error bars indicate 25th and 75th Percentiles. Percentages indicate RSD of the distribution of 

values obtained. 

 

The quantification of the scale of variability in this study was perfomed using a very simple approach 

(visual inspection of maps with spatial distribution of metal levels obtained and analysis of median 

and percentiles values and RSD coefficients). The development of robust and comparable 

methodology that can easily be used to express and compare scales of variability of urban soil 

quality indicators and to assess their significance is most needed and should be matter of further 

investigation.  
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Overview of the potential for use of geostatistical tools in urban soils quality variability 

assessment 

 

In real terms, when performing soil quality monitoring in a city, what is truly assessed is the soil 

quality at the sampling points. Assessing soil quality in unsampled areas has to involve estimation. 

Spatial interpolation techniques are frequently used to characterize patterns in soil properties and 

assess soil quality in unsampled locations. Geostatistics have been widely used to produce the 

“best” estimation of the unknown value of concentrations of elements in soils at some location, 

particularly in large scale soil surveys. The application of geostatistics has its basis on the Theory of 

Regionalised Variables. This theory assumes that “the spatial variation of any variable can be 

expressed as the sum of three components, namely a deterministic function describing the structural 

component having a constant mean or trend, a stochastic, a random spatially correlated residual 

from the deterministic function, and spatially uncorrelated random Gaussian noise” (Zorzi et al.., 

2005).  

 

Estimation techniques based on this theory can be used wherever a sample value is expected to be 

affected by its position and its relationship with its neighbours. Spatial interpolation is considered 

most appropriate when data exhibit smooth and consistent patterns of spatial dependence 

(Schloeder et al., 2001). Data must also be normally distributed (Zorzi et al.., 2005). The use of 

geostatistics and spatial interpolation generally involves the following steps (Zorzi et al.., 2005): 

� Analysis of data distribution and normality testing (data transformation could be required in 

case data is not normally distributed, log-transformation is commonly used); 

� Analysis of data structure and construction of experimental variograms; 

� Fitting of a omnidirectional variogram model (allows to interpolate data and predict values at 

unsampled locations); 

� Interpolate and display data (construction of contour maps or interpolated surface maps).  

 

When performing geostatistical analysis long-distance trends in data must be detected and removed 

as the analysis in only interested in the variance of the difference in value in between samples. 

Differences between the values of samples must be determined only by the relative orientation of 

those samples. Therefore, the construction of an experimental variogram has an intrinsic hypothesis 

that mean and variance of the differences in between samples depend only on their relative position. 
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Experimental variograms (or semi-variograms) provide means of quantifying observed relationships 

between the values of the samples and the samples proximity and describe the spatial correlation 

structure of data (Lin, 2002). An experimental variogram, g, is a graph (and/or a formula) describing 

the expected difference in value between pairs of samples with a given relative orientation.  

A variogram is a plot of the semivariance of paired data as a function of the lag (user-defined 

distance class) between samples and is usually defined as (Lin, 2002): 

 

, where h represents the lag distance in between pairs of points, Var is the variance of the argument, 

Z(x) is the value of the regionalised variable of interest at the location x and Z(x+h) is the value at the 

location (x+h).  

An experimental variogram is computed as the average semivariance for several lags and is given 

by (Lin, 2002): 

 

,where g(h) is the variogram for interval lag distance class h and n(h) denotes the number of pairs 

separated by the lag distance h.  

 

When spatial variation is not the same in all directions, this is called anisotropy. Anisotropy must be 

removed before fitting a suitable model for the variogram (Zorzi et al.., 2005).  

 

Once defined an experimental variogram, a fitted omnidirectional variogram model is selected in 

order to allow data interpolation. Gaussian, Spherical or Exponential models are commonly used. 

The sill, nugget and range are those parameters used to describe spatially correlated and 

uncorrelated components of the variance. The sill describes the total variance including the spatially 

uncorrelated component (nugget). The nugget includes the variance due to sampling, sampling 

preparation, sub-sampling, analytical procedures, and other unexplained sources of spatially 

uncorrelated variance. The range is a very useful coefficient which defined the distance beyond 

which the variogram becomes constant (variables become spatially uncorrelated). A description of a 

variogram model and its components, according to Zorzi et al. (2005) is given in Figure 47.  

 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

170 

 

Figure 47: Description of a variogram and its components (Zorzi et al.., 2005) 

 

Variogram models are the basis for local estimation and spatial interpolation. A whole range of 

methods have been produced to decide on the “weight” assign to each sample, mostly based on the 

distance from the point being estimated. Sample values may be weighted by inverse-distance, 

inverse-distance squared or by some arbitrary constant minus the distance. “Inverse Distance 

Weighting” and “Kriging” (Point Kriging, Block Kriging, etc) are methods commonly used for spatial 

interpolation (Gotway et al., 1996; Goovaerts, 1999; Heuvelink and Webster, 2001; Cattle et al., 

2002; Lin et al., 2002; Kravchenko, 2003). “Kriging” techniques have been widely applied in soil 

science to analyse the spatial patterns and variability of concentrations of pollutants. “Kriging” 

estimates are weighted sums of the adjacent sample concentrations and weights depend on the 

correlation structure. The weights are chosen to minimize the variance in estimates of the variable of 

interest. 
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The accuracy of results obtained by using geostatistical tools can be considerably reduced when the 

assumptions underlying the use of these tools are violated. Neglecting, for example, random sources 

of variability, or dealing with sparse or poorly correlated data in space, can considerably contribute to 

obtain less accurate results. Spatial variability is soil parameters in urban areas is a challenge to 

geostatistical mapping. Urban soils may exhibit similar large-scale features but as it was seen in the 

case of Aveiro urban soils (and particularly in the Pilot Study case), show marked differences and 

high variability even in the smallest scales. Prior to the application of geostatistical mapping to soil 

quality in urban areas the following aspects should be taken into account.  

 

First, as it was described, the Theory of Regionalised Variables is based on the fact that data reveal 

a certain spatial structure that can be expressed by a deterministic function with a constant mean, a 

random spatially correlated residual and spatially uncorrelated random Gaussian noise. 

Geostatistical mapping is based on the underlying assumption of spatially correlated data but has no 

means of testing this assertion. Moreover, literature indicates that data with week spatial structures 

are less accurately mapped (Kravchenko, 2003). Given the extremely diverse nature and the scale of 

variability of soil quality indicators in urban areas it may be the case that investigators are unable to 

define and understand the spatial structures of data as well as their uncertainty. It was shown that 

natural environmental conditions, soil development, matrix disturbance, soil properties, distribution 

and impact of pollution sources are highly spatial heterogeneous processes in urban areas and 

subject to very localised and rapid transformation cycles imposed by human activities. Variability of 

urban soil quality parameters due to anthropogenic influence is highly random. It may even be the 

case that soils sampled in neighbour sampling points belong to different populations, as it is common 

to find patches of soil from exogenous sources in urban areas. Therefore, the hypothesis of dealing 

with spatially independent data in a city is quite real, and the underlying assumptions of geostatistical 

mapping may not be satisfied. Moreover, the Theory of Regionalised Variables reduces the spatially 

uncorrelated component to “random Gaussian noise” when in urban soils, it might be the case that 

the uncorrelated component of variance has high significance.  

 

Second, one cannot always guarantee independent sampling. Geostatistical mapping must be based 

in independent sampling as there must no consideration taken from the position of the samples – all 

are equally important. However, when sampling in urban areas, one is restricted to the “available” 

soil surface. Given the presence of buildings, large areas of sealed surfaces, and obstacles of 
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various types the actual sampling area in a city is very limited. Once applying a defined sampling 

strategy on the field, bias is introduced as only accessible areas (most commonly, public areas such 

as parks and gardens) can be sampled. Moreover, the presence of buildings, sealed surfaces and 

barriers prevent us to define a single, homogeneous area as a basis for variogram modelling and 

interpolation. Interpolation cannot be performed considering an uninterrupted area of urban soil, 

when in reality one cannot ensure the collection of continuous data, with only a composite map of 

several patches of soil (and no knowledge on soil underneath sealed areas). As far as geostatistical 

spatial interpolation is concerned, these areas should be disregarded.     

 

Third, also due to the presence of sealed areas and obstacles, data on urban soil quality is often 

limited, highly randomly distributed and with very erratic and irregular sample spacing. The sampling 

design as well as sample size and spacing are extremely important factors for interpolating soil 

properties due to the pairwise comparison criteria followed. Sampling irregular patterns will highly 

compromise the accuracy of interpolated maps.   

 

Fourth, soil quality data from urban areas cannot only reveal a highly variable and erratic behaviour 

but often includes several outliers and extreme values. It was verified that in the case of certain 

metals from Aveiro soils (particularly Pb and Zn), values’ distributions were highly skewed, showing 

long tails of values to the right. These extreme values can occur at exceptionally localised levels but 

still are very important as they allow the identification of hot-spots, and cannot be disregarded. An 

effective manner of dealing with these outliers must be defined when performing geostatistical 

mapping in an urban area. In addition, it is unlikely that the distribution of certain parameters in urban 

areas, particularly those elements identified as “urban elements” will be normal. In certain cases 

even log-transformation may be sufficient, in other cases don’t. But even when in the presence of 

log-normal distributions, certain “side-effects” should be considered as there is a “proportional effect” 

associated to log-normal transformation.  

 

Fifth, the detection and removal of large scale trends in data and/ or anisotropy may not always be 

possible in the case of urban soil quality indicators due to limited availability of data. Variability in 

urban areas may occur in multiple scales. In the case of Aveiro, particularly in the Pilot Study it was 

verified that short-range soil property variability cannot be overlooked as there is high variability of 

indicators at a point scale, even comparable with that assessed at a city scale. Aveiro is a very small 
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and considerably “new” city. In larger cities, soil properties variability may derive from different scales 

and from different periods in time. Not only may the point scale variations account for sample 

variance but also factors of site, location or even regional and large scale variability may be 

significant. Addressing the issue of variance across multiple scales is an important aspect that must 

be taken into account when considering the application of geostatistical interpolation.  

 
From all described above, it can be concluded that despite of its generalised use in soil surveys, 

geostatistical interpolation application to urban soil quality indicators can be very complex. If one 

aims at estimating soil indicators in urban areas through geostatistical analysis, the above described 

limitations must be taken into account. Goovaerts (1999) proposes that secondary information 

exhaustively sampled (e.g. soil maps) may be used to improve the estimation of primary attributes of 

interest, when measurements of these attributes are sparce or poorly correlated in space. According 

to this author, secondary information (such as land use, soil or geologic maps) can be used for 

example to stratify the study area. Interpolation would then be applied for each stratum. Goovaerts 

(1999) proposes three variants of geostatistical tools to be used when there are significant limitations 

to the application of ordinary interpolation techniques: kriging within strata, simple kriging with 

varying local means, and kriging with an external drift. Other studies (Figueira et al., 2001; Batista 

et al., 2001) also reported that results of estimation can be improved by using secondary information 

as external drift (kriging with external drift and factorial kriging with external drift). These analyses are 

not specific to urban soil studies but these options should be tested in the future to assess their 

applicability to urban soil quality assessments.  

 

The use of hierarchical sampling (clustered) may also help to deal with the above mentioned 

limitations. In this case, geostatistical mapping would be applied, not to the entire urban area but 

specifically to certain areas where soil quality parameters are expected to be spatially correlated (at 

a site level, for example to a considerably homogeneous area with a readily accessible uniform soil 

surface, where information on sources and nature of parameters variability is available and 

uncertainty may be assessed). This may be the case for example of a certain well known visually 

homogeneous polluted site, with an identified localised pollution source (e.g. industry or traffic) that 

dominates the most part of the variability associated to pollutants distribution and allows one to 

overlook other sources and factors of variability 
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An example of geostatistical analysis in an urban area (site level) will be given next. The 

concentration of Pb in the 26 sampling points of the Pilot Study site was tested for normality and 

found to follow a normal distribution (non-transformed). The histogram of Pb frequency distribution in 

Pilot Study is shown in Figure 48. Afterwards an experimental variogram was computed (by using 

the program GS+, version 7) and the Gaussian model was found to be the models showing best 

fitting properties (r2=0.883). The isotropic experimental variogram and Gaussian model parameters 

for Pb in Pilot Study site is shown in Figure 49. The variogram exhibits a range of approximately 

911m, a sill of 0.52 and a nugget of 0.067. The nugget to sill ration (N/S) is of 0.13 and therefore we 

should expect a strong spatial structure (only 13% of data variability is expected to derive from 

unexplainable, short distance random variation). Point Kriging was used to define an interpolated 

surface of Pb distribution at Pilot Study site, on the basis of this model. The resulting map is shown 

in Figure 50. Obtained values in each sampling point were also mapped for visual comparison 

(Figure 51).  To remember that this site has a small area, was considered a more or less grass 

covered homogeneous site, samples were collected at a regular distance of 50 m and when 

analysing results it was considered that traffic would be the most relevant source of pollution. The 

sampling design did not follow a perfect, regular 50X50 m grid, due to the presence of obstacles.  

Geostatistical analysis was not applied to Main Sampling campaign data as sampling locations are 

very irregularly distributed across the city. This is shown in Figure 52. 

 

When looking at the left side half of the map of Figure 51, higher Pb values appear to occur as very 

localised events, instead of such a clear graduate reduction of Pb concentrations from left to right as 

given by the interpolated map of Figure 50. As geostatistical analysis is not one of the main 

objectives of the present research, only this very simple example was computed. The accuracy of 

these estimated values should be focus of a more detailed analysis in the future. Other types of 

models and interpolation techniques should be tested and the results obtained should be compared. 

The potential for use of geostatistical tools and possible limitations for a city such as Aveiro should 

be matter of further investigation.  The most important point is that any type of data interpolation 

technique should be used without a carefull analysis of the conditions of applicability.  
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Figure 48: Frequency of Pb values distribution in Pilot Study site in Aveiro 

 

 

Figure 49: Experimental variogram and Gaussian model parameters for Pb distribution in Pilot Study 

site in Aveiro 
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Figure 50: Kriging interpolated surface of Pb distribution (mg/kg) in Pilot Study site in Aveiro 

 

 

 

Figure 51: Pb concentrations (mg/kg) found at each sampling point in Pilot Study site in Aveiro, 

(symbols express distribution quartiles) 
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Figure 52: Pb concentrations (mg/kg) found at each sampling site during Main Sampling campaign 

in Aveiro (symbols express distribution quartiles) 
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Further examples of tools used in estimation of data during soil studies 

 

Other techniques for estimating soil quality parameters in urban areas in unsampled locations were 

found in literature and examples will be given next: 

� The use of non-linear methods (which are usually associated to a loss of precision) was 

considered. Schnabel and Tietje (2003) propose the use of the Mollifier interpolation 

technique, which is a non-parametric kernel density regression, in the analysis of metal 

contaminated soils. According to the authors, the Mollifier is capable of including additional 

independent variables (beyond the spatial dimensions x and y) in the spatial interpolation 

and hence explore the combined influence of spatial and other variables as well as cope 

with variables interdependence.   

� The use of multifractal characterisation of soil properties (Kravchenko et al.., 1999; Posadas 

et al.., 2001) and the multifractal scaling of soil spatial variability (Caniego et al.., 2004) have 

also been considered by certain authors. Multifractal analysis uses a methodology based on 

the determination of the scaling properties of the data which are then summarised in a 

spectrum and aims at characterising a hidden order in apparently random signals or 

distributions. In practice, it calculates the so-called “entropy dimension” of the distribution.   

� The use techniques such as the “Bayesian Maximum Entropy” approach have also been 

considered for estimating soil properties from thematic maps in order to compute more 

realistic maps than those obtained with regular geostatistical algorithms (Bogaert and D’Or, 

2002).   

 

To be noticed that any of the above described soil quality parameters estimation approaches have 

been developed or specifically applied to urban soils. Given the very specific nature of urban areas, 

a revision of the application of geostatistical interpolation as well as the assessment of limitations 

and advantages of the use of other approaches such as Regression modelling, Multifractal analysis, 

Bayesian Maximum Entropy or even other techniques considered in other types of soil studies 

should be the subject of further investigation.  
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Lessons learned during the assessment of soil quality in Aveiro: implications in future urban 

soil studies 

 

The soil quality assessment conducted in Aveiro allowed identifying some of the limitations and 

drawbacks that may occur during these processes. Main limitations relate to a lack of information 

available and to the analysis of variability of results.  

 

Aveiro urban ecosystem collected data included: climate, population indicators, buildings, land use, 

transportation, energy inputs, previous environmental quality studies, geology, industry type and 

distribution, other environmental data (e.g. air pollution), environment regulations and guidelines. 

Based on existing information, aerial photographs and field observation, the urban soil were 

classified according to their current use. It was verified that, in general, information is sparse, 

dispersed and in certain cases not very accurate. An important piece of information which relates to 

more concrete data on the real origin of the several soil patches sampled was generally not 

obtained. 

 

In the future, and to be effectively applied in urban soil quality assessment, a more robust and 

complete database on urban descriptors is needed. To effectively used, data collected must be 

georeferenced in order to be properly organised into a GIS system, or GIS-based database.  

 

Judgmental criteria were followed in defining a sampling strategy and a sampling protocol. The main 

objective was to provide a general assessment of soil quality in public access soil surfaces in Aveiro. 

A systematic sampling design, expanded both to the entire urban area and surrounding areas (e.g. 

agricultural land), or even expanded to the entire Aveiro County, would allow to confirm whether 

results obtained reflect the general status of urban soil quality in the region. 

 

Standard analytical methods for soil analysis (ISO) have been reviewed and used whenever 

possible. QA/QC procedures have been devised and implemented; based on analysis of replicates 

and certified reference materials. The cross-validation of the analytical procedures among different 

laboratories would be an added value towards the harmonization of analytical methods for urban soil 

quality assessment. Inter-laboratory comparisons of key soil parameters analysis allow assessing 
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the degree of uncertainty associated with measurements. Recommendations for QC/QA procedures 

should also be defined by future collaborative procedures. Moreover, a common methodology to 

study and evaluate soil in different urban settings is urgently required. The transferability of 

methodologies for urban soil quality assessment is also considered of special importance. Tools that 

can cover a wide range of urban settings are most needed.  

A defined set of urban soil quality indicators was measured in Aveiro. In general, urban soils from 

Aveiro are not considered polluted, but still urban soils from Aveiro appear to be influenced by 

anthropogenic activity. Human influence on soils in urban settings appears to be greater than any 

other situations (such as agricultural or forest soils). This was noticed mainly in terms of variability of 

values reported. Variability was reflected in different ways according to the type of indicators (e.g. 

variability of results obtained is different for different metals). The two sampling depths chosen did 

not reveal strong differences in results. Results were not totally conclusive in evaluating differences 

in results considering different land uses (e.g. parks, ornamental gardens or roadsides) as this was 

aspect was not one of the criterion included when defining the sampling strategy. In future soil quality 

assessments in Aveiro, the selection of a sampling design should allow drawing more 

comprehensive conclusions on the influence of different land uses. Apart from the parameters 

selected as urban soil quality indicators, several other soil properties can be selected according to 

specific situations of the city. In the future, a more comprehensive set of urban soil quality indicators 

would bring an added value to results reported. This set could include: organic pollutants, distribution 

of metals in different soil particle size fractions, distribution of metals in different soil phases 

(sequential extraction), or contaminants bioavailability studies. The study of distribution of metals in 

different soil particle size fractions is particularly important for the assessment of re-suspension of 

pollutants and for the evaluation of the contribution that urban soils can have to air quality. These 

results could have relevant implications in the definition of urban land management practices (e.g. 

areas to be grass covered).  

 

In general it was found that the following characteristics of urban soils may cause alterations in their 

quality status and may also bring difficulties to the assessment of their quality: 

� high spatial variability of soil chemical, physical and biological indicators; 

� fragmented distribution difficulties in soil accessibility (sealed and paved surfaces prevent 

researchers to develop a complete picture of the soils within the urban area and reduces the 

sampling coverage); 
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� rapid and unpredictable land use changes.  

 

Non-parametric statistics were generally used to analyse the results dataset obtained as most 

parameters did not reveal normal distributions and in certain cases several outlier values were found. 

Limitations of techniques to be used in the analysis of data (both in terms of statistical and 

geostatistical tools) must be carefully considered in urban soil quality assessments. GIS tools proved 

to be extremely valuable tools in the analysis of spatial distribution of urban soil quality indicators.  

 

A general framework for the development of an urban soil quality investigation, in future studies will 

be described in the next chapter.  
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6. WHAT ARE THE MAIN 

FEATURES OF AN URBAN SOIL 
QUALITY ASSESSMENT AND 
WHAT TYPES OF INFORMATION 
MUST BE INCLUDED? 
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Previously to any assessment of the soil quality of an urban ecosystem, the following features must 

be characterised: 

� History: age of the city, traditional occupation, resources available through time, historical 

development, historical parks, historical buildings and infra-structures, archaeological sites, 

planning models used over time, historical industrial development; 

� Demography and socio-economic indicators: size of the city, population density, evolution of 

resident population (increase/ decrease patterns), employment and health statistics, 

education degree statistics, housing conditions (age of buildings, types of dwellings, main 

types of buildings, access to electricity, types of water supply systems, sewage systems and 

solid waste collection), gross domestic product, consumption behaviour, degree of 

technological development, types of industry and commercial services; 

� Land use:  present and planned land use, land use density, regulatory framework of 

territorial planning, percentage of sealed and urbanised land, percentage of forest, urban 

agricultural and green areas, percentage of derelict land, delimitation of the urban area, 

delimitation and area of the city centre, transport patterns and traffic intensity; 

� Natural conditions: available natural resources, flood areas, topography and slope, ground 

stability, groundwater resources and hydrological features, bedrock and soil types, 

biodiversity and protected habitats, species of special interest; 

� Climate: temperature, precipitation, humidity, wind speed and direction, cloud cover, solar 

radiation; 

� Pollution sources: characterisation of main driving forces for chemical pollution and their 

emissions – industrial, commercial, household, agricultural and gardening, waste 

management, traffic, construction, tourism and energy sectors. 

 

All available data on past urban environmental quality assessment as well as past surveys including 

the characterisation of the soil resource (texture, bulk density, organic matter content, electrical 

conductivity, pH, phosphorous content, etc) should also be considered. Data collected in preliminary 

assessments to urban soil quality investigations should allow: 

� defining and characterising elements and components of the urban ecosystem under study;  

� defining patterns of soil uses; 

� a preliminary assessment of changes in natural features of the soil resource; 



 

 

MESTRADO EM GESTÃO E POLÍTICAS AMBIENTAIS 

 

185 

� a preliminary assessment on soil functions available (and not available) within the urban 

ecosystem and their spatial distribution; 

� identifying natural habitats of special importance;  

� identifying potentially contaminated sites;  

� identifying potentially toxic elements and substances.  

Most important, a comprehensive preliminary assessment is essential for: 

� defining the set of soil properties to be assessed in order to provide a suitable soil quality 

assessment to the urban area under consideration;  

� defining the criteria for selection of sampling sites;  

� establishing sampling and analytical procedures; 

� establishing criteria for urban soil quality, according to different land uses. 

 
 

A proposed framework for the assessment of urban soil quality integrating the spatial structures of 

land use, socio-economic factors, ecological and physical features of the urban ecosystem is shown 

in Figure 53.  Parameters and attributes to be considered in a preliminary assessment will vary 

greatly, depending on the urban setting under consideration. Data formats and availability will also 

be highly variable. The analysis of trends or changes in city development, land uses, environmental 

pressures, and emissions of pollutants or urban environmental quality state will be strictly dependant 

on temporal data series available for the urban ecosystem in question. Therefore, the initial sources 

of variability in an urban soil quality assessment are related to the preliminary characterisation of the 

urban ecosystem. When constructing a database on the urban ecosystem for soil quality 

assessment, a minimum set of parameters should be available in order to allow a comparable 

classification and analysis of data. This minimum set of parameters should include: 

 

1. Classification of the urban area (examples are shown in Table 34): 

� Age 

� Size (area) 

� Resident population 

� Location  

� Climate 

� Geological substrate 
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2. Classification of soil uses: 

� Residential 

� Commercial and services (includes also playgrounds and playfields) 

� Industrial 

� Agricultural 

� Public green areas (ornamental gardens; parks and open spaces; forest) 

� Other sealed surfaces (e.g. roads and railways) 

� Undeveloped land 

3. Classification of soil functions: 

� Life support (ecological) 

� Foundations and infrastructure support 

� Regulatory processes 

� Air and water quality preservation 

� Recreation and leisure 

� Natural heritage 

 

Soil uses should be ranked according to specific features: size (area), age, former land uses and 

distance to point sources of pollution (past or present). In addition to land use, an urban area may 

also be classified in terms of its land cover, in three main classes: 

� unaltered (kept natural characteristics) 

� disturbed (but not irreversibly impacted) 

� derelict land 

In addition, urban soil maps should be used to support the preliminary assessment, the construction 

of a database on the urban ecosystem and the definition of a monitoring strategy. Urban soil maps 

increase our understanding of urban soils and spatial variability of the urban landscape. The scale of 

these maps may vary from 1:10.000 to 1:25:000, although 1:5.000 should be used whenever 

possible in order to allow an optimal and effective analysis of soil use and urban land main features.  

 

A minimum set of urban soil maps would include: 

� urban perimeter 

� land use (past, present and planned) 

� location of main localised pollution sources and traffic intensities 
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� location of protected areas and natural habitats of special interest 

� bedrock and soil types 

An urban soil quality assessment database must also include urban soil survey maps such as: 

� urban soil survey parameters (indicators) 

� urban soil quality maps (according to defined criteria) 

� contaminated areas (according to defined criteria) 

� sealed, compacted, low organic matter, eroded and wasteland areas 

� sensitive areas 

� urban soil biodiversity and natural habitats of special interest 

 

Given the heterogeneity and great sources of variability in the data collection procedures as well as 

in the evaluation of urban soil quality parameters, any type of benchmarking exercises based on 

general soil quality guidelines as well as the comparison of absolute values of soil quality parameters 

between cities (ignoring its relation to specific urban contexts, natural and background conditions 

and human activities) may result in a very limited exercise and might become a significant source of 

error in supporting decision making in urban areas. Nevertheless it may be sufficient in what 

concerns a very general assessment of the environmental state of a given urban ecosystem as well 

as allow the definition of groups of parameters of major concern (and compare these groups with 

those generally associated to the urbanisation process) through clustering analysis.   

 

Table 34: Minimum set of parameters to allow classification of an urban area 

 Age 

(years) 

Size 

(ha) 

Population 

(inhabitants) 

Location Climate Geological 

substrate 

City X <50 

50 - 100 

100 - 250 

250 - 500 

>500 

< 1 

1 – 10  

10 – 50  

50 – 100 

100 – 1000 

1000 – 5000 

> 5000 

<10.000 

10.000 – 50.000  

50.000 – 100.000  

100.000 – 500.000 

500.000 – 1.000.000 

>1.000.000 

Altitude 

Latitude 

Longitude 

Temperate, Sub-

tropical, Tropical, 

etc. 

Mean annual 

temperature (ºC); 

Mean annual 

precipitation (mm) 

e.g. 

Alluvial, 

Basaltic, 

etc. 
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Figure 53: General framework for assessing soil quality in urban areas (spatial structures of land 

use, socio-economic factors, ecological and physical features of the urban ecosystem) 
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In addition to the analysis of the most suitable strategy to assess soil quality in urban settings, it is 

also of crucial importance to understand how this information would be transferred to end users, in 

order to enable effective decision making. A valuable communication system must also include 

feedback gathering tools that allow consultation of stakeholders during the urban soil quality 

assessment process.   

General aspects of tools for decision support in urban environments will be discussed in the next 

chapter.  
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MANAGEMENT? 
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The role of soils in urban ecosystems has been largely discussed in the present study. An emphasis 

has been placed in the importance of the integration of environmental quality assessment and 

sustainable management practices towards an effective environmental protection of “urban 

ecosystems”. Indications that a full Soil Protection Framework Directive is now a distinct possibility 

and that the European Commision plans to table recommendations/draft in November 2005, 

highlights the importance of sustainable soil management on the international policy agenda. 

 

Despite of the importance of environmental monitoring as a tool for sustainable resource 

management it was verified that data on urban environmental quality, and most particularly urban 

soil quality is rather scarce. Even when available, information on the urban environment has 

generally very variable sources and formats and data types, largely limiting the ability to construct 

robust knowledge bases. Bringing urban ecosystems into policies for sustainable development 

requires much better and most accessible information on environmental impacts/ changes. Therefore 

to attempt to provide scientifically sound decision support in urban areas must involve the 

development of a framework and respective tools flexible enough to select and bring together 

available knowledge and cope with the uncertainty associated to it.  

 

Environmental information systems for decision support or Environmental Decision Support Systems 

(EDSS) may be valuable tools for bringing expertise together and supporting decision-making in 

areas where there is less available data (Lukasheh and Warith, 2001). These EDSS are generally 

GIS based, include Expert Systems (ES) and allow the development of structured approaches to 

identify key information needs for supporting decision-making, assemble data from existing sources, 

identify knowledge gaps and develop tools to overcome these gaps.  

 

GIS computer-based information systems play an important role in decision-making at various levels. 

The advantages of the use of GIS for data integration and for the development of interfaces for 

decision-makers, end users and other stakeholders are well known. A GIS application does not 

provide decisions but creates the technological basis for managing and integrating databases, 

geographically referenced data and expert knowledge and creates the means for developing and 

executing EDSS. The GIS environment may also provide support for modelling. GIS and spatial 

technologies (such as CAD, ARC/INFO, ArcView GIS, or Geomedia) have been increasingly used 
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for urban planning, providing applications at the level of urban design particularly through the use of 

3D GIS capabilities and the integration of remote sensing data.  

 

The involvement of policy makers, stakeholders and other end users is essential for the specification 

of relevant decision-making issues and depends on the development of useful interactive tools. The 

use of ES to provide specialised expertise for decision-making support is not new (Lukasheh and 

Warith, 2001). When in the absence of specific scientific information guidance can be inferred 

through expert knowledge. ES are conceptual and iterative in nature and designed to deal with 

knowledge gaps and uncertainty. Knowledge based ES are powerful communication tools which may 

provide information, expert advice, recommended solutions and/or decisions for urban resource 

management, urban planning and environmental risk assessment. In what concerns the urban 

ecosystem, ES may also provide guidance on evaluating restrictions in land use scenarios and land 

use possibilities or in taking preventive or corrective actions. It may also provide support in assessing 

human risks that may be expected for given land use scenarios or allow that site characterisation is 

carried out in a fitness-for-purpose manner. Figure 54 describes the conceptual structure of a EDSS, 

combining GIS, ES and available information of various types. 

 

 

Figure 54: Conceptual structure of an EDSS 
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Assuming that, for a certain issues, one can accept the postulate that expert judgment is the "best 

information obtainable," there remains the question of how the judgments of a group of experts 

should be amalgamated. Computer-based tools may also be used to facilitate communication among 

experts. The Delphi procedure is one of these tools. Delphi may be characterized as a method for 

structuring group communication. The process is effective in allowing a group of individuals to deal 

with a complex problem. A Delphi exercise generally involves series of questionnaires interspersed 

with controlled opinion feedback. These questionnaires are designed to extract individual responses 

to the problems posed and to enable the experts to refine their views as the group’s work progresses 

in accordance with the assigned task. The key elements of a Delphi exercise are the anonymity and 

transparency for participants, the structuring of information flow and the feedback to the participants. 

The conduction of a Delphi exercise generally involves the following steps (Linstone and Turoff, 

2002): 

� Formation of a team to undertake and monitor a Delphi on a given subject.  

� Selection of one or more panels to participate in the exercise. Usually includes experts in the 

area to be investigated.  

� Development of the first round Delphi questionnaire: the panel ranks the problems according 

to pre-defined criteria; each panellist ranks the list individually and anonymously. 

� Analysis of the first round responses: For each problem, the median value and standard 

deviations are calculated.  

� Transmission of the second round questionnaire to the panellists: the panel re-ranks the 

problems.  The ranking process is repeated among the panellists until the results stabilize. 

The ranking results do not have to have complete agreement, but consensus has to be 

reached. 

� Preparation of a report by the analysis team to present the conclusions of the exercise. 

 

Certain problems may be associated to Delphi exercises if certain aspects are not taken into 

consideration. The following critical issues may arise: 

� low level reliability of judgements among experts and therefore dependency of forecasts on 

the particular judges selected;  

� difficulty in assessing the degree of expertise incorporated into the forecast;  

� the sensitivity of results to ambiguity in the questionnaire that is used for data collection in 

each round; and  
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� Ignoring and not exploring disagreements, so that discouraged participants drop out and an 

artificial consensus is generated.  

 

The development of scoring techniques is essential in Delphi exercises. Multi-Criteria Analysis 

(MCA) can be used as a tool for measuring performance in a Delphi exercise. When applying MCA, 

a set of criteria is defined and rated according to their priority in addressing the goal of the Delphi 

exercise. Questions are ranked by the panel during the exercise and afterwards scored in terms of 

the different criteria. An example of MCA is the application of the Analytic Hierarchy Process (AHP), 

which is a method for converting subjective assessments of relative importance to a set of overall 

scores or weights. The application of this tool allows overcoming certain complex issues related to 

the analysis and integration of answers from different respondents. The advantages of its use are 

related with the following issues: 

� Integration of opinions of several respondents on a specific question in an objective 

manner; 

� Definition of criteria for quantification and ranking of the preference of respondents for 

determined questions; 

� Attribution of “value” or priority to each criterion (relative weight); 

� Taken different weights into consideration when evaluating scores attributed to each 

question. 

 

From all the above it seems clear that urban soil management poses complex issues to be solved 

that require innovative, flexible and adaptable approaches to be overcome. When developing these 

approaches, there is a central role to be played by the several end users involved. Therefore 

decision support tools must not exclude stakeholders from the decision making process and must be 

able to deal with knowledge gaps, and multiple and conflicting objectives when setting priorities for 

policy making and management practices. The use of GIS, ES and communication tools that 

facilitate information generation and flow allows tackling relevant environmental decision problems 

that would not be solved through conventional decision-making strategies.  
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Despite of the relatively small area of land occupied by urban areas, urbanisation has a very high 

impact on the characteristics of the territory that it occupies. Attending to its dynamic nature and the 

processes occurring therein, a city may be seen as an urban heterotrophic ecosystem. This 

ecosystem is composed by several biotic and abiotic elements, interacting in a more or less 

sustainable way. Environmental factors, such as the climate, geology and hydrology determine and 

influence the urban environment. Urban environmental quality, and the processes controlling the 

interaction among the urban ecosystem elements (air, water, soil, biota) condition human wellbeing 

and quality of life within cities. In addition, anthropogenic activities influence the balance between 

urban elements, and contribute to urban environmental quality alteration (climatological changes, 

water, air, soil pollution and biodiversity losses). This research demonstrated that the 

characterization of the urban environment is more a comprehensive assessment (integrating several 

elements and processes) than is a narrow emphasis on each of the environmental compartments 

alone. Therefore, any environmental quality assessment in an urban area requires an integrated 

approach. 

 

Several international actions towards sustainable urban development that are presently being 

developed. They involve comprehensive, integrated and multidimensional approaches guiding the 

definition of international frameworks for urban development and guiding actions on urban issues 

and often include the development of urban sustainability indicators. When selecting urban 

sustainability indicators, aspects of soil quality and soil pollution are often negleted. The relevance of 

the soil resource within the urban ecosystem is apparently far from being recognised. Indicators such 

as availability of land for defined purposes (e.g. area available for residential, industrial, recreational 

or other activities) or for example adequability of soil for different functions are in general not 

considered prioritary.  The present study showed that further investigation is most needed in what 

concerns the analysis of the role of soil in urban ecosystems, the complexity of the assessment of 

urban soil quality (and urban soil adequability to diferent purposes) and the importance of the 

definition of urban soils’ indicators for decision making and support action.  

 

The achievement of the specific objectives that guided the present investigation will be described 

next. 
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To describe the effects of urbanisation on soils and provide a framework describing these effects: 

 

Unsustainable urbanisation is often associated to the degradation of the urban soil resource. Main 

pressures of the urbanisation process on soil from urban areas are related to the physical 

disturbance of the soil matrix, transportation and traffic intensity, waste and wastewater 

management, gardening and urban agriculture, sports and recreational activities, industry and coal 

combustion.  These anthropogenic pressures will impact urban soils functioning resulting in soil 

degradation (erosion, burial, integration of waste in the soil matrix), loss of soil organic matter, soil 

sealing, soil compaction and soil pollution.  

 

Soil pollution and contamination strongly affect the ability of soils to provide services in urban areas. 

Metal levels are generally higher in soils from urban areas than those of surrounding areas. Metals 

such as Zn, Pb, Cd, Cu and to a less extent elements such as Ba, As and Hg are those usually 

presenting enhanced concentrations in soils from urban areas as a result of anthropogenic inputs. 

Urbanisation strongly affects not only soil metal contents but also their spatial distribution and 

availability. Soil pollution in cities occurs in a very heterogeneous way, as pollution sources are 

highly variable both in time and space. By changing soil chemical and physical properties, 

anthropogenic pressures also alter processes controlling metals accumulation in soils. This poses 

considerable risks to human health. 

 

A framework based on DPSIR (Drivers-Pressures-State-Impact-Response) to describe the pressures 

derived by anthropogenic influence on the urban soil, the driving forces behind them, the state 

changes they generate and the management responses aimed at mitigating human influence on 

urban soil quality was proposed in the present study. 

 

To define urban soil quality: by describing the relationships between soil use, soil functions and soil 

quality in urban areas; by identifying indicators that better define urban soil quality; by describing the 

role urban soil quality indexes; and by understanding the types and sources of variability of urban 

soil quality indicators: 
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Soil functioning in urban areas strongly depends on its quality. Despite of the complexity associated 

to soil quality definition in urban areas it seems consensual that this is a function of soil properties. 

Changes in soil properties are often used to assess changes in soil quality as therefore these 

properties are usually considered soil quality indicators. The concept of soil use in urban areas is 

rather important. In one side, soil use both depends and affects soil functioning. In the other side, soil 

quality is often perceived in terms of soil fitness-for-use (fitness of the soil for a certain use or 

function and measured in terms of soil performances).  

 

The assessment of changes in soil quality generally involves soil monitoring. Soil monitoring in urban 

areas is still giving its first steps if compared with agricultural soils. Soil quality assessment in a city is 

far more complex as it involves a wider and more heterogeneous group of variables. Different 

indicators can be used for soil quality assessment in urban areas (physical indicators, chemical 

indicators, biological indicators) depending on the different soil uses in question. Soil quality 

indicators that might be considered are: 

� soil texture (PSD); 

� soil porosity; 

� plant available moisture; 

� soil organic matter; 

� soil total C, N and H; 

� soil nutrients; 

� soil bulk density; 

� soil conductivity; 

� soil pH; 

� soil CEC; 

� soil potentially toxic elements (metals); 

� soil organic pollutants.  

Highest exposure risk may derive from the accumulation and availability of certain metals (e.g. Pb, 

Zn, Cu, Hg, As, Cd, Cr, Ni) or from the presence of high concentrations of soil organic pollutants 

(such as PAHs, PCBs, pesticides, dioxins and furans). When considering metallic contaminants it is 

important to take into account other soil properties (such as pH, redox potential, clay and carbon 

content) in order to understand mechanisms of metal speciation, bioavailability and transport 

(mobility). The combination of different soil quality indicators can be normalised through the 
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development of a SQI (soil quality index).  A group of stakeholders or a stakeholders’ survey may be 

used to determine the order of importance of the different indicators and scoring functions. Multi-

criteria decision analysis can be used as tool in the implementation of this process.  

 

Variability was found the key issue when dealing with urban soil quality. An analysis of soil quality 

indicators cannot be dissociated from their spatial (and, when possible, temporal) features and 

implications. Soil quality indicators variability in urban areas is highly random and occurs at very 

small scales (most likely at a point scale). The natural conditions, the anthropogenic influence as well 

as the processes and interactions occurring within the urban ecosystem and most particularly at the 

levels of the urban soil system are the most important factors of variability in cities. The soil quality 

assessment process itself (sampling and analysis) may also be an important source of variability in 

the results obtained if certain aspects such as representativeness of sampling design, sampling 

regime, and QC/QA procedures are not properly addressed.   

 

To provide a case-study of an urban soil quality assessment (Aveiro, Portugal) and to understand 

how does variability affect the assessment of urban soil quality in Aveiro: 

 

An urban soil quality assessment was developed in the coastal city of Aveiro (Portugal). The study 

involved a preliminary analysis of all data available for urban ecosystem description. It was verified 

that information available was rather limited, inconsistent and fragmented. A summary of data 

availability and their implications is shown in Table 35.  
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Table 35: Aveiro urban descriptors (data availability and descriptors) 

Urban 
Descriptor 

Data Type Implications 

Total 

Density Population  
Age 

Identify and characterise areas and groups 
of higher risk due to potential higher contact 
with soil (e.g. children) 

Density 
Buildings 

Age 
Identify older city areas and zones of higher 
sealing density 

n.º of vehicles 

Flows 

Traffic Fuel consumption 

Traffic is an important source for pollution in 
urban areas: metals and organic compounds 
originated by traffic emissions may deposit 
and accumulate in soils. Higher traffic 
density areas may be associated to higher 
airborne pollution. 

n.º of plants per industrial category 

Location of plants Industry 
Emissions to air and water 

Characterise type and spatial distribution of 
industrial activities as potential sources for 
pollution 

Average Annual Temperature 

Annual Average Precipitation 
Annual Average Humidity 

Winds Predominant Direction 
Climate 

Monthly Hours of Insolation 

Affects soil development and soil processes. 
Wind, precipitation and temperature may 
change soil properties as source and sink for 
pollution (by conditioning processes such as 
re-suspension, leaching, volatilisation, and 
reduction/ oxidation processes 

Lithological units 

Geology Soil type 
Characterise elements that naturally occur in 
soil and identify expected physical and 
chemical properties of the substrate 

Land use 

Urbanisation Plan 
Aveiro Land Use Map 
Aveiro Ortophotomap 
“Carta Militar” 

Characterise land cover. Identify and locate 
green areas, open areas (where direct 
contact between humans and soil is more 
likely to occur) and sealed surfaces. 

 

It was reported that Aveiro is a small city (less than 36000 inhabitants in the urban area) and that its 

population more than doubled during the last century. There is a well defined city centre where the 

oldest buildings (also inhabited by the older population) and higher sealing density are located. The 

average annual precipitation is high and a certain heat island effect for Aveiro urban areas was 

reported. Soils are mainly alluvial and highly sandy. Traffic intensity is not high if compared to other 

cities in Europe (less than 90000 private vehicles per day) although traffic derived pollution can be of 

relative importance in Aveiro when compared to other potential pollution sources. Even though 

industrial activities in the Aveiro District are varied, these are expected to have a small contribution to 

soil pollution in Aveiro urban area (through atmospheric deposition) considering that most polluting 

industries are located well apart from the city centre. The influence of other diffuse sources of 

pollution cannot be excluded although their identification and quantification was not possible.  
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Aveiro soil quality assessment was conducted through the development of a preliminary investigation 

(Pilot Study: 1 site, 26 sampling points, disposed in regular sampling 50X50 m grid, in a Aveiro grass 

covered urban garden; 2 depths, surface and sub-surface) and a sampling campaign expanded to 

the whole urban area (Main sampling campaign: 77 sampling sites, public access urban surfaces, 

different land uses – OG, PO, RD, RB, KT, RL; 2 depths, surface and sub-surface). It was verified 

that a considerable number of public access sites are subject to active planting. ISO standard 

methods were selected and used whenever available. CRM were used for quality assurance of 

results and acceptable recovery percentages were obtained. Aveiro surface urban soils were found 

to be highly sandy. The pH of all samples varies from slightly alkaline to acidic. Obtained values of 

Fe% were considered low. It was also considered that, in general terms, Aveiro urban soils are poor 

in organic matter. Metal levels, with a few exceptions, were also found to be rather low, and therefore 

Aveiro can be considered a low polluted city, particularly when compared to other cities in the world. 

Given the high variability of the results obtained, and particularly due to the common presence of 

outliers in distribution of the soil quality indicators, Median was considered the most suitable 

measure to describe distributions’ central tendency. Box-plots also proved to be a useful tool for 

visual analysis of parameters variability. The analysis of frequency distributions and skewness 

values allowed a preliminary distinction of different groups of indicators.  High values of skewness 

were obtained for certain metals (particularly Zn, Pb and Cu) revealing the presence of a long tail of 

high values to the right on these distributions. This is common to occur in the case of minor element 

concentrations (e.g. potentially toxic elements) in geochemical data sets analysis, where certain 

elements reveal a tendency to show higher variability and high outliers. This is generally associated 

to anthropogenic pollution. Scatterplots were used for visual inspection of relationships between soil 

quality indicators in surface and sub-surface samples. The strength of the relationship between the 

two layers is often affected by the presence of high erratic outlier values that do not always occur 

simultaneously in surface and sub-surface soils.  Values obtained for soil quality indicators from the 

main sampling campaign were used for statistical analysis. In what concerns metals, only Fe showed 

a normal distribution. This was previously expected from the analysis of frequencies histograms and 

skewness values, and confirmed that a considerable degree of disturbance, mostly likely originated 

by human activities is associated to this system. Given the absence of normality in most of the 

parameters distribution, the use of non-parametric statistical tests was favoured. Wilcoxon Signed 

Ranks Test (related samples) showed that with the exception of pH, and % total C, N and H, 

differences between surface and sub-surface layers could not be considered statistically significant 
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(p<0.05). Both pH and elemental concentrations (total C, N, H) differences with soil depths are likely 

to be related to soil cover disturbance and active planting. Being grass covered and in most cases 

subject to amendments, these soils tend to be more acidic and show higher organic matter contents 

in the thin surface layers. As the sampling plan was not primarily designed to allow comparisons 

between different land uses within the urban areas, an inconsistent number of sites was selected for 

each land use which difficult comparative analysis.  The Mann-Whitney test (independent samples) 

applied both to OGs and OG/RDs revealed no significant differences between these two soil uses, 

with the exception of pH and CEC values. OGs that are not in the vicinity of roads apparently tend to 

be more acidic and show higher CEC values than those OG/RDs. Even given the low traffic 

intensities of Aveiro, traffic may have a certain influence in urban soil properties. Differences were 

also found for total C, H, H % and Pb in OGs and POs (although in this case there is a considerable 

difference between number of sites sampled, and these results must be analysed with caution).  

Parks are areas of more dense vegetation (trees and plants of several types) than ornamental 

gardens (generally only grass covered) and therefore high organic matter levels may occur, and 

associated to them higher soil Pb retention.  

Both Spearman’s rank correlation (ρ) and Pearson’s correlation coefficient (r) were computed. 

Significant associations for the pairs Fe-Cr, Fe-Mn, Fe-Ni, Cr-Ni, Cr-Mn and Mn-Ni were found as 

well as for the pairs Pb-Cu, Pb-Zn and Zn-Cu. Total C is significantly correlated to total N, total H, 

CEC, Cu, Zn and Pb. An explorative hierarchical clustering analysis was performed in the dataset 

and results obtained enabled the identification of two main groups, Al+Fe+Ni+Mn+Cr (Group I) and 

Total C+CEC+Total H+Cu+Pb (Group II), with Pb+Cu forming a sub-group. Zn appears as an outlier 

to these groups, most likely due to the presence of high erratic values and very random distribution 

that gave this element a very dissimilar distribution. The distinction of these two groups is consistent 

with literature available, which suggests a natural origin to elements from Group I and anthropic 

sources for Group II.  

 

To describe the importance of the use of Geographic Information Systems (GIS) for mapping urban 

soils variability: 

 

The use of GIS is essential for mapping urban soils variability. It provides means of data 

visualisation, interpretation and integration. In the particular case of Aveiro, the use of GIS for the 

display of urban soil quality indicators allowed the identification of sites and locations where potential 
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problems may arise from soil pollution. It also allowed drawing conclusions on the most likely 

sources of pollution. The disturbance of soil matrix associated to the age and high urbanisation 

density of the historic urban core, associated to the presence of a former ceramic industry, the traffic 

influence and particularly the soil carbon content were the main factors explaining metals spatial 

distribution and were identified as the drivers of metal pollution in Aveiro urban soil, particularly in 

what concerns Cu, Zn and Pb. Mapping urban soils variability in Aveiro also revealed that 

comparable scales of variability were obtained both for Pilot Study and Main Sampling campaign. In 

Aveiro, particular site (garden) used for Pilot Study could be considered as an indicator of both 

average levels of pollution and parameters variability in the entire city, confirming that the influence 

of variability factors in Aveiro is observed even at a very small scale. Aspects related to scales of 

variability of urban soil quality indicators are not fully understood. These should be matter of further 

investigations. Particularly a methodology that allows the quantification and comparison of variability 

scales is most needed. 

 

To provide insight into the potential for the use of geostatistical analysis and other data estimation 

tools during urban soil quality investigations: 

 

Geostatistics have been widely used to produce the “best” estimation of the unknown value of 

concentrations of elements in soils at unsampled locations, particularly in large scale soil surveys. 

Nevertheless, the application of geostatistical mapping to soil quality in urban areas may be subject 

of certain limtations. Given the extremely diverse nature and the scale of variability of soil quality 

indicators in urban areas it may be the case that investigators are unable to define and understand 

the spatial structures of data as well as their uncertainty. It may not be possible to ensure spatial 

correlation (spatial dependence) of soil quality indicators in urban areas. Independent sampling may 

also not be guaranteed in urban areas, due to the limitation of accessible sampling areas (derived 

from sealing and presence of obstacles). Sampling patterns are often very irregular. Moreover, it is 

impossible to define a continuum surface of urban soils (urban soils are oftem very fragmented with 

several unaccessible areas) and therefore a continuous type of data interpolation may be a 

considerable source of error. Dealing with outlier and extreme values, large scale trends and 

anisotropy may also be a problem for geostatistical analysis. Therefore, if there is a need for 

estimating soil indicators in urban areas through geostatistical analysis this should only performed 

preferably at a site level. The use of hierarchical sampling (clustered) is advised in this case. A wide 
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sampling design could be considered for general soil quality investigation of the urban area and a 

more intensive, regular sampling pattern could be used at a site level for a more comprehensive 

analysis of soil quality (e.g. at those sites identified as potentially polluted). Alternative spatial 

analysis methodologies (such as non-linear methods) should be considered and tested for robust 

urban soils datasets. The selection, testing and validation of data estimation methods for urban soil 

quality indicators require further investigation.  

 

To provide a framework for future assessments of urban soil quality and describe types of data that 

must be included: 

 

A general framework for urban soil quality assessment integrating the spatial structures of land use, 

socio-economic factors, ecological and physical features of the urban ecosystem with soil quality 

indicators monitoring was proposed. An ideal urban soil quality assessment must allow the 

construction or urban soil survey maps, the assessment and mapping of urban soil quality classes, 

the classification of different scales of variability, the identification and classification of sensitive 

areas (and/ or hot-spots) and a final classification and mapping of urban soil functions, uses and 

potential for future use. The development of a comprehensive preliminary assessment was 

considered essential. The comparison of absolute values of soil quality parameters between cities 

(ignoring its relation to specific urban contexts, natural and background conditions and human 

activities) must also be performed with caution. There is a need for further investigation in urban soils 

quality criteria. Most appropriate criteria must take into consideration both soil uses (actual or 

potential) and risk assessment aspects.  

 

To describe communication and consultation tools, considered useful to interact with end users and 

stakeholders in urban areas towards sustainable urban land management: 

 

It was considered that Environmental Decision Support Systems (EDSS) may be valuable tools for 

supporting decision-making in urban areas. The EDSS are generally structured computer based 

frameworks, with a GIS architecture and interface that allow the integration of Expert Systems (ES) 

with available information (databases). The involvement of policy makers, stakeholders and other 

end users is essential for the specification of relevant decision-making issues and depends on the 

development of interactive communication tools. Computer-based tools such as the Delphi 
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procedure, combined with Multi-Criteria analysis may be used to facilitate communication among 

experts and support the definition of urban soil management practices.  
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This research was focused on the study of the distinctive features of the urban ecosystem and 

particularly of the role or urban soils; it adressed issues related to the environmental pressures 

exerted in urban settings andf their effects on urban soil functioning; it described an tested available 

tools for urban soil quality assessment, including a set of urban soil quality indicators; it provided 

insight into urban soils variability and on the role of stakeholders for sustainable urban soil 

management.  

 

Indications that a EU Soil Protection Framework Directive is on the European policy agenda and that 

the European Commision plans to table recommendations/draft in November 2005, highlights the 

importance of sustainable soil management. This study was a contribution for the clarification of the 

role of soils in the urban ecosystem, their dynamic and heterogeneous nature. It highlighted the 

importance of the development of urban indicators that address the issues of sustainability of land 

use, and soil quality in urban areas. So far, these issues have not been fully considered in 

international policy making. 

 

Results obtained in an urban soil quality assessment in Aveiro (Portugal) were in agreement with 

previous soil quality investigations as they demonstrated that the analysis of urban soil quality 

indicators can be a powerfull tool for urban soil management and that metal concentrations can be 

used as tracers of the impact of anthropogenic influence in urban areas.  

 

Results obtained suggested that vehicles traffic still represents a relevant source of pollution in urban 

settings. Traffic derived pollution may result not only from atmospheric emissions but also from tyres 

and other mechanical parts abrasion. Areas most densily urbanised and sealed (such as cities 

historical centres) are expected to be associated to higher levels of soil disturbance and pollution.  

Industry is not likely to be the a very important pollution source in most urban settings as industrial 

activity is often located well apart from urban cores. Other diffuse sources of urban soils pollution 

(such as leaching or air pollutants long range transport) cannot be excluded although the 

assessment of their effects is rather complicated.  

 

The urban soil quality study developed in Aveiro was not designed to assess differences between 

soil uses within cities, although some remarks were made in terms of differences in data from 
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ornamental gardens, roadsides and parks. The relative sensitivity of different land uses should be 

assessed through further investigation. 

 

Urban soil carbon contents proved to be important in contributing to metals retention in soils 

(particularly Pb and Cu) and influencing metals distribution patterns. It metals inputs in soils were 

uniform across a city, metal accumulation in soils is likely to be considerably associated to its carbon 

content. Although carbon concentrations are not likely to the the only factor of variability, their role 

proved to be significant.  

 

In the course of this study no investigation concerning metal availability was performed. References 

in literature to pollutants availability in urban soils are scarce. There is a need for further investigation 

on pollutants’ bioavailability (e.g. through studies with earthworms, grass and plants), transportation 

patterns and toxicity in urban soils.  

 

Aveiro soils showed low levels of pollution, nevertheless important associations between metals 

were found. In this study, very low levels of Cd were obtained (generally below the detection limit), 

but previous investigations highlight the role of this metal as an urban element, and therefore this 

should be taken into consideration in further urban soil quality assessments. Further studies should 

also include other elements such as As, Ba, Pt and particularly Hg in order to assess their relevance 

as soil quality indicators in urban areas. Further investigations should also take into consideration the 

analysis of organic compounds, such as PAHs, PCBs, dioxins, furans and other endocrine disruptors 

that are known to be released, used and manipulated in urban areas (e.g. household consumption of 

pharmaceutical products).  

 

In the future, the selection of a comprehensive set of urban soil quality indicators, flexible and 

adaptable enough to be used at an European level should be considered. For this, it is very 

important to consider associations and relationships between pollutants. For example, certain 

parameters may be selected as being representative of a defined goup of indicators. Taken into 

account the results obtained in this investigation as well as those from previous studies, a minimum 

set of parameters could include, for example, pH, electrical conductivity, total C, %Fe and Pb (and/or 

aditionally Cd,Cu and Zn). The selection of most appropriate groups of indicators must be dependent 

on the soil uses (past, present, planned). The development of an Urban Soil Quality Index should 
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also be considered. Attending to the fact that there is still a considerable degree of uncertainty 

associated to urban soil quality, the development of a wide expert knowledge assessment  for this 

matter is strongly advised. Expert assessment could allow to define an appropriate set (or sets) of 

indicators and appropriate factors loadings for different parameters.  

 

The definition of an Urban Soil Quality Index cannot be dissociated from the definition of soil quality 

criteria. The existing soil quality guidelines were not developed taking into consideration the 

specifications of the urban environment. The relative sensitivity of different soil uses in urban areas 

must be taken into consideration when defining soil quality criteria (fitness-for-use analysis). In most 

cases it may not be advisable to follow general guidelines and the development of a case-by-case or 

scenario risk assessment should be considered. 

 

It is important to understand the current origin of Pb in urban soils. Attending to the fact that no 

leaded fuel is currently used, it must be assessed whether the considerable values of Pb in urban 

soils are representative of the accumulation of years of traffic emissions and will now tend to 

decrease or if there are still relevant sources of Pb in urban areas.  

 

This study reported substancial point specific variability for urban soil quality parameters in Aveiro. It 

also found comparable scales of variability at a site and city level for Aveiro. Results of non-

parametric statistical analysis combined with the spatial distribution analysis of soil quality indicators 

(using GIS) proved, in this case, to be valuable tools to assess urban soil quality and parameters 

variations.  The analysis of box-plots, frequencies distribution and skewness, the use of non-

parametric tests and hierarchical cluster analysis associated to soil variables GIS mapping allowed 

the clarification of indicators association and behaviour as well as the understanding of soil 

properties spatial patterns and the location of areas with highest levels of pollution (and its most 

probable origin). The use of GIS is useful to interpret and explain statistical results and for the 

refinement of statistical outputs. The heterogeneity of urban settings and scales of urban soil 

variability pose relevant limitations to the use of geostatistical mapping of parameters. If aiming at 

soil quality parameters interpolation, novel approaches to spatial modelling and estimation that 

account for the limitations associated to interpolation processes in urban areas should be 

investigated. 
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A proper understanding of metals background levels in urban soils is essential to properly interpret 

results obtained in soil quality investigations. In Aveiro, no background values were available, and 

this type of analysis could not be conducted. The study of background levels of metals in a city is 

likely to be very complex and it cannot be dissociated from a comprehensive assessment of past 

urban soil uses and land covers as well as the origin of the several patches of soil under 

investigation. 

 

To conclude, in the future urban soil quality oriented research should provide: 

� a better understanding of urban soil contamination and variability patterns at an European 

level: certain aspects of urban soils variability now considered as randomly distributed 

could be interpreted as systematic variability if wider studies, considering different and 

representative urban settings, were performed; 

� a common methodology to organise descriptive databases on the urban environment: 

information needs and data collection procedures should be clarified – the present study 

suggested a minimum dataset essential for urban soil quality investigations; 

� an integrated approach for the development of sampling procedures in urban areas: this 

study discusses the use of different sampling patterns and its implications in soil variability; 

it suggests that the use of clustered sampling strategies in urban areas can be most 

appropriate;  

� a common and cross-validated methodology for the assessment of urban soil quality: 

including preliminary assessments, sampling and analytical procedures;  

� the assurance of effective communication between experts, policy problem-owners and 

other stakeholders and the development of appropriate consultation tools (such as on-line 

questionnaires); 

� a common methodology for inputs of expert knowledge and the development of an expert 

knowledge base on urban soil quality at an European level that allows  the development of 

historical records available for European-wide urban planning; the use GIS-based expert 

systems and of web-based tools is strongly advised for rapid on-line access and 

communication of information; 

� further knowledge on modelling of soil quality in urban settings and parameters sensitivity – 

for example, the use of Regression Models and and Bayesian Belief Networks may provide 
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insight into urban soil quality and urban land management issues and should be 

considered in future investigations.  
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ANNEX I



 
 

Figure 1: Map of Aveiro urban perimeter according to “Decreto Lei Nº45342, 07/11/63” 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEX II 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Distribution of resident population in Aveiro County in 1991 and 2001 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: Distribution of population density in Aveiro County in 1991 and 2001 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3: Distribution of buildings in Aveiro County in 1991 and 2001 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4: Distribution of buildings’ density in Aveiro County in 1991 and 2001 



 
 

Figure 5: Distribution of industrial facilities in Portugal and Aveiro District as reported by EPER, in 2001



 
Table 1: Emissions from industrial facilities in the Aveiro District as reported by EPER, in 2001 

(Emissions numbers are given in kg per year) 

 
FAPOVAR - Fábrica de Papel de Ovar, SA  
(Manufacture of corrugated paper and of containers of paper(board)) 

Emissions to water Direct release M/C/E* Indirect release M/C/E 

Lead and its compounds 40.20  M       
Total Organic Carbon (TOC) 138,000.00  M       
Hilário Santos & Filhos, SA  
(Production and preserving of poultry meat) 

Emissions to water Direct release M/C/E Indirect release M/C/E 

Nitrogen, total 112,000.00  M       
Phosphorus, total 6,130.00  M       
Companhia Industrial de Resinas Sintéticas, CIRES, S.A. 
Manufacture of plastics in primary forms 
Emissions to air Release M/C/E   

Hydrofluorocarbons (HFCs) 900.00  C       
Nitrogen oxides, NOx 364,000.00  M       
Sulphur oxides (SOx) 176,000.00  M       
Cadmium and its compounds 123.00  M       
Nickel and its compounds 169.00  M       
Quimigal - Química de Portugal, S.A. 
(Manufacture of other organic basic chemicals) 
Emissions to air Release M/C/E   

Nitrogen oxides, NOx 237,000.00  M       
Benzene 5,200.00  M       

Sociedade Portuguesa do Ar Líquido, "ArLíquido", Lda - Centro de Produção de Estarreja 
(Manufacture of industrial gases) 

Emissions to water Direct release M/C/E Indirect release M/C/E 

Arsenic and its compounds     0.148  M   
Arsenic and its compounds 4.88  M       
Dow Portugal, Produtos Químicos, Sociedade Unipessoal, Lda 
(Manufacture of other organic basic chemicals) 

Emissions to water Direct release M/C/E Indirect release M/C/E 

Chlorides 26,200,000.00  M       
CPK - Companhia Produtora de Papel Kraftsack,S.A. 
(Manufacture of paper and paperboard) 

Emissions to water Direct release M/C/E Indirect release M/C/E 

Total Organic Carbon (TOC)     354,000.00  M 
Funfrap-Fundição Portuguesa, SA 
(Casting of iron) 
Emissions to air Release M/C/E   

Lead and its compounds 200.00  C       
  
 
 



Table 1: Emissions from industrial facilities in the Aveiro District as reported by EPER, in 2001 

(Emissions numbers are given in kg per year) (Cont.) 

Fábrica de Cacia 
(Manufacture of pulp) 

Emissions to water Direct release M/C/E Indirect release M/C/E 

Nitrogen, total 74,700.00  M       
Phosphorus, total 16,400.00  M       
Cadmium and its compounds 24.90  C       
Chromium and its compounds 174.00  C       
Copper and its compounds 249.00  C       
Nickel and its compounds 224.00  C       
Lead and its compounds 99.40  C       
Zinc and its compounds 3,730.00  C       

Halogenated Organic Compounds 
(AOX) 43,700.00  M       
Total Organic Carbon (TOC) 305,000.00  M       
Emissions to air Release M/C/E   

Carbon monoxide, CO 4,450,000.00  M       

Non methane volatile organic 
compounds (NMVOC) 969,000.00  C       
Nitrogen oxides, NOx 380,000.00  M       
Sulphur oxides (SOx) 676,000.00  M       

PM10 (Particulate matter less than 
10 µm) 173,000.00  M       
TUPAI - Fábrica de Acessórios Industriais, S.A. 
(Manufacture of locks and hinges) 
Emissions to air Release M/C/E   

Tetrachloroethylene (PER) 24,800.00  E     
FUSAG - Fundição e Serralharia de Águeda, S.A. 
(Casting of iron) 
Emissions to air Release M/C/E   

Carbon monoxide, CO 646,000.00  M       
 *"M" - Measured; "C" - Calculated; "E" – Estimated 



 
Table 2: Main owners of information on land use in Aveiro 

Type Detainer Available On-line 

Carta Corine Land Cover  CNIG  Yes 

Carta de Ocupação do Solo  CNIG  Yes 

Carta Militar M586 (1:250000)  IGEOE  No 

Carta Topográfica de Aveiro  
SMAS 
AVEIRO  No 

Carta Topográfica de Ílhavo  
CM 
ÍLHAVO  No 

Folhas Cadastrais 1:1 000 - 
Continente  IPCC  No 

Folhas Cadastrais 1:2 000 - 
Continente  IPCC  No 

Levantamento Aerofotogrametrico 
de Anadia  

CM 
ANADIA  No 

Carta de Portugal 1:2 500 000 - 
Continente e Regiões Autónomas  IPCC  No 

Carta Internacional do Mundo 1:1 
000 000  IPCC  No 

Matas Nacionais e Perímetros 
Florestais  DGF  No 

Zonas Balneares: Localização e 
Classificação da Qualidade das 
Praias  INAG  Yes 

 

 
 
 
 
 
 
 



 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEX III



 
Figure 1: Aveiro Land Use Map (Digital, Geo-referenced, Format AutoCad, 1:10000) 



 
 

 
 

Figure 2: Aveiro Ortophotomap (Paper and Digital, Geo-referenced, Nº 185-IV, Format TIFF, 1:10000) 



 

 
 

Figure 3: “Carta Militar” (Paper and Digital, Geo-referenced, Nº185-3, Format TIFF, 1:25000) 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEX IV



SITE SAMPLING RECORD 
 
 

 

 
 
Name of Sampling Site AVE.PS.05 

Latitude/ Longitude 
 

008º38.464 W 
 

40º38.293 N 
 

Weather 
conditions 

Sun, some wind Date/Time 10:35 AM 

Equipment used 
(e.g. auger etc)  

Plastic spade Sample 
container 

Plastic Bag 

 
 
Brief description of samples collected at each Sampling Point within each 
Sampling Site 
Description Sample Ref. Grid Ref. 
Soil very wet; under grass AVE.PS.05 X: -42996.34 

Y: 107828.48 

 
 
Diagram or precise description of sampling points  

 
 

Name of sampler ________               Signature ______________ 
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ANNEX V



 

 
 

Figure 1: Location of sampling sites in Aveiro



Table 1: Land use and coordinates of sampling sites 

  Easting Northing   Easting Northing 

AVE.OG.01 -44190,75 107817,43 AVE.OG/RD.40 -43557,63 106575,59 

AVE.PO.02 -44305,93 107999,24 AVE.OG/RD.41 -43566,64 106580,09 

AVE.KT.03 -44340,08 107999,24 AVE.OG/RD.42 -43574,14 106584,60 

AVE.OG/RD.04 -44102,05 107644,07 AVE.OG.43 -43668,00 106579,34 

AVE.RD.05 -44091,97 107627,94 AVE.RL.44 -42963,28 106316,55 

AVE.RD.06 -44198,24 107533,19 AVE.OG/RD.45 -43188,04 106954,52 

AVE.OG/RD.07 -44339,67 107720,03 AVE.OG/RD.46 -43146,69 106887,90 

AVE.OG/RD.08 -44335,75 107722,55 AVE.OG/RD.47 -43193,84 107013,09 

AVE.PO.09 -44018,33 107547,75 AVE.OG.48 -43330,76 107130,17 

AVE.PO.10 -44121,51 107566,27 AVE.OG.49 -43305,19 107400,19 

AVE.PO.11 -44028,91 107624,47 AVE.OG.50 -43376,41 107317,49 

AVE.OG/RD.12 -43962,76 107619,18 AVE.OG.51 -43433,84 107294,51 

AVE.OG.13 -43928,37 107418,10 AVE.OG.52 -43521,13 107409,38 

AVE.OG.14 -44359,64 108264,77 AVE.OG.53 -43397,08 107687,34 

AVE.OG.15 -44352,49 108247,60 AVE.OG/RD.54 -43461,41 107563,29 

AVE.OG.16 -44312,14 108199,48 AVE.OG/RD.55 -43544,11 107662,07 

AVE.OG/RD.17 -44289,37 108121,46 AVE.OG.56 -43541,81 107985,98 

AVE.OG/RD.18 -44289,77 108101,15 AVE.OG/RD.57 -43599,24 108100,84 

AVE.OG.19 -44373,69 108088,65 AVE.RB.58 -43631,40 108172,06 

AVE.OG/RD.20 -44448,96 108277,14 AVE.OG.59 -43663,56 108208,81 

AVE.PO.21 -43858,18 108027,10 AVE.OG.60 -43569,38 108185,84 

AVE.OG/RD.22 -43997,43 108160,29 AVE.RD.61 -43063,99 108652,18 

AVE.PO.23 -43877,85 107980,17 AVE.OG/RD.62 -43015,74 108686,64 

AVE.RD.24 -44130,46 108118,39 AVE.OG.63 -43387,89 109047,30 

AVE.RL.25 -42921,86 106284,88 AVE.OG/RD.64 -42462,11 108783,12 

AVE.RL.26 -42905,98 106272,98 AVE.OG/RD.65 -42540,22 108755,55 

AVE.RL.27 -42890,11 106257,10 AVE.RD.66 -41427,35 109219,90 

AVE.RL.28 -42854,39 106201,54 AVE.RD.67 -41797,77 108658,98 

AVE.OG/RD.29 -44248,17 107311,16 AVE.RD.68 -42231,69 108082,19 

AVE.OG/RD.30 -44253,72 107307,92 AVE.RD.69 -42413,38 107783,95 

AVE.OG/RD.31 -43970,02 106794,12 AVE.RD.70 -42521,14 107636,99 

AVE.OG/RD.32 -44007,06 106770,31 AVE.OG/RD.71 -43751,62 106213,39 

AVE.OG/RD.33 -43918,43 106479,26 AVE.OG/RD.72 -43791,53 106269,92 

AVE.OG.34 -43908,83 106969,41 AVE.OG/RD.73 -43756,43 106314,31 

AVE.OG.35 -43924,71 107084,50 AVE.OG/RD.74 -43764,52 106300,83 

AVE.PO.36 -43702,46 106854,31 AVE.OG/RD.75 -43666,11 106337,23 

AVE.OG.37 -43585,38 106755,09 AVE.RB.76 -44526,01 108022,29 

AVE.RD.38 -43567,52 106737,23 AVE.RB.77 -44581,58 107645,25 

AVE.OG/RD.39 -43545,69 106808,67       

OG – Ornamental Gardens; PO – Parks and Open Spaces;  
KT – Playgrounds; RD – Roadside; RB – Riverbank; RL – Railway side 



 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
Figure 2: Areas sampled during main sampling campaign 

 
 



 
Figure 3: Detail 1 of sampling area (main land uses: single and multi dwellings areas, historical centre, and equipment area). Samples were collected from 
ornamental gardens and roadsides. A railway crosses the area. Average traffic intensity in the vicinity of sampling sites is around 18150 private vehicles per day.   
 
 
 
 
 
 
 

Railway 



 
Figure 4: Detail 2 of sampling area (main land uses: single, multi dwellings and mixed areas, equipment area, secondary green areas). Samples were collected 
from roadsides in secondary green areas, nearby the Pilot Study area. Average traffic intensity in the vicinity of sampling sites is expected to be >20000 private 
vehicles per day.   
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Figure 5: Detail 3 of sampling area (main land uses: single, multi dwellings and mixed areas, equipment area, main green area, industrial area, warehouses, 
services and commerce). A railway crosses the areas. Samples were collected from railway sides (25-28; 44), a park (36), ornamental gardens and roadsides 
(remaining points). Average traffic intensity in the vicinity of sampling sites is shown in the Figure (private vehicles per day).   
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Figure 6: Detail 4 of sampling area (main land uses:  multi dwellings and mixed areas, equipment area, 
historical centre). A railway crosses the areas. Samples were collected from a riverbank (58), roadsides 
(54, 55, 57) and ornamental gardens (remaining points). The location of a former ceramic industry is 
shown in the Figure.   
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Figure 7: Detail 5 of sampling area (main land use:  historical centre). Samples were collected from 
parks (2, 21 and 23), a playground (3), a riverbank (76), roadsides (17, 18, 20, 22, and 24) and 
ornamental gardens (remaining points). Average traffic intensity in the vicinity of sampling sites is shown 
in the Figure (private vehicles per day).
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Figure 8: Detail 6 of sampling area (main land use:  historical centre, equipment and urban parks). Samples were collected from parks (9, 10, and 11), a 
riverbank (77), roadsides (4, 5, 6, 7, 8, 12, 29, and 30) and ornamental gardens (1, 13). Average traffic intensity in the vicinity of sampling sites is shown in the 
Figure (private vehicles per day). 
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ANNEX VI



 
 

 
Table 1: Descriptive statistics of general soil characterisation parameters (Main Sampling Campaign) 

 pH C (%) N (%) H (%) 
CEC 

(cmol+/kg) Fe (%) Al (g/kg) 

 SF SB SF SB SF SB SF SB SF SF SB SF SB 

mean     1.615 1.328 0.269 0.115 0.336 0.307 10.1 0.81 0.80 11.96 12.03 

median 6.25 6.30 1.475 1.215 0.158 0.112 0.379 0.325 9.8 0.85 0.82 12.31 12.38 

st. dev     0.816 0.678 0.351 0.069 0.163 0.150 3.8 0.23 0.27 2.92 2.94 

variance     0.666 0.459 0.123 0.005 0.027 0.023 14.0 0.05 0.07 8.51 8.67 

25th Percentile 5.62 5.65 1.141 0.850 0.092 0.063 0.179 0.185 8.4 0.68 0.62 10.88 10.47 

75th Percentile 6.78 6.92 1.916 1.625 0.290 0.153 0.451 0.408 13.0 0.96 0.96 13.64 13.84 

max 8.10 8.00 4.885 3.806 1.961 0.295 0.736 0.640 20.0 1.38 1.40 19.93 17.43 

min 4.82 4.63 0.342 0.153 0.000 0.004 0.016 0.005 1.1 0.14 0.18 1.59 2.39 

RSD(%)     51 51 131 60 49 49 37 29 34 24 24 

Skewness   1.52 1.20 2.87 0.54 -0.25 0.022 0.091 -0.31 -0.13 -0.83 -1.07 

Kurtosis   3.55 2.09 9.04 -0.032 -0.69 -0.56 0.22 0.20 -0.094 2.10 2.08 

 
 
 
 
 
 



 
Table 2: Metal contents in soils collected during the main sampling campaign and respective descriptive statistics 

  Cr Cu Ni Pb Zn Mn 

GRID_REFER SF SB SF SB SF SB SF SB SF SB SF SB 

AVE.OG.01 9.81 9.75 14.2 14.9 6.80 7.36 9.16 18.0 13.5 26.7 121 128 

AVE.PO.02 10.5 9.42 26.6 37.0 7.23 6.53 133 299 57.8 66.9 128 107 

AVE.KT.03 5.06 5.90 17.4 18.9 4.02 4.41 166 200 48.6 47.8 63.4 64.6 

AVE.OG/RD.04 8.66 10.14 15.3 18.5 5.82 7.48 35.0 21.6 42.2 45.3 81.2 100.8 

AVE.RD.05 6.36 6.02 3.25 3.38 4.54 3.93 12.0 11.4 13.8 11.8 54.8 48.4 

AVE.RD.06 9.10 9.77 6.96 5.69 6.21 7.36 17.4 15.3 25.9 23.4 90.5 103.1 

AVE.OG/RD.07 8.78 8.79 16.3 14.1 5.86 5.93 22.0 16.6 21.7 19.1 82.9 72.4 

AVE.OG/RD.08 9.22 9.89 14.0 16.2 6.38 7.23 20.0 20.8 94.2 25.4 88.4 103.2 

AVE.PO.09 8.85 9.46 10.0 12.7 5.81 7.59 33.3 34.5 31.5 35.3 81.1 83.0 

AVE.PO.10 1.79 4.28 3.73 5.41 3.85 3.85 8.9 23.1 19.5 24.4 24.5 38.9 

AVE.PO.11 9.95 8.19 24.7 20.4 6.21 4.70 53.4 63.5 66.6 74.8 102 98.9 

AVE.OG/RD.12 9.69 10.1 20.1 22.2 5.80 6.86 78.2 84.3 76.1 76.3 85.7 91.9 

AVE.OG.13 8.63 7.51 4.30 3.59 5.92 4.17 11.8 10.1 20.3 15.5 63.9 65.9 

AVE.OG.14 11.1 11.1 6.50 6.33 8.43 7.30 11.2 11.5 21.6 20.3 83.7 85.6 

AVE.OG.15 10.7 10.7 13.0 22.3 7.51 6.84 16.8 20.7 26.0 30.4 97.0 118.4 

AVE.OG.16 9.13 8.58 8.74 10.3 4.93 4.80 53.8 168 22.6 25.6 51.1 64.3 

AVE.OG/RD.17 9.40 9.78 17.4 14.5 6.10 6.40 40.8 38.4 32.5 35.2 87.2 91.5 

AVE.OG/RD.18 9.99 8.57 26.5 24.5 6.86 6.39 61.6 73.1 40.7 176 149 97.4 

AVE.OG.19 10.0 9.38 13.3 13.3 7.03 6.75 27.5 27.8 32.1 29.4 115 124 

AVE.OG/RD.20 5.79 6.58 11.4 12.5 4.12 4.85 28.4 16.9 21.6 21.2 36.3 46.5 

AVE.PO.21 10.3 8.59 26.7 23.9 7.12 6.45 17.9 95.2 29.7 159 113 89.4 

AVE.OG/RD.22 29.6 22.5 6.16 5.37 5.83 5.50 181 146 20.4 17.2 45.2 45.3 

AVE.PO.23 10.8 11.4 31.2 34.2 8.31 9.49 75.3 70.3 54.0 50.4 184 169 

AVE.RD.24 10.6 10.9 29.9 23.6 8.83 7.89 67.7 62.8 48.3 54.3 154 119 

AVE.RL.25 11.3   26.6   8.14   101   71.9   112   

AVE.RL.26 4.48   4.09   2.46   8.52   18.4   38.1   

AVE.RL.27 5.06 5.43 3.80 4.77 2.37 3.26 8.28 8.82 15.2 16.0 36.3 33.7 

AVE.RL.28 7.79 5.66 8.32 5.94 3.80 3.87 13.6 8.85 36.6 24.5 71.5 41.2 

AVE.OG/RD.29 5.47 6.88 21.2 12.2 4.12 4.01 23.1 24.2 23.4 18.5 56.7 77.8 

AVE.OG/RD.30 6.00 6.34 12.3 13.9 4.05 4.04 24.9 28.6 22.7 23.9 54.5 61.5 

AVE.OG/RD.31 7.11 6.90 11.9 11.2 4.58 4.46 13.4 13.6 20.2 21.2 46.7 43.5 

AVE.OG/RD.32 11.1 10.3 21.0 20.1 9.65 9.17 25.3 19.1 43.2 535 127 95.8 

AVE.OG/RD.33 10.0 11.8 12.4 14.2 6.59 9.12 20.2 21.6 44.7 46.0 109 160 

AVE.OG.34 7.66 7.97 7.10 7.27 5.71 5.59 11.8 12.5 19.5 24.5 69.0 77.5 

AVE.OG.35 8.90 9.05 9.42 10.5 5.84 14.8 22.8 24.0 25.8 29.6 88.3 85.1 

AVE.PO.36 9.57 9.19 29.8 18.9 6.08 6.07 20.9 17.7 36.6 37.4 119 89.3 

AVE.OG.37 13.4 12.2 16.7 15.9 9.93 8.89 36.9 24.0 58.6 350 117 124 

AVE.RD.38 11.3   34.1   6.51   110   80.7   76.6   

AVE.OG/RD.39 5.70 3.41 8.2 3.1 5.50 2.48 18.7 8.00 33.8 13.8 61.5 30.4 

AVE.OG/RD.40 9.16 10.51 18.3 21.0 5.94 7.36 17.1 18.7 36.3 40.3 118 149 

AVE.OG/RD.41 11.3 9.86 13.9 23.2 6.81 7.19 17.6 16.4 42.0 46.6 152 147 

AVE.OG/RD.42 9.20 9.95 16.7 22.4 6.23 7.39 19.9 24.6 38.1 53.6 104 143 

AVE.OG.43 7.55 7.07 7.28 5.92 5.47 4.89 10.5 8.70 207 42.4 71.7 61.8 

AVE.RL.44 11.7 11.6 22.7 23.4 7.89 8.09 26.2 28.4 47.4 52.5 167 168 

AVE.OG/RD.45 13.9 5.74 5.83 5.54 9.38 4.00 14.6 7.49 28.9 15.0 77.5 45.5 

AVE.OG/RD.46 11.2 14.09 10.0 8.5 4.69 4.95 20.4 18.7 38.9 35.2 70.9 87.1 

AVE.OG/RD.47 10.9 11.3 17.6 14.7 7.09 6.84 58.0 45.4 69.6 66.3 102 93.7 

AVE.OG.48 13.7 14.1 15.3 16.5 8.90 10.8 23.9 27.1 41.3 47.1 145 146 

AVE.OG.49 8.36 6.54 7.80 6.59 6.05 8.26 12.7 9.1 22.7 22.1 94.9 60.5 

AVE.OG.50 9.48 12.6 8.26 11.1 5.80 11.8 16.5 25.6 24.1 41.1 87.8 144.0 

AVE.OG.51 7.93 9.29 13.4 15.3 5.12 5.68 22.4 28.5 181 95.4 122 130 

AVE.OG.52 11.7 13.1 25.5 31.0 7.90 9.02 35.5 42.5 58.4 238.8 156 184 

AVE.OG.53 10.9 10.1 34.3 17.6 8.69 7.34 41.7 30.5 6213 47.5 135 124 

AVE.OG/RD.54 13.6 6.97 29.1 9.1 8.82 4.81 49.1 19.8 90.7 30.5 188 87.7 

AVE.OG/RD.55 10.6 11.6 26.1 34.0 6.59 7.15 55.8 54.4 79.2 155 153 178 

AVE.OG.56 10.0 10.0 46.0 54.8 6.04 6.34 117 105 96.6 85.0 210 220 

AVE.OG/RD.57 9.20 2.15 35.3 3.8 5.88 1.33 21.1 5.35 38.0 9.2 153 55.9 

AVE.RB.58 13.7 15.4 34.8 62.2 8.28 9.94 144 150 134 150 87.9 68.2 

AVE.OG.59 8.89 9.23 21.4 16.7 5.84 6.00 51.1 57.4 50.8 54.5 89.1 95.3 

AVE.OG.60 7.67 8.07 27.7 28.6 5.69 5.66 16.7 16.4 37.1 32.7 60.8 66.1 

AVE.RD.61 5.86 6.10 11.4 12.2 3.75 3.96 19.4 20.3 20.2 24.3 77.0 82.4 

AVE.OG/RD.62 10.0 9.77 14.5 14.5 7.27 6.68 38.9 30.5 248 42.1 109 90.4 

AVE.OG.63 11.5 12.3 9.00 9.93 7.79 8.03 15.4 18.7 37.6 88.3 126 159 

AVE.OG/RD.64 10.8 9.96 18.3 16.1 7.49 7.02 41.3 37.4 48.0 44.7 160 132 

AVE.OG/RD.65 8.41 7.51 10.9 9.9 5.73 5.35 42.1 24.4 35.6 31.3 73.1 70.9 

AVE.RD.66 7.59   4.62   5.62   11.1   19.1   44.1   

AVE.RD.67 29.8   31.9   6.45   90.6   139   74.0   

AVE.RD.68 8.95 7.26 68.6 19.0 6.89 5.74 50.1 22.6 83.8 31.3 95.8 71.0 

AVE.RD.69 8.09 7.73 10.3 6.8 5.30 4.96 22.4 15.2 26.4 26.3 68.9 47.1 

AVE.RD.70 8.48 8.43 10.8 9.8 5.61 6.28 19.4 17.4 22.6 37.7 82.7 84.6 

AVE.OG/RD.71 14.5 14.0 15.6 15.9 10.4 9.88 29.4 30.5 46.7 43.8 175 178 

AVE.OG/RD.72 11.2 9.75 11.6 10.6 7.59 8.06 16.1 16.5 31.4 28.5 131 103 

AVE.OG/RD.73 5.88   7.92   4.89   16.8   27.6   58.5   

AVE.OG/RD.74 6.02 6.15 26.3 49.4 5.39 5.95 14.7 16.9 35.6 39.9 51.8 51.8 

AVE.OG/RD.75 8.11 8.47 10.8 10.3 5.50 5.73 19.6 17.9 24.6 22.1 76.6 76.0 

AVE.RB.76 3.82 2.30 3.74 1.61 2.56 1.69 14.3 4.4 25.4 16.7 54.7 38.8 

AVE.RB.77 36.9   12.6   11.5   29.6   121   82.8   

mean 10.1 9.16 17.0 16.3 6.33 6.43 38.0 39.6 130 58.4 96.8 95.9 

median 9.40 9.34 14.0 14.3 6.05 6.40 22.4 22.1 36.6 35.2 87.9 89.3 

Std Dev 5.12 3.12 11.2 11.5 1.78 2.27 36.7 49.8 703.6 79.7 40.3 42.2 

Variance 26.3 9.72 124.7 132.7 3.17 5.16 1346 2482 495117 6351 1622 1784 

min 1.79 2.15 3.25 1.61 2.37 1.33 8.28 4.38 13.5 9.21 24.5 30.4 

max 36.9 22.5 68.6 62.2 11.5 14.8 181 299 6213 535 210 220 

25th Percentile 7.93 7.12 9.00 9.30 5.50 4.86 16.7 16.5 24.1 24.3 69.0 64.9 

75th Percentile 10.9 10.5 24.7 20.3 7.27 7.38 42.1 36.7 57.8 52.0 121 124 

RSD(%) 51 34 66 71 28 35 97 126 542 136 42 44 

Skewness 3.26 0.72 1.70 1.88 0.28 0.73 2.19 3.17 8.73 4.17 0.64 0.70 

Kurtosis 13.62 3.53 4.99 4.62 0.92 2.36 4.71 11.76 76.41 20.50 -0.09 0.00 
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Figure 1: Distribution of pH values in surface and sub-surface samples from main sampling campaign sites 
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Figure 2: Boxplots of obtained Fe% for surface and sub-surface samples Figure 3: Frequencies distribution of Fe% in surface samples Figure 4: Frequencies distribution of Fe% in surface samples 
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Figure 5: Boxplots of obtained Al (g/kg) for surface and sub-surface samples Figure 6: Frequencies distribution of Al (g/kg) in surface samples Figure 7: Frequencies distribution of Al (g/kg) in surface samples 
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Figure 8: Boxplots of Cr, Cu, Mn, Ni, Pb and Zn in surface and sub-surface samples (outliers not shown) 
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Figure 9: Details of Boxplots of Cr and Ni in surface and sub-surface samples (outliers shown) Figure 10: Details of Boxplots of Cu, Mn, Pb and Zn in surface and sub-surface samples (outliers shown) 
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Figure 11: Frequencies distribution of Cr  in surface samples Figure 12: Frequencies distribution of Cr in sub-surface samples Figure 13: Frequencies distribution of Cu (mg/kg) in surface samples Figure 14 Frequencies distribution of Cu in sub-surface samples 
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Figure 15: Frequencies distribution of Mn in surface samples Figure 16: Frequencies distribution of Mn  in sub-surface samples Figure 17: Frequencies distribution of N in surface samples Figure 18: Frequencies distribution of Ni in sub-surface samples 

Pb (mg/kg) surface

170,0

150,0

130,0

110,0

90,0

70,0

50,0

30,0

10,0

30

20

10

0 2
3

5

88

28

14

 

Pb (mg/kg) sub-surface

300,0275,0250,0225,0200,0175,0150,0125,0100,075,050,025,00,0

50

40

30

20

10

0
55

42

11

 
 

Zn (mg/kg) surface

240,0220,0200,0180,0160,0140,0120,0100,080,060,040,020,0

30

20

10

0 2
3

66

27
28

 
Zn (mg/kg) surface

550,0500,0450,0400,0350,0300,0250,0200,0150,0100,050,00,0

50

40

30

20

10

0 3
5

39

19

 

Figure 19: Frequencies distribution of Pb  in surface samples Figure 20: Frequencies distribution of Pb in sub-surface samples Figure 21: Frequencies distribution of Zn (mg/kg) in surface samples Figure 22: Frequencies distribution of Zn in sub-surface samples 
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Figure 23: Distribution of Cr (mg/kg) in sub-surface samples versus surface samples Figure 24: Distribution of Cu (mg/kg) in sub-surface samples versus surface samples Figure 25: Distribution of Mn (mg/kg) in sub-surface samples versus surface samples 
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Figure 26: Distribution of Ni (mg/kg) in sub-surface samples versus surface samples Figure 27: Distribution of Pb (mg/kg) in sub-surface samples versus surface samples Figure 28: Distribution of Zn (mg/kg) in sub-surface samples versus surface samples 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 3: Wicoxon signed ranks tests results for differences between surface and subsurface median parameters’ concentrations 

Ranks

55a 35,18 1935,00

13b 31,62 411,00

3c

71

44d 38,59 1698,00

23e 25,22 580,00

1f

68

43g 34,49 1483,00

26h 35,85 932,00

0i

69

32j 32,97 1055,00

36k 35,86 1291,00

2l

70

24m 21,58 518,00

17n 20,18 343,00

29o

70

32p 30,39 972,50

30q 32,68 980,50

8r

70

32s 39,78 1273,00

36t 29,81 1073,00

2u

70

19v 19,21 365,00

19w 19,79 376,00

32x

70

35y 38,64 1352,50

34z 31,25 1062,50

1aa

70

33bb 32,33 1067,00

34cc 35,62 1211,00

3dd

70

34ee 37,51 1275,50

35ff 32,56 1139,50

1gg

70

21hh 30,62 643,00

48ii 36,92 1772,00

2jj

71

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

Negative Ranks

Positive Ranks

Ties

Total

CSB - CSF

NSB - NSF

HSB - HSF

Al SB - Al SF

Cr SB - Cr SF

Cu SB - Cu SF

Mn SB - Mn SF

Ni SB - Ni SF

Pb SB - Pb SF

Zn SB - Zn SF

Fe SB - Fe SF

pH SB - pH SF

N Mean Rank Sum of Ranks

 

Total

CSB < CSFa. 

CSB > CSFb. 

CSF = CSBc. 

NSB < NSFd. 

NSB > NSFe. 

NSF = NSBf. 

HSB < HSFg. 

HSB > HSFh. 

HSF = HSBi. 

ALSB < ALSFj. 

ALSB > ALSFk. 

ALSF = ALSBl. 

CRSB < CRSFm. 

CRSB > CRSFn. 

CRSF = CRSBo. 

CUSB < CUSFp. 

CUSB > CUSFq. 

CUSF = CUSBr. 

MNSB < MNSFs. 

MNSB > MNSFt. 

MNSF = MNSBu. 

NISB < NISFv. 

NISB > NISFw. 

NISF = NISBx. 

PBSB < PBSFy. 

PBSB > PBSFz. 

PBSF = PBSBaa. 

ZNSB < ZNSFbb. 

ZNSB > ZNSFcc. 

ZNSF = ZNSBdd. 

FESB < FESFee. 

FESB > FESFff. 

FESF = FESBgg. 

pH SB < pH SFhh. 

pH SB > pH SFii. 

pH SF = pH SBjj. 
 

 
 
 

Table 4: Computed test statistics and significance for differences between surface and subsurface samples 

Test Statisticsc

-4,670a -3,492a -1,647a -,721b -1,171a -,028b -,611a -,083b -,868a -,450b -,407a -3,376b

,000 ,000 ,100 ,471 ,241 ,977 ,541 ,934 ,385 ,652 ,684 ,001

Z

Asymp. Sig. (2-tailed)

CSB - CSF NSB - NSF HSB - HSF Al SB - Al SF Cr SB - Cr SF Cu SB - Cu SF Mn SB - Mn SF Ni SB - Ni SF Pb SB - Pb SF Zn SB - Zn SF Fe SB - Fe SF pH SF - pH SB

Based on positive ranks.a. 

Based on negative ranks.b. 

Wilcoxon Signed Ranks Testc. 
 

 
 



 
 
 

Table 5:  Results obtained for soil quality indicators according to different land uses 
Al SF Al SB Cr SF Cr SB Cu SF Cu SB Fe SF Fe SB Mn SF Mn SB Ni SF Ni SB Pb SF Pb SB Zn SF Zn SB pH SF pH SB C SF C SB N SF N SB H SF H SB CEC sand silt clay 

  g/kg g/kg mg/kg mg/kg mg/kg mg/kg % % mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg     % % % % % % cmol+/kg % % % 

mean 13.1 13.5 10.0 9.9 15.4 15.9 0.9 0.9 105 113 6.9 7.5 28.3 34.3 361 67.4   1.52 1.24 0.14 0.11 0.32 0.28 11.6 83.5 13.0 3.4 

median 12.9 12.8 9.5 9.6 13.0 14.1 0.9 0.9 96.0 121.2 6.0 7.1 19.5 24.0 34.5 36.9 5.7 5.8 1.40 1.30 0.15 0.12 0.36 0.27 11.5 85.5 11.4 3.2 

Std Dev 1.9 2.2 1.8 2.1 10.7 11.7 0.2 0.2 38.2 44.0 1.5 2.6 24.9 38.3 1379 83.0   0.61 0.50 0.08 0.05 0.14 0.12 3.5 5.8 4.7 1.2 

Variance 3.4 4.7 3.2 4.4 115 136 0.0 0.0 1459 1940 2.1 6.7 618 1467 1900272 6890   0.37 0.25 0.01 0.00 0.02 0.01 12.6 34.0 22.3 1.3 

min 10.3 9.9 8.0 6.5 4.0 3.6 0.6 0.5 51.0 60.5 5.0 4.2 9.0 8.7 14.0 15.5 5.2 5.1 0.50 0.30 0.01 0.00 0.08 0.10 4.0 74.7 5.2 1.4 

max 16.6 17.4 14.0 14.1 46.0 54.8 1.3 1.3 210 220 10.0 14.8 117 168 6213 350 7.3 7.4 3.10 2.10 0.34 0.18 0.52 0.47 17.0 93.4 20.5 5.3 

25th Percentile 11.8 12.1 8.8 8.5 8.0 9.3 0.7 0.7 81.0 74.6 6.0 5.7 12.8 15.4 23.0 26.4 5.5 5.4 1.08 0.80 0.10 0.08 0.25 0.19 10.0 77.6 9.8 2.6 

75th Percentile 14.6 15.8 11.0 11.4 18.0 17.0 1.0 1.0 123.0 133.1 8.0 8.4 35.5 29.0 58.3 62.1 5.9 6.2 1.93 1.53 0.17 0.14 0.42 0.40 14.3 87.6 17.8 4.2 

OG 
(20) 

RSD(%) 14 16 18 21 70 73 19 24 36 39 21 34 88 112 382 123     40 41 56 45 42 41 31 7 36 34 

mean 12.4 11.8 10.0 9.3 16.2 15.7 0.8 0.8 98.9 93.6 6.4 6.1 35.0 30.6 48.3 59.2   1.52 1.18 0.35 0.10 0.34 0.31 9.8 83.9 12.8 3.4 

median 12.1 12.4 9.0 9.8 15.0 14.3 0.9 0.8 87.0 90.9 6.0 6.4 23.0 21.2 38.0 35.2 6.2 6.3 1.40 1.10 0.16 0.10 0.38 0.34 9.0 86.0 11.1 2.9 

Std Dev 2.6 2.9 4.4 3.6 6.9 9.3 0.2 0.3 42.0 40.6 1.5 1.9 31.6 28.1 42.1 97.0   0.47 0.51 0.47 0.06 0.14 0.15 2.2 8.0 6.2 1.9 

Variance 6.8 8.6 19.8 13.3 47.4 86.1 0.1 0.1 1764 1652 2.4 3.6 998 792 1775 9418   0.22 0.26 0.22 0.00 0.02 0.02 4.6 64.4 38.7 3.6 

min 6.8 2.4 5.0 2.2 6.0 3.1 0.4 0.2 36.0 30.4 4.0 1.3 13.0 5.4 20.0 9.2 4.8 4.6 0.80 0.20 0.02 0.01 0.05 0.04 6.0 61.4 3.3 0.8 

max 19.9 16.5 30.0 22.5 35.0 49.4 1.4 1.4 188.0 178.1 10.0 9.9 181 146 248 535 7.5 7.6 3.30 2.50 1.96 0.21 0.53 0.59 17.0 95.9 29.3 9.3 

25th Percentile 11.2 10.5 8.0 6.9 11.5 10.4 0.7 0.6 66.5 63.9 6.0 4.9 19.5 16.9 28.5 21.4 5.6 5.9 1.30 0.93 0.09 0.05 0.19 0.21 9.0 78.7 7.9 1.9 

75th Percentile 13.4 13.8 11.0 10.3 19.0 19.7 1.0 0.9 129.0 103.2 7.0 7.2 41.0 30.5 46.0 45.8 6.7 6.7 1.60 1.30 0.33 0.14 0.45 0.40 10.0 90.2 16.8 4.6 

OG/RD 
(31) 

RSD(%) 21 25 44 39 43 59 29 36 42 43 24 31 90 92 87 164     31 44 137 59 42 48 22 10 49 56 

KT (1) AVE.KT.03 6.0 7.3 5 6 17 19 0.44 0.51 63 65 4 4 166 200 49 48 7.14 7.28 2 1.8 0.17 0.14 0.34 0.35 10 88.4 8.7 2.8 

mean 11.6 11.2 8.9 8.6 22.0 21.8 0.8 0.8 107.4 96.6 6.3 6.4 48.9 86.2 42.4 64.0   2.1 2.3 0.35 0.21 0.43 0.50 12.6 89.7 8.1 2.1 

median 13.4 12.0 10.0 9.2 27.0 20.4 0.9 0.8 113.0 89.4 6.0 6.5 33.0 63.5 37.0 50.4 6.3 6.7 2.2 2.5 0.22 0.19 0.51 0.57 13.0 92.8 5.8 1.8 

Std Dev 4.5 3.2 3.1 2.2 10.6 11.2 0.3 0.2 48.3 38.7 1.3 1.8 43.5 97.8 17.4 45.5   1.1 0.72 0.39 0.048 0.23 0.12 4.2 7.4 6.0 1.5 

Variance 20.0 10.4 9.5 4.7 112 125 0.1 0.0 2329 1500 1.6 3.4 1891 9574 304 2073   1.2 0.52 0.15 0.0023 0.052 0.01 17.6 55.2 36.3 2.3 

min 1.6 5.7 2.0 4.3 4.0 5.4 0.1 0.4 25.0 38.9 4.0 3.9 9.0 17.7 19.0 24.4 5.6 5.7 0.70 1.2 0.10 0.15 0.12 0.33 5.0 81.4 0.8 0.3 

max 14.2 14.7 11.0 11.4 31.0 37.0 1.0 1.1 184 169 8.0 9.5 133 299 67.0 159.0 6.7 7.1 4.0 3.2 1.21 0.27 0.74 0.64 18.0 98.9 15.4 4.4 

25th Percentile 12.2 9.5 9.5 8.4 17.5 15.8 0.8 0.7 91.5 86.1 6.0 5.4 19.5 28.8 31.0 36.3 5.7 6.0 1.3 1.8 0.18 0.18 0.27 0.41 11.0 82.5 3.7 1.1 

75th Percentile 13.7 13.5 10.0 9.4 28.5 29.0 1.0 0.9 124 103 7.0 7.1 64.0 82.8 56.0 70.9 6.5 6.9 2.6 2.8 0.27 0.25 0.56 0.59 15.0 95.1 13.8 3.2 

PO 
(7) 

RSD(%) 39 29 35 25 48 51 38 28 45 40 20 29 89 114 41 71     54 32 112 23 53 24 33 8 74 71 

mean 11.2 12.3 10.6 8.0 21.2 11.5 0.7 0.7 81.9 79.3 6.1 5.7 41.9 23.6 48.0 29.9   1.8 1.2 0.33 0.074 0.36 0.25 9.3 86.9 10.3 2.8 

median 11.5 12.9 8.5 7.7 11.0 9.8 0.7 0.6 77.0 82.4 6.0 5.7 20.5 17.4 26.0 26.3 6.7 6.9 1.7 1.2 0.31 0.070 0.40 0.27 9.0 88.4 8.6 2.7 

Std Dev 2.6 1.9 7.0 1.8 20.5 7.4 0.2 0.2 29.6 26.6 1.4 1.6 36.1 17.7 40.9 13.4   1.1 0.5 0.24 0.045 0.13 0.13 4.1 7.7 6.1 1.7 

Variance 6.6 3.6 49.4 3.3 419 54.4 0.0 0.0 878 705 1.9 2.4 1301 313 1671 179   1.1 0.2 0.060 0.0020 0.018 0.016 17.1 59.5 37.2 2.8 

min 6.9 9.4 6.0 6.0 3.0 3.4 0.4 0.4 44.0 47.1 4.0 3.9 11.0 11.4 14.0 11.8 5.6 5.5 0.40 0.40 0.050 0.020 0.11 0.07 3.0 73.4 1.4 0.4 

max 13.9 14.8 30.0 10.9 69.0 23.6 1.0 1.0 154 119 9.0 7.9 110.0 62.8 139 54.3 7.1 7.2 3.8 1.9 0.85 0.15 0.50 0.43 17.0 98.3 20.3 6.3 

25th Percentile 9.8 11.0 8.0 6.7 7.8 6.3 0.7 0.5 70.3 59.7 5.3 4.5 17.5 15.3 20.8 23.8 6.1 5.9 1.1 0.88 0.16 0.05 0.29 0.17 6.8 81.2 6.3 1.6 

75th Percentile 13.6 13.6 10.5 9.1 31.5 15.6 0.8 0.9 88.3 93.9 6.8 6.8 63.5 21.4 72.8 34.5 7.0 7.0 2.1 1.4 0.43 0.09 0.47 0.31 10.8 92.0 15.2 3.6 

RD 
(10) 

RSD(%) 23 16 66 23 97 64 23 31 36 33 22 27 86 75 85 45     59 42 75 60 36 51 44 9 59 61 

mean 10.0 11.2 8.0 7.6 13.2 11.4 0.7 0.6 85.0 80.9 4.8 5.1 31.6 15.3 37.8 31.0   0.88 1.0 0.028 0.13 0.14 0.17 4.0 88.9 8.5 2.6 

median 10.0 10.3 8.0 5.7 8.0 5.9 0.6 0.4 72.0 41.2 4.0 3.9 14.0 8.9 37.0 24.5 8.0 7.7 0.60 0.8 0.010 0.090 0.050 0.23 3.0 88.3 8.9 2.8 

Std Dev 3.0 1.7 3.5 3.5 11.0 10.4 0.3 0.4 55.3 75.3 3.0 2.6 39.4 11.3 23.3 19.1   0.55 0.6 0.046 0.11 0.19 0.14 3.0 6.4 4.9 1.6 

Variance 9.2 3.0 12.5 12.1 121 109 0.1 0.2 3058 5675 9.2 6.9 1556 127 542 364   0.31 0.3 0.0021 0.012 0.038 0.02 9.0 41.4 23.6 2.5 

min 6.6 10.1 4.0 5.4 4.0 4.8 0.4 0.3 36.0 33.7 2.0 3.3 8.0 8.8 15.0 16.0 6.4 6.4 0.50 0.5 0.00 0.05 0.020 0.01 1.0 82.6 3.3 0.9 

max 13.5 13.2 12.0 11.6 27.0 23.4 1.1 1.1 167 168 8.0 8.1 101 28.4 72.0 52.5 8.1 8.0 1.8 1.6 0.11 0.26 0.48 0.27 9.0 95.8 13.4 4.3 

25th Percentile 7.4 10.2 5.0 5.5 4.0 5.4 0.4 0.4 38.0 37.4 2.0 3.6 9.0 8.8 18.0 20.3 7.8 7.1 0.50 0.65 0.010 0.070 0.030 0.12 3.0 82.6 3.8 1.1 

75th Percentile 12.4 11.7 11.0 8.6 23.0 14.7 1.0 0.8 112 104 8.0 6.0 26.0 18.6 47.0 38.5 8.0 7.8 1.0 1.2 0.010 0.18 0.11 0.25 4.0 95.1 13.1 4.0 

RL 
(5) 

RSD(%) 30 15 44 46 83 92 47 70 65 93 63 52 125 73 62 62     63 59 164 84 141 82 75 7 57 60 

AVE.RB.58 10.0 10.2 14 15 35 62 0.85 0.81 88 68 8.0 9.9 144 150 134 150 6.3 6.5 4.9 3.8 0.38 0.30 0.47 0.43 20 94.4 4.5 1.1 

AVE.RB.76 4.1 2.5 4.0 2.3 4.0 1.6 0.41 0.27 55 39 3.0 1.7 14 4.4 25 17 7.1 7.2 0.30 0.70 0.68 . 0.12 0.12 4.0 97.1 2.4 0.50 
RB 
(3) 

AVE.RB.77 11.3   37   13   0.90   83   12   30   121   7.4 . 2.5 . 0.12 . 0.66 . 10 93.8 4.4 1.8 

 
 
 
 
 
 
 



 
 
 

Table 6: Computed Mann-Whitney Test Statistics for differences between OGs and OG/RDs.  
 

Test Statistics(a) 

  Al SF Al SB Cr SF Cr SB Cu SF Cu SB Fe SF Fe SB Mn SF Mn SB Ni SF Ni SB Pb SF Pb SB Zn SF Zn SB pH SF pH SB C SF C SB N SF N SB H SF H SB CEC SAND SILT CLAY 

Mann-Whitney 
U 249 216 284 260 249.5 287 273 233.5 272 233.5 264 211 229.5 295.5 291 253.5 214.5 199.5 308 258.5 254 259.5 278.5 245.5 192 276.5 279 265.5 

Wilcoxon W 745 681 780 725 459.5 497 769 698.5 768 698.5 760 676 439.5 760.5 501 718.5 424.5 409.5 804 723.5 464 694.5 488.5 435.5 688 486.5 775 761.5 

Z -1.177 -1.663 -0.508 -0.802 -1.169 -0.258 -0.714 -1.318 -0.733 -1.317 -0.92 -1.8 -1.555 -0.089 -0.367 -0.921 -1.843 -1.99 -0.039 -0.825 -1.082 -0.622 -0.608 -0.633 -2.301 -0.646 -0.598 -0.859 

Asymp. Sig. 
(2-tailed) 0.239 0.096 0.611 0.423 0.242 0.796 0.475 0.188 0.463 0.188 0.357 0.072 0.12 0.929 0.714 0.357 0.065 0.047 0.969 0.409 0.279 0.534 0.543 0.527 0.021 0.518 0.55 0.39 

a Grouping Variable: Land Use Regime 

 
 

 
 

Table 7: Computed Mann-Whitney Test Statistics for differences between OGs and POs.  
Test Statistics(b) 

  Al SF Al SB Cr SF Cr SB Cu SF Cu SB Fe SF Fe SB Mn SF Mn SB Ni SF Ni SB Pb SF Pb SB Zn SF Zn SB pH SF pH SB CSF CSB NSF NSB HSF HSB CEC SAND SILT CLAY 

Mann-
Whitney U 66 40.5 68 47.5 44.5 42.5 68.5 48 65 58 60 54 48.5 34.5 65.5 55 43 36 46.5 18.5 34 5.5 44 14.5 57 36.5 37.5 36 

Wilcoxon W 94 68.5 96 75.5 254.5 252.5 278.5 76 275 86 88 82 258.5 244.5 275.5 265 253 246 256.5 228.5 244 215.5 254 204.5 267 246.5 65.5 64 

Z -0.221 -1.633 -0.113 -1.273 -1.414 -1.523 -0.083 -1.217 -0.277 -0.665 -0.576 -0.9 -1.191 -1.965 -0.249 -0.83 -1.494 -1.882 -1.304 -2.856 -1.996 -3.575 -1.439 -3.009 -0.723 -1.854 -1.799 -1.884 

Asymp. Sig. 
(2-tailed) 0.825 0.102 0.91 0.203 0.157 0.128 0.934 0.223 0.782 0.506 0.565 0.368 0.234 0.049 0.803 0.406 0.135 0.06 0.192 0.004 0.046 0 0.15 0.003 0.469 0.064 0.072 0.06 

Exact Sig. 
[2*(1-tailed 
Sig.)] 

.850(a) .104(a) .935(a) .219(a) .162(a) .130(a) .935(a) .240(a) .808(a) .533(a) .607(a) .400(a) .240(a) .048(a) .808(a) .431(a) .145(a) .063(a) .198(a) .003(a) .048(a) .000(a) .162(a) .001(a) .498(a) .063(a) .072(a) .063(a) 

a Not corrected for ties. 

b Grouping Variable: Land Use Regime 
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Figure 29: Scatter plots of Total C, CEC and metal contents in surface samples Figure 30: Scatter plots of Total C and metal contents in sub-surface samples 
 
 
 
 
 
 
 



Table 8: Pearson correlation coefficient for total C, total N, total H, CEC, metals, sand, silt and clay in surface samples 

Correlations

1,000 ,151 ,503** ,638** ,010 ,374** ,515** ,242* ,288* ,561** ,074 ,158 ,023 -,010 -,070

, ,190 ,000 ,000 ,930 ,001 ,000 ,034 ,011 ,000 ,520 ,170 ,842 ,932 ,548

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,151 1,000 ,339** ,043 ,061 -,075 ,054 -,041 -,025 -,036 -,033 -,090 -,140 ,144 ,120

,190 , ,003 ,709 ,600 ,518 ,639 ,723 ,830 ,756 ,773 ,437 ,225 ,213 ,299

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,503** ,339** 1,000 ,446** ,467** ,413** ,166 ,267* ,436** ,264* -,062 ,462** -,063 ,059 ,072

,000 ,003 , ,000 ,000 ,000 ,150 ,019 ,000 ,020 ,592 ,000 ,588 ,612 ,531

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,638** ,043 ,446** 1,000 ,349** ,144 ,418** ,444** ,489** ,313** ,098 ,434** -,156 ,169 ,101

,000 ,709 ,000 , ,002 ,211 ,000 ,000 ,000 ,006 ,397 ,000 ,176 ,143 ,380

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,010 ,061 ,467** ,349** 1,000 ,263* ,051 ,523** ,659** -,087 ,043 ,818** -,446** ,430** ,481**

,930 ,600 ,000 ,002 , ,021 ,660 ,000 ,000 ,449 ,710 ,000 ,000 ,000 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,374** -,075 ,413** ,144 ,263* 1,000 ,160 ,215 ,591** ,368** ,039 ,456** -,004 -,005 ,037

,001 ,518 ,000 ,211 ,021 , ,164 ,060 ,000 ,001 ,739 ,000 ,969 ,965 ,747

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,515** ,054 ,166 ,418** ,051 ,160 1,000 ,514** ,324** ,437** ,194 ,201 -,055 ,063 ,023

,000 ,639 ,150 ,000 ,660 ,164 , ,000 ,004 ,000 ,091 ,080 ,633 ,584 ,843

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,242* -,041 ,267* ,444** ,523** ,215 ,514** 1,000 ,623** ,159 ,124 ,712** -,351** ,330** ,409**

,034 ,723 ,019 ,000 ,000 ,060 ,000 , ,000 ,168 ,283 ,000 ,002 ,003 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,288* -,025 ,436** ,489** ,659** ,591** ,324** ,623** 1,000 ,131 ,181 ,803** -,276* ,260* ,319**

,011 ,830 ,000 ,000 ,000 ,000 ,004 ,000 , ,256 ,115 ,000 ,015 ,022 ,005

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,561** -,036 ,264* ,313** -,087 ,368** ,437** ,159 ,131 1,000 ,029 ,080 ,183 -,182 -,175

,000 ,756 ,020 ,006 ,449 ,001 ,000 ,168 ,256 , ,800 ,488 ,112 ,112 ,128

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,074 -,033 -,062 ,098 ,043 ,039 ,194 ,124 ,181 ,029 1,000 ,063 ,055 -,058 -,042

,520 ,773 ,592 ,397 ,710 ,739 ,091 ,283 ,115 ,800 , ,584 ,635 ,617 ,715

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,158 -,090 ,462** ,434** ,818** ,456** ,201 ,712** ,803** ,080 ,063 1,000 -,456** ,439** ,497**

,170 ,437 ,000 ,000 ,000 ,000 ,080 ,000 ,000 ,488 ,584 , ,000 ,000 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,023 -,140 -,063 -,156 -,446** -,004 -,055 -,351** -,276* ,183 ,055 -,456** 1,000 -,997** -,962**

,842 ,225 ,588 ,176 ,000 ,969 ,633 ,002 ,015 ,112 ,635 ,000 , ,000 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

-,010 ,144 ,059 ,169 ,430** -,005 ,063 ,330** ,260* -,182 -,058 ,439** -,997** 1,000 ,939**

,932 ,213 ,612 ,143 ,000 ,965 ,584 ,003 ,022 ,112 ,617 ,000 ,000 , ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

-,070 ,120 ,072 ,101 ,481** ,037 ,023 ,409** ,319** -,175 -,042 ,497** -,962** ,939** 1,000

,548 ,299 ,531 ,380 ,000 ,747 ,843 ,000 ,005 ,128 ,715 ,000 ,000 ,000 ,

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

CSF

NSF

HSF

CEC

Al SF

Cr SF

Cu SF

Mn SF

Ni SF

Pb SF

Zn SF

Fe SF

SAND

SILT

CLAY

CSF NSF HSF CEC Al SF Cr SF Cu SF Mn SF Ni SF Pb SF Zn SF Fe SF SAND SILT CLAY

Correlation is significant at the 0.01 level (2-tailed).**. 

Correlation is significant at the 0.05 level (2-tailed).*. 
 

 
 
 
 
 



Table 9: Spearman correlation coefficient for total C, total N, total H, CEC, metals, sand, silt and clay in surface samples 

Correlations

1,000 ,465** ,546** ,641** ,079 ,387** ,563** ,288* ,327** ,682** ,478** ,192 -,008 ,024 ,000

, ,000 ,000 ,000 ,496 ,001 ,000 ,011 ,004 ,000 ,000 ,095 ,942 ,833 ,999

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,465** 1,000 ,513** ,247* ,180 ,062 ,274* ,125 ,114 ,330** ,232* ,003 -,074 ,076 ,031

,000 , ,000 ,030 ,118 ,590 ,016 ,280 ,323 ,003 ,043 ,979 ,522 ,510 ,791

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,546** ,513** 1,000 ,376** ,453** ,451** ,201 ,292** ,398** ,389** ,328** ,432** ,005 -,003 -,011

,000 ,000 , ,001 ,000 ,000 ,080 ,010 ,000 ,000 ,004 ,000 ,964 ,980 ,922

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,641** ,247* ,376** 1,000 ,354** ,432** ,440** ,421** ,520** ,431** ,272* ,425** -,137 ,151 ,096

,000 ,030 ,001 , ,002 ,000 ,000 ,000 ,000 ,000 ,017 ,000 ,233 ,191 ,407

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,079 ,180 ,453** ,354** 1,000 ,560** ,107 ,553** ,658** ,064 ,132 ,765** -,414** ,398** ,447**

,496 ,118 ,000 ,002 , ,000 ,356 ,000 ,000 ,583 ,252 ,000 ,000 ,000 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,387** ,062 ,451** ,432** ,560** 1,000 ,443** ,662** ,859** ,466** ,532** ,830** -,201 ,200 ,236*

,001 ,590 ,000 ,000 ,000 , ,000 ,000 ,000 ,000 ,000 ,000 ,080 ,081 ,039

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,563** ,274* ,201 ,440** ,107 ,443** 1,000 ,609** ,451** ,671** ,683** ,275* -,040 ,047 ,028

,000 ,016 ,080 ,000 ,356 ,000 , ,000 ,000 ,000 ,000 ,016 ,733 ,684 ,808

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,288* ,125 ,292** ,421** ,553** ,662** ,609** 1,000 ,737** ,375** ,573** ,741** -,314** ,302** ,366**

,011 ,280 ,010 ,000 ,000 ,000 ,000 , ,000 ,001 ,000 ,000 ,005 ,008 ,001

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,327** ,114 ,398** ,520** ,658** ,859** ,451** ,737** 1,000 ,337** ,474** ,826** -,228* ,219 ,268*

,004 ,323 ,000 ,000 ,000 ,000 ,000 ,000 , ,003 ,000 ,000 ,046 ,056 ,018

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,682** ,330** ,389** ,431** ,064 ,466** ,671** ,375** ,337** 1,000 ,645** ,244* ,116 -,105 -,115

,000 ,003 ,000 ,000 ,583 ,000 ,000 ,001 ,003 , ,000 ,033 ,317 ,363 ,319

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,478** ,232* ,328** ,272* ,132 ,532** ,683** ,573** ,474** ,645** 1,000 ,319** -,033 ,031 ,067

,000 ,043 ,004 ,017 ,252 ,000 ,000 ,000 ,000 ,000 , ,005 ,777 ,786 ,561

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,192 ,003 ,432** ,425** ,765** ,830** ,275* ,741** ,826** ,244* ,319** 1,000 -,357** ,344** ,414**

,095 ,979 ,000 ,000 ,000 ,000 ,016 ,000 ,000 ,033 ,005 , ,001 ,002 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

-,008 -,074 ,005 -,137 -,414** -,201 -,040 -,314** -,228* ,116 -,033 -,357** 1,000 -,997** -,968**

,942 ,522 ,964 ,233 ,000 ,080 ,733 ,005 ,046 ,317 ,777 ,001 , ,000 ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,024 ,076 -,003 ,151 ,398** ,200 ,047 ,302** ,219 -,105 ,031 ,344** -,997** 1,000 ,953**

,833 ,510 ,980 ,191 ,000 ,081 ,684 ,008 ,056 ,363 ,786 ,002 ,000 , ,000

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

,000 ,031 -,011 ,096 ,447** ,236* ,028 ,366** ,268* -,115 ,067 ,414** -,968** ,953** 1,000

,999 ,791 ,922 ,407 ,000 ,039 ,808 ,001 ,018 ,319 ,561 ,000 ,000 ,000 ,

77 77 77 77 77 77 77 77 77 77 77 77 77 77 77

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

CSF

NSF

HSF

CEC

Al SF

Cr SF

Cu SF

Mn SF

Ni SF

Pb SF

Zn SF

Fe SF

SAND

SILT

CLAY

Spearman's rho
CSF NSF HSF CEC Al SF Cr SF Cu SF Mn SF Ni SF Pb SF Zn SF Fe SF SAND SILT CLAY

Correlation is significant at the .01 level (2-tailed).**. 

Correlation is significant at the .05 level (2-tailed).*. 
 

 
 
 
 
 
 
 
 



Table 10: Pearson correlation coefficient for total C, total N, total H, and metals in sub-surface samples 
 

Correlations

1,000 ,868** ,618** ,062 ,295* ,616** ,236* ,275* ,588** ,299* ,211

, ,000 ,000 ,609 ,013 ,000 ,049 ,021 ,000 ,012 ,080

71 68 69 70 70 70 70 70 70 70 70

,868** 1,000 ,692** -,045 ,189 ,524** ,246* ,217 ,472** ,312* ,158

,000 , ,000 ,717 ,125 ,000 ,045 ,078 ,000 ,010 ,202

68 68 67 67 67 67 67 67 67 67 67

,618** ,692** 1,000 ,202 ,202 ,237 ,125 ,268* ,351** ,203 ,226

,000 ,000 , ,099 ,099 ,052 ,308 ,027 ,003 ,096 ,064

69 67 69 68 68 68 68 68 68 68 68

,062 -,045 ,202 1,000 ,683** ,184 ,576** ,662** -,038 ,224 ,786**

,609 ,717 ,099 , ,000 ,127 ,000 ,000 ,752 ,063 ,000

70 67 68 70 70 70 70 70 70 70 70

,295* ,189 ,202 ,683** 1,000 ,307** ,548** ,654** ,267* ,251* ,815**

,013 ,125 ,099 ,000 , ,010 ,000 ,000 ,026 ,036 ,000

70 67 68 70 70 70 70 70 70 70 70

,616** ,524** ,237 ,184 ,307** 1,000 ,462** ,341** ,463** ,334** ,249*

,000 ,000 ,052 ,127 ,010 , ,000 ,004 ,000 ,005 ,038

70 67 68 70 70 70 70 70 70 70 70

,236* ,246* ,125 ,576** ,548** ,462** 1,000 ,583** ,080 ,279* ,752**

,049 ,045 ,308 ,000 ,000 ,000 , ,000 ,508 ,019 ,000

70 67 68 70 70 70 70 70 70 70 70

,275* ,217 ,268* ,662** ,654** ,341** ,583** 1,000 ,081 ,316** ,733**

,021 ,078 ,027 ,000 ,000 ,004 ,000 , ,503 ,008 ,000

70 67 68 70 70 70 70 70 70 70 70

,588** ,472** ,351** -,038 ,267* ,463** ,080 ,081 1,000 ,117 ,054

,000 ,000 ,003 ,752 ,026 ,000 ,508 ,503 , ,335 ,657

70 67 68 70 70 70 70 70 70 70 70

,299* ,312* ,203 ,224 ,251* ,334** ,279* ,316** ,117 1,000 ,284*

,012 ,010 ,096 ,063 ,036 ,005 ,019 ,008 ,335 , ,017

70 67 68 70 70 70 70 70 70 70 70

,211 ,158 ,226 ,786** ,815** ,249* ,752** ,733** ,054 ,284* 1,000

,080 ,202 ,064 ,000 ,000 ,038 ,000 ,000 ,657 ,017 ,

70 67 68 70 70 70 70 70 70 70 70

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

Pearson Correlation

Sig. (2-tailed)

N

CSB

NSB

HSB

Al SB

Cr SB

Cu SB

Mn SB

Ni SB

Pb SB

Zn SB

Fe SB

CSB NSB HSB Al SB Cr SB Cu SB Mn SB Ni SB Pb SB Zn SB Fe SB

Correlation is significant at the 0.01 level (2-tailed).**. 

Correlation is significant at the 0.05 level (2-tailed).*. 
 

 
 
 
 
 
 
 
 
 
 
 
 



Table 11: Spearman correlation coefficient for total C, total N, total H, and metals in sub-surface samples 

Correlations

1,000 ,874** ,601** ,064 ,345** ,630** ,373** ,328** ,735** ,503** ,287*

, ,000 ,000 ,600 ,003 ,000 ,001 ,006 ,000 ,000 ,016

71 68 69 70 70 70 70 70 70 70 70

,874** 1,000 ,691** -,023 ,259* ,593** ,309* ,255* ,614** ,468** ,210

,000 , ,000 ,855 ,034 ,000 ,011 ,037 ,000 ,000 ,088

68 68 67 67 67 67 67 67 67 67 67

,601** ,691** 1,000 ,211 ,258* ,353** ,223 ,359** ,337** ,220 ,278*

,000 ,000 , ,084 ,033 ,003 ,068 ,003 ,005 ,071 ,022

69 67 69 68 68 68 68 68 68 68 68

,064 -,023 ,211 1,000 ,714** ,193 ,601** ,703** ,121 ,308** ,777**

,600 ,855 ,084 , ,000 ,109 ,000 ,000 ,316 ,009 ,000

70 67 68 70 70 70 70 70 70 70 70

,345** ,259* ,258* ,714** 1,000 ,448** ,757** ,801** ,479** ,562** ,920**

,003 ,034 ,033 ,000 , ,000 ,000 ,000 ,000 ,000 ,000

70 67 68 70 70 70 70 70 70 70 70

,630** ,593** ,353** ,193 ,448** 1,000 ,610** ,498** ,632** ,774** ,388**

,000 ,000 ,003 ,109 ,000 , ,000 ,000 ,000 ,000 ,001

70 67 68 70 70 70 70 70 70 70 70

,373** ,309* ,223 ,601** ,757** ,610** 1,000 ,729** ,469** ,688** ,824**

,001 ,011 ,068 ,000 ,000 ,000 , ,000 ,000 ,000 ,000

70 67 68 70 70 70 70 70 70 70 70

,328** ,255* ,359** ,703** ,801** ,498** ,729** 1,000 ,372** ,573** ,800**

,006 ,037 ,003 ,000 ,000 ,000 ,000 , ,002 ,000 ,000

70 67 68 70 70 70 70 70 70 70 70

,735** ,614** ,337** ,121 ,479** ,632** ,469** ,372** 1,000 ,663** ,368**

,000 ,000 ,005 ,316 ,000 ,000 ,000 ,002 , ,000 ,002

70 67 68 70 70 70 70 70 70 70 70

,503** ,468** ,220 ,308** ,562** ,774** ,688** ,573** ,663** 1,000 ,522**

,000 ,000 ,071 ,009 ,000 ,000 ,000 ,000 ,000 , ,000

70 67 68 70 70 70 70 70 70 70 70

,287* ,210 ,278* ,777** ,920** ,388** ,824** ,800** ,368** ,522** 1,000

,016 ,088 ,022 ,000 ,000 ,001 ,000 ,000 ,002 ,000 ,

70 67 68 70 70 70 70 70 70 70 70

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

Correlation Coefficient

Sig. (2-tailed)

N

CSB

NSB

HSB

Al SB

Cr SB

Cu SB

Mn SB

Ni SB

Pb SB

Zn SB

Fe SB

Spearman's rho
CSB NSB HSB Al SB Cr SB Cu SB Mn SB Ni SB Pb SB Zn SB Fe SB

Correlation is significant at the .01 level (2-tailed).**. 

Correlation is significant at the .05 level (2-tailed).*. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 

 
 
 

 
 

 

 
 
 

 

Figure 31: Cluster Analysis for surface samples Figure 32: Cluster Analysis for sub-surface samples 



 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ANNEX VII



 

 
Figure 1: Spatial distribution of Cr concentration in surface soil samples (pilot study) 
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Figure 2: Spatial distribution of Ni concentration in surface soil samples (pilot study) 
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Figure 3: Spatial distribution of Fe concentration in surface soil samples (Pilot Study) 
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Figure 4: Spatial distribution of Cu concentration in surface soil samples (pilot study) 
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Figure 5: Spatial distribution of Zn concentration in surface soil samples (pilot study) 
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Figure 6: Spatial distribution of Pb concentration in surface soil samples (Pilot Study) 
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Figure 7: Spatial distribution of Mn concentration in surface soil samples (Pilot Study) 
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Figure 8: Spatial distribution of Cr concentration in surface soil samples (main sampling and pilot study) 

Pilot 
Study 



 

#
#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#
#

1

2

3

4

5
6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

N

1:2500
 

Figure 9: Spatial distribution of Ni concentration in surface soil samples (main sampling and pilot study) 
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Figure 10: Spatial distribution of Fe concentration in surface soil samples (main sampling and pilot study) 
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Figure 11: Spatial distribution of Cu concentration in surface soil samples (main sampling and pilot study) 
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Figure 12: Spatial distribution of Zn concentration in surface soil samples (main sampling and pilot study) 
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Figure 13: Spatial distribution of Pb concentration in surface soil samples (main sampling and pilot study) 
 
 

Pilot 
Study 



 

#

#

#

#

#
#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

#

1

2

3

4

5
6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

N

1:2500
 

Figure 14: Spatial distribution of Mn concentration in surface soil samples (main sampling and 
pilot study) 
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